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Glossary of Key Terms 
Adaptive Management A structured and iterative implementation process that couples 

pilot remedial actions with active monitoring. 

Baseline discharge Baseline discharges, or baseline conditions, are terms used to refer 
to the hydrological conditions encountered during monthly 
sampling events. Those conditions were characterized by little or 
no rainfall preceding the sampling events or during the sampling 
events, so discharge did not change significantly during the event.  

BFC Benthic flux chambers were developed by DuPont Engineering to 
measure the flux of mercury from sediment habitats to overlying 
water in the South River.  

Ecological study A six-year, two phase watershed-wide study of the South River 
and a segment of the South Fork Shenandoah River.  

FGCM Fine-grained channel margin: Refers to fine-grained channel 
margin deposits, which are areas of silt/clay storage stored on the 
margins of rive channels. They are most often associated with 
large woody debris in river reaches with slopes less than 0.0025.  

FIHg Filtered Inorganic Mercury: This is an operationally defined term 
that refers to the concentration of inorganic mercury in a surface 
water sample filtered through a 0.45-micrometer (m) pore size 
filter. The inorganic mercury species contained in FMeHg are 
species complexed by colloids and, to a lesser extent, truly 
dissolved inorganic mercury species. 

FTHg Filtered Total Mercury: This is an operationally defined term that 
refers to the concentration of total mercury in a surface water 
sample filtered through a 0.45-micrometer (m) pore size filter. 
The mercury species contained in FTHg are inorganic mercury and 
methylmercury complexed by colloids and, to a lesser extent, truly 
dissolved mercury species. 

FMeHg Filtered Methylmercury: This is an operationally defined term that 
refers to the concentration of methylmercury in a surface water 
sample filtered through a 0.45-micrometer (m) pore size filter. 
The methylmercury species contained in FMeHg are species 
complexed by colloids and, to a lesser extent, truly dissolved 
methylmercury species. 

GIS Geographic information systems (GIS) capture, store, analyze and 
manage data and associated attributes that are spatially referenced 
to the Earth. 

Hg(II)R The THg recovered after adding neutral stannous citrate to a water 
sample and detecting the generation of elemental mercury vapor. 
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HRAD Mercury (Hg) release-age deposits (HRADs) are sediments or soils 
near the channel that were deposited by the river between 1929 and 
1950 when mercury was in use at the Site; HRADs often sequester 
fine-grained materials with high concentrations of mercury.  

IHg See Inorganic mercury. 

IHgP The concentration of inorganic mercury [in nanograms (ng) per 
gram (g)] of particles present as TSS. The value is calculated by 
subtracting FIHg from UIHg, and dividing that value by the 
concentration of TSS, as follows: 

 

Incremental load The incremental load is difference in the loading rates between two 
points on the South River, such as between two bridges, two 
monthly sampling stations or along a best fit line from a set of 
loading rate data. This term is also referred to as the incremental 
loading rate. The incremental loading rate is expressed in units of 
mass per time. 

Inorganic mercury This is an operationally defined parameter that is calculated by 
subtracting the concentration of methylmercury from the 
concentration of total mercury in a sample of any matrix. Mercury 
in this fraction is present as divalent mercury species complexed 
by inorganic ligands (e.g., HgOH-), colloids, which are high 
molecular weight organic or mineral phases that pass through a 
0.45 micrometer (m) filter or particles.  

LiDAR Light Detection and Ranging (LiDAR) is an optical remote sensing 
technology that measures properties of scattered light to find range 
and/or other information of a distant target. In the South River, it 
has been used to determine the topography of the South River 100-
year floodplain and to measure short-term rates of bank erosion. 

Loading A general term used to refer to the loading rate of an analyte. The 
term is used to refer to the loading rate at a point on the South 
River, or the incremental loading rate, which is the increase in 
loading rate between two points on the South River.  

Loading rate The loading rate refers to the rate of analyte loading at a point on 
the South River, in units of mass per time. The loading rate of an 
analyte is calculated by multiplying the concentration of the 
analyte, in units of mass per volume, by the discharge, in units of 
volume per time.  

LWD Large woody debris is a term describing the downed trees and 
parts of trees occurring in or at the margins of the river channel.  

MeHg See methylmercury. 

   
   pIHg
TSS

FIHgUIHg
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MeHgP The concentration of methylmercury (in nanograms [ng] per gram 
[g]) of particles present as TSS. The value is calculated by 
subtracting FMeHg from UMeHg, and dividing that value by the 
concentration of TSS, as follows: 

 

Mercury This refers to all forms of mercury in the environment. 

Methylmercury  Methylmercury is an operationally defined analytical parameter 
that refers to the organomercurial compounds in a sample, as 
measured by USEPA 1630 and aqueous phase ethylation, followed 
by gas chromatography and thermal reduction and detection by 
cold vapor atomic fluorescence spectroscopy. The term is used in 
this report to refer to the concentration of monomethylmercury 
(CH3Hg+).  

Particles General term referring to total suspended solids, operationally 
defined as macromolecules that do not pass through a 0.45-
micrometer (m) filter.  

Phase I The first phase of a two-phase, six-year ecological study of the 
South River and a segment of the SFS. The Phase I study 
integrates physical, chemical, and biological data to more fully 
characterize the river systems that include the North River, South 
River, Middle River, and SFS.  

Phase II The second phase of the Ecological Study, which is concerned 
with the effects of mercury on the biological communities of the 
South River.  

Pore water Aqueous phase contained in the interstitial spaces of sediment. 

PSA The Primary Study Area extends from approximately one mile 
upstream of the former DuPont Waynesboro facility (Site) on the 
South River to five miles downstream of the confluence of the 
South River with the North River.  

RRM The Relative River Mile is the distance in miles originating at the 
footbridge at the former DuPont plant at Waynesboro, VA 
(RRM 0), and extending upstream (south) or downstream (north).  

SAV Submerged aquatic vegetation. 

SFS  South Fork Shenandoah River.  

Site  The former DuPont facility in Waynesboro, VA. 

Storm discharge Storm discharges are encountered during periods of heavy rain and 
increases in daily mean discharges at the Harriston, VA, United 
States Geological Society (USGS) gage of over 500 cubic feet per 

   
   pMeHg
TSS

FMeHgUMeHg
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second. The term is used to differentiate between monthly baseline 
sampling events and quarterly storm sampling events. 

THg See total mercury. 

THgP The concentration of total mercury [in nanograms (ng) per gram 
(g)] of particles present as TSS. The value is calculated by 
subtracting FTHg from UTHg, and dividing that value by the 
concentration of TSS, as follows: 

 

Total mercury Total mercury is an operationally defined analytical parameter that 
refers to the sum of the mercury species in a sample of any matrix, 
as measured by the complete oxidation of sample matrix and 
determination of mercury concentration by cold vapor atomic 
fluorescence spectroscopy.  

UTHg Unfiltered total mercury. 

   
   pTHg
TSS

FTHgUTHg
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Executive Summary 
This report describes the physical, chemical, and biological elements of a six-year 
Ecological Study of the South River and a segment of the South Fork Shenandoah River, 
Virginia. Conducted in two phases, and in accordance with the Consent Decree between 
DuPont and Sierra Club/Natural Resources Defense Council (Civil Action No. 
5:05CV30013, July 1, 2005) (Consent Decree), the Ecological Study focused on 
addressing four major questions: 

 Why has mercury remained higher than previously predicted in fish tissue in 
certain areas? 

 How is bioavailable mercury getting to the river ecosystem in the Study area?  

 How is mercury getting into tissue of fish and aquatic animals in the Study area? 

 Are there specific mercury pathways that significantly contribute to mercury 
levels in fish tissue in the Study area? 

Much has been learned over the course of this six-year study, which ran parallel to 
similar studies and efforts of the South River Science Team (SRST). The important role 
played by the SRST members in the development of the Ecological Study will be 
discussed in this section. The SRST (described in paragraphs 10 and 11 of the Consent 
Decree) is a multi-stakeholder group that was formed on February 14, 2001 prior to 
DuPont’s interactions with Sierra Club/NRDC. From the beginning, the SRST focused on 
similar questions related to the fate and effects of mercury in the South River and South 
Fork Shenandoah river systems. Composed of representatives from the state and federal 
government, local academic institutions, and environmental groups, the SRST continues 
to be a central organization where studies on the South River and South Fork Shenandoah 
River are designed and implemented, results analyzed and discussed, and through which 
communications are made both locally at the community level and nationally through 
scientific professional societies.  

In addition to the important role the SRST has played in the development and 
implementation of the Ecological Study, there has been considerable and valuable 
technical exchange between DuPont and the NRDC and Sierra Club through their 
technical resource, Dr. Robert Livingston. Dr. Livingston offered technical advice and 
guidance in the design of major portions of the Ecological Study, and also made 
significant recommendations regarding data analysis and interpretation. Collectively, 
NRDC and the internationally recognized mercury experts of the SRST, as well as 
representatives of the U.S. Environmental Protection Agency, U.S. Fish & Wildlife 
Service, and the Virginia Department of Environmental Quality (VADEQ), were invited 
to comment on the Ecological Study as it was being designed and implemented, and 
thereby helped to increase its technical strength. URS and DuPont, in preparing this final 
report and reaching its conclusion regarding whether or not to pursue potential 
remediation, wish to acknowledge the importance of Dr. Livingston as well as those from 
the governmental, academic, and environmental community for providing peer review 
throughout the Ecological Study. These individuals also shared their experience and 
information from other mercury sites in and outside the U.S., especially where there was 
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experience that helped to improve the work conducted under the Ecological Study. 
Drawing on these individuals and the many discussions with NRDC and the SRST 
proved invaluable in the implementation of the Ecological Study.  

DuPont expects that the SRST will continue to play a central role in addressing the 
legacy mercury contamination of the South River into the foreseeable future and plans to 
continue its participation in the SRST for that and other projects, which include the 
following: 

 Corrective Action at the former DuPont facility under the Resource Conservation 
and Recovery Act (RCRA) – overseen by the U.S. Environmental Protection 
Agency and VADEQ 

 Natural Resource Damage Assessment – a collaborative effort with U.S. Fish & 
Wildlife Service and VADEQ 

 Developing an Implementation Plan for the mercury-based Total Maximum Daily 
Load (TMDL) for the South River – a collaborative effort with VADEQ 

 Developing and implementing remedial approaches for the South River as 
contemplated under RCRA and potentially this Consent Decree 

DuPont has worked closely with URS during the Ecological Study, and the summary 
below reflects the collective understanding gained from analysis of the data and through 
interactions with the NRDC and the SRST as noted above. The findings of the Ecological 
Study can be summarized by responding to the main questions as outlined below.  

(1) Why has mercury remained higher than previously predicted in fish tissue in certain 
areas? 

The major reason why mercury has remained higher in fish tissue than previously 
predicted is that inputs of inorganic mercury to the South River have not been mitigated 
through natural attenuation (recovery) as predicted in earlier reports. Several earlier 
reports suggested that sedimentation and other natural processes would ultimately reduce 
or eliminate entry of mercury into the South River. The Ecological Study demonstrates 
that the South River is geologically (physically) constrained by bedrock, with only 
limited horizontal migration of the main channel over time. This lack of channel 
migration coupled with overall geological (physical) stability reduces those processes that 
might otherwise transport sediment- and soil-associated mercury out of the river system. 
Additionally, the supply of low mercury concentration sediment to the South River is not 
high enough to attenuate the high inorganic mercury load from ongoing sources. In 
contrast, other aquatic systems where mercury has been found to naturally attenuate 
generally have few ongoing sources and higher rates of sedimentation than the South 
River. Since the legacy mercury continues to enter the South River, it remains active in 
the river’s overall hydro-geological processes, primarily through the mechanism of 
erosion of mercury-laden bank soils and secondarily through re-suspension of the 
particulate-bound mercury that resides in bed sediments. Also there is a small but 
continuing input of legacy mercury from the former DuPont Waynesboro facility that is 
being addressed actively through the RCRA program. 

An additional reason that the prediction regarding mercury in fish tissue was not accurate 
is that the initial assessments conducted in the 1970s and early 1980s were limited by the 
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lack of understanding regarding mercury fate and transport. The finding that small 
amounts of mercury could result in high concentrations in fish tissue was demonstrated in 
the early 1990s. Similarly, although it was known that some microorganisms could 
methylate mercury in the 1970s, the microbial methylation of mercury in freshwater 
systems remained poorly understood until the early 1990s, when studies found that 
methylmercury was produced in freshwater sediments with low or no oxygen present. 
Subsequent studies, including those conducted on the South River, have found that a 
diverse group of microorganisms can methylate mercury at high rates in freshwater 
sediment, and that relatively small amounts of inorganic mercury can result in high fish 
tissue mercury concentrations. Methylmercury is more easily bioaccumulated and 
biomagnified through the aquatic food web than inorganic mercury. As a result, 
organisms at the top of the food chain, such as small mouth bass readily accumulate large 
amounts of methylmercury.  

(2) How is bioavailable mercury getting to the river ecosystem in the Study area?  

As noted above, inorganic mercury enters the South River through two mechanisms: 1. 
primarily through erosion of mercury-laden bank soils, and, 2. from transport of 
particulate-bound inorganic mercury stored within the gravel beds that are prevalent 
throughout the South River. There is also some potential for mercury in deeper sediments 
to move upward into surficial sediments via several processes, including physical 
disturbance by storm events. A small fraction of the inorganic mercury is then 
biologically converted to methylmercury, which is subject to uptake and 
biomagnification by the aquatic food web. Numerous investigations in the South River, 
including this Ecological Study, indicate that the majority of inorganic mercury sources 
are located in the first 12 miles downstream of the former DuPont Waynesboro facility, 
which continues to release mercury, albeit at lower rates than it did historically. 

(3) How is mercury getting into tissue of fish and aquatic animals in the Study area? 

The first step in the process whereby mercury gets into the tissue of fish and other aquatic 
animals of the South River is the transport of inorganic mercury into the surficial 
sediment of the South River. There inorganic mercury is converted to methylmercury by 
a diverse array of resident microbial communities that exist on sediment and other 
surfaces in the river bed (methylation).  

Measurements and studies carried out in the Ecological Study have shown that 
methylmercury can be produced in many areas of the South River sediment bed – 
including both coarse gravels, which are the dominant substrate type in the South River, 
and in fine-grained sediment deposits, which comprise less than 15% of the river bed. 
Unlike other aquatic systems where mercury has been studied, wetlands are not a major 
physical feature of the South River. Wetlands have been shown in numerous studies to be 
environments that foster the production of methylmercury. Since they are limited in the 
South River, wetlands are unlikely to play a significant role in the production and 
transport of methylmercury in the South River.  

In addition to methylation occurring across diverse environments in the wetted perimeter, 
there is another possible factor leading to high concentrations of methylmercury in the 
South River. The processes that convert methylmercury back to inorganic mercury, 
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which does not bioaccumulate or biomagnify, are less efficient or active than those which 
drive the conversion of the inorganic mercury to methylmercury. Due to the ongoing 
inputs of bioavailable inorganic mercury through eroding bank soils and other sources, 
there is a steady source of mercury substrate available for the conversion of the inorganic 
mercury to methylmercury. 

There are distinct temporal and spatial patterns to the presence of methylmercury within 
the South River. Methylmercury concentrations increase in the spring coincident with the 
warming of the South River to temperatures approaching 12oC. The concentration of 
methylmercury in surface water, sediment, and pore water decreases as the South River 
cools in the fall and winter. This “pulsing” of methylmercury into the aquatic system in 
the spring and early summer may be modified temporarily by heavy rainfall/storm/flood 
events. Spatially, the bulk of this net increase and loading of methylmercury begins just 
downstream of the former DuPont facility.  

(4) Are there specific mercury pathways that significantly contribute to mercury levels in 
fish tissue in the Study area? 

In the South River, the major pathway whereby mercury enters organisms at the higher 
levels of the aquatic food web, such as smallmouth bass, is through the diet. This has 
been documented through studies conducted for the Ecological Study and is consistent 
with the current literature on the behavior of methylmercury in aquatic food webs. There 
are multiple steps in the process that drives mercury through the aquatic food web. The 
initial step begins with the entry of legacy inorganic mercury into the South River. Once 
in the aquatic system, inorganic mercury can be converted by microorganisms into 
methylmercury, which can remain on sediment surfaces or attach to suspended particles. 
Methylmercury can then be taken up in lower levels of the aquatic food web, Ultimately 
as organisms in higher levels of the food web feed on organisms from the lower levels, 
they accumulate and biomagnify the methylmercury in their tissues. Direct uptake of 
inorganic or methylmercury by fish occurs through the gills/direct exposure, but the rate 
of mercury uptake by this pathway is much lower than that through the diet. The overall 
process whereby mercury enters the South River and moves through the aquatic food web 
differs little between the South River and other aquatic systems that have been studied. 
The following unique series of conditions within the South River may explain why 
mercury continues to remain elevated in fish tissues: 

 The ongoing loading of mercury from erosion of bank soils and other sources in 
addition to the mercury in the surficial sediments maintains a steady supply of 
inorganic and potentially bioavailable mercury within the South River. 

 The continued supply of bioavailable inorganic mercury into the South River 
provides the necessary substrate for microorganisms to convert it into 
methylmercury, the form that readily bioaccumulates and biomagnifies within the 
aquatic food web. 

 Natural recovery processes, which include the supply of low inorganic mercury 
concentration sediment to attenuate the ongoing source of inorganic mercury, and 
de-methylation of methylmercury, are not sufficient to overcome the ongoing 
addition of mercury to the South River. 
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DuPont concludes that there may be remedial options that are safe, effective, and 
reasonably necessary to address ecological and human health impacts that may be caused 
by mercury contamination in the South River. DuPont has reached this conclusion based 
on the results and findings of the Ecological Study and from results of pilot remedial 
work already underway in the South River. Accordingly, DuPont is proceeding under 
paragraph 44 of the Consent Decree to prepare a remedial work proposal.  

It is clear that the South River has unique geophysical, chemical, and biological features 
that facilitate the mechanisms allowing legacy inorganic mercury to continue to enter the 
South River. In addition, the former DuPont Waynesboro facility continues to act as a 
small point source of inorganic mercury to the system. Biological processes (methylation) 
then provide the mechanism whereby it can be converted to methylmercury, which 
efficiently enters the aquatic food web and is bioaccumulated and biomagnified by fish. 
Technologies that may be capable of disrupting the mechanisms are limited in number, 
and some have not been tested in flowing systems such as the South River, or outside the 
laboratory.  

Two technologies that have been assessed by DuPont, through the SRST, thus far are 
soil/sediment stabilization to reduce the mass of bioavailable inorganic mercury entering 
the South River, and soil/sediment amendments to decrease biological uptake of 
methylmercury present in the bed sediments. Recent, limited results have been obtained 
from pilot-scale testing of these two technologies. However, these technologies may not 
have widespread applicability in this system, or may not be safe, effective, or even 
feasible to implement in some sections of the South River. The determination of 
applicability, effectiveness, and feasibility will require further pilot testing of those 
technologies in a step-wise fashion, coupled with monitoring and evaluation.  

Because of the South River’s size and complexity and because of the inherent uncertainty 
associated with mercury cycling in this river system, an Adaptive Management approach 
for remediation will be employed. Loosely defined, Adaptive Management is a structured 
and iterative implementation process that couples pilot remedial actions with active 
monitoring. New data from monitoring are used to reduce uncertainty, determine 
effectiveness of the pilot remedial action, and adjust future actions accordingly. It is a 
valuable framework for testing and monitoring actions, particularly where there is a need 
to assess effectiveness prior to undertaking additional actions, as is the situation on the 
South River. Where actions do not result in measureable improvements in pre-selected 
criteria, changes in technologies or applications may be required.  

DuPont will present its remedial work proposal to NRDC/Sierra Club within one year of 
the date of issuance of the Ecological Study Report. Additionally, DuPont expects to 
fully engage the SRST in undertaking the planning and implementation of remedial 
actions on the South River and to work closely with all applicable state and federal 
regulatory agencies. 
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1.0 Introduction 
This report summarizes and describes the results of a multi-year, watershed-level 
ecological study of the South River, Virginia and upper segment of the South Fork 
Shenandoah (SFS) River, Virginia (Ecological Study). It includes a summary of studies 
performed as part of the system characterization as well as other experimental biological 
studies conducted by the South River Science Team (SRST) from 2000 to 2011, 
inclusive. The purpose of this report is to compile results from a range of science 
disciplines and develop a coordinated, integrated, watershed-level approach to understand 
mercury fate and transport in the South River and the SFS, answer key questions, and 
inform remedial decision making.  

The Ecological Study was required by a Consent Decree (Civ. Action No. 5:05-cv-30013) 
issued in June 2005 among E.I. du Pont de Nemours and Company (DuPont), the Natural 
Resources Defense Council (NRDC), and the Sierra Club (Virginia Chapter) 
(Appendix A). The framework for the Ecological Study was established in the 
"Description of Ecological Study" document appended to the Consent Decree as 
Exhibit D. More details were provided in the Program Management Plan [Corporate 
Remediation Group (CRG), 2005], which was reviewed by both the NRDC and Sierra 
Club.  

During its conduct, the Ecological Study was discussed with and reviewed by 
representatives of the NRDC and SRST, including a wide variety of internationally 
recognized mercury experts, academic researchers from a number of universities as well 
as scientists from the U.S. Environmental Protection Agency, the U.S. Fish & Wildlife 
Service, and Virginia Department of Environmental Quality. As allowed in the Consent 
Decree, DuPont will provide copies of the Ecological Study to state and federal 
governmental agencies and other interested members of the SRST.  

1.1 Background 

In the course of reviewing information pertinent to Resource Conservation and Recovery 
Act Corrective Action work at the DuPont Waynesboro facility (Site) in 2000, DuPont 
scientists closely examined the fish tissue data collected in the summer and fall of 1999 
and compared these data to results from the 1980s and earlier. The 1999 data indicated 
that mercury concentrations in a number of fish species remained steady or were 
increasing over time. This observation prompted discussions between DuPont and the 
Virginia Department of Environmental Quality (VADEQ) on November 29, 2000, on the 
need for reassessing the legacy mercury issue in the South River and SFS River. On the 
basis of this initial discussion, the concept for forming the SRST was developed and 
agreed to jointly. On February 14, 2001, the first meeting of the SRST was conducted in 
Harrisonburg, Virginia at the VADEQ offices and included representatives from the 
VADEQ, Virginia Department of Health, Virginia Department of Game and Inland 
Fisheries, Friends of the Shenandoah River, and DuPont. More details on the formation 
and operation of the SRST are provided in Stahl, et al. (2012).  

A key component of the SRST is the Expert Panel, which brings leading technical experts 
from academia and industry to provide peer review of SRST studies. The Expert Panel 
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meets annually to review the work conducted by SRST researchers and provides critical 
feedback and highlights areas of uncertainty or data gaps. Long-term members of the 
Expert Panel have included the following: 

 Ralph Turner: Dr. Ralph Turner has diverse experience that spans more than 
30 years in the field of biogeochemistry of mercury in terrestrial and aquatic 
ecosystems. After completing his Ph.D. in 1975, Ralph became a researcher in the 
Environmental Sciences Division of Oak Ridge National Laboratory (ORNL), 
Oak Ridge, Tennessee. During his 22-year tenure at ORNL, he conducted 
extensive research and characterization at two large mercury-contaminated sites: a 
defunct chlor-alkali plant and a nuclear weapons plant. Dr. Turner specializes in 
mercury treatability studies, measurement of soil and water fluxes of mercury 
vapor, sediment pore water extraction and analysis, dendrochemistry to 
reconstruct historical atmospheric mercury releases, mercury immobilization 
studies, soil/sediment mercury speciation studies, thermodynamic modeling of 
mercury behavior, and groundwater tracing studies using dye and fluoride.  

 Robert Mason: Dr. Robert Mason is a professor at the University of Connecticut. 
His current research focus is the role of biota, primarily microorganisms, in 
mediating the chemical transformations of mercury and other metals in the 
environment. For example, recent investigations have examined the factors 
controlling mercury methylation and methylmercury degradation as well as 
mercury redox chemistry in aquatic systems with funding through the National 
Science Foundation and the U.S. Environmental Protection Agency. The 
primarily rationale for these studies is to promote an understanding of the 
relationship between the input of mercury from the atmosphere and other sources 
to aquatic systems and the amount of methylmercury in fish. 

 Will Clements: Dr. Will Clements is a professor at Colorado State University. His 
expertise is in stream ecology and restoration as well as long-term monitoring. 
His research has focused primarily on understanding how benthic 
macroinvertebrate communities respond to natural and anthropogenic stressors. 
By integrating biomonitoring studies with field and microcosm experiments, the 
basic ecological effects of contaminants on aquatic communities can be better 
understood. 

 Michael C. Newman: Dr. Mike Newman is the A. Marshall Acuff Jr. Professor of 
Marine Science Professor the College of William and Mary’s Virginia Institute of 
Marine Science. Dr. Newman’s research interests include quantitative methods 
for ecological risk assessment and ecoepidemiology, population responses to 
toxicant exposure including genetic responses, QSAR-like models for metals, 
bioaccumulation and toxicokinetic models for metals and radionuclides, toxicity 
models including time-to-death models, and environmental statistics.  

 Gary Bigham: Mr. Gary Bigham works for Exponent, a consulting firm in Seattle, 
Washington. He specializes in evaluating the transport, fate, and effects of 
contaminants and modeling mercury cycling and bioaccumulation. Recent 
examples of contaminant transport and fate analyses include the development of a 
numerical model of mercury cycling and bioaccumulation for Onondaga Lake and 
an evaluation of the effects of eutrophication on mercury bioaccumulation in the 
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Florida Everglades. Mr. Bigham is the author of numerous publications on the 
behavior of mercury in the environment. 

A watershed-level Ecological Study was designed to elucidate the reasons for the 
continued elevation of mercury tissue levels in fish of the South River and to identify the 
specific factors that could be influencing the fate and effects of mercury in the 
South River and associated biota. The Ecological Study was conducted in two phases. 
Phase I integrated physical, chemical, and biological data to more fully characterize the 
river systems (i.e., North River, South River, Middle River, and SFS). The goal of Phase 
I was to collect biological, chemical, and physical data necessary to define the primary 
study area (PSA) and suitable reference areas. The PSA extends from approximately one 
mile upstream of the Site on the South River to five miles downstream of the confluence 
of the South River with the North River. At the confluence, the two rivers join to form 
the SFS (Figure 1-1).  

Phase I data were used to identify areas within the PSA where mercury enters the aquatic 
and terrestrial environments and becomes bioavailable to various ecological receptors. 
These areas of mercury loading became the study sites for Phase II, which was designed 
to characterize the status of ecological communities and determine if and how they were 
affected by exposure to chemical and physical stressors. Phase II was iterative and 
incorporated data as they became available, to identify key areas within the South River 
that contribute to the bioaccumulation of mercury by aquatic and terrestrial organisms.  

Some aspects of the Ecological Study were conducted by SRST members or integrated 
with work sponsored or conducted by state or federal groups. The NRDC and the SRST 
Expert Panel were given frequent opportunity to confer on the design, implementation, 
and analysis of data from this Ecological Study. The list of NRDC comments on the 
implementation of the Ecological Study is presented in Table 1-1. Key SRST members, 
their area of study, and the publications derived from the study are presented in 
Table 1-2. Table 1-3 lists each known project that collected analytical data from the 
South River and associated reference watersheds, including SRST, state, and federal 
projects. As evidenced by the number and breadth of studies conducted to date, the 
South River and an upper segment of the SFS represent some of the most extensively 
studied freshwater systems in the U.S.  

1.2 Purpose and Scope 

The Ecological Study integrates a broad range of investigations from numerous scientific 
disciplines to develop a watershed-level approach to investigate mercury in the 
South River and the SFS. The study components and the conceptual framework of their 
interrelationship are provided in Figures 1-2 and 1-3. As described in the 
Consent Decree, the objective of the Ecological Study is to answer the following four key 
questions: 

 Why has mercury remained higher than previously predicted in fish tissue in 
certain areas? 

 How is bioavailable mercury getting to the river ecosystem? 

 How is mercury getting into the tissue of fish and aquatic animals? 
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 Are there specific mercury pathways that significantly contribute to mercury 
levels in fish tissue? 

This report summarizes the data collected in the Ecological Study and related 
investigations, and addresses these four key questions. The scope and organization of this 
document is as follows: 

 Section 2.0: Environmental Setting. This section provides a general description of 
the regional environmental setting. The environmental setting influences the fate 
and transport of mercury in the South River and ultimately controls how mercury 
is taken up by the food web. This section provides a summary of background 
documents and detailed studies focused on how these features affect mercury and 
its distribution in the South River. 

 Section 3.0: Phase I Ecological Study Findings: This section includes a brief 
summary of the Phase 1 report, which provided a comprehensive physical, 
chemical, and biological characterization of the South River. This section also 
provides a conceptual model for the South River, which serves as a framework for 
integrating data collected as part of the program. All of the studies designed and 
implemented under the auspices of the SRST through December 2011 are 
considered in this conceptual model.  

 Section 4.0: Chemistry Results. Mercury occurs in a variety of forms depending 
on the physical matrix and environmental conditions, and the form of mercury 
dictates its potential fate and effects on biological receptors. This section 
summarizes the distribution of mercury species in pore water, surface water, and 
sediment. It also summarizes experiments designed to understand the mechanisms 
responsible for transport of bioavailable forms of mercury. 

 Section 5.0: Biology Results. This section summarizes the studies about mercury 
concentrations in various trophic levels of the South River food web, including 
periphyton, algae, aquatic invertebrates, fish, amphibians, reptiles, and birds. This 
section also includes an assessment of the potential effects of mercury on aquatic 
and terrestrial organisms. A number of the studies summarized in this section 
were not included in the Consent Decree but are provided herein for 
completeness.  

 Section 6.0: South River Data Integration. In this section, the extensive data sets 
collected as part of the Ecological Study and through the SRST are integrated and 
organized into conceptual and statistical models to explain system 
interrelationships.  

 Section 7.0: Findings. This section describes how the results of the Ecological 
Study and modeling efforts answer the questions posed in the Consent Decree. 

 Section 8.0: Uncertainty Analysis. Uncertainties associated with the findings of 
the Ecological Study are presented in this section. 

 Section 9.0: Conclusion. This section responds specifically to Paragraph 44 of the 
Consent Decree. 

 Section 10.0: References. This section provides the information for the references 
cited in this report. 



Final Report: Ecological Study Environmental Setting
 

SR_EcoStudy_Final_Report_28SEPT2012.docx 5 
Fort Washington, PA 

2.0 Environmental Setting 
This section describes the environmental setting of the South River watershed, including 
regional geology, watershed characteristics, groundwater flow, climate, and sediment 
transport. These parameters are important controls on the geomorphological, chemical, 
and biological components of the South River. Where appropriate, the conditions 
observed during the Ecological Study have been compared with long-term data to 
determine if data collected during the Ecological Study are representative of long-term 
trends.  

2.1 Regional Geology 

The South River PSA lies in the Central Valley section of the Valley and Ridge Province 
and the Blue Ridge physiographic province (Gaithright, et al., 1977). The river valley is 
bounded to the east by the Blue Ridge Mountains, the core of which is composed of 
quartz-rich igneous and metamorphic rocks. These rocks are strongly resistant to erosion 
and have a higher topographic elevation than the Massanutten Mountains to the west. On 
the western side of the river valley, the bedrock is composed of carbonate to shaley 
carbonate rocks, which are more easily eroded and cause the mountains generally to have 
gentler slopes. A sequence of unconsolidated Quaternary deposits (e.g., talus deposits, 
alluvial fans, terrace deposits, upland alluvial deposits, and floodplain deposits) overlies 
the bedrock.  

2.2 Watershed Characteristics 

The South River is a fourth-order, high-gradient, cool-water river system and is classified 
as a single-thread, sinuous (but nonmeandering) gravel-bed bedrock river (Turowski, 
et al., 2008). The South River joins with the North River at Port Republic to form the SFS 
(Figure 1-1). The South River has drainage basin areas of approximately 329 square 
kilometers (km2) at Waynesboro, Virginia and 549 km2 at Harriston, Virginia [United 
States Geological Survey (USGS), 2007; Figure 1-1]. Although several tributaries join 
the South River throughout its length, these tributaries are generally first-order streams 
and most are intermittent during periods of low precipitation.  

South River substrate is primarily composed of cobbles and boulders, and gravel beds, 
with frequent bedrock exposures along the channel perimeter. Pools and riffles are typical 
features of the longitudinal profile of the channel as are long pools created by bedrock 
exposures and coarse-grained tributary confluence bars. The bankfull width of the 
channel ranges between 20 to 30 meters (m), and the bankfull depth is approximately 2 to 
3 m. 

The South River mostly flows through pastures and farm fields with a narrow border of 
trees along the banks although riparian forests cover some areas of the South River 
valley. The land use composition of the watershed is 33% agricultural, 56% forested, and 
11% developed. Wetlands cover 0.01% of the watershed, less than the coverage of open 
water (0.6%) or barren lands (0.05%; Fry, et al., 2009).  
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2.3 Groundwater Flow 

Groundwater provides a potential transport pathway for mercury from floodplain soils to 
the South River. There are three categories of groundwater flow: regional groundwater 
flow through bedrock, groundwater flow through alluvial soil, and groundwater-surface 
water interactions in the hyporheic zone (Hinkle and Sterrett, 1978). The groundwater 
contribution (encompassing both alluvial groundwater flow and bedrock flow) to the flow 
volume in the South River is estimated to range from 40% to 70% (Grosso, 2006). A 
detailed discussion of groundwater flow through bedrock and alluvium is presented in 
Grosso (2006) and will not be discussed in detail here.  

The hyporheic zone is a potentially important compartment of the South River in terms of 
mercury transport. The hyporheic zone includes river channel deposits that are primarily 
coarse-grained gravel and sand, but store fine-grained sediment with high mercury 
concentrations. Due to the coarse materials present in the hyporheic zone, the direction 
and magnitude of water flow within these deposits may be affected by small-scale 
sediment features such as riffles or short-term climate changes (e.g., precipitation events). 
These small-scale sediment features create a potential loading mechanism from the 
hyporheic zone to overlying water.  

2.4 Climate 

Long-term climactic conditions such as rainfall and temperature are important controls on 
the function of headwater streams like the South River. For this reason, it is important to 
understand whether the variation in temperature and discharge observed during the 
Ecological Study is representative of long-term trends both for interpretation of study 
results and predictions about future possible system states. 

In general, the region has a humid temperate climate, with average January temperatures 
of 6.1 degrees centigrade (oC), average July temperatures of 29.4oC, and annual 
precipitation of 0.94 m as measured at the Staunton, Virginia sewage plant [Southeast 
Regional Climate Center (SERCC), 2007]. Precipitation is highest from March to 
September and slightly lower from October to February (Figure 2-1). The average annual 
total snowfall in Staunton, Virginia is 0.51 m. 

Changes in climatic temperature and precipitation have a major influence on surface 
water temperature and flow and, hence, on the fate and transport of contaminants, 
including mercury (Schiedek, et al., 2007; Noyes, 2009; Gouin, et al. (2012). These 
environmental features are discussed below. 

A critical objective of this report is to place the conditions observed during the six years 
of the Ecological Study in the context of long-term hydrological and climate data to 
answer the following questions: 

 Were discharges or surface water temperatures during the Ecological Study 
anomalously high or low when compared with the long-term record?  

 Will the results of the Ecological Study be relevant in the future considering the 
potential impacts of climate change?  
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2.4.1 Surface Water Hydrology  

Surface water hydrology is a function of past area precipitation and has a direct influence 
on the concentrations of mercury in surface water and other media in rivers. The long-
term discharge record was considered to determine if the discharges observed during the 
Ecological Study were anomalous in any way. An understanding of the relationship 
between stream discharge and mercury loading and concentration is also critical for 
predicting the long-term consequences of climate change on the dynamics of mercury 
transport in the PSA.  

Based upon a review of surface water flow, the magnitude of discharges during the 
Phase I Ecological Study and subsequent surface water monitoring events was 
representative of the hydrologic record as a whole and characterized typical baseline 
conditions. Discharge, as observed at USGS Station 01627500 located in Harriston, 
Virginia was below the 68-year median discharge during 64% of Phase I and Phase II 
surface water sampling events (Table 2-1) although not significantly so (t-test, p = 0.3).  

In order to link the position of the six years of the Ecological Study to the long-term 
record of South River discharges, a 40-year record of daily average discharge measured 
at the Harriston, Virginia USGS gage (Figure 2-2) was evaluated to determine if the 
Ecological Study was conducted in anomalous conditions. Strong trends were observed in 
the monthly minimum discharge (Figure 2-3), the values fluctuated seasonally, and a 
drought occurred between 1999 and 2003 prior to conducting the Ecological Study. In 
addition, monthly minimum discharges were low throughout the wet seasons from 2007 
to 2009.  

2.4.2 Surface Water Temperature 

To understand longer-term climactic conditions, a 40-year temperature data set was 
created using data collected at USGS stream gages on other nearby rivers. Surface water 
temperature data are available for the South River beginning in June 2005. Surface water 
temperature data collected from three stations on the Jackson River beginning in 1971 
were compiled and averaged. The Jackson River is a tributary of the James River and is 
located approximately 80 miles west of Waynesboro, Virginia. [The stations are located 
near Covington, Virginia (USGS 02013100), Bacova, Virginia (USGS 0211400), and 
Falling Spring, Virginia (USGS 02012500)]. Gaps in the data larger than 10 days were 
filled by using data from stream gages at the South River at Lyndhurst, Virginia (USGS 
01626000) and the Middle River at Grottoes, Virginia (USGS 01625000). When more 
than one predicted temperature was available, the average of those values was used. The 
predicted data set (Figure 2-4) is highly correlated with the temperatures measured at 
Harriston (R2 = 0.96; p <0.001), indicating that it can be used to understand long-term 
changes in the South River and is accurate at both high and low temperatures. This 
relationship was used to recreate the long-term historical temperature record, which is 
shown in Figure 2-5. 

The long-term data indicate that although the study was conducted during a relatively 
warm period, the variation in surface water temperatures during the study period is 
broadly applicable to the historical record. Average and maximum temperatures were 
similarly elevated in the mid-1970s, but temperatures declined until the early 2000s when 



Final Report: Ecological Study Environmental Setting
 

SR_EcoStudy_Final_Report_28SEPT2012.docx 8 
Fort Washington, PA 

a general increase in temperatures occurred (Figure 2-6). Annual minimum temperatures 
appeared to decline, suggesting that the range of surface water temperatures was slightly 
higher during the Ecological Study. 

Summer degree-days, the difference between the mean daily temperature and 12oC, were 
calculated for each year from 1971 to 2010 to determine if temperatures were becoming 
warmer in recent years. With the exception of 1977, which had the highest number of 
degree-days of any year in the 40-year record, the number of degree-days appears to 
decline until 2004 and then increases through 2010 (Figure 2-7). Based on these data, the 
study period was particularly warm; three of the five warmest years in the long-term 
record (2006, 2008, and 2010) occurred during the Ecological Study. This finding is 
important because mercury bioaccumulation is controlled in part by methylation, a 
bacterial process that converts inorganic mercury (IHg) to methylmercury (MeHg). 
Microbial processes can increase with temperature and adapt to higher temperatures, 
creating the possibility that methylation rates may increase in the future.  

While climatic conditions were relatively warm and dry during the Ecological Study, 
similarly warm and dry conditions occurred during the period of record. Therefore, 
Ecological Study observations likely are relevant to the previous cooler period prior to 
the Ecological Study. Potential deviations in data collected during the Ecological Study 
are particularly important in light of potential regional effects of global climate change. 

2.4.3 Potential Impacts of Global Climate Change 

There is broad scientific consensus that changes in stream temperature and hydrologic 
characteristics of North American watersheds are highly likely (Barnett, et al., 2005; 
Kaushal, et al., 2010). Because of the important role of temperature and discharge in 
controlling MeHg concentrations in the South River (Flanders, et al., 2010), potential 
long-term changes in regional climate should be considered when assessing ecological 
condition and evaluating restoration alternatives. The effects of global climate change on 
these parameters vary regionally and are difficult to predict, but recent decadal trends 
suggest that the southeastern U.S. will become warmer with less frequent, more intense 
rainfall events [U.S. Global Change Research Program (USGCRP), 2009]. These more 
intense events could increase storm water flows to the river from storm drains, increase 
sheet flow across the floodplain, and perhaps result in higher erosion rates.  

Annual average temperature in the Southeast has risen by 1.1oC since 1970 (USGCRP, 
2009), and this trend is predicted by climate models to remain or increase. It is predicted 
that effects will be observed on winter average temperatures and an increase in the 
number of days above 38oC (100oF). Warmer temperatures could increase the number of 
days when methylating bacteria are active.  

A comparison of the climactic conditions during the Ecological Study to the long-term 
(40-year) records of discharge (Section 2.4.1) and temperature (2.4.2) suggests that the 
Ecological Study may have been conducted during a period that was drier and warmer 
than in the recent past. These drier and warmer conditions may be similar to those 
predicted as a result of the regional effects of global climate change. The 100-year 
Monitoring Plan put in place by DuPont and VADEQ will capture significant deviations 
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from the conditions observed during the Ecological Study, such as extreme warming or 
drought. 

2.5 Sediment Transport 

Because mercury is strongly adsorbed to suspended organic matter in aquatic systems 
(Meili, 1997; Gill and Bruland, 1990), the transport and storage of these materials is an 
important control on mercury cycling in aquatic systems. Significant effort by the 
University of Delaware has been expended to understand the factors that control the 
movement of sediment in the South River; the work is summarized in Appendix B. A 
schematic sediment budget is shown in Figure 2-8.  

At Waynesboro, the South River carries an estimated 73 +/- 19 megagrams (Mg) of 
suspended sediment per year (an average value that varies widely from year to year). As 
suspended sediment is carried downstream, an average of 5.9% of the annual sediment 
load is deposited per mile on the floodplain. In addition to floodplain deposits, 2.6% of 
the annual sediment load is deposited in quiescent areas near the banks referred to as 
fine-grained channel margin (FGCM) deposits, and 0.01% of the annual sediment load is 
deposited in the hyporheic zone. FGCM deposits occur in the lee of large, woody debris 
(LWD) accumulations (riparian trees that have fallen into the river) and bank obstructions 
such as living trees. FGCM deposits tend to occur where the river slope is lower than 
about 0.0025 (Skalak and Pizzuto, 2010). FGCM deposits refer to areas of a certain size; 
similar areas of smaller size are generally referred to as fine-grained sediment deposits. 
Additions to and deposits from the sediment load are continuous, but it is estimated that 
after a distance of approximately 17 miles (±8 miles), the entire sediment load has been 
deposited and replaced by new sediment. The new sediment originates mostly from the 
eroded floodplain but also from resuspended FGCM deposits and the hyporheic zone.  

Rates of sediment deposition in the system are low relative to the sediment budget for the 
South River. Floodplain deposition rates average 4 centimeters (cm)/100 years, though 
much higher rates may occur close to the channel. Thick floodplain deposits near the 
channel, referred to as “Hg-release age deposits” (HRADs), often sequester a high 
inventory of mercury deposited from 1929 to 1950 when mercury was in use at the Site 
(Carter, 1977). Interstitial sediment, which is fine-grained sediment stored in the gravel 
matrix of the river bed, is deposited and released from the river bed during periods of fill 
and scour. The rates and extent of fill and scour are a function of river discharge.  

Bank erosion rates are also low, averaging 4 cm/year (Rhoades, et al., 2009). Bank 
erosion occurs in reaches with islands (33% of the total), at migrating bends (26%), in 
straight reaches (15%), near current or former mill dams (8%), at tributary confluences 
(6%), and at other areas where clear causes do not exist (12%). Animals (cattle, beaver 
and muskrats who built their lodges in stream banks) do not significantly contribute to the 
total volume of bank erosion, though their effects may be important in certain localized 
areas. Of the erosion by animals, approximately 80% is attributable to cattle. Moreover, 
removal of small mill dams on the South River is estimated to have increased bank 
erosion rates after 1957 by a factor of two to three (Pizzuto and O’Neal, 2009).  
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2.6 Summary 

Results from the Ecological Study suggest that the South River is controlled physically 
by the presence of bedrock and as a result has shown little or no main channel migration 
over time. In addition, the substrate of the South River is primarily boulder, cobble and 
gravel, with a limited number of areas where fine-grained sediment has accumulated. 
Fine-grained sediment is also stored in the gravel matrix of the river bed. The relatively 
small amount of sediment deposition in the South River is also reflective of the limited 
sediment budget that operates within the overall system.  
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3.0 Phase I Ecological Study Findings 
The goal of the Phase I Ecological Study was to integrate physical, chemical, and 
biological data to more fully characterize the North River, South River, Middle River, 
and SFS. This section summarizes the results of Phase I, which have been presented in 
the Ecological Study Progress Report (CRG, 2008) and several publications (e.g., 
Flanders, et al., 2010). The results of Phase I, Phase II, and associated SRST findings will 
be described in Sections 4 and 5. The conceptual framework for Phase I is depicted in 
Figure 1-2. 

The information collected in Phase I was used to identify areas within the PSA where 
mercury enters the aquatic and terrestrial environments and may become bioavailable to 
various ecological receptors. Ultimately, the Phase I findings were organized into a 
geospatial database using a Geographic Information System (GIS). Data were organized 
according to their distance in river miles relative to the Site [or relative river mile (RRM) 
where the Site is designated as RRM 0 and by latitude and longitude. For the purpose of 
these studies, the term habitat stratification refers to the process of organizing data 
spatially to understand the physical, biological, and chemical composition of the South 
River in order to select representative study sites (e.g., Livingston, 2003). The results of 
the stratification were then used to identify Phase II Ecological Study sites. The Phase I 
and associated SRST data used for habitat stratification are included as Appendix C. 

3.1 Habitat Stratification 

As discussed above, the analysis of data collected in Phase I and SRST studies was the 
basis for selecting representative study sites for Phase II. The following data sources were 
used in the habitat stratification process: 

 Geomorphology  

 Land use 

 Floodplain inundation areas 

 Mercury species in physical and biological media 

The habitat stratification process resulted in the identification of three general reaches of 
the river based on geomorphic and land use characteristics. In addition to similar physical 
and biological characteristics, physical and biological media in these reaches had 
different ratios of mercury concentrations. Selected results of the habitat stratification 
process are depicted graphically in Figure 3-1.  

The first reach is located from RRM -1 to RRM 3 and incorporates the region around the 
Site and the city of Waynesboro. This region is characterized by a relatively high slope, 
narrow floodplain, and low volume of fine-grained sediment deposits. Land uses in this 
area are primarily urban. The concentrations of mercury in floodplain soils and river 
banks are high. Based on a comprehensive sampling of the South River floodplain soils, 
total mercury (THg) concentrations in floodplain soils generally decline with distance 
downstream of the Site. Thus, Reach 1 has the highest floodplain soil concentrations of 
any reach in the South River, and these concentrations decline with distance from the 
Site. However, mercury concentrations in surface water and sediment are generally low 
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in the vicinity of the Site except for sediment in locations adjacent to eroding banks. The 
low concentrations of mercury in surface water and sediment are due to the proximity to 
low mercury concentrations from the upstream of the Site. In addition, the higher flow 
rates and steeper slope of the channel results in fewer fine-grained sediment deposits. The 
concentrations of mercury in all media increase with distance downstream of the Site in 
this reach.  

The second reach is located between approximately RRM 3 and RRM 13 and is 
characterized by a series of low-gradient pools. Surrounding land uses are primarily 
pasture and agricultural. A high proportion of eroding banks occur along this reach, and 
areas of fine-grained sediment deposits occur on the channel margins, particularly behind 
downed trees. In addition to the erosion of floodplain soils, potentially important primary 
sources of mercury to the river in this reach include HRADs and eroding alluvial river 
banks. Geomorphic characterization of these features as well as in-river storage areas of 
FGCM deposits indicate that the majority of HRADs, eroding alluvial river banks, and 
FGCM deposits are located in the upper 10 miles of the South River. 

The concentrations of mercury in physical and biological media in this area generally 
increase linearly with distance. Incremental loading rates for THg and MeHg are highest 
in this reach (Flanders, et al., 2010). Surface water samples collected over short distance 
intervals in this reach showed steady increases in THg concentrations with increasing 
distance downstream, suggesting a diffuse primary source (Turner and Jensen, 2005). 
Similar spatial trends for IHg concentrations in surface waters and sediment have been 
observed in several rivers with historical industrial uses of mercury from point sources. 
Increasing THg concentrations in surface water with distance from the historical point 
source was observed in East Fork Poplar Creek, Tennessee (Southworth, et al., 2000; 
Rouse-Campbell, et al., 1998); the Thur River in France (Hissler and Probst, 2006); and 
the Nura River in Kazakhstan (Heaven, et al., 2000). 

The third reach includes the remainder of the South River, from RRM 13 to the 
confluence with the North River. In addition, this reach includes the upper segment of the 
SFS. The slope of the river is higher in this area, and there are few, if any, fine-grained 
sediment deposits. The reach is characterized by high concentrations of THg and MeHg 
in surface water (i.e., similar to or higher than in the reach immediately upstream), but 
declining concentrations in sediment and soil. The two-year floodplain in this reach is 
mostly forested. Although the South River watershed in general has few wetlands 
(Section 2.2), the land use in this reach has a relatively high proportion of wetlands. This 
is due to the classification of several segments of the river channel as riverine wetlands 
and the presence of many small palustrine, forested wetlands in the two-year floodplain 
[United States Fish and Wildlife Service (USFWS), 2012]. Although bank erosion rates 
are relatively high in this reach, soil concentrations are lower than in the first two 
reaches. Incremental loading rates of IHg in this reach tend to be low or negative, 
suggesting that there are few active sources of IHg in this reach (Flanders, et al., 2010). 
This result is interesting particularly since the concentrations of MeHg in sediment, 
surface water, and aquatic biota (e.g., fish) in this reach are often the highest measured in 
the South River. This suggests that methylation of mercury is a widespread process in the 
South River and that transport of IHg from upstream sources can support the methylation 
process.  
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3.2 Establishment of Phase II Study Sites 

The habitat stratification process used the Phase I and associated SRST data to identify 
three primary reaches within the PSA with similar geomorphic and physical 
characteristics. The selected three reaches had different mercury concentrations in 
physical and biologic matrices, providing an opportunity to test hypotheses related to 
mercury loading to the physical and biological compartments of the South River. 

An early working hypothesis was that mercury may be entering the South River via 
discrete points or that mercury methylation may be limited to discrete areas such as 
wetlands. However, the results of several SRST investigations and the Phase I Ecological 
Study indicated that mercury likely enters at multiple points along the PSA and that the 
main sources are located in the first 10 miles downstream of the Site. Similarly, MeHg 
concentrations and loading data indicated that methylation may be more widespread than 
previously thought. Because major wetlands are absent from the South River, wetlands 
on the margins of the river or on the floodplain likely are not the sole or primary points of 
methylation. These results are described in more detail in Section 4.0.  

The Phase II Ecological Study sites were located in three different reaches of the 
South River to determine how THg is loaded to the South River and converted into 
MeHg in sediment and also how IHg and MeHg are accumulated by biological receptors. 
Based on the Phase I habitat stratification findings, eight potential Phase II study sites in 
these reaches were initially proposed. The goal was to select at least one location in each 
of the three reaches. One potential area was identified in both Reach 1 and Reach 3. Due 
to the higher number of potential sources in Reach 2, six potential Phase II study sites 
were identified in this reach. The eight potential sites were proposed because they are 
adjacent to potential primary sources of mercury (HRADs or eroding banks) and 
encompass a range of mercury concentrations, physical characteristics, biological 
communities, and relative locations along the PSA.  

Using protocols outlined in the U.S. Environmental Protection Agency (USEPA) Rapid 
Bioassessment Protocols (RBP) (Barbour, et al., 1999), a detailed habitat characterization 
was performed prior to selecting Phase II study sites and reference areas. The distribution 
of microhabitats, including sand/pebble areas, gravels, embedded gravels, cobble/boulder 
substrates, and submerged aquatic vegetation (SAV), was mapped for areal and vertical 
extent. Habitat type distributions were delineated based on substrate type and hydraulic 
velocity across five transects running perpendicular to the direction of river flow. The 
channel morphology was measured from a horizontal datum using a laser level. The 
predominant substrate size was determined visually, and the depth of the given substrate 
was measured with the use of a probe. At five or more locations along each transect, 
hydraulic head was measured to understand the potential direction and magnitude of 
advection in the hyporheic zone. Habitat maps of the areas were created and used to 
select the specific Phase II study sites and reference areas listed below. Further details 
regarding the Phase II study site and reference area selection processes can be found in 
the respective study plans (URS, 2009; URS, 2011). 

The final locations selected for further study allowed for safe access to the river; 
contained adequate representation of HRADs, eroding river banks, and FGCM deposits; 
and possessed the necessary range of habitat types (as defined by substrate and hydraulic 
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storage or transport). Further information on the characteristics of each location is 
provided below. 

3.2.1 Phase II Study Site: RRM 0.1 

RRM 0.1 was selected primarily based on its proximity to the Site and the presence of a 
river bank with high THg concentrations. The concentrations of THg in soil are several 
orders of magnitude higher than on suspended solids in river water and in interstitial 
sediment. In addition, this location provided opportunities to integrate the results of 
Phase II physical and biological loading studies with other SRST studies, including a 
pilot-scale bank stabilization project. The bank stabilization project was designed to test 
the effect of river bank stabilization on mercury loading to the South River.  

3.2.2 Phase II Study Site: RRM 3.5  

This study site is adjacent to a HRAD in an eroding river bank and is located in an area of 
the river where Phase I results indicated sharply increasing THg and MeHg 
concentrations in sediment, surface water, and biological tissue with distance 
downstream. Detailed soil and sediment sampling results at this location revealed high 
concentrations of THg in bank soils and in adjacent near-bank sediment, including 
interstitial sediment, which suggests some communication between soil and sediment in 
this area. In addition, the area of high sediment THg concentrations occurred in an area 
with low surface water velocities and fine-grained sediment deposits. This facilitated 
comparisons of MeHg flux from fine-grained sediment deposits and the coarse-grained 
substrates that dominate the river channel.  

3.2.3 Phase II Study Sites: RRM 8.6 and RRM 11.8 

These study sites are located in a region containing high concentrations of THg and 
MeHg in all media. These locations were selected based on the degree of near-bank 
sediment impact. The highest THg and MeHg concentrations in sediment were measured 
in this reach during Phase I.  

3.2.4 Phase II Study Site: RRM 23.1 

RRM 23.1 is the most downstream study site and was selected primarily due to its 
location in an area of the South River that had generally low IHg and MeHg baseline 
loading rates. In addition, it was one of few areas in this reach with HRADs present. With 
the exception of two locations, THg concentrations in soil at this location were lower 
than those on suspended particles in surface water.  

3.2.5 Reference Areas 

Reference areas were used in the South River to establish the characteristics of biological 
communities on a regional scale and as a means to determine the potential effects of 
mercury on biological communities.  

The Ecological Study employed two approaches to determine potential ecological effects 
of mercury. The approaches included the traditional approach using reference areas and 
evaluation of effects over mercury gradients, which has been recommended as an 
alternate approach to reference areas (Landis, 2000). The use of reference areas in 
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general has been criticized because their use implies the existence of an ideal or 
characteristic ecological condition from which biological communities will deviate if 
exposed to a particular environmental stressor (e.g., Landis, 2000). In reality, each 
particular area has potential stressors and varying degrees of microhabitat quality. As a 
result, deviations between a study area location with regionally high mercury 
concentrations and a reference location can be caused by mercury, other stressors (e.g., 
microhabitat structure) or a combination of other key environmental variables. This 
realization forms a key basis for determining the potential effects of mercury on aquatic 
communities in the South River (Section 6). 

The four study sites located at RRM 3.5, 8.6, 11.8, and 23.1 were selected due to the high 
concentrations of mercury in environmental and biological media; the study site at RRM 
0.1 and the reference areas have relatively low mercury concentrations. This allows an 
evaluation across gradients of mercury and other key environmental parameters (e.g., 
microhabitat distribution).  

Because the South River varies considerably in terms of geomorphic characteristics, 
notably slope and substrate, three reference areas were selected for use in applicable 
Phase II studies. In September 2005, trained field biologists evaluated these river 
segments using protocols outlined in the USEPA RBP (Barbour, et al., 1999). Each of the 
16 locations (13 study, three reference) was physically characterized and scored along 30 
times the wetted channel width. The data were used in a principal components analysis 
(PCA) to identify groups of sites with comparable physical habitat characteristics; the 
complete results of this effort were reported in the Phase I work plan (CRG, 2006; CRG, 
2008).  

The three areas include the South River upstream of the Site (RRM -2.7), the North 
River, and the Middle River. The three areas were selected, in part, based on their 
similarity to the reaches described in Section 3.1. Reference area SR-01 is located 2.6 
miles upstream of the Site and is similar to the reach between RRM -1 and RRM 3 in the 
South River in terms of slope, channel width, and substrate. Due to their relative 
proximity to the confluence with the South River, the North River reference areas have 
discharges and substrate characteristics similar to the reach between RRM 13 and the 
upstream segment of the SFS. The reference area in the Middle River has a low slope and 
is characterized by long pool habitats, similar to many of the areas between RRM 3 and 
13 of the South River. The use of three potential reference areas in the Phase II studies 
allowed for the appropriate comparison of study sites in the South River to an overall 
reference condition, represented by the combination of multiple reference areas. The site 
selection process was described in a memorandum to the NRDC dated June 22, 2010 
(Table 1-1). 

Following selection of study sites and appropriate reference areas, four general types of 
studies were conducted at the Phase II study site locations: 

 Physical loading 

 Physical characterization 

 Biological loading 

 Biological effects  
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Figure 1-3 illustrates the order and timing of the Phase II studies. The results of these 
studies are the subject of this report and will be discussed in detail in Sections 4.0, 5.0, 
and 6.0. Throughout the implementation of Phases I and II, all results were analyzed and 
incorporated into the conceptual system model (CSM).  

3.3 Framework for the Conceptual System Model 

The CSM is a simplified and representational understanding of mercury movement in the 
South River from primary sources to high trophic level organisms, such as the 
smallmouth bass (Micropterus salmoides). The CSM synthesizes and summarizes 
information gained during both phases of the Ecological Study. Specific elements of the 
CSM will be described in detail in Sections 4.0 and 5.0, and the detailed data integration 
steps that describe the interrelationships between the major components of the South 
River CSM are described in Section 6.0.  

The CSM was developed in parallel with Phase I and Phase II data collections and 
analyses and is based on data collected on the South River and data analysis by SRST 
scientists. The CSM is not a numerical model although it does draw on the results of 
some numerical modeling efforts, including the South River Mercury Total Maximum 
Daily Load (TMDL) (Eggleston, 2009). The primary objectives of the CSM are as 
follows:  

 Identify critical transport and exposure pathways that are primarily responsible for 
elevated MeHg levels in ecological receptors (e.g., smallmouth bass) in the South 
River. 

 Identify specific pathways that are feasible to modify and that might help reduce 
MeHg levels in ecological receptors. 

 Serve as an organization and communication tool to integrate data and facilitate 
understanding of the system. 

 Identify data gaps or research and development needs. 

 Test and refine working hypotheses through site characterization and field testing 
to define complete mercury transport or exposure pathways. 

 Serve as a basis for more detailed evaluation on different spatial and temporal 
scales (e.g., during storms). 

 Communicate the understanding of the system among stakeholders. 

The CSM was developed in three major phases. The preliminary CSM was developed by 
the SRST and reviewed annually by the SRST Expert Panel. Throughout Phase I and 
Phase II of the Ecological Study, the CSM was revised to incorporate comments from the 
SRST as well new findings from the Ecological Study and SRST studies. The Phase I 
CSM was independently reviewed by Hydroqual, Inc. in 2009 (Hydroqual, 2009). The 
current CSM, which represents the integration of over 10 years of geomorphological, 
chemical, and biological data, has been reviewed significantly by the SRST and other 
experts. Section 6.0 presents the CSM, and the subsections below describe the three 
major data types included in the CSM. A schematic of the CSM is depicted in Figure 3-2. 
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3.3.1 Geomorphological 

The present day and historical dynamics between the South River and its floodplain are 
the primary drivers of mercury transport. Historically, mercury was released from the Site 
during manufacturing and recycling of the mercury-based catalyst and then likely 
transported into and along the South River as suspended solids during storm events. 
These solids settled out and were deposited and stored as floodplain soils or as sediment 
in the stream bed and along the channel margins, often behind downed trees or other 
obstructions such as rocks, boulders, or storm-related debris piles. Over time, eroded 
floodplain soils or resuspended sediments have served as an ongoing source of suspended 
mercury-impacted sediment. Although the cycles of erosion and resuspension are 
continuous, some areas of sediment storage remained and became a more permanent part 
of the floodplain. In these areas, the sediment contains high concentrations of historical 
mercury.  

At several locations along the South River (e.g., areas of bedrock outcropping), erosion 
rates are minimal. The tributaries of the South River are generally first order and only 
flow freely during or for a short duration after storm events. As a result, South River 
tributaries do not represent a significant source of sediment loading.  

However, both past and present day land uses (e.g., agriculture and forestry) have 
provided a source of sediment as well served as a mechanism of erosion. The increased 
erosion and sediment load from land use practices have had a significant impact on 
substrate characteristics in the South River. As a result of increased sedimentation, 
substrate that is typical of small, high-gradient rivers (e.g., river cobble and boulders) has 
been replaced or embedded with fine-grained sediment. This condition degrades the 
quality of the aquatic habitat and likely impacts invertebrate populations, shifting the 
composition of the food web in some locations. Embeddedness may also facilitate the 
growth of SAV, which is present in very high densities in many areas of the South River.  

Based on the general description of the South River in historical studies, substrate 
conditions appear to be improving over time. As described by Pizzuto and O’Neal 
(2009), the South River was a series of mill ponds throughout much of its length. For 
example, Cairns and Dickson (1972) described the reach adjacent to the Site as a series of 
small pools. Currently, the South River in this area is free flowing and has a relatively 
high gradient, with cobble to boulder-size material and few fine-grained sediment 
deposits. Combined with general improvements in water quality due to the 
implementation of the Clean Water Act and advances in water treatment, the 
South River’s ecological condition has improved relative to historical studies.  

3.3.2 Chemical 

Mercury was originally released from the Site during the period of use between 1929 and 
1950 and entered into the soil, sediment, pore water, surface water, and ecological 
receptors of the South River. Mercury was likely released through several pathways to 
both the atmosphere and the Site storm water system. Elemental mercury was released to 
the atmosphere through the synthesis and retort of catalyst and to the Site storm water 
system through inefficient recovery, transport, and spills to the drains that serviced the 
laboratories and other Site buildings. The Site was the original source of mercury and 
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continues to be a mercury loading source to the South River but at lower rates than when 
mercury was in use at the Site. The release of mercury from the former facility is being 
addressed through the RCRA process. In addition, low concentrations of mercury are 
present in South River groundwater. The floodplain and associated sediment throughout 
the rest of the river continue to act as the primary reservoir of mercury in the South River 
system.  

Most aquatic systems in the northeastern U.S., including the South River, receive 
mercury from atmospheric deposition. In some cases, atmospheric deposition rates create 
potential ecological risk to aquatic receptors. Atmospheric deposition is not a large 
source of mercury to the South River but is an important source to other regional rivers. 
For example, smallmouth bass from the North River, which receives mercury from 
atmospheric deposition, contained THg concentrations ranging from 0.1 to 0.3 milligrams 
per kilogram (mg/kg) THg (VADEQ, 2007), nearly 100% of which is present as MeHg 
(Bloom, 1992). Although this concentration is lower than what is found in the South 
River, it is only slightly below the USEPA-recommended tissue-based water quality 
criterion of 0.3 mg/kg MeHg (USEPA, 2010).  

An important component of the CSM is mercury methylation. Mercury methylation is the 
primary mechanism that links the presence of mercury in media to biological receptors in 
the South River system. Mercury methylation is a biochemical reaction in which IHg is 
taken up by bacteria and converted to MeHg, which has different chemical, physical, and 
toxicological properties than IHg. Mercury methylation is performed by anaerobic 
bacteria, including sulfate- and iron-reducing bacteria in anoxic or suboxic aquatic 
habitats.  

Geomorphology also influences mercury methylation. In a river, areas of mercury 
methylation may include wetlands and remnant channels on the floodplain, fine-grained 
sediment deposits located in the channel, or the hyporheic zone. Floodplain wetlands are 
generally considered to provide the most favorable geochemical conditions for 
methylation (i.e., organic carbon, anoxic or suboxic sediment, and electron acceptors). 
Floodplain wetlands may be important sources of methylmercury to ecological receptors 
foraging in wetlands, including a large variety of wading birds, invertebrates, and 
mammals. However, wetlands are limited as a source of methylmercury to rivers by their 
low hydraulic connectivity and the fact that they account for relatively little land area in 
the watershed. In addition and as noted previously, wetlands are not spatially prominent 
features along the South River. As noted in Figure 3-1, wetlands are more frequent in the 
downstream reach of the South River; this is due to the classification of many segments 
of the river channel as riverine wetlands and the presence of temporarily submerged 
forested areas in the two-year floodplain (USFWS, 2012).  

Similarly, fine-grained sediment deposits provide favorable conditions for methylation 
but may be limited as methylmercury loading sources in some areas of the South River 
because of their relatively small surface areas. However, much of the channel margin 
area, particularly in Reach 2, consists largely of fine-grained sediment. The hyporheic 
zone also may be an important source of methylmercury in aquatic systems due to a high 
surface area and the presence of fine-grained sediment within the gravel matrix of the 
hyporheic zone.  
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The submerged aquatic habitats of the South River, which include the hyporheic zone and 
fine-grained sediment deposits, are important areas for IHg storage and perhaps mercury 
methylation. When methylating bacteria reside in close proximity to IHg adsorbed to 
fine-grained sediment particles, they can methylate IHg to form MeHg. MeHg can then 
flux from pore water to overlying water via advection and diffusion or adsorb to particles 
in surface water. These particles can then serve as food items for detritus-feeding and 
filter-feeding aquatic invertebrates, which form the basis of the aquatic food web.  

3.3.3 Biological  

Aquatic invertebrates live and forage on surfaces in the South River. These surfaces are 
highly varied and include coarse-grained substrates, fine-grained sediment, SAV, or 
LWD. These surfaces are home to algal and bacterial cells that are grazed on by 
invertebrates; however, these surfaces also trap suspended sediment that potentially 
contains high concentrations of IHg and MeHg. MeHg is readily bioaccumulated by 
invertebrates. Thus, these organisms form the key link between the abiotic and biotic 
components in the South River. In addition to being key components in the aquatic food 
web, aquatic invertebrates also may provide mercury to the terrestrial food web. 
Emergent aquatic insects are eaten by invertivorous terrestrial organisms, including birds, 
bats, and spiders (Cristol, et al., 2008). 

Invertivorous forage fish occupy an important position in the aquatic food web by 
enabling the trophic transfer of mercury from aquatic invertebrates to higher trophic 
levels in both aquatic and terrestrial food webs of the South River. The invertivorous 
fishes in the South River prey upon aquatic invertebrates from the orders Ephemeroptera 
(mayflies); Trichoptera (caddisflies); and Diptera (black fly) larvae, particularly 
Chironomidae and Simuliidae in addition to a variety of other aquatic invertebrates 
(Jenkins and Burkhead, 1994).  

The highest trophic level organisms in the South River are piscivorous, i.e., fish eating, 
ecological receptors. The smallmouth bass is a commonly cited example of this type of 
receptor, but others exist, including birds, mammals, reptiles, and amphibians. These 
piscivores feed largely on forage fish like longnose dace (Rhinichthys cataractae) and 
some large invertebrates [e.g., crayfish (Orconectes spp.)].  
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4.0 Chemistry Results 
This section summarizes the studies conducted to characterize the distribution and 
behavior of chemical constituents in abiotic environmental media of the South River and 
regional watersheds. As described in Section 1.0, the Ecological Study was conducted in 
consultation with the NRDC, with the cooperation of SRST Expert Panel members, and 
with other members of the SRST, including those from state and federal governmental 
agencies. A framework of the Ecological Study was provided in the Attachment D of the 
Consent Decree between DuPont and the NRDC (Appendix A). More specific 
descriptions of the scope of the Ecological Study are described in the following 
documents:  

 The Program Management Plan (CRG, 2005) describes the foundation for the 
Ecological Study.  

 The Phase I Ecological Study Work Plan (CRG, 2006) describes the majority of 
the physical characterization studies that are summarized here.  

 The Phase II Ecological Study describes the physical loading studies that led to 
the detailed characterization of mercury concentrations in pore water.  

Other focused scopes of work were developed in response to comments by the NRDC at 
quarterly meetings and via other communications, which are described in Table 1-1.  

This section provides a description of the chemical concentrations in the abiotic media of 
the South River. Initially, a detailed discussion of the distribution and dynamics of 
mercury in each of the media (i.e., surface water, sediment, soil, and pore water) is 
presented. For aquatic ecological exposure media (sediment and surface water), the 
concentrations of mercury and other chemical constituents are compared to relevant 
effects-based screening values where available. Finally, the section provides a description 
of the state of knowledge regarding mercury methylation in the South River. Methylation 
is the environmental process that links the abiotic fate and transport of mercury with the 
food web.  

4.1 Mercury in Surface Water 

Although an extensive surface water mercury data set exists for the South River (with 
records dating back to the early 1970s), relatively high detection limits (e.g., 500 ng/L) 
obscured spatial or temporal trends and limited data usability. The first surface water 
samples were collected and analyzed for unfiltered THg (UTHg) using trace metal clean 
techniques by ORNL in 1978 and 1979 (Figures 4-1 and 4-2). The VADEQ, as part of the 
100-year monitoring plan established in the settlement with DuPont, and DuPont 
contractors have collected and analyzed samples on a monthly or seasonal basis since 
2002 over a wide range of discharges and climactic conditions. By integrating SRST 
studies with the Ecological Study, the methods employed for surface water collection 
have remained consistent over time and allowed a high level of data comparability over 
an extended period. Currently, the South River surface water database contains results 
from over 5,100 samples analyzed for THg and over 3,300 samples analyzed for MeHg. 
Results in this database are associated with samples collected from the South River as 
well as other rivers in the watershed. 
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The subsections below summarize the presence of mercury in physical and biological 
media under South River baseflow and storm event conditions. Estimates of tributary 
loading under these conditions are included. A more detailed description of these data is 
provided in the documents cited and listed in the references (Section 10.0).  

4.1.1 Baseflow Conditions 

Baseflow refers to the periods of time when stream flow increases with distance 
downstream and the majority of stream flow is supplied by subsurface flow. The term is 
used here primarily to differentiate these conditions from storm sampling. The dynamics 
and distribution of mercury under baseflow conditions have been extensively described in 
several documents, including Flanders, et al. (2010); Hydroqual (2009); and CRG (2008). 
Several technical monographs and briefing papers, including Jensen and Turner (2005a 
and 2005b) and Turner and Jensen (2005), also describe baseflow conditions. These 
documents were submitted to the NRDC on October 5, 2006.  

Typical of similar studies of large ecological systems (e.g., Livingston, 2003), the initial 
sample collection for the Ecological Study was more intensive in terms of number of 
replicates, analytes, and the spatial and temporal frequency than previous or subsequent 
sampling. Over time, as results were evaluated statistically (CRG, 2008), the spatial and 
temporal intensity was reduced and focused on identification of important inter-annual 
trends. The surface water sample collection frequency for mercury parameters during the 
Ecological Study was as follows: 

 Triplicate samples collected for mercury parameters on a monthly basis (March 
2006 to May 2007) 

 Bimonthly duplicate samples beginning in August 2007 

 Quarterly duplicate samples beginning in January 2010 

Samples were collected over a wide range of discharges (Table 2-1 and Figure 2-2) and 
climactic conditions (Figure 2-5). Several other studies have collected small numbers of 
surface water as explanatory variables or for other parameters; these studies are listed in 
Table 1-3. This section focuses on comprehensive studies from which broad conclusions 
regarding the PSA can be drawn. This section will describe the main findings of the 
various studies focusing on spatial variation of surface water mercury concentrations, 
seasonality, relationship with other parameters, and baseflow loading. At the end of the 
section, a summary of mercury distribution and dynamics under baseflow conditions is 
provided.  

Spatial Variation 

Initial whole-river surface water sampling during baseflow conditions was performed in 
August 2004 and February 2005 (Jensen and Turner, 2005a). These events identified 
gradually increasing THg and MeHg surface water concentrations between RRM 0 and 
RRM 10 and declining or similar concentrations from RRM 10 to the confluence with the 
North River. There were few significant or large spikes in THg or MeHg concentrations 
in either the filtered or unfiltered surface water samples.  

Based on this concentration trend, close interval sampling was conducted within the area 
of increasing concentration (RRM 0 to RRM 5) and over the length of the PSA to 
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determine potential longitudinal or transverse patterns in mercury distribution (Turner 
and Jensen, 2005). Samples were collected at intervals ranging from 500 to 4,000 feet 
and included transverse sampling adjacent to eroding river banks. The results of the close 
interval sample strongly suggested that sources were distributed throughout the reach 
between RRM 0 and RRM 5 and potentially further downstream as well to RRM 10. 
These results clearly demonstrated a link between higher surface water concentrations in 
proximity to eroding river banks. These studies were also the first to document the 
seasonality of MeHg concentrations in surface water of the South River.  

The Ecological Study built on these data sets by adopting the same sampling methods and 
using this information to select sample locations. Because mercury concentrations 
increased between RRM 0 and RRM 10, sample locations were more closely spaced in 
this portion of the river to detect potential intermittent or small sources (Figure 1-1).  

The concentrations of IHg in surface water confirmed earlier observations that the 
primary sources to the river are widely distributed downstream of the Site but are largely 
within the first 10 relative river miles (Figure 4-3). The average concentration of IHg on 
particles (IHgP) under baseflow conditions increased rapidly downstream of the historical 
point source and reached a maximum of approximately 25 micrograms per gram (μg/g) at 
RRM 9.9, declining thereafter. Filtered (0.45 µm) IHg (FIHg) concentrations increased 
monotonically, reaching an average of approximately 13 ng/L at RRM 11.8. In contrast to 
the particle phase, mercury concentrations in filtered samples (FIHg) were relatively 
constant throughout the downstream reach. Both particulate-bound and filter-passing 
surface water MeHg and IHg generally showed similar concentration trends. Both IHg 
and MeHg are strongly adsorbed to particles, as shown by the distribution coefficient 
(KD) between particulate and filter-passing phases of surface water. MeHg was less 
strongly adsorbed to particles, which is commonly observed in freshwater systems (Meili, 
1997). 

Seasonality 

Methylmercury in surface water exhibits a strong relationship to water temperature in the 
South River. MeHg concentrations in surface water clearly increase as the weather warms 
in the spring to temperatures reaching 12oC. Figure 4-4 shows the relationship between 
MeHg in 0.45-m filtered surface water (FMeHg) during baseline conditions and the 
average daily temperature at Harriston, Virginia (RRM 16.5; Figure 1-1). The 
temperature was calculated for either the day of sampling or the four-day period of 
sampling for Phase I monthly sampling. There is a clear increase in the FMeHg 
concentration at all locations when surface water temperatures reach approximately 12oC; 
at around 16oC, a decrease in FMeHg concentrations occurs in some locations. This 
decrease suggests that temperature is an important control on mercury methylation and 
that there may be a temperature range that is favorable for methylation. However, 
occasional peaks in MeHg concentration at higher temperatures do occur, indicating that 
other factors besides temperature influence MeHg production and ultimately the 
concentrations in surface water.  

The patterns of seasonality suggested that in situ mercury methylation was a primary 
source of MeHg to the river. The highest concentrations of MeHg were measured 
between April and June 2006, during a period of low discharge (Figure 2-2) and high 
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temperatures (Figure 2-5). Floodplain inputs from tributaries during this time were 
minimal, indicating that the floodplain was not an important direct source of MeHg to the 
river.  

Other surface water constituents [e.g., total suspended solids (TSS), organic carbon, and 
nutrients] were collected as part of the Phase I Ecological Study because they are 
potentially important in the fate and transport of mercury. TSS, dissolved organic carbon 
(DOC), and total organic carbon (TOC) displayed no spatial trend in the South River. 
Nutrients (i.e., nitrogen and phosphorous) show only a slight elevation at RRM 3, which 
is downstream of a sewage treatment plant. TSS and organic carbon have been shown to 
be important complexing ligands for mercury species in rivers (e.g., Miele, 1997). The 
majority (81%) of TOC in the South River is present as DOC. The log KD of both IHg 
and MeHg is negatively correlated with the log TSS concentration (Flanders, et al., 
2010). This is termed the particle concentration effect (Benoit 1995) and is evidence that 
colloids are present in the South River and complexing IHg and MeHg. The 
concentration of TSS under baseflow conditions averaged 4.8 +0.4 mg/L compared with 
1.8 +0.04 mg/L TOC, indicating that the majority of suspended sediment is inorganic in 
nature. Taken together, these lines of evidence demonstrate that organic colloids and 
inorganic particles are the important complexing agents for IHg and MeHg in the South 
River. 

Baseflow Loading 

Quantifying the mercury loading during baseflow conditions is a critical component of 
mercury source identification. Loading is the product of a concentration (in units of mass 
per volume) and a discharge (in units of volume per time). The difference between 
loading at any two points is the incremental loading (increase or decrease) for that reach.  

Loading was evaluated during the following three investigative efforts of the 
South River: 

 Jensen and Turner (2005b) 

 Phase I Ecological Study (CRG, 2008) 

 Hydroqual (2009) 

Early UTHg mass loading estimates in the South River were performed on the close 
interval data sets collected in January, March, and May 2005 (Jensen and Turner, 2005b). 
The results of this work indicated that the incremental loads (normalized to reach area) 
were highest from the reach between RRM 5.1 and RRM 9.9. Because these results were 
based on data from only two sampling events, a robust sampling regime was developed 
as part of the Ecological Study to quantify rates of instantaneous and incremental loading 
with greater spatial and temporal resolution.  

The Ecological Study included monitoring mercury loading at the same locations over 
time. This element of the Ecological Study confirmed earlier observations (e.g., Jensen 
and Turner, 2005b) that UTHg loads were highest approximately 10 river miles from the 
Site. Maximum monthly UTHg loads ranged from 0.1 kg to 3.7 kg and increased as a 
function of discharge during the storm event (Table 2; Flanders, et al., 2010). Figure 4-5 
shows the incremental UTHg loads by discharge and temperature regime by river reach. 
Positive loads are generally constrained to the first 10 river miles, and the loads increase 
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as discharge increases. UMeHg loads are generally positive from RRM 0 to RRM 10 at 
temperatures greater than 12oC (Figure 4-5). An independent analysis of incremental 
loading by HydroQual (2009) supports these findings.  

Summary of Baseflow Conditions 

The various surface water sampling and data analysis programs performed to date 
confirm the following:  

 IHg and MeHg concentrations in surface water increase immediately downstream 
of the historical point source at RRM 0 and reach maximum levels at or before 
RRM 10. 

 MeHg exhibits strong seasonality, increasing in concentration when surface water 
temperatures reach 12oC; concentrations do not necessarily increase with 
temperature throughout the late summer.  

 IHg and MeHg are strongly adsorbed to TSS. 

 Nutrients in the South River increased downstream of a sewage treatment plant; 
there are few other spatial trends in ancillary parameters. 

 UTHg loading increases with discharge, and UMeHg loads increase with surface 
water temperature. 

 Positive incremental mass loadings of THg and MeHg are constrained to the first 
10 river miles downstream of the Site.  

4.1.2 Episodic Storm Events 

Storm events and associated landward flooding during the time that mercury was used at 
the manufacturing facility were likely involved in the initial transport and distribution of 
mercury from surface water onto the floodplain. To understand the role that storms may 
play in remobilizing mercury stored on the floodplain or in other sources, the Ecological 
Study evaluated the effect of storms on IHg and MeHg transport during four storms in 
2006 and 2007. Table 2-1 lists the date of the storms when samples were collected and 
the return interval of the storm.  

This section provides a summary of the findings of the storm evaluations, including 
concentration changes during storms and storm loading. Figure 4-6 shows the storm 
discharge hydrograph and the time and location of the collected samples. Detailed 
discussions of temporal and spatial trends of storm samples are provided in Flanders, 
et al. (2010) and Hydroqual (2009).  

Concentration Changes During Storms 

Storms have strong but short-term effects on the concentration of IHg and MeHg in the 
South River. IHgP concentrations in surface water are strongly diluted by solids 
transported from upstream, but return to pre-storm concentrations as discharge declines. 
Over the course of the first 12 months of the Phase I Ecological Study and despite 
periodic increases in discharge, the concentration of dissolved IHg was relatively 
unchanged. However, on several occasions at RRM 5.1 (Figure 4-7) and RRM 9.9 
(Flanders, et al., 2010), the concentration of FIHg increased by an order of magnitude on 
falling limb samples without a coincident increase in IHgP. Although this pattern 
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occurred infrequently, it could be evidence that IHg is being introduced by the dissolution 
of soil particles. The dissolution of soil particles occurs when soil wetting causes the clay 
particles in soil to disperse from one another. Soil dissolution on wetting has been shown 
to release mercury bound by colloids (Flanders, et al., 2010; Turner and Bloom, 2005).  

FMeHg and the concentration of MeHg on particles (MeHgP) are also diluted by higher 
discharges (Figure 4-7). In contrast to IHg, MeHg concentrations did not return to 
prestorm levels, suggesting that the total mass of MeHg in the South River is less after 
each successive storm and indicating that net methylation rates (methylation–
demethylation) may have been declining throughout the summer.  

Although storms strongly influence mercury concentrations in surface water over short 
time scales, the data suggest that erosion during baseflow events may be more important 
in replenishing stored THg in sediment. For example, the concentration of THg on 
particles (THgP) at the highest discharges sampled were lower than the concentrations in 
soil and FGCM deposits as well as average concentrations in sediment cores (Figure 4-8). 
In contrast, THgP under discharges less than 321 cubic feet per second (CFS) was 
generally similar to concentrations in other media. Therefore, the sediment accumulating 
in the wetted perimeter of the South River may be transported during low discharges 
rather than during storms. 

Storm Loading 

The highest loads of UTHg occur during the peak flow periods and increase from the Site 
at RRM 0 up to approximately RRM 10. The UTHg loading rates generally track the 
storm hydrographs; Figure 4-9 shows instantaneous loads for each day of a storm over its 
course. In general, loads increase rapidly between RRM 0 and RRM 5.1, reaching a 
maximum of nearly 10 kg/day at RRM 9.9 and remaining at similar levels downstream 
(Figure 4-10). 

By sequentially collecting surface water during these events, it is possible to track 
loading with some spatial and temporal fidelity. Tracking results showed that the IHg 
loaded during the storm originates from the river channel and not from external sources 
(e.g., headwaters or distant portions of the floodplain). The relationship between 
discharge and the particulate IHg (PIHg) load for the South River follows a clear 
clockwise hysteresis pattern (Figure 4-11), which is commonly observed in rivers where 
the suspended material originates from the bed and banks of the river channel as opposed 
to from uplands (Klein, 1984). This pattern was observed in PIHg data collected at each 
location and is consistent with the peak discharges and return interval of the storms, 
which were relatively low. The maximum peak discharge sampled was 3,010 CFS, which 
corresponds to a 0.3-year storm. Because the 0.3-year floodplain is relatively narrow, 
sources for additional mercury loading are constrained to the channel, river banks, and 
low-lying areas adjacent to the channel. 

Incremental loadings during storm events were calculated to understand which reaches 
contribute the majority of mercury to the South River. A non-linear, maximized R2 
regression between discharge and PIHg load was developed following Crowder, et al. 
(2007) to calculate instantaneous loads for each 15-minute time period during the storm. 
Incremental loads during storm events were calculated for each station by first summing 
the 15-minute loads for each day. Then, this total was subtracted from the load at the 
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sampling station upstream. These incremental loads were then normalized to the reach 
length to allow for comparison between reaches. The results of the incremental loading 
are listed in Table 4-1 The 2006 and 2007 storm data indicate that incremental storm 
loads are generally highest from the reach between RRM 2.3 and RRM 5.1. In three of 
the four storm events, the loads are highest in this reach. In November 2006, the highest 
incremental load occurred between RRM 20 to RRM 23.9, and the second highest 
incremental load occurred between RRM 2.3 to RRM 5.1.  

Tributary Loading 

Two tributary loading investigations on the South River were performed. One 
investigation was a component of the close-interval surface water sampling (Turner and 
Jensen, 2005), and the other investigation was a focused tributary loading study 
conducted as part of the Ecological Study. The results and methodology of the latter were 
described in a memorandum submitted to the NRDC on December 15, 2008 (SRST, 
2009). 

Prior to investigations performed as part of the Ecological Study, it was hypothesized that 
tributaries were sources of THg to the South River because they transported floodplain 
runoff during and after storm events. In general, the results to date indicate that tributary 
loads are limited by low flow rates during nonstorm conditions. These low flow rates 
typically result in relatively low loading rates, often several orders of magnitude lower 
than loading rates in the river channel.  

Turner and Jensen (2005) evaluated tributaries as potential sources of mercury in a series 
of close-interval surface water sampling events. Based on this evaluation, concentrations 
at 1,000-foot intervals in the river channel had consistent, nearly linear increases, 
suggesting consistent inputs of THg and MeHg. While surface water MeHg 
concentrations in some tributaries and other point sources that were actively flowing were 
relatively high, these tributaries and other point sources did not have sufficient discharges 
to account for the increases in loading measured in the river channel. These close-interval 
sampling events were conducted at different times of the year and under different 
discharge regimes, suggesting that the conclusions were broadly applicable to the PSA. 
Because the discharges from these tributaries were insufficient to account for the 
observed increases in loading in the river channel, their role in loading mercury during 
storms was not systematically evaluated in this early study.  

However, as part of the Ecological Study, a larger, focused loading study of tributaries 
was conducted that included near synoptic sampling of eight tributaries and from five 
bridges located between RRM -2.7 to RRM 9. Collectively, the eight selected tributaries 
account for 87% of the total tributary drainage area and 93% of the total tributary 
100-year floodplain drainage area. The October 2007 storm event provided UTHg 
loading estimates for the first flood after prolonged dry conditions in tributaries and the 
South River. During the May 2008 storm event, the THg and MeHg loads were measured 
from bridges and tributaries during decreasing, falling limb flow conditions. The 
complete results and methodology were described in a memorandum submitted to the 
NRDC on December 15, 2008 (SRST, 2009). 

The results of both sampling events indicate that loading inputs from the tributaries and 
floodplain drainage features were minor compared to the instantaneous loads measured at 
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bridges or incremental loads between bridges. While the majority of the increase in 
discharge between RRM 0 and RRM 9.9 originated from tributaries and other outfalls 
during this storm (Figure 4 of the SRST 2009 report), the relative THg and MeHg load 
contribution for tributaries (and floodplain drainage features) is minor. These data 
indicate that tributary and floodplain drainage contributions are of secondary importance 
when considering THg and MeHg input into the South River (Figure 5 of the SRST 2009 
report).  

Summary of Storm Conditions 

The various episodic storm event sampling and data analysis indicate the following:  

 Storms have very strong effects on mercury concentrations, but their effects are of 
short duration, lasting on the order of hours; this limits the role of storms in 
controlling mercury distributions in the South River. 

 The IHg measured during storms was mobilized from within the river channel, 
not from more distant sources (e.g., the floodplain). 

 Incremental storm loads from the reach between RRM 2.3 and RRM 5.1 were 
highest in three of the four storm events measured and second highest in the 
fourth storm. 

 THg and MeHg loads from tributaries and floodplain to the South River were 
generally several orders of magnitude lower than South River channel loads. 

4.2 Mercury in Sediment 

As a general feature, the majority of the benthic substrate in the South River consists of 
gravel and cobble-sized materials with very few muddy, soft-bottomed areas containing 
fine-grained sediment. However, fine-grained sediment consisting of fine sand, silt, and 
clay is located within the gravel matrix of the river bed (interstitial sediment) and in 
deposits of varying thickness on the channel margins. Sediment is also found (to varying 
degrees and at limited times) behind obstructions (downed trees for example) in the river 
and in other low flow velocity areas.  

The Ecological Study and associated SRST studies have characterized the spatial and 
temporal distribution of sediment in bulk sediment and interstitial sediment. Bulk 
sediment is collected via traditional sediment sampling techniques (e.g., cores) from 
relatively thick deposits of sediment on channel margins, behind obstructions, or from 
other low-velocity areas such as mill races. Due to the lack of sediment in general, 
sediment investigations prior to the advent of the SRST collected samples from near-bank 
sediment, some of which were determined to be river bank samples (Jensen, et al., 2006). 
In response, the SRST developed a suction technique (Jensen, et al., 2006) to collect 
size-fractioned interstitial sediment from the gravel and cobble beds that predominate in 
the South River. The use of the technique affords the ability to evaluate sediment 
mercury concentrations throughout the PSA.  

This section focuses on several comprehensive studies of mercury in bulk and interstitial 
sediment from which broad conclusions regarding the PSA can be drawn. In addition, 
other studies have collected limited numbers of bulk and interstitial samples as potential 
explanatory variables of mercury. These studies are listed in Table 1-3.  
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4.2.1 Bulk Sediment 

In general, the South River substrate is dominated by gravel and bedrock, limiting the 
amount of fine-grained sediment accumulation. However, limited areas of the 
South River have accumulated sufficient fine-grained sediment to allow core samples to 
be collected and the vertical profiles of mercury and associated parameters to be 
analyzed. As described in Section 2.6, the sediment in these limited areas is termed 
FGCM deposits and these deposits play an important role in the sediment and mercury 
budgets of the South River.  

Skalak and Pizzuto (2010) characterized FGCM deposits along 24 miles of the PSA 
between 2005 and 2007. Fifty-four FGCM deposits were mapped and characterized for 
size, age, composition, and mercury concentrations. The average size of the FGCM 
deposits was 25 m long, 5 m wide, and 0.3 m thick. FGCM deposits account for 17% to 
43% of the annual suspended sediment load. The average grain size composition for these 
deposits is 23% clay, 23% silt, and 54% sand. This composition is significant because 
mercury adsorbs strongly to the silt and clay fractions of sediment, so FGCM deposits are 
likely to act as important mercury storage areas. Radiocarbon, 210Pb, and 137C dating 
indicate that sediment in FGCM deposits ranges in age from 1 to more than 60 years, 
which overlaps with the approximate time that mercury was used at the Site. As a result, 
FGCM deposits contain a wide range of mercury concentrations; THg concentrations 
ranged from 0.1 to 884 µg/g, with an average of 47 µg/g. 

In addition to storing mercury, FGCM deposits may play a role in mercury methylation 
as they possess characteristics that may be more conducive to mercury methylation than 
the coarse-grained areas of the South River. Compared with gravel or cobble beds, 
FGCM deposits have a much higher density of organic material on an areal or volumetric 
basis. For this reason, they were hypothesized to be hot spots of microbial processes, 
including mercury methylation. An evaluation of MeHg concentrations in various 
habitats was performed in Phase I of the Ecological Study. Evaluation results showed that 
MeHg concentrations were generally higher in FGCM deposits than in other areas, 
including floodplain wetlands and mill races. However, high MeHg concentrations were 
not constrained to FGCM deposits; MeHg concentrations were also high in gravel beds 
embedded with fine-grained sediment (Table 4-2).  

4.2.2 Interstitial Sediment 

The South River is classified as a gravel-bed bedrock river, and, as such, the majority of 
the river channel is covered with coarse-grained materials. As a result, the Phase I 
Ecological Study adopted a method to suction and separate fine-grained sediment by size 
from the interstices of gravel and cobble beds. This method allowed the evaluation of 
mercury concentrations throughout the PSA rather than limiting sediment collection to 
areas where fine-grained sediment collects. This section summarizes the studies 
performed to evaluate spatial and temporal variation in interstitial sediment mercury 
concentrations and to understand the residence time of sediment in gravel beds. 

Interstitial Sediment Composition 

The composition from interstitial sediment is generally similar to the composition of bulk 
sediment, but the collection method removes much of the sand. The average (standard 
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error) of grain-size analysis of 23 sediment samples collected by this method from one 
location was 11.8 (0.3) % clay (<2 m), 65.4 (1.4) % silt (2 to 63 m), and 22.8 (1.6) % 
sand (>63 m). The percent silt is generally higher than in FGCM deposits 
(Section 4.2.1).  

Spatial and Temporal Trends in Mercury Concentrations in Interstitial 
Sediment 

The highest IHg concentrations were observed between RRM 3 and RRM 8.7 
(Figure 4-12). The average IHg concentrations in river sediment increased immediately 
downstream of the Site, to a maximum of 22.1 [± 2.2 standard error (S.E.)] µg/g at RRM 
3; this concentration was similar (Tukey HSD,  = 0.05) to concentrations at stations as 
far as RRM 8.7, downstream of which IHg concentrations began to decline. The 
concentrations of IHg in interstitial sediment were largely consistent through time, with 
infrequent but large magnitude changes in concentration. IHg concentrations in 
interstitial sediment at RRM 3 ranged between 10 and 30 μg/g during the 12 months 
sampled except for July 2006, when the IHg concentrations in three replicates were 
between 40 and 70 μg/g. The IHg concentration in one replicate sample collected at RRM 
4.2 was 211 μg/g. While these anomalous results are potentially related to spatial, rather 
than temporal variability, in both cases, the sampling events in which high concentrations 
were observed were preceded by storm events. Thus, it is possible that river bank soils 
were mobilized during or following these high water, storm events. 

In contrast to IHg, areas with relatively high MeHg concentrations in interstitial sediment 
were relatively widespread throughout the PSA (Figure 4-12). During the warm season 
(i.e., water temperatures >12oC), the highest average MeHg concentration 
[206 (±40) ng/g] was detected at RRM 8.7. This concentration was statistically similar to 
concentrations at RRM 3, 7, 11.8, 14.6, and 19 (Tukey HSD,  = 0.05). Although gravel 
beds would not appear to favor methylation, MeHg concentrations in some areas 
embedded with fine-grained sediment were routinely as high as those in FGCM deposits 
(Table 4-2).  

Residence Time of Interstitial Sediment in Gravel Beds  

Mercury is transported in the river primarily in the particulate state attached to particles. 
As these fine particles move through the river system, they are deposited in the gravel 
matrix of the streambed. Knowledge of the residence time of fine-grained sediment in the 
streambed is fundamental to understanding the cycling of contaminants and for 
developing management strategies to control contamination. The University of Delaware 
conducted a study to measure the age of particles in the streambed using isotopes and 
understand the role that bed scouring and accretion play. The methods and results of this 
study are included as Appendix B and summarized here.  

Sediment collection methods differed from those employed for routine monitoring if 
interstitial sediment. Cores were collected from sand and cobble bed material because 
these areas store fine-grained sediment and are abundant in the river. The cores were 
sectioned and wet sieved to remove the silt and clay-sized sediment fraction to be 
analyzed. The initial radionuclide activity was determined from suspended sediment 
samples collected during a high-flow event (recurrence interval 0.24 years) that occurred 
on November 13, 2009. A two-component age model was used to rectify the difference in 
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ages obtained from single samples that contained both “young” sediment (age determined 
from 7Be activity) at depth, and “old” sediment (age determined from 210Pb activity). 
Based on the age-model, approximately 25% of the stored sediment is less than 10 years 
old while slightly less than 80% of the stored sediment is less than 50 years old. The 
median age of stored sediment is about 36 years old. If the mass of stored sediment and 
the distribution of ages has remained constant through time, then reservoir theory predicts 
a residence time of 36 years for fine-grained sediment stored in the hyporheic zone. 

Scour data support the age results obtained from the radionuclide activity modeling. 
Scour chains and bed elevation measurements were also used to document relative bed 
elevation change. Prior to completion of the study, it had been presumed that greater 
magnitude flow events result in greater scour activity, but data collected during this study 
do not support this conclusion. Smaller magnitude flows exhibited a greater frequency of 
scour while larger flows exhibited a greater frequency of fill.  

Temporal and Spatial Variability of Mercury in Sediment 

The comprehensive sediment sampling conducted in the first two years of the Ecological 
Study revealed important information on spatial and temporal patterns that has 
implications for long-term monitoring. Inorganic mercury concentrations in bulk and 
interstitial samples are variable spatially but generally display little to no temporal 
variation over time; this is consistent with studies of the residence time of sediment in the 
South River, which suggest that the sediment remains in the South River on the order of a 
few decades. Methylmercury showed less spatial variability and highly repeatable 
seasonal patterns. 

4.2.3 Summary of Mercury in Sediment 

A summary of findings from the assessment of mercury in South River sediment 
indicates the following: 

 Fine-grained sediment occurs primarily in FGCM deposits and as interstitial 
sediment among the coarse substrates of the stream bed.  

 The areal extent of FGCM deposits is much smaller than the coarse-grained 
stream bed and is generally restricted to low-velocity areas near the channel 
margins and downstream of obstructions.  

 THg concentrations are highly variable in FGCM deposits, ranging from 0.1 to 
884 µg/g. 

 The concentrations of IHg in interstitial sediments increase rapidly between RRM 
0 and RRM 8.7, reaching a maximum of around 30 µg/g before declining further 
downstream.  

 The concentrations of IHg in interstitial sediment were highly consistent over 
time, with infrequent increases in concentration. 

 Areas with high MeHg concentration in interstitial sediment were more 
ubiquitously distributed around the PSA.  

 FGCM deposits and gravels embedded with fine-grained sediment contained 
generally higher MeHg concentrations than other sediment environments, 
including floodplain wetlands.  
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 Isotopic measurements suggest that the residence time of interstitial sediment in 
the river channel is approximately 36 years, and ranges from less than 10 years to 
more than 80 years.  

4.3 Chemical Screening 

In addition to mercury, several other analytical parameters, including metals, polycyclic 
aromatic hydrocarbons (PAHs), and organochlorine pesticides (OCPs), were included in 
the Phase I Ecological Study to determine if chemical stressors other than mercury are 
affecting the aquatic environments of the South River and reference locations in the 
North River, Middle River, and South River. The analysis was conducted by comparing 
detected concentrations to effect-based screening levels. Screening levels are 
conservative concentrations used early in an environmental assessment to identify 
environmental contaminants and their concentrations that may be associated with adverse 
effects. Because most screening levels are applied in a wide variety of environments and 
are developed to protect the majority of species, a substantial level of conservativeness is 
inherent. Because of this conservativeness, contaminants found at or below the screening 
levels are not evaluated further as they are presumed to lack a potential to cause harm. 
Even when exceedances of a screening value are observed, toxicity from that 
contaminant is not predicted necessarily, but additional evaluation may be warranted 
depending on the specific contaminant, the ecological receptors potentially exposed, and 
the requirements of the applicable governmental agencies.  

The Phase I work plan included the analysis of trace metals (cadmium, copper, 
chromium, lead, selenium, and zinc), OCPs, and PAHs in surface water, sediment, and 
crayfish tissue samples. Samples were collected monthly from March to October 2006 at 
five locations in the PSA and at three reference locations. Surface water sampling 
included analyses for OCPs, PAHs, and trace metals while sediment and crayfish tissue 
analyses included PAHs and trace metals. The investigation resulted in a thorough 
characterization of physical and biological media; data summaries and the results of the 
screening are described in the Phase I Progress Report (CRG, 2008) and summarized 
here. The results for crayfish are summarized in Section 5.0.  

4.3.1 Surface Water 

Surface water samples were collected at eight locations and were analyzed for filtered 
trace metals, PAHs, and OCPs. The maximum detected results were compared with 
chronic Virginia Ambient Water Quality Criteria (VAWQC) or other relevant 
benchmarks (e.g., Suter and Tsao, 1996) if no VAWQC were available. Results are as 
follows: 

 Trace metals were consistently detected at concentrations below the hardness 
adjusted chronic VAWQC for freshwater at South River and reference areas. No 
PAHs were detected.  

 Four OCPs were detected: delta benzene hexachloride (BHC), endosulfan I, 
gamma-lindane, and heptachlor. With the exception of heptachlor, maximum 
detections for OCPs were below the relevant benchmark (VAWQC value of 3.8 
ng/L). Heptachlor was detected in four of 35 samples, with maximum detections 
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slightly above the benchmark at two stations (6 ng/L at RRM 3.0, and 4.7 ng/L at 
RRM 8.7). 

4.3.2 Interstitial Sediment 

Interstitial sediment was collected using a bilge pump to entrain fine-grained sediment 
from interstitial spaces in a coarser substrate matrix. Samples were collected and 
analyzed for trace metals and PAHs at eight locations. The average sediment metal 
concentrations, based on the eight samples, were compared to conservative threshold 
effect levels (TEL) and probable effect levels (PEL) values (Buchman, 1999). The TEL 
and PEL are based on benthic community metrics and toxicity tests; the TEL is the level 
below which toxic effects are not expected to occur, and the PEL is a level above which 
adverse effects are possible. Concentrations were summed for all PAH compounds for 
each sample. Then, the maximum total PAH concentrations at each station were 
normalized using the sample organic carbon concentration and were compared with 
sediment quality ranges developed by Swartz (1999). Results are as follows: 

 Average concentrations for most trace metals were between TEL and PEL values. 
Average trace metal concentrations in sediment in the PSA were generally greater 
downstream of Waynesboro (RRM 0.6) and at RRM 8.7, which is downstream of 
Mine Branch. The Mine Branch watershed includes a large former mine site 
where manganese and other metals were extracted (Watson, et al., 1907).  

 Maximum total PAH concentrations were generally low, at, or below the TEL. 
Total PAH concentrations in sediment in the PSA were greater downstream of 
Waynesboro (RRM 0.6 and 3.0) and then rapidly declined with increasing river 
distance. 

In November 2006, DuPont and the NRDC agreed to suspend the collection of samples 
for these metal and PAH analytes. An evaluation of the eight months of sampling data 
indicated that these analytes were not substantial stressors to the South River or reference 
areas. On November 1, 2006, it was agreed that these analytical parameters would not 
materially affect the outcome of the Ecological Study and could be removed from the 
Phase I monthly sampling program beginning in November 2006 (Table 1-1).  

4.3.3 Mercury Screening 

Concentrations of THg and MeHg in sediment and surface water from the South River 
were evaluated relative to ecological screening values (ESVs) derived for the protection 
of aquatic life. The subsections below describe the available data, the data evaluation 
approach, and the results of the sediment and surface water screening evaluation.  

Available Data 

Sediment and surface water data collected from 2002 to 2010 were included in the 
analysis to represent current conditions in the river and to reflect the consistency in 
sampling methodologies implemented by the SRST since 2002. Sediment and surface 
water data sets were partitioned spatially into six reaches based on bridges traversing the 
South River (Figure 1-1). 
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Sediment data sets were evaluated separately based on collection methodologies. Bulk 
sediment data included sediment sampled using direct grabs or sediment cores. 
Fine-grained sediments were collected by bilge pump from the interstices of larger 
diameter sediment particles (e.g., gravel, cobble, boulder).  

Surface water data sets were evaluated separately based on flow conditions and the 
fraction analyzed. Baseflow surface water data represented samples collected during 
periods of time when subsurface flows contribute the majority of stream flow. Stormflow 
data were defined by samples collected at flow conditions greater than baseflow. 
Baseflow and stormflow surface water data sets were further partitioned into filtered and 
unfiltered samples.  

Data Evaluation Approach 

Descriptive statistics were calculated for each sediment and surface water sample type, 
and the data were evaluated relative to ESVs. Descriptive statistics calculated for each 
reach included sample size (n), minimum concentration, maximum concentration, 
arithmetic mean concentration, and the 95% upper confidence limit (UCL95) of the 
arithmetic mean concentration. The USEPA software program ProUCL (Ver. 4.0.05) was 
used to calculate descriptive statistics.  

ESVs for sediment were based on published screening values and site-specific sediment 
toxicity testing. A conservative criterion for THg in sediment of 0.18 µg/g was obtained 
from the USEPA Region III Freshwater Sediment Screening Benchmarks. This value was 
originally published as a consensus-based threshold effect concentration (TEC) by 
MacDonald, et al. (2000). An additional screening value for THg in sediment of 
18.9 µg/g represented the maximum concentration that did not result in adverse effects to 
benthic invertebrate test organisms in site-specific sediment toxicity testing. Available 
sediment criteria for MeHg are limited or not relevant to exposure in the South River. For 
example, the available Region III sediment screening benchmark for MeHg of 0.01 ng/g 
is two orders of magnitude lower than the 95% upper prediction limit concentration 
(UPL95) of 4.2 ng/g measured in sediment samples collected from reference areas in the 
South River, Middle River, and North River. In order to differentiate the PSA from 
reference areas in terms of exceedances of a screening value, an alternative criterion 
equivalent to the maximum no-effect concentration from site-specific sediment toxicity 
testing of 102 ng/g was used as a sediment screening criterion for MeHg. Sediment 
toxicity testing is discussed in Section 6.2.1. 

ESVs for THg and MeHg in surface water were based on VAWQC, USEPA water 
quality criteria documents, and/or USEPA Region III Freshwater Screening Benchmarks. 
THg concentrations in filtered samples were evaluated relative to the chronic VAWQC of 
770 ng/L, which is consistent with the USEPA National Recommended Water Quality 
Criteria (NRWQC) for the chronic protection of aquatic life. In unfiltered samples, THg 
concentrations were evaluated relative to the criteria continuous concentration (CCC) of 
908 ng/L derived in USEPA (1995). The CCC provided the basis for the dissolved 
(filtered) criterion used by VAWQC and NRWQC. Concentrations of MeHg in filtered 
and unfiltered samples were evaluated relative to the USEPA Region III freshwater 
screening benchmark of 4 ng/L, which was originally published by the Canadian Council 
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of Ministers of the Environment (CCME) in the Canadian Environmental Quality 
Guidelines: Summary Table (December 2003). 

Sediment Screening Evaluation 

The results of the screening evaluation of bulk sediment and interstitial sediment data are 
presented in Table 4-3.  

Bulk Sediment 

Concentrations of THg in bulk sediment samples were greater than the conservative 
criterion of 0.18 µg/g in nearly all samples collected within each river reach (Table 4-3). 
However, a substantially lower percentage of bulk sediment samples contained THg 
concentrations that exceeded the 18.9 µg/g benchmark derived from site-specific 
sediment toxicity testing. THg concentrations were below the 18.9 µg/g benchmark in 
bulk sediment samples collected between RRM -2.7 and RRM 0.2. The percentage of 
samples exceeding the benchmark increased from 16% from RRM 0.2 to RRM 2.3 to a 
maximum of 47% from RRM 2.3 to RRM 5.1. THg concentrations in bulk sediment 
samples from downstream reaches exceeded the site-specific benchmark in 20% to 30% 
of samples. The UCL95 concentrations of THg in bulk sediment samples exceeded the 
site-specific benchmark in each reach except the farthest upstream (RRM -2.7 to 
RRM 0.2) and downstream reaches (RRM 16.5 to RRM 23.9). With the exception of 
between RRM 0.2 to RRM 2.3, MeHg concentrations in bulk sediment samples were 
below the site-specific benchmark of 102 ng/g in greater than 90% of samples; 
approximately 83% of samples between RRM 0.2 and RRM 2.3 contained MeHg 
concentrations below the site-specific benchmark. RRM 0.2 to RRM 2.3 was the only 
reach with a UCL95 concentration of MeHg in bulk sediment exceeding the site-specific 
benchmark.  

Interstitial Sediment 

The screening evaluation and descriptive statistics for mercury concentrations in 
interstitial sediment are presented in Table 4-3. Concentrations of THg in interstitial 
sediment exceeded the conservative screening criterion of 0.18 µg/g in most samples, 
with the exception of RRM -2.7 to RRM 0.2, where approximately 50% of the samples 
contained THg concentrations that exceeded the criterion. The greatest percentages of 
samples with THg concentrations exceeding the site-specific criterion of 18.9 µg/g were 
observed between RRM 2.3 and RRM 9.9; UCL95 concentrations of THg calculated for 
these reaches also exceeded the site-specific criteria. Outside of these reaches, UCL95 
concentrations for THg were lower than the site-specific criterion and less than 10% of 
interstitial sediment samples contained THg concentrations exceeding the site-specific 
criterion. MeHg concentration in interstitial sediments were below the site-specific 
criterion of 102 ng/g in samples collected from RRM -2.7 to 2.3; between 10% and 29% 
of bulk sediment samples from downstream reaches exceeded the site-specific criterion. 
UCL95 concentrations of MeHg calculated for each reach were lower than the 
site-specific criterion.  
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Surface Water Screening Evaluation 

The results of the screening evaluation of surface water under baseflow and stormflow 
conditions are presented in Tables 4-3 and 4-4, respectively. During baseflow conditions, 
concentrations of THg in unfiltered samples were below respective screening criteria in 
all but one sample collected between RRM 5.1 and RRM 9.9; THg concentrations in all 
filtered samples analyzed were below the VADEQ criterion. UCL95 concentrations of 
THg were below criteria in filtered and unfiltered samples collected in all reaches 
(Table 4-4). Concentrations of MeHg in baseflow samples were below the screening 
criterion in over 95% of unfiltered samples collected in each reach, with the exception of 
RRM 9.9 to RRM 16.5 in which approximately 93% of unfiltered samples were below 
the criterion. MeHg concentrations in filtered baseflow samples were below criteria in all 
samples from three of six reaches based on bridges traversing the South River 
(Figure 1-1); the percentage of filtered samples in other reaches containing MeHg 
concentrations exceeding the conservative criterion ranged from 0.5% to 2.8%. UCL95 
concentrations of MeHg calculated in each reach for filtered and unfiltered samples were 
below the criterion (Table 4-4).  

During stormflow conditions, concentrations of THg and MeHg were below surface 
water criteria in nearly all filtered samples (Table 4-5). Concentrations of THg in filtered 
samples were lower than the VADEQ criterion in all samples; concentrations of MeHg 
only exceeded the criterion in 2.7% of samples from between RRM 2.3 to RRM 5.1. THg 
and MeHg concentrations in unfiltered stormflow samples were below criteria in samples 
from RRM -2.7 to RRM 2.3. The percentage of samples exceeding the THg criterion in 
unfiltered stormflow samples ranged from 2.5% (RRM 2.3 to RRM 5.1) to 21.6% 
(RRM 16.5 to RRM 23.9); the percentage of samples exceeding the MeHg criterion in 
unfiltered stormflow samples ranged from 4.9% (RRM 5.1 to RRM 9.9) to 16.7% 
(RRM 16.5 to RRM 23.9). 

4.3.4 Summary of Mercury Screening 

A summary of findings from the mercury screening of sediment and surface water from 
the South River is as follows: 

 Trace metals, OCPs, and PAHs were found to be at levels unlikely to cause 
adverse ecological effects in surface water and sediment. 

 THg concentrations exceeded the conservative ESV in nearly all interstitial and 
bulk sediment samples; however, substantially lower percentages of samples 
contained THg concentrations exceeding the site-specific no-effect benchmark 
derived from sediment toxicity testing.  

 MeHg concentrations exceeded the site-specific no-effect benchmark in a limited 
number of interstitial and bulk sediment samples; UCL95 concentrations of MeHg 
in sediment were lower than the site-specific benchmark in interstitial data sets for 
each reach and in bulk sediment data sets collected from all but one reach. 

 THg and MeHg concentrations in surface water samples collected during 
baseflow conditions were below ESVs in nearly all samples; UCL95 
concentrations of THg and MeHg in filtered and unfiltered samples were lower 
than ESVs in each reach evaluated. 
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 THg and MeHg concentrations in samples collected during stormflow conditions 
were below ESVs in nearly all filtered samples. 

4.4 Mercury in Soil 

The CSM suggests the importance of soil as the primary repository of mercury in the 
South River watershed (Section 3.3). From 1929 to 1950 when mercury was being used 
at the Site, mercury was transported during storms to the floodplain. In addition, the 
interaction between surface water and soil through processes such as floodplain 
deposition, erosion, wetting and drying of soil are important components of the 
biogeochemical cycling of mercury in the South River watershed (e.g., Figure 2-8, 
Figure 3-1, and Figure 3-2). In response to the central role that the floodplain plays in the 
South River mercury cycle, the following studies were conducted to evaluate the 
distribution of mercury in South River floodplain soils: 

 Augusta Forestry Center sampling for garden plot study area (Berti, et al., 2012) 

 Greenway sampling near former DuPont plant (2003) 

 South River floodplain soil sampling (2004 and 2005) 

 Eroded bank sampling in 2003, 2004, and 2005 

 Sampling of RRM 1.8 soils (South River oxbow feature sampled in 2005) 

 USEPA soil sampling at RRM 3.0 (2006) 

 VADEQ soil sampling for 100-year monitoring plan (2008) 

 Soil characterization for the pilot river bank stabilization at RRM 0.1 (2008) 

 Soil sampling for the Phase II Ecological Study (2009) 

 Floodplain pond and soil sampling (2011) 

Limited soil samples have been collected in small numbers for other studies and other 
analytical parameters; these studies are listed in Table 1-3. This section focuses on the 
comprehensive studies from which broad conclusions regarding the PSA can be drawn.  

The following sections summarize the major findings of the soil investigations that have 
been performed as part of the Ecological Study and related SRST studies. The major 
investigations of soil mercury concentrations have focused on two primary areas: factors 
potentially controlling THg concentrations in the South River floodplain, and variables 
associated with mercury storage and loading from river banks.  

4.4.1 Floodplain Soils 

Initial floodplain sampling was conducted by the Virginia State Water Control Board in 
the early 1980s as part of the original investigation of the mercury release from the 
former DuPont plant between 1929 and 1950. These data resulted in both the initial 
understanding of the floodplain and the first estimates of how mercury may have been 
distributed in the river system (Bolgiano, 1981). The results of this initial study indicated 
widespread distribution of THg concentrations greater than background concentrations in 
the South River 100-year floodplain soils. No samples from upstream of the facility, from 
the North River, or from the South Fork of the Shenandoah River above the 100-year 
floodplain contained mercury concentrations greater than 0.2 µg/g. Concentrations in soil 
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samples collected from the South River 100-year floodplain ranged from 0.2 to 
34.5 µg/g. The sample with the highest mercury concentration (34.5 µg/g) was collected 
at RRM 5, at a distance of 12 m from the river. Below Port Republic in the SFS, THg 
concentrations ranged from 0.2 µg/g to 0.9 µg/g.  

In 2007, members of the SRST developed a work plan to collect floodplain soil samples. 
The sampling program was designed to meet the requirements of the 100-year mercury 
monitoring plan (VADEQ, 2011). Samples were collected in 2008. The objectives of the 
program were to determine: (1) the spatial distribution of mercury in floodplain soils and 
(2) the extent to which mercury concentrations in floodplain soils vary spatially with land 
use, flooding frequency, elevation, distance from the river, and soil characteristics. The 
methods and results of the study are described fully in a manuscript included as 
Appendix D. The major findings of the 2007 floodplain study are as follows:  

 For surface soil samples, THg concentrations decreased with distance from the 
river.  

 Increasing percent silt and loss on ignition were associated with increased THg 
concentrations.  

 THg concentrations were higher in the two-year floodplain than in the five- or 62-
year floodplain except in Reach 1, where the highest levels were in the five-year 
floodplain. The lowest concentrations of THg were observed in the 62-year 
floodplain in each reach.  

 The highest THg concentrations tended to be in forested areas, but the effect of 
land use differed among the reaches studied. The high levels of THg associated 
with forested areas may indicate the importance of organic material or that 
forested landscapes are important for sediment accumulation or reduction of soil 
disturbance (relative to agricultural or developed areas).  

 THg concentrations in floodplain wetland (e.g., ponds, drainage features) samples 
were similar to concentrations in surrounding floodplain soils. 

4.4.2 Hg Release-Age Deposits (HRADs) 

HRADs are areas where sediment (silt and clay) has been deposited in large amounts on 
the channel margins due to historical flow patterns in the river. HRADs were 
hypothesized to store high concentrations of THg because mercury strongly adsorbs to 
silt and clay fractions of soil and sediment, and because the formation of these HRADs 
occurred during the period of mercury use by the plant in Waynesboro (1929 to 1950). 

HRADs were identified through shoreline changes mapped on historical aerial 
photographs from 1937 and 2005. Features of HRADs were classified into four 
categories of deposits that describe the channel morphology responsible for the 
formation. These categories were mapped and included the following types: 

 Floodplain Deposits: These are typically cohesive sediments composed of 
mixtures of sand, silt and clay, formed as the river migrated laterally. Floodplain 
sediments accumulate on bar deposits, creating a gently sloping, fining-upwards 
floodplain created on the insides of laterally migrating beds. 
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 Point Bars/Bench Deposits: Accumulation of bed material within the channel on 
the insides of the bends; benches are sub-horizontal surfaces adjacent to the 
channel lower in elevation than the ambient floodplain; sandy sediments are 
deposited as a result of lateral channel migration. 

 Benches: Areas along the South River with lower elevations than the surrounding 
valley flat. Benches are typically underlain by floodplain deposits that consist of 
sand and silt, and are believed to have been formed by slow lateral accretion 
mediated by vegetation. Benches are inundated by floodwaters at least every two 
years. 

 Tributary Confluence Deposits: Cobble and smaller sized material is transported 
downstream from tributaries, generating a bar feature at the confluence with the 
South River, which may have potentially accumulated sediments during the 
period of release from the Site. 

HRADs are found throughout the South River but are concentrated between RRM 1.5 
and RRM 11.6. Approximately 47 of these types of deposits were identified from 
RRM 2.7 to RRM 23.9. The majority (39) of HRADs were located between RRM 1.5 and 
RRM 11.6, with a high density of HRADs between RRM 3 and RRM 4 (six deposits), 
RRM 5 and RRM 6 (five deposits), and RRM 8 and RRM 9 (10 deposits). Soil cores 
were collected and analyzed to characterize the distribution of THg concentrations in 
HRADs. These features were evaluated in the field; and, depending on grain size and 
feasibility, a deep core was collected. Some HRAD categories were composed primarily 
of gravel and were not cored. Three types of HRADs, characterized by the hypothesized 
mechanism of their formation, were identified and sampled. These three types are: 
floodplain overbank deposits, benches, and point bars. 

A total of 34 cores were collected at HRADs to characterize mercury in these features 
along the South River. The data are summarized in Table 4-6. The results are summarized 
as follows:  

 The concentrations of THg vary widely in HRADs, even within the same HRAD; 
for example, an HRAD at RRM 8.1 had concentrations ranging from 0.3 µg/g to 
270 µg/g. 

 The maximum concentration detected in an HRAD was 839 µg/g at RRM 3.7. 

 The density of HRADs is higher in the first 10 river miles. 

 The particle size distribution for soil samples from the depth intervals of the 
HRAD with the highest THg concentrations is typically 60% sand, 30% silt, and 
<10% clay.  

 Although it is a relatively small proportion of the total soil mass, the clay content 
of soil is important for mercury adsorption; THg concentrations in the clay 
fraction were approximately 10-fold higher than in the total sample. 

4.4.3 Alluvial River Banks 

Mercury loading from bank erosion has been identified as the most important loading 
source in the South River watershed. Research efforts by the University of Delaware and 
the SRST have been ongoing to evaluate mercury loading to the South River from 
eroding river bank soils.  
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A large data set of eroding bank mercury samples has been developed for the South 
River. A total of 27 eroding river banks have been sampled over the vertical extent of the 
bank. The locations of the bank extend from RRM 0.1 to 23.5. The average THg 
concentration in the river banks ranged from 1 to 140 µg/g, and maximum concentrations 
ranged from 2.6 to 584 µg/g. Some of the eroding areas are surface expressions of 
HRADs; however, all banks sampled that have elevated mercury concentrations cannot 
be ascribed to a particular type of HRAD. This suggests that the ability to predict where 
very high mercury concentrations are expected may be a challenge. The data are 
summarized in Table 4-7.  

A mathematical model has been created by University of Delaware to predict mercury 
loading rates from river bank erosion where mercury concentration and erosion data are 
not available. River bank soil samples collected from ~RRM 3.0 to ~RRM 8.5 for 
mercury analyses in 2007 were used for model calibration. The resulting calibrated model 
explained 62% of the observed variation in mercury inventories. The full text of the 
model report is included as Appendix C.  

4.4.4 Summary of Mercury in Soil 

A summary of findings from the assessment of mercury in soil is as follows: 

 THg concentrations in floodplain soil samples decreased with distance from the 
river and distance downstream. 

 THg concentrations were highest in the two- and five-year floodplains.  

 The highest THg concentrations tended to be in forested areas. 

 THg concentrations in floodplain wetland samples were similar to surrounding 
floodplain soils. 

 HRADs store high concentrations of THg adsorbed to silt and clay adjacent to the 
river channel. Most HRADs are located between RRM 1.5 and RRM 11.6. 

 Eroding river banks occur over the extent of the South River and have widely 
varying THg concentrations, with average THg concentrations ranging up to 
140 µg/g. 

4.5 Mercury Bioavailability  

“Bioavailable mercury” is the portion of mercury that is converted to MeHg by bacteria. 
Mercury bioavailability is controlled by the speciation of IHg in environmental media 
and is an important link between the physical fate and transport of IHg (abiotic cycle) and 
the bioaccumulation of mercury in biota. It is well established that the mercury that is 
biomagnified by piscivorous fish like the smallmouth bass is primarily MeHg (Bloom, 
1992). Therefore, this discussion will relate the key findings of the studies undertaken by 
the SRST to understand what portion of IHg in physical media of the South River is 
available for methylation. 

No standard, accepted analytical procedure exists for determining bioavailable mercury 
in soil, sediment, or surface water. However, mercury speciation, which controls 
bioavailability, can be studied using several techniques. Chemical extraction methods 
(reviewed in Bacon and Davidson, 2008) and spectroscopic techniques (reviewed in 
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Andrews, 2006) were used to understand mercury speciation in South River soil and 
sediment. Chemical techniques, such as the addition of neutral stannous citrate, which 
reduces weakly complexed (and potentially more bioavailable) Hg(II) to Hg(0), were 
used to assess mercury speciation in surface water.  

4.5.1 Soil and Sediment Samples 

The bioavailability studies for soil and sediment were conducted to understand the 
speciation of IHg in soil and sediment and to understand potential differences in how soil 
and sediment respond during interactions with South River surface water. Results of 
these studies will provide greater understanding about the fate and transport of mercury 
in the South River. 

Chemical speciation and spectroscopic analysis of South River soils has identified that 
the majority of IHg in soil is present as metacinnabar, a mercury sulfide species. Results 
of a full chemical speciation analysis (after Bloom, et al., 2003) on two soil samples 
collected at RRM 2.0 suggested that 60% to 88% of the THg was extracted by strong 
acids (12N HNO3

- and aqua regia; Flanders, et al., 2010). Ptacek (2011) used the same 
extraction procedure on samples from two river banks located at RRM 0.1 and RRM 3.5 
and found that 70% to 90% of the THg was in the same fraction. These soil samples from 
RRM 0.1 and 3.5 were analyzed using Extended X-ray Absorption Fine Structure 
(EXAFS) to determine the chemical speciation of mercury in soils. The results of EXAFS 
confirmed that IHg is present as metacinnabar, a mercury-sulfide mineral that forms at 
lower temperatures than cinnabar and has been detected as a primary form of mercury in 
other studies of mercury in floodplains (e.g., Barnett, et al., 1995). Metacinnabar particles 
are generally considered less soluble and bioavailable than dissolved mercury complexes 
in pore water, and the availability of metacinnabar for methylation is likely related to the 
particle size (Zhang, et al., 2011).  

Sediment samples also had a majority of THg in acid-extractable fractions, but up to 30% 
of THg was extracted with 1N KOH, suggesting complexation of THg by organic carbon. 
Bloom, et al. (2003) found that samples with high 1N KOH extracted THg had an 
increased capacity for the conversion of IHg to MeHg in anaerobically incubated 
sediment compared to samples with high mercury concentrations in other fractions, 
including those extracted with deionized water and both dilute and strong acids. The 
concentration of THg in this fraction increased with distance downstream, from an 
average (standard deviation; n = 4) of 3.1 (1.4) µg/g at RRM 0.6 to a maximum of 
10 (2.7) µg/g at RRM 11.8 (Figure 4-12). This increasing trend was correlated with the 
MeHg concentration in sediment (r = 0.53, p = 0.001), suggesting that the MeHg 
concentrations in sediment may be partly controlled by the concentration of THg in this 
pool, which is consistent with other studies of mercury in sediment (Castelle, et al., 
2007). There was evidence suggesting that this pool of THg may change seasonally, 
indicating that there may be seasonal limitation of Hg(II)-methylation in the South River 
related to a drawdown of a bioavailable Hg(II) pool (CRG, 2008).  

Leachate and resuspension experiments tested the effect of South River surface water on 
mercury availability to understand potential consequences of soil erosion. Experiments 
(Mack and Mason, 2006) suggested that both soil and sediment resuspension releases 
THg to the water column, but soil supported higher FTHg concentrations. No effect was 
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observed on water column MeHg concentrations. Successive extraction of a 
representative floodplain soil (THg = 35 μg/g) using South River surface water collected 
above the Site at RRM -2.7 generated very high extract concentrations of FTHg (1,759 to 
4,257 ng/L) (Flanders, et al., 2010). There was no evidence that the FTHg concentration 
would decrease with further extractions, suggesting that soil is a large source of mercury 
to the water column. Air-drying the extracted soil for two weeks followed by a fourth 
extraction resulted in a THg concentration within the range of initial concentrations 
(3,817 ng/L) (Flanders, et al., 2010). In contrast, successively extracting two 
representative South River bulk sediment samples (THg = 8.98 and 17.2 μg/g) with river 
water generated much lower extract concentrations (19 to 81 ng/L) than for the soils. In 
contrast to soil extractions, the THg concentrations in the South River bulk sediment 
extract decreased with each extraction (Flanders, et al., 2010).  

4.5.2 Aqueous Phase Samples  

The bioavailability of mercury in river water at two locations was assessed using neutral 
stannous citrate to determine the reducible divalent mercury [Hg(II)R]; one sample came 
from the main stem of the South River and the other from Outfall 001, suspected to be 
one of the historical point sources (Flanders, et al., 2010). The concentrations of Hg(II)R 
in main stem river water accounted for up to 43% of filter-passing IHg, with the highest 
fractions occurring in the April 2007 survey immediately below the historical point 
source at RRM 0. As filter-passing mercury concentrations increased downstream, 
Hg(II)R concentrations also increased but the fraction in this form decreased. FTHg 
concentrations in the Outfall 001 samples at the historical point source were 16 and 
14 ng/L in April and June 2007, respectively, with 66% and 77% in the Hg(II)R form. 

4.5.3 Summary of Mercury Bioavailability 

The following key findings of the bioavailability studies are as follows: 

 The majority of THg in both soil and sediment was present as a mercury-sulfide 
compound, likely metacinnabar. 

 Floodplain soil extracted with South River surface water to mimic erosion and 
resuspension generated much higher concentrations of FTHg than wet, 
South River bulk sediment; subsequent drying of extracted soil restored the ability 
to generate high concentrations of FTHg. 

 Surrogate measures of mercury bioavailability in sediment correlated positively 
with MeHg concentrations and exhibited seasonal fluctuations. 

 The concentrations of Hg(II)R in surface water samples decreased with distance 
downstream of the Site. 

4.6 Mercury in Pore Water 

Pore water refers to the aqueous phase within sediment interstitial spaces and is an 
important location both for the transfer of mercury between the solid (sediment and soil) 
and aqueous phases as well as for the methylation of mercury (Section 4.8). Pore water in 
South River sediments has been characterized over much of the PSA and by several 
methods, generating a detailed understanding of the spatial variability of mercury in pore 
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water as well as factors that may control mercury distribution within it. Table 1-3 lists 
other studies involving pore water.  

The subsections below describe pore water characteristics in FGCM and gravel beds, the 
results of benthic flux chamber (BFC) studies and the evaluation of mercury diffusion 
gradient in thin films (DGT). 

4.6.1 FGCM Deposits  

Initial pore water sampling was conducted in FGCM deposits collected both over closely 
spaced intervals (10 to 20 m) at RRM 2.2 and over the entire PSA (Flanders, et al., 2010). 
Pore water samples were collected by centrifugation of bulk sediment samples. Data 
collected at RRM 2.2 revealed substantial variability in THg concentrations in both bulk 
sediment and pore water over 10- to 20-m distances along the river bank; a high 
correlation between sediment and pore water concentrations (r = 0.95, p < 0.01) was also 
evident. THg concentrations in pore water samples collected over the course of the South 
River in July 2007 were highest at sample locations within the first 12 miles downstream 
of the Site. IHg in pore water was significantly correlated with the percentage of silts and 
clays (r = 0.71, p < 0.01) in the overlying bed materials and also with the DOC 
concentration in pore water (r = 0.59, p > 0.05). It was inversely correlated (r = -0.81, p > 
0.01) with loss on ignition (LOI), which is an approximate measure of organic content of 
soil and sediment. Others (e.g., Mason and Lawrence, 1999; Hammerschmidt, et al., 
2004) investigating mercury contamination in aquatic systems reported similar 
relationships between pore water and sediment characteristics.  

4.6.2 Gravel Beds  

A primary objective of the Phase II Ecological Study was to determine whether gravel 
beds might be important in loading IHg and MeHg to the water column. Due to the high 
spatial variability of mercury in the hyporheic zone (Conant, 2004), the study design 
emphasized large numbers of samples collected over relatively small areas at the Phase II 
study sites. 

Pore water collection methods in gravel beds are described in detail in URS Corporation 
(2009). Briefly, pore water samples were collected using Henry probes and were field 
filtered. Henry probes are stainless-steel tubes with a slotted tip that allows pore water to 
be drawn into the probe using a syringe or pump. Samples were collected from the five 
Phase II study areas described in Section 3.2. For the following discussions, statistical 
tests included analysis of variance followed by Tukey’s HSD for pairwise comparisons, 
unless otherwise specified.  

Pore water samples generally had higher FIHg and FMeHg concentrations than surface 
water samples at the same locations (Figure 4-13). However, the proportion of pore water 
samples with higher mercury concentrations than surface water decreases with distance 
downstream. For example, at RRM 0.1, all of the pore water samples contained higher 
FMeHg concentrations than the average FMeHg concentration in surface water (April to 
September 2006 to 2011), whereas most of the samples were lower than the average at 
RRM 23.5. This suggests that the transport of MeHg from upstream may be a stronger 
influence on MeHg concentrations in the downstream reaches of the PSA than local 
MeHg production.  
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Mercury concentrations in gravel bed pore water appeared to be highest near areas of the 
river bank with high THg concentrations in soil, suggesting that soil is influencing pore 
water locally (Figure 4-13). For example, the study sites located at RRM 0.1, RRM 3.5, 
and RRM 23.5 have high THg concentrations (e.g., HRADs) in at least one river bank. 
Both FIHg and FMeHg concentrations were higher in and correlated (p <0.1) with pore 
water samples collected near the more contaminated bank. This relationship was not 
observed at RRM 8.6, which contained relatively high THg concentrations in soil on both 
banks. In addition to the association with THg in soil, FMeHg concentrations could have 
been higher because near-bank areas tend to have more fine-grained sediment.  

FIHg concentrations were the highest at RRM 3.5, RRM 8.6, and RRM 11.8 and were not 
significantly different from each other (Tukey’s HSD, p > 0.05) (Figure 4-14). FIHg 
concentrations at RRM 23.5 were significantly lower than these locations, but higher than 
at RRM 0.1. There were no significant statistical differences between months or among 
substrate types in the data collected in 2009.  

In contrast, FMeHg was different between months, study sites, and among different 
substrate types (ANOVA,  = 0.05). Figure 4-15 shows the FMeHg concentrations for 
the study sites and dominant substrate types for the three study periods in 2009. FMeHg 
concentrations were generally highest at RRM 3.5. Slight declines over the summer can 
be observed in each substrate type. Concentrations are elevated in samples collected from 
areas dominated by silt rather than by sand or gravel.  

FMeHg concentrations were higher in pore water samples collected from surficial 
sediment, suggesting that methylation is more active in the surface than in deeper 
sediment. Forty-five (45) pairs of pore water samples were collected from both a 0-5 cm 
interval and from depths ranging from 12.5 to 36 cm below ground surface in areas where 
conditions permitted (i.e., fine-grained sediment deposits; sand and gravel mixtures). 
FMeHg concentrations in pore water were higher (ANOVA; p=0.02) in samples collected 
from the 0-5 cm interval of sediment than in deeper samples. In contrast, FIHg was not 
different between the two sample depths, suggesting that there is no vertical gradient in 
sediment with regards to IHg.  

Pore water sampling in the South River has also been conducted using DGT, which is a 
more advanced technique for sampling metals (e.g., Zhang and Davidson, 1995) and 
mercury (Docekalová and Diviš, 2005) in pore water. In addition, DGT devices have 
recently been shown to be good predictors of net methylation rates in sediment (Clarisse, 
et al., 2011). The use of DGT devices have broadly confirmed the pore water THg and 
MeHg results as measured by other studies in the South River and provided additional 
information on mercury movement within and from South River sediment. The DGT 
study is described in Appendix E. 

The SRST, through Dr. Danny Reible at the University of Texas, designed and 
implemented a study to determine the potential for DGT application on the South River. 
Three separate sites were selected along the South River in June 2010, roughly coinciding 
with the second year of the Phase II physical loading study. DGT measurements were 
made in generally the same study areas as had been sampled with Henry probes, to allow 
for comparison of the two methodologies. There was slight spatial variability observed in 
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pore water concentrations, but overall results agreed reasonably well whether stemming 
from the DGT or Henry probe methodologies (Table 4-8).  

4.6.3 Benthic Flux  

Loading studies conducted in the South River have observed mercury entering the water 
column from diverse and potentially unknown sources. One hypothesized source was 
mercury flux from bed sediment, which has been found to be an important source in 
many systems (e.g., Gill, et al., 1999). The benthic flux chamber (BFC) study was 
designed to assess the mercury flux from bed sediment and other potential sources by 
measuring the flux of IHg and MeHg to the South River water column. 

The BFC study collected data on the flux of FIHg, FMeHg, iron (Fe), and manganese 
(Mn) from a variety of habitats and substrate types in the South River. Flux data were 
collected at 31 locations between May and September 2006 and 2008 from fine-grained 
sediment, gravel beds, and periphyton. Methods are detailed more fully in CRG, 2008.  

Flux rates did not show consistent trends based on season or substrate type. Seasonal 
effects, which are evident in surface water, sediment, and pore water, were not observed 
in FMeHg or FIHg flux rates from any of the substrates measured (Figure 4-16). In 
particular, FIHg flux rates were relatively uniform between gravel beds, fine-grained 
sediment deposits, and periphyton (Figure 4-16, Panel A). With the exception of two 
relatively high flux rates from fine-grained sediment, FMeHg flux rates were also 
uniform across substrate type.  

The data suggest that FMeHg flux rates are related, in part, to dissolution of mineral 
phases, including Fe and Mn. FMeHg flux rates were positively correlated with filtered 
Fe (r = 0.62, p < 0.01) and Mn (r = 0.72, p < 0.01) flux rates; there was no relationship 
for FIHg. It is possible that mineral oxides adsorb MeHg as it diffuses from anoxic or 
suboxic microenvironments within sediment. As oxides are reduced in the lower 
dissolved oxygen environment of the flux chambers, MeHg is released to overlying 
water. The relationship indicates that there are complex controls on flux from pore water 
to overlying water.  

4.6.4 Summary of Mercury in Pore Water  

The following key findings of the pore water studies are as follows: 

 The concentrations of FIHg and FMeHg were generally higher in pore water than 
in surface water measured at the same locations.  

 FIHg concentrations in pore water were higher at RRM 3.5, RRM 8.6, and 
RRM 11.8 than at RRM 0.1 and RRM 23.5. 

 Substrate type did not influence FIHg concentrations in pore water.  

 FIHg concentrations increased with proximity to HRADs; no temporal changes 
were noted. 

 FMeHg concentrations displayed seasonal, spatial, and substrate-based 
differences. FMeHg concentrations are higher in pore water in fine-grained 
sediment dominated habitats, but coarse-grained habitats (especially gravel beds) 
can also have high FMeHg concentrations.  
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 FMeHg concentrations were higher in the sediment surface than at depth 
suggesting that mercury methylation is more active near the surface; no trend was 
found for FIHg.  

 DGT devices largely confirmed the results of other studies and provided evidence 
of in situ mercury methylation.  

 In contrast to pore water mercury concentrations, mercury flux rates did not differ 
between seasons or substrate types. 

 FMeHg flux rates correlated with Mn and Fe flux rates, suggesting that 
dissolution of mineral phases may account for some portion of the total flux.  

4.7 Mercury Methylation 

Mercury methylation is the process by which IHg species are converted to MeHg, linking 
abiotic mercury fate and transport processes (e.g., erosion) to the uptake of mercury by 
the aquatic and terrestrial food webs. Mercury methylation is conducted by obligate 
anaerobic -Proteobacteria, including sulfate-reducing (Compeau and Bartha, 1985) and 
iron-reducing bacteria (Fleming, et al., 2006). The process of mercury methylation, 
despite having been studied since the 1960s, is still poorly understood in high-gradient 
fluvial systems like the South River.  

The South River does not have environmental characteristics typical of systems that have 
high rates of mercury methylation. Wetlands and fine-grained sediment are generally 
considered important areas for methylation because they commonly possess geochemical 
conditions that favor mercury methylation. These conditions include anoxia; organic 
carbon; and favorable concentrations of electron acceptors, including sulfate. Although 
both wetland-like habitats and fine-grained sediment deposits are found in the 
South River, they are small in area when compared with gravel and cobble areas that 
dominate the channel. Laboratory experiments using South River sediment and soil 
indicated that MeHg was not created in the water column, even after addition of labile 
DOC (Mack and Mason, 2006).  

As a result, an intensive study of mercury methylation was conducted to understand 
mercury methylation in the various sediment environments of the South River. The study 
design and results are described in detail in Yu, et al. (2011) but are summarized here.  

The character of the physical habitats of the South River has been hypothesized to affect 
or drive the methylation of IHg in the South River. To test this hypothesis, sediment was 
collected from 10 locations that ranged in relative composition of fine-grained sediment, 
including FGCM deposits, to floodplain wetlands, embedded gravels, and gravel/cobble 
areas. Sediment samples were collected on a bimonthly basis from these sediment 
environments in the South River to understand the relationship, if any, between THg and 
MeHg concentrations, Hg methylation and demethylation potentials, potential net 
methylation rates (methylation minus demethylation), and microbial community 
structure. The rates measured in this study are referred to as ‘potential’ rates because they 
are based on the rates of methylation and demethylation of pure solutions of IHg (e.g., 
203HgCl2) or MeHg (e.g., 14CH3HgCl), which are more bioavailable to methylating 
bacteria than complexes found in nature. As a result, the rates reflect the potential, or 
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upper bound of an estimate, rate that the native microbial community could achieve with 
highly bioavailable mercury substrates.  

In general, potential rates of mercury methylation were highest in the late summer 
samples and lowest in the late spring. FGCM deposits had the highest MeHg 
concentrations, methylation rates, and demethylation rates. However, both methylation 
and demethylation were measured at comparable rates in every sediment environment 
surveyed. Combined with the findings that MeHg concentrations were generally higher in 
FGCM deposits and embedded gravels (Table 4-5) than in other sediment types, this is 
strong evidence that mercury methylation is widespread in sediment throughout the PSA. 
While the environments with fine-grained sediment stand out as particularly strong 
methylation sites, the embedded gravel sites also had significant potential for mercury 
methylation, and these environments cover a larger area in the PSA. The finding that any 
sediment environment was capable of methylating mercury indicates that methylation is 
not confined to certain habitats or “hot spots.”  

This study also characterized the bacterial groups potentially responsible for mercury 
methylation in each of the environments. Sequencing of the 16S subunit of ribosomal 
ribonucleic acid (rRNA) genes of chromosomal deoxyribonucleic acid (cDNA) recovered 
from sediment RNA extracts indicated that at least three groups of sulfate-reducing 
bacteria and one group of iron-reducing bacteria were potential mercury methylators in 
South River sediment. Sulfate-reducing bacteria were confirmed as a methylating guild 
by amendment experiments showing significant sulfate stimulation and molybdate 
inhibition (although not complete) of methylation in South River sediments. The addition 
of low levels of amorphous iron(III) oxyhydroxide also significantly stimulated 
methylation rates, suggesting a role for iron-reducing bacteria in MeHg synthesis. 
Overall, the studies suggest that coexisting sulfate- and iron-reducing bacteria 
populations in South River sediment contribute to mercury methylation, possibly by 
temporally and spatially separated processes. 

The mercury methylation study provides strong site-specific evidence that mercury 
methylation is a widespread biological process in the South River: 

 The methylation study used the best available appropriate technology to measure 
mercury methylation potentials in the South River. 

 Methylation potentials reflect the seasonal variation observed in MeHg 
concentration in the South River.  

 Although there is variation in the rates of potential mercury methylation, 
methylation potentials and the concentrations of MeHg measured in every 
sediment environment indicate that methylation is occurring there.  

 The study provided evidence that both sulfate- and iron-reducing bacteria are 
present in South River sediment and methylating mercury.  

Taken together, these lines of evidence provide strong support for the hypothesis that 
mercury can be methylated throughout the PSA and that methylation is not confined to 
particular habitats. However, the results of the loading study indicate that the majority of 
MeHg is loaded in the first 10 river miles, which may indicate a relationship between 
bioavailable IHg loading from ongoing sources (e.g., bank soils and the former 



Final Report: Ecological Study Chemistry Results
 

SR_EcoStudy_Final_Report_28SEPT2012.docx 47 
Fort Washington, PA 

Waynesboro Facility) or habitat differences (e.g., embedded sediment) and MeHg 
production.  

4.8 Summary of Chemistry Results 

Comprehensive investigation of the South River watershed incorporated consistent 
methods and sampling locations, using sophisticated techniques and studies to fully 
characterize fate and transport of mercury. These investigations have provided the 
following insight into the system-specific components of the mercury cycle:  

 Many potential anthropogenic chemical stressors are detected in the sediment and 
surface water of the South River, but most are below relevant state and regulatory 
screening criteria. Mercury is generally higher than applicable screening criteria 
in sediment but not in surface water.  

 Consistent mercury concentration gradients exist in surface water, sediment, and 
pore water in which mercury concentrations increase between RRM 0 and 
RRM 10 and then remain at similar levels or decline until the confluence with the 
North River. 

 Mercury loading in surface water indicates that, under base flow and storm 
conditions, the majority of mercury is loaded in the upstream reach (RRM 0 to 
RRM 10). 

 Floodplain soil mercury concentrations generally decline with distance from the 
Site, but certain areas of the river bank have high THg concentrations and are 
eroding. 

 Although most THg in soil and sediment is strongly bound, a substantial portion 
in soil is extractable with river water and other reagents and likely bioavailable. 
Soil wetting releases bioavailable mercury, and drying appears to restore the 
ability to release bioavailable mercury. Extracting bulk, wet sediment from the 
South River does not result in similar releases of THg.  

 Mercury methylation data collected in the range of sediment environments in the 
South River suggest that a wide variety of sediment environments are capable of 
methylating mercury and that the South River may contain several types of 
methylating bacteria. 
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5.0 Biological Results 
The biological results section summarizes the studies conducted to characterize the 
potential effects of chemical constituents in abiotic and biotic media on ecological 
receptors within the South River. These receptors included both aquatic and terrestrial 
biota ranging from primary producers (i.e., epilithic periphyton) to high order consumers 
(i.e., smallmouth bass). The results of this section are organized by the following 
receptors:  

 Food web analysis 

 Benthic invertebrates  

 Fish 

 SAV 

 Other ecological receptors 

Comprehensive surveys of the aquatic and terrestrial food web were conducted to 
understand the diversity of organisms in the South River watershed and their trophic 
status. Benthic invertebrate and fish studies focused primarily on community 
investigations and mercury tissue burden assessments. Additional investigations included 
mercury uptake studies, fish mark/recapture and stomach content analyses. Submerged 
aquatic vegetation was also studied to aid in the understanding of its role in MeHg 
cycling. Lastly, this section provides a summary of investigations of other ecological 
receptors including birds, reptiles, amphibians, and mammals by members of the SRST, 
many of which were conducted under a cooperative assessment agreement with the US 
Fish & Wildlife Service and the Commonwealth of Virginia. Some of the latter were not 
included in the Consent Decree but are provided herein for completeness. 

5.1 Food Web Analysis 

Understanding the flow of nutrients through the food web of the South River is of critical 
importance in describing fate and transport of mercury within the system. Many studies 
have been conducted focusing on individual components of the food web. The following 
studies integrate and build upon these data sets to evaluate the biomagnification of 
mercury: 

 Newman and Tom (2008) – Assessed trophic transfer in the aquatic food web 

 Newman, et al. (2011) – Compared trophic transfer among compartments of the 
terrestrial food web 

These studies and associated publications are discussed in the following paragraphs. 

5.1.1 Virginia Institute of Marine Science (VIMS) Trophic Transfer Models 

Newman, et al. (2008 and 2011) assessed movement of THg and MeHg throughout the 
aquatic and terrestrial food webs using stable isotope analysis (δ15N and δ13C). Samples 
of biota from aquatic and terrestrial sources were collected and freeze dried prior to 
analysis. A complete description of methods and results are included in Newman, et al. 
(2008 and 2011) (Appendix F).  
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Aquatic Trophic Transfer Model 

The aquatic food web of the South River was assessed by Newman and Tom during the 
summers of 2005-2007. Biological media samples from 24 representative taxa of fish, 
benthic invertebrates, macrophytes and periphyton were collected from six study sites 
between Constitution Park (~ RRM 0.1) and Grottoes Town Park (RRM 22.0). Fish 
species sampled included smallmouth bass (Micropterus dolomieu), largemouth bass 
(Micropterus salmoides), bluegill (Lepomis machrochirus), redbreast sunfish (Lepomis 
auritus), white sucker (Catostomus commersonii), bluntnose minnow (Pimiphales 
notatus), and fallfish (Semotilus corporalis). Invertebrate samples included taxa from the 
families Baetidae, Cambaridae, Corbiculidae, Ephemerellidae, Gomphidae, 
Heptageniidae, Hydropsychidae, Leptoceridae, Physidae, Planorbidae, Psephenidae, and 
Simuliidae; and the Order Odonata. 

In addition to elucidating the general structure of the food web, the aquatic trophic 
transfer model identified the food items at the base of the food web and identified several 
organisms that are efficient biomagnifiers of MeHg (Tom et al., 2010). The δ15N content 
of the organisms evaluated was reasonably predictive of MeHg concentration (r2 = 0.8).  

The trophic transfer models confirmed that the base of the food web is periphyton, which 
is an operationally defined sampling of the algae and suspended solids that are attached to 
cobbles and boulders of the river substrate. These surfaces trap particles transported in 
surface water to which IHg and MeHg are adsorbed.  

The food web models also identified certain organisms that appeared to accumulate more 
MeHg than would be expected based on their δ15N content. Mercury concentrations from 
black fly larvae (family Simuliidae) lay outside of the general trend had higher MeHg 
concentrations than would have been predicted from the δ15N content. The authors 
attributed this to the food habits of the larvae, which consume dissolved organic matter 
directly from the water (Pennak, 1953), and have been observed to accumulate more 
mercury in other systems (Harding, et al., 2006). Pulmonate snails (Physidae and 
Helisoma spp.) also deviated from the biomagnification trend, but the biological basis for 
this observation is not understood.  

Terrestrial Transfer Model 

Trophic transfer of THg and MeHg throughout the terrestrial food web was assessed at 
two sites within the floodplain of the South River adjacent to RRM 11.6 and RRM 22.4. 
Three trophic web compartments were assessed including aquatic detritivory, terrestrial 
detritivory, and terrestrial herbivory compartments. The aquatic detritivory compartment 
was comprised of adult emergent aquatic insects including mayfly (Baetitdae), midge 
(Chironomidae) and caddisfly (Hydropsychidae). The terrestrial detritivory trophic 
compartment included samples of slug, isopod (Microcerberidae), and red marsh worm 
(Lumbricus rubellus) tissue. The terrestrial herbivory trophic compartment was 
comprised of the green tissues of vascular plants (Festuca elatior, Viola striata, and 
Lonicera japonica), whole insects, whole wolf spiders (Lycosidae), liver and muscle 
tissue of small mammals and blood and feathers from several species of song birds and 
screech owls (Megascops asio). Complete results and discussion of the terrestrial transfer 
model is provided in Newman, et al. (2011) (Appendix F).  
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5.2 Benthic Invertebrates  

Benthic invertebrate studies focused on potential relationships between benthic 
invertebrate consumers and mercury concentrations in abiotic and biotic exposure media 
within targeted river environments of the South River. These relationships were evaluated 
using a combination of approaches including invertebrate community investigations, 
tissue burden studies, in situ uptake studies, and toxicity studies. The following sections 
present the findings of these benthic invertebrate studies; Figure 1-1 presents the 
sampling locations for each study. 

Benthic invertebrate populations were assessed to support the four questions guiding the 
Ecological Study. In particular, benthic invertebrates were analyzed to determine how 
mercury is bioaccumulated and biomagnified in the South River food web 
(Sections 5.2.1, 5.2.2, and 5.2.3) and to detect potential impacts to the benthic 
invertebrate community due to mercury exposure (Section 6.2).  

5.2.1 Community Investigations 

Benthic macroinvertebrate communities were investigated as part of the Phase I and 
Phase II Ecological Studies of the South River. Two studies were conducted to evaluate 
the potential impacts on benthic invertebrate communities within the PSA: 

 Phase I Benthic Invertebrate Community Evaluations 

 Benthic Colonization Study 

The following sections provide descriptions of the study design, methods, and results of 
invertebrate community studies.  

The adequacy of the sampling approach used in the assessments of benthic invertebrates 
has been tested and established over time by multiple authors (e.g., Rabeni, et al., 1999; 
Metzeling and Miller, 2001). These studies have found that the Rapid Bioassessment 
approach is adequate and that additional samples from the Site yield a negligible amount 
of additional information, and compare favorably with studies that employ much more 
intensive methods, such as through the construction of species accumulation curves 
(Rabeni, et al., 1999).  

Phase I Benthic Invertebrate Community Evaluations 

Benthic invertebrate communities were sampled quarterly in riffle and pool habitats at 
South River study sites and regional reference areas from March 2006 to February 2007. 
Study sites included RRM 0.6, RRM 5.2, RRM 11.8, RRM 14.6, RRM 19.0, RRM 22.4, 
and SFS-01. References areas included SR-01, NR-01, and NR-02 (Figure 1-1); further 
description of the reference area selection approach is provided in Section 3. Invertebrate 
community sampling and analyses were conducted in accordance with the Phase I work 
plan (CRG, 2006).  

Preliminary qualitative results of the Phase I benthic invertebrate community evaluations 
were presented in the Phase I, Year 1 Progress Report (CRG, 2008). Further results are 
presented in the following section, including an evaluation of select benthic community 
metrics and multivariate data ordination.  
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Potential differences in invertebrate community structure between study sites and 
reference areas were evaluated based on evaluations of select metrics, representing 
invertebrate density, richness, tolerance, composition, and functional feeding groups. 
Metrics were calculated from combined community samples collected from pool and 
riffle habitats at each study site and reference area. A summary of the calculated benthic 
macroinvertebrate community metrics is provided in Table 5-1. 

Differences in community metrics between study sites and pooled reference areas 
(reference) were evaluated using parametric two-way ANOVA, based on normal data 
distributions and homogeneity of variance. Non-normal data were transformed using 
arcsin (sqrt(x)) or log10 (x+1) to satisfy the normality assumption of the parametric 
ANOVA. Metrics with statistically significant differences based on the ANOVA were 
further evaluated using a post hoc Bonferroni or Tukey’s HSD pairwise comparison test 
to identify statistical differences (α = 0.05) among sampling locations and months. Where 
significant interactions between site and month were observed, post hoc comparisons 
were focused on differences between reference and study sites per month. Table 5-2 
presents a summary of ANOVA p-values associated with the main effects (e.g., site and 
month) and interactions between site and month for each of the community metrics 
statistically evaluated as well as unconfounded post hoc pairwise comparison p-values.  

Benthic invertebrate community structure varies temporally and spatially in response to 
many potential factors, including contaminants, microhabitat structure, and water quality. 
As such, preliminary analyses like these must be interpreted with caution. In the absence 
of other explanatory variables, simple correlation between variables can be erroneously 
assumed to have a causative relationship. Section 6 includes a more rigorous analysis of 
potential mercury-related effects on benthic invertebrate communities.  

The evaluation of select invertebrate community metrics indicated spatial and temporal 
differences among sampling locations (Table 5-2). Significant interactions between sites 
and months were observed for many of the select benthic community metrics evaluated, 
including density, percent EPT, Shannon Diversity H’, Pielou’s evenness coefficient j, 
and the relative abundances of several functional feeding groups and major classes and 
orders. A majority of these differences were observed between the pooled reference areas 
and study sites RRM 5.2, RRM 11.8, RRM 14.6, and RRM 22.4 in December and 
February. Study sites RRM 5.2 and RRM 22.4 were significantly different from the 
reference areas for a number of the functional feeding groups evaluated. Although these 
differences were observed most often in December, one was also observed in August. For 
many of the major classes and orders evaluated, study sites RRM 5.2 and RRM 11.8 were 
significantly different from the reference areas. More specifically, relative abundances of 
the orders Coleoptera, Ephemeroptera, and Plecoptera were significantly lower at RRM 
5.2 relative to the pooled reference areas.  

The similarity of invertebrate communities between study sites and pooled reference 
areas was evaluated based on the Bray-Curtis similarity index. Using species abundance 
data for pool and riffle habitats separately, Bray-Curtis similarity index values were used 
to evaluate differences in species composition between study sites and pooled reference 
areas for each habitat type. When compared to the pooled reference samples, Bray-Curtis 
similarity coefficients for the pool habitats ranged from 0.287 (RRM 5.2) to 0.559 (RRM 
14.6), indicating that RRM 5.2 was the study site least similar to the pooled reference 
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areas for the pool habitat (Table 5-3). Within riffle habitats, similarity coefficients ranged 
from 0.407 (RRM 0.6) to 0.47 (SFS-01), indicating that the invertebrate communities at 
study sites were consistent and moderately similar to pooled reference areas (Table 5-3).  

The similarity in invertebrate community structure between study sites and reference 
areas was further evaluated using multivariate ordination. Non-metric multidimensional 
scaling (NMDS) with Bray-Curtis distance was used to ordinate the raw abundance data 
for reference and study site data by riffle and pool habitat. As presented in Figure 5-1, the 
ordination of invertebrate data from pool habitats illustrates that the pooled reference area 
separated most from study sites RRM 0.6, RRM 11.8, and RRM 22.4, indicating that the 
composition of the benthic communities at these study sites was least similar to the 
reference communities. The ordination of the riffle data illustrates that pooled reference 
areas separated most from study site RRM 5.2, indicating that the benthic community at 
this study site was least similar to the reference area community (Figure 5-1).  

In summary, the results of the Phase I benthic invertebrate investigations indicate the 
following: 

 Benthic community structure and composition varies spatially and temporally in 
the South River. 

 Among South River study sites, the greatest difference in overall benthic 
community composition relative to reference areas was observed at study site 
RRM 5.2. 

Benthic Colonization Study 
A benthic colonization study was implemented, based on procedures outlined by Klemm, 
et al. (1990) and Clements, et al. (1989), to assess potential stressor impacts on benthic 
macroinvertebrate colonization dynamics in the South River. Benthic community 
structure and colonization dynamics were assessed through the use of substrate-filled 
benthic colonization trays deployed for a six-week period from May to June 2011 and 
sampled at two-week intervals. Co-located benthic community samples were collected 
using a Surber sampler to assess the effectiveness of the benthic colonization study 
methodology in describing the resident benthic community composition. An advantage to 
the approach of using colonization trays is that it may produce quantitatively comparable 
data across study locations through the use of uniform colonization substrate types, 
deployment parameters, and exposure times. However, deviation may exist when trays 
accumulate sediment at different rates between sites. 

Locations for the colonization study included three sites (RRM 0.1, RRM 3.5, and 
RRM 11.8) and two reference areas (SR-01 and MR-01) (Figure 1-1); further description 
of the reference area selection approach is provided in Section 3. A priori power analysis 
indicated that sample sizes of six replicates per location per event were sufficient to 
detect statistical differences between locations. Benthic community and physical media 
sampling and analyses were conducted in accordance with the Phase II 2011 work plan 
(URS, 2011). The following sections present an assessment of the physical and chemical 
properties of the substrate and an evaluation of benthic colonization dynamics between 
study sites and pooled reference areas. Where appropriate, the results have been separated 
by collection weeks [Week 2 (W2), Week 4 (W4), and Week 6 (W6)]. Further analyses 
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of the data from the benthic colonization study, including multivariate analyses, are 
presented in Section 6. 

Evaluations of the total mass and grain size distribution of depositional sediment that 
accumulated in the colonization trays over the study period and concentrations of THg 
and MeHg in co-located interstitial sediment samples indicate differences across 
reference areas and study sites. Specifically, as illustrated in Figure 5-2, the smallest 
mean total mass of accumulated sediment was collected at RRM 11.8 (336 grams dry 
weight), and the largest at RRM 3.5 (1,534 grams dry weight). The mean total mass of 
accumulated sediments collected from trays at the pooled reference areas was 991 grams 
(dry weight) (Figure 5-2). Mean concentrations of THg in interstitial sediments ranged 
from 74 ng/g (dry weight) at the pooled reference areas, to 26,487 ng/g (dry weight) at 
study site RRM 3.5 (Figure 5-3); mean concentrations of MeHg in interstitial sediments 
ranged from 1.9 ng/g (dry weight) at the pooled reference areas to 107 ng/g (dry weight) 
at study site RRM 23.5 (Figure 5-3). 

Potential differences in invertebrate community structure between study sites and 
reference areas were evaluated based on comparisons of select metrics representing 
invertebrate density, richness, tolerance, composition, and functional feeding groups. A 
summary of the calculated benthic macroinvertebrate community metrics is provided in 
Table 5-4. Differences in select benthic colonization community metrics between study 
sites and pooled reference areas (reference) were evaluated using parametric two-way 
ANOVA based on normal data distributions and homogeneity of variance. Non-normal 
data were transformed to satisfy the assumptions of normality; percentages were 
converted to a proportion and arcsin [sqrt(x)] transformed. Table 5-5 presents a summary 
of ANOVA p-values associated with the main effects (e.g., site and week) and 
interactions between site and week for each of the community metrics statistically 
evaluated as well as unconfounded post hoc pairwise comparison p-values. Metrics with 
statistically significant differences based on the ANOVA were further evaluated using a 
post hoc Bonferroni pairwise comparison test to identify statistical differences (α = 0.05) 
between study sites and pooled reference areas, and also between W2 and W6. Where 
significant interactions between site and week were observed, post hoc comparisons were 
focused on differences between reference and study sites at week 6, and between week 2 
and week 6 for individual study locations. 

The results of the statistical analyses indicate that the relative composition of functional 
feeding groups in trays was dynamic over the colonization period; however, at the end of 
colonization (W6), the relative composition of functional feeding groups was not 
significantly different at any study site when compared to pooled reference areas. With 
the exception of RRM 11.8, significant increases in the relative abundance of predators 
were observed at each study site and the pooled reference areas over the colonization 
period, likely due to increased availability of prey in the trays over time (Figure 5-4). At 
study site RRM 3.5 and the pooled reference areas, relative abundance of gatherers 
increased significantly throughout the colonization period while the relative abundance of 
scrapers decreased significantly at the same locations. Relative abundance of filterers and 
shredders did not differ significantly at any location throughout the colonization period. 
Although the relative abundance of functional feeding groups varied over the 
colonization period, there were no significant differences in the relative abundance of any 
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functional feeding groups between study sites and pooled reference areas at the end of the 
colonization period (W6). These findings indicate that exposure to THg and MeHg and 
other stressors over the six-week colonization period did not significantly alter the 
relative composition of functional feeding groups at study sites. 

Similar to functional feeding groups, the relative abundance of major class/orders was 
dynamic over the colonization period (Figure 5-5). The relative abundance of Trichoptera 
significantly increased at study sites RRM 3.5 and RRM 11.8 over the colonization 
period at the end of six weeks (W6) and was also significantly greater than the pooled 
reference areas. Percent Ephemeroptera increased significantly in pooled reference area 
samples over the colonization period. Relative abundance of oligochaetes decreased 
significantly at study sites RRM 0.1 and RRM 3.5 over the colonization period. By the 
end of the colonization period, relative abundance of oligochaetes was not significantly 
greater at any study site relative to the pooled reference areas. Considering all study sites 
and pooled reference areas, the relative abundance of both Diptera and Plecoptera 
decreased over the colonization period. Similar to the functional feeding groups, these 
findings indicate that exposure to THg and MeHg and other stressors over the six-week 
colonization period did not substantially alter the relative composition of major 
invertebrate class/orders at study sites. 

Similarities between benthic communities in colonization trays at study sites and pooled 
reference areas increased over the six-week colonization period. Bray-Curtis similarity 
index values were used to evaluate differences in species composition between study sites 
and pooled reference areas after two and six weeks of colonization. As presented in 
Table 5-6, Bray-Curtis similarity coefficients comparing W2 study sites and W2 pooled 
reference areas ranged from 0.509 (RRM 0.1) to 0.574 (RRM 3.5). At the end of the six-
week colonization period, Bray-Curtis similarity coefficients comparing W6 study sites 
and W6 pooled reference areas ranged from 0.566 (RRM 11.8) to 0.651 (RRM 0.1). This 
increase in similarity coefficients between W2 and W6 samples indicates that community 
structure and composition in trays at study sites became more similar to pooled reference 
areas as invertebrate colonization progressed. The similarity of benthic communities at 
study sites relative to pooled reference areas was consistent among study sites in W6 
samples and indicates general similarities in invertebrate community composition and 
structure at the end of the colonization period.  

The results of the benthic colonization study are applicable to potential exposure of 
resident invertebrate communities at the study sites and pooled reference areas. 
Comparisons of benthic invertebrate communities in trays at the end of the colonization 
period and resident benthic invertebrate communities indicate that the resident benthic 
community structure in the South River was adequately characterized by the six-week 
colonization period. A Wilcoxon signed rank test was used to examine differences 
between select metrics for W6 colonization trays and co-located Surber samples collected 
at W6 to represent resident benthic macroinvertebrate communities. Although the results 
indicated greater contributions of EPT taxa in Surber samples and greater contributions of 
Chironomidae in colonization trays, both collection methods yielded similar abundance 
and species richness median values (Table 5-4). This consistency in overall benthic 
community metrics calculated based on data from the colonization trays and Surber 
samplers indicates that the findings of the benthic colonization study are applicable to the 
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broader resident invertebrate communities at study sites and is discussed further in 
Section 6.0.  

In summary, the results of the benthic colonization study were as follows: 

 The relative composition of functional feeding groups and major invertebrate 
class/orders were dynamic over the colonization period; however, at the end of 
colonization (W6), the relative composition of functional feeding groups and 
major class/orders was not substantially different between study sites and pooled 
reference areas. 

 Similarities between benthic communities in colonization trays at study sites and 
pooled reference areas increased over the six-week colonization period and 
indicate general consistency in invertebrate community composition and 
structure.  

 Benthic colonization study methodology adequately described resident benthic 
community structure in the South River and reference areas. 

5.2.2 Tissue Burden Studies 

During Phase I investigations, mercury concentrations in benthic invertebrate larval 
tissue (i.e., Diptera, Trichoptera, and Ephemeroptera) were evaluated seasonally in the 
PSA as well as reference areas in the North River and South River; further description of 
the reference area selection approach is provided in Section 3. As presented in the Phase I 
Report (CRG, 2008), the results of benthic invertebrate tissue analyses indicated that 
mercury concentrations in larvae were higher in the PSA than in the reference areas, 
generally increasing with downstream distance from the Site. Temporally, higher MeHg 
concentrations were observed in larval tissue samples collected in the spring relative to 
other seasons, with little variation among taxa (CRG, 2008). 

SRST studies indicated that benthic invertebrates may be a source of mercury to 
ecological receptors in the South River floodplain following metamorphosis and 
emergence (e.g., Cristol, et al., 2008). In response, a study was conducted as part of the 
Phase II investigation to understand the potential effect of metamorphosis on the mercury 
concentration in emergent benthic invertebrate tissues and to help elucidate details on the 
movement of mercury within the aquatic food web.  

Insect Metamorphosis Study 

The insect metamorphosis study was conducted to understand the potential effect of 
metamorphosis on mercury concentrations in emergent benthic invertebrates, which are 
potentially important prey items for avian receptors (Brasso and Cristol, 2008). 
Differences between whole body IHg and MeHg concentrations in larval and emerging 
adult benthic invertebrates were evaluated at study sites RRM 3.5 and RRM 8.5 in the 
spring and summer of 2009 (Figure 1-1). The benthic invertebrates used for this study 
included the following feeding types and representative organisms: 

 Collector-filterers: net-spinning caddisflies (i.e., Hydropyschidae) 

 Collector-gatherers: mayflies (i.e., Baetidae) and midges (i.e., Chironomidae)  

These taxonomic groups of benthic invertebrates were selected because of their relative 
importance in the aquatic and terrestrial food web of the South River (i.e., high densities 
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and common presence in the diets of selected fish species, birds, and wildlife) (Murphy, 
et al., 2005; CRG, 2008; Brasso and Cristol, 2008).  

Three replicate composite samples were collected for individuals of the same life stage 
and taxa at each study site during each season and analyzed for whole body THg and 
MeHg. The composition of each sample and the total body lengths of approximately 50% 
of the individuals in each sample are presented in Table 5-7. Benthic invertebrate larvae 
were collected using standard benthic community sampling approaches outlined in 
Barbour, et al. (1999). Hatching adults were captured using floating emergence traps 
similar to those described in Tremblay, et al. (1998). Further details pertaining to benthic 
invertebrate tissue and physical media collection are outlined in Phase II 2009 work plan 
(URS, 2009).  

Statistically significant differences between tissue concentrations in larvae and emergent 
adults of each taxon were evaluated by study site and season using one-tailed, two-
sample t-tests (α = 0.05). Resulting p-values and annotated pairwise significant 
differences are presented in Table 5-8 and Figure 5-6, respectively. 

Comparisons of larval and emergent adult tissue concentrations indicate that emergence 
had an effect on the IHg and MeHg concentrations in some benthic invertebrates. The 
effect of emergence on mercury body burden was strongest and most consistent in 
midges, which had significant increases in the IHg and MeHg body burden in emergent 
adults during the spring at both study sites and in IHg in the summer at RRM 3.5. There 
was also a significant decrease in IHg at RRM 8.5 in the summer. In mayflies, there was 
a significant increase in MeHg body burdens of emergent adults relative to larvae in the 
summer at RRM 3.5 and at both locations in the spring and a significant decrease in IHg 
in the summer at RRM 8.5. With caddisflies, there were significant decreases in IHg at 
both study sites in the summer and at study site RRM 8.5 in summer, a decrease in MeHg 
at RRM 8.5 in the spring and an increase in MeHg at RRM 3.5 in the summer.  

The observed increases in mercury body burden in midges was consistent with the life 
history of the organisms in the study and the findings of other studies that evaluated the 
effect of emergence on mercury concentrations in benthic invertebrates. Chetelat, et al. 
(2008) found that mercury concentrations increased in the midge during metamorphosis. 
Chetelat, et al. (2008) concluded that this was due to a reduction in body weight during 
emergence to the non-feeding adult stage of the midges, combined with a minimal 
reduction in the mass of mercury during emergence. Unlike midges, mayflies undergo 
incomplete metamorphosis, bypassing the pupal stage. However, since there is a decrease 
in body mass in mayflies upon emergence and the adult stage is non-feeding, this may 
explain the relatively greater concentration of mercury to tissue weight. It is not known 
why emergence did not affect mercury concentrations in caddisflies, but it is possible that 
the relatively larger size of caddisflies (Table 5-7) may have led to a proportionally 
smaller reduction in body weight during emergence. In addition, aquatic insects vary in 
terms of adult longevity and retention of the ability to feed and may have not lost as 
much mass as the other insects studied.  

Concentrations of mercury in larval insects were generally similar or slightly higher to 
those observed during the Phase I investigations (Table 5-9). Thus, the results of the 
insect metamorphosis study, which establish that metamorphosis and emergence can 
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increase the mercury concentrations in some adult benthic invertebrates, are applicable to 
the PSA. 

The relationships between adult and larval body burdens measured in each taxon and 
concentrations of IHg and MeHg measured in pore water and surface water (Table 5-10) 
were analyzed by Spearman rank correlation (α = 0.05) (Table 5-11). Adult and larval 
mercury body burden is not consistently correlated with ambient concentrations of 
mercury in physical media although there were certain combinations that were correlated. 
However, it was not necessarily expected that there would be, considering that the study 
sites were located at RRM 3.5 and 8.5, which have high concentrations in all media.  

In summary, the results of the insect metamorphosis study are as follows: 

 Emergence may increase the concentrations of IHg and MeHg in some insect 
species particularly midges and mayflies, by as much as an order of magnitude. 
This may be explained by the decrease in body mass in those species.  

 Benthic invertebrate mercury body burden is not consistently correlated with IHg 
and MeHg concentrations in physical media. 

5.2.3 Uptake Studies 

Understanding movement of mercury through the aquatic food web was a key component 
of Phase II of the Ecological Study of the South River. Two studies were designed to help 
understand the transport of mercury from physical media (surface water, sediment, pore 
water) into invertebrates in the South River: 

 Asiatic Clam transplant study 

 In situ uptake study 

The following sections describe the study design, methods, and results. 

Asiatic Clam Transplant Study 

The Asiatic clam (Corbicula fluminea) plays an important role in the aquatic and 
terrestrial food webs of the South River. Corbicula is widely abundant, is consumed by a 
variety of fish and wildlife species (e.g., crayfish, muskrat, raccoon, waterfowl, and white 
sucker) and is the subject of several previous studies in the South River (Covich, et al., 
1981; Perry and Uhler, 1981; McMahon, 1991; Bowles, 2003; Murphy, et al., 2005; 
Tumer, 2006; Neufeld, 2010). The characteristics of Corbicula also make it a good 
candidate for evaluating localized mercury bioavailability and uptake. The Asiatic clam 
transplant study was conducted in order to address the following questions:  

 Does mercury accumulation in Corbicula differ among small-scale river channel 
habitats of the South River?  

 Does mercury accumulation in Corbicula differ based on feeding behavior? 

Uptake of IHg and MeHg was evaluated in transplanted Corbicula at study sites 
RRM 0.1, RRM 3.5, RRM 8.5, and RRM 23.5 in the spring and summer of 2009 (Figure 
1-1). Corbicula were collected from reference areas on the Middle River and transplanted 
to each study site using co-located deployment techniques (i.e., caging and seeding) 
previously established by SRST members (Neufeld, 2010). Corbicula were deployed in 
two different areas of the channel:  
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 Hydraulic storage zones, which were characterized by lower water velocities and 
occurred adjacent to river banks or behind obstructions; as a result, deposits of 
fine-grained sediment were observed in these areas. 

 Hydraulic transport zones, which were characterized by higher water velocities 
and occur in the middle of the channel or on the outside of river bends. Transport 
zones have more coarse sediment types (e.g., gravels and cobble). 

To assess the accumulation of mercury by Corbicula over time, samples were collected 
after one, three, and five weeks of exposure. Corbicula were collected, tagged, deployed, 
and sampled using methods consistent with the Phase II 2009 work plan (URS, 2009). 
The Asiatic clam transplant study included a variety of analyses including the following: 

 Corbicula size and tissue mercury correlations 

 Corbicula growth analyses 

 IHg and MeHg uptake comparisons between Corbicula deployment types, 
habitats, length of exposure, and transplant versus resident organisms 

For the spring sampling event, IHg and MeHg tissue data were rank-order transformed. 
Three-way ANOVA was then used to assess the effects of deployment method (seeded or 
caged), habitat type (mercury transport or storage), and collection week based on ranked 
IHg and MeHg concentrations with Tukey’s Honestly Significant Difference (HSD) test 
for pairwise comparisons. Significant interactions were further analyzed with three-way, 
two-way, and one-way ANOVA to interpret significance (α = 0.05).  

IHg concentrations in Corbicula tissue increased from RRM 0.1 to RRM 3.5 and then 
decreased with distance downstream (Figure 5-7). Mean IHg and MeHg concentrations 
across all study sites are provided in Table 5-12. Tissue concentrations of IHg and MeHg 
were significantly higher at all three downstream study sites when compared to study site 
RRM 0.1 (Tukey; p < 0.001). IHg concentrations were similar between RRM 3.5 and 
RRM 8.5, and significantly higher than those measured at RRM 23.5 (Tukey; p < 0.001). 
Also, concentrations of IHg were significantly higher in seeded Corbicula relative to 
caged Corbicula (Tukey; p = 0.002) (Figure 5-8). Consistent with tissue analyses of IHg, 
seeded Corbicula deployed in hydraulic storage zones showed significantly greater 
uptake (Tukey; p < 0.001) of MeHg than caged Corbicula deployed in either hydraulic 
transport zones or storage zones, or seeded Corbicula in hydraulic transport zones 
(Figure 5-9).  

During the summer sampling event, estimated Corbicula mortality after the first week of 
deployment was approximately 85% in caged organisms and 30% in seeded organisms. 
In lieu of sampling the Corbicula deployed in the summer, seeded Corbicula that were 
deployed during the spring, which remained alive in the channel, were collected from 
each study site, after a 14 week deployment. Resident Corbicula had significantly greater 
IHg concentrations (median = 113 ng/g) than seeded Corbicula (median = 72 ng/g) 
[Mann-Whitney test (M-W); p < 0.001] (Figure 5-10). MeHg concentrations between 
seeded and resident Corbicula were similar (M-W; p > 0.05). IHg and MeHg 
concentrations did not significantly differ between week 14 habitat types (M-W; p > 
0.05). 
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In addition to the higher mercury uptake, seeded Corbicula had higher growth rates than 
caged. Seeded Corbicula showed significantly higher mass gain and shell width gain than 
those deployed in cages (Tukey; p < 0.001). Only minimal shell width gain was observed 
in caged Corbicula throughout the study (Figure 5-11). Spearman rank correlation (rS) 
analysis indicated that tissue mass and shell width were not significantly correlated with 
tissue MeHg concentrations (rs = -0.034 and rs = -0.083, respectively) or IHg tissue 
concentrations (rs = -0.365 and rs = -0.184, respectively).  

In summary, the results of the Asiatic Clam Studies were as follows: 

 There is no relationship between Corbicula size and IHg and MeHg tissue 
concentrations. 

 MeHg concentrations in Corbicula increase with distance downstream; IHg 
concentrations in Corbicula increase from RRM 0.1 to RRM 3.5, and then 
decrease with distance downstream. 

 Seeded Corbicula showed greater uptake of both IHg and MeHg relative to caged 
Corbicula. 

 Mercury uptake by Corbicula was not affected by habitat differences, indicating 
that uptake of mercury is widespread in the South River and not habitat specific.  

 Seeded clams reached near resident MeHg tissue concentrations after fourteen 
weeks of exposure. 

In Situ Uptake Study 

The relative importance of mercury uptake through different feeding strategies and 
potential pathways is critical to understanding the transport and biomagnification of 
mercury from physical media to primary consumers in the aquatic food web of the South 
River. An in situ uptake study was conducted to evaluate the uptake of IHg and MeHg by 
primary consumers at study sites RRM 3.5, RRM 11.8 and RRM 23.5 in the spring and 
summer of 2010 (Figure 1-1). This experimental study was designed to evaluate the 
uptake of THg and MeHg uptake by detritivores/herbivores and omnivores in the aquatic 
food web of the South River. The objectives for the in situ uptake study were to: 

 Assess the relative importance of IHg and MeHg uptake by primary consumers 
through dietary and aqueous pathways 

 Evaluate whether mercury uptake rates by primary consumers are related to 
mercury concentrations in physical media 

The study design was based on approaches presented by Burton, et al. (2005) and Clark 
and Clements (2006). Flathead mayfly nymphs (i.e., Heptageniidae), a detritivore, and 
crayfish (i.e., Orconectes sp.), an omnivore, were transplanted from a reference area on 
the Middle River (MR-01) and placed in experimental chambers at South River study 
sites for a seven-day exposure period. Experimental chambers were completely sealed 
with the exception of eight holes covered by 20 µm and 75 µm nylon mesh, in order to 
simulate the potential difference between aqueous and dietary pathways, respectively. 
The aqueous treatment chambers (20 m mesh) contained uncolonized/clean substrates. 
The dietary treatment chambers (75 m mesh) contained substrates colonized by resident 
periphyton and non-predatory macroinvertebrates, providing a food source for the study 
organisms.  
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Uptake of THg and MeHg over the seven-day experimental period was determined by 
subtracting the reference area baseline concentrations from the observed concentrations 
of the respective study samples. Sampling and analyses were conducted in accordance 
with the Phase II 2010 work plan (URS, 2010).  

Uptake of IHg and MeHg was significantly greater in mayflies relative to crayfish (IHg 
and MeHg, KW; p < 0.001) (Figure 5-12). The highest mean uptake of IHg and MeHg 
for crayfish was 31 ng/g and 26 ng/g (wet weight), respectively (Table 5-13) while the 
highest mean uptake of MeHg for crayfish and mayflies was 127 ng/g and 157 ng/g (wet 
weight), respectively.  

Uptake of MeHg by mayflies was generally greatest in the spring and generally increased 
with distance downstream while IHg uptake did not exhibit any consistent trends 
(Figure 5-13). There were no significant differences in IHg uptake by mayflies between 
seasons; however, uptake of IHg by mayflies for the dietary (75 m mesh) treatment at 
RRM 3.5 was significantly greater when compared to the aqueous (20 m mesh) 
treatment at RRM 3.5 (Tukey; p < 0.001) and the dietary treatments at RRM 11.8 and 
RRM 23.5 (Tukey; p < 0.001 and p = 0.014, respectively). Also notable, by the end of the 
seven-day study period, IHg concentrations in transplanted mayflies reached near-
resident levels for both seasons and treatment types investigated (Table 5-14). MeHg 
uptake by mayflies was significantly greater in the spring relative to the summer for 
dietary treatments (Tukey; p < 0.001). MeHg dietary uptake by mayflies at RRM 11.8 
and RRM 23.5 was significantly greater when compared to RRM 3.5 (Tukey; p = 0.006, 
and p = 0.005, respectively). For the most part, significant differences did not exist 
between aqueous and dietary treatments for the uptake of IHg and MeHg by mayflies. 
Considering that the dietary uptake treatment included aqueous uptake as well, this 
indicates that the aqueous pathway was an important potential source for the uptake of 
mercury by mayflies. 

Uptake of MeHg by crayfish was generally highest for the dietary (75 m mesh) 
treatment and in the spring while IHg uptake did not exhibit any consistent trends among 
season, treatments, or sites (Figure 5-13). Uptake of IHg by crayfish was significantly 
greater for the dietary (75 m mesh) treatment at RRM 11.8 when compared to the 
aqueous (20 m mesh) treatment at RRM 11.8 (Tukey; p = 0.002) and the dietary (75 m 
mesh) treatment at RRM 23.5 (Tukey; p = 0.005). In the spring, IHg uptake by crayfish 
was also significantly greater at RRM 11.8 relative to uptake at RRM 23.5 (Tukey; p = 
0.036). MeHg uptake by crayfish was significantly greater in the spring than the summer 
for study sites RRM 3.5 (Tukey; p = 0.001) and RRM 11.8 (Tukey; p = 0.006). MeHg 
uptake by crayfish was significantly greater for the dietary treatments when compared to 
the aqueous treatments (one-way ANOVA; p = 0.015). Although mercury uptake by 
crayfish was generally greater for the dietary (75 m mesh) treatment than that of the 
aqueous treatment (20 m mesh), the statistically significant differences were 
inconsistent among study sites and seasons. Also, considering that the dietary uptake 
treatment included aqueous uptake as well, it can be inferred that the aqueous pathway 
was the primary source for the uptake of mercury by crayfish. 

Uptake of IHg and MeHg in mayflies and crayfish was evaluated relative to IHg and 
MeHg concentrations in biotic and abiotic exposure media, including interstitial 
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sediment, surface water, periphyton, and seston (Table 5-15). The relationships between 
mean study site/season concentrations of IHg and MeHg in physical media collected 
during the study period and uptake by crayfish and mayflies were analyzed by Spearman 
rank correlation (α = 0.05) (Table 5-16). Significant positive relationships were 
determined between uptake of MeHg by mayflies and physical media MeHg 
concentrations (i.e., interstitial sediment and surface water). Likewise, significant 
relationships were established between uptake of MeHg by crayfish and interstitial 
sediment MeHg concentrations. Uptake of IHg by crayfish was positively correlated with 
IHg concentrations of seston. 

In summary, the results of the in situ uptake study were as follows: 

 IHg and MeHg uptake in the aqueous (20 m mesh) treatment and dietary (75 m 
mesh) treatments were generally similar for both mayflies and crayfish. 

 Because the dietary (75 m mesh) treatment included aqueous uptake, it is not 
possible to definitively allocate relative uptake proportions between the aqueous 
and dietary pathways.  

 Greater uptake of IHg and MeHg was observed in mayflies than crayfish. 

 Uptake of MeHg by mayflies was generally greater in the spring and generally 
increased with distance downstream. 

 Transplanted mayflies reached near-resident IHg concentrations after seven days 
of exposure in the South River, suggesting that “uptake” of IHg is relatively rapid 
for these organisms.  

 Uptake of MeHg by crayfish was generally greater in the spring than summer. 

 Crayfish and mayfly MeHg uptake was correlated with MeHg concentrations in 
interstitial sediment. There was a significant positive correlation between uptake 
of MeHg by mayflies and surface water MeHg, and between uptake of IHg by 
crayfish and seston IHg. 

5.3 Fish 

Fish are an important component of the South River food web and represent an element 
in the transport of mercury within the aquatic food web and between the aquatic and 
terrestrial food webs. Numerous studies assessing various aspects of South River fish 
communities have been conducted. Key studies include the following: 

 Community studies—Jordan (1890), Ross (1959); Cairns and Dickson (1972); 
URS (2008; 2010) 

 Tissue studies—VADEQ Long-term tissue monitoring program (1977-2007), 
Murphy (2004), URS (2008; 2009-2011). 

 Diet studies—Murphy (2004), URS (2010) 

Note that while every attempt was made to have spatially and temporally consistent data 
sets, data sets collected prior to the Consent Decree may differ in terms of locations, 
species sampled, seasonality of collection, or other study design elements; nonetheless, 
these data are still relevant and useful in this evaluation and have been included.  
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In addition, VADEQ data have provided consistent long-term data for key species in the 
South River; analysis of theses data has shown that mercury concentrations in these 
species continue to remain at similar levels to the 1977-1983 baseline concentration 
(Green, 2006). This finding is a key driver of the Ecological Study and is discussed in 
detail in Section 6.1.4.  

This section includes a description of the composition and distribution of fish 
communities in the Study Area, results of fish tissue studies, and stomach content 
analyses. Results from the wide variety of fish studies conducted before and during the 
Ecological Study can provide useful supportive information for addressing the four 
primary questions posed in the Consent Decree.  

5.3.1 Community Composition 

The resident fish community of the South River has been evaluated during several field 
investigations dating back to 1890 when Jordan first described its composition (Cairns 
and Dickson, 1972). Sixteen species of fish were documented in this first description; 
eleven of those species documented by Jordan still persist today. Further assessment of 
the South River fish community was conducted by Ross (1959), Cairns and Dickson 
(1972) and URS (2008), documenting 26, 24, and 34 species, respectively. A complete 
record of species documented in each study is presented in Table 5-17.  

The current study assessed fish populations in the South River in the spring and late 
summer of 2010, using three-pass depletion electro-fishing methodology at four study 
sites (RRM 0.1, RRM 3.5, RRM 11.8, and RRM 23.5) and two regional reference areas 
(SR-01 and MR-01) (Figure 1-1). Sampling was conducted using a combination of gear 
types, including tote-barge and boat mounted electro-fishers. Before sampling, block nets 
were used to isolate the sampling reach and prevent immigration/emigration within the 
reach. After the sampling, fish were held in aerated flow-through holding pens to 
minimize handling stress before processing. All fish were identified to species, and the 
first 25 individuals at each station were measured for total length (mm) and weighed (g); 
all other fish were enumerated and batch weighed by species. 

The taxonomic composition of the fish community in the South River was generally 
comparable throughout the study sites and reference areas as well as between seasons; 
however, it is important to note that taxa richness at study sites in the PSA was equal to 
or greater than that of both reference areas for each sampling event. A total of 40 species 
of fish were documented during sampling events in 2011 (Table 5-17); 36 species of fish 
in the spring sampling event and 35 species in the summer sampling event. Life history 
information on the fish collected is included in Table 5-18. Taxonomic richness during 
the spring event was the greatest for both the study sites RRM 0.1 and RRM 11.8 (27 and 
25 species, respectively); reference area MR-01 had the lowest taxa richness with 18 
species documented (Table 5-19). Summer taxonomic richness was greatest at study site 
RRM 0.1, with 32 species present (an increase of five taxa at that station). This represents 
the highest taxonomic richness documented for any station in the South River; the 
remaining study sites and reference areas generally had similar taxa richness to the spring 
event (Table 5-20). 
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Study sites differed in community composition spatially between the upper (RRM -2.7 to 
RRM 3.5) and lower South River (RRM 11.8 and RRM 23.5) and Middle River (MR-01) 
sites. Fish communities within the upper portion of the South River were dominated by 
individuals of the families Catostomidae, Cottidae and Cyprinidae, particularly longnose 
dace, mottled sculpin, and white sucker (Figure 5-14). Study sites below RRM 3.5 and 
the Middle River reference area MR-01 were dominated by individuals of the families 
Catostomidae, Centrarchidae and Cyprinidae, particularly common shiner, fallfish, and 
redbreast sunfish (Figure 5-14). This shift in taxonomic composition is likely attributable 
to the changes in aquatic habitat (e.g., water temperature, stream size, and gradient) and 
certain species (e.g., mottled sculpin) that typically prefer cool, clear moderate-to-high 
gradient streams (Jenkins and Burkhead, 1994). A similar gradient in species composition 
was observed during the Phase I system characterization (URS, 2008). 

Although taxa richness remained relatively consistent between seasons, a shift in relative 
abundance among families was observed at most study sites (Figure 5-14). The shift in 
relative abundance between seasons likely reflects variation in sampling efficiency and 
does not suggest that there is wide spread movement of species between sites.  

Fish were grouped into one of three trophic feeding groups in order to assess trophic 
structure of the fish community. Fish were classified as omnivores, invertivores, or 
piscivores based upon adult feeding habits for each species (Table 5-18) 1. Invertivorous 
fishes accounted for the largest percentage of fish collected from the study and reference 
areas followed by omnivorous and piscivorous fishes (Figure 5-15). Invertivores occupy 
an important position in the aquatic food web, enabling the trophic transfer of mercury 
from benthic invertebrates to higher trophic levels in both aquatic and terrestrial food 
webs of the South River. In addition, smaller invertivores provide an important forage 
base for piscivorous fishes such as smallmouth bass (Murphy, 2004) and piscivorous 
wildlife. Although piscivorous fish species accounted for the lowest percentage of fish 
collected, they typically exhibit the highest concentrations of mercury due to their diet 
preferences (Mueller and Serdar, 2002). 

Summary of Community Composition 
 Taxonomic richness within the PSA documented in Phase II (40 species) was 

greater than documented in Phase I (34 species) or earlier studies by Ross (26 and 
24 species). 

 Taxonomic composition of the fish community for the South River is generally 
comparable among study sites and between reference areas (spatially) as well as 
between seasons (temporally). 

 Community composition varies between the upper and lower reaches of the South 
River, likely reflecting longitudinal geomorphic variation. 

 Invertivorous fishes represent the largest percentage of fish collected in the PSA. 

                                                 
1 Literature based feeding guilds for adult fish were utilized in this analysis. Species that undergo age/size related 
shifts in diet are noted in Table 5-18. In depth discussion of diet studies conducted on the South River are presented 
in Section 5.3.5. 
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5.3.2 Population Metrics 

Population studies are used as an important tool in determining the health of the South 
River’s aquatic system and as an input for the understanding of mercury transport. 
Population estimates were calculated for each study site in MicroFish 3.0 using the 
Burnham maximum likelihood theory (Van Deventer, 1989). Population estimates were 
normalized by acreage sampled and are presented as fish/hectare (f/ha). Seasonal 
variation between study sites was minimal with the reference area SR-01 (7,052 f/ha and 
20,125 f/ha) having the highest population density, and RRM 23.5 (988 f/ha and 1,816 
f/ha) having the lowest population density for both sampling events combined 
(Table 5-21). There was a decreasing trend in overall abundance with distance 
downstream from reference area SR-01. During the spring sampling event, all study sites 
with the exception of RRM 23.5 had greater population densities than the Middle River 
reference area MR-01. Between seasons, there was an increase in population density at 
all study sites with the exception of study site RRM 11.8. This increase is likely because 
of an annual recruitment and increased sampling efficiency associated with lower 
discharge (Odenkirk and Smith 2005) (Table 5-21). 

Unlike overall population trends for the South River, which decline with distance down 
river, population densities of smallmouth bass generally increase with the distance down 
river. The greatest population density documented for South River stations sampled 
during the spring sampling event was 122 f/ha at RRM 11.8; density was 132 f/ha at the 
Middle River reference area MR-01 (Table 5-22). The increase in smallmouth bass 
density measured at study sites RRM 11.8 and RRM 23.5 is likely due to habitat 
availability and preference for more lotic conditions at these sites (Edwards, et al., 1983). 
The lowest population density of smallmouth bass for the spring event was zero at the 
reference area SR-01, followed by 24 f/ha at study site RRM 3.5.  

Smallmouth bass populations also show temporal trends, with densities increasing 
markedly in the summer sampling event compared to the spring event. Fish density 
generally increased with distance during the summer sampling event, with the greatest 
density of smallmouth bass of 350 f/ha observed at study site RRM 23.5; density was 265 
f/ha at the Middle River reference area MR-01 (Table 5-22).  

Similar to population densities, smallmouth bass biomass was highest in the summer 
sampling event. Spring biomass was the highest at study sites RRM 23.5 (9.0 kg/ha), 
RRM 0.1 (7.9 kg/ha), and RRM 11.8 (6.9 kg/ha) (Table 5-22). The lowest spring biomass 
of smallmouth bass was from the reference area SR-01 where no smallmouth were 
collected, followed by 2.0 kg/ha at study site RRM 3.5. Summer biomass was the highest 
at study site RRM 23.5 (19.9 kg/ha), RRM 11.8 (19.7 kg/ha,) and RRM 0.1 (11.0 kg/ha). 
Reference area SR-01 and study site 3.5 had the lowest summer biomass of 2.5 kg/ha and 
6.9 kg/ha, respectively (Table 5-22). 

Summary of Population Metrics  
 Seasonal variation among study sites was minimal. 

 Estimated fish abundance decreased with distance downriver in both spring and 
summer. 

 Smallmouth bass density generally increased with the distance down river. 
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5.3.3 Tissue Burden Studies 

In 1979, the VADEQ issued a fish consumption advisory for fish removed from the 
South River and South Fork of the Shenandoah River based on the mercury 
concentrations in fish tissues that exceeded human health consumption criteria. Since that 
time, studies have shown that mercury concentrations in some fish species, and in some 
portions of these rivers, have not declined (Green, 2006). As a result and consistent with 
the requirements of the Consent Decree, several studies have been implemented to better 
understand mercury fate and transport in the South River aquatic environment. One of the 
important evaluations in this regard has been the evaluation of mercury levels in fish 
tissue. Historical fish tissue data collection efforts include the following: 

 VADEQ Long-term tissue monitoring program (1977–2007) 

 Uptake of Mercury and Relationship to Food Habits of Selected Fish Species in 
the Shenandoah River Basin, Virginia (Murphy, 2004). 

 2006 Phase I Ecological Study of the South River; Assessment of mercury in 
forage fish tissue (URS, 2008). 

  2009 – 2011 Phase II Ecological Study of the South River; Assessment of 
mercury in tissue of select fish species. 

The scope of work for Phase II fish tissue collection is detailed in the Phase II Work Plan 
(URS, 2009), and summarized here. It includes a spatial component described in this 
section, and a temporal component discussed in the following section; in addition, long-
term trends in fish tissue as they relate to other parameters (e.g., surface water) are 
discussed in Section 6.1.4. The species targeted for these studies were the smallmouth 
bass, largemouth bass, and redbreast sunfish2. Fish were collected by electro-fishing all 
likely habitats at each study site3 for the spring and summer of 2009 and 2011. In 2010, 
sampling efforts were combined with the population and diet studies using the same 
methods described above at each study site. Sampling within the same or similar seasons 
is important for fish tissue sampling given that seasonal variation has been observed in 
fish tissue THg (e.g., Murphy, 2004). For fish, monthly sampling is not necessary due to 
the long half-life of MeHg in biological tissue of approximately two years (Wiener and 
Spry, 1996). 

Three size classes of bass were sampled: 130–174 mm total length (TL), 175–250 mm 
TL, and > 250 mm TL. These size classes were adapted from back-calculated TL-at-age 
estimates reported for smallmouth bass and largemouth bass for the South River 
(Murphy, 2004) and represent bass approximately age-1 plus, age-2 to age-3, and age-4 
or older. Three size classes of redbreast sunfish were also sampled and included <100 
mm TL, 100–150 mm TL, >150 mm TL and represent fish of approximately < age-2, 
age-2 to age-4 and > age-4 fish. Additionally, in 2010, two species of forage fish (one 
riffle species, longnose dace, and one pool species, common shiner) were collected at 
each study site and analyzed for THg as whole-body samples after removal of the anterior 
intestine for diet sampling (described in detail in Section 5.3.5 Fish Stomach Content 
Analysis). In total, more than 700 fish were sampled for tissue mercury concentrations 

                                                 
2 Redbreast sunfish were sampled in 2010 only. 
3Sampling was conducted at RRM 22.0 in 2009 and 23.5 in 2010-2011. Stations were pooled for data analysis. 
Study site RRM 3.5 was added in 2010. 
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across four study sites and two seasons from 2009 to 2011 and were included in the 
following analyses. 

Tissue samples were collected from each fish by mid-dorsal dermal biopsy punches. Due 
to the nonlethal sampling, it was not possible to determine gender of the individuals; 
mercury concentrations have been found to be higher for female fish in the South River 
(Murphy, 2004). 

Because of the known relationship between mercury concentration and fish size, 
differences in THg among site, season, and year were tested using analysis of covariance 
(ANCOVA) with THg as the dependent variable. Site, season, and year were included as 
independent variables and total length as a covariate. Following ANCOVA, THg 
concentrations were normalized by total length, grouped by site and tested pairwise using 
a Tukey’s Honestly Significant Difference (HSD). The results of these analyses are 
presented below for each species. 

Mean length-normalized THg in smallmouth bass generally increased with distance down 
river although THg in fish tissue at Station RRM 3.5 and RRM 23.5 was similar 
(Table 5-23). Mean length-normalized THg concentrations in smallmouth bass ranged 
from 0.73 (+/- 0.63) µg/g (wet weight) at RRM 0.1, to 2.94 (+/- 0.99) µg/g (wet weight) 
at RRM 11.8. Inter-annual variation of THg concentration in smallmouth bass tissue was 
not significantly different (ANCOVA; p = 0.59); however, concentrations of THg were 
statistically different between seasons (ANCOVA; p < 0.001) (Figure 5-16). Significant 
differences were observed for all sites (HSD; p < 0.001) with the exception of study sites 
RRM 3.5 and RRM 23.5 (HSD; p = 0.82) (Figure 5-17).  

Largemouth bass exhibited a similar trend in THg concentrations. There were no 
significant differences in THg concentrations observed between seasons (ANCOVA; 
p = 0.39), or years (ANCOVA; p = 0.27) (Figure 5-16). Mean length-normalized THg 
concentrations ranged from 1.09 (+/- 0.83) µg/g (wet weight) at RRM 0.1, to 2.95 (+/- 
0.87) µg/g (wet weight) at RRM 11.8 (Table 5-23). Significant differences were 
measured between RRM 0.1 and all other study sites (HSD; p < 0.001) (Figure 5-17). No 
other significant differences between any other study sites were detected (HSD; p > 
0.05). 

THg concentration in redbreast sunfish increased with distance down river. Mean length-
normalized THg concentrations in redbreast sunfish ranged from 0.84 (+/- 0.43) µg/g 
(wet weight) at RRM 0.1, to 2.50 (+/- 1.38) µg/g (wet weight) at RRM 23.5 (Table 5-23). 
THg concentrations in redbreast sunfish tissue were statistically different between 
seasons (ANCOVA; p < 0.01) (Figure 5-17). There were significant differences between 
fish from RRM 23.5 and all other study sites (HSD; p < 0.05) and RRM 0.1 and RRM 
11.8 (HSD; p = 0.01) (Figure 5-16). No other significant differences between any other 
study sites were detected (HSD; p > 0.05). 

In forage fish, longnose dace had slightly higher THg concentrations on average than 
were measured in common shiner tissues (Table 5-23). Both types of fish are 
invertivorous as adults but occupy different habitats. Longnose dace inhabit riffles and 
the common shiner inhabits pools, suggesting that habitat may influence mercury uptake 
in forage fish. Mean tissue concentrations of THg in longnose dace ranged from 0.10 (+/ 
0.10) µg/g (wet weight) at study site RRM 0.1 to 1.29 (+/- 0.22) µg/g (wet weight) at 
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study site RRM 11.8. Significant differences were observed between RRM 0.1 and all 
other sites (HSD; p < 0.001), and also between RRM 3.5 and RRM 11.8 (HSD; p < 0.01) 
(Figure 5-18). Mean concentrations of THg in common shiner ranged from 0.11 (+/- 
0.07) µg/g (wet weight) at study site RRM 0.1 to 0.90 (+/- 0.25) µg/g (wet weight) at 
study site RRM 23.5. Study sites RRM 0.1 and RRM 3.5 were significantly different than 
all other study sites (HSD; p < 0.001) (Figure 5-18). 

Comparison with Long-Term Fish Tissue Data 

An objective of the Phase II fish tissue sampling was to develop non-lethal sampling 
techniques to reduce impacts of intensive monitoring on local fish populations. An 
important aspect of developing this technology for the South River was to ensure that 
samples collected by one method are comparable to another (e.g., filets). To determine 
whether the use tissue biopsy plugs has an effect on the THg concentration, samples 
collected by tissue plug were compared to samples collected using filets by the VADEQ 
between 1977 and 2007 using an analysis of covariance (ANCOVA). The results were 
reported in Collins, et al. (2011).  

The ANCOVA indicated that the intercepts were significantly different between the two 
sampling types, but there was no consistent difference. In the low concentration area 
(RRM 0.1), the filet method was approximately 0.4 µg/g higher than the plug method. 
However, in the other populations, the filet method was lower by ~0.6 µg/g. The 
differences are likely due to the regression used to predict filet concentrations from plug 
concentrations, which was relatively limited in size (n=9).  

Based on the results of this study, it was recommended that regressions be developed 
within reaches of the same concentration ranges and that filets and plugs be collected 
from the same fish. This recommendation has been included in future VADEQ 
monitoring to improve the method and potentially transition to non-lethal sampling. In 
2012, VADEQ has collected 100 biopsy samples on a subset of smallmouth bass and 
other fish species for further evaluation. 

Summary of Tissue Burden Studies 
 Concentrations of THg in fish tissue samples from all species generally increased 

with the distance down river.  

 Concentrations of THg generally increased with trophic level. 

 Concentrations of THg in smallmouth bass and redbreast sunfish were 
significantly different between seasons. 

 Concentrations of THg in fish tissue were not significantly different between 
years of the Ecological Study for all species. 

 Concentrations of THg in forage fish were higher in fish that inhabit riffles 
(longnose dace) than pools (common shiner).  

5.3.4 Mark Recapture Study 

Concurrent with fish tissue sampling from 2009 to 2011, smallmouth and largemouth 
bass were fitted with Passive Integrated Transponder (PIT) tags to assess temporal 
variation of THg in bass tissue, site fidelity, and seasonal movement of bass between 
stations. To date, 535 smallmouth bass have been tagged and sampled for THg content 
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for the South River. Excluding bass originally sampled in 2011, there have been 33 bass 
recaptured (7.3%). The majority of recaptures (91%) demonstrate a high degree of site 
fidelity, being recaptured at the Site of original capture. Three fish (9% of recaptures) 
were recaptured at different locations from their initial capture; the most notable of these 
is a smallmouth bass that moved from RRM 23.5 in the spring of 2010, to RRM 3.5 in 
the spring of 2011. A second fish moved from RRM 11.8 in the spring of 2012, to RRM 
0.1 later that year. Analysis of THg in recaptured bass reveals an increase in THg with 
length and days at large (Table 5-24 and Figure 5-19). 

5.3.5 Fish Stomach Content Analyses 

An understanding of temporal and spatial trends of fish diets can provide insight into the 
transport of mercury in the aquatic food web. Fish stomach contents were analyzed in 
conjunction with fish community and biopsy studies in the spring, summer, and fall of 
2010. Methods of capture and pre-diet sampling treatment were similar to those described 
above. Stomach contents from three size classes of smallmouth bass, largemouth bass, 
and redbreast sunfish were sampled by gastric lavage. Size classes of fish analyzed 
included approximate age 1+, age 2-3, and age 4 and older fish (Murphy, 2004). Two 
species of forage fish (one riffle species, typically longnose dace, and one pool species, 
typically common shiner) also were collected at each study site and gut contents collected 
from gastric lavage and/or removal of the anterior intestine.  

Over the three seasons, more than 500 fish stomach/intestinal contents were sampled. 
Organisms and material in the stomach content were identified to the lowest practical 
taxonomic level, with percent contribution to diet for each class of diet item being 
calculated by wet weight. Any diet item that accounted for less than 3% of a species diet 
was considered a “miscellaneous” diet item. 

A cluster analysis using a hierarchical cluster approach was implemented to detect age-
related and seasonal shifts in diet for each of the species sampled. Prior to analysis, 
smallmouth bass and redbreast sunfish were grouped into size bins, with each bin 
comprised of at least four fish. In the case of largemouth bass, a minimum of three fish 
per size class was used due to a smaller sample size. Finally, bins were considered to be 
in the same cluster if they had a similarity coefficient >0.75. 

Smallmouth Bass 

Results of the cluster analysis divided smallmouth bass into three separate size classes 
(clusters) based on their stomach content; fish < 116 mm, fish between 116 and 185 mm, 
and fish > 185 mm (Figure 5-20). Age-related shifts in diet were observed in 
consumption of aquatic insects, fish, and crayfish. Aquatic insects made up 62% of the 
small size class diet and less than 20% of the largest size class. Inversely, piscivory in 
smallmouth bass increased with the larger size classes. Fish comprised 16% of the 
smallest size class’s diet and increased in the larger size classes to 40% and 38% 
(intermediate bass and large bass, respectively). Crayfish consumption had the most 
noticeable change, with no crayfish being consumed in the smallest size class compared 
to 43% of the diets of the largest size class. 

The cluster analysis also documented seasonal shifts in smallmouth bass diets. Aquatic 
insect abundance in smallmouth bass diets was the highest in the spring. Further, 
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terrestrial insects composed 15% of the stomach contents of smallmouth in the fall versus 
1% in spring and summer. Crayfish consumption peaked in the summer while there was 
no noticeable shift in piscivory between seasons for smallmouth bass (Figure 5-21). 

Largemouth Bass 

Largemouth bass were grouped into three separate size classes during the cluster analysis 
based on stomach contents (Figure 5-22). The smallest size class consisted of any fish 
less than 85 mm in length. The diet of these fish consisted mainly of aquatic insects, 
comprising 69% of the diet. Piscivory increased with size, representing 43% of the diet in 
fish sized 85–135 mm and >50% of the diet in fish >135 mm. Similarly, crayfish 
consumption increased with growth in spring and summer samples; however, this 
increase in crayfish consumption was not observed during the fall sampling 
(Figure 5-23).  

Redbreast Sunfish 

Unlike the bass species examined in this study, redbreast sunfish did not display any age-
related changes in their diet. Dendrograms of diet composition displayed no clear 
grouping based on size classes (Figure 5-24). However, stomach contents of sunfish 
showed a seasonal shift in food items that was most likely due to prey abundance 
(Figure 5-25). Approximately 50% of the stomach items found in redbreast sunfish were 
composed of three taxa of aquatic insects: midges, mayfly, and caddisfly. In the spring, 
midges comprised the largest part of diets in redbreast sunfish (30%). In the summer, all 
three taxa contributed equally to redbreast sunfish diet; in the fall, caddisfly became the 
dominant prey species in the diet.  

Forage Fish 

Stomach contents of two species of forage fish, longnose dace and common shiner, were 
examined for seasonal shifts in diet composition. Similar to redbreast sunfish, midges 
made up a larger portion of the diet in the spring than for other seasons for both species. 
For common shiners, mayflies and caddisflies were consumed in similar amounts as 
midges in spring. Consumption of algae and vegetation increased substantially 
throughout the seasons in both species likely mirroring the seasonal increase in 
abundance of these food items (Figure 5-26). 

Trophic Organization of South River Species 

Linkages and shifts in the trophic organization of South River fish communities provide 
insight into temporal and spatial trends into the transport of mercury in the South River 
aquatic food web. A cluster analysis was conducted using the five fish species sampled to 
determine how these species fit into the trophic organization in the aquatic food web. The 
trophic organization was divided into four major groups (Figure 5-27). The first group 
was forage fish, which feed primarily on aquatic insects and vegetation. The second 
trophic level was consistently made up of all size classes of redbreast sunfish as well as 
summer feeding young-of-year for both bass species (Figure 5-27). The third trophic 
level was occupied by mid-sized bass species. This trophic level consumed 
approximately equal proportions of fish and aquatic insects (approximately 35% each). 
Crayfish were also an important food item for this trophic level with about 15% of the 
diet composition coming from crayfish consumption (Figure 5-27).  
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The final trophic level in the South River is occupied by the largest individuals of both 
bass species. This level had a diet composition of approximately 50% fish and 30% 
crayfish. In the fall, this trophic level was occupied solely by largemouth bass greater 
than 101 mm, with a diet composition of greater than 60% fish (Figure 5-27). 

Summary of Diet Studies 
 Age-related shifts in consumption of aquatic insects, fish, and crayfish 

smallmouth and largemouth bass were documented; no age-related shifts in 
redbreast sunfish diets were observed. 

 Seasonal shifts in diets of forage fish, redbreast sunfish, smallmouth, and 
largemouth bass were observed. 

 The fish species evaluated occupied four distinct trophic levels although there 
were seasonal and age-related shifts in trophic position for some species.  

5.3.6 Fish Bioaccumulation Model (BASS) 

The Bioaccumulation and Aquatic System Simulator (BASS) model was utilized to 
demonstrate understanding of bioaccumulation and biomagnification in the South River 
and to develop a numerical representation of the food web for potential remedial options’ 
analysis. It is important to demonstrate that MeHg biomagnification by fish from the 
South River follow predictable patterns based on the life history of fish species, the 
structure of the South River food web, and the chemical properties of MeHg. The BASS 
model then can be used to simulate food web responses to changes in MeHg 
concentration in South River media or the structure of the food web for future system 
states, such as due to climate change or remediation.  

The BASS model simulates the bioaccumulation dynamics of hydrophobic organic 
pollutants and class B or borderline metals that complex with sulfhydryl groups, such as 
mercury within an ecosystem context (Barber, 2008). Bioaccumulation dynamics are 
described using algorithms that account for species-specific trends affecting the uptake 
and elimination of MeHg, such as diet composition and growth dilution. The BASS 
model’s predictive performance for sulfhydryl binding metals, including mercury, has 
been verified by simulations of MeHg bioaccumulation dynamics in fish communities of 
the Florida Everglades (Barber, 2008) and the South River and SFS River, Virginia 
(Murphy, 2004).  

The BASS model (v2.4) simulated the MeHg bioaccumulation dynamics of smallmouth 
bass (Micropterus dolomieu), redbreast sunfish (Lepomis auritus), and common shiners 
(Notropis cornutus) at Phase II study sites RRM 0.1, RRM 3.5, RRM 11.8, and RRM 
23.5. Ecological information on aquatic communities, fish food habits, and MeHg 
concentrations in biotic and abiotic media collected during Phases I and II of the 
ecological study and other SRST studies were integrated into the BASS model as input 
parameters (Murphy, 2004; CRG, 2008). As a result, the BASS model improved upon 
previous bioaccumulation models for the South River (e.g., Murphy, 2004). Further 
details regarding the methodology for the application of the BASS model can be found in 
the Phase II 2010 work plan (URS, 2010). 

The predictions of bioaccumulation of MeHg by smallmouth bass generally agreed well 
with concentrations measured during Phase II studies and the 2007 VADEQ mercury 
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monitoring program (Figure 5-28). Some measured whole body MeHg concentrations fell 
outside of the model-predicted ranges for each study site; as presented in Section 5.2.4, 
individual smallmouth bass have been observed moving from one study site to another 
within a relatively short period of time. This could possibly account for the observance of 
individual organisms with higher MeHg concentrations than the predicted ranges 
produced using the BASS model. Regarding the important exposure pathways whereby 
fish are exposed to and thus accumulate mercury, dietary and gill uptake accounted for 
95% and 5% of MeHg by smallmouth bass in the South River, respectively, based on 
pooled study site and size class data. 

Model-predicted MeHg concentrations in redbreast sunfish were reasonably comparable 
to concentrations measured in resident individuals. More specifically, at RRM 3.5 and 
RRM 11.8, the model-predicted ranges tightly captured nearly all of the observed 
concentrations (Figure 5-29). However, in the case of study sites RRM 0.1 and 
RRM 23.5, roughly 50% of the observed concentrations were higher than the model-
predicted range, indicating that the model was slightly under-predicting bioaccumulated 
MeHg in redbreast sunfish at these sites. Similar to results for smallmouth bass, dietary 
uptake accounted for 92% of MeHg by redbreast sunfish in the South River while gill 
uptake accounted for 8%, based on pooled study site and size class data. 

The model-predicted ranges of MeHg concentrations bioaccumulated in common shiners 
were comparable to observed resident common shiner concentrations. With the exception 
of RRM 23.5, a majority of the observed MeHg concentrations fell between the predicted 
mean and the predicted minimum (Figure 5-30). Although bioaccumulation of MeHg in 
common shiners was well-predicted among the study sites modeled, it is evident that the 
Predicted Max may be marginally over-estimating MeHg concentrations at study sites 
RRM 0.1, RRM 3.5, and RRM 11.8. Consistent with results from smallmouth bass and 
redbreast sunfish, dietary uptake accounted for 91% of MeHg in common shiners from 
the South River; whereas, gill uptake accounted for 9%.  

In summary, a working model of the South River has been developed that can accurately 
predict bioaccumulation of MeHg in resident fish species. This is an important 
demonstration that the Ecological Study data can be integrated to create an accurate 
depiction of the South River food web, and that the factors controlling MeHg uptake by 
high trophic level aquatic organisms are well understood. It also allows a cogent, 
technically strong response to several of the key questions posed in the Consent Decree. 
For example, the BASS model confirms the importance of dietary pathway uptake of 
MeHg and shows that the MeHg concentration in food items varies spatially in the South 
River and controls the concentrations in fish. In addition, the BASS model may be used 
to compare potential alternative management options related to fisheries management and 
ecosystem restoration. Further implementation of this working model may include 
manipulation of input parameters in support of remedial options planning.  

5.4 Submerged Aquatic Vegetation 

SAV is a dominant biological community in the South River, growing to high densities 
and altering the flow path of water in many areas on a seasonal basis. SAV has been 
hypothesized to play an important role in MeHg cycling and food web dynamics in the 
South River. There is evidence that SAV can change the physical and chemical 
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environment in ways that may create conditions favorable for mercury methylation; 
accordingly, these communities may represent areas with higher MeHg exposure.  

A study was conducted to further characterize the distribution and community 
composition of SAV in the South River and to understand its role in the cycling of MeHg 
in the South River. Conceptually, SAV beds may affect MeHg cycling within the South 
River by: 

 Providing an additional source of autochthonous organic carbon and nutrients to 
localized areas of the South River  

 Transforming dissolved nutrients into particulate forms preferred by organisms, 
including bacteria  

 Altering physical habitats that favor mercury methylation  

 Providing food resources and habitat for primary consumers thereby creating 
alternate pathways for MeHg accumulation in the aquatic food web 

A scope of work and a literature review supporting the hypothesis that SAV may play a 
role in MeHg uptake are included as Appendix G. The mapping methodology used to 
determine SAV abundance is also included as Appendix G.  

SAV beds are typically sparse in the upstream portion of the study area and become 
denser and more frequent in downstream portions of the study area. SAV beds occupied 
21% of the area in between RRM 0 and RRM 10. Water stargrass (Heteranthera dubia), 
Elodea (Elodea canadensis) and curly leaf pond weed (Potamogeton crispus) were the 
most dominant taxa, respectively. The area between RRM 0.0 and RRM 2.2 was devoid 
of SAV at the time of the assessment, and the largest continuous bed of aquatic 
vegetation, which contained 8.04 acres of dense beds, was identified from RRM 10.5 to 
RRM 11.7. 

SAV beds in the study area were present where the channel hydraulics and substrate were 
favorable for root development and light interception. SAV beds were primarily rooted in 
the center of the channel, where bank shading was minimal. Unconsolidated gravel to 
cobble sized material provided the most suitable substrate for establishment and growth 
of aquatic vegetation within the study area. Lower gradient reaches (<0.1% slope) tended 
to have less SAV than moderate gradient reaches. There was no apparent trend between 
SAV bed density and the distribution of fine-grained substrate.  

To understand the potential role of SAV in MeHg cycling, the concentration of IHg and 
MeHg in physical (surface water, interstitial sediment and pore water) and biological 
(caddisfly tissue) media from SAV beds and adjacent SAV-free areas (riffles) at the two 
study sites was compared (Figure 5-31). The goal of the study was to determine if there 
were large differences in MeHg concentrations between SAV beds and riffles.  

There were significant differences (ANOVA,  = 0.05) in media concentrations between 
SAV beds and riffles, but the concentrations were not consistently higher in samples 
collected from SAV beds. Both MeHg and the percent of THg present as MeHg 
(%MeHg) were higher in interstitial sediment from SAV beds (Figure 5-32). Riffles have 
higher unfiltered and particulate surface water MeHg concentrations but have lower 
concentrations in filtered samples, at least at RRM 8.7 (Figure 5-32).  
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In common net-spinner caddisfly (Hydropsychidae) larvae, MeHg, and %MeHg were 
higher in caddisflies from riffle areas. IHg was higher in SAV bed caddisflies 
(Figure 5-33). There was no difference in MeHg in pore water (Figure 5-33) although 
IHg is lower in the SAV beds. In summary, the lack of a consistent pattern of increased 
MeHg concentrations in SAV-associated media suggests that SAV is not a major local 
influence on mercury methylation.  

An analysis of IHg and MeHg concentrations in SAV tissue suggests that there are 
differences in concentrations in leaves vs. roots, and that the concentrations are relatively 
high when compared to other media. IHg and MeHg concentrations were a factor of 3 to 
10 times higher in roots than in leaves at both locations (Table 5-25). Sediment was 
removed from root tissue prior to analysis, so it is assumed that these represent internal 
concentrations and not adsorbed sediment. SAV tissues have considerably more MeHg in 
both leaves and roots than either sediment or particles in surface water when compared 
with other media on a dry weight basis. IHg is slightly higher in SAV roots but 
comparable or lower in leaves. This suggests that SAV roots are capable of sequestering 
IHg and MeHg or that IHg and MeHg are diffusing into SAV from sediment.  

The evidence suggests that SAV does not directly influence the concentrations of MeHg 
in the South River. The higher MeHg concentrations in sediment, pore water (to a lesser 
extent) and root tissue suggests that there is an effect on the methylation environment 
beneath SAV beds. The lack of an effect on biota or surface water concentrations, 
however, suggests that this effect is not carried through to biota, and may suggest higher 
demethylation rates in SAV beds. This is not what was originally hypothesized, but could 
be due to the higher surface area in SAV beds. In addition, SAV in general represents 
additions of autochthonous organic carbon, which could contribute to mercury 
methylation. Estimates of organic carbon input by macrophytes for similar rivers range 
from 13% to 20% (Hill and Webster, 1982a, b, 1984), and it is not currently understood if 
the present day SAV densities are elevated as the result of the modified river 
geomorphology (greater abundance of unconsolidated gravel due to erosion).  

Summary of SAV Studies 
 SAV grows to high densities, covering up to 21% of the area between RRM 0 and 

RRM 10. 

 A comparison of MeHg between SAV beds and adjacent SAV-free areas revealed 
no consistent increases in MeHg concentration in SAV beds. 

 MeHg is elevated in SAV tissue relative to particles in surface water and sediment 
(on a dry weight basis) and may be a source of MeHg to organisms that consume 
SAV.  

5.5 Other Ecological Receptors 

The following sections briefly summarize additional biological studies that have been 
conducted by the SRST. Each section describes the species and locations studied, and a 
summary of the work scope. The detailed findings of the studies are not included here as 
most studies were not conducted under the Consent Decree. The most current reports 
available at the time of finalization of the Ecological Study are included as Appendix H. 
These include the following: 
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 Belted kingfisher (White, 2007) 

 Carolina wren (Jackson and Evers, 2010) 

 Songbirds (Folsom, et al., 2010) 

 American toad (Hopkins, et al., 2011)  

 Piscivorous, insectivorous, and carnivorous birds (Cristol, 2005 and 2006) 

The methods of these and other studies are summarized below.  

5.5.1 Birds 

Songbirds 

Brasso and Cristol (2008) evaluated the potential effects of accumulated mercury on the 
reproductive success of birds that eat emergent aquatic insects, using tree swallows 
(Tachycineta bicolor) as a representative species. In this study, the parameters used to 
characterize reproductive success included the date of nest initiation, clutch size, egg 
volume, proportion of eggs hatched, eggs fledged, nestlings fledged, and the number of 
fledglings produced. In 2005 and 2006, these parameters were compared between second 
year (SY) birds and after the second year (ASY) birds, for tree swallows nesting within 
50 m of the South River, and 50 m of three reference tributaries: the Middle River, North 
River, and a section of the South River upstream of Waynesboro.  

Cristol, et al. (2008) examined whether mercury from the South River had moved into the 
adjacent terrestrial food web by comparing blood mercury of 13 terrestrial-feeding bird 
species breeding within 50 m of the South River to breeding adults of the same species at 
uncontaminated reference sites. Feather mercury concentrations were measured in three 
non-migratory terrestrial-feeding species that had molted locally about a year earlier. 
Blood mercury concentrations of five bird species with aquatic based diets were also 
compared to reference individuals of the same species to quantify aquatic exposure, 
against which terrestrial exposure could be compared. Finally, mercury concentrations in 
prey items (spiders, moths or caterpillars, and grasshoppers) being delivered to nestlings 
of three songbird species at contaminated sites were also measured. 

Condon and Cristol (2009) examined blood mercury levels in relation to feather growth 
and molt in an attempt to explain variation in blood mercury in adult and nestling eastern 
bluebirds (Sialia sialis) along the South River. In 2006 and 2007, adults, nestlings, and 
fledglings living within 50 m of South River were captured for the analysis.  

Hawley, et al. (2009) used two standardized immunoassays (mitogen-induced swelling in 
response to a phytohaemagglutinin challenge and antibody response to sheep red blood 
cells) to test for effects of mercury toxicity on the immune system of female tree 
swallows feeding on terrestrial and aquatic insects along the South River.  

Wada, et al. (2009) examined the effects of mercury on endocrine function, quantified as 
adrenocortical response and plasma thyroid hormone (triiodothyronine and thyroxin) 
concentrations of insectivorous tree swallow nestlings adjacent to South River and nearby 
reference rivers (Middle and North Rivers).  

Brasso, et al. (2010) examined whether mercury concentrations in tree swallow eggs 
decreased across the clutch as a function of laying sequence. Presumably, when female 



Final Report: Ecological Study Biological Results
 

SR_EcoStudy_Final_Report_28SEPT2012.docx 75 
Fort Washington, PA 

birds lay eggs, some of their body burden of mercury is transferred into each egg, 
potentially leading to declining mercury across the clutch. To test this hypothesis, in 
2008, 15 tree swallow nests were identified at contaminated sites along the South River, 
and in reference reaches along the Middle and North Rivers. Eggs were identified in the 
order in which they were laid. Clutches were considered complete when no new eggs 
were found in the nest for two mornings in a row. Eggs were subsequently examined for 
mercury concentrations. Total mercury was used as a proxy for bioavailable MeHg based 
on the premise that nearly all mercury in avian eggs is MeHg.  

Hallinger and Cristol (2010) examined the recruitment of a floater population of tree 
swallows into a breeding population along the South River. A floater population is 
defined as a non-breeding portion of the population that spends the breeding season at, or 
near the nesting grounds. The floating population is often composed of young or low-
quality individuals that may recruit into the breeding population under some 
circumstances. 

Hallinger, et al. (2010) examined whether birds that inhabited mercury-contaminated 
sites along South River exhibited differences in singing behavior compared with birds at 
uncontaminated reference sites along the Middle and North Rivers. Three oscines, the 
Carolina wren (Thryothorus ludovicianus), house wren (Troglodytes aedon), and song 
sparrow (Melospiza melodia) and one suboscine, the eastern phoebe (Sayornis phoebe), 
were included in the study.  

Jackson and Evers (2010) used the Carolina wren (Thryothorus ludovicianus) as a 
representative species for the forest-floodplain invertivore feeding guild to examine the 
potential impacts of mercury contamination on breeding performance of a species that is 
resident to the area but not directly tied to the aquatic ecosystem. In 2009, the authors 
monitored reproductive success parameters (i.e., clutch size, brood size, number of 
fledglings, percent hatched, and percent fledged) in man-made nest and natural cavities. 
Program MARK was used to model overall nest survival (taking into account time in 
season, year, and age of nest). 

Hallinger and Cristol (2011) examined whether the breeding success of tree swallows 
along South River varied with ambient temperature or precipitation at various points in 
the breeding cycle relative to reference conditions on the Middle and North Rivers.  

Hallinger, et al. (2011) examined the impact of mercury exposure on the annual 
survivorship of 932 adult swallows breeding along South River that were captured and 
marked between 2005 and 2007. 

Jackson, et al. (2011) sampled terrestrial adult (at least one year of age) forest songbirds 
at five floodplain sites along South River up to 85 river miles downstream from the point 
source of mercury (Waynesboro). Songbirds were also captured at two reference sites 
upstream from the point source. Sampled species were grouped according to trophic 
position (i.e., foraging guild: omnivore or invertivore) and duration spent along South 
River (i.e., migratory strategy: resident or migrant) to create four exposure assemblages. 
The following species were considered representative of each assemblage: Carolina wren 
(invertivore/resident), red-eyed vireo (Vireo olivaceus, invertivore/migrant), song 
sparrow, omnivore/resident), and indigo bunting (Passerina cyanea, omnivore/migrant).  
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Varian-Ramos, et al. (2011) examined whether there was any change in the mercury 
concentration of avian blood samples after various lengths of time in a -20° C freezer 
over a three-year period. 

Piscivorous Birds 
Cristol (2005, 2006) investigated the potential relationships between mercury exposure, 
physiological condition, and reproductive success in piscivorous birds using belted 
kingfisher (Megaceryle alcyon) as a representative species. This work was also presented 
by White (2007). In 2005 and 2006, adult and juvenile belted kingfisher were collected 
along the South River and South Fork Shenandoah River downstream of Waynesboro, 
and at two reference rivers, the Middle and North Rivers. Adult birds were captured at 
their nest site. Nestlings were sexed, and physiological condition was evaluated by the 
weight of the individual in relation to its culmen length, a skeletal measure that 
corresponds to age. To determine mercury exposure, blood and feather samples were 
collected from adult and nestling birds; prey items were collected if an adult was captured 
holding a fish. In addition to evaluating levels of mercury accumulation in adult and 
juvenile belted kingfishers, the effect of mercury on feather color was also evaluated 
(White 2007). 

5.5.2 Reptiles and Amphibians 

Bergeron, et al. (2007) measured concentrations of total mercury, methylmercury, and 
selenium in 552 turtles representing four different species (Chelydra serpentina, 
Sternotherus odoratus, Chrysemys picta, and Pseudemys rubriventris). Individuals were 
captured from locations between RRM 2 and RRM 22, and from reference sites located 
upstream of Waynesboro (RRM -1.5 to RRM -5) and on the Middle River. P. 
rubriventris was not included in analysis because no individuals were found at the 
reference sites.  

Bergeron, et al. (2010a) attempted to determine if amphibians maternally transferred 
methylmercury and selenium to eggs in three amphibian species [southern two-lined 
salamander (Plethodon cinereus), red-backed salamander (Eurycea bislineata cirrigera), 
and American toad (Bufo americanus)] at contaminated and reference sites along the 
South River.  

Bergeron, et al. (2010b) examined whether species and life stage affected mercury 
bioaccumulation in adults from three amphibian species (southern two-lined salamander, 
red-backed salamander, and American toad), and in larvae from the latter two species. 
The study also established the usage of nondestructive sampling techniques. Individuals 
were collected from the South River, from the SFS approximately 10 miles below the 
confluence, and from reference populations upstream of Waynesboro, VA.  

Burke, et al. (2010) examined whether mercury affected the performance and behavior of 
southern two-lined salamanders by assessing speed and responsiveness and prey capture 
ability in individuals collected between RRM 16 and RRM 20 and between RRM -1.7 
and RRM -5.0. 

Bergeron, et al. (2011) monitored the performance, development, and survival of 
American toad larvae from contaminated (RRM 9 and RRM 20) and reference 
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(RRM -1.7) sites along the South River in response to diets containing 0.01, 2.5, and 
10 μg THg/g. 

Todd, et al. (2011a) examined the potential effects of maternal and dietary mercury 
exposure on terrestrial adult and aquatic larval American toads. In this study, eggs from 
the South River and reference locations were hatched and the resulting larvae were fed 
diets containing 0.01, 2.5, or 10 µg/g total mercury, dry weight. The concentrations in 
blood and eggs from contaminated and reference populations, including metamorphosed 
toads, were measured, and some measures of reproduction, including number of eggs per 
clutch were also conducted. Other measures potentially related to fitness (weight, size at 
metamorphosis, hopping performance, tail resorbance, and larval period and survival) 
were also measured in the different treatments.  

Todd, et al. (2011b) investigated whether exposure to mercury from maternal transfer 
and/or larval diet had a potential adverse effect on post-metamorphic American toads. 
After hatching, larvae were fed either a control diet (0.01 ± 0.001 μg THg/g dry weight) 
or 10.1 ± 2.3 µg THg/g dry weight, 1.05% of which was MeHg. The addition of dietary 
mercury ceased at metamorphic climax. The study included measures of mercury 
concentration in the animals, animal size, and survival rate.  

Todd, et al. (2011c) examined whether maternal mercury exposure affected offspring 
phenotype in American toads in the presence and absence of larval predators. In this 
study, tadpoles were introduced to aquatic mesocosms at a minimum of four days post-
hatching. Following their introduction, five predatory odonates (dragonfly naiads) were 
added to the selected treatments. The study measured blood and egg mercury 
concentrations, larval mass, body mass, survival, larval duration, and days required for 
tail resorption in the presence of predators and as a function of exposure type.  

Wada, et al. (2011) examined the effects of dietary mercury (0.01, 2.5, and 10 μg/g total 
mercury, dry weight) on thyroid hormone concentrations, development, growth, 
performance, and survival of wood frogs (Rana sylvatica). The study measured mercury 
accumulation and elimination, tadpole development, size at metamorphosis, tail 
resorption time, hopping performance, and whole-body thyroid hormone concentrations 
among dietary treatments. 

5.5.3 Mammals 

Wada, et al. (2010) examined blood and fur mercury concentrations, and adrenocortical 
responses of insectivorous big brown bats (Eptesicus fuscus) collected from barns located 
18 river miles downstream and 5.7 river miles upstream of the Site. In addition to 
concentrations of blood and fur from exposed and reference populations, the study 
measured baseline cortisol and stress-induced cortisol levels. 

Sleeman, et al. (2010) reported on the results of a visual and histopathological 
examination of a five-year-old female northern river otter (Lontra canadensis) found in 
the South River. The study also documented tissue mercury concentrations in the animal.  

5.6 Summary of Biology Results 

Extensive studies have been conducted investigating the effects of mercury on 
community composition, body burden concentrations, and trophic structure of the biota 
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of the South River. The broad array of highly focused studies has provided the following 
insight into the biology of the South River: 

 Benthic invertebrate and fish community composition varies spatially throughout 
the South River; however, they are comparable with those observed at regional 
reference sites, and there appears to be little or no evidence that mercury exposure 
plays an important role in the observed differences. 

 Gradients of THg and MeHg concentrations in biota from the South River exist 
and vary spatially as well as seasonally.  

 MeHg concentrations in biota generally increase with distance down river. 

 Uptake rates of biota vary by trophic position and feeding behavior (i.e., aqueous 
exposure or dietary exposure). 
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6.0 South River Data Integration 
Data integration is the process of combining the extensive biological, chemical, and 
physical data collected from the South River to determine relationships between these 
categories. The process also allows for identification and evaluation of the effects of 
individual or several parameters on one another. Approaches that eliminate or ignore 
parameters that are known to be important for certain ecological receptors (e.g., 
microhabitat distribution and macroinvertebrate community metrics) have a critical 
shortcoming in that they may ascribe causation to simple correlations between data. Data 
integration reduces this risk by considering available relevant parameters.  

Data integration has been used in the South River to identify parameters that are closely 
related in time or space, toxicity of mercury to organisms, fate and transport, and to 
provide a framework for weighing the effects of potential remedial action. Although the 
large and comprehensive data sets generated could be used to pose numerous potential 
questions regarding the dynamics of biological communities or mercury cycling in the 
South River, these data sets are integrated to provide information salient to answering the 
four questions guiding the Ecological Study. 

The process can be accomplished using several methods depending on the necessary 
outcome. The following four major areas of data integration were incorporated into the 
South River Ecological Study: 

 Statistical Models 

 Invertebrate and Fish Responses to Mercury 

 Sediment Quality Triad 

 Field (in situ) Microcosm Study 

 Integrated Assessment of Invertebrate and Fish Response to Mercury 

 Conceptual System Model 

 Relative Risk Model 

Because many of the models and approaches in the data integration process operated in 
parallel and are based on similar data sets, there are redundancies. As a result, small 
quantitative differences may occur, but the broad implications of each approach should 
agree. Each of these individual data integration approaches is discussed below.  

6.1 Statistical Models 

The key data integration process in the Ecological Study is the statistical modeling. 
Statistical modeling attempts to evaluate all data for relevance and does not force fit data 
into any particular theoretical mechanism. Ideally, mechanistic and statistical models will 
agree, at least broadly, but there may be no framework by which to explain some 
associations. This is an advantage of statistical modeling as it may lead to insights not 
previously considered relevant to the study.  
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6.1.1 Model Construction 

The basic form of the statistical models is to predict responses based on a step-wise 
regression on a large number of factors. The statistical models currently consider the 
following media and mercury species responses in the South River: 

 Surface water (UTHg, FTHg, UMeHg, FMeHg) 

 Sediment THg and MeHg 

 Floodplain THg 

 Fish (smallmouth bass, sunfish, white sucker) tissue THg 

In addition, all species sampled in or near the river were modeled and some relevant 
species (i.e., those that could be considered food items for fish) were included as 
components of fish models. For explanatory variables, the statistical model for the South 
River takes into account that different media (e.g., surface water, sediment, floodplain 
soil, rainfall, pore water, and alluvial bank soil) and other factors (e.g., land use) interact. 
There are three main types of explanatory variables in the South River statistical models: 

 Variables that are collected recurrently (e.g., surface water mercury), 
continuously (temperature, discharge) or that are time-dependent (e.g., season) 

 Environmental variables that were measured once (e.g., floodplain area, land use, 
gradient, floodplain THg, erosion, fish diet) and are expected to be relatively 
constant through time 

 Interactions between two or more explanatory variables (e.g., rainfall, floodplain 
soil THg concentration and land use) 

Fish samples were included in the model for years where mercury parameters had been 
collected for other media. The data and factors included are described more fully in 
Appendix I.  

The data incorporated into the models were standardized to a mean of ten and a standard 
deviation of one prior to modeling. The model terms were modified, in part, to keep 
variance inflation factors generally below five, but not exceeding ten, to eliminate 
collinearity and confounding variables. Factors were included in the models based on the 
following criteria using scientific understanding developed through the SRST, their 
degree of association with the response (e.g., surface water mercury) being modeled, and 
the effect on model stability.  

6.1.2 Model Verification 

Model results were confirmed through PCA, analysis of residuals, and internal review of 
each multiple regression model to determine if results were generally consistent. Separate 
PCA models were in broad agreement with the regression models. Scatter plots of 
residuals vs. predicted values were consistent with variance homogeneity. The model 
results were reviewed by project scientists and engineers for consistency with the CSM. 
Deviations from the CSM were incorporated into the CSM (Section 6.3) as appropriate, 
or evaluated further to determine their significance.  
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6.1.3 Data Adequacy for Statistical Models 

The South River statistical models were built on a large, comprehensive data set that 
drew on data from the Ecological Study and other projects. A general description of the 
data set includes the following: 

 Data on fish species (over 16,000 samples), especially smallmouth and 
largemouth bass were collected over a 20-year period at numerous sites on the 
South River, including repeated sampling at the same site over multiple years; 
sampling included reference sites located above the DuPont Waynesboro site and 
on the North River. 

 Daily discharge rates and rainfall data were available for the entire sampling 
period. 

 Surface water (over 42,000 measurements on over 5,500 samples) and sediment 
samples (over 10,000 measurements on over 1,700 samples) were collected 
repeatedly at numerous locations along the river over the same time period. 

 Floodplain soil and wetland sampling (over 11,000 measurements on over 600 
samples) were collected throughout the floodplain. 

 Geomorphology data were evaluated and incorporated into the models. 

 Storm data included over 10,000 measurements on over 600 water and sediment 
samples, plus dates and discharge of all storms over entire sampling period. 

 Over 5,000 observations were made on other aquatic species (e.g., algae, 
amphibians, reptiles, invertebrates, and plants). 

These data were more than adequate to characterize the mercury burden in fish and other 
biota living in or near the South River. Despite the variability in the concentrations of 
mercury in various environmental media and the large number and diversity of 
explanatory variables, the statistical modeling effort was successful, consistently 
explaining over 50% of variation of the response (Tables 6-1 and 6-2). 

6.1.4 Statistical Model Results 

Due to the large number of results, this review is centered on the main effects and 
important explanatory variables, where p-values were generally <0.001. In addition, the 
review of the statistical models is necessarily focused on the latest iteration of these 
models; previous versions of the models or other statistical evaluations are beyond the 
scope of this document. Tables 6-1 and 6-2 summarize the model R2, sample sizes and 
important explanatory variables for surface water and sediment and fish tissue, 
respectively. The complete model results are included as Appendix I.  

Seasonality 

Season was an important predictor for surface water and sediment. For surface water, 
THg concentrations in spring and summer were higher, suggesting that times of lower 
discharge may have higher THg concentrations. MeHg is negatively related to discharge, 
which is seasonally driven. For MeHg in surface water (filtered and unfiltered), spring 
had the highest concentrations. MeHg in sediment was lowest in winter.  
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Mercury Loading from River Banks 

THg loading from river banks is an important predictor of THg and MeHg in surface 
water and sediment, and fish tissue THg concentrations. The role of mercury loading 
from river banks was observed in the models directly and indirectly as erosion and 
interactions between discharge, rainfall and floodplain soil characteristics (THg and land 
use). The statistical models predicted that elimination of bank Hg would substantially 
reduce THg in fish tissue, surface water, and sediment, but it is not known how long 
these reductions would take. In some matrices, such as sediment, it could take decades to 
observe a reduction.  

River Gradient 

The statistical models provide very strong support for the hypothesis that river gradient is 
a controlling factor. Several closely related environmental factors were commonly found 
as important explanatory variables in the statistical models (Tables 6-1 and 6-2). River 
gradient, floodplain area, erosion, SAV area, and land use are highly correlated (Figure 3-
1) over the course of the South River, and river gradient likely controls the distribution of 
these characteristics to some degree. Erosion rates may be related as areas currently 
eroding at high rates, that may be related to past land uses (e.g., mill dams; Pizzuto and 
O’Neal, 2009), which is related to slope.  

Land Use and Flooding Frequency 

Floodplain Hg was an important model predictor for sediment and surface water THg. 
These effects were associated with rainfall, forest, and wetlands. Forested areas and 
wetlands were frequently identified as important land uses because concentrations in 
surface water and biota tend to be high between RRM 12 and RRM 25; in this area, much 
of the two-year floodplain is forested and has a higher proportion of wetlands 
(Figure 3-1). However, forests are hypothesized to be more effective at retaining 
sediment (Section 4.4.3), which may be reflected in the association. In addition, Study 
Area wetlands are described as riverine by the National Wetlands Inventory, which are 
not typical freshwater wetland habitats associated with MeHg production (St. Louis et al. 
1994).  

The most common interactions were expressed in terms of discharge, rainfall and 
floodplain conditions. Mercury in discharge commonly interacts with sediment 
composition (sand, silt, TOC), sediment chemistry (mercury and metals), pore water 
mercury, and bank THg loading rate. Rainfall was found to interact with sediment, soil, 
and floodplain THg, sediment composition and chemistry, and land use. Floodplain 
interacts with THg and land use.  

Trends in Long-Term Fish Tissue Mercury Concentrations 

The statistical models presented here have found that a combination of factors, including 
dietary items and interactions between discharge and mercury parameters in water, are 
the important explanatory variables for mercury in fish tissue over time (Table 6-2). The 
models identified dietary items important for fish tissue THg concentrations that agree 
well with the results of previous diet studies (Murphy, 2004), trophic transfer modeling 
(Section 5.1.1), and the BASS Model (Section 5.3.6). Crayfish was found to be an 
important dietary item for smallmouth bass. Insects from the Order Ephemeroptera were 
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important for sunfish, and Diptera were important for white sucker. In addition, SAV 
mercury was an important variable for all species; the role of SAV is not clear as the 
SAV study (Section 5.4) did not detect strong effects of SAV on local production of 
MeHg.  

In addition, statistical evaluation of long-term trends is an important part of 
understanding the biomagnification of mercury by fish. The statistical analysis of fish 
tissue mercury demonstrates that mercury concentrations in fish tissue have remained 
similar to or above baseline levels (1977-1983 average) in most of the species evaluated 
(e.g., Green, 2006). The Ecological Study focuses on, in part, why the mercury 
concentrations have remained high in fish.  

An additional finding of the statistical models is that there is a weak association (R2 = 
0.22) between the natural logarithm of the length-normalized THg concentrations in 
smallmouth bass tissue (lnTHg) and the peak annual discharge three years prior to 
sampling fish (Figure 6-1). The relationship is very strong between 1979 and 1997. 
However, the relationship is inverted for the subsequent years (lnTHg increases but 
discharges are lower) suggesting that the correlation is spurious. As noted by the project 
statistician in Appendix I, this relationship should not be over-interpreted. Some plots 
suggest the regressions are driven by three large storm events and a few periods of 
unusually low flow rates; other plots suggest a general correlation between discharge rate 
and subsequent fish total Hg level. 

The potential mechanism linking past storm events to fish tissue is obscure, and there is 
no clear set of circumstances that support this statistical association. Many fish are 
approximately age three when sampled (>170 mm total length; Section 5.3.3), so it is 
possible that their tissue mercury reflects the conditions when they were in early life 
stages. The results of the non-lethal sampling indicated that smallmouth bass had 
accumulated almost 1 µg/g MeHg by the time they were one year old (~130 mm TL; 
Figure 5-19).  

However, periods of high MeHg concentrations in the water column, which is an 
important exposure medium for the food web and to the larval fish, appeared to be 
directly attributable to prevailing hydrologic and climactic conditions rather than events 
in the past. For example, some of the highest MeHg concentrations in surface water were 
measured in the spring of 2006, which was characterized by low discharges and high 
surface water temperatures. These conditions would appear to more directly influence 
MeHg production than events that occurred years previously.  

However, the goal of the statistical modeling is to uncover potentially hidden 
mechanisms, so the potential relationship has been incorporated into the CSM 
(Section 6.3) and the role of storms is considered a potentially important component of 
the mercury cycle in the South River, particularly under potential future scenarios where 
mercury loading rates in the South River may be low.  

6.1.5 Summary of Statistical Model Results 

The following summarizes the findings of the statistical models: 

 MeHg concentrations in surface water and sediment were greatest in the spring 
and summer 
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 The THg loading rate from river banks and erosion were important and related 
predictors for surface water, sediment, and fish tissue. 

 Pore water mercury and surface water mercury were important predictors for 
surface water and sediment, respectively. 

 Crayfish and invertebrate mercury concentrations were important predictors of 
fish mercury concentrations. 

 Important interactions included the following: 

 Discharge and sediment composition, sediment chemistry, and pore water 
mercury and bank THg loading rate 

 Rainfall and sediment, soil, and floodplain THg, sediment composition and 
chemistry, and land use 

 Floodplain THg and land use 

6.2 Invertebrate and Fish Responses to Mercury 

Despite considerable interest in quantifying fate and transport of mercury through aquatic 
food webs, relatively little research has been conducted to examine toxicological effects 
of Hg on macroinvertebrate and fish communities (Suchanek, et al., 1995; Azevedo-
Pereira and Soares, 2010). This is in contrast to the pattern for other metals, such as 
cadmium, copper and zinc, where the emphasis has been primarily on understanding 
effects (Clements, et al., 2000).  

Levels of mercury contamination in aquatic food webs do not always translate directly to 
ecological effects. Linking mercury exposure to direct population and community 
responses has been difficult, in part because of the complex abiotic factors that determine 
mercury methylation and bioavailability. In addition, natural variation in substrate 
composition, especially grain size and the amount of organic materials in sediments, 
directly influences the composition of benthic communities and the bioavailability of 
mercury. Assessing effects of mercury on aquatic populations and communities is also 
complicated by interspecific variation in toxicity. For example, in a comprehensive 
review of mercury fate, transport, and effects, Boening (2000) reported that the lethal 
mercury concentration for 50% of the experimental population (LC50) values for 
macroinvertebrates and fish varied over three orders of magnitude. In addition, 
community responses to mercury are influenced by natural environmental variation.  

The difficulty predicting direct ecological effects of mercury on benthic populations and 
communities in the field was demonstrated in a long-term and comprehensive series of 
studies conducted in Clear Lake California (e.g., Suchanek et al. 1995). Despite 
concentrations of THg in surficial sediments that exceeded 450 µg/g and were up to 
7,000 times the sediment quality guidelines (MacDonald, et al., 2000), few effects were 
observed on benthic communities. These results suggest that responses of natural 
populations and communities to mercury in the field are complex and greatly influenced 
by factors other than total mercury in sediments.  

To determine potential effects of mercury on benthic macroinvertebrates and fish 
communities, the Ecological Study evaluated toxicity of mercury to fish and invertebrates 
through multiple types of studies. Each of these studies integrated physical, chemical, and 
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biological data to detect potential effects of mercury on invertebrates and/or fish. 
Potential impacts to benthic macroinvertebrates exposed to THg and MeHg in exposure 
media within the PSA were evaluated based on ex situ and in situ toxicity studies 
including the following:  

 Sediment Quality Triad (SQT) investigation 

 Field (in situ) microcosm study  

 Integrated assessment of invertebrate and fish community responses 

In addition, the results of invertebrate and fish community studies from Phase II and 
other investigations (e.g., the SQT) were integrated with the complete record of physical 
and chemical data to determine the effects of mercury relative to other potential stressors 
in the environment. The following sections describe the study design, methods, and 
results of each study. 

6.2.1 Sediment Quality Triad Investigation 

An SQT investigation was conducted in May 2010 to evaluate potential sediment-
associated impacts to benthic macroinvertebrate communities in the South River. The 
SQT is a weight-of-evidence approach that evaluates sediment quality by integrating 
spatially- and temporally- matched sediment chemistry, biological, and toxicological 
information; accordingly, the results of community analyses and toxicity testing are 
relevant only to synoptically measured THg and MeHg concentrations. (Long and 
Chapman, 1985; Chapman et al., 1987). The SQT investigation for the South River and 
associated reference areas consisted of the following lines-of-evidence:  

 Chemical analyses of fine-grained (interstitial) sediment and comparisons to 
literature-derived sediment quality benchmarks (SQBs) 

 10-day ex situ sediment toxicity testing using the amphipod Hyalella azteca and 
the midge Chironomus dilutus based on exposure to interstitial sediment 

 Benthic macroinvertebrate community analysis to assess potential differences in 
benthic macroinvertebrate community structure  

Sediment toxicity testing and benthic macroinvertebrate community analyses provide 
site-specific information regarding potential ecological effects to benthic 
macroinvertebrates; the integration of these lines of evidence supplement traditional bulk 
sediment chemistry data to provide a more relevant, site-specific assessment of potential 
ecological impacts.  

The SQT investigation was designed to assess potential impacts to benthic 
macroinvertebrate communities associated with concentration gradients of THg and 
MeHg, and/or other chemical constituents in sediment. SQT stations were established at 
Phase II study sites RRM 0.1, RRM 3.5, RRM 11.8, and RRM 23.5 and two selected 
reference areas, one on the South River (SR-01) and one on the Middle River (MR-01; 
Figure 1-1). These stations were selected as a representative gradient of benthic 
macroinvertebrate exposure to sediment mercury concentrations in the South River. The 
selection of reference areas is described in more detail in Section 3.2.5.  

Sampling to support the SQT investigation was conducted in May 2010. A brief overview 
of the sampling approach and a summary of SQT investigation results are provided in the 
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following sections for each study element. Further detail regarding the study design and 
sampling methodologies are provided in the Phase II Environmental Impact Assessment: 
2010 Study Plans (URS, 2010). 

Sediment Chemistry 

Sediment sampling for chemical analyses consisted of collecting composite samples of 
interstitial sediment from the interstices of larger substrates. At each SQT station, a 
composite sample of interstitial sediment particles was collected along a gradient from 
toe of pool, transitional, and head of riffle habitats at the left, middle, and right points of 
the wetted stream channel. The composite sample was split in the field; an aliquot of the 
composite sample was submitted for sediment chemistry analyses, and the remainder of 
the composite sample was submitted for sediment toxicity testing (see below). In addition 
to mercury, interstitial sediment samples were analyzed for polycyclic aromatic 
hydrocarbons (PAHs), metals, pesticides/herbicides, and ancillary parameters (e.g., TOC 
and grain size).  

The results of sediment chemistry analyses were compared to SQBs to evaluate the 
potential for adverse effects to benthic macroinvertebrate communities resulting from 
exposure to sediment-associated constituents. With the exception of iron, manganese, and 
silver, concentrations of constituents detected in sediment were evaluated relative to 
consensus-based TECs developed by MacDonald, et al. (2000); concentrations of iron, 
manganese, and silver measured in sediment were evaluated relative to USEPA Region 
III Biological Technical Assistance Group (BTAG) values for freshwater sediments. 
TECs and BTAG values are conservative SQBs that represent concentrations below 
which adverse effects are not expected to occur. Concentrations of sediment-associated 
constituents in study site samples were also evaluated in the context of concentrations 
measured in samples from reference areas.  

Concentrations of non-mercury constituents in samples collected at study sites slightly 
exceeded or were below SQBs and reference sample concentrations (Table 6-3).  

 The sum of 13 PAH compounds (tPAH) was detected at concentrations lower 
than the tPAH SQB and the tPAH concentration measured at reference area MR-
01.  

 Heptachlor was the only pesticide detected in SQT sediment samples. The 
concentration of heptachlor in the sediment sample collected at RRM 0.1 slightly 
exceeded the TEC but did not exceed the heptachlor concentration measured at 
reference area MR-01.  

 Maximum concentrations of chromium, copper, silver, and zinc slightly exceeded 
SQBs and concentrations measured in reference area samples. Concentrations of 
iron and manganese in sediment samples collected from the study site exceeded 
SQBs but did not exceed the range of concentrations measured in reference area 
samples.  

 Total mercury concentrations in sediment samples collected from the study area 
ranged from 0.943 µg/g (dry weight) to 18.9 µg/g (dry weight), exceeding the 
TEC of 0.18 µg/g (dry weight) and the range of sediment mercury concentrations 
measured in reference area samples.  



Final Report: Ecological Study South River Data Integration
 

SR_EcoStudy_Final_Report_28SEPT2012.docx 87 
Fort Washington, PA 

 Methylmercury concentrations in sediment samples collected within the study 
area ranged from 1.83 ng/g (dry weight) to 102 ng/g (dry weight); methylmercury 
concentrations in sediment samples from reference area samples ranged from 1.16 
ng/g (dry weight) to 1.72 ng/g (dry weight). Maximum concentrations of THg and 
MeHg in SQT studies were measured in the interstitial sediment sample collected 
at RRM 3.5. 

Mercury concentrations in study site SQT samples were generally consistent with the 
range of sediment THg concentrations measured in historical data sets. The maximum 
sediment THg concentration of 18.9 µg/g (dry weight) measured in SQT samples 
represented the 78th percentile of THg concentrations measured in interstitial sediment 
samples collected within the study area. Similar to THg, concentrations of sediment 
MeHg represented by the SQT stations were generally consistent with the range of 
sediment MeHg concentrations measured in historical data sets (Figure 6-2); the 
maximum MeHg concentration of 102 ng/g (dry weight) represented approximately the 
68th percentile of MeHg concentration measured within the study area. These findings 
indicate that the concentration gradients of THg and MeHg measured in interstitial SQT 
sediment samples were representative of a broad range of mercury exposure historically 
measured in South River sediments (Figure 6-2). 

Sediment Toxicity Testing 

Sediment toxicity tests on interstitial sediment composite samples were conducted by EA 
Engineering, Science, and Technology, Inc. (EA) in Sparks, Maryland in accordance with 
USEPA Methods for Measuring the Toxicity and Bioaccumulation of Sediment-
associated Contaminants with Freshwater Invertebrates (USEPA, 2000) and EA standard 
toxicity testing protocols (EA, 2006). SQT sediment toxicity tests included the following:  

 Hyalella azteca 10-day Survival and Growth Test for Sediments (USEPA 
Method 100.1; USEPA, 2000) 

 Chironomus dilutus (formerly Chironomus tentans) 10-day Survival and Growth 
Test for Sediments (USEPA Method 100.2; USEPA, 2000)  

Test endpoints for each H. azteca included 10-day survival and mean dry weight per 
surviving organism; endpoints for C. dilutus included 10-day survival and mean ash-free 
dry weight per surviving organism. Acute tests are appropriate for the SQT framework 
and have been used in the development of sediment quality benchmarks (e.g., Field, et 
al., 2002). Laboratory performance criteria were satisfied for the endpoints in each test 
and the test results complied with National Laboratory Accreditation Conference 
(NELAC) standards.  

The results of the statistical evaluation indicated that the survival and growth of H. azteca 
and C. dilutus in study site treatments were not significantly lower than survival and 
growth in pooled reference area treatments (MR-01 and SR-01). A summary of the 10-
day sediment toxicity tests results for H. azteca and C. dilutus is provided in Table 6-4.  

 Survival of H. azteca and C. dilutus in study site treatments was not significantly 
different than pooled reference area treatments based on (Kruskal-Wallis 
ANOVA; p = 0.593 and p = 0.34, respectively).  



Final Report: Ecological Study South River Data Integration
 

SR_EcoStudy_Final_Report_28SEPT2012.docx 88 
Fort Washington, PA 

 H. azteca growth was not significantly lower in any study site treatments relative 
to pooled reference area treatments; however, H. azteca growth at study site 
RRM 3.5 was significantly greater than pooled reference area treatments (Kruskal 
Wallis ANOVA, p = 0.049; Mann-Whitney, p = 0.007).  

 C. dilutus growth was not significantly lower in any study site treatments relative 
to pooled reference area treatments; however, C. dilutus growth at study site 
RRM 3.5 was significantly greater than pooled reference area treatments 
(ANOVA, p = 0.007; Tukey, p = 0.008).  

 Performance of the reference areas was generally consistent with two exceptions: 
survival of H. azteca was low in two of the ten replicates performed at SR-01, and 
C. riparius growth and survival were greater at SR-01 than MR-01. This indicates 
that H. azteca survival was acceptable at SR-01 and unrelated to sediment quality.  

Comparisons of the toxicity testing results to sediment mercury concentrations indicate 
that the performance of test organisms in the 10-day exposures was not affected by the 
gradient of THg (Figure 6-3) or MeHg (Figure 6-4) concentrations in sediment from 
study sites. Survival and growth endpoints were not statistically lower in study site 
treatments with sediment THg concentrations ranging from 0.943 µg/g dw (RRM 0.1) to 
18.9 µg/g dw (RRM 3.5) or 1.83 ng/g dw (RRM 0.1) to 102 ng/g dw (RRM 3.5).  

Benthic Macroinvertebrate Community Structure 

Benthic macroinvertebrate communities were assessed at the study sites and references 
areas in conjunction with interstitial sediment sampling for sediment chemistry and 
sediment toxicity testing discussed in the preceding sections. The integration of benthic 
macroinvertebrate community data into the SQT investigation provides an empirical data 
set for in situ evaluations of potential toxicity.  

Three replicate composite samples were collected at the left, middle, and right points of 
the wetted stream channel. Each composite was comprised of three Surber samples 
collected along a gradient from toe of pool, transitional, and head of riffle habitats. 
Macroinvertebrate samples were generally co-located with the interstitial sediment 
sampling locations used for sediment chemistry and toxicity testing described in previous 
sections. Taxonomic analyses were based on a 100-organism sub-count. 

A multi-metric approach was used to evaluate differences in benthic macroinvertebrate 
community characteristics between study sites and reference areas. Basic benthic 
community metrics representing measures of macroinvertebrate taxa richness, diversity, 
tolerance, and composition were included in the analysis. A summary of benthic 
macroinvertebrate community metrics calculated for SQT stations is provided in 
Table 6-5. 

Evaluation of benthic metrics indicated that the macroinvertebrate community structure 
did not differ significantly between SQT study sites and pooled reference areas 
(Figures 6-4 and Figure 6-6) and are summarized as follows: 

 Metric values for taxa richness, percent Diptera, percent dominant taxon, percent 
EPT, Shannon’s diversity, and Pielou’s evenness, were not significantly different 
between study sites and the pooled reference areas (p > 0.05; Table 6-5).  
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 Percent Ephemeroptera and percent Trichoptera were lowest at study site 
RRM 3.2 and RRM 11.8, respectively; however, these values were not 
significantly lower than the pooled reference areas.  

 One-way ANOVA results for EPT richness indicated a significant difference; 
however, further evaluation of differences between study sites and pooled 
reference areas based on Tukey’s HSD did not indicate significant differences (p 
> 0.05).  

Comparisons of the toxicity testing results to sediment mercury concentrations indicate 
that benthic macroinvertebrate community structure was not affected by the gradient of 
THg (Figure 6-3) or MeHg (Figure 6-4) concentrations in sediment from study sites. 
Metrics of benthic macroinvertebrate community structure were not statistically different 
in study site treatments with sediment THg concentrations ranging from 0.943 µg/g dw 
(RRM 0.1) to 18.9 µg/g dw (RRM 3.5) or 1.83 ng/g dw (RRM 0.1) to 102 ng/g dw 
(RRM 3.5). 

Summary of Sediment Quality Triad Investigation 

The multiple lines-of-evidence in the SQT investigation were integrated into a weight-of-
evidence evaluation to assess potential benthic macroinvertebrate community impacts in 
the South River. The lines-of-evidence included in the SQT investigation vary in terms of 
relevance to the site-specific toxicity of sediments (Bay, et al., 2007); therefore, the lines-
of-evidence were weighted in the following order of descending relative weight:  

1) Benthic macroinvertebrate community analyses  

2) Sediment toxicity testing: 10-day H. azteca and 10-day C. dilutus tests 

3) Comparison of bulk sediment chemistry to SQBs 

As summarized in Table 6-6, the integrated lines-of-evidence for the SQT investigation 
indicate that exposure to mercury concentrations in interstitial sediments do not result in 
any measureable impacts to benthic macroinvertebrate communities of the South River as 
compared to pooled reference areas not subject to mercury contamination. Sediment 
samples collected at study sites contained THg at concentrations exceeding the TEC and 
reference area concentrations. However, THg and MeHg concentrations were not 
indicative of adverse effects in sediment toxicity testing or benthic macroinvertebrate 
community analyses: 

 Survival and growth endpoints for H. azteca and C. dilutus in 10-day sediment 
toxicity tests were not significantly lower at study sites when compared to pooled 
reference areas. 

 Benthic macroinvertebrate community metrics did not differ significantly between 
study sites and pooled reference areas. However, patterns for EPT, for example, 
suggested differences among sites, which were not significant due to high 
variability and relatively small sample sizes.  

Given that community analyses and sediment toxicity testing are more relevant indicators 
of potential impacts, adverse effects to benthic macroinvertebrate communities are not 
anticipated at interstitial sediment mercury concentrations represented by SQT samples. 
In summary, the integrated findings of the SQT investigation indicate that exposure to 
mercury concentrations in interstitial sediments do not result in any measureable impacts 



Final Report: Ecological Study South River Data Integration
 

SR_EcoStudy_Final_Report_28SEPT2012.docx 90 
Fort Washington, PA 

to benthic macroinvertebrate communities of the South River as compared to pooled 
reference areas not subject to mercury contamination. 

6.2.2 Field (In Situ) Microcosm Study 

A field-based (in situ) microcosm study was conducted in the summer of 2010 to assess 
potential impacts of environmental stressors on benthic invertebrate communities in the 
South River. Following approaches described by Clark and Clements (2006), substrate-
filled colonization trays were deployed at a reference area on the North River (NR-01) in 
June 2010. Further details regarding the methodology of the field (in situ) microcosm 
study can be found in the Phase II 2010 work plan (URS, 2010). 

After a 60-day colonization period, trays were selected at random and placed into in situ 
exposure chambers (n = 3 trays per chamber). Four in situ exposure chambers were 
transported via aerated cooler in a vehicle and deployed at each study site (RRM 0.1, 
RRM 3.5, RRM 11.8, and RRM 23.5) and reference areas (SR-01 and MR-01) for a 
seven-day exposure (Figure 1-1). However, during the study period, exposure chambers 
at RRM 3.5 were damaged during a high-flow event and the exposure chambers at 
RRM 23.5 were vandalized. This resulted in the loss of data for these two study sites. The 
remaining study sites, RRM 0.1 and RRM 11.8, represented low and high potential 
surface water mercury exposure, respectively, in the South River, satisfying the original 
objectives of the study.  

After a seven-day exposure period, the remaining exposure chambers at reference areas 
and study sites RRM 0.1 and RRM 11.8 were removed and sampled for benthic 
macroinvertebrate community analysis. In addition, the net-spinning caddisfly, 
Cheumatopsyche sp., was selected for total length measurements.  

Three types of control samples were included in the study design to evaluate potential 
impacts of sampling methodology and handling on benthic macroinvertebrate 
communities in exposure chambers: 

 The baseline benthic community, “NR-01-Baseline,” was established by sampling 
five replicate samples, consisting of three colonized trays each, at the end of the 
60-day colonization period.  

 The reference control, “NR-01-Reference,” consisted of 12 trays that were 
removed from the original colonization location and immediately placed back into 
the North River in four exposure chambers (n = 3 trays per chamber).  

 The transport control, “NR-01-Transport,” followed similar methodology to 
NR-01-Reference. However, the chambers were placed into aerated coolers and 
transported in a manner similar to that of the study sites before being placed back 
into the North River. Samples of both these controls were collected for benthic 
community analyses after the seven-day exposure period.  

Differences between benthic macroinvertebrate communities in exposure chambers 
placed for seven days at study sites and reference areas were based on statistical 
comparisons of the following community metrics: 

 Abundance 

 Taxa richness 
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 Intolerant taxa richness 

 Percent Ephemeroptera 

 Percent Ephemeroptera, Plecoptera, and Trichoptera (EPT) 

 Relative abundance of the dominant taxon 

 Shannon-Weiner Diversity Index (H) 

 Hilsenhoff Biotic Index (HBI)  

 Cheumatopsyche sp. total length measurements  

Reference Condition 

For a majority of the benthic community metrics, NR-01-Baseline was significantly 
different from NR-01-Reference and NR-01-Transport, indicating that the study 
methodology significantly affected benthic macroinvertebrate community composition. 
Based on this finding, further statistical analyses only used the NR-01-Transport data to 
represent exposure in the North River reference area because these samples were treated 
with the same handling and transport methods as the other reference areas and study sites.  

Further analysis of reference area samples indicated no significant differences between 
benthic macroinvertebrate community metrics for NR-01-Transport, SR-01, and MR-01, 
with the exception of log-transformed abundance. Based on this finding, NR-01-
Transport, SR-01, and MR-01were pooled and treated as the reference condition (REF) 
for additional statistical comparisons to benthic macroinvertebrate community metrics 
calculated for study sites RRM 0.1 and RRM 11.8.  

Results indicated that there were no population or community-level differences between 
the study site and reference area in situ microcosm benthic macroinvertebrate 
communities investigated. No significant differences were observed in the benthic 
macroinvertebrate community metrics or Cheumatopsyche sp. total length measurements 
between study sites (RRM 0.1 and RRM 11.8) and REF (Table 6-7). The results of the 
Bray-Curtis similarity correlation also indicated that benthic macroinvertebrate species 
compositions were similar between the study sites (RRM 0.1 and RRM 11.8) and REF, 
with relatively high similarity coefficients ranging from 0.768 to 0.813. 

Summary of Microcosm Study Results 

In summary, the results of the field (in situ) microcosm study were as follows: 

 Results did not indicate significant population-level differences between study 
site and reference area in situ microcosm benthic communities 

 Results did not indicate significant community-level differences between study 
site and reference area in situ microcosm benthic communities.  

6.2.3 Integrated Assessment of Invertebrate and Fish Response to Mercury 

There are many other factors that can cause changes in biological communities in aquatic 
systems, including water quality (e.g., dissolved oxygen) and the physical structure of the 
habitat. The response of aquatic ecological communities (benthic invertebrates and fish) 
to mercury concentrations in physical media and these other factors was evaluated in a 
series of models conducted by Dr. William Clements, of Colorado State University. The 
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full report is included as Appendix J, but the methods and results are summarized here. 
The goals of this study were as follows:  

 Examine the ecological responses of macroinvertebrate and fish communities to 
mercury concentrations in environmental media (sediment, surface water) 

 Quantify the influence of mercury relative to other abiotic factors.  

Specifically, the models tested the alternative hypothesis that longitudinal variation in the 
distributions of macroinvertebrate and fish communities in the South River were 
influenced by complex interactions, including mercury contamination in sediments, 
physicochemical variables, and geomorphological features that determine substrate 
composition.  

Objectives and Construction of Models 

The goal of these analyses was to assess the importance of mercury relative to other 
important abiotic variables. Therefore, for each response variable, a set of candidate 
models were developed that included the concentration of MeHg in pore water, percent of 
fine sediment, and a model that combined these two variables. 

General linear models were used to characterize spatial and temporal variation in 
macroinvertebrates and fish and canonical discriminant analyses on physicochemical and 
macroinvertebrate data. Analyses were conducted using log-transformed (or arcsine 
square root transformed for proportions) data to meet assumptions of normality and 
homogeneity of variance. Akaike’s information criterion (AIC) was used to identify the 
best models from a set of a priori selected candidate models (Burnham and Anderson 
1998). The advantage of AIC models is that although the amount of variation explained 
often increased as more variables were added to the models, the best models identified by 
AIC were generally not the most complex. In addition, because of the “penalty” 
associated with over-fitting models with additional variables, the best models do not 
necessarily have the largest R2 values. 

Benthic macroinvertebrate models were created to assess environmental factors known to 
influence the abundance and distribution of benthic macroinvertebrates in streams 
(Rosenberg and Resh, 1993). Benthic macroinvertebrate models developed for the South 
River Ecological Study included six abundance and richness metrics and abundance of 
eight dominant taxa, including several known to be sensitive to anthropogenic stressors. 
For example, previous studies have shown that abundance and richness of mayflies 
(Ephemeroptera) are especially sensitive to heavy metals and other contaminants 
(Clements, et al. 2000; Clements, 2004). For each response variable, a set of candidate 
models that were developed that included the concentration of THg in pore water, 
physicochemical parameters (DO, temperature, and conductivity) and geomorphological 
features at a site [percent fine-grained (i.e., <64 m in diameter) sediment, slope].  

For the fish population analyses, response variables included total fish abundance, total 
fish richness, and abundance of seven dominant taxa. Because of the relatively small 
sample size of the fish population data set, the a priori selected candidate models were 
relatively simple and included a maximum of two predictor variables (pore water MeHg 
and percent fine-grained sediment); preliminary analyses of fish data showed that MeHg 
in pore water was a better predictor of abundance and richness than THg. Preliminary 
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inspection of the data also indicated that substrate composition, especially the amount of 
fine-grained sediment at a study site, was correlated with fish abundance and richness.  

In order to complete the integrated analysis, samples were combined between studies and 
location to create sites with complete data arrays (i.e., physical, chemical, and biological 
variables). Benthic community samples were compiled from the SQT Study (2010) and 
the Phase I Quarterly Benthic Community Investigations (2006). For both benthic 
macroinvertebrates and fish samples, study sites from geomorphically similar reaches 
within two miles were grouped together. To account for differences in substrate 
composition among sites, macroinvertebrate colonization experiments were conducted 
using substrate-filled trays placed in the field for six weeks. The basic results of this 
study were described in Section 6.2.3. 

The concentrations of mercury in physical media grouped for the integrated analysis were 
similar to those described in Section 4, and are presented in Appendix J. Canonical 
discriminant analyses based on these physicochemical and habitat characteristics of the 
South River watershed showed considerable variation among study sites (Figure 6-7). 
Reference areas were separated from other sites based primarily on geomorphological 
features (slope, percent fines) and concentration of pore water mercury. Canonical 
variable 1, which explained 78% of the variation, separated study site RRM 19.0 from 
other sites based on its greater slope and lower levels of fine sediments. Canonical 
variable 2, which explained most of the remaining variation in multivariate space, 
separated reference areas and study site pair RRM 0.1/0.6 from other downstream sites 
based primarily on elevated pore water mercury.  

Spatial and Temporal Patterns for Macroinvertebrates and Fish 

Benthic Macroinvertebrate Communities 

Macroinvertebrate communities showed highly significant spatial and temporal variation 
in the South River (Table 6-8). With the exception of Chironomidae and Diptera, the 
overall general linear models were highly significant (p<0.0001) for all metrics 
examined. Most of the major macroinvertebrate groups and dominant families varied 
significantly among sites and seasons. The amount of variation (R2) ranged from 32% to 
81% and was explained by a relatively simple model that included site and sample date.  

The most consistent spatial pattern observed for macroinvertebrate communities was 
reduced abundance and richness at study sites RRM 3.5/5.2 compared to reference, 
upstream and downstream sites, which agrees closely with Phase I Evaluations 
(Section 5.2). For example, total abundance and species richness of mayflies were 
reduced by 60-80% at study site pair RRM 3.5/5.2 relative to the reference areas. 
Abundance of beetles (Coleoptera) was also significantly lower at study site pairs 
RRM 0.1/0.6 and RRM 3.5/5.2 compared to reference areas; however, unlike patterns for 
mayflies, abundance of beetles was also lower at the furthest downstream site pair 
RRM 22.4/23.5. Most of the macroinvertebrate metrics that were significantly lower at 
study site pair RRM 3.5/5.2 increased with distance downstream. In contrast to the 
patterns observed for abundance and species richness of mayflies (Ephemeroptera), 
caddisflies (Trichoptera) and true flies (Diptera) showed relatively little spatial variation 
among sites.  
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Patterns of spatial variation for abundance of dominant macroinvertebrate families 
differed among taxa (Figure 6-8). Abundance of most mayflies and beetles (specifically, 
Elmidae) was significantly lower at study site pair RRM 3.5/5.2 and/or RRM 11.8. Other 
groups either showed little variation among sites or were significantly elevated at 
downstream sites compared to reference areas (e.g., mosquito Family Simulidae).  

Community composition and the relative abundance of major macroinvertebrate groups 
also varied among sites and reflected the lower abundance of mayflies at study site pair 
RRM 3.5/5.2 (Figure 6-9). Mayflies accounted for only 5.5% of total macroinvertebrate 
abundance at this station, which was dominated by caddisflies, true flies, and non-insects. 
Finally, multivariate analyses of macroinvertebrate communities based on abundance of 
dominant macroinvertebrate families showed highly significant variation (p<0.0001) 
among sites (Figure 6-10). This spatial variation was primarily a result of the separation 
of study site pair RRM 3.5/5.2 from all other reference areas and downstream sites. 
Separation of study site pair RRM 3.5/5.2 along canonical variable 1 explained 60% of 
the variation and resulted primarily from lower abundance of the mayfly Families 
Caenidae, Ephemerellidae, and Heptageniidae (Table 6-9).  

Fish 

Spatial patterns of species richness, total abundance, and abundance of dominant fish 
species were highly variable among sites (Figure 6-11). Statistically significant 
differences among sites were observed for abundance of white suckers, mottled sculpin, 
and fallfish and for total species richness (Table 6-10). The amount of variation explained 
by a relatively simple model that included site and percent fines ranged from 25% to 
89%. The most consistent pattern in these data was lower abundance at downstream sites 
RRM 14.6, RRM 19.0, RRM 22.4, and/or RRM 23.5. Although other species and 
community metrics showed similar spatial patterns (e.g., common shiner, spottail shiner, 
and total fish abundance), these differences were not statistically significant, primarily 
due to high seasonal variation. Abundance and species richness of fish at study site pair 
RRM 3.5/5.2 and RRM 11.8 were generally similar to or greater than abundance at the 
reference areas, despite elevated mercury levels in sediments. These results were very 
different from the spatial trends observed for macroinvertebrate communities.  

Benthic Macroinvertebrate Colonization Dynamics 

Colonization experiments were conducted to quantify the influence of substrate 
composition on macroinvertebrate communities (study objectives and methodology 
described in Section 6.2.3). Because substrate characteristics in colonization trays were 
similar at the start of the experiment, it was hypothesized that spatial variation in 
community composition would reflect local macroinvertebrate densities and be less 
influenced by site-specific differences in substrate quality. By accounting for differences 
in substrate composition, this experiment also allowed us to relate variation in 
macroinvertebrate community structure to levels of Hg in sediment. Concentrations of Hg 
in sediment measured when colonization trays were collected showed that total and 
methyl Hg were elevated in the South River compared to the reference (Figure 6-12). 
Sediment Hg was especially elevated at study sites RRM 3.5 and RRM 11.8.  
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To examine selectivity of colonization trays, the abundance of dominant groups in trays 
and Surber samples collected from natural substrate (Figure 6-13) were evaluated. 
Although colonization trays showed some selectivity for Diptera (primarily 
Chironomidae) at some sites, the proportion of most major groups was similar between 
collection techniques, suggesting that colonization trays did a reasonable job of 
characterizing communities in the natural substrate.  

Species richness and abundance of all macroinvertebrate groups and most dominant taxa 
increased significantly over the 6-week colonization period (Table 6-11 and Figure 6-14). 
A simple model that included site and colonization time explained 22% to 57% of the 
variation in all metrics. Most of the abundance and richness measures become asymptotic 
over time, indicating that a 6-week colonization period was sufficient to characterize 
dynamics of these communities. 

Although there were significant differences among sites for some macroinvertebrate 
groups, these were not consistent across metrics. Measures of mayfly richness, EPT, and 
number of taxa showed only temporal changes and did not vary significantly among sites 
(Figure 6-14A). Total species richness was lower at RRM 11.8 and was the only richness 
metric that varied significantly among sites. Spatial patterns of macroinvertebrate 
abundance were also quite variable among groups. For example, while some of the 
mayflies were lower at study sites compared to reference areas, these patterns were 
highly variable over time. Total abundance of Ephemeroptera was similar among sites 
until W4 and then increased at the reference area. However, these differences among sites 
were not significant. Abundance of the mayflies Baetidae and Ephemerellidae showed 
only temporal variation and did not differ significantly among sites (Figure 6-14B). 
Abundance of the mayflies Caenidae and Heptageniidae were greater at the reference 
area, but these differences were not consistent among downstream sites. In contrast to the 
patterns for mayflies, abundance of Hydropsychidae, Chironomidae, and Leptoxis sp. 
(Gastropoda) was significantly greater at some downstream sites. The only group that 
showed a consistent response that appeared to be related to levels of Hg contamination in 
sediments was Elmidae (Coleoptera).  

Multivariate analyses based on abundance of the eight dominant taxa in Figure 13B 
showed highly significant differences among sites on all sampling dates (Table 6-12 and 
Figure 6-15). The reference area was most similar to RRM 0.1 and clearly separated from 
study sites RRM 3.5 and RRM 11.8. Separation in multivariate space was associated with 
greater abundance of several species of mayflies and Elmidae (Coleoptera) at reference 
area and greater abundance of Hydropsychidae (Trichoptera at downstream sites. These 
results were similar to the spatial patterns for macroinvertebrates in the routine 
monitoring study described above.  

Benthic Macroinvertebrate Model Results 

The results of the benthic macroinvertebrate models suggest that benthic invertebrate 
community structure were determined more by interactions between physicochemical 
parameters and substrate than mercury concentration. The single best model for 
abundance of mayflies (Ephemeroptera), total macroinvertebrate abundance and total 
species richness included only physicochemical (conductivity, dissolved oxygen and 
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temperature) or geomorphological (percent fines and slope) variables (Table 6-13 and 
Figure 6-16).  

The concentration of pore water THg as a predictor, either alone or in combination with 
other variables, improved the mayfly richness model. Although the best model identified 
by AIC for mayfly richness included geomorphological and physicochemical variables 
(w = 0.34), it was not largely better than a model that included pore water mercury in 
combination with these variables (w = 0.30; R2 = 0.49). In other words, models with or 
without pore water THg were equally predictive of mayfly richness. None of the models 
for abundance of caddisflies (Trichoptera) or Diptera were significant. 

Responses of the eight dominant aquatic insect families were generally similar to those 
for the summary metrics described above. These dominant families accounted for 80% to 
95% of all aquatic insects and 64% to 93% of total macroinvertebrate abundance. The 
single best model identified for mayflies (Family Baetidae, Ephemerellidae, and 
Heptageniidae) and the caddisfly Family Hydroptilidae (model weights = 0.65-0.76) 
included only physicochemical and/or geomorphological variables, with R2 values 
ranging from 0.27 to 0.62. The best model identified for Elmidae (Coleoptera) included 
physicochemical variables and pore water THg (w = 0.41), which was indistinguishable 
from a model that included only physicochemical variables (w = 0.40). Both of these 
models had moderate predictive ability (R2 = 0.31 and 0.37). None of the models 
developed for Hydropsychidae (Trichoptera) or Chironomidae (Diptera) were statistically 
significant (Table 6-14 and Figure 6-17). 

Of the14 macroinvertebrate variables examined, abundance of the mayfly Caenidae was 
the only response variable that included pore water mercury alone as a candidate model. 
Although the best model for abundance of Caenidae included geomorphological features 
and pore water THg (w = 0.47; R2 = 0.36), there was support for the model that included 
only pore water THg (w = 0.25; R2 = 0.22).  

Fish Model Results 

Statistically significant models were developed for all variables except abundance of 
bluehead chub. Unlike results for macroinvertebrate communities, pore water THg was 
the most important predictor for several responses, including the abundance of common 
shiner, mottled sculpin, spottail shiner and total fish abundance. Model weights (w) for 
these Hg-only models ranged from 0.77-0.88, and the amount of variation explained (R2) 
ranged from 36% to 67%. Models that included the percent of fine sediments or a 
combination of percent fine sediments and pore water MeHg, were the best models for 
the remaining metrics. The amount of variation explained by these combined models 
ranged from 58% to 95% and model weights ranged from 0.58 to 1.0 (Table 6-15 and 
Figure 6-18). 

Adequacy of Macroinvertebrate and Fish Population Data 

An important aspect of this type of approach to assessing impacts is the adequacy of the 
data to explain the variation in macroinvertebrate and fish populations, which are 
dynamic both spatially and temporally. A total of 282 benthic macroinvertebrate samples 
comprising an estimated 280,000 organisms were collected from the South River and 
associated reference sites over a five-year period between 2006 and 2011. To reduce the 
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small-scale microhabitat variability, most of these individual Surber samples consisted of 
three to four composited samples. To examine seasonal variation in benthic communities, 
samples were collected in spring, summer, fall, and winter. The spatial extent of these 
samples included > 20 miles of the South River and four additional reference sites. 
Statistical models that accounted for spatial and temporal patterns in the data on average 
explained approximately 60% of the total variation in abundance and species richness. 
These results suggest that the data are adequate to characterize spatial and temporal 
variation in benthic macroinvertebrate communities in the South River for the purposes 
of the Ecological Study.  

Although data to characterize fish populations in the South River were somewhat less 
extensive than the macroinvertebrate data, a total of 46 fish species including > 15,000 
individuals were collected from the South River and nearby reference sites. Each 
collection consisted of an extensive two to three pass removal effort; multi-pass 
electrofishing has been proven to be critical for assessing fish community structure 
adequately (Meador, et al., 2003). The spatial and temporal extent of the fish samples 
were similar to the macroinvertebrate collections and included > 20 river miles sampled 
in spring, summer, fall, and winter. A relatively simple model that included site and 
percent fine sediments on average explained 57% of the variation in fish abundance and 
richness. These results suggest that data are adequate to characterize spatial and temporal 
variation in fish populations in the South River for the purposes of the Ecological Study. 

Summary 

Results of this study indicate that the distribution and abundance of macroinvertebrates 
and fish communities in the South River were influenced by a complex interplay of 
physicochemical variables, geomorphological characteristics and pore water mercury. 
Differences in abundance and species richness among sites were highly significant for 
most metrics examined. Compared to reference areas, abundance and richness of several 
macroinvertebrate groups were significantly reduced at study sites RRM 3.5/5.2 and 
RRM 11.8 and then gradually increased downstream. This pattern was most apparent for 
mayflies and elmid beetles. In contrast, other macroinvertebrate groups, especially 
caddisflies and dipterans, showed relatively little variation among sites. Spatial variation 
in the relative abundance of major macroinvertebrate groups also revealed low abundance 
of mayflies at study sites RRM 3.5/5.2 and RRM 11.8. Finally, results of multivariate 
analyses based on abundance of dominant taxa showed that study sites RRM 3.5/5.2 were 
significantly separated from other sites primarily because of lower densities of several 
families of mayflies.  

Spatial patterns of fish abundance and species richness in the South River were very 
different from those for macroinvertebrates. Because of high variation within sites and 
comparatively low statistical power, spatial variation for most fish species was not 
statistically significant. Although abundance of some species was lower at study sites 
RRM 3.5/5.2 and RRM 11.8, several species were actually more abundant at these sites 
compared to reference areas. Unlike patterns of species richness for macroinvertebrates, 
species richness of fish was generally greater at study sites RRM 0.1/0.6, RRM 3.5/5.2, 
and RRM 11.8 compared to either reference or downstream sites. These analyses also 
showed that total macroinvertebrate abundance was not a significant predictor for any 
fish species, despite their close association with benthic habitats and reliance on 
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macroinvertebrate prey. These results suggest that macroinvertebrate and fish 
communities in the South River were likely influenced by different environmental 
factors. For example, the most consistent pattern for fish communities was reduced 
abundance and richness at the furthest downstream sites. These sites were generally 
characterized by higher slope and lower amounts of fine sediments. 

Results of the benthic macroinvertebrate colonization study were quite different from the 
monitoring studies conducted in 2006 and 2010, suggesting that substrate composition 
likely influenced abundance and distribution of macroinvertebrates in the South River. 
Although macroinvertebrate abundance and species richness increased over the 6-week 
colonization period at all sites, there were relatively few differences among sites. More 
importantly, spatial variation in macroinvertebrate communities was not consistently 
related to Hg in sediments. For example, during the 2006 and 2010 monitoring studies 
species richness of mayflies, EPT richness and number of taxa were significantly reduced 
at downstream sites compared to reference areas. However, these metrics were similar 
among sites in the colonization experiments. The only exception to this pattern was for 
total species richness, which was significantly reduced at study site RRM 11.8 compared 
to all other sites. It is unlikely that spatial variation in total species richness was related to 
interstitial Hg. Total species richness at the reference area and at study site RRM 3.5 was 
similar, despite the fact that interstitial Hg was elevated and similar to concentrations 
measured at RRM 11.8.  

Results of this study suggest that effects of mercury on macroinvertebrate and fish 
communities in the South River were minimal and likely confounded by natural variation 
in physicochemical variables, grain size, organic carbon content and other abiotic 
variables. In addition to these local physicochemical variables, macroinvertebrate and 
fish communities in the field are influenced by landscape characteristics (e.g., elevation, 
stream order) and biotic interactions. These other factors complicate the ability to 
develop statistical relationships between the contaminants and responses, particularly at 
low metal concentrations.  

6.3 Conceptual System Model 

The CSM described in Section 3.3, is a simplified representation of mercury movement 
in the South River from primary sources, to high trophic level organisms. A schematic 
describing the movement of mercury in the South River is shown in Figure 3-2. In 
addition to being a representational understanding, the CSM provides a framework for a 
numerical quantification of IHg sources and ranking of the pathways by which MeHg is 
accumulated in higher trophic level organisms. It is an important tool for helping to 
integrate disparate data, and to communicate with decision makers and the public.  

The objectives of the conceptual model include identifying the following:  

 Hg sources and pathways that are primarily responsible for elevated fish mercury 
levels in the contaminated reach of the South River 

 Factors controlling the natural rate of recovery of the system 

 Pathways that may be feasible to intercept to reduce fish mercury levels 

 Gaps in the data sets or state of knowledge of mercury cycling that may need to 
be addressed when assessing potential remedial options 
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The conceptual model has focused on the aquatic system and mercury bioaccumulation in 
smallmouth bass, which is an important ecological receptor because they occupy a high 
trophic level in the South River and are potentially consumed by humans and other 
ecological receptors. Multiple lines-of-evidence were used where possible, including 
field studies, laboratory experiments, and models. A schematic representation of how the 
CSM integrates the studies performed on the South River is shown in Figure 6-19. Efforts 
focused initially on the river section from the Site at RRM 0.2 downstream to RRM 9.9 
under baseflow conditions. This section of the river was previously shown to be the 
primary source of mercury loading to the South River. The highest mercury 
concentrations in eroding bank material occur at approximately RRM 2-4 while IHg 
concentrations in water and sediments peak in the vicinity of RRM 5-10. Filtered IHg and 
FMeHg concentrations in water and fish peak slightly farther downstream, in the vicinity 
of RRM 10-15. This pattern implicates this reach as the location of IHg sources and is 
consistent with historical releases from a point source, and a current situation with IHg 
and MeHg sources distributed along the river (Section 4). This pattern is also consistent 
with the identification of primary sources (e.g., HRADs) and eroding banks with high 
THg concentrations.  

A key assumption in the assessment was that all IHg sources were equally available for 
methylation. This important assumption needs ongoing examination as analytical 
technology develops to measure concentrations and the origins of bioavailable mercury – 
that portion of mercury that is taken up by bacteria and converted to MeHg. Currently 
there is a technological gap in the understanding of these processes in situ.  

6.3.1 MeHg Transfer Through Food Web 

The CSM considers the bioaccumulation of MeHg by top-level predators (e.g., the 
smallmouth bass) via the food web. Field studies and modeling were used to identify the 
trophic structure of the aquatic food web in the South River and associated MeHg fluxes 
(Figure 6-20). Field studies included fish capture and stomach content analyses for 
several fish species (Section 5.3.5), nitrogen isotope studies of the food web 
(Section 5.1), invertebrate dietary studies (Merritt and Aotani., 2008), and MeHg uptake 
studies for mayfly nymph and crayfish (Section 5.2.3).  

MeHg uptake by smallmouth bass was simulated using the BASS bioenergetics model 
(Barber, 2008), which is described in Section 5.3.6. Consistent with several other studies, 
90% or more of the estimated MeHg supply to fish was via the diet, rather than gill 
uptake. Approximately 90% of the predicted dietary uptake of MeHg by smallmouth bass 
was via aquatic organisms while ~10% was via consumption of terrestrial insects. 
Although direct uptake of MeHg by bass is through the diet, indirect uptake, which 
considers the sources of MeHg to smallmouth bass diet items, indicates the importance of 
uptake from the water column. Approximately half of the MeHg ultimately accumulated 
by smallmouth bass was derived indirectly from seston and filtered water while roughly 
one third was taken up by periphyton, surface coatings, and detritus associated with 
sediments or the sediment-water interface (where a water component to MeHg exposure 
is also likely involved).  

The link between the biotic and abiotic components of the South River is the production 
of MeHg in sediment. Based on the well-oxygenated water column, it is assumed that in-
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situ methylation occurs in surface sediments in areas with fine-grained material. The 
ability for the various sediment environments in the South River to methylate mercury 
was discussed in Section 4.7 and demonstrated by Yu, et al., (2011).  

MeHg produced in interstitial or bulk sediment must move into compartments at the base 
of the food web before ultimately being accumulated by smallmouth bass. These 
compartments include periphyton, surface coatings on rocks, seston, filtered water or 
pore water, submerged aquatic vegetation and detritus/fine sediments (Figure 6-20). 
Bioenergetics modeling predicted differing degrees of importance for each of these 
compartments as a source of MeHg that ends up in smallmouth bass. For example, 
periphyton was responsible for ~5% to 10% of MeHg accumulating in smallmouth bass, 
less than detritus (~25%) or MeHg in the filtered phase of water (>50%). It is not clear 
how quickly MeHg exchange occurs among these various compartments at the base of 
the food web, but it could be rapid. Therefore, it was assumed that all MeHg supplied to 
different compartments at the base of the aquatic system is immediately exchangeable 
among compartments.  

Ultimately, smallmouth bass derive the majority of their MeHg from two sources: 
omnivorous invertebrates (e.g., crayfish) and insectivorous fish (e.g., longnose dace, 
common shiner). This is due to the prevalence of these items in the diet of the 
smallmouth bass and the high MeHg content of these organisms.  

Due to the greater presence of gravel beds in the river compared to fine grained sediment 
areas (roughly 85% vs. 15% on an area basis), the majority of MeHg supply in the river is 
expected to be interstitial areas of gravel beds. Higher IHg and MeHg pore water 
concentrations in fine grained sediment areas of the river resulted in slightly greater 
weighting of fine grained sediment areas compared to using areal coverage alone.  

6.3.2 Sources of Mercury to the South River 

The IHg that is converted to MeHg in sediment is a mixture of IHg released in the past 
and ongoing sources that are active today. These sources were quantified to the extent 
possible and ranked. These rankings may be used in remedial decision-making for the 
South River.  

Estimated mercury sources and abiotic fluxes ultimately leading to MeHg accumulation 
in smallmouth bass are presented in Figure 6-21. Independent estimates were made for 
each potential mercury source to zones of methylation in sediment, using data from the 
range of existing field and laboratory studies conducted in the South River. The lines-of-
evidence and the sources used to estimate contributions for each line-of-evidence is 
included as Appendix K.  

The sources of IHg to the South River are as follows:  

 Bank erosion 

 Invista plant outfall 

 Fluxes from deep to shallow sediment  

 Tributaries/floodplain runoff 

 Groundwater 
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 Bank leaching 

 Atmospheric deposition 

Percent contributions from these sources were calculated, in part, based on the results of a 
comprehensive mass balance assessment conducted for the reach between RRM 0 and 
RRM 5.1. The mass balance model is depicted in Figure 6-22, and the weight of evidence 
sources are described in Appendix K. The difference between the IHg and MeHg load at 
RRM -2.7 and RRM 5.1 under baseflow conditions as measured during baseflow 
conditions over the course of the Ecological Study formed the basis of the mass balance. 
The loads from each of the sources were calculated or estimated based on the data 
collected to date, and the loads were summed to determine if the measured loads from the 
sources agreed with the total load over the reach.  

The largest (40% to 60% of IHg) source is estimated to be erosion of soil from river 
banks with IHg derived from that previously released from the facility and deposited in 
near-bank areas. This is supported by the statistical models developed for the South River 
(Section 6.1), which found that THg loading from banks was an important correlate for 
mercury concentrations in surface water, sediment, and biological tissue. MeHg 
concentrations are low in soil, and bank erosion is not an important source of MeHg.  

The second largest IHg source is estimated to be diffusive fluxes of inorganic mercury 
from sediments stored in the gravel matrix of the river bed (15% to 35%). Flux from 
sediment is the single most important source of MeHg to the water column. Given the 
importance of aqueous exposure for MeHg uptake by clams and other invertebrates 
(Section 5.2.3), sediment flux is an important component in MeHg fate and transport in 
the South River. The flux estimates are based both on measured rates from BFCs 
(Section 4.6.3) and by estimates of IHg and MeHg mass transfer, which are described in 
Appendix K. The fact that the BFC data were very consistent between seasons and matrix 
types reflects that the measurements were mostly performed during the warm months 
(April to September) and that the entire stream bed, not just fine-grained sediment 
deposits, acts as a source of both IHg and MeHg. 

Several sources contribute relatively small loads to the South River. Mercury loading 
from the Site has been measured as part of the RCRA corrective action since 1998; since 
the beginning of routine monitoring of mercury loads from the Site, the average THg 
mercury loads has been approximately ~1 g/d. Several interim remedial measures have 
been conducted at the Site to remove mercury from the stormwater system. In response 
the loads were temporarily higher than 1g/d but are declining to pre-remediation levels. 
There is little MeHg loading from the Site due to low concentrations of MeHg in outfall 
water. Bank leaching – the process by which soil particles dissolve in the presence of 
water, and mercury – is transported through soil pore spaces via advection, is estimated to 
be a minor source of IHg and MeHg to the South River; bank leaching calculations are 
described in Appendix K.  

Likewise, while groundwater may account for ~30% of river discharge in some reaches 
(Grosso, 2006), it has been found to have relatively low mercury concentrations. Despite 
their role in draining areas of the floodplain with high mercury concentrations in soil, 
tributaries and floodplain drainage channels represent small sources to the river 
(Section 4.1.2).  
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6.3.3 Downstream of RRM 10 

Under baseflow conditions, incremental loading of THg to the water column is often 
negative downstream of RRM 10 (Section 4.1.1; HydroQual, 2009). This indicates that 
the source of the relatively high concentrations in surface water downstream of RRM 10 
is from upstream sources, and that the sources of THg in this reach are limited. An 
implication of this finding is that fish MeHg exposure downstream of RRM 10 would be 
significantly reduced if mercury contamination upstream were addressed.  

However, during storms, net THg loading to the water column is positive in several 
reaches (Section 4.2.2), owing to sediment resuspension, increased contributions from 
bank erosion and floodplain runoff. The numeric model used by the USGS in the 
development of the mercury TMDL (Eggleston, 2009) suggests that floodplain runoff 
becomes a more important contributor to annual mercury loading to the water column 
downstream of RRM 10.  

6.3.4 Influence of Storms 

The weight of evidence collected to date suggests that storms have transient and short-
term effects on concentrations of mercury in the South River. Two storms were sampled 
intensively with highly consistent results. In addition, the South River TMDL (Eggleston, 
2009) agrees with the results of the storm sampling, indicating that runoff from the 
floodplain during storm events accounts for 15% of the total load to the reaches 
downstream of the Site.  

It is possible that storm events have the potential to mobilize mercury and induce a newly 
contaminated state, via mechanisms, including the following: 

 Increased erosion rates in river banks and the river bed 

 Higher water levels, resulting in greater areas of inundated banks 

 Increased loading of floodplain runoff, IHg and MeHg to the river 

 Increased interflow (soil water drainage) 

 Side channels that are not part of the low flow regime become inundated and 
better connected hydrodynamically with the river. These areas may also 
experience increased erosion compared to low flow conditions 

The above mechanisms may be at least partly offset by the introduction of low-mercury 
sediments from upstream and reduced erosion of contaminated soil from stabilized river 
banks. Flanders, et al. (2010), for example, reported lower mercury concentrations on 
particles during periods of high flow in the South River, presumably due to the influx of 
lower-Hg solids and water from upstream.  

It has been hypothesized that storms may affect the biological conditions affecting MeHg 
production and bioaccumulation in aquatic and terrestrial biota. Because MeHg 
concentrations may increase in association with wet/dry cycles (e.g., Gustin, et al., 2006), 
significant flooding events could be relevant for the South River floodplain and terrestrial 
uptake of MeHg. Flooding during storm events has clearly been the key mechanism in 
transporting mercury to the floodplain, and the interactions between surface water and 
soil (e.g. erosion) are considered the primary drivers of ongoing elevated mercury 
concentrations in the South River (Section 6.3.2).  
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There are currently no data that demonstrate enhanced uptake of MeHg via terrestrial 
food webs following storms, and the relatively short duration that floodplain inundation 
represents may limit the significance. Within the river, storms may have the potential to 
change aquatic invertebrate biomasses and community structure, but the existing 
evidence collected in the South River indicates that these effects are short-term in 
duration (Hendricks, et al., 1995). In addition, the organisms that would be most exposed 
to mercury via this pathway (e.g., amphibian larvae) might be completely dependent on 
pond formation, so any efforts to minimize flooding in certain areas may have direct 
deleterious impacts on certain ecological receptors. 

Given the weak association between fish tissue THg and the annual peak discharge three 
years prior to fish sampling (Section 6.1.4), the influence of storms could be incorporated 
into future monitoring efforts. In particular, under potential future conditions where 
mercury loads are reduced in the South River, loads from the floodplain could account 
for larger percentages of the THg load or influence mercury methylation in certain 
habitats. 

6.4 Relative Risk Model 

All ecosystems are influenced by a variety of natural and anthropogenic stressors. The 
Relative Risk Model is a semi-quantitative approach to ecological risk assessment that 
serves as a tool to evaluate the contributions of multiple environmental stressors on 
various assessment endpoints. Relative evaluations are carried out among different 
habitat types, to provide a comparison of ecological risks across multiple regions (Landis, 
2005). The general Relative Risk Model framework can be conceptualized using 
pathways from sources to stressors, stressors to habitats, and habitats to assessment 
endpoints. The Relative Risk Model can be used by resource managers to compare 
multiple, often disparate, factors contributing to overall ecological risk. These 
comparisons can help guide restoration efforts and resource allocation, to ultimately 
improve the condition of the desired endpoints.  

Landis (2011) used the Relative Risk Model methodology to assess the relative risk to 
various endpoints in the South and South Fork Shenandoah watersheds. In this study six 
risk regions within the watershed were delineated to compare relative risk among the 
regions. The study area extended from the upper South River, upstream of Waynesboro, 
to the confluence of the South Fork Shenandoah and Big Run. Each of the six risk 
regions was assessed relative to one another for a variety of biological endpoints (e.g., 
big brown bat, little brown bat, belted kingfisher, mink, otter, smallmouth bass, American 
toad, and wrens) as well as ecological service endpoints (e.g., water quality and 
recreation). Both anthropogenic and naturally sourced stressors were considered across 
habitats or locations suitable for each endpoint. Uncertainty analyses of stressors, 
habitats, and endpoints were conducted with the Oracle® Crystal Ball software using a 
10,000-iteration sampling technique. The uncertainty modeling determined specific 
probability distributions for each stressor, habitat, and endpoint to evaluate what factors 
have the greatest impact on overall risk with the highest certainty.  
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A report of the findings of the RRM assessment conducted by Landis is currently in 
preparation. Key preliminary findings are summarized as follows (Landis, 2011): 

 Risk to all stressors and all endpoints considered are highest in Risk Region 2, 
which includes the area around Waynesboro, followed by Risk Region 5, which 
extends from Harriston, Virginia to the confluence with the North River.  

 Risk Region 6, the upper reach of the SFS, has the highest overall risk due to 
mercury across all endpoints. 

 Of all stressors evaluated for all end points, mercury presents the highest risk 
followed by particulates, other contaminants (e.g., metals, PAH, and pesticides), 
and then temperature. 

 Recreation and water quality endpoints have the highest risk across all risk 
regions.  
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7.0 Findings 
In the previous sections of this report, the physical, chemical, and biological elements of 
a six-year Ecological Study of the South River and a segment of the South Fork 
Shenandoah River, Virginia were described. Conducted in two phases, and in accordance 
with the Consent Decree between DuPont and Sierra Club/Natural Resources Defense 
Council (Civil Action No. 5:05CV30013, July 1, 2005) (Consent Decree), the Ecological 
Study focused on addressing four major questions: 

 Why has mercury remained higher than previously predicted in fish tissue in 
certain areas? 

 How is bioavailable mercury getting to the river ecosystem in the Study area?  

 How is mercury getting into tissue of fish and aquatic animals in the Study area? 

 Are there specific mercury pathways that significantly contribute to mercury 
levels in fish tissue in the Study area? 

Much has been learned over the course of this six-year study which ran parallel to similar 
studies and efforts of the South River Science Team (SRST). The important role played 
by the SRST members in the development of the Ecological Study will be discussed in 
this section. The SRST (described in paragraphs 10 and 11 of the Consent Decree) is a 
multi-stakeholder group that was formed on February 14, 2001 prior to DuPont’s 
interactions with Sierra Club/NRDC. From the beginning, the SRST focused on similar 
questions related to the fate and effects of mercury in the South River and South Fork 
Shenandoah river systems. Composed of representatives from the state and federal 
government, local academic institutions, and environmental groups, the SRST continues 
to be a central organization where studies on the South River and South Fork Shenandoah 
River are designed and implemented, results analyzed and discussed, and through which 
communications are made both locally at the community level and nationally through 
scientific professional societies.  

In addition to the important role the SRST has played in the development and 
implementation of the Ecological Study, there has been considerable and valuable 
technical exchange between DuPont and the NRDC and Sierra Club through their 
technical resource, Dr. Robert Livingston. Dr. Livingston offered technical advice and 
guidance in the design of major portions of the Ecological Study, and also made 
significant recommendations regarding data analysis and interpretation. Collectively, 
NRDC and the internationally recognized mercury experts of the SRST, as well as 
representatives of the U.S. Environmental Protection Agency, U.S. Fish & Wildlife 
Service, and the Virginia Department of Environmental Quality (VADEQ), were invited 
to comment on the Ecological Study as it was being designed and implemented, and 
thereby helped to increase its technical strength. URS and DuPont, in preparing this final 
report and reaching its conclusion regarding whether or not to pursue potential 
remediation, wish to acknowledge the importance of Dr. Livingston as well as those from 
the governmental, academic, and environmental community for providing peer review 
throughout the Ecological Study. These individuals also shared their experience and 
information from other mercury sites in and outside the U.S., especially where there was 
experience that helped to improve the work conducted under the Ecological Study. 
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Drawing on these individuals and the many discussions with NRDC and the SRST 
proved invaluable in the implementation of the Ecological Study.  

DuPont expects that the SRST will continue to play a central role in addressing the 
legacy mercury contamination of the South River into the foreseeable future and plans to 
continue its participation in the SRST for that and other projects, which include the 
following: 

 Corrective Action at the former DuPont facility under the Resource Conservation 
and Recovery Act (RCRA) – overseen by the U.S. Environmental Protection 
Agency and VADEQ  

 Natural Resource Damage Assessment – a collaborative effort with U.S. Fish & 
Wildlife Service and VADEQ 

 Developing an Implementation Plan for the mercury-based Total Maximum Daily 
Load (TMDL) for the South River – a collaborative effort with VADEQ 

 Developing and implementing remedial approaches for the South River as 
contemplated under RCRA and potentially this Consent Decree 

DuPont has worked closely with URS during the Ecological Study, and the summary 
below reflects the collective understanding gained from analysis of the data and through 
interactions with the NRDC and the SRST as noted above. The findings of the Ecological 
Study can be summarized by responding to the main questions as outlined below.  

(1) Why has mercury remained higher than previously predicted in fish tissue in certain 
areas? 

The major reason why mercury has remained higher in fish tissue than previously 
predicted is that inputs of inorganic mercury to the South River have not been mitigated 
through natural attenuation (recovery) as predicted in earlier reports. Several earlier 
reports suggested that sedimentation and other natural processes would ultimately reduce 
or eliminate entry of mercury into the South River. The Ecological Study demonstrates 
that the South River is geologically (physically) constrained by bedrock, with only 
limited horizontal migration of the main channel over time. This lack of channel 
migration coupled with overall geological (physical) stability reduces those processes that 
might otherwise transport sediment- and soil-associated mercury out of the river system. 
Additionally, the supply of low mercury concentration sediment to the South River is not 
high enough to dilute the high inorganic mercury load from ongoing sources. In contrast, 
other aquatic systems where mercury has been found to naturally attenuate generally have 
few ongoing sources and higher rates of sedimentation than the South River. Since the 
legacy mercury continues to enter the South River, it remains active in the river’s overall 
hydro-geological processes, primarily through the mechanism of erosion of mercury-
laden bank soils and secondarily through re-suspension of the particulate-bound mercury 
that resides in bed sediments. Also there is a small but continuing input of legacy 
mercury from the former DuPont Waynesboro facility that is being addressed actively 
through the RCRA program. 

An additional reason that the prediction regarding mercury in fish tissue was not accurate 
is that the initial assessments conducted in the 1970s and early 1980s were limited by the 
lack of understanding regarding mercury fate and transport. The finding that small 
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amounts of mercury could result in high concentrations in fish tissue was demonstrated in 
the early 1990s. Similarly, although it was known that some microorganisms could 
methylate mercury in the 1970s, the microbial methylation of mercury in freshwater 
systems remained poorly understood until the early 1990s, when studies found that 
methylmercury was produced in freshwater sediments with low or no oxygen present. 
Subsequent studies, including those conducted on the South River, have found that a 
diverse group of microorganisms can methylate mercury at high rates in freshwater 
sediment, and that relatively small amounts of inorganic mercury can result in high fish 
tissue mercury concentrations. Methylmercury is more easily bioaccumulated and 
biomagnified through the aquatic food web than inorganic mercury. As a result, 
organisms at the top of the food chain, such as small mouth bass readily accumulate large 
amounts of methylmercury.  

(2) How is bioavailable mercury getting to the river ecosystem in the Study area?  

As noted above, inorganic mercury enters the South River through two mechanisms: 1. 
primarily through erosion of mercury-laden bank soils, and, 2. from transport of 
particulate-bound inorganic mercury stored within the gravel beds that are prevalent 
throughout the South River. There is also some potential for mercury in deeper sediments 
to move upward into surficial sediments via several processes, including physical 
disturbance by storm events. Inorganic mercury is then converted to methylmercury, 
which is subject to uptake and biomagnification by the aquatic food web. Numerous 
investigations in the South River, including this Ecological Study, indicate that the 
majority of inorganic mercury sources are located in the first 12 miles downstream of the 
former DuPont Waynesboro facility, which continues to release mercury, albeit at lower 
rates than it did historically. 

(3) How is mercury getting into tissue of fish and aquatic animals in the Study area? 

The first step in the process whereby mercury gets into the tissue of fish and other aquatic 
animals of the South River is the transport of inorganic mercury into the surficial 
sediment of the South River. There inorganic mercury is converted to methylmercury by 
a diverse array of resident microbial communities that exist on sediment and other 
surfaces in the river bed (methylation).  

Measurements and studies carried out in the Ecological Study have shown that 
methylmercury can be produced in many areas of the South River sediment bed – 
including both coarse gravels, (which are the dominant substrate type in the South River) 
and in fine-grained sediment deposits (which comprise less than 15% of the river bed). 
Unlike other aquatic systems where mercury has been studied, wetlands are not a major 
physical feature of the South River. Wetlands have been shown in numerous studies to be 
environments that foster the production of methylmercury. Since they are limited in the 
South River, wetlands are unlikely to play a significant role in the production and 
transport of methylmercury in the South River.  

In addition to methylation occurring across diverse environments in the wetted perimeter, 
there is another possible factor leading to high concentrations of methylmercury in the 
South River. The processes that convert methylmercury back to inorganic mercury, 
which does not bioaccumulate or biomagnify, are less efficient or active than those which 
drive the conversion of the inorganic mercury to methylmercury. Due to the ongoing 
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inputs of bioavailable inorganic mercury through eroding bank soils and other sources, 
there is a steady source of mercury substrate available for the conversion of the inorganic 
mercury to methylmercury. 

There are distinct temporal and spatial patterns to the presence of methylmercury within 
the South River. Methylmercury concentrations increase in the spring coincident with the 
warming of the South River to temperatures approaching 12oC. The concentration of 
methylmercury in surface water, sediment, and pore water decreases as the South River 
cools in the fall and winter. This “pulsing” of methylmercury into the aquatic system in 
the spring and early summer may be modified temporarily by heavy rainfall/storm/flood 
events. Spatially, the bulk of this net increase and loading of methylmercury begins just 
downstream of the former DuPont facility.  

(4) Are there specific mercury pathways that significantly contribute to mercury levels in 
fish tissue in the Study area? 

In the South River, the major pathway whereby mercury enters organisms at the higher 
levels of the aquatic food web, such as smallmouth bass, is through the diet. This has 
been documented through studies conducted for the Ecological Study and is consistent 
with the current literature on the behavior of methylmercury in aquatic food webs. There 
are multiple steps in the process that drives mercury through the aquatic food web. The 
initial step begins with the entry of legacy inorganic mercury into the South River. Once 
in the aquatic system, inorganic mercury is converted by microorganisms into 
methylmercury, which can remain on sediment surfaces or attach to suspended particles. 
Methylmercury is then taken up in lower levels of the aquatic food web, Ultimately as 
organisms in higher levels of the food web feed on organisms from the lower levels, they 
accumulate and biomagnify the methylmercury in their tissues. Direct uptake of inorganic 
or methylmercury by fish occurs through the gills/direct exposure, but the rate of mercury 
uptake by this pathway is much lower than that through the diet. The overall process 
whereby mercury enters the South River and moves through the aquatic food web differs 
little between the South River and other aquatic systems that have been studied. The 
following unique series of conditions within the South River may explain why mercury 
continues to remain elevated in fish tissues: 

 The ongoing loading of mercury from erosion of bank soils and other sources in 
addition to the surficial sediments maintains a steady supply of inorganic and 
potentially bioavailable mercury within the South River. 

 The continued supply of bioavailable inorganic mercury into the South River 
provides the necessary substrate for microorganisms to convert it into 
methylmercury, the form that readily bioaccumulates and biomagnifies within the 
aquatic food web. 

 Natural recovery processes, which include the supply of low inorganic mercury 
concentration sediment to attenuate the ongoing source of inorganic mercury, and 
de-methylation of methylmercury, are not sufficient to overcome the ongoing 
addition of mercury to the South River. 
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8.0 Uncertainty Analysis 
In accordance with the Ecological Risk Assessment Guidance for Superfund (USEPA, 
1997), uncertainty is defined as the consequence of imperfect knowledge or data of a 
system or site impacted by an environmental contaminant. Uncertainty is not related to 
variability, which is an inherent property of populations of data. In the case of most 
assessments of environmental contamination, uncertainty is generally reduced by the 
collection of more data, data of higher quality, or more technologically advanced data.  

Sources of uncertainty in ecological risk assessments often include interactions between 
multiple stressors, data quality, and a lack of evidence for certain pathways due to 
inadequate information. The interactions between multiple stressors has been directly 
assessed in the South River and described in Section 6.2.3, and the implementation of the 
Relative Risk Model (Section 6.4), is specifically designed to integrate the effects of all 
known stressors in an environmental system. Data quality has been maintained through 
the data quality management plan described in the Program Management Plan (CRG, 
2005) and the maintenance of a central data repository. Finally, the South River 
Ecological Study has reduced overall uncertainty through several approaches: 

 Independent Review 

 Multiple Lines of Evidence 

 Study Scale 

The South River Ecological Study has reduced uncertainty through interactions with 
independent, third-party review. The Ecological Study was reviewed annually by the 
SRST Expert Panel and the NRDC expert witness. These reviews provided opportunity 
for feedback, offered alternative hypotheses for testing, and identified data gaps. In 
addition, the CSM was reviewed and developed by Hydroqual, Inc. (2009) and Reed 
Harris, LLC (2012; Appendix K) This ongoing process of peer and expert review 
identified areas of deficiency or alternative hypotheses for testing. In addition, findings 
from various SRST studies were incorporated to fill data gaps as they were identified.  

An important part of the Ecological Study was providing multiple lines of evidence to 
support the major findings described in Section 7. Multiple lines of evidence reduce the 
potential uncertainty associated with any one particular line-of-evidence. For example, 
the pathways of MeHg from the base of the food web to smallmouth bass developed for 
the CSM were supported by stable isotope studies, fish stomach content analysis, the 
BASS model, and literature-based information. In addition, multiple lines of evidence 
exist to support each of the major sources and fate and transport pathways discussed in 
the CSM.  

The Ecological Study is both temporally and spatially comprehensive, and the period of 
record spans three decades for some data sets. As a result, fate and transport data have 
been collected over a wide range of climatic and hydrological conditions. In addition to 
adequately characterizing the variability within the system, the study scale reduces 
uncertainty by the collection of data under various combinations of climatic and 
hydrological conditions (e.g., under high temperatures and low discharges).  
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However, despite the advantages of a large scale study like the South River Ecological 
Study, there are sources of uncertainty with regards to future conditions. 

Although the Ecological Study has reduced the uncertainty associated with the findings 
described in Section 7, there are some sources of uncertainty that are present in the 
watershed that have the potential to alter mercury fate and transport within the South 
River. These include climate change, land uses, regulatory changes, and advances in 
science and technology. These sources of uncertainty are described below.  

8.1 Climate Change 

Despite a strong scientific consensus on climate change and predictions of regional 
responses to increased atmospheric carbon dioxide (USGCRP, 2009), there is inherent 
uncertainty regarding the potential effects on the South River watershed and the potential 
rate of recovery of the system. Changes in the amount or intensity of rainfall may affect 
sediment transport rates with unknown consequences, resulting in changes to both low 
THg sediment transport from upstream sources and erosion of high THg solids from the 
PSA. Likewise, although increased temperatures or a greater proportion of the year with 
relatively elevated temperatures are predicted, the effects on mercury methylation are not 
understood. Increased MeHg concentrations in surface water and sediment are associated 
with surface water temperatures above 12oC in the South River, suggesting that 
conditions favorable for methylation will persist for longer periods throughout the year in 
the future. However, it is possible that there is an optimal temperature range for 
methylating bacteria in the South River that may be exceeded in future conditions, 
resulting in decreased net methylation during the warmest periods.  

In addition, climate change may cause long-term changes to the biological communities 
of the South River. Both predator and prey species abundance and distribution may 
change, resulting in altered trophic transfer of mercury. Other anthropogenic changes to 
the South River, such as invasive species, could alter the South River food web. For 
example, the northern snakehead (Channa argus), which outcompetes many native 
predatory fish, has established a breeding population in the Potomac River (Odenkirk and 
Owens, 2007). While long-term changes to the South River food web are likely, the 
effect on trophic transfer of mercury is not predictable based on current information.  

8.2 Landscape Alteration 

Land use changes are likely to occur in the future and could alter floodplain hydrology 
and mercury transport. These changes may be due to continued development of the 
watershed and climate change. Increases in impermeable land surfaces (e.g., rooftops, 
pavement) and increased use of groundwater could alter the supply of water to the river. 
Climate change may also alter the landscape by lengthening the growing season for 
vegetation, changing the timing of flowering seasons, and extending the range of plants 
and plant diseases. As a result, land uses dependent on vegetation (e.g., riparian zones) 
may shift in response.  
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8.3 Changes in Regulatory Environment 

Regulatory changes have altered the physical and chemical environment in the South 
River in the past and have the potential to do so in the future. The implementation of the 
Clean Water Act in the 1970s resulted in dramatic improvements in water quality that 
likely altered mercury fate and transport. Likewise, implementation of the sediment and 
bacteria TMDL (VADEQ, 2009), which has identified load reductions for both sediment 
and bacteria, could alter transport of sediment or improve water quality through 
enforcement of agricultural best management practices. The TMDL for mercury in the 
South River (Eggleston, 2009) will likely result in changes that affect mercury loading to 
the South River, but the implications are not yet clear. However, the ongoing presence of 
the SRST and 100-year monitoring plan provides a mechanism to study potential 
important regulatory changes. As an example, DuPont funded an SRST study (Brent, 
2011) to determine potential effects of a recent upgrade to the Waynesboro sewage 
treatment plant on MeHg concentrations in periphyton. This study has documented that 
while the sewage treatment plant upgrades has resulted in decreased nutrient loading and 
may have contributed to locally depressed MeHg concentrations, other factors have a 
greater effect on mercury methylation than nutrients.  

8.4 Advances in Science and Technology 

At the present time, there are certain scientific and technological limitations to the 
understanding of some aspects of mercury cycling in aquatic systems. One of the more 
important limitations is a lack of analytical, genetic (e.g., Gilmour, et al. 2011) or other 
techniques to measure true in situ rates of mercury methylation. As a result, there is little 
information available to understand changes in methylation rates over time, if sources of 
mercury entering the system are reduced. However, as new technology is developed to 
better understand the process of mercury methylation, it may be incorporated into future 
studies conducted by the SRST, if necessary. In addition, the results from the 100-year 
monitoring plan will track long-term changes in net methylation over time.  

8.5 Summary 

In summary, the South River Ecological Study has reduced uncertainty via several design 
aspects, including independent review, multiple lines of evidence for important fate and 
transport pathways, and a comprehensive study scale. However, there are sources of 
uncertainty that are not reducible in the short term (i.e., years). These include the effects 
of climate change, land use, regulatory changes, and advances in science and technology. 
The continued existence of the SRST and the implementation of the 100-year monitoring 
plan provide a context in which these uncertainties can be evaluated in the future.  
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9.0 Conclusion 
DuPont concludes that there may be remedial options that are safe, effective, and 
reasonably necessary to address ecological and human health impacts that may be caused 
by mercury contamination in the South River. DuPont has reached this conclusion based 
on the results and findings of the Ecological Study and from results of pilot remedial 
work already underway in the South River. Accordingly, DuPont is proceeding under 
paragraph 44 of the Consent Decree to prepare a remedial work proposal. It is clear that 
the South River has unique geophysical, chemical, and biological features that facilitate 
the mechanisms allowing legacy inorganic mercury to continue to enter the South River. 
In addition, the former DuPont Waynesboro facility continues to act as a small point 
source of inorganic mercury to the system. Biological processes (methylation) then 
provide the mechanism whereby it can be converted to methylmercury, which efficiently 
enters the aquatic food web and is bioaccumulated and biomagnified by fish. 
Technologies that may be capable of disrupting the mechanisms are limited in number, 
and some have not been tested in flowing systems such as the South River, or outside the 
laboratory.  

Two technologies that have been assessed by DuPont, through the SRST, thus far are 
soil/sediment stabilization to reduce the mass of bioavailable inorganic mercury entering 
the South River, and soil/sediment amendments to decrease the bioavailability of the 
inorganic mercury entering the South River or already present in the bed sediments. 
Recent, limited results have been obtained from pilot-scale testing of these two 
technologies. However, these technologies may not have widespread applicability in this 
system, or may not be safe, effective, or even feasible to implement in some sections of 
the South River. The determination of applicability, effectiveness, and feasibility will 
require further pilot testing of those technologies in a step-wise fashion, coupled with 
monitoring and evaluation.  

Because of the South River’s size and complexity and because of the inherent uncertainty 
associated with mercury cycling in this river system, an Adaptive Management approach 
for remediation will be employed. Loosely defined, Adaptive Management is a structured 
and iterative implementation process that couples pilot remedial actions with active 
monitoring. New data from the monitoring are used to reduce uncertainty, determine 
effectiveness of the pilot remedial action, and adjust future actions accordingly. It is a 
valuable framework for testing and monitoring actions, particularly where there is a need 
to assess effectiveness prior to undertaking additional actions, as is the situation on the 
South River. Where actions do not result in measureable improvements in pre-selected 
criteria, changes in technologies or applications may be required.  

DuPont will present its remedial work proposal to NRDC/Sierra Club within one year of 
the date of issuance of the Ecological Study Report. Additionally, DuPont expects to 
fully engage the SRST in undertaking the planning and implementation of remedial 
actions on the South River and to work closely with all applicable state and federal 
regulatory agencies. 
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NRDC Consultations and Communications
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Final Report

Author Title of Submittal Date Submitted Summary of Content Data Set Sharing (GIS and Analytical)

DuPont Program Management Plan: Ecological Study of 

the South River and a Segment of the South 

Fork Shenandoah River, Virginia

September 23, 2005 This submittal consists of a cover letter and CD containing the 

Program Management Plan. The document sets forth an overall 

framework for a multi-year, watershed-level ecological study of 

the South River, Virginia, and upper segment of the South Fork 

Shenandoah River, Virginia. Specific work plans are not 

included in the document.

No data sets contained in communication.

DuPont Summary of South River Science Team Work 

and Listing of South River Technical 

Monographs

September 9, 2005 This submittal was sent via e-mail by Ralph Stahl, Jr. and 

contained two files: a list of South River technical monographs 

and a list of work conducted to date by the South River Science 

Team.

No data sets contained in communication.

DuPont Project Team Curriculum Vitas, Technical 

Monographs, 10-11-05 Presentation Files, and 

Program Management Plan

October 2005 This submittal consists of a CD containing the curriculum vitas 

of 17 project team members, eight technical monographs, 

presentation files from the October 11, 2005 meeting with the 

NRDC, and the Program Management Plan.

Technical data presented within individual monographs.

DuPont Phase I System Characterization: Ecological 

Study of the South River and a Segment of the 

South Fork Shenandoah River, Virginia 

November 7, 2005 This submittal consists of a cover letter and CD containing the 

Phase I System Characterization. The document describes the 

proposed Phase I work plan activities that are part of the 

ecological study.

Technical data supporting work plan.

NRDC Review: Phase I: Evaluation of Ecological Study 

of the South River-South Fork Shenandoah 

River System

November 18, 2005 This document was provided by NRDC; it includes a review of 

the first draft of the Phase I System Characterization.

No data sets contained in communication.

NRDC Discussion Points for December 2005 Review of 

the DuPont Study Plan

December 5, 2005 This document outlines NRDC's most important points of 

interest regarding the final design of the Phase I Study.

No data sets contained in communication.

DuPont Phase I System Characterization: Ecological 

Study of the South River and a Segment of the 

South Fork Shenandoah River, Virginia 

(Revised)

February 17, 2006 This submittal consists of a cover letter and CD containing the 

revised Phase I System Characterization. 

Technical data supporting work plan.

NRDC Review: Revised Phase I: Evaluation of 

Ecological Study of the South River-South Fork 

Shenandoah River System

February 27, 2006 This document was provided by NRDC; it includes a review of 

the revised draft of the Phase I System Characterization.

No data sets contained in communication.

DuPont Phase I Floodplain Soil Investigation Approach - 

Addendum No. 1 to Phase I System 

Characterization: Ecological Study

March 9, 2006 This submittal consists of a cover letter and CD containing a 

one-page document. The document describes the Phase I 

floodplain soil investigation approach.

No data sets contained in communication.

DuPont South River Technical Monographs October 5, 2006 This submittal consists of a cover letter and a CD containing 10 

technical monographs about the ecological studies for the 

South River, Virginia.  One monograph on the clam tissue 

studies was revised; therefore, the enclosed version 

supersedes the document submitted last year.  

Technical data presented within individual monographs.

DuPont South River Avian and Periphyton/Trophic 

Modeling Study Information

October 11, 2006 This submittal consists of a cover letter and a CD containing 

information on the South River avian study (Dr. Dan Cristol, 

College of William and Mary) and the periphyton/trophic 

modeling study (Dr. Mike Newman, College of William and 

Mary) in preparation for a October 24, 2006 meeting with the 

NRDC.  Specifically, the 2005 annual report and 2006 mid-year 

report for both studies are included, as well as assorted 

abstracts and presentations. 

Technical data presented within individual reports.

DuPont Data Transfer for South River database to Phil 

Homann working at Environmental Planning & 

Analysis, Inc. under the direction of Dr. 

Livingston 

October 12, 2006 This submittal consists of a CD containing the South River GIS 

database with both spatial and analytical data.

GIS database containing:

- 2005 Aerial photos

- USGS topographic Quads.

- RRM markers, 2005 centerline and shoreline

- 1937 Shoreline and centerline

- Deposits locations, NWI wetlands, Draft LiDAR stations 

- Approx. 24,000 records for surface water, sediment, soil, and 

plant and animal tissue data from SRST studies (1967-2006)

DuPont Ecological Study Presentations: October 24, 

2006 Meeting Consultation

October 31, 2006 This submittal consists of a cover letter and a CD containing the 

presentations from the October 24, 2006 meeting with the 

NRDC.

No data sets contained in communication.
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DuPont Memo titled Evaluation for Removal of 

Organochlorine Pesticides, Polycyclic Aromatic 

Hydrocarbons, and Trace Metals Analyses in the 

Phase I System Characterization, South River, 

VA

November 1, 2006 E-mail memo with request for review and concurrence regarding 

the removal of certain analytical parameters from the monthly 

Phase I, Year 1 baseline monitoring program in November 

2006.

Technical data presented within memo.

NRDC Correspondence regarding Memo titled 

Evaluation for Removal of Organochlorine 

Pesticides, Polycyclic Aromatic Hydrocarbons, 

and Trace Metals Analyses in the Phase I 

System Characterization, South River, VA

November 1, 2006 E-mail reply concurring with request for removal of certain 

analytical parameters from the monthly Phase I, Year 1 baseline 

monitoring program in November 2006.

No data sets contained in communication.

DuPont Bird and Food Web Modeling Reports May 2, 2007 This submittal was sent via e-mail by Erin Mack and contained 

two files: 2005/2006 Annual Report to DuPont Mercury 

Biomagnification Models of South River: Aquatic and Floodplain 

and Year 2: Examining the Fate and Effects of Mercury 

Contamination on Birds in the South River Watershed, Virginia.

Technical data presented within individual reports.

NRDC Review: Revised Phase I, Year 1: Evaluation of 

Ecological Study of the South River-South Fork 

Shenandoah River System with 

Recommendations for Year 2

May 17, 2007 This document was provided by NRDC; it includes a review of 

Phase I, Year 1 efforts and provides recommendations 

regarding Year 2.

No data sets contained in communication.

DuPont Ecological Study Presentations: May 7 and 8, 

2007 Meeting Consultation

May 23, 2007 This submittal consists of a CD containing the presentations 

from the ecological study consultation meeting with the NRDC 

on May 7 and 8, 2007.

No data sets contained in communication.

NRDC Correspondence regarding the Phase I, Year 2 

recommendations and talking points for the July 

26, 2007 meeting.

June 6, 2007 This correspondence via e-mail outlined NRDC's important 

questions with respect to Phase I, Year 2 study plans.

No data sets contained in communication.

DuPont Phase I, Year 1 Progress Report: Ecological 

Study of the South River and a Segment of the 

South Fork Shenandoah River, Virginia

January 11, 2008 This submittal consists of a cover letter and two CDs containing 

the Phase I, Year 1 ecological study progress report.  One CD 

contains a PDF of the text, tables, figures, and all appendices 

except for Appendices D and J.  The other CD contains 

Appendix D, which is the geospatial database.  

GIS database containing:

- 2005 Aerial photos

- RRM markers, 2005 centerline and shoreline

- 1937 Shoreline and centerline

- Watershed drainage boundaries and river networks

- Geomorphology investigations (multiple layers; erosion 

deposition features)

- Hydraulic storm inundation boundary layers

- Land use and land cover data; SAV data layers

- LiDAR contour data and other physical background data

- Phase I, Year 1 records for surface water, sediment, and plant 

and animal tissue concentration data; surface water and storm 

water loading data from March 2006 to May 2007

- Historic floodplain soils data from 2003 to 2006

- Fish and invertebrate community data

- Riparian vegetation survey data

- Discharge and rainfall data

- Proposed Phase I, Year 2 sampling locations

NRDC Review: Revised Phase I, Year 1 Progress 

Report: Evaluation of Ecological Study of the 

South River-South Fork Shenandoah River 

System with Recommendations for Year 2

January 24, 2008 This document was provided by NRDC; it includes a review of 

the Phase I, Year 1 Report and Year 2 study recommendations.

No data sets contained in communication.

DuPont Working Floodplain Soils Data Set for the South 

River, Virginia

January 18, 2008 This submittal consist of a cover letter and a CD with several 

files of historic floodplain soils data evaluated in preparation for 

the floodplain sampling work plan. The submittal is in response 

to a December 12, 2007 meeting with the NRDC.

Historic floodplain soils data set from 2003 to 2006 (647 records)

GIS shapefiles and an Excel spreadsheet containing these data 

DuPont Field Memos and Geospatial Database Update:  

Ecological Study of the South River and a 

Segment of the South Fork Shenandoah River, 

Virginia

July 8, 2008 This submittal consists of a cover letter and a CD containing two 

field memos and an updated version of the geospatial database 

for the ecological studies conducted through May 2008.  The 

field memos cover work conducted as part of the floodplain soils 

investigation (from February to April 2008) and integrated 

methylmercury study in April/May 2008.  

Updated version of the GIS database for the ecological studies 

conducted through May 2008.  Additional analytical data from 

studies conducted from May 2007 to May 2008 including:

- Preliminary floodplain soils data (not including HRADs and 

LiDAR survey stations)

- Targeted tributary loading data
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Table 1-1
NRDC Consultations and Communications

South River Ecological Study
Final Report

Author Title of Submittal Date Submitted Summary of Content Data Set Sharing (GIS and Analytical)

DuPont Ecological Study Presentations

July 16, 2008 Meeting Consultation

July 23, 2008 This submittal consists of a cover letter and a CD containing the 

presentations from the ecological study consultation meeting on 

July 16, 2008.  Figures developed of the field trip conducted 

prior to the meeting also are provided on the CD.

No data sets contained in communication.

NRDC Review: Revised Phase I, Years 1+2 Progress 

Update: Evaluation of Ecological Study of the 

South River-South Fork Shenandoah River 

System with Recommendations for Phase II

September 2, 2008 This document was provided by NRDC; it includes a review of  

Phase I, Years 1 and 2 and provides recommendations 

regarding Phase II.

No data sets contained in communication.

DuPont Re: Response to Review: Revised Phase 1, 

Years 1+2 Progress Update

September 29, 2008 This submittal consists of a cover letter with three attachments: 

(1) brief responses to the NRDC's September 2, 2008 e-mail 

containing a review of proposed plans and progress to date; (2) 

stream discharge measurements; and (3) reference 

comparisons.

No data sets contained in communication.

DuPont Draft Conceptual Plan for Phase II Studies, 

Tributary Loading Worksheets, Soil and Tissue 

Data Sets, 2008 Field Memos, and South River 

Physical and Biological Result Maps: Ecological 

Study of the South River and a Segment of the 

South Fork Shenandoah River, Virginia

December 15, 2008 The submittal consists of a cover letter and a CD (see title for 

information included on CD).  The information is intended to 

fulfill requests outlined in the NRDC's written correspondence 

on September 2, 2008, and discussed during the November 18, 

2008 meeting with the NRDC.  

- VADEQ fish tissue data sets from 1977 to 2005 (8,345 records)

- Comprehensive soil analytical data set from 2003 to 2008 

(13,524 records)

- Comprehensive tissue data set from 2002 to 2008 (4,171 

records)

- Targeted tributary loading spreadsheets and data sets from 

Phase I, Year 2 sampling events

DuPont Phase II Environmental Impact Assessment - 

2009 Study Plans Ecological Study of the South 

River

February 20, 2009 The submittal consists of a cover letter and a CD with a draft of 

the 2009 study plans for Phase II of the ecological study of the 

South River and a portion of the South Fork Shenandoah River, 

Virginia.

No data sets contained in communication.

DuPont South River Briefing Papers April 2, 2009 The submittal consists of a cover letter and a CD containing the 

full set of briefing papers presented during the March 12, 2009 

meeting. In addition, the CD contains the presentation from the 

January 20, 2009 meeting.

No data sets contained in communication.

DuPont Phase II Environmental Impact Assessment - 

2010 Study Plans Ecological Study of the South 

River

February 5, 2010 The submittal consists of a cover letter and a CD with a draft of 

the 2010 study plans for Phase II of the ecological study of the 

South River and a portion of the South Fork Shenandoah River, 

Virginia.

No data sets contained in communication.

DuPont Phase II 2010 Reference Locations June 22, 2010 This submittal consists of a memorandum outlining the selected 

reference locations for the Phase II of the ecological study of 

the South River and a portion of the South Fork Shenandoah 

River, Virginia.

No data sets contained in communication.

DuPont NRDC Consultation December 2, 2010 December 10, 2010 The submittal consists of a cover letter and CD containing the 

following:

-  2010 Field Memoranda

-  Sediment Quality Triad Analytical Data

-  Updated GIS Database

-  Presentations from the December 2, 2010 Consultation

Updated version of the GIS database for the ecological studies.

DuPont Ecological Study Data Matrix January 28, 2011 The submittal consists of a data matrix outlining the various 

physical, chemical, and biological data sets collected from 2005-

2010 for the ecological study of the South River and a portion of 

the South Fork Shenandoah River, Virginia.  It does not include 

data sets for studies performed by South River Science Team 

researchers.

No data sets contained in communication.

DuPont NRDC Consultation January 7-8, 2011 February 10, 2011 The submittal consists of a cover letter and CD containing the 

presentations from the January 7-8, 2011 consultation.

No data sets contained in communication.

DuPont Phase II 2011 Study Plans March 7, 2011 The submittal consists of a cover letter and CD containing the 

draft 2011 Study Plans for Phase II of the ecological study of 

the South River and a portion of the South Fork Shenandoah 

River, Virginia. 

No data sets contained in communication.

Notes:

Receipt of all materials has been confirmed by the NRDC.
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Primary Contact Area of Focus Affiliation Publications

Expert Panel Members

Bigham, G.

Mercury transport, fate, and effects in 

aquatic habitats, soil, sediment, and 

groundwater

Exponent

Bellingham, WA

Clements, W.
Stream ecology, restoration, and bio-

monitoring

Colorado State University

Fort Collins, CO

Hirschman, D. Watershed planning
Center for Watershed Protection

Charlottesville, VA

Mason, R. Mercury biogeochemistry University of Connecticut, Groton, CT

1. Bundschuh, M., J. P. Zubrod, F. Seitz, M. C. Newman, and R. Schulz.  2011.  Mercury-contaminated sediments affect amphipod feeding.  Archives of Environmental Contamination and Toxicology Vol. 60, No. 3, pp. 437-443

2. Newman, M. C., X. Xu, A. Condon, and L. Liang.  2011 . Floodplain methylmercury biomagnification factor higher than that of the contiguous river (South River, Virginia USA).  Environmental Pollution Vol. 159, No. 10, pp. 2840–2844

3. Tom, K. R., and M. C. Newman.  2010. Vignette 5.2 in Fundamentals of Ecotoxicology: Third Edition.  Pp. 150 – 152. CRC Press. Boka Raton, Florida. 

4. Tom, K. R., M. C. Newman, and J. Schmerfeld.  2010.  Modeling mercury biomagnification to inform river management decision making. Environmental Toxicology and Chemistry Vol. 29, No. 4, pp. 1013–1020

Turner, R.
Mercury source tracing and mechanistic 

studies

RT Geosciences 

Squamish, British Columbia, CAN
1. Flanders, J. R., R. R. Turner, T. Morrison, R. Jensen, J. Pizzuto, K. Skalak and R. Stahl.  2010.  Distribution, behavior, and transport of inorganic and methylmercury in a high gradient stream. Applied Geochemistry Vol. 25, No. 11, pp. 

1756–1769.

Regular Members

1. Sleeman, J. M., D. A. Cristol, A. E. White, D. C. Evers, R. W. Gerhold, and M. K. Keel.  2010.  Mercury poisoning in a free-living northern river otter (Lontra canadensis ).  Journal of Wildlife Diseases Vol. 46, No. 3, pp. 1035–1039

2. Jackson, A. K., D. C. Evers, S. B. Folsom, A. M. Condon, J. Diener, L. F. Goodrick, A. J. McGann, J. Schmerfeld, D. A. Cristol.  2011.  Mercury exposure in terrestrial birds far downstream of an historical point source. Environmental Pollution 

Vol. 159, No. 12, pp. 3302–3308

3. Wada, H., D. E. Yates, D. C. Evers, R. J. Taylor, and W. A. Hopkins.  2010.  Tissue mercury concentrations and adrenocortical responses of female big brown bats (Eptesicus fuscus ) near a contaminated river.  Ecotoxicology Vol. 19, No. 7, 

pp. 1277–1284

Savoy, L. 

Yates, D.
1. Wada, H., D. E. Yates, D. C. Evers, R. J. Taylor, and W. A. Hopkins.  2010.  Tissue mercury concentrations and adrenocortical responses of female big brown bats (Eptesicus  fuscus)  near a contaminated river.  Ecotoxicology Vol. 19, No. 7, 

pp. 1277–1284

1. Brasso, R. L. and D. A. Cristol. 2008. Effects of mercury exposure on the reproductive success of tree swallows (Tachycineta bicolor).  Ecotoxicology Vol. 17, pp. 133–141

2. Brasso, R. L., M. K. Abdel Latif, and D. A. Cristol.  2010.  Relationship between laying sequence and mercury concentration in tree swallow eggs.  Environmental Toxicology and Chemistry Vol. 29, No. 5, pp. 1155–1159

3. Condon, A. M. and D. A Cristol.  2009. Feather grown influences blood mercury level of young songbirds.  Environmental Toxicology and Chemistry Vol. 28, No. 2, pp. 395–401

4. Cristol, D. A., R. L. Brasso, A. M. Condon, R. E. Fovargue, S. L. Friedman, K. K. Hallinger, A. P. Monroe, A. E. White.  2008.  The movement of aquatic mercury through terrestrial food webs.  Science Vol. 320, April 2008

5. Hallinger, K. K. and D. A. Cristol.  2010.  Use of chemical tracer to detect floaters in a tree swallow (Tachycineta bicolor) population.  Journal of Environmental Indicators Vol. 5, No. 1, pp. 7-16

6. Hallinger, K. K. and D. A. Cristol.  2011.  The role of weather in mediating the effect of mercury exposure on reproductive success in tree swallows.  Ecotoxicology Vol. 20, No. 6, pp. 1368-1377

7. Hallinger, K. K., D. J. Zabransky, K. A. Kazmer, and D. A. Cristol.  2010.  Birdsong differs between mercury-polluted and reference sites.  The Auk Vol. 127, No. 1, pp. 156−161

8. Hallinger, K. K., K. L. Cornell, R. L. Brasso, and D. A. Cristol.  2011.  Mercury exposure and survival in free-living tree swallows (Tachycineta bicolor).  Ecotoxicology Vol. 20, No. 1, pp. 39–46

9. Hawley, D. M., K. K. Hallinger, and D. A. Cristol.  2009 Compromised immune competence in free-living tree swallows exposed to mercury.  Ecotoxicology 18 pp. 499–503

10. Jackson, A. K., D. C. Evers, S. B. Folsom, A. M. Condon, J. Diener, L. F. Goodrick, A. J. McGann, J. Schmerfeld, D. A. Cristol.  2011.  Mercury exposure in terrestrial birds far downstream of an historical point source. Environmental Pollution 

Vol. 159, No. 12, pp. 3302–3308

11. Monroe, A. P., K. K. Hallinger, R. L. Brasso, and D. A. Cristol.  2008. Occurrence and implications of double brooding in southern populations of tree swallows. The Condor Vol. 110, No. 2, pp. 382–386

12. Sleeman, J. M., D. A. Cristol, A. E. White, D. C. Evers, R. W. Gerhold, and M. K. Keel.  2010.  Mercury poisoning in a free-living northern river otter (Lontra canadensis).  Journal of Wildlife Diseases Vol. 46, No. 3, pp. 1035–1039

13. Varian-Ramos, C. W., A. M. Condon, K. K. Hallinger, K. A. Carlson-Drexler, and D. A. Cristol.  2011.  Stability of Mercury Concentrations in Frozen Avian Blood Samples. Bulletin of Environmental Contamination and Toxicology Vol. 86, No. 2, 

pp.159–162 (ePub)

14. Wada, H., D. A. Cristol, F. M. Anne McNabb, and W. A. Hopkins.  2009.  Suppressed adrenocortical responses and thyroid hormone levels in birds near a mercury-contaminated river.  Environmental Science and Technology Vol. 43, pp. 

6031–6038

Adams, K. Technical writing

Berti, B. Soil science
Berti, W.R., A. Guiseppi-Elie, E. Quinn, R.H. Jensen, and D. Cocking (2012) Evaluation of Garden Crop Mercury Uptake and Potential Exposure from Consumption of Garden Crops grown on Floodplain Soils. Human and Ecological Risk 

Assessment. (In press).

Dyer, J. Chemical engineering

Green, J. Statistics

Grosso, N. Geology

Guiseppi-Elie, A. Human health risk assessment
Berti, W.R., A. Guiseppi-Elie, E. Quinn, R.H. Jensen, and D. Cocking (2012) Evaluation of Garden Crop Mercury Uptake and Potential Exposure from Consumption of Garden Crops grown on Floodplain Soils. Human and Ecological Risk 

Assessment. (In press).

Hoke, R. Ecotoxicologist

Landis, R. Electromechanical engineer

Liberati, M. Project director, South River; Engineering

Mack, E. Microbiology

Stahl, R. Toxicology
1. Flanders, J. R., R. R. Turner, T. Morrison, R. Jensen, J. Pizzuto, K. Skalak and R. Stahl.  2010.  Distribution, behavior, and transport of inorganic and methylmercury in a high gradient stream. Applied Geochemistry Vol. 25, No. 11, pp. 

1756–1769.

Table 1-2

Ecological Study Personnel Summary

South River Ecological Study

Final Report

Newman, M.
Trophic transfer of mercury in aquatic food 

web

Virginia Institute of Marine Science

College of William and Mary 

Williamsburg, VA

Evers, D.

Mercury bioaccumulation in bats and mallard 

ducks

Biodiversity Research Institute

Gorham, ME

Cristol, D.
Analysis of mercury impacts on avian 

receptors 

College of William and Mary,  

Williamsburg, VA.

DuPont 

Wilmington, DE
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Primary Contact Area of Focus Affiliation Publications

Table 1-2

Ecological Study Personnel Summary

South River Ecological Study

Final Report

Regular Members

Luce, R. Geochemistry Friends of the Shenandoah

Kennell, B. Stormwater management Invista Corporation

Benzing, T. Nutrient management 1. Benzing, T. and D. Graber-Neufeld.  2006.  Clam Tissue Studies – November 2001 to August 2004. South River Technical Monograph.  October.

1. Brent, R.N. and Kain, D.G. 2011. Development of an Empirical Nonlinear Model for Mercury Bioaccumulation in the South and South Fork Shenandoah Rivers of Virginia. Archives of Environmental Contamination and Toxicology. (Published 

online 30 March 2011)

2. Brent, R.N. (In Preparation). Development of a Bioaccumulation Factor for Mercury in the South River, Waynesboro, Virginia.

Cocking, D. Watershed studies

1. Cocking D, Hayes R, King ML, Rohrer MJ, Thomas R, Ward D. 1991. Compartmentalization of mercury in biotic components of terrestrial flood plain ecosystems adjacent to the South River at Waynesboro, VA. Water, Air, & Soil Pollution 

57(1):159–170.

2. Berti, W.R., A. Guiseppi-Elie, E. Quinn, R.H. Jensen, and D. Cocking (2012) Evaluation of Garden Crop Mercury Uptake and Potential Exposure from Consumption of Garden Crops grown on Floodplain Soils. Human and Ecological Risk 

Assessment. (In press).

Jensen, J. Public outreach

Lepley, S. Public outreach

Harris, R. Numerical modeling
Reed-Harris Environmental Ltd.

Oakville, Ontario, CAN

Barkay, T. Microbiology Rutgers University, New Jersey

Jensen, D. Chemical engineering Unique Environmental

1. Flanders, J. R., R. R. Turner, T. Morrison, R. Jensen, J. Pizzuto, K. Skalak and R. Stahl.  2010.  Distribution, behavior, and transport of inorganic and methylmercury in a high gradient stream. Applied Geochemistry Vol. 25, No. 11, pp. 

1756–1769.

2. Berti, W.R., A. Guiseppi-Elie, E. Quinn, R.H. Jensen, and D. Cocking (2012) Evaluation of Garden Crop Mercury Uptake and Potential Exposure from Consumption of Garden Crops grown on Floodplain Soils. Human and Ecological Risk 

Assessment. (In press).

1. Flanders, J. R., R. R. Turner, T. Morrison, R. Jensen, J. Pizzuto, K. Skalak and R. Stahl.  2010.  Distribution, behavior, and transport of inorganic and methylmercury in a high gradient stream. Applied Geochemistry Vol. 25, No. 11, pp. 

1756–1769.

2. O’Neal, M. A. and J. E. Pizzuto.  2010.  The rates and spatial patterns of annual riverbank erosion revealed through terrestrial laser-scanner surveys of the South River, Virginia.  Earth Surface Processes and Landforms Vol. 36, No. 5, pp. 

695–701

3. Pizzuto, J. E. and M. A. O’Neal.  2009.  Increased mid-twentieth century riverbank erosion rates related to the demise of mill dams, South River, Virginia.  Geology Vol. 37, No. 1, pp. 19 – 22

4. Pizzuto J., M. O'Neal, and S. Stotts.  2010.  On the retreat of forested, cohesive riverbanks.  Geomorphology Vol. 116, pp. 341–352

5. Rhoades, E. L., M. A. O’Neal, J. E. Pizzuto.  2009.  Quantifying bank erosion on the South River from 1937 to 2005, and its importance in assessing Hg contamination.  Applied Geography Vol. 29, pp. 125–134

6. Skalak, K. and J. Pizzuto.  2010.  The distribution and residence time of suspended sediment stored within the channel margins of a gravel-bed bedrock river.  Earth Surface Processes and Landforms Vol. 35, No. 4, pp. 435–446

Ptacek, C. Chemical engineering University of Waterloo

Reible, D. Chemical engineering University of Texas

Flanders, J. Mercury biogeochemistry
1. Flanders, J. R., R. R. Turner, T. Morrison, R. Jensen, J. Pizzuto, K. Skalak and R. Stahl.  2010.  Distribution, behavior, and transport of inorganic and methylmercury in a high gradient stream. Applied Geochemistry Vol. 25, No. 11, pp. 

1756–1769.

Mancini, C. Biology

Wesley, R. Site investigation

Chappel, M. Soil science US Army Corps of Engineers

Hennesy, J. Soil science

Jacobi, M. Soil science

Quinn, B. Human health risk assessment
Berti, W.R., A. Guiseppi-Elie, E. Quinn, R.H. Jensen, and D. Cocking (2012) Evaluation of Garden Crop Mercury Uptake and Potential Exposure from Consumption of Garden Crops grown on Floodplain Soils. Human and Ecological Risk 

Assessment. (In press).

James Madison University

Harrisonburg, VA

Brent, R. Biology

Pizzuto, J. Geomorphology
University of Delaware

Newark, DE

URS Corporation

US Environmental Protection Agency
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Regular Members

Eggleston, J. Hydrology US Geological Survey

1. Condon, A. M. and D. A Cristol.  2009. Feather grown influences blood mercury level of young songbirds.  Environmental Toxicology and Chemistry Vol. 28, No. 2, pp. 395–401

2. Cristol, D. A., R. L. Brasso, A. M. Condon, R. E. Fovargue, S. L. Friedman, K. K. Hallinger, A. P. Monroe, A. E. White.  2008.  The movement of aquatic mercury through terrestrial food webs.  Science Vol. 320, April 2008

3. Jackson, A. K., D. C. Evers, S. B. Folsom, A. M. Condon, J. Diener, L. F. Goodrick, A. J. McGann, J. Schmerfeld, D. A. Cristol.  2011.  Mercury exposure in terrestrial birds far downstream of an historical point source. Environmental Pollution 

Vol. 159, No. 12, pp. 3302–3308

4. Newman, M. C., X. Xu, A. Condon, and L. Liang.  2011 . Floodplain methylmercury biomagnification factor higher than that of the contiguous river (South River, Virginia USA).  Environmental Pollution Vol. 159, No. 10, pp. 2840–2844

5. Varian-Ramos, C. W., A. M. Condon, K. K. Hallinger, K. A. Carlson-Drexler, and D. A. Cristol.  2011.  Stability of Mercury Concentrations in Frozen Avian Blood Samples. Bulletin of Environmental Contamination and Toxicology Vol. 86, No. 2, 

pp.159–162 (ePub)

Lingenfelser, S. Wildlife biology
1. Lingenfelser, S.F., C.E. Dalls, C.H. Jagoe, M.H. Smith, I.L. Brisbin Jr. and R.K. Chesser. 1997. Variation In DNA Content of Blood Cells of Largemouth Bass From Contaminated and Uncontaminated Waters. Environmental Toxicology and 

Chemistry. Vol. 16 pp. 2136-2143

1. Jackson, A. K., D. C. Evers, S. B. Folsom, A. M. Condon, J. Diener, L. F. Goodrick, A. J. McGann, J. Schmerfeld, D. A. Cristol.  2011.  Mercury exposure in terrestrial birds far downstream of an historical point source. Environmental Pollution 

Vol. 159, No. 12, pp. 3302–3308

2. Tom, K. R., M. C. Newman, and J. Schmerfeld.  2010.  Modeling mercury biomagnification to inform river management decision making.  Environmental Toxicology and Chemistry Vol. 29, No. 4, pp. 1013–1020

Jordan, C. Biology

Kain, D. Director, SRST; Biology
1. Brent, R.N. and Kain, D.G. 2011. Development of an Empirical Nonlinear Model for Mercury Bioaccumulation in the South and South Fork Shenandoah Rivers of Virginia. Archives of Environmental Contamination and Toxicology. (Published 

online 30 March 2011)

Turner, T. Biology

Van Wart, W. Invertebrates

Fincham, S. Biology

Flammia, D. Biology

Gruszynski,K. Biology

Gutshall, A. Biology

Bugas, P. South River fisheries

Mohn, L. South River fisheries

Reeser, S. South River fisheries

1. Bergeron, C. M., J. F. Husak, J. M. Unrine, C. S. Romanek, and W. A. Hopkins.  2007. Influence of feeding ecology on blood mercury concentrations in four species of turtles. Environmental Toxicology and Chemistry, Vol. 26, No. 8, pp. 

1733–1741

2. Bergeron, C. M., C. M. Bodinof, J. M. Unrine, and W. A. Hopkins.  2010.  Bioaccumulation and maternal transfer of mercury and selenium in amphibians.  Environmental Toxicology and Chemistry, Vol. 29, No. 4, pp. 989–997

3. Bergeron, C. M., C. M. Bodinof, J. M. Unrine, and W. A. Hopkins.  2010.  Mercury accumulation along a contamination gradient and nondestructive indices of bioaccumulation in amphibians. Environmental Toxicology and Chemistry Vol. 29, No. 

4, pp. 980–988

4. Bergeron, C. M., W. A. Hopkins., B. D. Todd, M. J. Hepner, and J. M. Unrine.  2011.  Interactive effects of maternal and dietary mercury exposure have latent and lethal consequences for amphibian larvae.  Environmental science and technology 

Vol. 45, No. 8, pp. 3781–3787

5. Burke J. N., C. M. Bergeron, B. D. Todd, and W. A. Hopkins.  2010.  Effects of mercury on behavior and performance of northern two-lined salamanders (Eurycea bislineata).  Environmental Pollution Vol. 158, pp. 3546–3551

6. Todd, B. D., C. M. Bergeron, M. J. Hepner, and W. A. Hopkins.  2011.  Aquatic and terrestrial stressors in amphibians: a test of the double jeopardy hypothesis based on maternally and trophically derived contaminants.  Environmental 

Toxicology and Chemistry Vol. 30, No. 10, pp. 2277–2284

7. Todd, B. D., J. D. Willson, C. M. Bergeron,  and W. A. Hopkins.  2011.  Do effects of mercury in larval amphibians persist after metamorphosis? Ecotoxicology 2011 August 18 (ePub)

8. Todd, B. D., C. M. Bergeron, M. J. Hepner, J. N. Burke, and W. A. Hopkins.  2011.  Does maternal exposure to an environmental stressor affect offspring response to predators?  Oecologia Vol. 166, No. 1, pp. 283–290 

9. Wada, H., D. A. Cristol, F. M. Anne McNabb, and W. A. Hopkins.  2009.  Suppressed adrenocortical responses and thyroid hormone levels in birds near a mercury-contaminated river.  Environmental Science and Technology Vol. 43, pp. 

6031–6038

10. Wada, H., D. E. Yates, D. C. Evers, R. J. Taylor, and W. A. Hopkins.  2010.  Tissue mercury concentrations and adrenocortical responses of female big brown bats (Eptesicus fuscus) near a contaminated river.  Ecotoxicology Vol. 19, No. 7, 

pp. 1277–1284

11. Wada, H., C. M. Bergeron, F.M. Anne McNabb, B. D. Todd, and W. A. Hopkins.  2011. Dietary mercury has no observable effects on thyroid-mediated processes and fitness-related traits in wood frogs.  Environmental Science and Technology 

Vol. 45, No. 18, pp. 7915-7922 (ePub)

Landis, W. Relative Risk Model
Western Washington University

Bellingham, WA

Condon, A. Wildlife biology

US Fish and Wildlife Service

Schmerfeld, J. Wildlife biology

VA Department of Environmental 

Quality

VA Department of Health

VA Game and Inland Fish

Hopkins, B. Mercury bioaccumulation in amphibians
Virginia Tech

Blacksburg, VA
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RIVER 
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DATA TYPE YEAR
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D
E

C

RELATIVE RIVER MILE MAIN PARAMETERS PROJECT NAME / DESCRIPTION SOURCE(S)

   Habitat and Geophysical Characterizations

x x x x 0.1 Q (cfs) Phase II Ecostudy: Physical Loading Study URS

x 0.1 Velocity (f/s) Pilot Bank Stabilization: Pre-Construction Study URS

2010 x 0.1 Velocity (f/s) Pilot Bank Stabilization:  Post-Construction Study URS

2005 x 0.6 Phase I Ecostudy: Phase I Site Characterization URS

2006 x 0.6 Phase I Ecostudy: Phase I Site Characterization URS

x x 0.1 Phase II Ecostudy: Phase II Site Characterization URS

x 0.1 Pilot Bank Stabilization: Pre-Construction Study URS

2010 x x x x 0.1 Pilot Bank Stabilization: Post-Construction Study URS

2011 x 0.1 Pilot Bank Stabilization: Post-Construction Study URS

2005 NS Comprehensive Geomorphological Study: Geomorphic Characterization and Annual Sediment Budget for Silt and Clay UD

2006 NS Comprehensive Geomorphological Study: Geomorphic Characterization and Annual Sediment Budget for Silt and Clay UD

x 0.1 Comprehensive Geomorphological Study: LiDAR Study for Bank Erosion and Mercury Content UD

x NS
Comprehensive Geomorphological Study: Reconnaissance Investigation of Floodplain Deposits Formed Through Channel 

Migration
UD

2009 x 0.1 Pilot Bank Stabilization: Pre-Construction Study URS

2010 x x x x 0.1 Pilot Bank Stabilization: Post-Construction Study URS

x 0.1 Pilot Bank Stabilization: Post-Construction Study URS

x NS Substrate and Aquatic Macrophyte Mapping URS

   Physical and Chemical Monitoring / Assessments

2003 x 0.1 - 0.4 THg Greenway Sampling UE

2006 x 0.5 THg, MeHg Survey of the Mercury Content of Earthworms JMU

x 0.0 - 0.4 THg, MeHg, LOI, Other Analytes Turner Plant Reach Sediments UE

x 0.1 - 0.2 THg, MeHg University of Delaware Bank Survey Soils UD

x 0 - 0.2, 0.9 - 1.0 THg, MeHg, VOCs Bank Stabilization Sediment UD

x x x 0.0 - 1.0 THg Phase II Ecostudy: Floodplain Soil Investigation URS

2009 x 0.1 THg Phase II Ecostudy: River Bank Soil for Phase II Site Characterization URS

2010 x 0.1 THg Pilot Bank Stabilization: River Bank Soil for Post-Construction Study URS

2003 x 0.3 - 0.4 THg, Metals VADEQ Historical Floodplain Monitoring VADEQ

2004 x 0.2 - 0.3 THg, Other Analytes Sediment Sampling UE

x 0.2 - 0.3 THg, MeHg, LOI, Other Analytes Transect Program UE

x 0.3 - 0.6 THg, MeHg, LOI, Other Analytes Water Sampling UE

x x x x x x x x x x 0.6 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x 0.0, 0.3 THg, MeHg Mercury Source Tracing and Mechanistic Source Studies RTG, UE

x x 0.6 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x 0.1 - 0.4 THg, Other Metals VADEQ Sediment Sampling VADEQ

2009 x 0.1 THg Phase II Ecostudy: Near-Bank Sediment for Phase II Site Characterization URS

x 0.1
THg, MeHg, PCBs, PAHs, Herbicides, 

Pesticides, Other Analytes
Phase II Ecostudy: Interstitial Sediment for Sediment Quality Triad URS

x 0.1 THg Pilot Bank Stabilization: Near-Bank Sediment for Post-Construction Study URS

2011 x 0.1 THg Pilot Bank Stabilization: Near-Bank Sediment for Post-Construction Study URS

2006 x x x x x 0.1 THg and Water Elev. Mercury Source Tracing and Mechanistic Source Studies: Basic Park GW RTG, UE

2007 x x x x x x x x 0.1 THg and Water Elev. Mercury Source Tracing and Mechanistic Source Studies: Basic Park GW RTG, UE

x x x x 0.1 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

x 0.1 THg Pilot Bank Stabilization: Physical Loading Pre-Construction Study URS

x 0.0 - 1.0 Spatial Analysis River Corridor Infrared Thermal Imaging SITS

2010 x 0.1 THg, MeHg Pilot Bank Stabilization: Physical Loading Post-Construction Study URS

2006 x 0.0, 0.3 THg, MeHg Mercury Source Tracing and Mechanistic Source Studies  RTG, UE

x x x x x x x 0.1 THg Mercury Source Tracing and Mechanistic Source Studies: Long-Profile Pore Water RTG, UE

x 0.0 - 0.4 THg Turner Plant Reach Pore Water and Surface Water UE

x 0.2 - 0.3 MeHg Turner Spin Pore Waters UE

2009 x x x x 0.1 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

2010 x 0.1 THg, MeHg Pilot Bank Stabilization: Physical Loading Post-Construction Study URS

2011 x 0.1 THg, MeHg Pilot Bank Stabilization: Physical Loading Post-Construction Study URS

2001 x 0.2 - 0.3 THg, Metals, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x x 0.2 - 0.3 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 0.9 - 1 THg, TSS, Other Analytes VADEQ Historical Intensive 1 VADEQ

x 0.0 - 0.3 THg, TSS, Other Analytes VADEQ Historical Intensive 2 VADEQ

x x x x x 0.2 - 0.3 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 0.1 - 0.2 THg Cutback Survey Sampling UE

x 0.1 - 0.3 THg, MeHg, TSS Flood Sampling UE

x 0.2 - 0.3 THg, MeHg, TSS Hg Speciation Study UE

x x x x x x 0.2 - 0.3 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x 0.1 - 0.4, 0.5 - 0.6, 0.7 - 0.8, 0.9 - 1.0 THg, MeHg, TSS Surface Water/Sediments UE

x 0.2 - 0.3 THg, MeHg, TSS Transect Program UE

x x x x x 0.2 - 0.3 Nutrients, Hg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 0.2 - 0.3 TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 0.2 - 0.3, 0.4 - 0.5, 0.9 - 1 THg, MeHg, TSS Water Sampling UE

x 0.4 - 0.5 THg, MeHg, Metals, TSS, Other Analytes Water Sampling UE

x 0.0 THg, MeHg Mercury Source Tracing and Mechanistic Source Studies RTG, UE

x x x 0.4 THg, MeHg Phase I Ecostudy: Storm Event Loading URS

x x x x x x x x x x 0.6 THg, MeHg Phase I Ecostudy URS

x x 0.0 - 0.4 THg Turner Plant Reach Pore Water and Surface Water UE

x x x x x x 0.2 - 0.3 Nutrients, Bacteria, Hg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 0.1 THg, MeHg Phase II Ecostudy: Targeted Tributary Loading Study URS

x 0.4 THg, MeHg Phase I Ecostudy: Storm Event Loading URS

x 0.1 - 0.2 THg Turner Plant Reach Pore Water and Surface Water UE

x x x x x x 0.2 - 0.3 Nutrients, Bacteria, Hg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x x x 0.4, 0.6 THg, MeHg Phase I Ecostudy URS

x 0.1 THg, MeHg Phase II Ecostudy: Targeted Tributary Loading Study URS

x x x x 0.4 THg, MeHg Phase II Ecostudy URS

x x x x x x 0.2 - 0.3 Nutrients, Bacteria, Hg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 0.1 THg, MeHg Phase II Ecostudy: Benthic Flux Study (Loading) URS

x x x x 0.1 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

x x x 0.4 THg, MeHg Phase II Ecostudy URS

x 0.2 - 0.3 Nutrients, Bacteria, Hg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 0.1 THg, MeHg Pilot Bank Stabilization: Physical Loading Post-Construction Study URS

x x x x x x x x x x x 0.4 THg, MeHg, Nutrients, Other Analytes Phase II Ecostudy URS

x x x x x 0.3 - 0.4 Nitrate, Nitrite, Nitrogen VADEQ Surface Water VADEQ

x x x x 0.1 THg, MeHg, Other Analytes Phase II Ecostudy URS

x x x x x x 0.1 THg, MeHg, Other Analytes VADEQ Surface Water VADEQ

   Biological Monitoring / Assessments

     Aquatic Vegetation / Algae

2005 x 0.3, 1 THg, MeHg Periphyton Assessment VIMS

x 0.6 THg, MeHg Phase I Ecostudy: Macrophytes URS

x x x 0.6 THg, MeHg Phase I Ecostudy: Periphyton URS

x x 0.6 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x 0.6 THg, MeHg Phase I Ecostudy: Periphyton URS

2008 x x 0.3 THg, MeHg, δN15, δC13 VIMS Sed and Periphyton Study 2008 VIMS

     Aquatic Invertebrates

2006 x x x 0.6 Phase I Ecostudy URS

2007 x 0.6 Phase I Ecostudy URS

2010 x 0.1 Phase II Ecostudy: Sediment Quality Triad URS

2011 x x 0.1 Phase II Ecostudy: Benthic Colonization Study URS

Feeding 2010 x x x 0.1 δN15, δC13 Phase II Ecostudy: Basal Resource Utilization Study URS

2002 x 0.1, 0.4, 0.6, 0.8, 1.0 THg Clam Tissue Study JMU, EMU

2003 x 0.1 THg, MeHg Clam Tissue Study JMU, EMU

x x x 0.6 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x x x x x x x x x 0.6 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x 0.6 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x 0.6 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x 0.6 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

2009 x x 0.1 THg, MeHg Phase II Ecostudy: Asian Clam Uptake Study URS

2010 x 0.1 THg, MeHg Pilot Bank Stabilization: Asian Clam Uptake Study for Post-Construction Study URS

2011 x x 0.1 THg, MeHg Pilot Bank Study: Clam Tissue URS

x 0.1 Phase II Ecostudy: Field Microcosm Study URS

x 0.1 Phase II Ecostudy: Laboratory Sediment Bioassays for Sediment Quality Triad URS

     Fish

2006 x x 0.6 Phase I Ecostudy URS

2010 x x 0.1 Phase II Ecostudy URS

Stomach Contents 2010 x x x 0.1 Phase II Ecostudy: Bass, Sunfish, and Forage Fish URS

2001 x 0.0 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2002 x 0.0 THg, MeHg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2005 x 0.0 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2006 x x 0.6 THg, MeHg Phase I Ecostudy: Forage Fish URS

x 0.0 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x 0.6 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

2009 x x 0.1 THg, MeHg Phase II Ecostudy: Bass URS

x x 0.1 THg, MeHg Phase II Ecostudy: Bass URS

x x x 0.1 THg, MeHg Phase II Ecostudy: Forage Fish URS

x x 0.1 THg, MeHg Phase II Ecostudy: Sunfish URS

2011 x 0.1 THg, MeHg Phase II Ecostudy: Bass URS

     Herpetofauna

RRM 0 - 1 Tissue 2007 x 1.0 THg, MeHg Mercury Bioaccumulation in Amphibians: Nondestructive Indices of Exposure, Maternal Transfer, and Reproductive Effects VT

     Terrestrial Invertebrates

RRM 0 - 1 Tissue 2006 x 0.5 THg, MeHg Survey of the Mercury Content of Earthworms JMU

RRM 0 - 1

Population / Community

Tissue
2007

2010

2007

2008

Sediment

2009
Ground Water

Pore Water

2007

2005

2006

2007

2010

RRM 0 - 1

Population / Community

Tissue

2006

2007

Toxicity 2010

Surface Water

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

RRM 0 - 1 Tissue

2006

2007

RRM 0 - 1

Soil
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Table 1-3

RRM 0 - 1

Discharge 
Characterization

2009

Habitat Characterization 2009

Morphology Assessment

2007

2011
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RIVER 
REACH

DATA TYPE YEAR

JA
N

F
E

B

M
A

R

A
P

R

M
A

Y

JU
N

JU
L

A
U

G

S
E

P

O
C

T

N
O

V

D
E

C

RELATIVE RIVER MILE MAIN PARAMETERS PROJECT NAME / DESCRIPTION SOURCE(S)

Final Report
South River Ecological Study
Ecological Study Data Matrix

Table 1-3

   Habitat and Geophysical Characterizations

2000 x x x x x x x x x x x x 2.3 Q (cfs) Daily River Discharge (Near Dooms) USGS

2001 x x x x x x x x x x x x 2.3 Q (cfs) Daily River Discharge (Near Dooms) USGS

2002 x x x x x x x x x x x x 2.3 Q (cfs) Daily River Discharge (Near Dooms) USGS

2003 x x x x x x x x x x x x 2.3 Q (cfs) Daily River Discharge (Near Dooms) USGS

2004 x x x x x x x x x x x x 2.3 Q (cfs) Daily River Discharge (Near Dooms) USGS

2005 x x x x x x x x x x x x 2.3 Q (cfs) Daily River Discharge (Near Dooms) USGS

2006 x x x x x x x x x x x x 2.3 Q (cfs) Daily River Discharge (Near Dooms) USGS

2007 x x x x x x x x x x x x 2.3 Q (cfs) Daily River Discharge (Near Dooms) USGS

2008 x x x x x x x x x x x x 2.3 Q (cfs) Daily River Discharge (Near Dooms) USGS

x x x x x x x x x x x x 2.3 Q (cfs) Daily River Discharge (Near Dooms) USGS

x x x x 3.5 Q (cfs) Phase II Ecostudy: Physical Loading Study URS

2010 x x x x x x x x x x x x 2.3 Q (cfs) Daily River Discharge (Near Dooms) USGS

2000 x x x 1.4 Daily Precipitation Volume (Waynesboro Sewage Treatment Plant) NOAA

2001 x x x x x x x x x x x 1.4 Daily Precipitation Volume (Waynesboro Sewage Treatment Plant) NOAA

2002 x x x x x x x x x x 1.4 Daily Precipitation Volume (Waynesboro Sewage Treatment Plant) NOAA

2003 x x x x x x x x x 1.4 Daily Precipitation Volume (Waynesboro Sewage Treatment Plant) NOAA

2004 x x x x x x x 1.4 Daily Precipitation Volume (Waynesboro Sewage Treatment Plant) NOAA

2005 x x x x x x x x 1.4 Daily Precipitation Volume (Waynesboro Sewage Treatment Plant) NOAA

2006 x x x x x x x x x x 1.4 Daily Precipitation Volume (Waynesboro Sewage Treatment Plant) NOAA

2007 x x x x x x x x 1.4 Daily Precipitation Volume (Waynesboro Sewage Treatment Plant) NOAA

2005 x 2.0, 3.0, 4.2, 5.2 Phase I Ecostudy: Phase I Site Characterization URS

2006 x 5.2 Phase I Ecostudy: Phase I Site Characterization URS

2009 x x 3.0, 3.5, 3.7 Phase II Ecostudy: Phase II Site Characterization URS

2005 NS Comprehensive Geomorphological Study: Geomorphic Characterization and Annual Sediment Budget for Silt and Clay UD

x x 1.8, 3.0 Comprehensive Geomorphological Study: LiDAR Study for Bank Erosion and Mercury Content UD

NS Comprehensive Geomorphological Study: Geomorphic Characterization and Annual Sediment Budget for Silt and Clay UD

x NS
Comprehensive Geomorphological Study: Reconnaissance Investigation of Floodplain Deposits Formed Through Channe

Migration
UD

x 3.0, 5.4 Comprehensive Geomorphological Study: LiDAR Study for Bank Erosion and Mercury Content UD

2011 x NS Substrate and Aquatic Macrophyte Mapping URS

   Physical and Chemical Monitoring / Assessments

x 1.1 - 1.2, 1.6 - 1.9 THg Floodplain Hg Sampling UE

x 2.5 - 2.6 THg Cutback Survey Sampling UE

x 2.1 - 2.2, 2.5 - 2.6 THg, MeHg Core Sampling UE

x 2.5 - 2.6 THg Floodplain Soil Sampling UE

x 2.5 - 2.6 THg Surface Water/Sediments UE

x x x 1.0, 2.1, 2.4, 5.0 THg, MeHg Survey of the Mercury Content of Earthworms JMU

x 1.7 - 1.8, 5.3 - 5.4 THg, MeHg, LOI, Other Analytes Turner Crimora Sediments UE

x x 2.1 - 2.2, 3.1 - 3.2, 5.3 - 5.4 THg, MeHg, Mn, Fe, LOI Flux Chamber Study (Loading) DuPont

x 2.1 - 2.3 THg, MeHg, LOI, Other Analytes Bank Flux Sediment / Soils UE

x 2.1 - 2.3 THg, MeHg, LOI, Other Analytes Turner Basic Park Sediment UE

x 2.9 - 3, 3.4 - 4.9, 5.4 - 5.5 THg USEPA Shifflet Farm Sampling USEPA

1.6, 2.2, 3.5, 4.8, 5.4 THg, MeHg Comprehensive Geomorphological Study: LiDAR Study for Bank Erosion and Mercury Content UD

x x 2.1 - 2.3 THg, MeHg, LOI, Other Analytes Turner Basic Park Sediment UE

x x 2.1 - 2.3 THg, MeHg, LOI, Other Analytes Turner Basic Park Sediment Pore Water UE

x 2.9 - 3.0, THg, MeHg, VOCs Fine Grained Sediment Study UD

x x x 1.1 - 6.0 THg Phase II Ecostudy: Floodplain Soil Investigation URS

x x x x
1.6 - 1.8, 2.1 - 2.2, 2.9 - 3.1, 3.3 - 3.4, 3.5 - 3.7, 3.9 – 4.0, 

4.1 - 4.2, 4.7 - 4.9, 5.1 - 5.2, 5.3 - 5.4, 5.8 - 5.9
THg, MeHg Comprehensive Geomorphological Study: Bank Erosion and Mercury Content UD

1.6, 2.2, 3.5, 4.8, 5.4 THg, MeHg Comprehensive Geomorphological Study: LiDAR Study for Bank Erosion and Mercury Content UD

x 2.8 - 2.9, 3.1 - 3.2, 4.3 - 4.4, 4.6 - 4.7, 4.8 - 4.9 THg, MeHg, LOI Flux Chamber Study (Loading) DuPont

x 2.8 - 3.1 THg, MeHg River Mile 3.0 Sediment Study UD

x 3.0, 3.5, 3.7 THg Phase II Ecostudy: River Bank Soil for Phase II Site Characterization URS

2011 x 0.0 - 0.3, 0.5 - 0.6 THg Floodplain Soils Investigation URS

2002 x 4.8 - 4.9, 5.6 - 5.7 THg, MeHg, LOI, Other Analytes Sediment Core Study - LLI URS

2004 x 1.7 - 1.8 THg, % Moisture Floodplain Hg Sampling UE

x x 1.5 - 1.6, 1.7 - 1.8, 2.5 - 2.6 THg, MeHg, LOI, Other Analytes Water Sampling UE

x 1.7 - 1.8 THg, % Moisture Oxbow Core Sampling UE

x x 1.7 - 1.8, 2.1 - 2.2, 2.4 - 2.5, 3.8 - 3.9, 4.2 - 4.3, 4.6 - 4.7 THg, LOI, Other Analytes University of Delaware Program UD

x 1.7 - 1.8, 2.4 - 2.6 THg, MeHg, LOI, Other Analytes Core Sampling UE

x 1.7 - 1.9, 5.0 - 5.1 THg, MeHg, LOI, Other Analytes Transect Program UE

2006 x x x x x x x x x x 2.0, 3.0, 4.2, 5.2 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x x x
1.0 - 1.2, 1.7 - 1.8, 2.3 - 2.4, 2.6 - 2.7, 3.5 - 3.6, 4.7 - 4.9, 

5.0 - 5.1, 5.2 - 5.3, 5.5 - 5.6
THg, Other Metals VADEQ Sediment Sampling VADEQ

x x x x x 2.0, 3.0, 4.2, 5.2 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x 3.0, 3.8, 3.9, 4.2, 4.6, 4.8, 5.4 THg, MeHg Phase I Ecostudy: Channel Margin Deposit Cores for Phase I Site Characterization URS

2008 x x x x x 1.6, 3.0, 4.6, 5.2 THg, MeHg Phase II Ecostudy: Interstitial Sediment URS

2009 x 3.0, 3.5, 3.7 THg Phase II Ecostudy: Near-Bank Sediment for Phase II Site Characterization URS

2010 x 3.5
THg, MeHg, PCBs, PAHs, Herbicides, 

Pesticides, Other Analytes
Phase II Ecostudy: Interstitial Sediment for Sediment Quality Triad URS

x 2.1 - 2.3 THg Turner Pore / Well Water I & II UE

x 2.1 - 2.3 THg, MeHg, Other Analytes Turner Wells / Turner Wells and Extract UE

x 3.7 - 4.3
THg, MeHg, TSS, TOC, VOCs, Other 

Analytes
Shifflet Farm GW and Pond Sampling: Direct Push Sampling USEPA

x 2.1 - 2.3 THg, MeHg, Other Analytes Turner Wells / Turner Wells and Extract UE

x 2.1 - 2.3 THg Turner Wells and Ultra UE

2009 x 1.1 - 6.0 Spatial Analysis River Corridor Infrared Thermal Imaging SITS

x 2.1 - 2.2 THg, MeHg, Other Analytes Turner Wells / Turner Wells and Extract UE

x x 2.1 - 2.3 THg Bank Flux Pore Water and Surface Water UE

x 2.1 - 2.3 THg Turner Pore / Well Water I UE

x 2.1 - 2.2 THg, MeHg, Other Analytes Basic Park Surface Water Flux UE

x x 2.1 - 2.2 THg, MeHg Turner Basic Park Longitudinal Profile Pore Water and Surface Water UE

x x 2.1 - 2.2 THg, MeHg Turner Basic Park Sediment Pore Water UE

x 2.1 - 2.2 Fe Turner Centrifuge Project UE

x 2.1 - 2.2, 5.3 - 5.4 MeHg Turner Spin Pore Waters UE

2008 x 2.1 - 2.2 Fe, Mn Turner Hyporheic Samples UE

2009 x x x x 3.5 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

2001 x 1.3 - 1.4, 2.3 - 2.4, 5 - 5.1 THg, Metals, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 1.0 - 2.6 THg, TSS, Other Analytes VADEQ Historical Intensive 1 VADEQ

x 1.2 - 1.3, 1.4 - 1.5, 2.4 - 2.5 THg, TSS VADEQ Historical Intensive 2 VADEQ

x 1.3 - 1.4 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x x x x 1.3 - 1.4, 2.3 - 2.4, 5 - 5.1 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x 1.3 - 1.4, 2.3 - 2.4, 5 - 5.1 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 2.3 - 2.6 THg, TSS, Other Analytes VADEQ Historical Intensive 2 VADEQ

x x x 5 - 5.1 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x 1.2 - 1.3, 1.7 - 1.8, 1.8 - 1.9, 5 - 5.1 THg, MeHg, TSS Flood Sampling UE

x 1.2 - 1.3, 1.7 - 1.8, 1.8 - 1.9, 5 - 5.1 THg, MeHg, TSS Hg Speciation Study UE

x x x x x x 1.3 - 1.4, 2.3 - 2.4, 5 - 5.1 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 1.7 - 1.8 THg, MeHg Oxbow Water Sampling UE

x x x x x x 5 - 5.1 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x
1.1 - 1.2, 1.3 - 2.0, 2.1 - 2.2, 2.4 - 2.5, 2.6 - 3.2, 3.4 - 3.5, 
3.6 - 3.7, 3.8 - 3.9, 4.1 - 4.2, 4.4 - 4.6, 4.8 - 4.9, 5.0 - 5.1

THg, MeHg, TSS Surface Water/Sediments UE

x 1.3 - 1.4, 5.0 - 5.1 TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 1.3 - 1.5, 1.7 - 1.9, 2.4 - 2.6, 3.2 - 3.3, 5.0 - 5.1 THg, MeHg, TSS Transect Program UE

x 1.3 - 1.6, 1.7 - 1.8, 5.0 - 5.1, 5.2 - 5.5, 5.6 - 5.7, 5.8 - 5.9 THg, MeHg, Metals, TSS, Other Analytes Water Sampling UE

x
1.5 - 1.6, 1.8 - 2.0, 2.2 - 2.7, 3.4 - 3.5, 4.4 - 4.5, 4.7 - 4.9, 

5.0 - 5.1, 5.2 - 5.3
THg, MeHg, TSS Water Sampling UE

x x x x x 2.3 - 2.4, 5.0 - 5.1 Nutrients, Hg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x 5 - 5.1 Nutrients, E. Coli, Other Analytes VADEQ Historical Ambient Water Quality Monitoring VADEQ

x 5 - 5.1 Nutrients VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x 5 - 5.1 TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 5 - 5.1 THg, TSS VADEQ Storm Sampling VADEQ

x 5.2 - 5.3 THg, MeHg, TSS Concurrent Sampling RTG

x 3.8
THg, MeHg, TSS, TOC, VOCs, Other 

Analytes
Shifflet Farm GW and Pond Sampling: Direct Push Sampling USEPA

x x x x x x x x x x 2.0, 3.0, 4.2, 5.2 THg, MeHg Phase I Ecostudy URS

x 2.1 - 2.2 THg, MeHg, Other Analytes Turner Wells / Turner Wells and Extract UE

x x 2.1 - 2.2, 3.1 - 3.2, 5.3 - 5.4 THg, MeHg, Mn, Fe, LOI Flux Chamber Study (Loading) DuPont

x x 2.1 - 2.3 THg Bank Flux Pore Water and Surface Water UE

x 2.1 - 2.3 THg, MeHg, Other Analytes Basic Park Surface Water Flux UE

x 2.1 - 2.3 THg Turner Pore / Well Water I & II UE

x x x x x x 2.3 - 2.4, 5.0 - 5.1 Nutrients, Bacteria, Hg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x 2.3, 5.1 THg, MeHg Phase I Ecostudy: Storm Event Loading URS

x 1.5, 2.5, 4.7, 5.6 THg, MeHg Phase II Ecostudy: Targeted Tributary Loading Study URS

x x x x 2.0, 3.0, 4.2, 5.2 THg, MeHg Phase I Ecostudy URS

x x 2.1 - 2.2 THg, MeHg, Other Analytes Basic Park Surface Water Flux UE

x x x 2.1 - 2.2 THg, MeHg Turner Basic Park Longitudinal Profile Pore Water and Surface Water UE

x 2.1 - 2.2 THg Turner Uptake Study UE

x 2.1 - 2.2 THg, MeHg, Other Analytes Turner Wells / Turner Wells and Extract UE

x x x x 2.1 - 2.3 THg, MeHg Basic Park Surface Water UE

x 2.3 - 2.4 Nutrients, Bacteria, Hg, Other Analytes VADEQHIST Fishkill VADEQ

x x x x x x 2.3 - 2.4, 5.0 - 5.1 Nutrients, Bacteria, Hg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x 2.3, 5.1 THg, MeHg Phase I Ecostudy URS

x 2.3, 5.1 THg, MeHg Phase I Ecostudy: Storm Event Loading URS

x x x x x x x x x x x 5.0 - 5.1 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x 1.2, 5.2 THg, MeHg Phase II Ecostudy: Benthic Flux Study (Loading) URS

x 1.5, 3.1, 4.7, 5.6 THg, MeHg Phase II Ecostudy: Targeted Tributary Loading Study URS

x 2.3 - 2.4, 5.0 - 5.1 THg, MeHg, Mn, Fe Flux Chamber Study (Loading) DuPont

x x x x x x 2.3 - 2.4, 5.0 - 5.1 Nutrients, Bacteria, Hg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x 2.3, 5.1 THg, MeHg Phase II Ecostudy URS

x 2.7, 3.0, 4.0, 4.6, 4.9 THg, MeHg Phase II Ecostudy: Benthic Flux Study (Loading) URS

x 2.8, 4.0, 4.5, 4.6 THg, MeHg Phase II Ecostudy: Benthic Flux Study (Loading) URS

x 3.0, 4.6 THg, MeHg Phase II Ecostudy: Benthic Flux Study (Loading) URS

x 4.5 - 4.6 Fe, Mn Turner Surface Waters UE

x 3.5 THg, MeHg Phase II Ecostudy: Benthic Flux Study (Loading) URS

x x x x 3.5 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

x 1.3 - 1.4, 5.0 - 5.1 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x 2.3 - 2.4, 5.0 - 5.1 Nutrients, Bacteria, Hg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x 2.3, 5.1 THg, MeHg Phase II Ecostudy URS

x 1.3, 1.7, 2.0, 2.4 THg, MeHg, Nutrients Sewage Treatment Plant Surface Water Studies JMU

x x x x x 2.3 - 2.4, 5.2 -5.3 Nitrate, Nitrite, Nitrogen VADEQ Surface Water VADEQ

x x x x x x x x x x x 2.3, 5.1 THg, MeHg, Nutrients, Other Analytes Phase II Ecostudy URS

x x x x 3.5 THg, MeHg, Other Analytes Phase II Ecostudy URS

x x x x x x 3.5 THg, MeHg, Other Analytes VADEQ Surface Water VADEQ

x 4.2, 5.4 THg, MeHg Floodplain Ponds Investigation URS

2007

Surface Water

2002

2003

2004

2005

2008

2009

2010

2011

RRM 1 - 6

Pore Water

Soil

2004

2005

2006

2007

2008

2006

2007

2009

Sediment

2005

2007

Ground Water

2006

2007

2006

RRM 1 - 6

Discharge 
Characterization

2009

Precipitation Monitoring

Habitat Characterization

Morphology Assessment

2006

2007
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Final Report
South River Ecological Study
Ecological Study Data Matrix

Table 1-3

   Biological Monitoring / Assessments

     Aquatic Vegetation / Algae

2005 x 2.0, 5.0 THg, MeHg Periphyton Assessment VIMS

x x 5.2 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x 2.0, 3.0, 4.2, 5.2 THg, MeHg Phase I Ecostudy: Macrophytes URS

x x x 2.0, 3.0, 4.2, 5.2 THg, MeHg Phase I Ecostudy: Periphyton URS

x 2.0, 3.0, 4.2, 5.2 THg, MeHg Phase I Ecostudy: Periphyton URS

x x 2.0, 5.2 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

2008 x x 1.1, 2.1, 5.4 THg, MeHg, δN15, δC13 VIMS Sed and Periphyton Study 2008 VIMS

     Aquatic Invertebrates

2006 x x x 5.2 Phase I Ecostudy URS

2007 x 5.2 Phase I Ecostudy URS

2010 x 3.5 Phase II Ecostudy: Sediment Quality Triad URS

2011 x x 3.5 Phase II Ecostudy: Benthic Colonization Study URS

Feeding 2010 x x x 3.5 δN15, δC13 Phase II Ecostudy: Basal Resource Utilization Study URS

2002 x 1.2, 1.4, 1.8, 2.0, 2.5, 2.8, 3.3, 3.7, 4.2, 4.7, 5.0 THg Clam Tissue Study JMU, EMU

x 1.2, 1.8, 2.5, 5 THg, MeHg Clam Tissue Study JMU, EMU

x 1.2, 2.2 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Spring Sampling) VT

x 1.2, 2.2 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Summer Sampling) VT

x x 1.2, 2.2 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Fall Sampling) VT

x x 5.2 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x x x 2.0, 3.0, 4.2, 5.2 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x x x x x x x x x 2.0, 3.0, 4.2, 5.2 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x 2.0, 3.0, 4.2, 5.2 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x 2.0, 3.0, 4.2, 5.2 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x 2.0, 5.2 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x x 3.5 THg, δN15, δC13 Phase II Ecostudy: Aquatic Insect Metamorphosis Study URS

x x 3.5 THg, MeHg Phase II Ecostudy: Asian Clam Uptake Study URS

2010 x x 3.5 THg, MeHg Phase II Ecostudy: Aquatic Invertebrates Uptake Study URS

Toxicity 2010 x 3.5 Phase II Ecostudy: Laboratory Sediment Bioassays for Sediment Quality Triad URS

     Fish

2006 x x 5.2 Phase I Ecostudy URS

2010 x x 3.5 Phase II Ecostudy URS

Stomach Contents 2010 x x x 3.5 THg, MeHg Phase II Ecostudy: Bass, Sunfish, and Forage Fish URS

2001 x 2.4 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2002 x 1.37, 2.4, 4.9 THg, MeHg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x x 1.2, 2.2 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Spring Sampling) VT

x 1.2, 2.2 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Summer Sampling) VT

x 1.2, 2.2 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Fall Sampling) VT

2005 x x 1.37, 2.4, 4.9 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2006 x x 2.0, 3.0, 4.2, 5.2 THg, MeHg Phase I Ecostudy: Forage Fish URS

x 1.37, 2.4, 4.9 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x 2.0, 5.2 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x x x 3.5 THg, MeHg Phase II Ecostudy: Bass URS

x x x 3.5 THg, MeHg Phase II Ecostudy: Forage Fish URS

x x 3.5 THg, MeHg Phase II Ecostudy: Sunfish URS

x 3.5 THg, MeHg Phase II Ecostudy: Bass URS

x 4.2, 5.4 THg, MeHg Floodplain Ponds Investigation URS

     Herpetofauna

RRM 1 - 6 Tissue 2007 x x x 2.0, 5.0 THg, MeHg Mercury Bioaccumulation in Amphibians: Nondestructive Indices of Exposure, Maternal Transfer, and Reproductive Effects VT

     Terrestrial Invertebrates

x 1.2 THg Uptake of Mercury and Relationships of Food Habits of Selected Species (Spring Sampling) VT

x 1.2, 2.2 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Summer Sampling) VT

x 1.2, 2.2 THg Uptake of Mercury and Relationships of Food Habits of Selected Species (Fall Sampling) VT

2006 x x x 1.0, 2.1, 2.4,  5.0 THg, MeHg Survey of the Mercury Content of Earthworms JMU

2008 x x 3.0, 5.1 THg, MeHg Examining the Fate and Effects of Mercury Contamination on Spiders WMU

     Birds

Blood 2005 x x x NS THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

Blood, Feather, Egg 2007 x x 2.0, 5.0 THg Pilot Assessment of Methyl-Mercury Availability to Mallards BRI

2006 x x x x x 1.7, 2.0, 2.4, 2.7, 3.0, 4.1, 5.1 THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

2007 x x x 1.7, 2.0, 2.4, 2.7, 3.0, 4.1, 5.1 THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

2008 x x x 1.7, 2.0, 2.4, 2.7, 3.0, 4.1, 5.1 THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

2008 x x x 2.6, 4.3 THg, MeHg, Total Solids VADEQ Waterfowl Samples VADEQ

2010 x 3.0, 5.1, 5.6 THg, MeHg, Total Solids VADEQ Waterfowl Samples VADEQ

     Mammals

RRM 1 - 6 Blood, Skin, Fur 2007 x 2.0 THg, MeHg Pilot Assessment of Methyl-Mercury Availability to Bats BRI

RRM 1 - 6

Population / Community

Tissue

2003

2007

2010

2011

RRM 1 - 6 Tissue

2003

RRM 1 - 6
Blood, Wing, Feather, 

Egg 

Tissue, Liver 

RRM 1 - 6 Tissue

2006

2007

RRM 1 - 6

Population / Community

Tissue

2003

2006

2007

2009
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Final Report
South River Ecological Study
Ecological Study Data Matrix

Table 1-3

   Habitat and Geophysical Characterizations

2009 x x x x 8.5 Q (cfs) Phase II Ecostudy: Physical Loading Study URS

2010 x 11.8 Q (cfs) Phase II Ecostudy: Physical Loading Study URS

2005 x 7.1 Phase I Ecostudy: Phase I Site Characterization URS

2006 x 11.8 Phase I Ecostudy: Phase I Site Characterization URS

x 8.5 Phase II Ecostudy: Phase II Site Characterization URS

x 8.5, 8.8 Phase II Ecostudy: Phase II Site Characterization URS

2010 x 11.8 Phase II Ecostudy: Phase II Site Characterization URS

2005 NS Comprehensive Geomorphological Study: Geomorphic Characterization and Annual Sediment Budget for Silt and Clay UD

2006 NS Comprehensive Geomorphological Study: Geomorphic Characterization and Annual Sediment Budget for Silt and Clay UD

2007 x NS
Comprehensive Geomorphological Study: Reconnaissance Investigation of Floodplain Deposits Formed Through Channe

Migration
UD

2011 x NS Substrate and Aquatic Macrophyte Mapping URS

   Physical and Chemical Monitoring / Assessments

x x x 11.0 - 11.2, 11.4 - 11.7 THg Forestry Center Soil DuPont, UE

x 11.5 - 11.6 THg Forestry Center Garden DuPont

x 9.8 - 10.0, 11.6 - 11.7 THg Floodplain Hg Sampling UE

x 9.9 - 10 THg Floodplain Hg Sampling UE

x 11.5 - 11.6 THg Water Sampling UE

x 9.9 - 10 THg, MeHg Core Sampling UE

x x 13.2 - 13.3 THg, MeHg, Mn, Fe, LOI Flux Chamber Study (Loading) DuPont

x x 7.6, 9.8, 11.7, 13.9 THg, MeHg Survey of the Mercury Content of Earthworms JMU

x 9.7 - 9.8 THg, MeHg, LOI, Other Analytes Crimora Hot Spot UE

x 9.7 - 9.9 THg, MeHg, LOI, Other Analytes Turner Crimora Sediments UE

x
7.4 - 7.5, 8.1 - 8.2, 8.5 - 8.6, 8.8 - 8.9, 9.9 - 10, 12.8 - 

12.9
THg, MeHg, VOCs Fine Grained Sediment Study UD

7.4, 7.7, 8.8, 9.8, 11.6, 13.1, 15.4 THg, MeHg Comprehensive Geomorphological Study: LiDAR Study for Bank Erosion and Mercury Content UD

x x x 6.1 - 16.0 THg Phase II Ecostudy: Floodplain Soil Investigation URS

x x x x
7.4 - 7.5, 7.7 - 7.8, 8.0 - 8.1, 8.2 - 8.3, 8.4 - 8.9, 9.2 - 9.3, 

9.4 - 9.6, 9.7 - 9.8, 13.1 - 13.2 , 13.7 -13.8, 15.3 -15.4
THg, MeHg Comprehensive Geomorphological Study: LiDAR Study for Bank Erosion and Mercury Content UD

7.4, 7.7, 8.8, 9.8, 11.6, 13.1, 15.4 THg, MeHg Comprehensive Geomorphological Study: LiDAR Study for Bank Erosion and Mercury Content UD

2009 x 8.5 THg Phase II Ecostudy: River Bank Soil for Phase II Site Characterization URS

x x 11.8 THg, MeHg Mesocosm Study JMU

x 11.8 THg Phase II Ecostudy: River Bank Soil for Phase II Site Characterization URS

2011 x 9.8 - 9.9 THg Floodplain Soils Investigation URS

2003 x 11.9 - 12 THg, Metals VADEQ Historical Floodplain Monitoring VADEQ

x 11.5 - 11.6 THg, LOI, Other Analytes Comprehensive Geomorphological Study: Bank Erosion and Mercury Content UD

x 9.9 - 10.0, 11.6 - 11.7 THg, MeHg, LOI, Other Analytes Transect Program UE

2006 x x x x x x x x x x 7.1, 8.7, 11.8, 8.2, 8.4, 8.6, 9.9, 12.7, 12.8 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x x x 6.2, 7.4, 8.6, 8.7, 9.9, 14.6 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x x
6.5 - 6.6, 7.4 - 7.5, 8.5 - 8.6, 9.4 - 9.6, 10.4 - 10.5, 11.3 - 

11.4, 12.3 - 12.4, 13.2 -13.3, 14.2 -14.3, 15.2 -15.3
THg, Other Metals VADEQ Sediment Sampling VADEQ

x x 7.1, 8.7, 11.8, 13.1, 14.6 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x 7.4, 8.2, 8.4, 8.6, 9.9, 12.7, 12.8 THg, MeHg Phase I Ecostudy: Channel Margin Deposit Cores for Phase I Site Characterization URS

2008 x x x x x 6.2, 7.4, 8.6, 8.7, 9.9, 14.6 THg, MeHg Phase II Ecostudy: Interstitial Sediment URS

2009 x 8.5, 8.8 THg Phase II Ecostudy: Near-Bank Sediment for Phase II Site Characterization URS

x 11.8
THg, MeHg, PCBs, PAHs, Herbicides, 

Pesticides Other Analytes
Phase II Ecostudy: Interstitial Sediment for Sediment Quality Triad URS

x 11.8 THg Phase II Ecostudy: Near-Bank Sediment for Phase II Site Characterization URS

2006 x 11.5 - 11.6 THg Forest Station Ground Water UE

2007 x x 11.5 - 11.7 THg Turner Wells and Ultra UE

2009 x 6.1 - 16.0 Spatial Analysis River Corridor Infrared Thermal Imaging SITS

x 11.5 - 11.6 THg Bank Flux Pore Water and Surface Water UE

x 11.5 - 11.6 THg Turner Pore / Well Water I UE

2007 x 9.7 - 9.8, 11.5 - 11.6 MeHg Turner Spin Pore Waters UE

2008 x 9.8 - 9.9 Fe, Mn Turner Hyporheic Samples UE

2009 x x x x 8.5 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

2010 x 11.8 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

x 9.8 - 9.9 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x 9.8 - 9.9 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

2003 x x x 9.8 - 9.9 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x 6 - 6.1, 7.4 - 7.5, 9.9 - 10, 11.6 - 11.7 THg, MeHg, TSS Hg Speciation Study UE

x x x x x x 9.8 - 9.9 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x 9.8 - 9.9 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 9.9 - 10, 11.6 - 11.7 THg, MeHg, TSS Flood Sampling UE

x 10.7 - 10.8 THg, Metals, Nutrients, Other Analytes VADEQ Probability Monitoring VADEQ

x 11.5 - 11.6 THg Forest Station Groundwater UE

x x x x x 11.6 - 11.7 Nutrients, Hg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 11.6 - 11.7 TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x

6 - 6.1, 6.2 - 6.3, 6.4 - 6.5, 6.5 - 6.6, 6.8 - 6.9, 7 - 7.1, 7.2 -
7.3, 7.4 - 7.5, 7.7 - 7.8, 7.8 - 7.9, 8.1 - 8.2, 8.5 - 8.6, 8.7 - 
8.8, 8.9 - 9, 9.2 - 9.3, 9.5 - 9.6, 9.6 - 9.7, 9.7 - 9.8, 9.8 - 

9.9

THg, MeHg, Metals, TSS, Other Analytes Water Sampling UE

x

6 - 6.1, 6.8 - 6.9, 7.7 - 7.8, 8.7 - 8.8, 9.6 - 9.7, 10.1 - 10.2, 
10.4 - 10.5, 10.8 - 10.9, 11.3 - 11.4, 11.6 - 11.7, 12 - 

12.1, 12.4 - 12.5, 12.9 - 13, 13.2 - 13.3, 13.7 - 13.8, 14.1 -
14.2, 14.7 - 14.8, 15.3 - 15.4

THg, MeHg, TSS Water Sampling UE

x 6 - 6.1, 9.7 - 9.8, 9.9 - 10, 11.6 - 11.7 THg, MeHg, TSS Transect Program UE

x 9.8 - 9.9 Nutrients, E. Coli, Other Analytes VADEQ Historical Ambient Water Quality Monitoring VADEQ

x 9.8 - 9.9 Nutrients VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x 9.9 - 10, 11.6 - 11.7 THg, MeHg, TSS Surface Water/Sediments UE

x x x 9.9 THg, MeHg Phase I Ecostudy: Storm Event Loading URS

x x x x x x 11.6 - 11.7 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x 13.2 - 13.3 THg, MeHg, Mn, Fe, LOI Flux Chamber Study (Loading) DuPont

x x x x x x x x x x 7.1, 8.7, 11.8, 13.1, 14.6 THg, MeHg Phase I Ecostudy URS

x 9.7 - 9.9 THg, MeHg Crimora Hot Spot UE

x x 9.7 - 9.9 THg, MeHg Crimora Surface Waters UE

x 9.9 THg, MeHg Phase I Ecostudy: Storm Event Loading URS

x 11.5 - 11.6 THg Turner Uptake Study UE

x x x x x x 11.6 - 11.7 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x 6.2, 7.4, 8.6, 8.7, 9.9, 14.6 THg, MeHg Phase I Ecostudy URS

x 6.7, 7.2, 8.8, 9.6 THg, MeHg Phase II Ecostudy: Targeted Tributary Loading Study URS

x x x x 7.1, 8.7, 11.8, 13.1, 14.6 THg, MeHg Phase I Ecostudy URS

x x 9.7 - 9.9 THg, MeHg Crimora Surface Waters UE

x x x x x x 11.6 - 11.7 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 6.2, 12.8 THg, MeHg Phase II Ecostudy: Benthic Flux Study (Loading) URS

x x x x 6.2, 7.4, 8.6, 8.7, 9.9, 14.6 THg, MeHg Phase II Ecostudy URS

x 6.2, 7.4, 8.7, 12.8 THg, MeHg Phase II Ecostudy: Benthic Flux Study (Loading) URS

x 6.7, 7.2, 8.6, 8.8, 9.9 THg, MeHg Phase II Ecostudy: Targeted Tributary Loading Study URS

x x x x x x x x x x x x 9.8 - 9.9 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x 8.5 THg, MeHg Phase II Ecostudy: Benthic Flux Study (Loading) URS

x x x x 8.5 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

x 11.6 - 11.7 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x 6.2, 7.4, 8.6, 8.7, 9.9, 14.6 THg, MeHg Phase II Ecostudy URS

x 9.8 - 9.9 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x 11.8 THg, MeHg Mesocosm Study JMU

x 11.8 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

x x 11.8 THg, MeHg, Nutrients Sewage Treatment Plant Surface Water Studies JMU

x x x x x x x x x x x 6.2, 7.4, 8.6, 8.7, 9.9, 14.6 THg, MeHg, Nutrients, Other Analytes Phase II Ecostudy URS

x x x x x 9.8 - 9.9 Nitrate, Nitrite, Nitrogen VADEQ Surface Water VADEQ

x x x x 11.8 THg, MeHg Phase II Ecostudy URS

x x x x x x 11.8 THg, MeHg VADEQ Surface Water VADEQ

x 6.9, 7.7, 9.4, 9.6 THg, MeHg Floodplain Ponds Investigation URS

Ground Water

Pore Water

2006

Surface Water

2002

2004

2005

2006

2007

2008

2009

2010

2011

RRM 6 - 16

Discharge 
Characterization

Habitat Characterization
2009

Morphology Assessment

RRM 6 - 16

Soil

2003

2004

2005

2006

2007

2008

2010

Sediment

2005

2007

2010
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RELATIVE RIVER MILE MAIN PARAMETERS PROJECT NAME / DESCRIPTION SOURCE(S)

Final Report
South River Ecological Study
Ecological Study Data Matrix

Table 1-3

   Biological Monitoring / Assessments

     Aquatic Vegetation / Algae

x 7.1 THg, MeHg Phase I Ecostudy: Macrophytes URS

x x x 7.1 THg, MeHg Phase I Ecostudy: Periphyton URS

x x 11.8 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x 7.1 THg, MeHg Phase I Ecostudy: Periphyton URS

x x 8.7, 11.8 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

2008 x x 11.6 THg, MeHg, δN15, δC13 VIMS Sed and Periphyton Study 2008 VIMS

2010 x x x 11.8 THg, MeHg Mesocosm Study JMU

     Aquatic Invertebrates

2006 x x x 11.8, 14.6 Phase I Ecostudy URS

2007 x 11.8, 14.6 Phase I Ecostudy URS

2010 x 11.8 Phase II Ecostudy: Sediment Quality Triad URS

2011 x x 11.8 Phase II Ecostudy: Benthic Colonization Study URS

Feeding 2010 x x x 11.8 δN15, δC13 Phase II Ecostudy: Basal Resource Utilization Study URS

x 11.6 THg, MeHg Clam Transplant Study JMU, EMU

x 11.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Spring Sampling) VT

x 11.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Summer Sampling) VT

x x 11.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Fall Sampling) VT

2004 x x x x 11.6 THg, MeHg Clam Transplant Study JMU, EMU

x x 11.8 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x x x 7.1, 8.7, 11.8, 13.1, 14.6 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x x x x x x x x x 7.1, 8.7, 11.8, 13.1, 14.6 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x 7.1, 8.7, 11.8, 13.1, 14.6 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x 7.1, 8.7, 11.8, 13.1, 14.6 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x x 8.7, 11.8 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x x 8.5, 11.8 THg, δN15, δC13 Phase II Ecostudy: Aquatic Insect Metamorphosis Study URS

x x 8.5 THg, MeHg Phase II Ecostudy: Asian Clam Uptake Study URS

2010 x x 11.8 THg, MeHg Phase II Ecostudy: Aquatic Invertebrates Uptake Study URS

x 11.8 Phase II Ecostudy: Field Microcosm Study URS

x 11.8 Phase II Ecostudy: Laboratory Sediment Bioassays for Sediment Quality Triad URS

     Fish

2006 x x 11.8, 14.6 Phase I Ecostudy URS

2010 x x 11.8 Phase II Ecostudy URS

Stomach Contents 2010 x x x 11.8 Phase II Ecostudy: Bass, Sunfish, and Forage Fish URS

2002 x 9.8 THg, MeHg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x 11.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Spring Sampling) VT

x 11.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Summer Sampling) VT

x 11.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Fall Sampling) VT

2005 x 9.9 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2006 x x 7.1, 8.7, 11.8, 13.1, 14.6 THg, MeHg Phase I Ecostudy: Forage Fish URS

x 11.6 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x 8.7, 11.8 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

2009 x x 11.8 THg, MeHg Phase II Ecostudy: Bass URS

x x x 11.8 THg, MeHg Phase II Ecostudy: Bass URS

x x x 11.8 THg, MeHg Phase II Ecostudy: Forage Fish URS

x x 11.8 THg, MeHg Phase II Ecostudy: Sunfish URS

x 6.9, 7.7, 9.4, 9.6 THg, MeHg Floodplain Ponds Investigation URS

x 11.8 THg, MeHg Phase II Ecostudy: Bass URS

     Herpetofauna

2006 x x x 9.7, 12.8, 13.7 THg, MeHg, δN15, δC13 Turtle Study VT

2007 x x x 9.0, 11.0, 13.0, 14.0, 16.0 THg, MeHg Mercury Bioaccumulation in Amphibians: Nondestructive Indices of Exposure, Maternal Transfer, and Reproductive Effects VT

2008 x x 9.0 THg, MeHg Mercury Bioaccumulation in Amphibians: Nondestructive Indices of Exposure, Maternal Transfer, and Reproductive Effects VT

2009 x 9.0, 14.0 THg, MeHg Mercury Bioaccumulation in Amphibians: Nondestructive Indices of Exposure, Maternal Transfer, and Reproductive Effects VT

     Terrestrial Invertebrates

x 11.6 THg Uptake of Mercury and Relationships of Food Habits of Selected Species (Spring Sampling) VT

x 11.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Summer Sampling) VT

x 11.6 THg Uptake of Mercury and Relationships of Food Habits of Selected Species (Fall Sampling) VT

2006 x x 7.6, 9.8, 11.7, 13.9 THg, MeHg Survey of the Mercury Content of Earthworms JMU

2007 x x x 8.6, 9.6, 11, 11.4, 12, 14.3, 14.8 THg, MeHg Examining the Fate and Effects of Mercury Contamination on Spiders WMU

2008 x x 9.6, 11.4, 14.5 THg, MeHg Examining the Fate and Effects of Mercury Contamination on Spiders WMU

     Birds

Blood 2005 x x x NS THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

Blood, Feather 2007 x x 11.0 THg Pilot Assessment of Methyl-Mercury Availability to Mallards BRI

Blood, Feather, Egg 2007 x x 17.0 THg Pilot Assessment of Methyl-Mercury Availability to Mallards BRI

2006 x x x x x
8.6, 9.0, 9.5, 9.6, 11.0, 11.4, 11.5, 11.8, 12.0, 12.1, 13.8, 

14.3, 14.4, 14.5, 14.8, 15.5
THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

2007 x x x x x x x x
8.6, 9.0, 9.5, 9.6, 11.0, 11.4, 11.5, 11.8, 12.0, 12.1, 13.8, 

14.3, 14.4, 14.5, 14.8, 15.5
THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

2008 x x x x
8.6, 9.0, 9.5, 9.6, 11.0, 11.4, 11.5, 11.8, 12.0, 12.1, 13.8, 

14.3, 14.4, 14.5, 14.8, 15.5
THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

2008 x x x 7.0, 7.6, 8.5, 8.9, 11.0, 12.8 14.5, 15.4 THg, MeHg, Total Solids VADEQ Waterfowl Samples VADEQ

2010 x 7.8, 8.3, 10.8 THg, MeHg, Total Solids VADEQ Waterfowl Samples VADEQ

     Mammals

Blood, Muscle, Fur 2008 10.0, 12.0, 14.5, 16.0, 16.7 THg, MeHg Pilot Assessment of Methyl-Mercury Availability to Muskrat and Shrews BRI

Blood, Skin, Fur 2007 x 12.0, 16.0 THg, MeHg Pilot Assessment of Methyl-Mercury Availability to Bats BRI

Tissue, Liver 2010 x 11.8 THg, MeHg VADEQ White Tailed Deer Samples VADEQ

RRM 6 - 16 Tissue

RRM 6 - 16 Tissue

2003

RRM 6 - 16 Blood, Wing, Feather, 
Egg 

Tissue, Liver 

RRM 6 - 16

RRM 6 - 16

Population / Community

Tissue

2003

2006

2007

2009

Toxicity 2010

RRM 6 - 16

Population / Community

Tissue

2003

2007

2010

2011

RRM 6 - 16 Tissue

2006

2007
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RELATIVE RIVER MILE MAIN PARAMETERS PROJECT NAME / DESCRIPTION SOURCE(S)

Final Report
South River Ecological Study
Ecological Study Data Matrix

Table 1-3

   Habitat and Geophysical Characterizations

2000 x x x x x x x x x x x x 16.5 Q (cfs) Daily River Discharge (Harriston) USGS

2001 x x x x x x x x x x x x 16.5 Q (cfs) Daily River Discharge (Harriston) USGS

2002 x x x x x x x x x x x x 16.5 Q (cfs) Daily River Discharge (Harriston) USGS

2003 x x x x x x x x x x x x 16.5 Q (cfs) Daily River Discharge (Harriston) USGS

2004 x x x x x x x x x x x x 16.5 Q (cfs) Daily River Discharge (Harriston) USGS

2005 x x x x x x x x x x x x 16.5 Q (cfs) Daily River Discharge (Harriston) USGS

2006 x x x x x x x x x x x x 16.5 Q (cfs) Daily River Discharge (Harriston) USGS

2007 x x x x x x x x x x x x 16.5 Q (cfs) Daily River Discharge (Harriston) USGS

2008 x x x x x x x x x x x x 16.5 Q (cfs) Daily River Discharge (Harriston) USGS

x x x x x x x x x x x x 16.5 Q (cfs) Daily River Discharge (Harriston) USGS

x x x x 23.5 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

2010 x x x x x x x x x x x x 16.5 Q (cfs) Daily River Discharge (Harriston) USGS

2005 x 19.0, 22.4 Phase I Ecostudy: Phase I Site Characterization URS

2006 x 19.0, 22.4 Phase I Ecostudy: Phase I Site Characterization URS

2009 x x 23.5 Phase II Ecostudy: Phase II Site Characterization URS

2005 NS Comprehensive Geomorphological Study: Geomorphic Characterization and Annual Sediment Budget for Silt and Clay UD

2006 NS Comprehensive Geomorphological Study: Geomorphic Characterization and Annual Sediment Budget for Silt and Clay UD

   Physical and Chemical Monitoring / Assessments

2004 x 19.7 - 19.8, 22.0 - 22.1, 23.9 - 24.0 THg Floodplain Hg Sampling UE

2006 x 19.8, 24.0 THg, MeHg Survey of the Mercury Content of Earthworms JMU

2007 19.8, 22.3, 22.6, 23.1 THg, MeHg Comprehensive Geomorphological Study: LiDAR Study for Bank Erosion and Mercury Content UD

x x x 16.1 - 24.0 THg Phase II Ecostudy: Floodplain Soil Investigation URS

19.8, 22.3, 22.6, 23.1 THg, MeHg Comprehensive Geomorphological Study: LiDAR Study for Bank Erosion and Mercury Content UD

x x x 22.3 - 22.4, 22.6 - 22.7, 23.1 - 23.2, 23.4 - 23.5 THg, MeHg Comprehensive Geomorphological Study: Bank Erosion and Mercury Content UD

2009 x 23.5 THg Phase II Ecostudy: River Bank Soil for Phase II Site Characterization URS

2011 x 23.1 - 23.4, 23.4 - 23.5 THg Floodplain Soils Investigation URS

2003 x 16.4 - 16.5 THg, Metals VADEQ Historical Floodplain Monitoring VADEQ

2005 x 16.5 - 16.6, 22.0 - 22.1 THg, MeHg, LOI, Other Analytes Transect Program UE

2006 x x x x x x x x x x 19.0, 22.4 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x
17.1 - 17.2, 18.2 - 18.3, 19.2 - 19.3, 20.2 - 20.3, 21.2 - 

21.3, 22.1 - 22.2, 23.0 - 23.1, 23.8 - 23.9
THg, Other Metals VADEQ Sediment Sampling VADEQ

x x 19.0, 22.4 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

2009 x 23.5 THg Phase II Ecostudy: Near-Bank Sediment for Phase II Site Characterization URS

2010 x 23.5
THg, MeHg, PCBs, PAHs, Herbicides, 

Pesticides, Other Analytes
Phase II Ecostudy: Interstitial Sediment for Sediment Quality Triad URS

Ground Water 2009 x 16.1 - 24.0 Spatial Analysis River Corridor Infrared Thermal Imaging SITS

2007 x 23.8 - 23.9 MeHg Turner Spin Pore Waters UE

2009 x x x x 23.5 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

x x x x x x x x x x x 16.4 - 16.5 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x 16.4 - 16.5 THg, Metals, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x 16.4 - 16.5 THg, Metals, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x x x x x 16.4 - 16.5, 22 - 22.1 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x x x x x x x 16.4 - 16.5, 22 - 22.1 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x x x x 16.4 - 16.5, 22 - 22.1 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x 16.4 - 16.5 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x x x x x 16.4 - 16.5, 22 - 22.1 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x x x x 16.4 - 16.5 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x x x x x 16.4 - 16.5, 22 - 22.1 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 16.5 - 16.6, 19.8 - 19.9 THg, MeHg, TSS Hg Speciation Study UE

x 16.5 - 16.6, 22 - 22.1 THg, MeHg, TSS Flood Sampling UE

x
16.0 - 16.1, 16.5 - 16.6, 17.2 - 17.3, 17.8 - 17.9, 18.4 - 
18.5, 19.0 - 19.1, 19.7 - 19.8, 20.2 - 20.3, 20.8 - 20.9, 

21.4 - 21.5, 22.1 - 22.2, 22.7 - 22.8, 23.2 - 23.3, 23.9 - 24
THg, MeHg, TSS Water Sampling UE

x x x x x x 16.4 - 16.5 Nutrients, E. Coli, Other Analytes VADEQ Historical Ambient Water Quality Monitoring VADEQ

x 16.4 - 16.5 Nutrients VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x 16.4 - 16.5 THg, TSS VADEQ Storm Sampling VADEQ

x x x x x 16.4 - 16.5, 22 - 22.1 Nutrients, Hg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 16.4 - 16.5, 22 - 22.1 TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 16.5 - 16.6, 19.8 - 19.9, 22 - 22.1 THg, MeHg, TSS Surface Water/Sediments UE

x 16.5 - 16.6, 19.8 - 19.9, 22 - 22.1, 23.9 - 24 THg, MeHg, TSS Transect Program UE

x x x x x x 16.4 - 16.5 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x 16.4 - 16.5 Nutrients, Bacteria, THg, Other Analytes VADEQHIST Fishkill VADEQ

x 16.4 - 16.5 THg, TSS VADEQHIST Storm VADEQ

x x x x x x 16.4 - 16.5, 22.0 - 22.1 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x 16.5, 19.5, 23.9 THg, MeHg Phase I Ecostudy: Storm Event Loading URS

x 16.5, 23.9 THg, MeHg Phase I Ecostudy: Storm Event Loading URS

x x x x x x x x x x 19.0, 22.4 THg, MeHg Phase I Ecostudy URS

x x x 16.5 THg, MeHg Phase I Ecostudy URS

x x x x 19.0 THg, MeHg Phase I Ecostudy URS

x x x x x x 16.4 - 16.5 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x 16.4 - 16.5, 19.7 - 19.8 Nutrients, Bacteria, THg, Other Analytes VADEQHIST Fishkill VADEQ

x x x x x x 16.4 - 16.5, 22.0 - 22.1 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 16.5, 19.5, 23.9 THg, MeHg Phase I Ecostudy: Storm Event Loading URS

x x x x  16.5, 19.9, 23.9 THg, MeHg Phase II Ecostudy URS

x x x x x x 16.4 - 16.5, 22.0 - 22.1 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x 23.5 THg, MeHg Phase II Ecostudy: Physical Loading Study URS

x x x  16.5, 19.9, 23.9 THg, MeHg Phase II Ecostudy URS

x 16.4 - 16.5 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x 16.4 - 16.5, 22.0 - 22.1 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x 23.4 THg, MeHg, Nutrients Sewage Treatment Plant Surface Water Studies JMU

x  16.5, 19.9, 23.9 THg, MeHg, Nutrients, Other Analytes Phase II Ecostudy URS

x x x x x x x x x x  16.5, 23.9 THg, MeHg, Nutrients, Other Analytes Phase II Ecostudy URS

x x x x x 16.4 - 16.5, 23.8 - 23.9 Nitrate, Nitrite, Nitrogen VADEQ Surface Water VADEQ

x x x x 23.5 THg, MeHg Phase II Ecostudy URS

x x x x x x 23.5 THg, MeHg VADEQ Surface Water VADEQ

x 17.1, 17.3, 17.5, 22.1 THg, MeHg Floodplain Ponds Investigation URS

   Biological Monitoring / Assessments

     Aquatic Vegetation / Algae

x x 19.0 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x 19.0, 22.4 THg, MeHg Phase I Ecostudy: Macrophytes URS

x x x 19.0, 22.4 THg, MeHg Phase I Ecostudy: Periphyton URS

x x 22.4 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x 19.0, 22.4 THg, MeHg Phase I Ecostudy: Periphyton URS

2008 x x 22.1 THg, MeHg, δN15, δC13 VIMS Sed and Periphyton Study 2008 VIMS

     Aquatic Invertebrates

2006 x x x  19.0, 22.4 Phase I Ecostudy URS

2007 x  19.0, 22.4 Phase I Ecostudy URS

2010 x 23.5 Phase II Ecostudy: Sediment Quality Triad URS

2011 x x 23.5 Phase II Ecostudy: Benthic Colonization Study URS

Feeding 2010 x x x 23.5 δN15, δC13 Phase II Ecostudy: Basal Resource Utilization Study URS

2003 x 24.0 THg, MeHg Clam Tissue Study JMU, EMU

x x 19.0 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x x x 19.0, 22.4 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects  URS

x x x x x x x x x x 19.0, 22.4 THg, MeHg Phase I Ecostudy: Crayfish  URS

x 22.4 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x 19.0, 22.4 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects  URS

x x 19.0, 22.4 THg, MeHg Phase I Ecostudy: Crayfish  URS

x x 22.1 THg, δN15, δC13 Phase II Ecostudy: Aquatic Insect Metamorphosis Study URS

x x 23.5 THg, MeHg Phase II Ecostudy: Asian Clam Uptake Study URS

2010 x x 23.5 THg, MeHg Phase II Ecostudy: Aquatic Invertebrates Uptake Study URS

Toxicity 2010 x 23.5 Phase II Ecostudy: Laboratory Sediment Bioassays for Sediment Quality Triad URS

     Fish

2006 x x  19.0, 22.4 Phase I Ecostudy URS

2010 x x 23.5 Phase II Ecostudy URS

Stomach Contents 2010 x x x 23.5 Phase II Ecostudy: Bass, Sunfish, and Forage Fish URS

2002 x 19.8 THg, MeHg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2005 x 19.8 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2006 x x 19.0, 22.4 THg, MeHg Phase I Ecostudy: Forage Fish URS

x 22.4 THg, MeHg, δN15, δC13 Trophic Transfer Study VIMS

x 16.5, 22.1 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2009 x x 23.5 THg, MeHg Phase II Ecostudy: Bass URS

x x x 23.5 THg, MeHg Phase II Ecostudy: Forage Fish URS

x x 23.5 THg, MeHg Phase II Ecostudy: Sunfish URS

x x NS THg, MeHg Phase II Ecostudy: Bass URS

x 17.1, 17.3, 17.5, 22.1 THg, MeHg Floodplain Ponds Investigation URS

x 23.5 THg, MeHg Phase II Ecostudy: Bass URS

     Herpetofauna

2006 x x 16.7, 20.1 THg, MeHg, δN15, δC13 Turtle Study VT

2007 x x 20.0,  22.0 THg, MeHg Mercury Bioaccumulation in Amphibians: Nondestructive Indices of Exposure, Maternal Transfer, and Reproductive Effects VT

2008 x 20.0 THg, MeHg Mercury Bioaccumulation in Amphibians: Nondestructive Indices of Exposure, Maternal Transfer, and Reproductive Effects VT

     Terrestrial Invertebrates

2006 x 19.8, 24.0 THg, MeHg Survey of the Mercury Content of Earthworms JMU

2007 x x 17.4, 19.6, 19.8, 21.9, 23.8 Examining the Fate and Effects of Mercury Contamination on Spiders WMU

2008 x x 19.8, 21.9, 23.8 Examining the Fate and Effects of Mercury Contamination on Spiders WMU

     Birds

Blood 2005 x x x NS THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

Blood, Feather, Egg 2007 x x 20.0, 24 THg Pilot Assessment of Methyl-Mercury Availability to Mallards BRI

2006 x x x x x x 17.4, 18.6, 19.6, 19.8, 21.9, 23.8 THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

2007 x x x x x x x 17.4, 18.6, 19.6, 19.8, 21.9, 23.8 THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

2008 x x x 17.4, 18.6, 19.6, 19.8, 21.9, 23.8 THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

Tissue, Liver 2008 x x x 16.2, 19.1 THg, MeHg, Total Solids VADEQ Waterfowl Samples VADEQ

     Mammals

RRM 16 - 24 Blood, Skin, Fur 2006 x x 17.0, 18 THg, MeHg Pilot Assessment of Methyl-Mercury Availability to Bats BRI

RRM 16 - 24

Population / Community

Tissue

2007

2010

2011

RRM 16 - 24 Tissue

RRM 16 - 24 Tissue

RRM 16 - 24 Blood, Wing, Feather, 
Egg 

2009

2010

2011

RRM 16 - 24 Tissue

2006

2007

RRM 16 - 24

Population / Community

Tissue

2006

2007

2009

RRM 16 - 24

Soil
2008

Sediment 2007

Pore Water

Surface Water

2000

2001

2002

2003

2004

2005

2006

2007

2008

RRM 16 - 24

Discharge 
Characterization

2009

Habitat Characterization

Morphology Assessment
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RELATIVE RIVER MILE MAIN PARAMETERS PROJECT NAME / DESCRIPTION SOURCE(S)

Final Report
South River Ecological Study
Ecological Study Data Matrix

Table 1-3

   Habitat and Geophysical Characterizations

2000 x x x x x x x x x x x x -2.7 Q (cfs) Daily River Discharge (Near Waynesboro) USGS

2001 x x x x x x x x x x x x -2.7 Q (cfs) Daily River Discharge (Near Waynesboro) USGS

2002 x x x x x x x x x x x x -2.7 Q (cfs) Daily River Discharge (Near Waynesboro) USGS

2003 x x x x x x x x x x x x -2.7 Q (cfs) Daily River Discharge (Near Waynesboro) USGS

2004 x x x x x x x x x x x x -2.7 Q (cfs) Daily River Discharge (Near Waynesboro) USGS

2005 x x x x x x x x x x x x -2.7 Q (cfs) Daily River Discharge (Near Waynesboro) USGS

2006 x x x x x x x x x x x x -2.7 Q (cfs) Daily River Discharge (Near Waynesboro) USGS

2007 x x x x x x x x x x x x -2.7 Q (cfs) Daily River Discharge (Near Waynesboro) USGS

2008 x x x x x x x x x x x x -2.7 Q (cfs) Daily River Discharge (Near Waynesboro) USGS

2009 x x x x x x x x x x x x -2.7 Q (cfs) Daily River Discharge (Near Waynesboro) USGS

2010 x x x x x x x x x x x x -2.7 Q (cfs) Daily River Discharge (Near Waynesboro) USGS

2000 x x x x x x x x x x x x MR Daily Precipitation Volume (Staunton Sewage Treatment Plant) NOAA

2001 x x x x x x x x x x x x MR Daily Precipitation Volume (Staunton Sewage Treatment Plant) NOAA

2002 x x x x x x x x x x x x MR Daily Precipitation Volume (Staunton Sewage Treatment Plant) NOAA

2003 x x x x x x x x x x x x MR Daily Precipitation Volume (Staunton Sewage Treatment Plant) NOAA

2004 x x x x x x x x x x x x MR Daily Precipitation Volume (Staunton Sewage Treatment Plant) NOAA

2005 x x x x x x x x x x x x MR Daily Precipitation Volume (Staunton Sewage Treatment Plant) NOAA

2006 x x x x x x x x x x x x MR Daily Precipitation Volume (Staunton Sewage Treatment Plant) NOAA

2007 x x x x x x x x x x x x MR Daily Precipitation Volume (Staunton Sewage Treatment Plant) NOAA

2008 x x x x x x x x x x x x MR Daily Precipitation Volume (Staunton Sewage Treatment Plant) NOAA

2009 x x x x x x x x x x x x MR Daily Precipitation Volume (Staunton Sewage Treatment Plant) NOAA

2010 x x x x x x x x x x x x MR Daily Precipitation Volume (Staunton Sewage Treatment Plant) NOAA

2005 x NR - 01 Phase I Ecostudy: Phase I Site Characterization URS

2006 x NR - 01 Phase I Ecostudy: Phase I Site Characterization URS

2007 x MR - 01 Phase I Ecostudy: Phase I Site Characterization URS

x x MR - 01 Phase II Ecostudy: Phase II Site Characterization URS

x MR - 01 Phase II Ecostudy: Phase II Site Characterization URS

   Physical and Chemical Monitoring / Assessments

2003 x -0.6 - -0.5, -0.5 - -0.4, -0.1 - -0.0 THg Greenway Sampling UE

x -1.5 THg, MeHg Survey of the Mercury Content of Earthworms on the South River Virginia Floodplain JMU

x -2.6 - -2.5 THg, MeHg, LOI Flux Chamber Study (Loading) DuPont

2010 x x NR THg, MeHg Mesocosm Study JMU

x x -4.1 - -4.2 THg, Metals, VOCs VADEQ Historical Floodplain Sediments VADEQ

x -4.1 - -4.2 VOCs, Pesticides, PCBs VADEQ Probability Monitoring VADEQ

2004 x -0.5 - -0.1 THg, Other Analytes Sediment Sampling UE

x -2.7 - -2.8 THg, LOI, Other Analytes Comprehensive Geomorphological Study: Bank Erosion and Mercury Content UD

x -2.7 - -2.8 THg, MeHg, LOI, Other Analytes Transect Program UE

x -1.0 , -0.7 THg, MeHg Mercury Source Tracing and Mechanistic Source Studies RTG, UE

x x x x x x x x x x NR - 01 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x x x x x x x x x x NR - 02 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x x x x x x x x x x SR - 01 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x 0 - -0.1 THg, Other Metals VADEQ Sediment Sampling VADEQ

x x NR - 01 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x x NR - 02 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x x SR - 01 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x MR - 01
THg, MeHg, PCBs, PAHs, Herbicides, 

Pesticides, Other Analytes
Phase II Ecostudy: Interstitial Sediment for Sediment Quality Triad URS

x SR - 01
THg, MeHg, PCBs, PAHs, Herbicides, 

Pesticides, Other Analytes
Phase II Ecostudy: Interstitial Sediment for Sediment Quality Triad URS

2006 x -1.0 , -0.7 THg, MeHg Mercury Source Tracing and Mechanistic Source Studies RTG, UE

2007 x -0.6 - -0.5, -0.4 - -0.3, -0.2 - -0.1, -0.1 - 0.0 THg Turner Plant Reach Pore Water and Surface Water UE

2000 x x x x x x x x x x x x -2.7 - -2.8 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x -1.6 - -1.7, -0.7 - -0.8 THg, Metals, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x x x x x -2.7 - -2.8 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x x x x -1.6 - -1.7, -0.7 - -0.8 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x x -2.7 - -2.8 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x -0.8 - -0.7, -0.6 - 0.0 THg, TSS, Other Analytes VADEQ Historical Intensive 2 VADEQ

x x x x x -1.6 - -1.7, -0.7 - -0.8 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x -4.1 - -4.2 Pesticides VADEQ Historical Sediments VADEQ

x x x x x x -4.1 - -4.2, -2.7 - -2.8 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x -0.4 - -0.5 THg Cutback Survey Sampling UE

x -0.4 - -0.5 THg, TSS VADEQ Historical Intensive 2 (Follow Up) VADEQ

x x x x x x -1.6 - -1.7, -0.7 - -0.8 THg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x -2.7 - -2.8 THg, MeHg, TSS Hg Speciation Study UE

x x x x x x x x x -2.7 - -2.8 Nutrients, TSS, Other Analytes VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x -2.7 - -2.8, -0.4 - -0.5 THg, MeHg, TSS Flood Sampling UE

x -0.4 - -0.5 THg, MeHg, TSS Water Sampling UE

x x x x x -1.6 - -1.7, -0.7 - -0.8 Nutrients, Hg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x -1.6 - -1.7, -0.7 - -0.8 TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x -2.7 - -2.8 THg, MeHg, TSS Concurrent Sampling RTG

x x x x x x x x x -2.7 - -2.8 Nutrients, E. Coli, Other Analytes VADEQ Historical Ambient Water Quality Monitoring VADEQ

x -2.7 - -2.8 Nutrients VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x -2.7 - -2.8 THg, TSS VADEQ Storm Sampling VADEQ

x x -2.7 - -2.8, -0.4 - -0.5 THg, MeHg, TSS Surface Water/Sediments UE

x -2.7 - -2.8, -0.4 - -0.5 THg, MeHg, TSS Transect Program UE

x -2.7 - -2.8, -0.4 - -0.5 THg, MeHg, Metals, TSS, Other Analytes Water Sampling UE

x x -1.0 THg, MeHg Flux Chamber Study (Loading) DuPont

x -1.0 , -0.7 THg, MeHg Mercury Source Tracing and Mechanistic Source Studies RTG, UE

x x x x x x -1.7 - -1.6, -0.8 - -0.7 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x -2.8 - -2.7 THg, MeHg Turner Wells / Turner Wells and Extract UE

x x x x x x x x x x x -2.8 - -2.7 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x -2.8 - -2.7, -0.8 - -0.7, -0.6 - -0.5, -0.5 - -0.4, -0.1 - 0.0 THg Turner Plant Reach Pore Water and Surface Water UE

x x x x x x x x x x NR - 01 THg, MeHg Phase I Ecostudy URS

x x x x x x x x x x NR - 02 THg, MeHg Phase I Ecostudy URS

x x x x x x x x x x SR - 01 THg, MeHg Phase I Ecostudy URS

x x x SR - 01 THg, MeHg Phase I Ecostudy: Storm Event Loading URS

x x x x x x -1.7 - -1.6, -0.8 - -0.7 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x x x x x -2.8 - -2.7 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x -2.8 - -2.7, -0.8 - -0.7, -0.5 - -0.4, -0.4 - -0.3 THg Turner Plant Reach Pore Water and Surface Water UE

x x NR - 01 THg, MeHg Phase I Ecostudy URS

x x NR - 02 THg, MeHg Phase I Ecostudy URS

x x x x SR - 01 THg, MeHg Phase I Ecostudy URS

x SR - 01 THg, MeHg Phase I Ecostudy: Storm Event Loading URS

x x x x x x -1.7 - -1.6, -0.8 - -0.7 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x x x x x x x x -2.8 - -2.7 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x NS Temperature Analysis of South River Temperatures JMU

x -1.7 - -1.6, -0.8 - -0.7 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x -2.8 - -2.7 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x SR - 01 THg, MeHg Phase II Ecostudy URS

x x x x x -2.8 - -2.7 Nitrate, Nitrite, Nitrogen VADEQ Surface Water VADEQ

x x x x x x x x x x x SR - 01 THg, MeHg, Nutrients, Other Analytes Phase II Ecostudy URS

2007

2008

2009

2010

2005

2006

2007

2010

Precipitation Monitoring

Habitat Characterization

2010

Reference Site

Soil 2006

Sediment

2003

2005

2006

2003

2004

Pore Water

Surface Water

2001

2002

Reference

Discharge 
Characterization
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RELATIVE RIVER MILE MAIN PARAMETERS PROJECT NAME / DESCRIPTION SOURCE(S)

Final Report
South River Ecological Study
Ecological Study Data Matrix

Table 1-3

   Biological Monitoring / Assessments

     Aquatic Vegetation / Algae

2005 x -4.1 THg, MeHg Periphyton Assessment VIMS

x NR - 01 THg, MeHg Phase I Ecostudy: Macrophytes URS

x x x NR - 01 THg, MeHg Phase I Ecostudy: Periphyton URS

x NR - 02 THg, MeHg Phase I Ecostudy: Macrophytes URS

x x x NR - 02 THg, MeHg Phase I Ecostudy: Periphyton URS

x SR - 01 THg, MeHg Phase I Ecostudy: Macrophytes URS

x x x SR - 01 THg, MeHg Phase I Ecostudy: Periphyton URS

x NR - 01 THg, MeHg Phase I Ecostudy: Periphyton URS

x NR - 02 THg, MeHg Phase I Ecostudy: Periphyton URS

x SR - 01 THg, MeHg Phase I Ecostudy: Periphyton URS

     Aquatic Invertebrates

x x x NR - 01 Phase I Ecostudy URS

x x x NR - 02 Phase I Ecostudy URS

x x x SR - 01 Phase I Ecostudy URS

x NR - 01 Phase I Ecostudy URS

x NR - 02 Phase I Ecostudy URS

x SR - 01 Phase I Ecostudy URS

x MR - 01 Phase II Ecostudy: Sediment Quality Triad URS

x SR - 01 Phase II Ecostudy: Sediment Quality Triad URS

x x MR - 01 Phase II Ecostudy: Benthic Colonization Study URS

x x SR - 01 Phase II Ecostudy: Benthic Colonization Study URS

2002 x -1.8, -0.7 THg Clam Tissue Study JMU, EMU

x -1.8 THg, MeHg Clam Tissue Study JMU, EMU

x NR THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Spring Sampling) VT

2004 x x NR THg, MeHg Clam Transplant Study JMU, EMU

x x x NR - 01 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x x x x x x x x x NR - 01 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x x x NR - 02 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x x x x x x x x x NR - 02 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x x x SR - 01 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x x x x x x x x x SR - 01 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x NR - 01 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x NR - 01 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x NR - 02 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x NR - 02 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x SR - 01 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x SR - 01 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x MR - 01 Phase II Ecostudy: Laboratory Sediment Bioassays for Sediment Quality Triad URS

x NR - 01 Phase II Ecostudy: Field Microcosm Study URS

x NR - 02 Phase II Ecostudy: Field Microcosm Study URS

x SR - 01 Phase II Ecostudy: Field Microcosm Study URS

x SR - 01 Phase II Ecostudy: Laboratory Sediment Bioassays for Sediment Quality Triad URS

     Fish

x x NR - 01 Phase I Ecostudy URS

x x NR - 02 Phase I Ecostudy URS

x x SR - 01 Phase I Ecostudy URS

x x MR-01 Phase II Ecostudy URS

x x SR - 01 Phase II Ecostudy URS

2001 x -0.7 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x -0.7 THg, MeHg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x NR THg, MeHg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2003 x NR THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Spring Sampling) VT

x x -0.7 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x NR THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x x NR - 01 THg, MeHg Phase I Ecostudy: Forage Fish URS

x x NR - 02 THg, MeHg Phase I Ecostudy: Forage Fish URS

x x SR - 01 THg, MeHg Phase I Ecostudy: Forage Fish URS

x -0.7 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x NR THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

     Herpetofauna

2007 x x x -1.0, -2.0 THg, MeHg Mercury Bioaccumulation in Amphibians: Nondestructive Indices of Exposure, Maternal Transfer, and Reproductive Effects VT

2008 x x -1.0 THg, MeHg Mercury Bioaccumulation in Amphibians: Nondestructive Indices of Exposure, Maternal Transfer, and Reproductive Effects VT

     Terrestrial Invertebrates

2006 x -1.5 THg, MeHg Survey of the Mercury Content of Earthworms on the South River Virginia Floodplain JMU

2007 x NR THg, MeHg Examining the Fate and Effects of Mercury Contamination on Spiders WMU

2008 x NR THg, MeHg Examining the Fate and Effects of Mercury Contamination on Spiders WMU

     Birds

Blood 2005 x x x NS THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

Blood, Feather 2007 x x MR THg Pilot Assessment of Methyl-Mercury Availability to Mallards BRI

Blood, Feather, Egg 2007 x x NR THg Pilot Assessment of Methyl-Mercury Availability to Mallards BRI

x x x x MR THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

x x x x NR THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

x x x x MR THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

x x x NR THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

x x MR THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

x x NR THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

     Mammals

2007 x x MR THg, MeHg Pilot Assessment of Methyl-Mercury Availability to Bats BRI

2008 x x x MR THg, MeHg Pilot Assessment of Methyl-Mercury Availability to Bats BRI

Tissue, Liver 2010 x MR THg, MeHg VADEQ White Tailed Deer Samples VADEQ

Population / Community

2006

2007

2010

2011

Reference Site Tissue

Reference Site Tissue

Reference Site

Blood, Wing, Feather, 
Egg 

2006

2007

2008

Reference Site
Blood, Skin, Fur 

Reference Site

Population / Community

2006

2010

Tissue

2002

2005

2006

2007

Tissue

2003

2006

2007

Toxicity 2010

Reference Site Tissue

2006

2007

Reference Site
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RELATIVE RIVER MILE MAIN PARAMETERS PROJECT NAME / DESCRIPTION SOURCE(S)

Final Report
South River Ecological Study
Ecological Study Data Matrix

Table 1-3

   Habitat and Geophysical Characterizations

2005 x SFS - 1 Phase I Ecostudy: Phase I Site Characterization URS

2006 x SFS - 1 Phase I Ecostudy: Phase I Site Characterization URS

   Physical and Chemical Monitoring / Assessments

2004 x 31 - 32 THg Cutback Survey Sampling UE

x 40 - 41 THg VADEQ Probability Monitoring VADEQ

x 26 - 27, 72 - 73, 121 - 122 THg VADEQ Fish Kill Sediment Sampling VADEQ

2003 x 40 - 41 VOCs, Pesticides, PCBs VADEQ Probability Monitoring VADEQ

x 24 - 25, 34 - 35 THg, MeHg, LOI, Other Analytes Transect Program UE

x 30 - 31, 32 - 33 THg, MeHg, LOI, Other Analytes McGaheysville Dam Samples UE

2006 x x x x x x x x x x SFS - 1 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x x SFS - 1 THg, MeHg Phase I Ecostudy: Interstitial Sediment URS

x x

26 - 27, 33 - 34, 40 - 41, 43 - 44, 50 - 51, 55 - 56, 57 - 58, 
65 - 66, 72 - 73, 75 - 76, 79 - 80, 86 - 87, 91 - 92, 95 - 96, 

103 - 104, 106 - 107, 110 - 111, 115 - 116, 121 - 122, 
125 - 126 

THg, Other Metals VADEQ Sediment Sampling VADEQ

Ground Water 2009 x NS Spatial Analysis River Corridor Infrared Thermal Imaging SITS

x x x x 26 - 27, 48 - 49, 65 - 66, 72 - 73, 121 - 122, 125 - 126 Nutrients, E. Coli, Other Analytes VADEQ Historical Ambient Water Quality Monitoring VADEQ

x 48 - 49, 72 - 73, 94 - 95 Nutrients, Hg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 24 - 25 THg, MeHg, TSS Flood Sampling UE

x 24 - 25, 30 - 31, 32 - 33 THg, MeHg, TSS Hg Speciation Study UE

x x x x x x x x x x
26 - 27, 48 - 49, 65 - 66, 72 - 73, 79 - 80, 121 - 122, 125 - 

126
Nutrients, E. Coli, Other Analytes VADEQ Historical Ambient Water Quality Monitoring VADEQ

x x x x x x 26 - 27, 48 - 49, 72 - 73, 94 - 95 Nutrients, Hg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 24 - 25 THg, MeHg, Metals, TSS, Other Analytes Water Sampling UE

x 24 - 25 THg, MeHg, TSS Surface Water/Sediments UE

x 24 - 25, 30 - 31, 32 - 33, 34 - 35 THg, MeHg, TSS Transect Program UE

x x x x x x x x x x x x
26 - 27, 48 - 49, 65 - 66, 72 - 73, 79 - 80, 121 - 122, 125 - 

126
Nutrients, E. Coli, Other Analytes VADEQ Historical Ambient Water Quality Monitoring VADEQ

x x x x x x 26 - 27, 48 - 49, 94 - 95 Nutrients, Hg, TSS, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x x x x x x x 26 - 27, 33 - 34, 72 - 73, 121 - 122 Nutrients, Bacteria, THg, Other Analytes VADEQHIST Fishkill VADEQ

x x x x x x 26 - 27, 48 - 49, 94 - 95 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x x 26 - 27, 72 - 73, 121 - 122 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x 40 - 41, 72 -73 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Probability Monitoring VADEQ

x x x x x x x x x x SFS - 1 THg, MeHg Phase I Ecostudy URS

x x x x x x x x 26 - 27, 33 - 34, 72 - 73, , 121 - 122 Nutrients, Bacteria, THg, Other Analytes VADEQHIST Fishkill VADEQ

x x x x x x x x x x x x 26 - 27, 48 - 49, 72 - 73, 79 - 80, 115 - 116, 121 - 122 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x x x x 26 - 27, 48 - 49, 94 - 95 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x SFS-1 THg, MeHg Phase I Ecostudy URS

x x x x x x 26 - 27, 48 - 49, 94 - 95 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x x x x x x x x x x x x 26 - 27, 72 - 73, 79 - 80, 115 - 116, 121- 122 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

x x x 33 - 34 Nutrients, Bacteria, THg, Other Analytes VADEQHIST Fishkill VADEQ

x 26 - 27, 48 - 49, 94 - 95 Nutrients, Bacteria, THg, Other Analytes VADEQ Historical Bimonthly Clean Hg VADEQ

x 26 - 27, 72 - 73 Nutrients, Bacteria VADEQ Historical Ambient Water Quality Monitoring Samples VADEQ

   Biological Monitoring / Assessments

     Aquatic Vegetation / Algae

2003 x 92.6 THg Uptake of Mercury and Relationships of Food Habits of Selected Species (Summer Sampling) VT

x SFS - 1 THg, MeHg Phase I Ecostudy: Macrophytes URS

x x x SFS - 1 THg, MeHg Phase I Ecostudy: Periphyton URS

2007 x SFS - 1 THg, MeHg Phase I Ecostudy: Periphyton URS

     Aquatic Invertebrates

2006 x x x SFS - 1 Phase I Ecostudy URS

2007 x SFS - 1 Phase I Ecostudy URS

x 92.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Spring Sampling) VT

x 92.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Summer Sampling) VT

x x 92.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Fall Sampling) VT

x x x SFS - 1 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x x x x x x x x x SFS - 1 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

x SFS - 1 THg, MeHg Phase I Ecostudy: Asian Clams and Aquatic Insects URS

x x SFS - 1 THg, MeHg, PAHs, Other Analytes Phase I Ecostudy: Crayfish URS

     Fish

Population / Community 2006 x x SFS - 1 Phase I Ecostudy URS

2001 x 135, 144.5, 160 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2002 x x x x 27.9, 49.7, 65.0, 77.5, 93.0, 108.7, 124.3, 144.5, 160.0 THg, MeHg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x 27.9 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

x 92.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Spring Sampling) VT

x 92.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Summer Sampling) VT

x 92.6 THg, MeHg Uptake of Mercury and Relationships of Food Habits of Selected Species (Fall Sampling) VT

2005 x x 27.9, 49.7, 65.0, 77.5, 93.0, 108.7, 124.3, 144.5 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

2006 x x SFS - 1 THg, MeHg Phase I Ecostudy: Forage Fish URS

2007 x x 27.9, 49.7, 65.0, 77.5, 93.0, 108.7, 124.3, 144.5, 160.0 THg VADEQ Fish Fillet Tissue Hg Monitoring VADEQ

     Herpetofauna

SFS Tissue 2007 x 34.0 THg, MeHg Mercury Bioaccumulation in Amphibians: Nondestructive Indices of Exposure, Maternal Transfer, and Reproductive Effects VT

     Birds

SFS Blood 2005 x x x NS THg, MeHg Examining the Fate and Effects of Mercury Contamination on Birds WMU

  NOTES: 

SFS

Population / Community

Tissue

2003

2006

2007

     DuPont = E. I. du Pont de Nemours and Company; EMU = Eastern Mennonite Univ.;  JMU = James Madison Univ.; NOAA = National Oceanic and Atmospheric Admin.; RTG = Ralph Turner Geosciences; SITS = Stockton Infrared Thermographic Services; UD = Univ. of Delaware; UE =  Unique Environmental

     URS = URS Corporation; USEPA = US Environmental Protection Agency; USGS = US Geologic Survey; VADEQ = VA Dept. of Environmental Quality; VIMS = Virginia Institute of Marine Science; VT = Virginia Tech

SFS
Tissue

2003

     The records presented in this table were obtained from the URS Master Database from 2000 to 2011 and from the South River Science Team Web Server (2006-2010). Research conducted by outside organizations was compiled to the fullest extent possible, however, some studies may not be represented. Relative River Miles (RRM) are determined by the

       streamline distance downstream (+), or distance upstream (-) of the footbridge located in downtown Waynesboro, VA. The locations reported are based on the coordinates or site descriptions provided in the source dataset and may not be fully comprehensive. For sites in the Middle River (MR) and North River (NR), no specific RRM is provided.

     NS = Not Specified; SFS = South Fork Shenandoah River; Analytes : LOI = Loss on Ignition; MeHg = Methyl Mercury; δN15/ δC13 = Stable Isotopes; PAHs = Polyaromatic Hydrocarbons; PCBs = Polychlorinated Biphenyls; THg = Total Mercury; TOC = Total Organic Carbon; TSS = Total Suspended Solids; VOCs = Volatile Organic Compounds

Sediment

2005

2007

Surface Water

2003

2004

2005

2006

2007

2008

2009

SFS Tissue 2006

SFS

Soil
2006

SFS Habitat Characterization
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Table 2-1

Summary of Surface Water Flows

South River Ecological Study

Final Report

Event Type Date
Discharge at 

Harriston (CFS)

Daily Median 

Discharge (CFS)
1 

3/14/2006 133 262

4/13/2006 122 256

5/14/2006 151 207

6/13/2006 71 129

6/30/2006 97 107

8/13/2006 66 87

9/13/2006 110 81

10/13/2006 209 94

11/12/2006 541 114

12/13/2006 209 159

1/12/2007 299 190

2/12/2007 253 229

4/13/2007 296 256

5/14/2007 151 207

8/13/2007 103 87

10/13/2007 58 94

12/13/2007 63 159

2/12/2008 152 229

5/13/2008 206 213

6/12/2008 94 130

8/12/2008 50 84

10/12/2008 71 91

12/12/2008 257 161

2/11/2009 97 232

5/31/2009 289 155

8/30/2009 61 82

1/12/2010 227 190

2/18/2010 266 254

6/6/2010 120 158

9/2/2010 65 80

1/4/2011 105 201

6/5/2011 154 165

Event Type Date
Peak Discharge 

(CFS)
Return Interval

2

9/2/2006 3010 0.28

6/27/2006 2620 0.2

11/8/2006 1780 0.08
3/2/2007 1270 0.03

Notes:

CFS = Cubic feet per second

Baseline

Storm

1
Median daily discharge calculated for the entire 68-year period of record at Harriston, 

VA.

2
The return period is a value indicating the frequency of peak flow events. Low values 

(e.g., 2 year events) indicate relatively frequent events. 

See Ecological Study Data Matrix (Table 1-3) for more information regarding study 

details.
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Table 4-1

Summary of Incremental Mercury Loads During Storms

South River Ecological Study

Final Report

Stream Reach

RRM -2.7 - 

RRM 0.2

RRM 0.2 - 

RRM 2.3

RRM 2.3 - 

RRM 5.1

RRM 5.1 - 

RRM 9.9

RRM 9.9 - 

RRM 16.5

RRM 16.5 - 

RRM 20

RRM 20 - 

RRM 23.9
Discharge (CFS) 870 1070 1464 1942 2640 2739 2911

Incremental Load (kg) 0.1 0.5 1.4 0.7 0.6 -1.2 0.5

Discharge (CFS) 2544 2740 2808 2890 3010 3123 3319

Incremental Load (kg) 0.1 1.6 2.6 0.9 0.2 -1.5 1.1

Discharge (CFS) 2038 2350 2676 3094 3690 3828 4069

Incremental Load (kg) 0.2 2.7 5.7 3.2 3.4 -5.7 6.8

Discharge (CFS) 973 1100 1143 1194 1270 1318 1400

Incremental Load (kg) 0.10 0.74 1.1 0.18 -0.23 -0.43 -0.05

Notes:

Negative incremental loads represent a decrease in a mercury load between an upstream and downstream reach.

See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Data shown are the incremental loads, in kilograms (kg), and the maximum discharge in cubic feet per second (CFS) at each bridge location measured during 

the four intensively sampled storms during the Phase I Ecological Study. Incremental loads are the difference in the storm total load between two bridges. 

Storm Event Measurement

June 2006

September 2006

November 2006

March 2007
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Table 4-2

Comparison of Sediment Chemistry Among Different Environments

South River Ecological Study

Final Report

October, 2007 February, 2008   

IHg 

(µg/g dry wt.)

MeHg 

(ng/g dry wt.)

MeHg 

(ng/g dry wt.)

MeHg 

(ng/g dry wt.)

AVS 

(µmol/g dry wt.)

MeHg 

(ng/g dry wt.)

MeHg 

(ng/g dry wt.)

AVS 

(µmol/g dry wt.)
Fe(II):Fe(III)

Floodplain wetland 1.6 4  (0.2) 7.7  (2.3) 3.1  (1) 4.5 (0.5) 5  (2.4) 3.1  (1) 5.3  (0.4) <1.75 1.3  (0.01)

Embedded pool 4.6 21  (2.6) 53.6  (2.9) 48.9  (1.7) 41.5  (3.5) <3.35 48.9  (1.7) 76.7  (11) <2 2.4  (0.08)

Mill race 5.2 45.2  (11.5) 20.1  (0.3) 27  (29.7) 43  (21) 3.8  (2.8) 27  (29.7) 57.6  (5) <1.2 2  (0.03)

FGCM deposit 6.4 18.9  (2.2) 70.7  (10.6) 20  (0.4) 19.5  (3.5) 12.6 (3.2) 20  (0.4) 114  (9) <2.6 3  (0.36)

Embedded pool 7.4 22  (2.2) 81.1  (2.3) 65.4  (2.4) 57  (5) < 2.4 65.4  (2.4) 97  (0.9) <2.3 1.3  (0.04)

Floodplain wetland 8.6 17.8  (1.9) 18.2  (7.7) 2.5  (0) 11.5 (0.5) < 1.55 2.5  (0) 99.9  (3.2) <2.5 1.7  (0.1)

Toe of pool 8.7 21.1  (0.1) 68.4  (4.5) 21.8  (15.4) 37 < 3.75 21.8  (15.4) 47.4  (0) <2.5 0.4  (0)

Mill race 9.9 6.3  (2) 13.2  (1.8) 17.4  (7) 5 5 (0.5) 17.4  (7) 39.2  (9.9) 6.1  (1.5) 7.7  (0.07)

Toe of pool 12.7 20.4  (0.05) 60  (19) 41.1  (1.7) 45 < 4 41.1  (1.7) 55.5  (2.8) <1.9 1  (0.02)

FGCM deposit 12.8 22.6  (6) 18.1  (1.2) 25.5  (2.5) 21 (3) 9.1 (0.8) 25.5  (2.5) 102.4  (21.7) 3.7 4.3  (0.26)

Notes:

Distance from 

Source (RRM)

December, 2007                

Concentrations of inorganic mercury (IHg), methylmercury (MeHg), acid-volatile sulfide (AVS) and reduced Fe, expressed as the ratio of Fe(II):Fe(III) in fine-grained sediment from five habitat types present in the South River. Data represented as 

average (standard deviation). FGCM=fine-grained channel margin. Reprinted with permission from Flanders et al. (2010). See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Habitat Type

August, 2007 May, 2008                                                      
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Number of 

Samples 

Minimum 

Concentration

(µg/g dry wt.)

Maximum 

Concentration

(µg/g dry wt.)

Mean 

Concentration

(µg/g dry wt.)

UCL95 

Concentration

(µg/g dry wt.)
1

Percentage of 

Samples

> 0.18 µg/g
2

Percentage of 

Samples

> 18.9 µg/g
3

Number of 

Samples

Minimum 

Concentration

(ng/g dry wt.)

Maximum 

Concentration

(ng/g dry wt.)

Mean 

Concentration

(ng/g dry wt.)

UCL95 

Concentration

(ng/g dry wt.)

Percentage of 

Samples

> 102 ng/g
3

RRM -2.7 - 0.3 18 0.1 13 2 3.3 89 0 1 29.5 29.5 29.5 NC 0

RRM 0.3 - 2.3 69 0.1 286 14 33.4 99 16 23 2.05 279 43.08 117.6 17

RRM 2.3 - 5.0 200 0.006 1,033 93 155.6 91 47 26 0.30 372 45.52 71.35 8

RRM 5.0 - 9.8 183 0.1 418 23 36.9 99 27 67 1.51 123 35.63 42.64 4

RRM 9.8 - 16.4 101 0.04 127 14 21.2 99 19 39 5.13 131 27.70 34.58 5

RRM 16.4 - 23.8 21 0.8 24 11 15.4 100 29 2 27.70 88.6 58.15 NC 0

RRM -2.7 - 0.3 92 0.04 53.5 1.5 4.2 52 2.2 44 0.4 95.6 5.6 15.6 0

RRM 0.3 - 2.3 101 0.3 22.2 6.0 8.0 100 2.0 83 1.0 52.5 12.2 14.5 0

RRM 2.3 - 5.0 121 0.05 211.0 23.7 33.5 99 44.6 120 1.4 240.1 56.7 63.5 11

RRM 5.0 - 9.8 139 3.1 50.6 19.0 20.0 100 51.1 146 10.8 774.5 71.6 80.2 18

RRM 9.8 - 16.4 134 0.02 42.9 14.8 16.8 99 6.0 117 5.6 260.6 71.0 96.9 30

RRM 16.4 - 23.8 95 2.4 26.0 10.0 10.5 100 1.1 79 2.7 189.2 67.3 94.0 29

Notes:
1
 USEPA ProUCL Version 4.00.05 was used to calculate the 95 percent upper confidence limit (UCL95) of the mean concentration; the UCL95 is based on the distribution of the data and was calculated 

   based on the method recommended by ProUCL.
2 
USEPA Region III freshwater sediment screening value based on the consensus-based threshold effect concentration (TEC) published by MacDonald et al. (2000).

3
 Site-specific ESV based on the maximum sediment concentration that did not result in significantly lower survival or growth in 10-day exposures to Hyalella azteca  and Chironomus dilutus  (See Section 5.1.4).

NC = not calculated by ProUCL due to insufficient sample size.

Data were collected from September 2002 to September 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Bulk Sediment

Interstitial Sediment

Table 4-3

Bulk and Interstitial Sediment Mercury Screening Summary Table

South River Ecological Study

Final Report

Stream Reach

TOTAL MERCURY (THg) METHYLMERCURY (MeHg)
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Number of 

Samples

Minimum 

Concentration

(ng/L)

Maximum 

Concentration

(ng/L)

Mean 

Concentration

(ng/L)

UCL95 

Concentration

(ng/L)
1

Percentage 

of Samples

> ESV
2

Number of 

Samples

Minimum 

Concentration

(ng/L)

Maximum 

Concentration

(ng/L)

Mean 

Concentration

(ng/L)

UCL95 

Concentration

(ng/L)

Percentage 

of Samples > 

ESV
3

RRM -2.7 - 0.3 287 0.35 290 9.6 16.56 0 14 0.008 0.12 0.05 0.0612 0

RRM 0.3 - 2.3 253 1.63 500 42.6 63.54 0 145 0.01 4.16 0.21 0.244 0.7

RRM 2.3 - 5.0 235 0.75 449 48.5 61.82 0 160 0.01 7.51 0.67 0.765 0.6

RRM 5.0 - 9.8 285 1.3 2727 103.6 148.3 0.4 200 0.01 5.305 1.05 1.37 1.5

RRM 9.8 - 16.4 233 4.2 700 107.5 135.2 0 170 0.14 6.415 1.65 2.153 7.1

RRM 16.4 - 23.8 278 0.35 600 94.5 118.8 0 160 0.153 5.98 1.45 1.915 4.4

RRM -2.7 - 0.3 337 0.05 66.1 2.20 3.3 0 66 0.01 0.6 0.12 0.15 0

RRM 0.3 - 2.3 492 0.25 100.7 4.45 6.0 0 277 0.01 62.4 0.79 1.82 2.2

RRM 2.3 - 5.0 307 0.48 296 6.19 11.8 0 215 0.01 2.3 0.39 0.51 0

RRM 5.0 - 9.8 377 0.75 129 7.31 9.5 0 290 0.01 48.2 1.32 2.45 2.8

RRM 9.8 - 16.4 282 0.75 61.4 10.23 12.3 0 230 0.08 3.1 1.11 1.35 0

RRM 16.4 - 23.8 345 0.08 87 8.05 9.8 0 200 0.10 5.3 0.97 1.22 0.5

Notes:
1
 USEPA ProUCL Version 4.00.05 was used to calculate the 95 percent upper confidence limit (UCL95) of the mean concentration; the UCL95 is based on the  distribution of the data and was calculated 

   based on the method recommended by ProUCL.
2
 Total mercury (THg) ESVs for surface water:
Unfiltered Surface Water ESV = 908 ng/L continuous chronic criterion (CCC) derived in USEPA (1995) Update Freshwater Aquatic Life Criterion for mercury ; 

   Expressed as total recoverable mercury, this value forms the basis for the filtered VAWQC/NRWQC based on a total to dissolved conversion factor of 0.85.  

Filtered
 
Surface Water THg = 770 ng/L VAWQC chronic (VADEQ Numerical Water Quality Criterion (9 VAC 25-260) January 6, 2011).

3
 MeHg ESV for surface water = 4 ng/L  based on USEPA Region III BTAG Freshwater Screening Benchmarks (filtered/unfiltered samples)

Data were collected from January 2002 to November 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Unfiltered Surface Water

Filtered Surface Water (0.45 µm filter)

Table 4-4

Baseflow Surface Water Mercury Screening Summary Table

South River Ecological Study

Final Report

Stream Reach

TOTAL MERCURY (THg) METHYLMERCURY (MeHg)
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Number of 

Samples

Minimum 

Concentration

(ng/L)

Maximum 

Concentration

(ng/L)

Mean 

Concentration

(ng/L)

UCL95 

Concentration

(ng/L)
1

Percentage 

of Samples

> ESV
2

Number of 

Samples

Minimum 

Concentration

(ng/L)

Maximum 

Concentration

(ng/L)

Mean 

Concentration

(ng/L)

UCL95 

Concentration

(ng/L)

Percentage 

of Samples

> ESV
3

RRM -2.7 - 0.3 8 3.7 211 41.4 112.7 0 3 0.05 0.49 0.21 NC 0

RRM 0.3 - 2.3 45 2.3 255 34.2 52.7 0 39 0.02 0.80 0.22 0.36 0

RRM 2.3 - 5.0 40 1.0 1501 150.4 215.2 2.5 37 0.01 8.10 0.72 1.47 5.4

RRM 5.0 - 9.8 54 2.5 10600 697.6 1287 11.1 41 0.01 9.62 1.28 1.76 4.9

RRM 9.8 - 16.4 40 57.2 4519 636.2 951 20.0 35 0.21 20.77 3.27 5.31 14.3

RRM 16.4 - 23.8 74 46.1 4489 714.7 1209 21.6 48 0.27 17.64 2.88 5.46 16.7

RRM -2.7 - 0.3 5 4.7 8.2 6.4 7.8 0 3 0.04 0.10 0.08 NC 0

RRM 0.3 - 2.3 40 0.5 17.3 3.4 4.4 0 37 0.01 0.82 0.08 0.19 0

RRM 2.3 - 5.0 37 0.5 118.0 6.4 20.0 0 37 0.01 6.68 0.27 1.05 2.7

RRM 5.0 - 9.8 46 0.2 33.8 7.5 10.4 0 38 0.01 0.90 0.25 0.33 0

RRM 9.8 - 16.4 38 1.5 412.0 25.9 75.5 0 36 0.10 2.15 0.58 0.73 0

RRM 16.4 - 23.8 61 2.6 75.4 8.3 9.1 0 48 0.01 1.58 0.48 0.73 0

Notes:
1
 USEPA ProUCL Version 4.00.05 was used to calculate the 95 percent upper confidence limit (UCL95) of the mean concentration; the UCL95 is based on the distribution of the data and was calculated 

   based on the method recommended by ProUCL.
2
 Total mercury (THg) ESVs for surface water:
Unfiltered Surface Water ESV = 908 ng/L continuous chronic criterion (CCC) derived in USEPA (1995) Update Freshwater Aquatic Life Criterion for mercury ; 

   Expressed as total recoverable mercury, this value forms the basis for the filtered VAWQC/NRWQC based on a total to dissolved conversion factor of 0.85.  

Filtered
 
Surface Water THg = 770 ng/L VAWQC chronic (VADEQ Numerical Water Quality Criterion (9 VAC 25-260) January 6, 2011).

3
 MeHg ESV for surface water = 4 ng/L  based on USEPA Region III BTAG Freshwater Screening Benchmarks (filtered/unfiltered samples)

NC = not calculated by ProUCL due to insufficient sample size.

Data were collected from September 2004 to May 2008. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Unfiltered Surface Water

Filtered Surface Water (0.45 µm filter)

Table 4-5

Stormflow Surface Water Mercury Screening Summary Table

South River Ecological Study

Final Report

Stream Reach

TOTAL MERCURY (THg) METHYLMERCURY (MeHg)
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Table 4-6

HRAD THg Concentration Summary

South River Ecological Study

Final Report

RRM Bank HRAD Type
Maximum THg 

(µg/g dry wt.)

Average THg 

(µg/g dry wt.)

3.0 Right Bench 432 102

3.1 Right Bench 18 13

3.4 Right Point bar 75 31

3.5 Left Point bar 204 49

3.7 Left Point bar 839 247

3.9 Left Bench 11 7

3.9 Left Bench 78 11

4.1 Right Point bar 15 8

4.8 Right Tributary 1 1

4.9 Right Floodplain 27 5

4.9 Left Floodplain 30 11

5.1 Left Point bar 12 4

5.7 Right Tributary 28 19

7.4 Right Bench 97 47

7.4 Right Floodplain 2.6 0.5

7.8 Right Bench 26 17

8.1 Right Floodplain 270 65

8.3 Right Point bar 18 15

8.3 Right Floodplain 196 49

8.4 Left Point bar 144 54

8.5 Left Floodplain 53 30

8.5 Right Point bar 27 12

8.6 Right Floodplain 163 77

8.7 Left Point bar 8.1 6

8.8 Right Tributary 5.3 5

9.2 Right Floodplain 62 10

9.3 Right Floodplain 15 10

9.4 Right Bench 129 58

9.5 Right Floodplain 25 10

13.7 Right Floodplain 31 14

15.3 Right Point bar 4.3 4

23.1 Left Point bar 1.5 0.3

23.4 Right Point bar 0.3 0.3
23.4 Left Floodplain 16 12

Notes:

- The type refers to the mechanism of formation of the HRAD, and is described in the text. 

- Left or right bank is based on a downstream orientation. 

- The data shown are the vertically averaged and maximum total mercury (THg) concentrations in Historic 

Release Age Deposits (HRADs), which are areas of the river bank that accumulated fine-grained sediment 

during the time that mercury was used at the Site in Waynesboro, VA. The location of the HRADs, in relative 

river miles (RRM), was determined based on a comparison of historical aerial photographs.  

- Samples were collected between February 14 and June 18 2008. See Ecological Study Data Matrix (Table 1-

3) for more information regarding study details.
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Table 4-7

Eroding Bank THg Concentration Summary

South River Ecological Study

Final Report

RRM
Average THg 

(µg/g dry wt.)

Maximum THg 

(µg/g dry wt.)

0.1* NA 584

1.55 2 3

1.75 2 5

1.75 1 10

2.18 8 61

2.2* 140 515

2.6* 23 88

2.96* 43 110

3.54 9 29

4.75 6 18

5.36* 31 120

5.4 2 18

7.4* 23 83

7.7* 43 117

8.25 3 8

8.5 7 26

8.78 4 9

8.8 3 16

9.75* 24 80

11.58 10 37

13.13 2 3

15.4 2 8

19.84 5 30

22.3 3 5

22.58 2 3

22.61 1 6

23.1 4 13

Notes:

- NA: not applicable; several vertically averaged cores were collected on this bank. 

- The data shown are the vertically averaged and maximum total mercury (THg) concentrations in 

eroding banks.  The location of the eroding banks, in relative river miles (RRM), was determined 

based on visual evaluation of the bank. Banks denoted with an asterisk (*) indicate banks that are 

eroding Historic Release Age Deposits (HRADs), which are summarized in Table 4-6. 

- Samples were collected between February 19 and June 18 2008. See Ecological Study Data 

Matrix (Table 1-3) for more information regarding study details.
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Table 4-8

Comparison of Pore Water Mercury by Collection Method

South River Ecological Study

Final Report

FTHg (ng/L) FMeHg (ng/L)

Henry Probe DGT Henry Probe DGT

0.1 0.8 - 512 30 - 230 0.1 - 41 0.24 - 0.59

3.5 6 - 1124 48 - 3500 0.05 - 79 0.59 - 4.8

8.6 1.4 - 3227 -- 0.07 - 34 --

11.8 4.9 - 151 89 - 3000 0.4 - 24 8.5 - 27

Notes:

-Pore water was filtered using 0.45 µm filters.

RRM

-The table lists the filtered total mercury (FTHg) and filtered 

methylmercury (FMeHg) concentrations in South River pore water 

measured by two different methods, Henry Probes and diffusive 

gradient by thin film (DGT) techniques. Pore water was measured 

at four locations at different times, resulting in generally similar 

concentration ranges. 

-Henry Probes are stainless steel tubes with a slotted open area 

that allows pore water to be drawn into the probe using a syringe or 

pump.

-DGT utilizes a three-layer system consisting of: 1) a resin-

impregnated hydrogel layer; 2) a hydrogel diffusion-layer; and 3) a 

filter membrane. The DGT device passively accumulates labile 

species from solution while deployed in situ; therefore, 

contamination problems associated with conventional water 

collection and filtration procedures are eliminated.

-Data were collected in June 2010. See Ecological Study Data 

Matrix (Table 1-3) for more information regarding study details.
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RRM 0.6 RRM 5.2 RRM 11.8 RRM 14.6 RRM 19.0 RRM 22.4 SFS-01 SR-01 NR-01 NR-02 RRM 0.6 RRM 5.2 RRM 11.8 RRM 14.6 RRM 19.0 RRM 22.4 SFS-01 SR-01 NR-01 NR-02

Density (organisms/m
2
) 2733 1574 1341 1938 3929 2186 4736 2531 3624 8647 818 183 305 1005 214 758 938 64 338 840

Taxa Richness 13 13 20 18 16 14 16 12 2 21 11 14 13 12 16 20 16 10 25 18

EPT Richness 7 5 10 9 9 7 7 6 13 12 1 3 4 3 7 6 5 5 10 4

% EPT 31 26 28 33 43 18 46 35 33 31 11 3 15 3 15 12 35 11 36 5

No. of Intolerant Taxa 4 2 6 4 4 4 3 3 9 9 2 2 3 1 3 2 0 2 5 1

Shannon Diversity (H’) 2.0 2.0 2.5 2.5 2.1 1.5 2.3 1.6 2.4 2.4 1.6 1.6 1.9 1.3 1.9 1.5 2.0 1.3 2.2 2.1

Pielou’s Evenness Index (j ) 0.8 0.8 0.8 0.9 0.8 0.6 0.8 0.6 0.7 0.8 0.7 0.6 0.8 0.5 0.7 0.5 0.7 0.6 0.7 0.7

% Filterers 13 28 25 21 32 13 38 5 10 15 5 12 32 2 10 4 6 3 1 2

% Grazer/Scrapers 4 1 12 7 9 2 7 3 16 25 2 2 17 1 5 5 0 0 7 4

% Predators 1 0 1 1 1 0 1 0 4 4 0 1 2 1 2 6 1 2 7 4

% Shredder 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 1

% Gatherers 75 58 47 62 54 74 38 88 61 48 90 76 43 95 69 80 78 94 84 82

% Coleoptera 1.2 0.0 9.3 8.3 5.9 2.1 8.5 1.2 13.9 21.6 4.6 2.7 0.8 9.0 0.0 6.9 4.0 1.6 3.7 8.9

% Diptera 59 56 44 48 46 71 28 58 45 38 47 60 57 60 49 70 45 45 50 32

% Oligochaeta 1 4 1 3 3 1 2 4 1 1 28 18 3 24 10 0 1 39 5 15

% Ephemeroptera 18 4 14 18 14 7 13 29 23 18 11 2 12 3 10 8 30 9 34 4

% Odonata 0.0 0.2 0.3 0.3 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.8 0.7 0.0 3.0 0.8 0.0 0.7 3.6

% Plecoptera 0.0 0.0 0.0 0.3 1.4 0.0 0.5 0.0 0.2 0.2 0.0 0.0 0.0 0.0 1.0 2.0 0.0 0.0 1.5 0.0

% Trichoptera 14 22 14 15 27 11 32 6 10 13 0 1 2 0 4 2 6 2 0 0

Density (organisms/m
2
) 4539 2119 1727 3433 6539 4397 6611 2797 5352 13832 1545 810 1710 6480 3900 236 7785 4410 473 1125

Taxa Richness 20 16 18 23 22 26 18 15 23 24 21 14 12 32 27 21 27 23 21 20

EPT Richness 11 9 9 12 13 14 9 10 15 13 8 5 4 16 15 7 11 13 5 10

% EPT 61 61 52 61 67 61 47 63 57 62 22 16 60 55 67 50 57 76 22 67

No. of Intolerant Taxa 5 5 5 7 8 6 5 5 8 9 1 1 1 9 5 1 4 5 2 1

Shannon Diversity (H’) 2.3 2.3 2.6 2.9 2.8 3.0 2.6 2.4 2.7 2.8 2.5 2.0 1.8 3.0 2.8 2.7 2.3 2.5 2.5 2.4

Pielou’s Evenness Index (j ) 0.8 0.8 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8 0.8 0.7 0.9 0.9 0.9 0.7 0.8 0.8 0.8

% Filterers 44 40 13 28 32 21 22 46 22 29 22 28 5 11 16 15 14 12 29 11

% Grazer/Scrapers 10 10 35 21 25 24 12 7 23 27 10 7 2 27 37 6 3 17 8 9

% Predators 1 0 1 0 1 5 0 0 0 0 6 5 2 1 2 16 1 1 6 3

% Shredder 0 0 0 0 1 1 0 0 1 0 0 0 0 1 1 0 0 0 0 0

% Gatherers 29 28 35 39 31 38 34 19 50 35 52 28 81 42 44 61 76 58 56 74

% Coleoptera 0.7 0.5 11.3 9.1 10.7 3.8 9.5 1.5 8.3 14.6 9.7 6.5 2.6 13.4 18.8 15.5 19.3 2.4 21.4 12.0

% Diptera 18 18 18 23 11 16 17 9 30 17 31 20 25 12 10 15 16 2 16 15

% Oligochaeta 1 0 0 0 0 1 0 0 0 0 2 3 1 0 0 0 0 1 2 2

% Ephemeroptera 12 12 22 36 33 33 22 15 32 27 14 3 54 45 51 38 55 58 22 57

% Odonata 0.2 0.2 1.1 0.0 0.0 4.1 0.0 0.0 0.0 0.2 1.0 0.0 1.8 1.2 1.2 12.7 0.4 0.0 0.8 2.7

% Plecoptera 0.0 0.0 0.0 0.0 0.3 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.4 0.0 0.0 0.0 0.0 0.0

% Trichoptera 49 48 30 26 34 28 25 47 24 35 9 13 5 9 16 12 2 18 0 11

Density (organisms/m
2
) 4871 2481 3364 2537 3113 1877 3238 918 5421 7068 810 530 273 3075 6555 253 315 458 565 550

Taxa Richness 14 17 18 18 14 10 16 13 25 23 17 16 18 21 20 9 15 13 17 25

EPT Richness 8 6 9 9 8 6 7 8 14 11 11 4 8 11 13 6 8 7 10 17

% EPT 60 34 35 37 61 76 60 46 62 46 82 4 17 67 91 88 46 68 44 78

No. of Intolerant Taxa 5 6 7 7 5 3 5 6 10 9 4 4 3 6 5 2 6 4 5 10

Shannon Diversity (H’) 2.0 2.1 2.2 2.3 1.9 1.2 1.8 2.0 2.6 2.6 1.9 1.8 2.0 2.3 1.6 1.4 2.0 2.1 2.0 2.1

Pielou’s Evenness Index (j ) 0.8 0.7 0.8 0.8 0.7 0.6 0.6 0.8 0.8 0.8 0.7 0.6 0.7 0.8 0.5 0.7 0.7 0.8 0.7 0.7

% Filterers 35 34 28 14 7 4 6 15 16 12 3 26 11 7 5 0 10 0 14 7

% Grazer/Scrapers 17 4 11 21 13 7 9 6 21 25 7 3 1 19 11 6 1 7 2 6

% Predators 0 1 1 0 0 0 0 0 2 1 0 1 3 1 1 0 0 1 2 2

% Shredder 0 0 1 1 0 0 1 14 3 1 0 0 0 0 0 0 2 4 4 3

% Gatherers 21 23 37 38 70 88 69 33 54 45 74 19 78 63 83 94 77 72 79 79

% Coleoptera 1.2 2.0 5.4 14.3 5.1 0.6 8.5 0.9 9.7 17.4 4.6 3.8 2.8 8.8 1.4 0.0 5.7 0.8 9.7 1.8

% Diptera 9 19 38 26 25 23 16 17 18 21 0 26 48 16 6 9 35 10 35 14

% Oligochaeta 1 6 1 0 0 0 0 5 2 0 6 5 16 0 0 2 1 6 4 3

% Ephemeroptera 24 6 13 21 54 73 54 17 41 31 64 2 15 59 89 88 40 64 29 74

% Odonata 0.0 0.0 0.9 0.3 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.9 1.8 0.5 0.0 0.0 0.0 0.0 0.9 0.9

% Plecoptera 0.0 0.0 0.0 0.0 0.3 0.2 0.0 13.5 0.2 0.9 0.0 0.0 0.0 0.5 0.7 0.0 0.0 4.1 0.0 1.8

% Trichoptera 35 28 22 16 6 3 6 15 20 14 18 2 2 8 2 0 6 0 15 3

Density (organisms/m
2
) 3723 1003 2661 3684 4108 2472 2626 7015 2304 4422 306 59 210 1020 1635 505 810 780 510 725

Taxa Richness 10 10 11 10 12 9 16 12 19 20 12 8 7 19 16 14 22 6 25 20

EPT Richness 5 5 5 5 7 5 7 6 12 10 8 4 4 10 10 7 12 3 15 13

% EPT 19 11 15 13 57 32 42 27 49 52 44 10 5 21 64 25 25 27 77 59

No. of Intolerant Taxa 2 2 4 4 5 3 6 5 9 7 3 1 2 7 5 1 9 2 11 5

Shannon Diversity (H’) 1.1 1.2 1.0 0.9 1.5 1.2 1.6 1.2 1.9 2.1 1.7 1.2 0.4 1.3 1.8 1.5 2.3 1.0 2.1 1.9

Pielou’s Evenness Index (j ) 0.5 0.5 0.4 0.4 0.6 0.6 0.6 0.5 0.7 0.7 0.7 0.6 0.2 0.4 0.6 0.6 0.8 0.5 0.6 0.6

% Filterers 8 6 6 5 11 1 3 5 6 4 3 3 4 2 5 3 19 0 6 1

% Grazer/Scrapers 2 3 4 3 6 10 10 2 14 18 2 2 1 6 6 2 16 1 17 14

% Predators 0 0 0 0 0 0 2 1 2 2 0 0 0 3 1 0 4 0 2 1

% Shredder 0 0 0 0 0 0 0 0 0 1 0 0 0 1 2 1 4 0 3 1

% Gatherers 89 81 85 89 80 84 80 89 76 69 95 90 95 85 86 93 52 98 72 83

% Coleoptera 0.0 0.6 0.8 0.6 0.5 3.2 2.6 0.2 1.4 13.6 0.0 0.0 0.0 4.4 4.6 5.0 16.7 0.0 5.1 6.9

% Diptera 74 65 77 80 38 62 47 67 45 28 27 31 91 72 29 60 37 65 13 30

% Oligochaeta 5 15 3 3 0 0 2 2 1 0 27 54 4 0 0 1 0 7 2 4

% Ephemeroptera 12 3 9 8 47 28 35 24 36 43 40 7 1 15 58 23 9 27 69 55

% Odonata 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.3 0.0 0.0 0.0 0.0 1.5 0.0 0.0 0.9 0.0 0.0 0.0

% Plecoptera 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.4 0.0 0.0 0.0 0.0 0.0 1.5 0.0 0.0 0.9 0.0 0.0 0.0

% Trichoptera 7 8 6 5 10 4 6 3 12 9 4 3 4 4 6 2 15 0 7 3

Notes: 
RRM = Relative river mile; SR = South River; NR = North River; EPT = Ephemeroptera, Plecoptera, Trichoptera taxa

Community metrics mean values from riffle (n  = 3) and pool (n  = 1)

Data were collected from March 2006 to February 2007. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

May (2006)

August (2006)

December (2006)

February (2007)

Riffle Pool

Reference AreaStudy SiteReference AreaStudy Site

Final Report

South River Ecological Study

Phase I Aquatic Invertebrate Community Evaluations - Summary of Select Benthic Community Metrics 

Table 5-1

Community Metric
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Site Month
Site*Month

Interaction

<0.001 0.008 0.986

<0.001 <0.001 0.009

<0.001 0.001 0.136

<0.001 <0.001 0.005

<0.001 <0.001 0.548

0.001 <0.001 <0.001

0.107 <0.001 <0.001

<0.001 <0.001 <0.001

<0.001 <0.001 0.075

0.225 0.002 <0.001

<0.001 0.015 0.006

0.004 <0.001 <0.001

<0.001 <0.001 0.375

<0.001 <0.001 0.001

<0.001 <0.001 0.013

<0.001 <0.001 <0.001

<0.001 <0.001 <0.001

0.023 0.566 0.004

0.064 <0.001 0.125

Test RRM 0.6*REF RRM 5.2*REF RRM 11.8*REF RRM 14.6*REF RRM 19.0*REF RRM 22.4*REF SFS-01*REF

Density (organisms/m
2
) B 0.020 ns ns ns <0.001 ns 0.003

Taxa Richness T ns ns ns ns ns 0.002 (DEC) ns

Intolerant Taxa Richness B 0.004 <0.001 ns ns ns <0.001 ns

% EPT T ns 0.015 (FEB) 0.016 (FEB) 0.046 (FEB) ns ns ns

EPT Richness B 0.037 <0.001 0.044 ns ns ns ns

Shannon Diversity (H’) T ns ns <0.001 (FEB) 0.005 (FEB) ns 0.001 (DEC) ns

Pielou’s Evenness Index (j ) T ns ns <0.001 (FEB) 0.004 (FEB) ns ns ns

% Filterer T ns ns ns ns ns ns ns

% Grazer/Scraper B ns <0.001 ns ns ns ns ns

% Predator T ns ns ns ns ns <0.001 (AUG) ns

% Shredder T 0.001 (DEC) <0.001 (DEC) ns 0.018 (DEC) <0.001 (DEC) <0.001 (DEC) ns

% Gatherer T ns ns ns ns ns 0.005 (DEC) ns

% Coleoptera B 0.002 <0.001 ns ns ns ns ns

% Diptera T ns ns 0.001 (FEB) 0.003 (FEB) ns ns ns

% Oligochaeta T ns <0.001 (FEB) ns ns ns ns ns

% Ephemeroptera T ns
<0.001 (FEB)

0.003 (DEC)
0.001 (FEB) 0.030 (FEB) ns 0.001 (DEC) ns

% Odonata T ns ns ns ns ns <0.001 ns

% Plecoptera T 0.009 (DEC) 0.009 (DEC) 0.009 (DEC) ns ns ns 0.009 (DEC)

% Trichoptera B ns ns ns ns ns ns ns

Notes: 
Bold values indicate a significant difference (p <0.05).

Post hoc  tests: 

B = Bonferroni test for main effects of Site

T = Tukey (HSD) test for Site*Season interactions, months contained in parentheses indicate when significant difference was observed

AUG = August, DEC = December, FEB = February

ns = not significant; post hoc  analyses did not indicate significant difference from REF (p >0.05)

RRM = relative river mile; REF = Pooled reference areas SR-01, NR-01, and NR-02

Data were collected from March 2006 to February 2007. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Metric

Two-way ANOVA p -value

Pielou’s Evenness Index (j )

Shannon Diversity (H’)

EPT Richness

% EPT

Intolerant Taxa Richness

Taxa Richness

% Predator

% Grazer/Scraper

% Filterer

Functional Feeding Group (FFG)

Major Class/Order

Functional Feeding Group (FFG)

Post Hoc  Analysis p -value

Final Report

South River Ecological Study

Phase I Aquatic Invertebrate Community Evaluations-Summary of Two-way ANOVA and Post Hoc Analyses for Select Metrics

Table 5-2

Metric

Density (organisms/m
2
)

% Trichoptera

% Plecoptera

% Odonata

% Ephemeroptera

% Oligochaeta

% Diptera

% Coleoptera

Major Class/Order

% Gatherer

% Shredder
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Site RRM 0.6 RRM 5.2 RRM 11.8 RRM 14.6 RRM 19.0 RRM 22.4 SFS-01

Reference 0.378 0.287 0.351 0.559 0.516 0.382 0.463

Reference 0.407 0.452 0.437 0.44 0.437 0.437 0.47

Notes: 

RRM = relative river mile; SFS = South Fork of the Shenandoah River; Reference = pooled reference areas SR-01, NR-01, and NR-02

Data were collected from March 2006 to February 2007. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Bray-Curtis  similarity index is bound between 0 and 1, where 1 = complete similarity (study sites have the same species composition), and 0 = 

complete dissimilarity (study sites do not share any of the same species).

Table 5-3

Pool

Riffle

Final Report

South River Ecological Study

Phase I Aquatic Invertebrate Community Evaluations-Bray-Curtis Similarity Matrix
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RRM 23.5

W2 W4 W6 Surber W2 W4 W6 Surber W2 W4 W6 Surber Surber W2 W4 W6 Surber W2 W4 W6 Surber

Abundance 461 762 618 673 496 531 507 683 171 251 275 308 149 186 345 576 468 204 493 431 190

Taxa Richness 44 39 44 50 45 41 44 36 28 30 34 34 25 29 33 36 36 35 44 51 42

EPT Richness 10 10 13 14 8 11 14 14 10 13 13 14 9 8 8 10 14 10 13 16 14

% Dominant Taxon 22 25 20 15 45 21 15 20 24 18 24 20 31 39 36 37 32 35 39 21 18

% Tolerant Taxa 13 7 4 5 13 5 11 7 6 3 1 2 2 13 8 9 5 12 15 13 14

Shannon-Weaver (H') 2.8 2.5 2.8 3.2 2.4 2.8 3.0 2.6 2.6 2.8 2.7 2.7 2.5 2.2 2.3 2.4 2.2 2.6 2.5 3.1 3.1

Pielou's (J') 0.8 0.7 0.7 0.8 0.6 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.7 0.7 0.7 0.6 0.7 0.7 0.8 0.8

Hilsenhoff Biotic Index 6.3 6.2 5.8 5.6 6.7 6.2 5.3 5.1 5.2 5.3 5.1 4.6 5.4 6.6 6.2 5.7 5.5 6.1 5.6 5.1 4.9

% EPT 11 13 15 31 9 26 36 48 30 44 51 52 37 8 8 13 13 12 21 48 33

% Ephemeroptera 7 9 7 16 2 8 8 8 12 16 16 17 21 4 3 7 6 4 13 38 24

% Plecoptera 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 0 0 2 2 0 1

% Trichoptera 3 4 8 15 7 17 29 40 17 27 35 36 15 3 4 6 7 6 6 9 8

% Diptera 82 78 63 46 83 65 47 27 56 45 39 36 23 88 82 58 59 64 62 29 29

% Oligochaeta 5 1 1 0 3 1 1 0 0 0 0 0 0 0 1 0 0 3 2 3 2

% Filterers 19 33 42 26 23 28 34 46 64 51 58 57 29 28 66 52 67 55 55 26 27

% Gatherers 44 35 30 45 17 36 45 34 25 37 27 22 37 21 16 30 21 13 16 36 22

% Predators 1 2 9 11 2 3 12 15 3 3 8 7 11 3 4 9 7 4 7 10 13

% Scrapers 10 2 4 6 51 4 2 3 5 2 3 13 20 44 7 3 2 23 12 15 31

% Shredders 2 26 8 7 2 26 5 2 1 7 2 1 2 2 7 3 2 2 9 8 4

Notes: 
RRM = relative river mile; W2 = week 2, W4 = week 4, W6 = week 6, Surber=  co-located Surber samples at W6; SR = South River; MR = Middle River; EPT = Ephemeroptera, Plecoptera, Trichoptera taxa

Community metric mean values; colonization trays from W2, W4, and W6 (n = 5 or 6), Surbers (n  = 3)

Data were collected from May to June 2011. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Final Report

South River Ecological Study

Benthic Colonization Study-Summary of Community Metrics Descriptive Statistics

Table 5-4

RRM 11.8RRM 3.5RRM 0.1 MR-01SR-01

Reference AreaStudy Site

Community Metric
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Week

RRM 0.1*REF RRM 3.5*REF RRM 11.8*REF W2*W6

% Filterer <0.001 0.095 0.003 NA NA NA NA

% Gatherer <0.001 0.001 <0.001 NA NA NA NA

% Predator 0.035 <0.001 0.047 NA NA NA NA

% Grazer/Scraper <0.001 <0.001 <0.001 NA NA NA NA

% Shredder <0.001 <0.001 <0.001 NA NA NA NA

% Ephemeroptera 0.004 0.004 0.038 NA NA NA NA

% Plecoptera <0.001 0.001 0.218 <0.001 0.087 <0.001 0.001

% Trichoptera <0.001 <0.001 0.001 NA NA NA NA

% Diptera <0.001 <0.001 0.145 0.063 <0.001 1.000 <0.001

% Oligochaeta <0.001 <0.001 0.01 NA NA NA NA

RRM 0.1*REF RRM 3.5*REF RRM 11.8*REF RRM 0.1 RRM 3.5 RRM 11.8 REF

% Filterer 1.000 1.000 0.665 0.548 1.000 1.000 1.000

% Gatherer 1.000 0.331 1.000 0.687 <0.001 1.000 <0.001

% Predator 1.000 1.000 1.000 <0.001 <0.001 0.154 <0.001

% Grazer/Scraper 1.000 0.352 1.000 1.000 <0.001 1.000 <0.001

% Shredder 1.000 1.000 1.000 1.000 1.000 1.000 0.621

% Ephemeroptera 0.313 0.362 1.000 1.000 1.000 1.000 <0.001

% Plecoptera NA NA NA NA NA NA NA

% Trichoptera 1.000 <0.001 <0.001 1.000 <0.001 <0.001 1.000

% Diptera NA NA NA NA NA NA NA

% Oligochaeta 1.000 1.000 0.080 0.005 0.308 1.000 1.000

Notes: 
Bold values indicate a significant difference (p <0.05).

NA = not applicable; post hoc  analysis dependent on significant main or interaction effects of two-way ANOVA

RRM = relative river mile; REF = Pooled reference areas SR-01 and MR-01

Data were collected from May to June 2011. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Final Report

South River Ecological Study

Benthic Colonization Study-Summary of Two-Way ANOVA and Post Hoc  Analyses for Select Metrics
Table 5-5

Bonferroni Post Hoc Analysis (Main Effects)

Site

Major Class/Order

Functional Feeding Group (FFG)

Metric

Two-way ANOVA p -value
Site*Week 

Interaction
WeekSite

Metric Site (@ W6) Week (Between W2 and W6)

Major Class/Order

Functional Feeding Group (FFG)

Bonferroni Post Hoc Analysis (Site*Week Interaction)
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Site (Week) Reference (W2) Site (Week) Reference (W6)

RRM 0.1 (W2) 0.509 RRM 0.1 (W6) 0.651

RRM 3.5 (W2) 0.574 RRM 3.5 (W6) 0.635

RRM 11.8 (W2) 0.528 RRM 11.8 (W6) 0.556

Notes: 

1 = complete similarity; 0 = complete dissimilarity 

RRM = relative river mile; W2 = week 2, W6 = week 6; 

Reference = pooled reference areas SR-01 and MR-01

Table 5-6

Benthic Colonization Study-Bray-Curtis Similarity Matrix

South River Ecological Study

Final Report

Data were collected from May to June 2011. See Ecological Study Data Matrix (Table 1-3) 

for more information regarding study details.
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Study Site Order Family Genus Taxa
Life

Stage
Replicate

No. in

Composite

A 10 2 2 2 2 2

B 10 2 2 2 2 2

C 10 2 2 2 2 2

A 10 5 5 6 7 6

B 10 6 4 8 6 4

C 10 5 4 4 5 4

A 10 5 5 5 5 5

B 10 5 5 5 5 5

C 10 5 5 5 5 5

A 10 9 7 8 8 7

B 10 8 9 7 9 7

C 10 9 6 9 8 8

A 10 8 9 8 9 9

B 10 9 8 9 9 9

C 10 9 9 8 9 9

A 5 12 13 14 14 12

B 5 12 13 16 14 13

C 5 11 12 10 10 11

A 10 2 2 2 2 2

B 10 2 2 2 2 2

C 10 2 2 2 2 2

A 10 7 10 8 9 8

B 10 8 9 7 10 7

C 10 7 8 9 7 9

A 10 5 5 5 5 5

B 10 5 5 5 5 5

C 10 5 5 5 5 5

A 10 9 8 7 9 8

B 10 8 8 8 7 9

C 10 8 8 9 8 7

A 7 9 9 9 9 9

B 7 9 9 9 9 8

C 7 9 9 8 9 9

A 7 7 9 12 ND ND

B 7 11 10 11 ND ND
C 7 12 12 11 ND ND

A 10 4 4 3 3 3

B 10 4 3 4 3 3

C 10 3 3 2 3 3

A 15 5 8 6 6 7

B 15 7 6 5 6 6

C 15 6 5 5 6 5

A 10 4 4 4 3 3

B 10 4 3 4 4 4

C 10 4 4 4 3 4

A 10 5 5 5 5 5

B 10 5 4 4 5 4

C 10 5 4 4 4 4

A 10 9 9 9 8 8

B 10 9 6 8 9 8

C 10 9 9 10 10 9

A 10 13 12 11 11 11

B 10 11 11 13 10 11

C 10 12 11 12 10 10

A 10 5 5 3 6 3

B 10 6 6 3 6 4

C 10 6 6 3 3 3

A 12 5 5 4 3 6

B 12 3 4 5 5 5

C 12 4 4 4 4 6

A 10 4 4 4 4 4

B 10 4 4 4 4 4

C 10 4 4 3 4 4

A 10 3 3 5 4 5

B 10 4 3 4 3 3

C 10 4 4 5 5 3

A 7 8 8 8 9 9

B 7 8 10 9 8 8

C 7 8 9 9 8 10

A 10 10 11 11 10 10

B 10 11 12 11 10 12
C 10 12 11 11 12 11

Notes:
1
 Approximately 50% of the organisms in each composite sample were measured for total length to provide estimate of size.

NA = Genus level determination not applicable

ND = No recorded length data

RRM = relative river mile

Data were collected in May and August 2009. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Summer

Final Report

South River Ecological Study

Aquatic Insect Study-Summary of Sample Composites

RRM 3.5

Diptera Chironomidae NA

Trichoptera Hydropsychidae

NA

Caddisfly

Adult

Ceratopsyche sp. Larvae

Table 5-7

Midge

Adult

Larvae

Ephemeroptera Baetidae Baetis sp. Mayfly

Adult

Larvae

Spring

TL (mm) per composite
1

Adult

Larvae

Ephemeroptera Baetidae Baetis sp.

Adult

Larvae

RRM 8.5

Diptera Chironomidae NA Midge

Mayfly

Trichoptera Hydropsychidae

NA

Caddisfly

Adult

Ceratopsyche sp. Larvae

RRM 3.5

Diptera Chironomidae NA

Trichoptera Hydropsychidae

NA

Adult

Larvae

Ephemeroptera Baetidae Baetis sp. Mayfly

Adult

Larvae

Midge

Adult

Ceratopsyche sp. Larvae

Caddisfly

RRM 8.5

Diptera Chironomidae NA Midge

Trichoptera Hydropsychidae

NA

Caddisfly

Ephemeroptera Baetidae Baetis sp. Mayfly

Adult

Ceratopsyche sp. Larvae

Adult

Larvae

Adult

Larvae
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p -value p -value

Adult 2074.2 (± 237.1) 1142.8 (± 45.7)

Larvae 97.5 (± 23.0) 16.3 (± 3.3)

Adult 1371.1 (± 678.3) 3100.5 (± 70.8)

Larvae 170.3 (± 83.2) 45.1 (± 7.4)

Adult 192.6 (± 130.1) 724.3 (± 113.8)

Larvae 348.6 (± 73.1) 148.6 (± 19.1)

Adult 62.6 (± 24.9) 337.7 (± 23.8)

Larvae 178.6 (± 100.0) 363.7 (± 149.9)

Adult 53.1 (± 16.0) 35.7 (± 7.8)

Larvae 49.5 (± 8.4) 13.8 (± 1.2)

Adult 75.5 (± 27.9) 171.5 (± 26.7)

Larvae 64.9 (± 23.0) 17.5 (± 3.8)

Adult 77.7 (± 15.3) 276.1 (± 46.4)

Larvae 106.2 (± 57.0) 93.9 (± 14.9)

Adult 5.3 (± 12.6) 302.2 (± 2.3)

Larvae 207.6 (± 54.3) 392.7 (± 98.3)

Adult 97.7 (± 68.5) 188.4 (± 63.1)

Larvae 217.9 (± 43.5) 178.1 (± 23.2)

Adult 92.2 (± 43.9) 322.1 (± 22.6)

Larvae 134.3 (± 50.9) 413.2 (± 48.5)

Adult 75.0 (± 37.2) 349.0 (± 45.3)

Larvae 345.4 (± 88.6) 179.7 (± 20.3)

Adult 51.7 (± 15.8) 106.4 (± 19.4)

Larvae 707.7 (± 124.3) 194.1 (± 17.4)

Notes:

Values in parentheses are the standard deviation of the arithmetic mean. 

Differences between larvae and adult body burden (p -value) were compared using one-tailed, two-sample t-tests on log-transformed IHg and MeHg data.

Bold values indicate a significant difference between larva and adults (p <0.05).

RRM = relative river mile; MeHg = methylmercury, IHg = inorganic mercury

Data were collected in May and August 2009. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Table 5-8

Aquatic Insect Study-Aquatic Insect IHg and MeHg Body Burden

Final Report

South River Ecological Study

Mean Body Burden

(ng/g wet wt.)

MeHgIHg
Life

Stage
Season Study Site Mean Body Burden

(ng/g wet wt.)

RRM 8.5

<0.001

0.007

0.165

0.053

0.008

0.019

<0.001

<0.001

<0.001

0.495

0.001

0.472

Midge

0.241

0.310

0.427

0.032

0.081

<0.001

<0.001

0.004

RRM 8.5

RRM 3.5

<0.001

RRM 8.5

RRM 3.5

Spring

Summer

Summer

RRM 3.5

RRM 8.5

Caddisfly

Mayfly

RRM 3.5

RRM 8.5

Spring

RRM 3.5

RRM 8.5

0.001

0.004

0.102

Spring

RRM 3.5

Summer
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Caddisfly
1

Mayfly
1

Midge
1

Phase I 0.228 0.154 0.121

Phase II 0.351 0.107 0.199

Phase I 0.233 0.119 0.083

Phase II 0.241 0.129 0.143

Notes:
1 
Larval organisms were collected in May and August of Phase I and Phase II investigations. 

RRM = relative river mile; MeHg = methylmercury, IHg = inorganic mercury

Table 5-9

Aquatic Insect Study-Comparison of Phase I and Phase II Aquatic Insect Hg Body Burden

South River Ecological Study

Final Report

Data were collected from March 2006 to February 2007 for Phase I, and in May and August 

2009 for Phase II. See Ecological Study Data Matrix (Table 1-3) for more information regarding 

study details.

Mean (µg/g wet wt.)

MeHg

IHg

PhaseMercury
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 Physical Media Season Study Site

RRM 3.5 234.7 (± 264.04) 19.6 (± 25.64)

RRM 8.5 270.7 (± 607.14) 7.9 (± 10.71)

RRM 3.5 73.1 (± 73.65) 7.0 (± 9.6)

RRM 8.5 118.6 (± 223.22) 1.6 (± 2.33)

RRM 3.5 2.1 (± 0.55) 0.3 (± 0.08)

RRM 8.5 4.7 (± 0.86) 1.0 (± 0.26)

RRM 3.5 4.6 (± 1.21) 0.7 (± 0.11)

RRM 8.5 6.0 (± 1.11) 0.9 (± 0.12)

Notes:

Values in parentheses are the standard deviation of the arithmetic mean. 

RRM = relative river mile; MeHg = methylmercury, IHg = inorganic mercury

Pore water and surface water was filtered using 0.45 µm filters

Pore water was collected via Henry Probe

Data were collected in May and August 2009. See Ecological Study Data Matrix (Table 1-3) for more information 

regarding study details.

Mean IHg Concentration

(ng/L)

Mean MeHg Concentration

(ng/L)

Table 5-10

Aquatic Insect Study-Summary IHg and MeHg Concentrations in Physical Media

South River Ecological Study

Final Report

Pore Water

Spring

Summer

Surface Water

Spring

Summer
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Midge Mayfly Caddisfly Midge Mayfly Caddisfly Midge Mayfly Caddisfly Midge Mayfly Caddisfly

Surface Water 0.259 0.648 0.432 -0.691 -0.540 -0.216 0.389 0.324 0.756 0.194 0.324 0.130

Pore Water -0.626 -0.540 -0.756 0.626 0.000 0.324 -0.972 -0.950 -0.043 0.777 -0.907 0.173

Notes:
Tissue IHg and MeHg concentrations were correlated with the corresponding IHg and MeHg data in the physical media.

Tissue concentrations were in µg/g wet wt.

Bold values indicate a significant positive correlation (p <0.05).

Spearman  coefficient critical values adapted from Zar J. H. (1972)

MeHg = methylmercury, IHg = inorganic mercury

Data were collected in May and August 2009. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Final Report

South River Ecological Study

Aquatic Insect Study-Spearman's Rank Correlation Matrix

Table 5-11

Larva Adult

MeHg Tissue BurdenIHg Tissue Burden
Physical 

Media
Larva Adult

Ecological Study Final Report 28 September 2012 1 of 1



Week 1 Week 3 Week 5 All Weeks 

Storage 15 (± 2.6) 13.9 (± 1.2) 17.3 (± 2.8) 15.4 (± 2.5)

Transport 22.3 (± 3) 16.4 (± 1.6) 18.2 (± 2) 19 (± 3.3)

Storage 25.7 (± 0.5) 15.8 (± 11.7) 20.8 (± 10.7) 20.8 (± 9)

Transport 19.6 (± 4) 20.8 (± 0.5) 21.7 (± 1.8) 20.7 (± 2.4)

Storage 38.1 (± 12.2) 45.1 (± 14.2) 64 (± 8.9) 49.1 (± 15.6)

Transport 49.7 (± 7.8) 62.4 (± 52.1) 51.2 (± 13.2) 54.8 (± 29.3)

Storage 77.4 (± 11.3) 82.7 (± 20) 75.7 (± 9.1) 78.6 (± 12.8)

Transport 77.6 (± 7.7) 84 (± 3.2) 76.3 (± 18.1) 79.3 (± 10.6)

Storage 57.1 (± 18.3) 40.5 (± 23.6) 45.2 (± 5.4) 47.6 (± 16.9)

Transport 49.3 (± 6.6) 35.7 (± 5.8) 51 (± 11.3) 45.3 (± 10.2)

Storage 87.7 (± 4) 58.9 (± 8.9) 65.9 (± 2.4) 70.8 (± 14)

Transport 82.1 (± 3.8) 50.6 (± 18.5) 60.7 (± 3) 64.5 (± 16.9)

Storage 37.2 (± 10.9) 21.9 (± 8.3) 38.8 (± 8.6) 32.6 (± 11.5)

Transport 38 (± 10.6) 24 (± 7.6) 39.9 (± 19.2) 34 (± 13.8)

Storage 79 (± 4.6) 4.4 (± 7.7) 56.9 (± 2.5) 46.8 (± 33.5)

Transport 61.4 (± 5.5) 44.1 (± 7.5) 52.1 (± 10.4) 52.5 (± 10.3)

Storage 5.97 (± 1) 7.7 (± 2.8) 5.7 (± 0.3) 6.5 (± 1.8)

Transport 6.2 (± 0.75) 6.5 (± 1.2) 5 (± 2.5) 5.9 (± 1.6)

Storage 11.7 (± 3.2) 31.2 (± 19.2) 39.5 (± 19) 27.5 (± 18.4)

Transport 5.8 (± 2.1) 8.8 (± 0.5) 7.5 (± 0.9) 7.4 (± 1.8)

Storage 6.8 (± 1) 15.3 (± 5.6) 19.6 (± 1.1) 13.9 (± 6.3)

Transport 8.7 (± 0.6) 13.2 (± 6.2) 14.6 (± 3) 11.9 (± 4.5)

Storage 15 (± 2.6) 47 (± 5.4) 44.7 (± 6.3) 35.6 (± 16.1)

Transport 14.8 (± 1.1) 38 (± 6.7) 36.3 (± 5) 29.7 (± 11.9)

Storage 15.3 (± 9.4) 24.1 (± 15.3) 25.5 (± 8.6) 21.6 (± 11.1)

Transport 9.1 (± 1.7) 21.5 (± 8.2) 19.6 (± 0.6) 16.7 (± 7.2)

Storage 31.7 (± 5) 79.3 (± 17.1) 66.1 (± 10.4) 59 (± 23.6)

Transport 28.7 (± 1.8) 57.8 (± 11.9) 54.5 (± 8.9) 47 (± 15.7)

Storage 17.1 (± 10.5) 41.7 (± 47.4) 45.3 (± 14.7) 34.7 (± 28.6)

Transport 11.1 (± 3.4) 38.1 (± 27) 25.2 (± 10.3) 24.8 (± 18.7)

Storage 71 (± 20.2) 184.6 (± 17.3) 146.4 (± 18.8) 134 (± 52.7)

Transport 25 (± 4.1) 72 (± 3.8) 65.4 (± 2.5) 54.2 (± 22.2)

Notes:

Values in parentheses are the standard deviation of the arithmetic mean.

RRM = relative river mile; IHg = inorganic mercury, MeHg = methylmercury

Data were collected from May to June 2009. See Ecological Study Data Matrix (Table 1-3) for more information regarding 

study details.
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RRM 3.5

RRM 8.5

Seeded

RRM 23.4

Seeded
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Caged

Deployment 

Technique

Habitat 

Type

Mean Body Burden (ng/g wet wt.)
Study Site

IHg
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RRM 3.5 -1.9 (± 2.6) 13.0 (± 3.6)

RRM 11.8 4.0 (± 9.1) 14.1 (± 3.4)

RRM 23.5 -1.3 (± 4.2) 7.6 (± 4)

RRM 3.5 8.8 (± 5.5) 26.3 (± 7.2)

RRM 11.8 31.4 (± 15.1) 25.1 (± 5.2)

RRM 23.5 0.1 (± 4.3) 11.4 (± 3.3)

RRM 3.5 10.6 (± 9) 3.4 (± 1.5)

RRM 11.8 3.6 (± 1.2) 1.4 (± 1)

RRM 23.5 13.9 (± 2.3) 3.2 (± 6.7)

RRM 3.5 20.2 (± 4.9) 3.1 (± 2.1)

RRM 11.8 19.8 (± 8.8) 11.4 (± 3.2)

RRM 23.5 10.8 (± 2.6) 6.7 (± 2.9)

RRM 3.5 68.0 (± 9) 64.7 (± 15.2)

RRM 11.8 69.1 (± 17) 110.5 (± 37.8)

RRM 23.5 89.1 (± 18.2) 119.3 (± 19.6)

RRM 3.5 121.7 (± 32.5) 101.4 (± 25)

RRM 11.8 73.0 (± 8.7) 143.8 (± 28.1)

RRM 23.5 82.5 (± 16.3) 157.4 (± 3.6)

RRM 3.5 44.2 (± 14.8) 32.9 (± 3.4)

RRM 11.8 76.2 (± 8.6) 83.7 (± 9.4)

RRM 23.5 68.5 (± 15.3) 84.6 (± 26.9)

RRM 3.5 126.5 (± 43.9) 37.1 (± 5.7)

RRM 11.8 32.5 (± 3.5) 87.8 (± 22.2)

RRM 23.5 75.9 (± 21.1) 68.4 (± 8.4)

Notes:

Treatment refers to the pathway of uptake through aqueous exposure and dietary exposure.

Data were collected in June, August, and September 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Negative values indicate MeHg present greater than THg Result.

Table 5-13

In Situ  Uptake Study-Summary of IHg and MeHg Uptake by Crayfish and Mayflies

South River Ecological Study

Final Report

Taxa Season Treatment Study Site

In Situ  Uptake

Mean MeHg

 (ng/g wet wt.)

Mean IHg

 (ng/g wet wt.)

Crayfish

Spring

Aqueous

Dietary

Summer

Aqueous

Dietary

RRM = relative river mile; MeHg = methylmercury, IHg = inorganic mercury

Values in parentheses are the standard deviation of the mean. 

IHg and MeHg arithmetic means based on three (n =3) replicate samples collected for each taxa, season, treatment, and site

Mayfly

Spring

Aqueous

Dietary

Summer

Aqueous

Dietary
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Uptake
1

Resident
2 ∆ Uptake

1
Resident

2 ∆

Aqueous 4 90 86 27 355 328

Dietary 17 90 73 36 355 319

Aqueous 12 34 22 22 440 418

Dietary 19 34 15 26 440 414

Aqueous 83 29 -54 124 394 270

Dietary 100 29 -71 160 394 234

Aqueous 77 109 32 84 182 98

Dietary 92 109 17 81 182 101

Notes:
1
 Total body burden after seven-day study;  arithmetic means based on pooled sites

2
 Body burden of resident biota collected on day-0 of each study period; 

arithmetic means based on pooled sites

Data were collected in June, August, and September 2010. See Ecological Study Data Matrix (Table 1-3) for more information 

regarding study details.

MeHg = methylmercury, IHg = inorganic mercury

Final Report
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In Situ  Uptake Study-Summary of Comparisons with Resident Biota

Spring

Summer

Table 5-14

Crayfish

Spring

Summer

Mayfly

Season Treatment
Mean IHg (ng/g wet wt.) Mean MeHg (ng/g wet wt.)
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IHg MeHg IHg MeHg IHg MeHg IHg MeHg

RRM 3.5 16,064.9 112.6 15.1 0.6 3,128.2 103.7 3,833.7 75.9

RRM 11.8 15,630.0 189.4 18.9 1.5 3,029.7 104.2 4,488.8 114.3

RRM 23.5 10,495.7 141.8 15.4 1.3 2,231.4 89.2 3,278.6 103.7

RRM 3.5 9,265.3 28.9 4.2 0.3 15,525.1 244.1 72,066.4 203.2

RRM 11.8 16,675.6 87.5 6.9 1.0 5,303.6 992.5 177,895.0 866.5

RRM 23.5 10,165.7 54.4 6.6 0.7 13,408.6 201.2 72,634.6 425.3

Notes:

Surface water was filtered using 0.45 µm filters.

Table 5-15

In Situ  Uptake Study-Summary of Physical Media IHg and MeHg Concentrations

South River Ecological Study

Final Report

Season Study Site

Surface Water Mean 

(ng/L)

Epilithic Periphyton Mean 

(ng/g dry wt.) (ng/g dry wt.)

Sediment Mean Seston Mean

(ng/g dry wt.)

Spring

Summer

Arithmatic mean based on three (n =3) replicate samples collected for each season and site.

Data were collected in June, August, and September 2010. See Ecological Study Data Matrix (Table 1-3) for more 

information regarding study details.

RRM = relative river mile; MeHg = methylmercury, IHg = inorganic mercury
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Aqueous Dietary Aqueous Dietary Aqueous Dietary Aqueous Dietary

Sediment 0.367 -0.442 -0.367 0.072 0.659 0.912 0.680 0.775

Surface Water 0.411 -0.129 -0.542 -0.110 0.812 0.787 0.329 0.461

Epilithic Periphyton -0.505 0.097 0.611 0.354 -0.376 -0.668 -0.680 -0.455

Seston -0.160 -0.486 0.599 0.505 -0.056 -0.498 -0.730 -0.524

Notes:

Uptake IHg and MeHg concentrations were correlated with the corresponding IHg and MeHg data in the physical media.

Bold values indicate a significant positive correlation (p <0.05).

Spearman coefficient critical values adapted from Zar J. H. (1972)

MeHg = methylmercury, IHg = inorganic mercury

Surface water was filtered using 0.45 µm filters.

Data were collected in June, August, and September 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding 

study details.

CrayfishMayfly Crayfish MayflyMedia

Final Report

South River Ecological Study

In Situ  Uptake Study-Spearman's Rank Correlation Matrix

Table 5-16

IHg Uptake MeHg Uptake
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Anguillidae

American eel Anguilla rostrata x x

Catostomidae

White sucker Catostomus commersonii x x x x x
Northern hog sucker Hypentelium nigricans x x x x x
Torrent sucker Thoburnia rhothoeca x x x x

Cypirinidae

Central stoneroller Campostoma anomalum x x
Redside dace Clinostomus elongatus x
Rosyside dace Clinostomus funduloides x x
Satinfin shiner Cyprinella analostana x x x x
Spotfin shiner Cyprinella spiloptera x
Common carp Cyprinus carpio x x
Cutlips minnow Exoglossum maxillingua x x x x x
Eastern silvery minnow Hybognathus regius x
Common shiner Luxilus cornutus x x x x x
Rosefin shiner Lythrurus ardens x
Pearl dace Margariscus margarita x x
Bluehead chub Nocomis leptocephalus x x
River chub Nocomis micropogon x x x
Bull chub Nocomis raneyi x
Golden shiner Notemigonus crysoleucas x x
Spottail shiner Notropis hudsonius x x x x
Swallowtail shiner Notropis procne x x x
Rosyface shiner Notropis rubellus x x x x x
Mountain redbelly dace Phoxinus oreas x
Bluntnose minnow Pimephales notatus x x x x
Fathead minnow Pimephales promelas x x
Blacknose dace Rhinichthys atratulus x x x x x
Longnose dace Rhinichthys cataractae x x x x x
Creek chub Semotilus atromaculatus x x x x
Fallfish Semotilus corporalis x x x x

Ictaluridae

Yellow bullhead Ameiurus natalis x x x x
Brown bullhead Ameiurus nebulosus x
Channel catfish Ictalurus punctatus x
Margined madtom Noturus insignis x x

Fundulidae

Banded killifish Fundulus diaphanus x x x

Centrarchidae

Rock bass Ambloplites rupestris x x x x
Redbreast sunfish Lepomis auritus x x x x x
Green sunfish Lepomis cyanellus x x
Pumpkinseed Lepomis gibbosus x x x x x
Bluegill Lepomis macrochirus x x
Redear sunfish Lepomis microlophus x
Smallmouth bass Micropterus dolomieu x x x x x
Largemouth bass Micropterus salmoides x x
Black crappie Pomoxis nigromaculatus x

Cottidae

Mottled sculpin Cottus bairdii x x x x x
Potomac sculpin Cottus girardi x x

Percidae

Fantail Darter Etheostoma flabellare x x x x x
Johnny Darter Etheostoma nigrum x
Tessellated darter Etheostoma olmstedi x x

Total Number of Species Identified 16 26 24 34 40

Notes:
Studies conducted prior to 2000 are not included in the Ecological Study Data Matrix (Table 1-3).

Ross 

1970

URS

 2008

URS 

2010

Common Name Genus / Species

Study
Jordan

1890

Ross 

1959

Final Report
South River Ecological Study

Historical Fish Taxa Identified in the South River
Table 5-17

Ecological Study Final Report 28 September 2012 1 of 1



Fish Species

Trophic

Feeding

Group

Diet Shift Primary Environment Life Span Additional  Notes References

Anguillidae

American Eel Piscivore

Prey size  increases with eel size with smaller eels predominately feeding 

on aquatic insects and larger eels feeding on fish and crayfish.  Adults 

consume almost any animal matter, living or dead.  Nocturnal feeder.

Common in wide variety of habitats including streams, ponds, lakes, reservoirs, swamps, 

saltmarshes, estuaries, and ocean.
20 years Catadromous species. 1

Catostomidae

Northern Hog Sucker Invertivore
Benthic feeder that mainly consumes aquatic insects and 

microcrustaceans with algae occasionally  being consumed.

Prefers small to moderate streams with rapid current, moderate to high gradient, and gravel 

to rubble substrates.   Also occurs sparingly in large streams, lakes, and reservoirs.   Avoids 

profuse vegetation and is found in clean, cool to warm water.  In VA, it is most often 

reported in runs and riffles mostly over relatively hard substrate.

9-11 years

Upstream  spawning migration with downstream movement  following spawn 

into larger waters with lower gradients where they winter.  Downstream 

movement  continues through late summer and fall. Rarely found where 

pollutants are common.

1

Torrent Sucker Omnivore
Benthic feeder that feeds primarily on algae, plant material, detritus, and 

Chironomidae larvae.

Commonly found in small to medium-width, high gradient streams, only found on occasion 

in large rivers.
5-7 years Forage fish for brown trout and smallmouth  bass. 1

White Sucker Omnivore

Opportunistic benthic feeder that primarily consumes aquatic insect larvae 

and pupae, microorganisms, plant material, detritus, and other aquatic 

invertebrates. Diet shifts as the mouth changes from a terminal to an 

inferior position, approximately around 16-18 mm.  Larvae is a surface 

feeder while juveniles and adults are benthic feeders.  Large percentage  

of detritus consumed  in the South River.  Feeds throughout  year, 

including winter.

Common in variety of habitats including streams, lakes, and reservoirs and enters slightly 

brackish waters along the coast.  It is common in small to medium size, moderate to high 

gradient, unsilted to heavily silted streams.  Large juveniles and adults occupy deep pools 

or areas with woody debris and undercut banks.

11-12 years
Winters in pools of small streams and larger streams, ascending  smaller 

streams in spring. Among first fishes to be adversely affected by pollution.
1,2,3,4

Centrarchidae

Black Crappie Piscivore
Juveniles feed predominantly on aquatic invertebrates and zooplankton.  

Adults feed mostly on fish and aquatic insects as they become larger.

Primarily inhabits lakes, ponds and reservoirs, however can be found in low gradient, slow 

moving streams.  Requires clear water and is Intolerant of excessive turbidity.  Frequently 

associated with submerged cover (i.e. brush piles, weed lines, woody debris).

8 years 1,5

Bluegill Invertivore

Opportunistic feeder which can alter their diet according to food 

availability.   Seasonal diet shifts related to varying abundance  of prey 

items.  Larvae mainly consume zooplankton  and small insects, while 

juveniles favor zooplankton  and Chironomidae. Adults are generalized 

feeders on invertebrates with aquatic insects being the staple diet item.  

Seldom consume gastropods  like pumpkinseed. Algae may be consumed  

when other food items are scarce.  Consumes 35% of body weight weekly 

in summer and <1% in winter.

Inhabits wide array of aquatic habitats including lakes, reservoirs,  ponds, small rivers, 

estuaries, creeks, streams, and spill pools over various bottom types. Typically associated  

with dense vegetation.

11 years They winter in deeper waters, and winter aggregations break up at 10°C. 1

Green Sunfish Invertivore

Feeds primarily on benthic insects, mollusks, and small fishes.  Juveniles 

mainly consume invertebrates and small fishes, while adults mainly 

consume insects, crayfish, and fish.

Preferred habitat is sluggish pools of creeks or shores of ponds and lakes, among cover.  

Inhabits small rivers, streams, creeks, brooks, lakes, reservoirs,  and temporary drainages.   

No discernible  preference  for bottom types.  Frequents brush piles and dense growths of 

emergent vegetation.

7-9 years
Home range is very restrictive,  and they will home from a moderate distance 

when displaced.
1

Largemouth  Bass Piscivore

Juveniles progress from plankton, small insects and fishes to larger 

insects, fishes and crayfish as adults.  Feed year round but frequency is 

reduced in winter.  Primary diet items include crayfish, Cyprinidae,  and 

Centrarchidae. Terrestrial and aquatic insects often consumed  but not 

significant component  of adult diet.

Found in pools and backwaters  of small to large streams, swamps, ponds, lakes and 

reservoirs.   Prefers warm, generally clear water and is less tolerant of turbidity than spotted 

bass.  They have a pH tolerance of 4.0 and a maximum  salinity of

12.9 ppt.  Most activities are associated  with shoreline areas, but they are often found in 

open water, and can be found at considerable depths.  Prefers to have cover or is found in 

proximity to cover.

15 years

This species homes to its area if displaced.   The home range is usually a 

single pool and home pools are established  by 60-80% of adult fish. There is 

an upstream  migration of adults in  spring, and a downstream  migration in 

the fall. Movements  of fish are influenced  by temperature, dissolved oxygen, 

food, and habitat.

1

Pumpkinseed Invertivore

Primarily consumes aquatic and terrestrial insects, and other invertebrates 

with some shifting with size and season.  Consume more mollusks than 

most other sunfish species.  Also known to consume algae.  Stops feeding 

when water temperature  falls below 8°C.  Juveniles consume zooplankton  

and small insects, while adults mainly consume aquatic and terrestrial 

insects, and mollusks.

Inhabits weedy lakes, shallow bays of larger lakes, estuaries, ponds, barrier beach ponds, 

impoundments, streams, creeks, rivers, and spill pools over numerous bottom types.  

Frequently found in areas with dense vegetation,  particularly emergents.

8 years
They occupy home ranges during the summer, and there is evidence of 

homing.  Intolerant of suspended solids and sediments.
1

Redbreast  Sunfish Invertivore

Opportunistic feeder that consumes aquatic and terrestrial insects, 

crayfish, arthropods,  mollusks and fishes. Juveniles primarily consume 

aquatic insects while adults take aquatic insects, mollusks, crayfish and 

occasionally fishes.

Predominantly a riverine species frequently associated  with aquatic vegetation. Found in 

pools and backwaters  of warm, small to large, usually clear streams of low to moderate 

gradient.

8-9 years
Forage fish species for almost all predatory fish, particularly  smallmouth  

bass.
1,3,4

Redear Sunfish Invertivore

Consumes gastropods  and mollusks, and to a lesser extent, aquatic 

insects and fishes.  Seasonal changes in diet influenced  by seasonal 

changes in availability of main food items.

Inhabits clear, vegetated ponds and lakes and pools in streams. 5-6 years 1

Rock Bass Piscivore

Juveniles mainly consume zooplankton  and small aquatic insects while 

adults mainly consume crayfish, fish, and aquatic insects.  They are a 

bottom oriented feeder. Seasonal shifts in diet linked to increases in 

abundance  of particular prey items.

Primarily a riverine species and is common in warm water lakes and streams with rocky 

pools.  Occupy clear, moderate-gradient, cool to warm, small streams to large rivers and 

are strongly associated  with shelter.  Avoids areas of moderate to heavy siltation and 

turbidity.

5-6 years

Nonmigratory and unlikely to range through more than a mile of stream in the 

course of a two year period.  Competes with smallmouth  bass for food 

resources.

1

Smallmouth  Bass Piscivore

Primary diet items include crayfish, Cyprinidae,  Percidae, and 

Centrarchidae fishes.  Frequency of feeding reduced in winter.  Larvae 

feed primarily on zooplankton, particularly small crustaceans  while  

juveniles primarily feed on aquatic insects, small Cyprinidae,  and other 

small fishes.  Adults mainly consume crayfish and fish.

Prefers cool to warm, generally clear streams with rocky substrates and a frequent 

succession of riffles and pools.  May be found over variety of substrates.   During winter, 

stream dwelling smallmouth  bass seek shelter in pools.

10-11 years

Range usually limited to single pool by 60-80% of adults, home to pool when 

displaced unless prevented by low water levels.  Upstream  migration in 

spring with downstream  migration in fall.

1,3,4
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Trophic
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Diet Shift Primary Environment Life Span Additional  Notes References

Table 5-18

Fish Life Histories
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Cottidae

Mottled Sculpin Invertivore

Benthic feeder that consumes insects in many waters but also takes 

isopods, amphipods,  and rarely small fishes. Juveniles mainly consume 

Chironomidae larvae while adults prefer large aquatic insects.

Found in cool, clear, moderate and high gradient creeks to small rivers.  Large juveniles 

and adults generally occupy runs and riffles of gravel, rubble, and boulder, occasionally  

vegetation beds.  Appear to distribute themselves  in streams

according to substrate particle size with the large sculpins over rubble and smaller 

individuals over finer materials.

6 years Important forage fish species. 1,2,5

Potomac Sculpin Invertivore

Benthic feeder that mainly consumes aquatic insect larvae, particularly  

Ephemeroptera and Trichoptera,  and Chironomidae larvae.  Amphipods,  

crayfish, snails, other invertebrates and fantail darters also consumed  on 

occasion.

Occurs in clear, cold to warm, moderate to high-gradient creeks and medium-size rivers.  It 

is somewhat  tolerant to warm water.
6 years 1

Cyprinidae

Blacknose  Dace Omnivore

Mainly consume aquatic insects, and to lesser extent worms, spiders, 

mites, terrestrial insects, larval fishes, algae, and detritus.  Generally 

considered  opportunistic and omnivorous,  and are known to feed heavily  

on aquatic vegetation as well as Ephemeroptera and Diptera larvae.  

Juveniles are reported to eat vegetation and Chironomidae. Diet remains 

similar as fish increase in size.

Found in cold to warm, tiny to moderate-size streams with steep to gentle gradients.   In 

VA, usually found in small cool to warm streams of moderate gradient.  Most common in 

gentle riffles, runs, and backwaters.   Upland populations are found over hard substrate and 

in the Piedmont and Coastal Plain, they are found over sandy and soft bottoms.  Age-0 fish 

usually found in quite shallow waters with mud bottom.  Rarely found in lakes and ponds.

3 years Important forage fish of trout. 1

Bluehead Chub Omnivore
Feeds on wide variety of aquatic insects and plant material.  Prefers plant 

material in VA.

Occupies pools, runs and riffles in smaller streams and often associated  with gravel 

substrate. Found in small numbers in moderately  turbid waters and in large

numbers in clear water.

4 years 1

Bluntnose Minnow Omnivore

Feeds on small organisms,  such as plankton, and also consumes silt and 

organic debris.  The diet of juveniles is variable, with algae and 

zooplankton  important.   Adults are generalized  feeders on anything of 

suitable size, such as Ephemeroptera, Chironomidae, cladocerans, worms, 

fish eggs and detritus.

Found in streams, lakes, ponds and reservoirs.  It ranges from small creeks to large rivers 

of low to moderate gradient.  Occurs in pools and backwaters  often near cover over sand-

silt mixtures to boulder and bedrock. In ponds, lakes and reservoirs,  it inhabits shoreline 

areas and usually avoids heavily weeded areas.

4 years 1

Bull Chub Invertivore
Feeds on smaller benthic and drifting invertebrates as well as mollusks and 

occasionally crayfish.

Adults are frequently found in pools of larger creeks and rivers, while juveniles are 

frequently found in rifles.  
4 years 1

Common Carp Omnivore

Opportunistic feeder able to utilize any available food source.  Diptera 

larvae and detritus typically main diet items, also consumes plant material, 

seeds, algae, mollusks, and crustaceans. Juveniles mainly consume 

plankton and small invertebrates, while adults mainly consume aquatic 

insects and invertebrates.

Found in nearly every type of aquatic habitat, except small high-gradient coldwater 

mountain streams, alpine lakes, hot springs, and very low pH water. Typically occur in 

sluggish pools and backwaters  over a soft bottom.

9-15 years
Known to change the vegetative  structure of lakes and reservoirs by rooting 

behavior during feeding and can migrate great distances.
1

Central Stoneroller Herbivore

Grazing minnow that scrapes attached organisms off of rocks and other 

hard surfaces.  Consumes algae, diatoms, some aquatic insects, and 

detritus.

Occurs in small to large, usually clear, cold to warm streams of moderate to high gradient.  

Most often found in hard bottom riffles and runs although is may be found in all habitats.
3-4 years Upstream  spawning migration in spring. 1

Common Shiner Invertivore

Feeds in all levels of water column largely on aquatic (Ephemeroptera and 

Diptera) and terrestrial insects, and also worms, microcrustaceans, spiders, 

small fishes, algae, vascular plants and detritus.

Found in small to medium, sometimes  large, clear streams of moderate gradient. Also 

found in lakes although it does not spawn there.  It is a pool dweller but is found in current 

ecotones and occasionally  fast water.  Occurs in open water and by cover over firm and 

soft substrates.

4 years 1

Creek Chub Generalist

Generally omnivorous  but in different systems may be primarily 

piscivorous,  insectivorous, or omnivorous. Juveniles consume algae and 

zooplankton, while larger fish (>8cm) generally consume terrestrial and 

aquatic insects, amphipods,  mollusks, and fish.  May consume terrestrial 

insects in summer and fall.

Most often in cool to warm creeks of moderate or sometimes  high gradient.  All life stages 

occur in scantily or unvegetated  pools and smaller areas of reduced current in VA.
7 years Upstream  spawning migration in spring. 1

Cutlips Minnow Invertivore

Primarily benthic feeder that consumes aquatic insects, particularly  

Trichoptera  and Diptera, and may sometimes take worms, crayfish, mites, 

snails, fingernail clams, fish eggs and lamprey larvae.  Juveniles mainly 

consume Chironomidae.

Found in cool and warm, moderate gradient streams of somewhat small to large size and in 

some large rivers.  Clear, gravelly and rocky waters are favored. Some northern lakes are 

inhabited at times near the tributary mouths.

4 years 1

Fallfish Omnivore

Juveniles and adults are generalized  predators,  favoring insects, 

particularly  terrestrial insects in warm months, but also consume crayfish 

and fish.  Also consume large volumes of algae and detritus.  Larvae feed 

primarily on zooplankton, while juveniles prefer algae and zooplankton until 

35-40 mm TL when they take primarily aquatic and terrestrial insects.  

Adults consume wide variety of aquatic and terrestrial organisms and 

algae.

Found in clear, cool and warm, sandy to hard-bottomed streams of moderate to sometimes  

low gradient. They are in creeks up to large rivers and all stages are found in pools and 

slow runs with only the adults roaming in the deeper parts of the pools and occasionally  

swift water.

9-10 years 1

Fathead Minnow Omnivore Consumes algae, mud, aquatic insects, and detritus.

Found in pools and backwaters  in warmwater  creeks of low to moderate gradient, and 

occasionally  in large streams. Also found in ponds and lakes usually along the shoreline.   

Often associated  with weedy cover.

3 years 1

Golden Shiner Omnivore
Feeds mainly on phyto- and zooplankton, particularly Daphnia, and 

sometimes  on benthos and a variety of plants and invertebrates.

Occurs in a wide spectrum  of lacustrine habitats and slack waters of creeks, streams and 

rivers.
8 years 1

Longnose Dace Invertivore

Algae is predominant  in the diet of juveniles with some Chironomidae and 

Simulidae larvae.  Also reported to consume fish eggs, fish, and fish 

scales.  Larger fish primarily consume Ephemeroptera and Diptera (midges 

and blackflies) from fast riffles with minor amounts of algae and diatoms 

also consumed.   Also reported to consume Trichoptera,  Plecoptera,  

Diptera, Coleoptera, Hemiptera,  Hymenoptera, terrestrial insects, algae, 

diatoms, oligochaetes, gastropods

Found in small to large cool to coldwater streams of moderate or high gradient. They also 

occur in lakes in the northern part of their range. They are associated with rubble, boulder 

and bedrock bottoms in the swiftest sections of streams.

5 years 1,2

Mountain Redbelly 

Dace
Omnivore Feeds predominantly on vegetation and detritus.

Typically inhabits shallow pool areas of small streams.  They are associated with sand, 

rubble, and bedrock bottoms.
3-4 years 1
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Fish Species

Trophic

Feeding

Group

Diet Shift Primary Environment Life Span Additional  Notes References

Table 5-18

Fish Life Histories

South River Ecological Study

Final Report

River Chub Invertivore

Primarily consumes aquatic insects but will also consume vascular plant 

material.  Diptera and Trichoptera  are the primary food items of adults.  

Algae and vascular plant material is often consumed  in large quantities.

Typically inhabits medium to large streams, but may move into larger streams and rivers to 

overwinter.
4 years 1

Rosefin Shiner Invertivore
Primarily consumes aquatic invertebrates and occasionally detritus.  Has 

been observed feeding in the surface film.

This species is found in clear, small to large streams of moderate gradient. It is in a variety 

of habitats from slow pools and back- waters to riffles and swift runs. It is usually 

associated with sandy or rocky substrates and is most often found in the upper and middle 

water column

2-3 years 1,5

Rosyface Shiner Invertivore

Feeds throughout  water column on aquatic and terrestrial insects and 

small amounts of spiders, fish eggs and larvae, and algae.  Large portion 

of diet consists of Simulidae in the New River, VA.  Juveniles tend to be 

omnivorous  while adults tend to be carnivorous.

Found in clear, fast flowing, large creeks and small rivers with bottoms of clean gravel or 

rubble. Occupy warm clear streams with a moderate gradient and of moderate to large 

size.  Adults favor a swifter current than most other shiners. In some areas of VA, it 

occupies natural lakes near stream mouths. They are most common in runs and pools at 

current ecotones and over firm and soft substrates.

3 years 1

Rosyside Dace Invertivore

Drift feeder in the middle and upper levels of the water column.  Diet 

consists primarily of aquatic and terrestrial insects, with trace amounts of 

worms, arachnids, crayfishes,  snails, algae and detritus.

Occurs in low to high gradient creeks to medium-size rivers.  Found in coldwater mountain 

trout streams to warm sluggish lower Piedmont creeks.  Rarely occurs in ponds and small 

lakes and is a pool species that roams in open midwater or along the margins near cover.  

Occurs over sand and slightly silted bottoms although they may be intolerant of heavy 

siltation.

4 years 1

Satinfin Shiner Invertivore
Primarily consumes aquatic insects, particularly Ephemeroptera nymphs, 

and on occasion algae. Opportunistic drift feeder.

Occupy warm, medium-size streams to major rivers that are usually clear or slightly turbid 

and of moderate to low gradient. Found in pools, backwaters  and runs of shallow to 

moderate depth over a variety of substrates including mud, sand and rocks.

3-4 years 1

Spotfin Shiner Invertivore

Feeds in the midcolumn on drift, and to a lesser degree on benthic 

organisms.  Consumes primarily terrestrial and aquatic insects but also 

takes microcrustaceans, decapods, water mites, and trace plant material 

including seeds, algae and detritus.  Juveniles consume algae and small 

aquatic insects while adults consume aquatic and terrestrial insects.

Occurs in small to large, generally clear streams of moderate gradient, and in rivers and 

lakes.  Found most often in medium to large streams. Occurs in runs, moving pools and 

backwaters  adjacent to moderate current.

2-5 years 1

Spottail Shiner Invertivore

Feeds on microcrustaceans, aquatic insects, small Cyprinidae  and fish 

eggs.  Juveniles prefer microcrustaceans while adults consume aquatic 

and terrestrial insects, crustaceans, and filamentous  algae.

Occurs in clear rocky bottomed creeks and rivers of moderate gradient, in turbid sandy and 

silty bottomed streams of low to moderate gradient and large sluggish Coastal Plain rivers.  

Found in slow pools, vegetated backwaters,  deep runs and swift riffles.

4 years 1

Fundulidae

Banded Killifish Omnivore

Adults primarily feed upon aquatic insects, small worms, mollusks, and 

occasionally plant matter.  Juveniles primarily feed upon zooplankton and 

midges.

Occurs in tidal freshwater and brackish waterways as well as Ridge and Valley limestone 

streams and spring runs. Can sometimes be found in permanently flooded areas. Favors 

mud and silt bottoms.

3-4 years

Ictaluridae

Brown Bullhead Invertivore

Juveniles mainly consume aquatic insects and small crustaceans, and to a 

lesser extent algae and vegetative material  Adults consume a broad 

spectrum  of invertebrates, fishes, aquatic insects, and filamentous algae.

Common in moderately  clear water with ample vegetation in backwaters  and pools of 

moderate gradient, and sluggish, small to large streams, as well as ponds and reservoirs.
11 years 1,5

Margined Madtom Invertivore

Consumes a variety of aquatic invertebrates, mainly aquatic insects.  Fish 

and terrestrial insects also consumed  on occasion.

Mainly found in clear water streams of moderate current.  Occupies wide range of stream 

habitats, including gravel, rubble, and soft bottoms in low to moderate gradient sections of 

small to large, cool to warm streams.
4-5 years 1,5

Yellow Bullhead Invertivore

Juveniles mainly consume microcrustaceans and aquatic insect larvae, 

while adults mainly consume various invertebrates and fishes.

Common in areas of heavy vegetation in shallow, clear lakes, ponds and slow moving 

streams.  Found in pools and backwaters  of streams and in ponds and reservoirs.   

Occupies large, moderate-gradient streams to sluggish lower Piedmont and Coastal Plain 

streams of various sizes.

6-7 years 1

Percidae

Fantail Darter Invertivore

Feeds primarily on aquatic insect larvae, including Chironomidae, 

Ephemeroptera, and Trichoptera.   Fish eggs also consumed  in small 

amounts.  Juveniles mostly consume small aquatic insects and some 

zooplankton, while adults mainly consume larger aquatic insects.

Found in cool and warm, gravelly and rocky brooks to medium-size streams, and

to a lesser extent, large rivers.  It thrives in clear, unsilted and slightly silted streams and 

tolerates slight to moderate turbidity.  Adapts readily to varied habitats and is common in 

shallow riffles or along shallow banks of fast or quite water near rock substrate.   May 

winter in deeper pools in northern part of range.  In VA, the young tend to occupy shallow 

riffles, runs and pools.  Adults tend to congregate  in shallow sections of riffles.

4-5 years After spawning,  they move into larger, deeper waters, where they overwinter. 1

Greenside  Darter Invertivore

Consumes zooplankton, Simulidae larvae, and small aquatic insects.  

Juveniles mostly consume zooplankton and Simulidae larvae while adults 

almost exclusively consume aquatic insect larvae.

Found in variety of habitats, though more prevalent in rivers and streams of moderate to 

fast current and low turbidity, among riffles and runs of rubble and small boulders. 

Significant  preference  for vegetation.

4-5 years Possibly important forage fish for smallmouth  bass and rockbass. 1

Tessellated  Darter Invertivore Feeds mainly on midges, and other aquatic insects and invertebrates.

Found in warm, moderate to low gradient, clear to  turbid, unstained or slightly stained 

swampy runs of small to large streams, rivers and estuaries.   Occurs in pools and slow 

runs and is found over substrates from silt, mud and detritus to clean gravel and large 

stones.

4 years 1,2

Notes:
1 - Virginia Fish and Wildlife Information Service (VAFWIS).   Biota of Virginia Database (BOVA).  http://vafwis.org/fwis/?Title=VaFWIS+Species+Information

2 - Froese, R. and D. Pauly. Editors. 2007. FishBase.   World Wide Web electronic publication.   www.fishbase.org, version (04/2007).   Accessed August 9, 2007.

3 - Murphy, G.W., T.J. Newcomb,  D.J. Orth, and S.J. Reeser. 2005. Food habits of selected fish species in the Shenandoah River Basin, VA. Proc. Annu. Conf. Southeast.  Assoc. Fish and Wildlife Agencies 59:325-335.

4 - Murphy, G.W. 2004.  Uptake of mercury and relationship  to food habits of selected fish species in the Shenandoah River Basin, Virginia.  Masters thesis.  Virginia Polytechnic  Institute and State University,  Blacksburg,  Virginia.

5 - Etnier, D.A. and W.C. Starnes.  1993.  The fishes of Tennessee.   University of Knoxville Press, Knoxville.
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RRM 0.1 RRM 3.5 RRM 11.8 RRM 23.5 SR-01 MR-01

American eel Anguilla rostrata 1 2

White sucker Catostomus commersoni 254 47 91 36 112 26

Northern hog sucker Hypentelium nigricans 109 65 37 19 19 32

Torrent sucker Thoburnia rhothoeca 137 86 9 79

Central stoneroller Campostoma anomalum 23 5 2 35

Rosyside dace Clinostomus funduloides 5 2

Satinfin shiner Cyprinella analostana 2 21 27 38

Common carp Cyprinus carpio 12 20 17

Cutlips minnow Exoglossum maxillingua 8 7 69 1

Common shiner Luxilus cornutus 561 502 430 49 211 90

Rosefin shiner Lythrurus ardens 1

Bluehead chub Nocomis leptocephalus 61 288 57 32 29 170

River chub Nocomis micropogon 36 8

Bull chub Nocomis raneyi 58 1

Golden shiner Notemigonus crysoleucas 1

Spottail shiner Notropis hudsonius 158 44 175 12 47 198

Rosyface shiner Notropis rubellus 13 83 88 6 24 129

Mountain redbelly dace Phoxinus oreas

Bluntnose minnow Pimephales notatus 35 20 68 24 64 98

Fathead minnow Pimephales promelas 23 7

Blacknose dace Rhinichthys atratulus 44 18 2 75

Longnose dace Rhinichthys cataractae 28 69 8 26 48 2

Fallfish Semotilus corporalis 143 108 139 15 259

Yellow bullhead Ameiurus natalis 10 13 15 8 2 7

Channel catfish Ictalurus punctatus 1

Margined madtom Noturus insignis 25 15 28

Banded killifish Fundulus diaphanus 1

Rock bass Ambloplites rupestris 142 44 10 5 84 17

Redbreast sunfish Lepomis auritus 24 47 89 19 5 96

Green sunfish Lepomis cyanellus 13 2 6 1 7 25

Pumpkinseed Lepomis gibbosus 1

Bluegill Lepomis macrochirus 7 3 4 2

Redear sunfish Lepomis microlophus

Hybrid sunfish Lepomis sp. 1

Smallmouth bass Micropterus dolomieu 43 9 68 41 0 68

Largemouth bass Micropterus salmoides 23 5 8 6 1
Black crappie Pomoxis nigromaculatus 1

Mottled sculpin Cottus bairdi 189 135 1 24 204

Potomac sculpin Cottus girardi 21 1

Fantail Darter Etheostoma flabellare 41

1820 1535 1321 381 1237 1034

27 24 26 24 24 18

Notes:

 See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Cottidae

Percidae

Total Abundance

Taxa Richness

Anguillidae

Catostomidae

Cypirinidae

Ictaluridae

Fundulidae

Centrarchidae

Common Name Genus / Species

Table 5-19

Fish Species Abundance-Spring 2010

South River Ecological Study

Final Report

Study Site Reference Area
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RRM 0.1 RRM 3.5 RRM 11.8 RRM 23.5 SR-01 MR-01

American eel Anguilla rostrata 1 1 2

White sucker Catostomus commersoni 636 112 101 53 189 109

Northern hog sucker Hypentelium nigricans 173 105 77 72 40 198

Torrent sucker Thoburnia rhothoeca 123 30 7 179

Central stoneroller Campostoma anomalum 100 171 3 33

Rosyside dace Clinostomus funduloides 1

Satinfin shiner Cyprinella analostana 15 4 76 8 107

Common carp Cyprinus carpio 7

Cutlips minnow Exoglossum maxillingua 26 5 128 17

Common shiner Luxilus cornutus 1106 347 103 49 343 254

Rosefin shiner Lythrurus ardens

Bluehead chub Nocomis leptocephalus 133 369 211 52 36 302

River chub Nocomis micropogon 97 11 17 156

Bull chub Nocomis raneyi

Golden shiner Notemigonus crysoleucas 2

Spottail shiner Notropis hudsonius 61 101 113 4 185 564

Rosyface shiner Notropis rubellus 73 69 10 120 156 189

Mountain redbelly dace Phoxinus oreas 49

Bluntnose minnow Pimephales notatus 202 66 52 7 183 362

Fathead minnow Pimephales promelas 57 3

Blacknose dace Rhinichthys atratulus 92 11 249

Longnose dace Rhinichthys cataractae 479 158 18 22 500 20

Fallfish Semotilus corporalis 910 303 92 26 292

Yellow bullhead Ameiurus natalis 12 13 53 19 62

Channel catfish Ictalurus punctatus

Margined madtom Noturus insignis 2 3 17 25 106

Rock bass Ambloplites rupestris 227 25 19 8 106 27

Redbreast sunfish Lepomis auritus 34 25 61 79 1 217

Green sunfish Lepomis cyanellus 27 5 15 8 5 15

Pumpkinseed Lepomis gibbosus 3 1

Bluegill Lepomis macrochirus 92 1 8 1 1

Redear sunfish Lepomis microlophus 1

Hybrid Sunfish Lepomis sp. 1

Smallmouth bass Micropterus dolomieu 98 22 140 128 9 135

Largemouth bass Micropterus salmoides 23 10 54 15 3

Black crappie Pomoxis nigromaculatus

Mottled sculpin Cottus bairdi 1277 422 3 53 1249

Potomac sculpin Cottus girardi 1 20 5 25

Fantail Darter Etheostoma flabellare 219 31

Tessellated darter Etheostoma olmstedi 2 1 1

6255 2496 1256 772 3946 2841

32 26 26 23 23 18

Notes:

 See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Percidae

Total Abundance

Taxa Richness

Anguillidae

Catostomidae

Cypirinidae

Ictaluridae

Centrarchidae

Cottidae

Common Name Genus / Species

Table 5-20

Fish Species Abundance-Summer 2010

South River Ecological Study

Final Report

Study Site Reference Area
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River Site Species Total Catch
Population

Estimate
1

Adjusted 

95% Confidence

Interval

pa
2

CPUE
3 f/ha

SR-01 1391 1484 1453 - 1515 0.60 1551 7052

RRM 0.1 2108 2607 2490 - 2724 0.42 1012 3789

RRM 3.5 1622 1719 1688 - 1750 0.62 1070 4617

RRM 11.8 1432 1470 1454 - 1486 0.70 832 2454

RRM 23.5 426 492 457 - 527 0.49 381 988
Middle River MR-01 1034 1068 1052 - 1084 0.68 726 1955

River Site Species Total Catch
Population

Estimate
1

Adjusted 

95% Confidence

Interval

pa
2

CPUE
3 f/ha

SR-01 3946 4235 4179 - 4291 0.59 1553 20125

RRM 0.1 6255 8382 8083 - 8681 0.37 1816 12184

RRM 3.5 2496 2525 2512 - 2538 0.77 1166 6782

RRM 11.8 1256 1351 1318 - 1384 0.59 476 2256

RRM 23.5 772 904 852 - 956 0.47 279 1816
Middle River MR-01 2841 3095 3039 - 3151 0.56 1069 5665

Notes:

2 - Probability of capture

3 - Catch Per Unit Effort (CPUE) based on fish caught during the first pass

Table 5-21

Fish Population Estimates

South River Ecological Study

Final Report

S
p

ri
n

g

South River
All fish

S
u

m
m

e
r

South River
All fish

1 - Population estimate calculated using Microfish 3.0-based on the Burnham maximum likelihood estimation theory.

Data were collected in May and September 2010. See Ecological Study Data Matrix (Table 1-3) for more information 

regarding study details.
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River Site Total Catch
Population

Estimate
1

Adjusted 

95% Confidence

Interval

pa
2

CPUE
3 f/ha kg/ha

RRM 0.1 43 50 43 - 62 0.47 19 73 7.9

RRM 3.5 9 9 9 - 9 1.00 9 24 2.0

RRM 11.8 68 73 68 - 81 0.58 33 122 6.9

RRM 23.5 41 49 41 - 63 0.45 32 98 9.0

SR-01 0 0 0 0.00 0 0 0.0
Middle River MR-01 68 72 68 - 79 0.61 39 132 5.6

River Site Total Catch
Population

Estimate
1

Adjusted 

95% Confidence

Interval

pa
2

CPUE
3 f/ha kg/ha

RRM 0.1 98 114 98 - 132 0.48 35 166 11.0

RRM 3.5 22 29 22 - 47 0.37 22 78 6.9

RRM 11.8 140 150 140 - 161 0.59 73 250 19.7

RRM 23.5 127 174 128 - 220 0.36 87 350 19.9

SR-01 9 9 9 - 11 0.64 7 43 2.5
Middle River MR-01 135 145 135 - 156 0.58 71 265 12.2

Notes:

1 - Population estimate calculated using Microfish 3.0-based on the Burnham maximum likelihood estimation theory.

2 - Probability of capture

3 - Catch Per Unit Effort (CPUE) based on fish caught during the first pass

Data were collected in May and September 2010. See Ecological Study Data Matrix (Table 1-3) for more information 

regarding study details.

S
u

m
m

e
r

South River

Table 5-22

Smallmouth Bass Population Estimates

South River Ecological Study

Final Report

S
p

ri
n

g

South River

Ecological Study Final Report 28 September 2012 1 of 1



RRM 0.1 0.52 (+/- 0.31) 0.96 (+/- 0.80) 0.89 (+/- 0.61) 1.20 (+/- 0.91) 0.97 (+/- 0.60) 0.78 (+/- 0.32) 0.10 (+/- 0.10) 0.11 (+/- 0.07)

RRM 3.5 1.64 (+/- 1.44) 2.18 (+/- 0.70) 2.35 (+/- 1.17) 2.31 (+/- 0.74) 0.51 (+/- 0.41) 1.36 (+/- 0.32) 0.71 (+/- 0.14) 0.51 (+/- 0.22)

RRM 11.8 3.12 (+/- 0.96) 2.72 (+/- 0.98) 2.93 (+/- 1.05) 2.97 (+/- 0.76) 1.96 (+/- 0.86) 1.02 (+/- 0.43) 1.29 (+/- 0.22) 0.83 (+/- 0.10)
RRM 23.5 1.79 (+/- 1.02) 2.27 (+/- 0.96) 2.66 (+/- 1.57) 2.74 (+/- 0.86) 3.05 (+/- 0.73) 1.83 (+/- 1.71) 0.94 (+/- 0.21) 0.90 (+/- 0.25)

Notes:

See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Table 5-23

Total Mercury Concentration in Fish Tissue

South River Ecological Study

Final Report

Smallmouth bass and largemouth bass data were collected in May and September 2009, May and September 2010, and May 2011 (Data were not collected at RRM 3.5 in 

2009). 

Redbreast sunfish data were collected in May and September 2010.

FallSpringFall
Smallmouth Bass

Common ShinerLongnose Dace

RRM

Mean THg

 (µg/g wet wt.)

Largemouth Bass Redbreast Sunfish
SpringFallSpring

Ecological Study Final Report 28 September 2012 1 of 1



Sample
RRM 

Tagged

 Date

 Tagged

RRM 

Recaptured

 Date

 Recaptured
Days at Large

∆ TL 

(mm)

THg 

(µg/g wet wt.)

∆THg 

(µg/g wet wt.)
LMB 01 0.1 5/21/2009 0.1 9/8/2009 110 12 0.8 0.19

LMB 02 0.1 5/21/2009 0.1 5/17/2010 361 7 1.1 0.16

LMB 02 0.1 5/21/2009 0.1 9/7/2010 474 12 1.2 0.22

LMB 03 0.1 5/17/2010 0.1 9/7/2010 113 47 1.3 0.73

LMB 04 3.5 5/20/2010 0.1 9/7/2010 110 24 1.1 -0.22

LMB 04 3.5 5/20/2010 0.1 5/23/2011 368 24 1.4 0.06

LMB 05 3.5 5/20/2010 3.5 10/28/2010 161 13 3.7 0.63

LMB 06 11.8 5/20/2009 11.8 9/9/2009 112 57 2.5 -0.99

LMB 07 11.8 9/9/2009 11.8 5/25/2011 623 58 4.0 1.61

LMB 08 11.8 5/19/2010 11.8 9/8/2010 112 59 3.2 -2.04

LMB 09 22.0 5/19/2009 22.0 9/8/2009 112 1 6.6 0.68

LMB 10 22.0 5/19/2009 22.0 9/8/2009 112 5 2.6 0.01

LMB 11 22.0 5/19/2009 22.0 9/8/2009 112 39 1.9 0.10

LMB 12 23.5 5/25/2010 3.5 5/24/2011 364 85 2.7 0.43

SMB 01 0.1 9/8/2009 0.1 5/17/2010 251 13 0.3 0.21

SMB 02 0.1 9/8/2009 0.1 9/7/2010 364 27 0.6 0.14

SMB 03 0.1 9/8/2009 0.1 9/7/2010 364 60 0.6 0.24

SMB 04 0.1 5/17/2010 0.1 5/23/2011 371 -6 1.0 0.46

SMB 05 3.5 5/20/2010 3.5 9/14/2010 117 50 2.1 -0.56

SMB 05 3.5 5/20/2010 3.5 10/28/2010 161 6 4.3 2.25

SMB 06 11.8 5/20/2009 11.8 9/9/2009 112 41 4.9 0.79

SMB 07 11.8 5/20/2009 11.8 9/9/2009 112 30 2.5 0.58

SMB 08 11.8 5/20/2009 11.8 9/9/2009 112 43 2.5 -0.60

SMB 09 11.8 5/19/2010 0.1 9/7/2010 111 88 1.2 -3.61

SMB 10 11.8 5/19/2010 11.8 9/8/2010 112 24 5.4 2.80

SMB 11 11.8 5/19/2010 11.8 9/8/2010 112 42 4.2 2.43

SMB 12 11.8 5/19/2010 11.8 9/8/2010 112 22 4.2 0.83

SMB 13 11.8 5/19/2010 11.8 9/8/2010 112 42 1.9 0.98

SMB 14 11.8 5/19/2010 11.8 9/8/2010 112 65 4.0 2.83

SMB 15 11.8 5/19/2010 11.8 9/8/2010 112 57 3.1 0.78

SMB 16 11.8 9/8/2010 11.8 10/28/2010 50 -6 3.5 0.51

SMB 17 23.5 5/25/2010 23.5 9/15/2010 113 68 1.9 0.81

Notes:

∆ = Difference between date tagged and date recaptured.

TL = Total Length

See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Table 5-24

Total Mercury Concentration in Recaptured Bass

South River Ecological Study

Final Report

Data were collected in May and September  2009, May and September 2010, and May 2011 (Data were not collected at RRM 3.5 in 2009).
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Table 5-25

Mercury Concentrations in Submerged Aquatic Vegetation, Sediment, and Surface Water

South River Ecological Study

Final Report

SAV Surface Water* Sediment SAV Surface Water* Sediment

Leaves 18 (5) 1 (0.03)

Roots 61 (41) 4.8 (1)

Leaves 7.1 (0.2) 1.5 (0.2)

Roots 94 (32) 4 (1.1)

Notes:

*Surface water values represent IHg and MeHg concentrations on particles in surface water. 

MeHg (µg/g dry wt.)

Data shown are the average and error rates of inorganic mercury (IHg) and methylmercury (MeHg) in micrograms per gram dry weight 

(µg/g dw) for submerged aquatic vegetation (SAV), particles in surface water, and interstitial sediment at two sampling locations. The 

error rate for SAV is the absolute deviation between two replicates; the standard error for surface water and sediment of warm season 

(April to September, inclusive) is presented for surface water and sediment. Data were collected in August 2011. See Ecological Study 

Data Matrix (Table 1-3) for more information regarding study details.

0.4 (0.1)

11.8 12 (2) 66 (5.1) 0.26 (0.12) 0.7 (0.2)

0.28 (0.06)

RRM Sample Type

8.7 22 (4) 50 (1.3)

IHg (µg/g dry wt.)
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Matrix
Parameter

Model R
2

Sample size

Main Effects

Environmental Variables

Discharge:

-Bank THg loading rate

-Sediment mercury

-Sediment composition

Discharge: -Sediment composition Discharge:
-Sediment composition

-Sediment chemistry
Discharge: -Pore water THg Discharge: -Pore water mercury

Rainfall: -Bank loading rate Rainfall:

-Floodplain THg

-Land use (Open space, 

wetland, cultivated land)

-Sediment composition

Rainfall: -Sediment mercury Rainfall:

-Bank THg loading rate

-Floodplain THg

-Land use (Wetlands, open 

space)

-Sediment composition

-Sediment chemistry

Rainfall:

-Bank THg loading rate

-Pore water THg

-Land use (Wetland)

-Sediment composition

-Sediment chemistry

Floodplain:
-THg

-Land use (Pasture)
Floodplain:

-THg concentration

-Land use (Wetland)
Floodplain:

-THg concentration

-Land use (Wetland)
Floodplain:

-THg concentration

-Land use (Forest, wetland)
Floodplain:

-THg concentration

-Land use (Forest, wetland)

Notes:

THg = total mercury, MeHg = methylmercury, SAV = submerged aquatic vegetation

Sediment composition includes one or more of the following: TOC, % clay, % sand.
Sediment chemistry includes one or more of the following:  acid volatile sulfide, cadmium, chromium, copper, and manganese.

Use of the term 'mercury' indicates both THg and MeHg were indicated as model variables.

See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
*There may be interactions within one or more of the factors listed in the second column. Refer to Appendix I for the complete description.

1923

-Season (Spring, summer)

-Bank THg loading rate

-Surface water mercury

-Season (Winter lowest)

-Bank THg loading rate

-Surface water mercury

-Erosion

-FGCM deposit density

-SAV area

-Erosion

-Land use (Forest)

-Floodplain area

-SAV area, mercury

Interactions*

Surface Water Sediment

THg MeHg

0.64 0.53

1382

-Season (Spring, summer)

-Bank THg loading rate

-Season (Spring)

-Pore water mercury

-Season (Winter lowest)

-Bank THg loading rate

-Pore water mercury

-Erosion

-Land use (Forest)

-Gradient

-Floodplain area

-SAV area

-Erosion

-Land use (Forest)

-Gradient

-Floodplain area

-SAV area

-Erosion

-Land use (Forest)

-SAV area

0.61 0.45

1472 2183 2052

THg, Unfiltered THg, Filtered MeHg (filtered and unfiltered)

Table 6-1

Model Construction-Explanatory Variables for Surface Water and Sediment

South River Ecological Study

Final Report
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Species

Parameter

Model R
2

Sample size

Main Effects

Environmental Variables

Diet

Interactions* Discharge:
-Surface water 

MeHg
Discharge:

-Bank THg 

loading rate
Discharge:

-Bank THg 

loading rate

Notes:

Fish samples sizes were from years where other data (e.g., surface water, sediment) were collected. 

THg = total mercury, MeHg = methylmercury, SAV = submerged aquatic vegetation

Sediment composition includes one or more of the following: TOC, % clay, % sand.
Sediment chemistry includes one or more of the following:  acid volatile sulfide, cadmium, chromium, copper, and manganese.

Use of the term 'mercury' indicates both THg and MeHg were indicated as model variables.

See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

*There may be interactions within one or more of the factors listed in the second column. Refer to Appendix I for the complete description.

Final Report

South River Ecological Study

Model Construction-Explanatory Variables for Fish

Table 6-2

Bass Sunfish Sucker

THg THg THg

0.57 0.61 0.61

652 436 477

-Crayfish MeHg

-SAV MeHg

-Sediment MeHg

-Ephemeroptera THg

-SAV mercury

-Diptera MeHg

-Trichoptera MeHg

-SAV MeHg

-Length

-Bank THg loading rate

-Length

-Bank THg loading rate

-Surface water MeHg

-Tributary MeHg

-Length

-Bank THg loading rate

-Surface water MeHg

-Season (spring)

-Erosion -Deposition --
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RRM 0.1 RRM 3.5 RRM 11.8 RRM 23.5 SR-01 MR-01

Polycyclic Aromatic Hydrocarbons (PAHs)
tPAH µg/kg 471 1125 626 475 376 2109 1610 CB-TEC Yes

Pesticides

Heptachlor µg/kg 2.9 <0.65 <0.7 <0.73 <0.73 16 2.47 CB-TEC Yes

Metals

Chromium µg/g 19.8 28.7 51.9 43.8 17.7 16.5 43.4 CB-TEC No
Copper µg/g 39.2 36 48.9 44.4 14.8 16.2 31.6 CB-TEC No
Iron µg/g 26700 27000 27700 29200 25900 20600 20000 Region III Yes
Manganese µg/g 964 663 1800 1740 897 781 460 Region III Yes
Mercury µg/g 0.943 18.9 16.7 12.5 0.0552 0.0483 0.18 CB-TEC No
Silver µg/g <545 1.98 <738 <761 <776 <496 1 Region III No
Zinc µg/g 99.6 101 124 119 67.2 75.6 121 CB-TEC No

Notes:

tPAH = sum of concentrations of thirteen PAH compounds

Locations where exceedance occurs are shaded green

CB-TEC = Consensus-based Threshold Effect Concentration (MacDonald et al 2000)

Region III = USEPA Region III BTAG Freshwater Sediment Screening Benchmark

   RRM = relative river mile; SR = South River, MR = Middle River

Shaded cells indicate value higher then the Sediment Quality Benchmark (SQB).

Data were collected in May 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Reference Above SQB

Table 6-3

Sediment Quality Triad Investigation-Summary of Sediment Chemistry Analyses

South River Ecological Study

Final Report

Analyte Units
Study Site Reference Area Sediment Quality 

Benchmark (SQB)
SQB Source
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Day 10 Survival

(percent)

Mean Dry Weight 

as mg/Organism (±SD)

Day 10 Survival

(percent)

Mean Ash-Free Dry Weight 

as mg/Organism (±SD)

MR-01 (reference) 99 0.123 (± 0.010) 94 1.447 (± 0.071)

SR-01 (reference) 79 0.076 (± 0.015) 95 2.334 (± 0.187)

RRM 0.1 94 0.111 (± 0.038) 93 2.446 (± 0.439)*

RRM 3.5 96 0.132 (± 0.021)* 86 2.194 (± 0.278)

RRM 11.8 94 0.124 (± 0.024) 88 1.909 (± 0.191)

RRM 23.5 96 0.116 (± 0.015) 90 2.229 (± 0.309)

Laboratory Control 100 0.119 (± 0.021) 99 1.240 (± 0.121)

Notes: 

*, Growth was significantly greater than pooled reference growth based on non-parametric Mann-Whitney test (p < 0.05). 

Day 10 survival was not adjusted for control.

Data were collected in May 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Table 6-4

Sediment Quality Triad Investigation-Summary of Sediment Toxicity Testing Results

South River Ecological Study

Final Report

SQT Station

Hyalella azteca Chironomus dilutus
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Taxa Richness EPT Richness Percent EPT
Percent 

Ephemeroptera

Percent 

Trichoptera
Percent Diptera

Percent Dominant 

Taxon

Shannon's 

Diversity (H')

Pielou's Evenness 

(J')

Mean (± SD) Mean (± SD) Mean (± SD) Mean (± SD) Mean (± SD) Mean (± SD) Mean (± SD) Mean (± SD) Mean (± SD)

Pooled Reference 34.7 (± 6.6) 11.7 (± 3.1) 19.6 (± 5.8) 11.1 (± 3.7) 6.1 (± 2.9) 57.0 (± 20.6) 22.6 (± 7.5) 3 (± 0.2) 0.84 (± 0.04)

RRM 0.1 32.4 (± 3.4) 9.6 (± 1.3) 18.3 (± 4) 12.8 (± 7.4) 4.9 (± 4.2) 68.9 (± 7.9) 19.1 (± 6.8) 3 (± 0.2) 0.86 (± 0.05)

RRM 3.5 27.2 (± 5.4) 6.1 (± 2.6) 10.1 (± 6.3) 2.9 (± 1.9) 9.1 (± 6.3) 76.4 (± 16.2) 20.5 (± 4.3) 2.8 (± 0.2) 0.85 (± 0.03)

RRM 11.8 30.6 (± 4.9) 7.6 (± 2.5) 14.2 (± 6.4) 7.9 (± 2.4) 1.0 (± 0.0) 81.1 (± 7.1) 24.3 (± 11.5) 2.9 (± 0.4) 0.84 (± 0.07)

RRM 23.5 29.1 (± 5.9) 5.8 (± 2.1) 10.8 (± 5.6) 8.3 (± 5.8) 2.4 (± 2.4) 79.0 (± 9.3) 22.4 (± 12.2) 2.9 (± 0.4) 0.85 (± 0.07)

Taxa Richness EPT Richness Percent EPT
Percent 

Ephemeroptera

Percent 

Trichoptera
Percent Diptera

Percent Dominant 

Taxon

Shannon's 

Diversity (H')

Pielou's Evenness 

(J')

0.373 0.034* 0.116 0.115 0.103 0.177 0.059 0.212 0.119

Notes: 

   RRM = relative river mile; Pooled Reference includes South River and Middle River reference areas (SR-01 and MR-01, respectively).

Data were collected in May 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Sediment Quality Triad Investigation-Summary of Benthic Macroinvertebrate Community Metrics

Table 6-5

*, One-way analysis of variance (ANOVA) indicated significant differences (p=0.034) between reference and site stations;

     however, Tukey HSD multi-comparison testing did not detect statistically significant pairwise comparisons.

SQT Station

Results of ANOVA (p -values) of Metrics for Study Sites and Pooled Reference Areas

Final Report

South River Ecological Study
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RRM 0.1
+

(0.943)
+ + – – – – – – – – – – – – –

RRM 3.5
+

(18.9)
+ – – – – – – – – – – – – – –

RRM 11.8
+

(16.7)
+ – – – – – – – – – – – – – –

RRM 23.5
+

(12.5)
+ – – – – – – – – – – – – – –

Key:

Sediment Chemistry

Sediment Toxicity 

Testing

Benthic Community 

Structure

Note:

   RRM = relative river mile

Data were collected in May 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Benthic Community Structure

Metric Analyses

SQT Station

Sediment Chemistry
Sediment Toxicity Testing

Chironomus Hyalella

Final Report

South River Ecological Study

Sediment Quality Triad Investigation-Summary of SQT Lines-of-Evidence

Table 6-6

Metric significantly different than pooled reference 

replicates

Metric not significantly different than pooled 

reference replicates

* One-way analysis of variance (ANOVA) indicated significant differences (p =0.034) between reference and site stations; 

   however, Tukey HSD multi-comparison testing did not detect statistically significant pairwise comparisons.

+ –

Site concentration > reference concentrations and 

ecological benchmark

Site concentration < reference concentrations and 

ecological benchmark

Endpoint significantly lower than pooled reference 

replicates 

Endpoint not significantly lower than pooled 

reference replicates 
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Deployment

Location
Replicate Abundance Taxa Richness

Intolerant Taxa 

Richness
% EPT

% Dominant 

Taxa

Shannon

 Diversity (H’) 

Hilsenhoff Biotic 

Index

Cheumatopsyche sp. 

Total Length (mean)

A 2,484 53 7 45 9 3.4 5.1 0.37

B 2,654 54 6 37 12 3.3 5.4 0.42

C 1,501 58 5 47 16 3.4 5.3 0.44

D 1,346 52 4 43 15 3.1 5.1 0.50

A 1,862 59 8 55 17 3.2 4.9 0.41

B 899 52 9 46 17 3.0 4.9 0.60

C 901 42 4 49 19 2.7 5.2 0.56
D 1,042 47 3 46 17 3.1 5.1 0.44

A 1,394 55 11 57 17 3.2 4.9 0.50

B 1,752 61 10 66 15 3.4 4.4 0.50

C 1,528 58 8 58 12 3.4 4.6 0.46

D 2,036 55 7 49 16 3.2 4.9 0.53

A 1,100 52 10 59 12 3.2 4.8 0.51

B 584 51 8 46 11 3.2 4.7 0.60

C 842 54 8 42 15 3.2 5.0 0.51

D 673 55 10 45 11 3.2 4.7 0.59

A 803 49 6 53 15 3.1 4.8 0.58

B 837 56 7 62 22 3.1 4.7 0.51

C 646 50 7 60 16 3.1 4.6 0.54

D 504 48 5 43 27 2.8 5.1 0.62

A 544 54 7 56 15 3.2 4.7 0.57

B 539 44 8 46 14 2.9 5.0 0.54

C 560 42 4 44 16 2.9 4.9 0.62

D 442 49 7 54 15 3.1 4.7 0.53

A 2,108 50 6 46 17 3.1 5.1 0.47

B 2,148 62 9 51 11 3.5 4.9 0.44

C 594 49 9 51 14 3.0 4.8 0.54
D 1,446 52 3 43 17 3.2 5.3 0.40

Notes:

RRM = relative river mile, NR-01 = North River reference area, SR-01 = South River reference area, MR-01 = Middle River reference area

EPT = Ephemeroptera, Plecoptera, and Trichoptera taxa

Data were collected in June 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

MR-01

RRM 0.1

RRM 11.8

Table 6-7

Field (In Situ ) Microcosm Study-Summary of Select Benthic Metrics

South River Ecological Study

Final Report

NR-01-Base

NR-01-Reference

NR-01-Transport

SR-01

Study Site

Reference Area
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Source DF SS MS F-value p -value R
2 Source SS MS F-value p -value

Model 31 163.61 5.28 5.39 <0.0001 0.612 Site 72.86 10.41 10.62 <0.0001

Error 106 103.84 0.98 Month 59.11 19.7 20.11 <0.0001

Total 137 267.46 Site*Month 31.65 1.51 1.54 0.0801

Model 31 255.34 8.24 8.42 <0.0001 0.711 Site 33.38 4.77 4.87 <0.0001

Error 106 103.72 0.98 Month 172.51 57.5 58.77 <0.0001

Total 137 359.06 Site*Month 49.44 2.35 2.41 0.0018

Model 31 39.72 1.28 1.59 0.0423 0.318 Site 2.65 0.38 0.47 0.8534

Error 106 85.24 0.8 Month 28.08 9.36 11.64 <0.0001

Total 137 124.96 Site*Month 8.99 0.43 0.53 0.9508

Model 31 267.88 8.64 4.06 <0.0001 0.543 Site 103.59 14.8 6.95 <0.0001

Error 106 225.54 2.13 Month 120.05 40.02 18.81 <0.0001

Total 137 493.42 Site*Month 44.24 2.11 0.99 0.4816

Model 31 179.44 5.79 6.97 <0.0001 0.671 Site 63.58 9.08 10.94 <0.0001

Error 106 87.98 0.83 Month 79.31 26.44 31.85 <0.0001

Total 137 267.42 Site*Month 36.55 1.74 2.1 0.0075

Model 31 44.98 1.45 2.76 <0.0001 0.446 Site 8.3 1.19 2.25 0.0354

Error 106 55.77 0.53 Month 29.48 9.83 18.67 <0.0001

Total 137 100.75 Site*Month 7.2 0.34 0.65 0.8697

Model 31 12.33 0.4 5.62 <0.0001 0.622 Site 6.87 0.98 13.88 <0.0001

Error 106 7.5 0.07 Month 4.13 1.38 19.47 <0.0001

Total 137 19.83 Site*Month 1.32 0.06 0.89 0.6026

Model 31 13.45 0.43 5.77 <0.0001 0.628 Site 3.92 0.56 7.44 <0.0001

Error 106 7.97 0.08 Month 7.39 2.46 32.76 <0.0001

Total 137 21.42 Site*Month 2.14 0.1 1.35 0.1594

Model 31 10.44 0.34 5.8 <0.0001 0.629 Site 2.4 0.34 5.89 <0.0001

Error 106 6.16 0.06 Month 5.62 1.87 32.23 <0.0001

Total 137 16.6 Site*Month 2.43 0.12 1.99 0.012

Model 31 596.76 19.25 14.27 <0.0001 0.807 Site 16.63 2.38 1.76 0.1029

Error 106 143.02 1.35 Month 526.49 175.5 130.07 <0.0001

Total 137 739.78 Site*Month 53.64 2.55 1.89 0.0184

Model 31 219.49 7.08 4.18 <0.0001 0.55 Site 113.42 16.2 9.57 <0.0001

Error 106 179.51 1.69 Month 24.29 8.1 4.78 0.0036

Total 137 399 Site*Month 81.78 3.89 2.3 0.003

Model 31 296.74 9.57 5.5 <0.0001 0.617 Site 140.89 20.13 11.56 <0.0001

Error 106 184.57 1.74 Month 107.2 35.73 20.52 <0.0001

Total 137 481.31 Site*Month 48.65 2.32 1.33 0.1728

Model 31 283.7 9.15 4.64 <0.0001 0.576 Site 107.02 15.29 7.76 <0.0001

Error 106 208.87 1.97 Month 136.86 45.62 23.15 <0.0001

Total 137 492.57 Site*Month 39.83 1.9 0.96 0.5146

Model 31 331.5 10.69 6.02 <0.0001 0.638 Site 42.27 6.04 3.4 0.0026

Error 106 188.16 1.78 Month 209.23 69.74 39.29 <0.0001

Total 137 519.67 Site*Month 80 3.81 2.15 0.006

Model 31 367.89 11.87 8.52 <0.0001 0.714 Site 14.2 2.03 1.46 0.191

Error 106 147.7 1.39 Month 323.98 107.99 77.5 <0.0001

Total 137 515.59 Site*Month 29.71 1.41 1.02 0.4522

Model 31 297.99 9.61 4.15 <0.0001 0.548 Site 121.4 17.34 7.48 <0.0001

Error 106 245.8 2.32 Month 129.62 43.21 18.63 <0.0001

Total 137 543.8 Site*Month 46.98 2.24 0.96 0.5119

Model 31 46.82 1.51 1.72 0.0225 0.334 Site 3.33 0.48 0.54 0.8016

Error 106 93.22 0.88 Month 32.56 10.85 12.34 <0.0001

Total 137 140.04 Site*Month 10.93 0.52 0.59 0.9163

Model 31 278.46 8.98 5.62 <0.0001 0.622 Site 127.18 18.17 11.36 <0.0001

Error 106 169.5 1.6 Month 42.92 14.31 8.95 <0.0001

Total 137 447.96 Site*Month 108.36 5.16 3.23 <0.0001

Notes:

Bold values indicate a significant difference (p <0.05).

EPT = Ephemeroptera, Plecoptera, Trichoptera

Data were collected  from March 2006 to February 2007, and in May 2010. See Ecological Study Data Matrix (Table 1-3) for more information 

regarding study details.

Simulidae

Overall Model
Variable

Results of general linear models analysis (PROC GLM; SAS version 9.1) showing spatial and temporal variation in macroinvertebrates in the 

South River watershed. The model tests for differences among sites and months and the site x month interaction. 

Ephemerellidae

Heptageniidae

Hydropsychidae

Hydroptilidae

Elmidae

Chironomidae

Total abundance

Mayfly richness

EPT

Number of Taxa

Baetidae

Caenidae

Site and Month Effects

Final Report

South River Ecological Study

Benthic Macroinvertebrate Community-General Linear Model Analysis

Non-Insects

Table 6-8

Ephemeroptera

Trichoptera

Diptera

Coleoptera
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Statistic F-value p -value

Wilks' Lambda 3.81 <0.0001

Axis Eigenvalue Proportion F-value p -value

1 1.4033 0.6 3.81 <0.0001

2 0.5551 0.24 2.24 <0.0001

3 0.2208 0.094 1.33 0.1042

4 0.0982 0.042 0.84 0.685

Variable Can1 Can2

LBAETID -0.059 0.158

LCAENID 0.329 -0.626

LEPHELD 0.448 0.343

LHEPTAG 0.378 0.287

LHYDROSD -0.003 0.017

LHYDROPD -0.096 0.01

LELMIDAE 0.278 0.513

LCHIROD 0.096 -0.055

LSIMULD -0.376 0.565

Notes:

Bold values indicate a significant difference (p <0.05).

Data were collected from March 2006 to February 2007, and in May 2010.

See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Table 6-9

Results of canonical discriminant analysis (PROC CANDISC, SAS version 9.1) testing for 

differences among stations based on abundance of dominant aquatic insect families. 

Eigenvalues for the first 2 canonical axes were highly significant and accounted for 

approximately 84% of the variation. Separation of stations SR 3.5/SR 5.2 from reference sites 

along canonical variable 1 was explained primarily by lower abundance of mayflies 

(Caenidae, Ephemerellidae, and Heptageniidae) and greater abundance of blackflies 

(Simuliidae). Separation along canonical variable 2 was explained primarily by differences in 

abundance of Caenidae, Simuliidae and riffle beetles (Elmidae) among stations. 

Value

0.1872

Pooled Within Canonical Structure

Final Report

South River Ecological Study

Benthic Macroinvertebrate Community-Canonical Discriminant Analysis
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Variable Source DF SS MS F-value p -value R
2 Source DF SS MS F-value p -value

Model 7 12.41 1.77 0.89 0.5435 0.362 Site 6 12.2 2.03 1.02 0.4589

Error 11 21.85 1.99 % Fines 1 0.21 0.21 0.11 0.7505

Total 18 34.26

Model 7 22.58 3.23 0.54 0.7892 0.255 Site 6 22.37 3.73 0.62 0.7099

Error 11 65.92 5.99 % Fines 1 0.21 0.21 0.03 0.8552

Total 18 88.5

Model 7 36.05 5.15 4.13 0.0182 0.724 Site 6 35.39 5.9 4.73 0.0128

Error 11 13.72 1.25 % Fines 1 0.66 0.66 0.53 0.4824

Total 18 49.78

Model 7 12.81 1.83 2.3 0.1052 0.594 Site 6 11.67 1.94 2.44 0.095

Error 11 8.77 0.8 % Fines 1 1.14 1.14 1.43 0.2562

Total 18 21.58

Model 7 90.32 12.9 11.9 0.0002 0.883 Site 6 86.65 14.44 13.32 0.0002

Error 11 11.93 1.08 % Fines 1 3.67 3.67 3.38 0.0931

Total 18 102.25

Model 7 21.99 3.14 0.68 0.6888 0.301 Site 6 20.7 3.45 0.74 0.626

Error 11 50.98 4.63 % Fines 1 1.28 1.28 0.28 0.609

Total 18 72.97

Model 7 45.12 6.45 12.42 0.0002 0.888 Site 6 42.1 7.02 13.53 0.0002

Error 11 5.71 0.52 % Fines 1 3.02 3.02 5.81 0.0345

Total 18 50.82

Model 7 7.1 1.01 1.29 0.3381 0.451 Site 6 7.09 1.18 1.5 0.2638

Error 11 8.64 0.79 % Fines 1 0.01 0.01 0.02 0.8975

Total 18 15.74

Model 7 0.42 0.06 3.8 0.0241 0.708 Site 6 0.38 0.06 4.05 0.0217

Error 11 0.17 0.02 % Fines 1 0.04 0.04 2.3 0.1578

Total 18 0.59

Notes:

Bold values indicate a significant difference (p <0.05).

Data were collected in May and August  2006, and in May and September 2010. See Ecological Study Data Matrix (Table 1-3) for more information 

regarding study details.

Table 6-10

Bluehead Chub

Common Shiner

Fallfish

Longnose Dace

Results of general linear models analysis (PROC GLM; SAS version 9.1) showing spatial variation in fish communities in the South River 

watershed. The model tests for differences among sites using the percent of fine sediments as a covariate in the model. 

Final Report

South River Ecological Study

Fish Community-General Linear Model Analysis

Mottled Sculpin

Spottail Shiner

White Sucker

Total fish abundance

Total fish richness
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Source DF SS MS F-value p -value R
2 Source SS MS F-value p -value

Model 11 45.76 4.16 4.63 <0.0001 0.408 Week 30.58 15.29 17.01 <0.0001

Error 74 66.53 0.9 Site 4.79 1.6 1.78 0.1589

Total 85 112.28 Week*Site 10.38 1.73 1.93 0.0878

Model 11 52.79 4.8 9.12 <0.0001 0.575 Week 24.53 12.27 23.31 <0.0001

Error 74 38.94 0.53 Site 27.99 9.33 17.73 <0.0001

Total 85 91.73 Week*Site 0.27 0.04 0.09 0.9975

Model 11 28.98 2.63 7.28 <0.0001 0.52 Week 2.28 1.14 3.15 0.0485

Error 74 26.79 0.36 Site 24.24 8.08 22.32 <0.0001

Total 85 55.77 Week*Site 2.46 0.41 1.13 0.3529

Model 11 19.86 1.81 7.07 <0.0001 0.513 Week 5.29 2.65 10.37 0.0001

Error 74 18.89 0.26 Site 12.26 4.09 16.01 <0.0001

Total 85 38.75 Week*Site 2.3 0.38 1.5 0.1885

Model 11 1.59 0.14 1.01 0.4464 0.131 Week 0.96 0.48 3.34 0.0408

Error 74 10.61 0.14 Site 0.2 0.07 0.47 0.7009

Total 85 12.21 Week*Site 0.43 0.07 0.5 0.8065

Model 11 1.87 0.17 1.92 0.0498 0.222 Week 1.46 0.73 8.27 0.0006

Error 74 6.53 0.09 Site 0.27 0.09 1.01 0.3924

Total 85 8.4 Week*Site 0.14 0.02 0.26 0.9533

Model 11 2.47 0.22 2.68 0.006 0.285 Week 1.61 0.81 9.61 0.0002

Error 74 6.21 0.08 Site 0.49 0.16 1.95 0.1294

Total 85 8.68 Week*Site 0.37 0.06 0.73 0.6269

Model 11 2.05 0.19 3.06 0.002 0.313 Week 0.35 0.18 2.89 0.0618

Error 74 4.5 0.06 Site 1.33 0.44 7.31 0.0002

Total 85 6.55 Week*Site 0.36 0.06 1 0.435

Model 11 44.11 4.01 3.25 0.0012 0.325 Week 30.32 15.16 12.27 <0.0001

Error 74 91.4 1.24 Site 4.7 1.57 1.27 0.2915

Total 85 135.51 Week*Site 9.09 1.51 1.23 0.3026

Model 11 35.18 3.2 6.03 <0.0001 0.473 Week 10.3 5.15 9.72 0.0002

Error 74 39.22 0.53 Site 14.3 4.77 8.99 <0.0001

Total 85 74.4 Week*Site 10.57 1.76 3.32 0.0059

Model 11 10.61 0.96 3.07 0.0019 0.314 Week 7.54 3.77 12.01 <0.0001

Error 74 23.22 0.31 Site 0.87 0.29 0.92 0.4336

Total 85 33.83 Week*Site 2.2 0.37 1.17 0.3327

Model 11 26.54 2.41 2.01 0.0388 0.23 Week 4.26 2.13 1.78 0.1765

Error 74 88.66 1.2 Site 20.77 6.92 5.78 0.0013

Total 85 115.2 Week*Site 1.51 0.25 0.21 0.9725

Model 11 69.72 6.34 8.93 <0.0001 0.57 Week 21.94 10.97 15.46 <0.0001

Error 74 52.51 0.71 Site 44.62 14.87 20.96 <0.0001

Total 85 122.23 Week*Site 1.51 0.25 0.35 0.9055

Model 11 35.13 3.19 2.71 0.0054 0.287 Week 1.1 0.55 0.47 0.6292

Error 74 87.16 1.18 Site 30.55 10.18 8.65 <0.0001

Total 85 122.29 Week*Site 3.48 0.58 0.49 0.8123

Model 11 29.69 2.7 7.25 <0.0001 0.519 Week 2.48 1.24 3.33 0.0412

Error 74 27.55 0.37 Site 24.11 8.04 21.59 <0.0001

Total 85 57.24 Week*Site 3.1 0.52 1.39 0.2314

Model 11 60.89 5.54 4.52 <0.0001 0.402 Week 27.34 13.67 11.16 <0.0001

Error 74 90.67 1.23 Site 13.37 4.46 3.64 0.0166

Total 85 151.56 Week*Site 20.18 3.36 2.74 0.0183

Notes:

Bold values indicate a significant difference (p <0.05).

EPT = Ephemeroptera, Plecoptera, Trichoptera

See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Results of general linear models analysis (PROC GLM; SAS version 9.1) showing spatial and temporal variation in macroinvertebrate 

colonization in the South River watershed. Colonization experiments were conducted in May and June, 2011. The GLM model tests for 

differences among sites and weeks (2, 4, and 6) and the site x week interaction. 

Hydropsychidae

Elmidae

Chironomidae

Leptoxis

Heptageniidae

Ephemeroptera

Trichoptera

Diptera

Total Abundance

Mayfly Richness

EPT Richness

Number of Taxa

Total Richness

Baetidae

Caenidae

Ephemerellidae

Table 6-11

Benthic Macroinvertebrate Colonization Study-General Linear Model Analysis

South River Ecological Study

Final Report

Variable
Overall Model Week and Site Effects
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Week Wilks' Lambda F-value p -value Axis Eigenvalue Proportion Likelihood Ratio F-value p -value

0.0214 5.75 <0.0001 1 6.73 0.679 0.021 5.75 <0.0001

2 2.41 0.243 0.165 3.75 0.0007

0.0118 7.96 <0.0001 1 16.03 0.863 0.012 7.96 <0.0001

2 1.73 0.093 0.202 3.33 0.0016

0.0178 6.63 <0.0001 1 10.68 0.785 0.018 6.63 <0.0001

2 2.58 0.19 0.208 3.24 0.002

Notes:

Bold values indicate a significant difference (p <0.05).

See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Benthic Macroinvertebrate Colonization Study-Canonical Discriminant Analysis

Table 6-12

Final Report

South River Ecological Study

Results of canonical discriminant analysis (PROC CANDISC, SAS version 9.1) testing for differences among stations based on abundance of 

dominant macroinvertebrates during the colonization study. Colonization experiments were conducted in May and June, 2011.  Eigenvalues for the first 

2 canonical axes were highly significant and accounted for approximately 92-97% of the variation. 

6

4

2
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Variable Model p -value k R
2 AICc ∆ AIC Model weight (w)

Hg 0.7279 3 0 13.51 7.98 0.01

P-Chem 0.3741 5 0.1 15.55 10.02 0

Geomorph 0.0077 4 0.28 5.54 0 0.72
Hg+P-Chem 0.5313 6 0.1 18.45 12.91 0

Hg+Geomorph 0.02 5 0.28 8.03 2.49 0.21

P-Chem+Geomorph 0.0312 7 0.35 11.04 5.51 0.05

Hg+P-Chem+Geomorph 0.0484 8 0.37 13.8 8.27 0.01

Hg 0.5768 3 0.01 25.86 1.2 0.24

P-Chem 0.1027 5 0.19 24.66 0 0.44

Geomorph 0.5408 4 0.04 27.44 2.78 0.11

Hg+P-Chem 0.1911 6 0.19 27.64 2.98 0.1

Hg+Geomorph 0.7312 5 0.04 30.14 5.48 0.03

P-Chem+Geomorph 0.1596 7 0.24 28.63 3.97 0.06

Hg+P-Chem+Geomorph 0.2389 8 0.25 31.92 7.26 0.01

Hg 0.7949 3 0 -11.36 1.64 0.23

P-Chem 0.0959 5 0.19 -13 0 0.53

Geomorph 0.938 4 0 -8.83 4.17 0.07

Hg+P-Chem 0.1776 6 0.2 -10.07 2.93 0.12

Hg+Geomorph 0.9854 5 0.01 -6.06 6.94 0.02

P-Chem+Geomorph 0.2658 7 0.2 -7.11 5.89 0.03

Hg+P-Chem+Geomorph 0.3864 8 0.2 -3.61 9.39 0

Hg 0.7476 3 0 -25.38 5.07 0.05

P-Chem 0.0238 5 0.27 -30.45 0 0.59
Geomorph 0.3836 4 0.06 -24.77 5.68 0.03

Hg+P-Chem 0.0528 6 0.28 -27.52 2.93 0.14

Hg+Geomorph 0.5926 5 0.06 -22 8.45 0.01

P-Chem+Geomorph 0.0333 7 0.35 -27.67 2.78 0.15

Hg+P-Chem+Geomorph 0.0574 8 0.35 -24.55 5.9 0.03

Hg 0.1459 3 0.07 -81.42 5.23 0.02

P-Chem 0.103 5 0.19 -80.66 6 0.02

Geomorph 0.0173 4 0.24 -85.46 1.19 0.19

Hg+P-Chem 0.0853 6 0.25 -80.05 6.61 0.01

Hg+Geomorph 0.023 5 0.28 -84.4 2.25 0.11

P-Chem+Geomorph 0.0056 7 0.44 -86.65 0 0.34
Hg+P-Chem+Geomorph 0.0042 8 0.49 -86.42 0.23 0.3

Hg 0.7739 3 0 -77.22 13.61 0

P-Chem 0.0007 5 0.44 -90.83 0 0.74
Geomorph 0.9087 4 0.01 -74.74 16.09 0

Hg+P-Chem 0.0021 6 0.44 -87.85 2.98 0.17

Hg+Geomorph 0.9703 5 0.01 -72.01 18.82 0

P-Chem+Geomorph 0.0029 7 0.47 -86.41 4.42 0.08

Hg+P-Chem+Geomorph 0.007 8 0.47 -82.94 7.88 0.01

Notes:

Model selection results for macroinvertebrate metrics based on Akaike information criterion (AIC). The table shows the statistical 

significance of each model, the number of parameters (k), the amount of variation explained (R
2
), AIC values corrected for small 

sample size (AICc), and model weights (w). The best model for each metric has the lowest AIC value (∆ AIC=0.0) and is shown in 

bold. Candidate models with ∆ AIC values < 2.0 are also considered likely models. Data were collected from various studies 2006-

2011. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Final Report

South River Ecological Study

Model Selection Results for Benthic Macroinvertebrates Based on Akaike Information Criterion (AIC)

Table 6-13

Total richness

Mayfly richness

Total abundance

Diptera

Trichoptera

Ephemeroptera
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Variable Model p -value k R
2 AICc ∆ AIC Model weight (w)

Hg 0.174 3 0.06 52.42 24.35 0

P-Chem  <0.0001 5 0.62 28.07 0 0.72

Geomorph 0.7565 4 0.02 56.4 28.33 0

Hg+P-Chem  <0.0001 6 0.62 30.46 2.39 0.22

Hg+Geomorph 0.5899 5 0.06 57.67 29.6 0

P-Chem+Geomorph   <0.0001 7 0.63 33.52 5.45 0.05

Hg+P-Chem+Geomorph 0.0001 8 0.63 36.63 8.56 0.01

Hg 0.0065 3 0.22 28.34 1.28 0.25

P-Chem 0.2795 5 0.12 37.45 10.39 0

Geomorph 0.0117 4 0.26 29.16 2.1 0.16

Hg+P-Chem 0.0292 6 0.31 32.47 5.41 0.03

Hg+Geomorph 0.0044 5 0.36 27.06 0 0.47

P-Chem+Geomorph 0.0242 7 0.37 33 5.94 0.02

Hg+P-Chem+Geomorph 0.0085 8 0.46 31.12 4.07 0.06

Hg 0.3298 3 0.03 26.05 14.28 0

P-Chem 0.0083 5 0.33 19.3 7.54 0.01

Geomorph 0.002 4 0.34 16.05 4.28 0.08

Hg+P-Chem 0.0201 6 0.33 22.19 10.42 0

Hg+Geomorph 0.0031 5 0.38 16.94 5.17 0.05

P-Chem+Geomorph 0.0003 7 0.56 11.77 0 0.65

Hg+P-Chem+Geomorph 0.0006 8 0.57 14.06 2.3 0.21

Hg 0.98 3 0 34.92 7.72 0.02

P-Chem 0.4034 5 0.09 37.04 9.84 0.01

Geomorph 0.0092 4 0.27 27.2 0 0.74

Hg+P-Chem 0.5791 6 0.09 40.05 12.85 0

Hg+Geomorph 0.0262 5 0.27 29.96 2.77 0.19

P-Chem+Geomorph 0.0361 7 0.34 32.75 5.55 0.05

Hg+P-Chem+Geomorph 0.0643 8 0.35 36.01 8.81 0.01

Hg 0.4495 3 0.02 37.22 0 0.5

P-Chem 0.3883 5 0.1 39.85 2.63 0.14

Geomorph 0.4684 4 0.05 38.77 1.55 0.23

Hg+P-Chem 0.5589 6 0.1 42.83 5.61 0.03

Hg+Geomorph 0.6137 5 0.06 41.21 3.99 0.07

P-Chem+Geomorph 0.3658 7 0.17 43.19 5.97 0.03

Hg+P-Chem+Geomorph 0.5018 8 0.17 46.71 9.49 0

Hg 0.2618 3 0.04 40.71 8.02 0.01

P-Chem 0.0042 5 0.36 32.68 0 0.76

Geomorph 0.9218 4 0.01 44.49 11.81 0

Hg+P-Chem 0.0113 6 0.36 35.67 2.98 0.17

Hg+Geomorph 0.7232 5 0.04 45.98 13.3 0

P-Chem+Geomorph 0.0234 7 0.37 38.63 5.94 0.04

Hg+P-Chem+Geomorph 0.0464 8 0.37 42.09 9.41 0.01

Hg 0.1312 3 0.07 26.27 4.58 0.04

P-Chem 0.0115 5 0.31 21.76 0.08 0.4

Geomorph 0.4218 4 0.06 29.43 7.75 0.01

Hg+P-Chem 0.0089 6 0.37 21.69 0 0.41

Hg+Geomorph 0.3513 5 0.11 30.46 8.78 0.01

P-Chem+Geomorph 0.0192 7 0.38 24.72 3.03 0.09

Hg+P-Chem+Geomorph 0.0201 8 0.42 26.12 4.43 0.04

Hg 0.9031 3 0 -6.53 1.72 0.23

P-Chem 0.0948 5 0.19 -8.25 0 0.54

Geomorph 0.9471 4 0 -4.03 4.22 0.07

Hg+P-Chem 0.1787 6 0.2 -5.27 2.98 0.12

Hg+Geomorph 0.9839 5 0.01 -1.29 6.95 0.02

P-Chem+Geomorph 0.266 7 0.2 -2.33 5.92 0.03

Hg+P-Chem+Geomorph 0.3795 8 0.21 1.09 9.34 0.01

Notes:

Model selection results for dominant macroinvertebrates  based on Akaike information criterion (AIC). The table shows the 

statistical significance of each model, the number of parameters (k), the amount of variation explained (R
2
), AIC values corrected 

for small sample size (AICc), and model weights (w). The best model for each metric has the lowest AIC value (∆ AIC=0.0) and is 

shown in bold. Candidate models with ∆ AIC values < 2.0 are also considered likely models. Data were collected from various 

studies 2006-2011. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Final Report

South River Ecological Study

Model Selection Results for Dominant Benthic Macroinvertebrates Based on Akaike Information Criterion (AIC)

Table 6-14

Chironomidae

Elmidae

Hydroptilidae

Hydropsychidae

Heptageniidae

Ephemerellidae

Caenidae

Baetidae
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Variable Model p -value k R
2 AICc ∆ AIC Model weight (w)

Hg 0.715 3 0.01 13.38 0.53 0.4

%Fines 0.4496 3 0.05 12.84 0 0.53

Hg+%Fines 0.7367 4 0.05 16.81 3.96 0.07

Hg 0.0007 3 0.63 2.65 0 0.88
%Fines 0.7403 3 0.01 16.37 13.72 0

Hg+%Fines 0.0043 4 0.63 6.67 4.03 0.12

Hg 0.1248 3 0.18 13.47 12.98 0

%Fines 0.0004 3 0.66 1.16 0.66 0.42

Hg+%Fines 0.0004 4 0.76 0.49 0 0.58
Hg 0.0441 3 0.3 5.8 7.34 0.02

%Fines 0.048 3 0.29 5.97 7.51 0.02

Hg+%Fines 0.0017 4 0.69 -1.54 0 0.95

Hg 0.0044 3 0.51 21.32 0 0.77
%Fines 0.2492 3 0.11 29.57 8.25 0.01

Hg+%Fines 0.0114 4 0.56 23.84 2.53 0.22

Hg 0.0229 3 0.36 17.48 0 0.85
%Fines 0.6617 3 0.02 23.53 6.05 0.04

Hg+%Fines 0.0837 4 0.36 21.49 4.01 0.11

Hg 0.0544 3 0.27 14.41 32.37 0

%Fines   <.0001 3 0.79 -2.98 14.98 0

Hg+%Fines  <.0001 4 0.95 -17.96 0 1

Hg 0.0003 3 0.67 -18.11 0 0.87
%Fines 0.4865 3 0.04 -3.03 15.07 0

Hg+%Fines 0.0019 4 0.68 -14.34 3.77 0.13

Hg 0.0493 3 0.28 -50.04 3.55 0.1

%Fines 0.0177 3 0.39 -52.18 1.41 0.3

Hg+%Fines 0.008 4 0.58 -53.59 0 0.6

Notes:

Model selection results for fish communities based on Akaike’s information criterion (AIC). The table shows the statistical 

significance of each model, the number of parameters (k), the amount of variation explained (R
2
), AIC values corrected for small 

sample size (AICc), and model weights (w). The best model for each metric (∆ AIC=0.0) and other candidate models that cannot 

be distinguished from this model (∆ AIC values < 2.0) are shown in bold. Data were collected from various studies from 2006 to 

2011. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.

Final Report

South River Ecological Study

Model Selection Results for Fish Community Based on Akaike Information Criterion (AIC)

Table 6-15

Total fish richness

Total fish abundance

White Sucker

Spottail Shiner

Mottled Sculpin

Longnose Dace

Fallfish

Common Shiner

Bluehead Chub
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o Utilize Geographic Information 

Systems (GIS) to overlay chemical, 
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o Mercury loading rates

o Mercury concentrations

o Soil
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o Surface water
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o Geomorphic data

o Floodplain area
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Conceptual System Model RefinementConceptual System Model Refinement

Figure 1-2
Phase I Conceptual Framework

South River Ecological Study
Final Report

Phase II StudiesPhase II Studies

Notes: The Phase I Ecological Study and associated South River 
Science Team (SRST) studies were conducted between 2005 and 

2008. Baseline data collection for the Ecological Study began in 

March, 2006. The schematic is intended to show the variety of 
studies that were used to perform the system characterization and 

habitat stratification; it is a summary of the work completed and is 
not intended to be a comprehensive list of studies or data sets. 
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Figure 2-1

Regional Climatic Data

South River Ecological Study

Final Report

Note. Figure shows the regional patterns in minimum and maximum air 

temperature and precipitation, as measured in Staunton, VA.  The average 

precipitation, and minimum and maximum rainfall were calculated from the 

1970-2000 daily data set. Data were recorded at the Staunton Sewage Plant, 

Virginia, by the Southeast Regional Climate Center. Studies conducted prior to 

2000 are not included in the Ecological Study Data Matrix (Table 1-3).

Jan    Feb   Mar   Apr  May   Jun    Jul    Aug  Sep   Oct   Nov   Dec



Ecological Study Final Report 28 September 2012

Figure 2-2

South River Average Daily Discharge, 1971-2010

South River Ecological Study

Final Report

Note: Figure shows discharge, in cubic feet per second (CFS) as measured at Harriston, 

VA (Figure 1-1) by the USGS. The vertical gray lines divide each year into quarters. The 

horizontal grey line is set at 1,000 CFS for reference. Studies conducted prior to 2000 are 

not included in the Ecological Study Data Matrix (Table 1-3).
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Figure 2-3

Long-Term Trends in Minimum Monthly Discharge

South River Ecological Study

Final Report

Note: The data shown are the minimum monthly discharge as measured at the 

USGS stream gage at Harriston, VA from 1971 through  2010.  The data are fit 

with a loess curve  (span = 0.1) to illustrate interannual trends. Studies 

conducted prior to 2000 are not included in the Ecological Study Data Matrix 

(Table 1-3).
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Figure 2-4

Predicted vs. Actual Surface Water Temperatures

South River Ecological Study

Final Report

Note: This figure shows the results of a regression between 

the predicted daily mean temperature and the actual  mean 

temperature as measured at the Harriston, VA USGS gage. 

The predicted data set was calculated using a regression of 

the available South River temperature data with data from 

the Jackson River, Middle River, and South River. The 

predicted data set was used to evaluate the long-term (40 

year) trends in water temperature in the South River. The 

data set shown spans the period between June 2005 and 

December 2010. The saturation of the hexagon reflects the 

number of data points in that bin and is designed to display 

the density of the data in that region of the regression. 

Studies conducted prior to 2000 are not included in the 

Ecological Study Data Matrix (Table 1-3).

R2 = 0.96
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Figure 2-5

Long-Term Average Daily Temperature Record in Surface Water

South River Ecological Study

Final Report

Note: A long-term daily average surface water temperature was constructed using data 

from USGS stream gages on the South River, Middle River, and Jackson River. The data 

shown are the mean daily water temperature plotted against the day of the year. The gray 

horizontal line is equivalent to 12oC. Studies conducted prior to 2000 are not included in 

the Ecological Study Data Matrix (Table 1-3).
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Figure 2-6

Minimum, Maximum and Average Annual Temperature, 1971-2010

South River Ecological Study

Final Report

Note: Figure shows the minimum, maximum and average of 

the mean daily surface water temperatures at Harriston 

between 1971 and 2010. Data source is the predicted data 

set based on regional rivers described in the text. Studies 

conducted prior to 2000 are not included in the Ecological 

Study Data Matrix (Table 1-3).
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Figure 2-7

Summer Degree Days, 1971 to 2010

South River Ecological Study

Final Report

Note: The data shown are the degree days for each year between 1971 and 2010 for 

surface water. Degree days are the difference, in degrees centigrade (oC), between the 

average daily surface water temperature and 12oC. The degree days are calculated for 

summer months (April to September inclusive) using the predicted long-term data 

displayed in Figure 2-5. Studies conducted prior to 2000 are not included in the Ecological 

Study Data Matrix (Table 1-3).
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Figure 2-8

Schematic Fine Sediment Budget

South River Ecological Study

Final Report

Note: Schematic illustration of the relative magnitudes of fine sediment storage 

compartments, downstream sediment flux, and sediment exchange processes along a 1.5 

mile reach of the South River. Units are in megagrams (106 grams; Mg) or Mg per year 

(Mg/yr). Fine sediment consists of fine sand, silt and clay, and is defined here as the type 

of material found deposited on the floodplain, in fine-grained channel margin (FGCM) 

deposits, and carried in suspension.
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Note: Selected results of the habitat stratification process showing the different characteristics of three reaches of the South River. (A) 
Channel slope (the change in elevation in meters per river mile) and area of the floodplain (km2/10). (B) The percent coverage of land 
use within the 2-year floodplain. (C) The percent of river banks observed to be eroding and the volume of fine-grained sediment 
deposits (10*m3). (D) The concentration of THg in smallmouth bass, reported as wet weight. (E) The concentrations of THg in historic 
release age deposits (HRAD), eroding bank soils, fine-grained channel margin deposits (FGCM) and on particles in surface water 
(THgP), in units of dry weight. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 3-2

Conceptual System Model Schematic

South River Ecological Study

Final Report
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Figure 4-1

Time Series of Total Mercury in South River Surface Water

South River Ecological Study

Final Report

Notes: Long-term times series for unfiltered and filtered  (0.45µm filter) total mercury (UTHg, and FTHg, respectively) in the South River during 

Phase I (2005-2006) and Phase II (2007-2011) studies. Data were collected by multiple parties, but using consistent methods and sampling at 

similar locations over time; projects are listed in Table 1-3. The data set shown does not include several storms sampled between 2006 and 

2007. Trend line fit using a LOESS procedure. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details. 

Studies conducted prior to 2000 are not included in the Ecological Study Data Matrix (Table 1-3). 
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Figure 4-2

Time Series of Methylmercury in South River Surface Water

South River Ecological Study

Final Report

Notes: Long-term times series for unfiltered and filtered (0.45µm filter) methylmercury (UMeHg, and FMeHg, respectively) in the South River 

during Phase I (2005-2006) and Phase II (2007-2011) studies, when surface water temperatures were above and below 12oC.  Data were 

collected by multiple parties, but using consistent methods and sampling at similar locations over time; projects are listed in Table 1-3. The data 

set shown does not include several storms sampled between 2006 and 2007. Trend line fit using a LOESS procedure. See Ecological Study 

Data Matrix (Table 1-3) for more information regarding study details. Studies conducted prior to 2000 are not included in the Ecological Study 

Data Matrix (Table 1-3). 
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Figure 4-3

Behavior of Inorganic Mercury and Methylmercury in Surface Water

South River Ecological Study

Final Report

Notes: Behavior of IHg and MeHg in surface water data collected between 2006 and 2010. Symbols represent the mean and the 

standard error.  Panel A: IHg on TSS particles (IHgP, in mg/kg dry wt.), and in filtered (0.45µm filter) samples (FIHg, in ng/L) as a 

function of distance, in relative river miles. MeHg on TSS particles (MeHgP, in ng/g dry wt.; Panel B) and in filtered (0.45µm filter) 

samples (FMeHg; Panel C) as a function of distance and temperature regime. The log of the particle-water distribution coefficient 

(KD; Panel D) for IHg and MeHg. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 4-4

Effect of Temperature on Filtered Methylmercury in Surface Water

South River Ecological Study

Final Report

Notes: Data for filtered (0.45µm filter) methylmercury (FMeHg) were collected between 2006 

and 2010. Sample locations in RRM are listed on left panel. The figure shows the FMeHg 

concentration in individual replicates as a function of surface water temperature, fit by a 

LOESS smoother (span = 0.2) to illustrate the effect of increasing surface water temperature. 

Surface water temperatures are the mean daily temperature measured at the USGS stream 

gage at Harriston, VA during the period of sampling. See Ecological Study Data Matrix (Table 

1-3) for more information regarding study details.
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Figure 4-5

Baseline Total Mercury and Methylmercury Incremental Loads, 2006 to 2011

South River Ecological Study

Final Report

Notes: Data shown are the average (n=2 or 3) incremental unfiltered total mercury (UTHg) 

and unfiltered methylmercury (UMeHg) load, normalized to the reach length, for locations 

sampled during the Ecological Study. Data are grouped according to the discharge [in cubic 

feet per second (CFS)] measured at Harriston during the sampling period. The solid black line 

was fit by a LOESS procedure to show patterns of incremental load over time.  Baseline refers 

to the periods of time where stream flow increases with distance downstream and the majority 

of stream flow is supplied by subsurface flow. See Ecological Study Data Matrix (Table 1-3) 

for more information regarding study details.
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Figure 4-6

Sample Collection and Storm Discharge Summary

South River Ecological Study

Final Report

Notes: Discharges [in cubic feet per second (CFS); blue line] and sample collection times 

(cross) for each of the four storm events comprehensively sampled in Phase I (2005-2007). 

The number to the left of each panel is the distance in relative river miles (RRM) where 

samples were collected. Discharges at RRM -2.7, 2.3, and 16.5 were measured by the USGS; 

discharges at other locations were interpolated. See Ecological Study Data Matrix (Table 1-3) 

for more information regarding study details.



Ecological Study Final Report 28 September 2012

Figure 4-7

2006-2007 Time Series of Mercury in Surface Water and Sediment 

South River Ecological Study

Final Report

Notes: Behavior of IHg and MeHg over time at RRM 5.1 between March 2006 and June 2007. 

Panel A: River discharge (Q) at Harriston, VA in cubic feet per second. IHg (Panel B), MeHg 

(Panel C) and percentage of IHg as MeHg (Panel D) on TSS particles and in sediment (dry 

wt.). Panels E and F show concentrations of IHg (FIHg) and MeHg (FMeHg) in filtered (0.45µm 

filter) surface water, respectively. Other locations and complete record are shown in Flanders 

et al. 2010. Figure reprinted with permission from Flanders et al. (2010). See Ecological Study 

Data Matrix (Table 1-3) for more information regarding study details.
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regimes.  As discharges increases, the concentration of THgP decreases.  Note that as river 

mile (RRM) increases, the  THgP concentrations converge to a value around 10-15 µg/g.  

Panel B: The average [THg] in soil, fine-grained channel margin deposits (FGCM) and low 

(THgP; <321 CFS) and high (THgP; >2074 CFS) discharges.  Note the similarity between THgP

at low flows (<321 CFS) are similar to sediment concentrations and soils.  Values for FGCM 

are averages. Concentrations are as dry weight.  One core, not shown due to scale, had an 

average concentration of 126+43 µg/g and a maximum of 620 µg/g at RRM 2.5. See 

Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Total Mercury Concentrations on Solids During Four Storm Events

South River Ecological Study

Final Report
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Figure 4-9

Daily Sum of Unfiltered Total Mercury Loads During Storms

South River Ecological Study

Final Report

Notes: Data shown are the daily sum of unfiltered total mercury (UTHg) loads over the duration 

of four storms in 2006-2007. Fifteen-minute loads were calculated using the maximized Rr2

non-linear methods described in the text and summed to arrive at daily loads. The number to 

the left of each panel is the distance in relative river miles (RRM) where samples were 

collected. See Ecological Study Data Matrix (Table 1-3) for more information regarding study 

details.
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Figure 4-10

Spatial Profile of Unfiltered Total Mercury Loads During Storms

South River Ecological Study

Final Report

Notes: The data shown are the spatial profile of the daily sum of unfiltered total mercury 

(UTHg) loads in grams per day (g/d) for four storms sampled between June 2006 and March 

2007. Each data point is the daily sum of the UTHg load at the sampling location; the location 

of the sample is indicated by the value on the x-axis, in relative river miles (RRM). The 

different colored lines correspond to the day of sampling. Each storm was sampled for up to 

seven days following the peak of the storm. These loads were used to compute the 

incremental loads for each reach of the river. See Ecological Study Data Matrix (Table 1-3) for 

more information regarding study details.
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Figure 4-11

Clockwise Hysteresis in Particulate Inorganic Mercury Loading

South River Ecological Study

Final Report

Notes: Clockwise hysteresis in particulate inorganic mercury (PIHg) loading grams per 15 minutes (g/15min) observed in the September 2006  

storm event against the discharge (Q) in cubic feet per second (CFS). The arrow shows the order of sampling over the storm event. The number 

above each panel is the distance in relative river miles (RRM) where samples were collected. See Ecological Study Data Matrix (Table 1-3) for 

more information regarding study details.
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Figure 4-12

Inorganic Mercury, Methylmercury, and Organo-Complexed Mercury in Sediment

South River Ecological Study

Final Report

Notes: IHg, 1N KOH extractable THg and MeHg in fine-grained sediment collected from cobble/gravel interstices. Symbols 

represent the mean and the standard error. Panel A: IHg and 1N KOH extractable THg as a function of distance, in relative river 

miles  (RRM). MeHg (Panel B) and the percentage of IHg as MeHg (Panel C) as a function of distance and water temperature. 

Panel D: (+) represents the correlation between 1N KOH extractable THg and MeHg. Concentrations are as dry weight. Figure 

reprinted with permission from Flanders et al. (2010). See Ecological Study Data Matrix (Table 1-3) for more information 

regarding study details. 
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Figure 4-13

Relationship Between Filtered Inorganic and Methylmercury in Pore Water, Surface Water, and Bank Soil

South River Ecological Study

Final Report

Notes: The data shown are the concentrations of filtered (0.45µm filter) inorganic mercury (FIHg) and methylmercury (FMeHg) in pore water at five study sites, identified by 
their position in relative river miles on the left side of the plot and distance from the bank on the x-axis. Data were collected from substrates dominated by silt, sand or gravel 
and larger (e.g., cobble), via a Henry probe, between June 2009 and June 2010. The horizontal blue line is the average surface water concentration measured between 
2006 and 2010. The orange bar indicates the general location of river banks with high total mercury (THg) concentrations in soil. See Ecological Study Data Matrix (Table 1-
3) for more information regarding study details.
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Figure 4-14

Filtered Inorganic Mercury in Pore Water

South River Ecological Study

Final Report

A B

B

B

C

Notes: Data shown are the concentrations of inorganic mercury in filtered (0.45µm filter)

samples (FIHg) collected at Phase II study areas [listed on x-axis, in relative river miles 

(RRM)]. Samples were collected ,via a Henry probe, three times over the summer in 2009 

(June, July and August), and additional data were collected at RRM 0.1 and RRM 11.8 in 

2010.  Data were compiled by study area, as there was no significant effect of time or 

substrate. Box plots with different letters are significantly different (α = 0.05, Tukey’s post-hoc 

test). See Ecological Study Data Matrix (Table 1-3) for more information regarding study 

details.
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Figure 4-15

Filtered Methylmercury in Pore Water

South River Ecological Study

Final Report

Notes: Data shown are the concentrations of methylmercury in filtered (0.45µm filter) samples 

(FMeHg) collected at Phase II study areas (listed on the left panel, in relative river miles) and 

organized by substrate (top panels). Samples were collected, via a Henry probe, three times 

over the summer in 2009 (June, July and August).  The substrate listed was the dominant 

substrate, and in most cases, substrate is a mix of materials. Additional data were collected at 

RRM 0.1 and RRM 11.8 in 2010. See Ecological Study Data Matrix (Table 1-3) for more 

information regarding study details.
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Figure 4-16

Filtered Inorganic Mercury and Methylmercury Flux Rates

South River Ecological Study

Final Report

Notes: Each data point is the flux rate for filtered methylmercury (FMeHg) and filtered inorganic 

mercury (FIHg), in nanograms per square meter per hour (ng/m2/hr), calculated from a four-

hour deployment of a benthic flux chamber on either a gravel bed, fine-grained sediment 

deposit, or experimental substrate colonized by native periphyton and solids. Flux data were 

collected at 31 locations between May and September 2006 and 2008, between RRM 3 and 

13. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 5-1

Phase I Aquatic Invertebrate Community Evaluations - NMDS Ordination (Pool and Riffle)

South River Ecological Study

Final Report

Pool

Riffle

Study Site
Reference Area

RRM 11.8

SFS-01

RRM 5.2

Reference

RRM 14.6

RRM 19.0

RRM  0.6

RRM 22.4

RRM 11.8

SFS-01

RRM 5.2

Reference

RRM 14.6

RRM 19.0

RRM  0.6

RRM 22.4

Notes: RRM = Relative River Mile; SFS = South Fork Shenandoah River. Reference values 

represent pooled data collected from reference areas SR-01, NR-01, and NR-02. Data were 

collected from March 2006 to February 2007. See Ecological Study Data Matrix (Table 1-3) for 

more information regarding study details.
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Figure 5-2

Benthic Colonization Study - Substrate Grain Size Distribution

South River Ecological Study

Final Report

Notes: RRM = Relative River Mile, SR-01 = South River reference site, MR-01 = Middle River 

reference site. Error bars represent the standard deviation around the mean. Data were 

collected June 2011. See Ecological Study Data Matrix (Table 1-3) for more information 

regarding study details.
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Figure 5-3

Benthic Colonization Study - Interstitial Sediment THg and MeHg

South River Ecological Study

Final Report

Notes: RRM = Relative River Mile, IHg = Inorganic Mercury, MeHg = Methylmercury.

Reference values represent pooled data collected from reference areas SR-01, NR-01, and 

NR-02. Data were collected June 2011. See Ecological Study Data Matrix (Table 1-3) for more 

information regarding study details.
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Notes: RRM = Relative River Mile. Error bars represent the standard deviation around the 

mean. Reference values represent pooled data collected from reference areas SR-01, NR-01, 

and NR-02. Data were collected from May to June 2011. See Ecological Study Data Matrix 

(Table 1-3) for more information regarding study details.

Figure 5-4

Benthic Colonization Study - Community Metrics for  Macroinvertebrate Functional Feeding Groups

South River Ecological Study

Final Report
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Figure 5-5

Benthic Colonization Study - Community Metrics for Major Macroinvertebrate Taxonomic Groups

South River Ecological Study

Final Report

Notes: RRM = Relative River Mile. Error bars represent the standard deviation around the 

mean. Reference values represent pooled data collected from reference areas SR-01, NR-01, 

and NR-02. Data were collected from May to June 2011. See Ecological Study Data Matrix 

(Table 1-3) for more information regarding study details.
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Notes: Differences in body burden compared using one-tailed, two-sample t- tests on log-transformed data. 

Significant differences (* = p<0.05, ** = p<0.01, *** = p<0.001). RRM = Relative River Mile, IHg = Inorganic 

Mercury, MeHg = Methylmercury. Data were collected in May and August 2009. See Ecological Study Data 

Matrix (Table 1-3) for more information regarding study details.
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Figure 5-6

Aquatic Insect Study - IHg and MeHg Body Burden for Life Stages

South River Ecological Study

Final Report
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Notes: Clams used for this study were identified as Corbicula fluminea. RRM = Relative River 

Mile, IHg = Inorganic Mercury, MeHg = Methylmercury. Data were collected from May to June 

2009. See Ecological Study Data Matrix (Table 1-3) for more information regarding study 

details.

Figure 5-7

Asiatic Clam Transplant Study - Uptake of IHg and MeHg by Clams

South River Ecological Study

Final Report
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Figure 5-8

Asiatic Clam Transplant Study - Uptake of IHg by Clams

South River Ecological Study

Final Report

Notes: Clams used for this study were identified as Corbicula fluminea. RRM = Relative River 

Mile, IHg = Inorganic Mercury. Caged = Caged Deployment Method, Seeded = Seeded 

Deployment Method. Data were collected from May to June 2009. See Ecological Study Data 

Matrix (Table 1-3) for more information regarding study details.
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Figure 5-9

Asiatic Clam Transplant Study - Uptake of MeHg by Clams 

South River Ecological Study

Final Report

Notes: Clams used for this study were identified as Corbicula fluminea. RRM = Relative River 

Mile, MeHg = Methylmercury. Caged = Caged Deployment Method, Seeded = Seeded 

Deployment Method. Data were collected from May to June 2009. See Ecological Study Data 

Matrix (Table 1-3) for more information regarding study details.
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Figure 5-10

Asiatic Clam Transplant Study - Week 14 Uptake of IHg and MeHg by Resident and Seeded Clams 

South River Ecological Study

Final Report

Notes: Clams used for this study were identified as Corbicula fluminea. IHg = Inorganic 

Mercury, MeHg = Methylmercury, Storage = Hydraulic Storage Habitat, Transport = Hydraulic 

Transport Habitat, Resident = Resident Clams to the South River, Seeded = Clams 

transplanted from the North River to the South River (14 weeks of exposure). Data were 

collected August 2009. See Ecological Study Data Matrix (Table 1-3) for more information 

regarding study details.

Clam Type

Clam Type
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Notes: Clams used for this study were identified as Corbicula fluminea. RRM = Relative River 

Mile, Caged = Caged Deployment Method, Seeded = Seeded Deployment Method. Data were 

collected from May to June 2009. See Ecological Study Data Matrix (Table 1-3) for more 

information regarding study details.

Figure 5-11

Asiatic Clam Transplant Study - Clam Weight and Shell Width Change 

South River Ecological Study

Final Report
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Figure 5-12

In Situ Uptake Study - Uptake of IHg and MeHg by Crayfish and Mayfly 

South River Ecological Study

Final Report

Notes: RRM = Relative River Mile, IHg = Inorganic Mercury, MeHg = Methylmercury. Uptake 

was measured based on a seven-day exposure period. Data were collected June, August, and 

September 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding 

study details.
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Figure 5-13

In Situ Uptake Study - Uptake of IHg and MeHg by Treatment

South River Ecological Study

Final Report

Notes: RRM = Relative River Mile, IHg = Inorganic Mercury, MeHg = Methylmercury. Uptake 

was measured based on a seven-day exposure period. Data were collected June, August, and 

September 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding 

study details.
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Figure 5-14

Fish Community Composition by Family 

South River Ecological Study

Final Report

Notes: Percidae = Darter, Ictaluridae = Catfish, Cyprinidae = Minnow/Common Carp, Cottidae = 

Sculpin, Centrarchidae = Sunfish/Bass, Catostomidae = Sucker. Data were collected May and 

September 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding 

study details.
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Figure 5-15

Fish Community Composition by Trophic Group

South River Ecological Study

Final Report

Notes: Data were collected May and September 2010. See Ecological Study Data Matrix 

(Table 1-3) for more information regarding study details.
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Figure 5-16

Fish Tissue Burden Study -

Seasonal Variation of THg Concentrations in 

Smallmouth Bass, Largemouth Bass, and Redbreast Sunfish

South River Ecological Study

Final Report

Notes: THg = Length-normalized total mercury concentrations. Samples were collected as 

tissue plugs. Smallmouth bass and largemouth bass data were collected May and September  

2009, May and September 2010, and May 2011 (Data were not collected at RRM 3.5 in 2009).

Redbreast Sunfish data were collected May and September 2010. See Ecological Study Data 

Matrix (Table 1-3) for more information regarding study details.
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n = 84

n = 27

n = 77

n = 66n = 60
n = 21

n = 21

n = 27

n = 28
n = 19

Notes: THg = Length-normalized total mercury concentrations. Samples were collected as tissue plugs.

Smallmouth bass and largemouth bass data were collected May and September  2009, May and 

September 2010, and May 2011 (Data were not collected at RRM 3.5 in 2009). Redbreast Sunfish data 

were collected May and September 2010. See Ecological Study Data Matrix (Table 1-3) for more 

information regarding study details.

Figure 5-17

Fish Tissue Burden Study -

THg Concentrations in Smallmouth Bass, Largemouth Bass, and Redbreast Sunfish

South River Ecological Study

Final Report
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Figure 5-18

Fish Tissue Burden Study -

THg Concentrations in Longnose Dace and Common Shiner

South River Ecological Study

Final Report

n = 15

n = 15n = 15

n = 15

n = 15

n = 15

n = 15
n = 15

Notes: THg = Length-normalized total mercury concentrations. Samples were collected as 

whole-body specimens. Data were collected May and September 2010. See Ecological Study 

Data Matrix (Table 1-3) for more information regarding study details.
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Figure 5-19

Fish Tissue Burden Study -

Total Length vs. THg Concentrations in Bass

South River Ecological Study

Final Report

Notes: THg = Total Mercury, RRM = Relative River Mile. Samples were collected as tissue 

plugs. Deployment = Initial capture/sampling of fish, Recapture = Second capture/sampling of 

fish. Data were collected May and September  2009, May and September 2010, and May 2011 

(Data were not collected at RRM 3.5 in 2009). See Ecological Study Data Matrix (Table 1-3) 

for more information regarding study details.



Figure 5-20

Fish Diet Study - Results of Smallmouth Bass Diet Cluster Analysis

South River Ecological Study

Final Report

Diet Composition
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Notes: *Micro Crustacea includes all organisms from the Order Decapoda, with the exception of  crayfish. Similarity coefficient 

>75, size bins were grouped. Data were collected May, September, and August 2010. See Ecological Study Data Matrix (Table 

1-3) for more information regarding study details.
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Figure 5-21

Fish Diet Study - Seasonal Diets of Smallmouth Bass

South River Ecological Study

Final Report
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of  crayfish. Data were collected May, September, and October 2010. See Ecological Study 

Data Matrix (Table 1-3) for more information regarding study details.



Figure 5-22

Fish Diet Study - Results of Largemouth Bass Diet Cluster Analysis

South River Ecological Study

Final Report
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Notes: *Micro Crustacea includes all organisms from the Order Decapoda, with the exception of  crayfish. Similarity coefficient 

>75, size bins were grouped. Data were collected May, September, and August 2010. See Ecological Study Data Matrix (Table 

1-3) for more information regarding study details.
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Figure 5-23

Fish Diet Study - Seasonal Diets of Largemouth Bass

South River Ecological Study

Final Report

Note: * Micro Crustacea includes all organisms from the Order Decapoda, with the exception 

of  crayfish. Data were collected May, September, and October 2010. See Ecological Study 

Data Matrix (Table 1-3) for more information regarding study details.



Figure 5-24

Fish Diet Study - Results of Redbreast Sunfish Diet Cluster Analysis

South River Ecological Study

Final Report
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>75, size bins were grouped. Data were collected May, September, and August 2010. See Ecological Study Data Matrix (Table 

1-3) for more information regarding study details.
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Figure 5-25

Fish Diet Study - Redbreast Sunfish Seasonal Diet

South River Ecological Study

Final Report

Notes: Data were collected May, September, and October 2010. 

See Ecological Study Data Matrix (Table 1-3) for more information 

regarding study details.
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Figure 5-26

Fish Diet Study - Results of Forage Fish Diet Analysis

South River Ecological Study

Final Report
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Notes: Data were collected May, September, and October 2010. See Ecological Study Data Matrix (Table 

1-3) for more information regarding study details.
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Figure 5-27

Fish Diet Study - Results of Fish Community Trophic Structure Cluster Analysis

South River Ecological Study

Final Report
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Notes: *Micro Crustacea includes all organisms from the Order Decapoda, with the exception of  crayfish. Similarity coefficient 

>75, size bins were grouped. Data were collected May, September, and August 2010. See Ecological Study Data Matrix (Table 

1-3) for more information regarding study details.
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Figure 5-28

Fish Bioaccumulation Model (BASS)- Smallmouth Bass

South River Ecological Study

Final Report

Notes: Predicted  concentrations produced using the BASS model (v2.4). See Ecological Study 

Data Matrix (Table 1-3) for more information regarding study details.
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Figure 5-29

Fish Bioaccumulation Model (BASS)- Redbreast Sunfish

South River Ecological Study

Final Report

Notes: Predicted  concentrations produced using the BASS model (v2.4). See Ecological Study 

Data Matrix (Table 1-3) for more information regarding study details.
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Figure 5-30

Fish Bioaccumulation Model (BASS)- Common Shiner

South River Ecological Study

Final Report

Notes: Predicted  concentrations produced using the BASS model (v2.4). See Ecological Study 

Data Matrix (Table 1-3) for more information regarding study details.
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Figure 5-31

Submerged Aquatic Vegetation Study Design

South River Ecological Study

Final Report

Note: Substrate and submerged aquatic vegetation cover at RRM 8.7 and RRM 11.8. Data 

were collected August 2011. See Ecological Study Data Matrix (Table 1-3) for more 

information regarding study details.
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*** ***

Figure 5-32

Submerged Aquatic Vegetation Study - THg and MeHg in Surface Water and Sediment

South River Ecological Study

Final Report

Surface Water Sediment

Notes: The number above each panel (in the gray box) is the distance in relative river miles (RRM) where samples were 

collected. SAV = Submerged aquatic vegetation, MeHg = Methylmercury, FMeHg = Filtered Methylmercury, THg = Total 

Mercury. Significant differences (* = p<0.05, ** = p<0.01, *** = p<0.001). Data were collected August 2011. See Ecological 

Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 5-33

Submerged Aquatic Vegetation Study - IHg and MeHg in Caddisfly Tissue and Pore Water

South River Ecological Study

Final Report

*

**
**

***

***
**

*

Caddisfly Tissue Pore Water

Notes: The number above each panel (in the gray box) is the distance in relative river miles (RRM) where samples were 

collected. SAV = Submerged aquatic vegetation, MeHg = Methylmercury, THg = Total Mercury. Significant differences 

(* = p<0.05, ** = p<0.01, *** = p<0.001). Data were collected August 2011. See Ecological Study Data Matrix (Table 1-

3) for more information regarding study details.
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Figure 6-1

Relationship between Peak Discharge and THg in Smallmouth Bass

South River Ecological Study

Final Report

Notes: THg = Total Mercury, CFS = cubic feet per second. See Ecological Study Data Matrix 

(Table 1-3) for more information regarding study details.
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Figure 6-2

Sediment Quality Triad Study - Interstitial Sediment THg and MeHg  

South River Ecological Study

Final Report

Notes: THg = Total Mercury, MeHg = Methylmercury. Gray points indicate the Phase I and 

Phase II interstitial sediment concentrations collected within the South River from RRM 0.0 to 

RRM 25.0. Blue and orange points indicate mean THg and MeHg concentrations in interstitial 

sediment observed during the sediment quality triad study (Data were collected May 2010). 

See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-3

Sediment Quality Triad Study - Invertebrate Survival and Growth vs. THg

South River Ecological Study

Final Report

Chironomus dilutus* Hyalella azteca

Notes: Highlighted bands indicate the standard deviation of reference organisms .   

*Chironomus dilutus growth as mean ash-free dry weight (mg/organism). THg = Total Mercury. 

Data were collected May 2010. See Ecological Study Data Matrix (Table 1-3) for more 

information regarding study details.
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Figure 6-4

Sediment Quality Triad Study - Invertebrate Survival and Growth vs. MeHg 

South River Ecological Study

Final Report

Notes: Highlighted bands indicate the standard deviation of reference organisms .   

*Chironomus dilutus growth as mean ash-free dry weight (mg/organism). MeHg = 

Methylmercury. Data were collected May 2010. See Ecological Study Data Matrix (Table 1-3) 

for more information regarding study details.

Chironomus dilutus* Hyalella azteca
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Figure 6-5

Sediment Quality Triad Study - Benthic Metrics vs. THg

South River Ecological Study

Final Report

Notes: Highlighted bands indicate the standard deviation of reference organisms. THg = Total 

Mercury, EPT = Ephemeroptera, Plecoptera, Trichoptera. Data were collected May 2010. See 

Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-5 (continued)

Sediment Quality Triad Study - Benthic Metrics vs. THg

South River Ecological Study

Final Report

Notes: Pielou’s J’ is an index of community evenness. Values range from 0 to 1 (higher values 

indicate a more even community). Shannon’s Diversity (H’) (log e) is an index of community 

diversity (higher values indicate greater diversity). Highlighted bands indicate the standard 

deviation of reference organisms. THg = Total Mercury. Data were collected May 2010. See 

Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-6

Sediment Quality Triad Study - Benthic Metrics vs. MeHg

South River Ecological Study

Final Report

Notes: Highlighted bands indicate the standard deviation of reference organisms. MeHg = 

Methylmercury, EPT = Ephemeroptera, Plecoptera, Trichoptera. Data were collected May 2010. 

See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-6 (continued)

Sediment Quality Triad Study - Benthic Metrics vs. MeHg

South River Ecological Study

Final Report

Notes: Pielou’s J’ is an index of community evenness. Values range from 0 to 1 (higher values 

indicate a more even community). Shannon’s Diversity (H’) (log e) is an index of community 

diversity (higher values indicate greater diversity). Highlighted bands indicate the standard 

deviation of reference organisms. MeHg = Methylmercury. Data were collected May 2010. See 

Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-7

Physiochemical and Habitat Site Characteristics - Canonical Discriminant Analysis

South River Ecological Study

Final Report

Notes: Results of multivariate analyses showing separation and overlap of South River 

reference and downstream sites based on habitat and physicochemical characteristics.  The 

amount of variation explained by each axis and the primary factors responsible for separation 

along the axis are shown. Only those data that were collected when fish samples were 

collected are shown. Data were collected  from March 2006 to February 2007, and in May 

2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding study 

details.
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Figure 6-8

Benthic Macroinvertebrate Community Abundance - Dominant Taxa

South River Ecological Study

Final Report

Notes: Mean (+ s.e.) abundance of dominant macroinvertebrate taxa at South River study 

sites and reference sites. Asterisks indicate sites that were significantly different from 

reference sites. Data were collected from March 2006 to February 2007, and in May 2010. See 

Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-9

Benthic Macroinvertebrate Relative Abundance - Dominant Taxa

South River Ecological Study

Final Report

Notes: Relative abundance of dominant macroinvertebrate groups at South River study sites 

and reference sites. Data were collected  from March 2006 to February 2007, and in May 

2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding study 

details.
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Figure 6-10

Benthic Macroinvertebrate Abundance - Dominant Taxa - Canonical Discriminant Analysis

South River Ecological Study

Final Report

Notes: Results of canonical discriminant analyses showing separation of South River study 

and reference sites.  Analyses were based on abundance of the dominant macroinvertebrate 

taxa. Numbers in parentheses indicate the amount of variation explained by each canonical 

axis. Data were collected  from March 2006 to February 2007, and in May 2010. See 

Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-11

Fish Community Abundance - Dominant Species

South River Ecological Study

Final Report

Notes: Mean (+ s.e.) abundance and species richness of fish at reference and downstream 

stations in the South River watershed. Asterisks indicate sites that were significantly different 

from the reference site. Data were collected in May and August  2006, and in May and 

September 2010. See Ecological Study Data Matrix (Table 1-3) for more information regarding 

study details.
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Figure 6-12

Benthic Macroinvertebrate Colonization Study- Interstitial Sediment THg and MeHg

South River Ecological Study

Final Report

Notes: Total and methyl mercury concentrations in interstitial sediment at South River study 

sites and reference site during the 6 week colonization experiment, May-June, 2011. The 

figure shows mean (+ s.e.) concentrations of total (upper panel) and methyl (lower panel) Hg 

at each site (n = 3). See Ecological Study Data Matrix (Table 1-3) for more information 

regarding study details.

Reference

RRM 0.1

RRM 3.5

RRM 11.8

T
o

ta
l 
H

g
 (

µ
g

/g
 d

w
)

0

10

20

30

40

Location

Reference

RRM 0.1

RRM 3.5

RRM 11.8

M
e
th

y
l 
H

g
 (

n
g
/g

 d
w

)

0

10

20

30

40

50

(0.07 ± 0.009)

T
H

g
 (

µ
g
/g

 d
w

)
M

e
H

g
 (

n
g
/g

 d
w

)



Ecological Study Final Report 28 September 2012 

Figure 6-13

Benthic Macroinvertebrate Colonization Study- Comparison with Surber Samples

South River Ecological Study

Final Report

Notes: Selectivity of substrate-filled trays at South River study sites and reference sites during 

the 6 week colonization experiment, May-June, 2011. The figure shows the proportion 

abundance of major macroinvertebrate groups in trays and Surber samples. Compared to the 

natural substrate, macroinvertebrate groups above the dashed line were overrepresented in 

trays whereas groups below the line were underrepresented in trays. See Ecological Study 

Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-14A

Benthic Macroinvertebrate Colonization Dynamics

South River Ecological Study

Final Report

Notes: Colonization dynamics of macroinvertebrates at South River reference sites and study 

sites, May-June, 2011. Figure shows mean (+ s.e.) abundance and richness of 

macroinvertebrate groups over the 6 week colonization period. Asterisks indicate study sites 

that were significantly different from reference sites across all sample dates. See Ecological 

Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-14B

Benthic Macroinvertebrate Colonization Dynamics - Dominant  Taxa

South River Ecological Study

Final Report

Notes: Colonization dynamics of dominant macroinvertebrate families at South River reference 

sites and study sites, May-June, 2011. Figure shows mean (+ s.e.) abundance of dominant 

macroinvertebrates over the 6 week colonization period. Asterisks indicate study sites that 

were significantly different from reference sites across all sample dates. See Ecological Study 

Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-15

Benthic Macroinvertebrate Colonization Study- Dominant Taxa - Canonical Discriminant Analysis

South River Ecological Study

Final Report

Notes: Results of canonical discriminant analyses showing separation of South River study 

sites and reference sites during the 6 week colonization study, May-June, 2011.  Analyses 

were based on abundance of the dominant macroinvertebrate taxa. See Ecological Study Data 

Matrix (Table 1-3) for more information regarding study details.
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Figure 6-16

Model Selection Results for Benthic Macroinvertebrates Based on AIC

South River Ecological Study

Final Report

Notes: Model selection results for macroinvertebrate metrics based on Akaike’s information criterion (AIC). 
Figures show the amount of variation explained (solid line) and model weights (bars) for each candidate 
model. * indicates the best model(s) for each variable. Data were collected from various studies 2006-
2011. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-17

Model Selection Results for Benthic Macroinvertebrates - Dominant Taxa - Based on AIC

South River Ecological Study

Final Report

Notes: Model selection results for dominant macroinvertebrate taxa based on Akaike’s information criterion 
(AIC). Figures show the amount of variation explained (solid line) and model weights (bars) for each 
candidate model. * indicates the best model(s) for each variable. Data were collected from various studies 
2006-2011. See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-18

Model Selection Results for Fish- Dominant Species - Based on AIC

South River Ecological Study

Final Report

Notes: Model selection results for dominant fish species based on Akaike’s information 
criterion (AIC). Figures show the amount of variation explained (solid line) and model weights 
(bars) for each candidate model. * indicates the best model(s) for each variable. Data were 
collected from various studies 2006-2011. See Ecological Study Data Matrix (Table 1-3) for 
more information regarding study details.

R
2

0.0

0.2

0.4

0.6

0.8

1.0

R
2

0.0

0.2

0.4

0.6

0.8

1.0

Model

Hg

%
 F

ines

Hg+%
 F

ines

R
2

0.0

0.2

0.4

0.6

0.8

1.0

Model

Hg

%
 F

ines

Hg+%
 F

ines

*

* *

*

M
o
d
e
l 
W

e
ig

h
t

0.0

0.2

0.4

0.6

0.8

1.0

M
o
d
e
l 
W

e
ig

h
t

0.0

0.2

0.4

0.6

0.8

1.0

Model

Hg

%
 F

ines

Hg+%
 F

ines

M
o
d
e
l 
W

e
ig

h
t

0.0

0.2

0.4

0.6

0.8

1.0

*
*

*

*

*

Bluehead Chub Common Shiner Fallfish

Longnose Dace Mottled Sculpin Spottail Shiner

White Sucker Total Fish Abundance Total Fish Richness

*

Model Wgt.

R**2



Numerical Predictive Models
• BASS Model
• HSPF Model (TMDL)
• HEC RAS Model

Field Data 
• Phase I and II Ecological 

Study
• SRST Investigations
• Site Outfall 001 Monitoring
• Bank Pilot 

Biotic Pathways

Abiotic Pathways

Conceptual Site 
Model

Analytical Modeling
• Statistical Models
• Trophic Transfer
• Geomorphic Models
• Mass Flux Models
• Loading Models

Lab Studies
• Soil & Sediment Leachate 

Experiments
• DGT Devices

Figure 6-19

Study Integration for the Conceptual System Model

South River Ecological Study

Final Report

Notes: This schematic is designed to summarize the types and sources of data that were 

integrated into the Conceptual System Model.  The text color of the information sources 

corresponds to either the biotic or abiotic pathway of mercury transfer, which are depicted in 

Figure 6-19 and 6-20, respectively. Refer to Appendix L for a more complete description of the 

data sources. 
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Figure 6-20

MeHg Flow through the South River Food Web to Smallmouth Bass in the South River

South River Ecological Study

Final Report

Notes: The schematic describes the movement of methylmercury (MeHg) from the base of the 

food web (green box) through the food web to a piscivorous fish (e.g., smallmouth bass). Each 

box represents a component of the food web, described by the feeding type, an example of 

that feeding type, and the approximate percentage of the total MeHg that feeding type 

contributes to smallmouth bass. The grey boxes represent relatively small sources of MeHg to 

smallmouth bass; the major sources, omnivorous invertebrates and omnivorous fish, which 

contribute up to 80% of the MeHg to smallmouth bass are in yellow boxes. The items in the 

green box are important dietary items for the other organisms of the food web. The structure of 

the food web is based on bioenergetics modeling and field data including stable carbon and 

nitrogen isotopic ratios, mercury concentrations, and stomach content analysis. See Ecological 

Study Data Matrix (Table 1-3) for more information regarding study details.
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Figure 6-21

Pathways and Sources of IHg to Areas of Methylation Under Baseflow Conditions

South River Ecological Study

Final Report

Notes: The schematic depicts the movement of inorganic mercury (IHg; blue arrows) from the 
sources (gray boxes) in the South River to areas of mercury methylation (brown boxes); the 
red arrows show the movement of methylmercury from areas of methylation to the base of the 
food web (green box). The thickness of the arrow and the range of values within each box 
represents the magnitude of the IHg or MeHg flux. This schematic describes the important 
sources between RRM 0 and 10 under baseflow conditions. The range of values is based on a 
variety of data sources, which are depicted in Figure 6-18 and described fully in the text; a 
major component of the range of values is the baseflow mass balance depicted in Figure 6-21. 
See Ecological Study Data Matrix (Table 1-3) for more information regarding study details.
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Notes: The diagram shows the results of a comprehensive mass balance modeling effort to estimate the magnitude of 
unfiltered THg (UTHg) and methylmercury (UMeHg) sources between RRM -2.7 and 9.9. The total load of each 
discrete or diffuse source is summed and compared to the total load of UTHg or UMeHg, which is the difference 
between the loads at RRM -2.7 and 9.9. Based on the analysis, which assumes baseflow conditions for both UTHg
and UMeHg, and considers the warm season (April to September, inclusive) for UMeHg, a majority of both mercury 
species can be accounted for from the known sources. The methodology, assumptions, and calculation basis are 
described fully in Appendix L. See Ecological Study Data Matrix (Table 1-3) for more information regarding study 
details.
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Figure 6-22

Mass Balance Models for UTHg and UMeHg Under Baseflow Conditions

South River Ecological Study

Final Report
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Overview and Organization 
 

 This report summarizes studies of the morphology and sediment transport processes of the 
South River from Waynesboro to Port Republic, Virginia, completed by Jim Pizzuto’s research group at 
the University of Delaware from 2004-2012.  These studies were designed to provide background 
information about the South River that could contribute to remediation of mercury contamination of 
the South River and its valley. 
 
 The report consists of the following sections, each largely independent of one another: 
 

1. Reconstructing mercury contamination of a steep, gravel-bed river  using reservoir theory  
 
 This section describes how mercury concentrations on suspended sediment carried by the South 
 River have varied from 1929-present.  This information is used in subsequent sections of the 
 report.  The history of mercury concentrations carried by the South River is particularly for 
 interpreting the history of sediment accumulation along the South River.   It is also used to 
 develop methods for predicting levels of mercury concentrations of eroding river banks, which 
 in turn are used to estimate spatial patterns of mercury loading caused by bank erosion along 
 the South River. 
 

This section is co-authored by Katherine Skalak (U.S. Geological Survey, 430 National Center, 
Reston, VA 20192, kskalak@usgs.gov, 703-648-5435). 

 
2. The fluvial geomorphology of the South River – an overview of studies, 2004-2012. 

 
This section describes the morphology of the South River, assesses its geomorphic history, and 
quantifies important processes of erosion and deposition from Waynesboro to Port Republic. 
 

3. Predicting the accumulation of mercury-contaminated sediment on riverbanks – an analytical 
approach 
 
An equation is developed for predicting the inventory of mercury on the banks of the South 
River from Waynesboro to Crimora, Virginia.  The equation (a predictive model) is calibrated 
using data from cores, providing a useful method for predicting mercury levels on both banks of 
the river.  This information is needed to predict spatial patterns of contemporary mercury 
loading from bank erosion along the South River. 
 

4. Mercury loading from bank erosion  
 
 Estimates of bank erosion rates are combined with mercury concentration estimates to 
 determine rates of mercury loading to the channel of the South River from bank erosion. 
  

mailto:kskalak@usgs.gov
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Reconstructing mercury contamination of a steep, gravel-bed 

river using reservoir theory 

Katherine Skalak
1
, Jim Pizzuto

2
 

1 U.S. Geological Survey, 430 National Center, Reston, VA 20192 

2Dept. of Geological Sciences, University of Delaware, Newark, DE 19716 

 

ABSTRACT 

To effectively remediate contaminated fluvial systems, rates of long-term transport and storage of 
suspended particles must be evaluated.  Quantifying these processes, however, remains challenging: 
long-term monitoring data are rarely available, stratigraphic records are often incomplete, and available 
models rely on poorly constrained parameters.   We reconstruct a Hg contamination history of the South 
River, Virginia, caused by releases from a manufacturing process related to nylon production from 1930-
1950.   We determine the distributions of age and Hg concentration in sediment deposits formed in the 
channel margins of a 20 km study reach.   We treat these deposits as a single reservoir exchanging 
contaminated sediments with the overlying water column through time, and develop a Monte Carlo 
method for estimating the history of Hg contamination since 1930. The model results are non-unique, 
therefore we constrain  our solutions with nylon production statistics and dated samples from a single 
core.  Mercury concentrations on suspended particles in the river reached peak concentrations of 900 
ppm in 1950, and subsequently decreased by 2 orders of magnitude to current values.   Nearly 800 kg of 
Hg were stored in the deposits in 1956, while only 80 kg remains today.  Simulations of future Hg 
removal suggest that 100-yr timescales will be needed for the South River to cleanse its channel 
perimeter of Hg-contaminated sediments through natural processes alone.   Our methods place an 
undated distribution of measurements into a time series without monitoring data or simulations of 
complex, poorly understood processes.  This approach could prove useful in other earth science 
disciplines. 
 

INTRODUCTION  

 Understanding long-term suspended sediment transport processes is critical for assessing and 
designing remediation strategies for contaminated fluvial sediments.  For example, “natural 
attenuation” is often cited as a potential mitigation strategy for contaminated rivers (Wang et al., 2004), 
an approach that relies on a system’s inherent timescales for downstream removal of contaminated 
sediments.   The efficacy of natural attenuation can only be assessed if timescales of transport and 
storage of suspended sediment are well known. 
 
 Quantifying the transport rates and pathways of suspended sediment through alluvial valleys 
remains challenging.  Direct monitoring is rarely practical because sediment transport processes are 
episodic and monitoring over long timescales is usually required.  Sediment budgets are useful, but also 
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have limitations: they lack precision, cannot be used for predictions, and may not provide sufficient 
quantitative detail to evaluate remediation strategies (Reid et al., 2003).  Mathematical models are 
widely used (Merritt et al., 2003; Warwick and Carroll, 2008), but fine-grained sediment transport, 
erosion, deposition remain poorly understood, and as a result, models typically require extensive 
calibration to observations before predictions can be made (Mehta and McAnally, 2008).  Stochastic 
models (Malmon et al., 2002) do not directly represent the processes involved, but they still rely on 
monitoring data to constrain transition probabilities. 
  

We present a method for quantifying storage and remobilization of Hg-contaminated suspended 
sediments stored within the margins of a gravel-bedded river.   Our approach is used to extend an 
incomplete geological record of Hg contamination obtained from radiometric dating and mercury 
analyses, allowing us to reconstruct an annual record of Hg concentrations on suspended sediment 
carried by the river from 1930-2005.   We also forecast future Hg storage in sediments through 2050 for 
two remediation scenarios. 

 

STUDY AREA  
 
 The South River is a single-thread, sinuous river located just west of Shenandoah National Park 
in Virginia (see Supplementary Material for location data and additional geomorphic characteristics).   
The river has drainage basin areas of 330 km2 at Waynesboro, VA, and 550 km2 at Harriston, VA.     
Mercury was released directly into the South River from a manufacturing facility in Waynesboro from 
1930-1950 (Figure 1.1), when Hg was used as a catalyst for producing rayon acetate.    Although records 
of Hg release and rayon production from the Waynesboro plant are not available, we hypothesize that 
Hg loading into the river followed a timeline that paralleled the explosive growth of rayon production in 
the U.S. from 1930-1950, when annual U.S. production of rayon increased tenfold (Figure 1.1) (Hunt, 
1952).     
When the Hg contamination was discovered in 1976, a fish consumption advisory was issued by the 
Virginia Department of Health for over 160 km downstream of Waynesboro (Stahl et al., in review).    A 
strategy of natural attenuation was recommended for remediation (Lawler et al., unpublished) based on 
the hypothesis that the ecosystem would recover in 20 years.   Fish tissue monitoring was initiated in 
the early 1980s (Figure 1.1).   Three decades later, Hg concentrations in fish remain consistently high, 
and the advisory for fish consumption is still in effect.   
 

Skalak and Pizzuto (2010) describe “fine-grained channel margin” (FGCM) deposits along the 
South River that form in the lee of large woody debris near the river’s banks.  They mapped 54 deposits 
storing 1505 metric tons of sediment (see Skalak and Pizzuto (2010) for field and laboratory methods).  
The deposits average 23% clay, 23% silt, and 54% sand, sediments that were likely deposited primarily 
from suspension.  Radiometric dates were determined using “bomb” radiocarbon, and Skalak and 
Pizzuto (2010) also reanalyzed previously unpublished measurements of  137C and 210Pb activities from a 
core obtained  upstream of Dooms Dam in 2003 (hereafter refered to as the Dooms Dam core, see 
Supplementary Material for sample locations).  Ages of samples from FGCM deposits range from less 
than one year to about 70 years (Figure 1.2).    Skalak and Pizzuto (2010) present vertically averaged Hg 
concentrations in 15 FGCM deposits ranging from 6.4 to 479.3 mg/kg.  Hg concentrations from individual 
samples (analyzed below) have not been previously reported. 

 

DATA FROM CORES 
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Cumulative distributions of sediment ages and Hg concentration are well fit by analytical 
functions with two exponential terms (Figure 1.2)(see Supplementary Material for equations).  Mercury 
concentrations range from 2.5 to almost 900 mg/kg.  Age and Hg distributions are both “heavy tailed”, 
with frequent young ages and low concentrations and rare old ages and high concentrations.  Probability 
density functions (Figure 1.3a and b) were obtained by differentiating the cumulative frequency 
functions (see Supplementary Material for details).      

 
 Only a small number of  samples with Hg concentrations have been dated (15 dates from 6 
deposits).  However, the  Dooms Dam core  partially constrains  historic Hg concentrations on 
suspended sediment. Concentrations at the beginning of Hg use at the plant (1930) were essentially at 
background levels.  As time progressed, concentrations smoothly increased and reached peak values of 
around 300 mg/kg just after 1950.   Mercury concentrations then rapidly declined monotonically, never 
again reaching pre-release, background concentrations.  Younger, bomb radiocarbon ages and data from 
contemporary monitoring of suspended sediment transported by the river (Flanders et al., 2010) are 
also useful (Figure 1).  These samples have Hg concentrations of around 10 mg/kg, similar to values 
obtained by sampling suspended particles within the water column (Figure 1).    
The results described above are informative, but incomplete, for they do not include the full distribution 
of observed Hg concentrations.  We expect this because the small sample provided by the Dooms Dam 
core is unlikely to include rare, very high Hg concentrations.   The purely historical results obtained from 
the core also provide no basis for forecasting future conditions. 
  

A MODEL FOR TIME-DEPENDENT MERCURY STORAGE IN FGCM DEPOSITS 
 
 Our field observations suggest that individual FGCM deposits are probably frequently reworked, 
so no single FGCM deposit is likely to contain a complete record of past Hg concentrations transported 
by the South River.  Furthermore, contemporary monitoring of Hg on suspended sediment indicates that 
concentrations do not vary significantly with distance downstream in the areas of the river where FGCM 
deposits are abundant (Flanders et al., 2010).     Thus, it is reasonable to expect that concentrations have 
varied dramatically through time in FGCM deposits, but at any instant, Hg concentrations do not vary 
systematically with distance downstream.     
 

These observations suggest grouping the entire population of FGCM deposits along the river 
into a single “reservoir” (Bolin and Rhode, 1973) that exchanges sediment and Hg with the water column 
through time.  We treat this reservoir as well-mixed, with a spatially uniform but temporally varying 
concentration (see Supplementary Material for more detail).   

 
Although we envision FGCM deposits to be constantly reworked by the South River, it is likely 

that erosion is generally balanced by deposition, so that the total mass of sediment in storage and the 
age distributions of Figures 1.2 and 1.3a remain approximately constant with time.    We also assume 
that the total mass of Hg in storage is only weakly affected by volatization, desorption, methylation, 
demethylation and other geochemical processes.  We recognize that these transformations occur, and 
that they are also fundamental causes of many ecological effects of Hg on the South River’s food web 
(Cristol et al., 2008; Flanders et al. 2010, Tom et al., 2010).  However, the total mass of Hg stored in 
sedimentary deposits over long timescales is probably not strongly influenced by these processes 
(Foster et al., 1996).   These assumptions imply that 1) Hg is only added or removed through deposition 
and erosion of sediment, and 2) Hg concentrations in FGCM deposits faithfully record Hg concentrations 
on suspended sediment in the water column at the time of deposition (although this record is 
dramatically influenced by ongoing reworking). 
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The mass of Hg, MHg(ta) contained in the deposits at any time, ta, can therefore be described by a 

convolution: 
 
 
 
where t represents time (the year a particular slice of sediment was deposited, for example), Ms is the 
total mass of sediment in FGCM deposits (a constant), and fA(ta-t)  is the fraction of the deposits whose 
age is “near” ta-t ( The function fA(ta-t) is the probability density function of the ages of sediment in 
FGCM deposits (Figure 1.3a)).CHg(t)  is the Hg concentration of sediment deposited in year t, which is 
equivalent to  the concentration of Hg on suspended sediment carried by the river in that same year.  
The presence of the variable CHg(t) clearly illustrates the link between the concentration on sediment in 
the water column and the concentration on sediment stored in FGCM deposits. 
 
 Because Ms and fA(ta-t) are defined by field mapping and age dating, respectively, the entire 
history of Hg storage in FGCM deposits is determined from equation (1) if CHg(t), the concentration of Hg 
on suspended sediment carried by the river, is known.  At any time ta, the total mass of Hg in FGCM 
deposits can be computed directly from equation (1).  The average Hg concentration in the deposits is 
MHg(ta)/Ms.  The entire distribution of Hg concentrations in the deposit is also known, because the 
sediment mass of each age slice of duration dt is MsfA(ta-t)dt, and the concentration of each age slice is 
CHg(t).  Although it is not explicitly shown here, the entire Hg distribution of sediment remobilized from 
FGCM deposits back into the water column through time can also be specified using reservoir theory 
(Bolin and Rhode, 1973).  Thus equation (1) (and other results that can be derived from it) represents a 
complete model for computing time-dependent Hg storage and remobilization in FGCM deposits. 
 
 Unfortunately, CHg(t) is unknown.  Determining CHg(t) might initially appear to represent a 
straightforward deconvolution (Robinson and Treitel, 1980), but this is not the case, because 
observations of the  convolved “signal” MHg(ta) cannot be measured from the geologic record. 
 

Monte Carlo Estimation of Annual Mercury Concentrations on Suspended Sediment 
 
 We develop a Monte Carlo approach for reconstructing annual time series of CHg(t).  The process 
involves assigning slices of FGCM deposits from randomly selected years of deposition (whose preserved 
mass is specified by the age distribution function fA(ta-t)) to concentration values specified by the 
concentration distribution fC (Figure 1.3b)). Because the results are not unique (i.e., an infinite number 
of different time series can be identified that are consistent with fC and fA), we constrain solutions in two 
important ways.  First, we specify the year of peak contamination at the outset: we hypothesize, 
following the nylon acetate production statistics (Figure 1.1), that the highest Hg concentration on 
suspended sediment occurred in 1950, the year with the greatest production of nylon acetate between 
1930 and 1950.  Second, we require our solution to be “smooth”, without dramatic fluctuations from 
year to year.  Both of these conditions are supported by the provisional history of CHg(t) provided by our 
analysis of the Doom’s Dam core (Figure 1.1).   
 
 The first step is to define time intervals for the simulation (here, annual intervals from 1930-
2005) and a “window” specifying the number of years that are eligible for random selection at any 
computational step (this “window” , set at 4 years here, effectively requires the results to be somewhat 
“smooth” from year to year).  While the age distribution function is used in binned intervals of 1 year 
(Figure 1.3a), the probability density function of concentration (fC) remains in continuous form (Figure 
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1.3b).   A Hg concentration range is assigned to each age “slice” of the FGCM deposits, starting from the 
highest concentration value and proceeding to progressively lower concentrations.  First, the age slice 
deposited from 1949-1950 is assigned a concentration range.  This slice comprises 0.2% of the deposits 
(Figure 3).  The upper concentration limit, Cmax(1949-1950) for sediment deposited during this year is 
900 ppm, the maximum observed concentration.  The lower concentration limit deposited during this 
year, Cmin(1949-1950),  is determined by assigning 0.2 % of the total concentration distribution to this 
year’s deposition:   
 
FC(900) – FC(Cmin) = fA(ta-t) dt = 0.002      (2). 
 
where FC represents the cumulative concentration distribution (Supplementary Material, Figure S2), (ta-
t) is evaluated at the midpoint of the time interval (e.g., 1949.5) and dt is 1 year.  Of course, equation (2) 
is stated as an implicit relation for Cmin: it must be solved explicitly to actually compute the required 
value, which turns out to be 820 ppm (obtained using the program fzero in MATLAB). 
 
 Having assigned a concentration range to the first year of sedimentation, another year (and its 
corresponding mass) is randomly selected.  The period 1949-1950 is removed from list of available ages, 
leaving sedimentation in the following 4 annual intervals: 1947-1948, 1948-1949, 1950-1951, and 1951-
1952.  One of these 4 periods is selected randomly.  The fraction of sediment deposited during the 
selected time period is determined from the age distribution fA.  The value of Cmin from the previous 
computation is set to Cmax for this year’s sediment, and the corresponding value of Cmin is determined 
from equation (2).  
 

This process is repeated until all age “slices” of the deposit have been assigned a concentration 
range from the concentration distribution.  Because each reconstruction of CHg(t) produces different 
results, a number of realizations are computed, and the results presented as a range of mercury 
concentrations for each year.  Once CHg(t) is known, the total mass of Hg stored in FGCM deposits in 
each year is computed using equation (1). 
 

RESULTS 
 
 Figure 1.1 presents ranges of Hg concentrations on suspended sediment from 4 Monte Carlo 
simulations.  By 1976 (when the contamination was discovered), Hg concentrations on suspended 
particles in the water column had already decreased by an order of magnitude.  Concentrations 
decreased by another order of magnitude over the next 29 years to presently observed levels of about 
10 mg/kg. 
 
 800 kg of Hg were stored in FGCM deposits in 1956 (Figure 1.1). Peak Hg storage lags the peak 
concentration in the water column because newly deposited sediment with relatively high Hg 
concentrations continued to be deposited after the peak water column concentration, while much of 
the sediment eroded from FGCM deposits was older material with lower Hg concentrations.  When fish 
tissue monitoring was initiated in the early 1980s, the mass of Hg in storage had decreased to about 200 
kg.  Over the next 25 years, the total mass of Hg in storage decreased to its current value of about 80 kg.  
It took more than 50 years for the South River to reduce the mass of Hg in FGCM deposits by an order of 
magnitude. 
 
 In order to assess the potential effects of remediation on Hg storage in FGCM deposits, we 
specify two future scenarios for Hg concentration in the water column and use equation (1) to 
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determine the mass of Hg stored in FGCM deposits through 2050.  In the first scenario, the CHg(t) is 
maintained at its current value of 10 mg/kg as a worst case (i.e., no remediation).  In the second 
scenario, we reduce CHg(t) to background levels (0.2 mg/kg)(Flanders et al., 2010), representing 
complete remediation of the water column.  The first scenario reduces Hg stored in FGCM deposits from 
80 kg in 2005 to 32 kg in 2050 (Figure 1.1).  In the second scenario, full remediation of the water column 
reduces the mass of Hg stored in FGCM deposits to 20 kg by 2050, a reduction of only 12 kg compared 
to the results achieved by the worst case scenario.     
 

DISCUSSION AND CONCLUSIONS 
 

Our approach offer new opportunities for quantifying fluvial suspended sediment processes on 
decadal timescales.  Without relying on monitoring data, we hindcast annual Hg concentrations on 
suspended sediment in South River using data from cores and results from reservoir theory.  We have 
also avoided direct simulation of complex, poorly understood sedimentation processes that are the 
focus of many modeling studies (Merritt et al., 2003; Warwick and Carroll, 2008).    We anticipate 
extending our methods in the future to smaller spatial scales, and to including other fluvial storage 
compartments of the South River such as the hyporheic zone and the floodplain.  Our results have been 
useful in evaluating remediation strategies for the South River, though our assumptions of balanced 
erosion and deposition and constant sediment mass in storage will not be valid everywhere.      
The convolution equation that forms the basis of our computations actually provides a very general 
representation of many different geologic processes.  Many time-dependent geophysical “signals” 
(represented by here by CHg(t) ) are convolved by geological processes (such as the age-function fA(ta-t) 
that represents ongoing reworking) to produce a modified time-dependent geologic signal.  The 
convolution of seismic reflections by a layered earth is a well-documented example (Robinson and 
Treitel, 1980).  Hydrogeologists also use a convolution approach to analyze water quality data (Bohlke 
and Denver, 1995, Cook and Bohlke, 2000).  Many stratigraphic applications can also be envisioned.  
While we have employed a simple Monte Carlo approach with constraints, more rigorous mathematical 
methods for reconstructing time-dependent geological signals could prove useful in many geological 
disciplines, particularly if methods were available to analyze data not recorded in a known temporal 
sequence.   
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Figure 1.1  Mercury data and model predictions, 1930-2050.  Data include annual U.S. rayon acetate 
production statistics , dated Hg concentrations from fine-grained channel margin deposits (from the 
Dooms Dam core and other core samples dated with  14C ), and Hg concentrations on suspended 
sediment in the South River measured from 2006-2009 (Flanders et al., 2010).  Model predictions 
include reconstructions of Hg concentrations on suspended sediment and Hg stored in FGCM deposits, 
1930-2010, and future Hg storage in FGCM deposits for two remediation scenarios. 
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Figure 1.2.  Cumulative distributions of age and Hg concentration in FGCM deposits.  Analytical functions 
(fit visually) are presented in the Supplementary Material.   Age data are from Skalak and Pizzuto (2010). 
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Figure 1.3.  Probability density functions for ages and Hg concentrations in FGCM deposits.  A - Fraction 
of FGCM sediment deposited in each year from 1930-2005 for samples obtained in 2005.  Sediment 
deposited from 1949-1950 comprises 0.2% of FGCM deposits in 2005.  B - Probability density function 
for Hg concentrations in FGCM deposits in 2005.  Sediment with Hg concentrations from 820-900 mg/kg 
comprises 0.2% of the deposits in 2005. 
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Supplementary Material 

STUDY AREA LOCATION 

 The location of the study reach of the South River north of Waynesboro is illustrated in 
Supplementary Figure 1.  The South River flows north from Waynesboro, joining with the North River to 
form the South Fork of the Shenandoah River.  The location of the breached Doom’s Dam is also 
indicated. 
 

GEOMORPHIC CHARACTERISTICS OF THE SOUTH RIVER 

 The South River is a typical 4th order stream of the mid-Atlantic region.    Its drainage basin lies in 
the Blue Ridge and Valley and Ridge Physiographic Provinces (Bingham, 1991).   The South River is a 
single thread channel with an average sinuosity of 1.4.   The bed material consists of mixed sand and 
gravel; bank materials are typically cohesive.  Bedrock exposures occur frequently, and thus the South 
River is best described as a gravel-bed, bedrock river (Turowski et al., 2008).  In the areas of the river 
where fine-grained channel margin (FGCM) deposits are abundant, the river’s slope averages 0.0013.   
The width averages around 40 m, while the bankfull depth is about 1.5 m.  Riparian vegetation consists 
of pasture, agricultural fields, and forest. 
 

AGE AND MERCURY DISTRIBUTIONS  

The distribution of sediment ages (A, in years) in fine-grained channel margin (FGCM) deposits is 
 

     A

A

A

A eKeKAF 025.03.0 1)/)7.01((1)/7.0(     Supplementary Equation (1) 

 
The parameter KA is  
 

)77(025.0)77(3.0 3.07.01   eeK A      Supplementary Equation (2) 

 
which has a numerical value of 0.9562.  
 
The probability density function of sediment ages, f(A),  is obtained by differentiating Supplementary 
Equation 1: 
 

A

A

A

A eKeKAf 7.03.0 )/0025.0()/21.0()(     Supplementary Equation (3) 

 

The probability distribution and density functions, F(C) and f(C), for mercury concentrations C (in ppm) 

in fine-grained channel margin deposits are 
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     )5.2(004.0)5.2(1.0 1)/)8.01((1)/8.0(   C

C

C

C eKeKCF   Supplementary Equation (4) 

 

  )5.2(004.04)5.2(1.0 )/108()/08.0(   C

C

C

C eKxeKCf   Supplementary Equation (5) 

 
The parameter KC is 
  

)5.2900(004.0)5.2900(1.0 2.08.01   eeKC    Supplementary Equation (6) 

 
which has a numerical value of 0.9945.  

 

THE “RESERVOIR” OF FGCM DEPOSITS ALONG THE SOUTH RIVER 

 Our conceptualization of FGCM deposits as a single reservoir is illustrated in Supplementary 
Figure 2.  The reach of the South River where FGCM deposits are abundant is about 20 km (Skalak and 
Pizzuto, 2010).  Although the FGCM deposits are isolated from one another, they can be idealized as a 
continuous, well-mixed reservoir that exchanges sediment and mercury with the water column of the 
South River. 
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Figure S1.  Location of the study area. 
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Figure S2.  Idealization of fine-grained channel margin deposits as a single reservoir exchanging 
sediments and mercury with the overlying water column. 
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The Fluvial Geomorphology of the South River – An Overview of Studies 2004-2012. 
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EXECUTIVE SUMMARY 

  The South River is a single-thread, gravel-bed, bedrock river with a tendency towards 

anastomosis (defined by the development of islands).   It has a discontinuous floodplain composed of 

thick silty overbank sediments overlying a relatively thin layer of sand and gravel.  Floodplain landforms 

consist of poorly developed natural levees and abundant floodplain scour channels, many of which have 

maintained their position and morphology since the earliest aerial imagery of 1937.  The riparian 

corridor of the South River is primarily forested, though some areas are in pasture and active 

agriculture.  Its streambed is composed of gravel (with abundant sand), though bedrock is exposed along 

53% of its length.  Landforms of the channel bed include occasional pools and riffles, a few bedrock 

drops < 1 m high, areas of exposed bedrock, and a few long pools that often exceed 1-2 km in length.  

The planform is sinuous, but nonmeandering. 

 Geomorphic processes along the South River are not predicted by any well-established 

conceptual model of fluvial sedimentation.  Rates of bank erosion are low, with modal values of a few 

cm/year.  The distribution of bank erosion rates is heavy-tailed, with many low rates and a few very 

large rates.  Areas experiencing high rates of bank erosion are typically influenced by local tributaries or 

historic anthropogenic modifications to the stream channel.  Overbank deposition rates are also very 

low, averaging a few cm/100 years.  One new island has formed along the study area every 2 years since 

1974, but no new islands formed from 1937-1974.  Nearly all islands form when a new channel is cut 

through pre-existing floodplain deposits.   While many of the new island channels have developed since 

1937, no existing channels have been filled with sediment. 

 The upstream half of the study area (RRM 0-13) is different from the downstream half (RRM 13-

25).  The upstream section has a lower slope (0.0013), while the downstream section has a higher slope 

(0.0025).  The floodplain upstream is wider than downstream, and overbank deposits upstream contain 

more silt and clay and less sand than downstream.  Islands are more abundant downstream than 

upstream.   The sinuosity is higher upstream and more sediment is supplied from eroding alluvial 

floodplain banks upstream than downstream.  The upstream half of the study area is more likely to store 

fine-grained suspended sediment than downstream, while fine-grained sediment is more likely to 

remain in transport downstream. 

 A detailed budget of suspended sediment transport and storage was constructed for RRM 2.4-

5.43.  Suspended sediment entering the reach has an approximately 13% chance of being stored, either 

on the floodplain (9%) or in fine-grained channel margin deposits (4%).  Little sediment is stored in the 

hyporheic zone.  Floodplain development through lateral migration is minor; it only occurs at 6 locations 

(comprising 8% of the channel length) within this reach, and the total volume stored by lateral migration 

is within the error estimate for vertical accretion on the remaining floodplain.   Bank erosion replaces 

approximately 1/3 of the suspended sediment stored on the floodplain.  Erosion occurs along 27% of the 

banks of the reach.  Nearly all bank erosion occurs through natural fluvial processes; bank erosion 

contributed by cattle and burrowing beavers, muskrats, and kingfishers is negligible. 
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 The sediment budget provides useful summary estimates of the trajectory and rate of 

downstream movement of particles suspended in the South River (valid for the upstream half of the 

study area only).  Assuming that conditions for RRM 2.4-5.43 apply to an idealized long section of river 

channel (i.e. a length of channel whose features are similar to those of RRM 2.4-5.43) the distance 

required to exchange 100% of the suspended particles entering the reach is 46 +/- 22 km (the term 

“exchange” here means that deposited particles are replaced by new particles eroded into the water 

column through bank erosion or reworking of FGCM deposits).  Once deposited, particles remain in 

storage an average of 4800 +/- 2600 years.  This suggests a time and spatially averaged rate of 

downstream movement of 9 +/- 7 m/yr.  At these very slow downstream transport rates, it is not 

surprising that so much mercury (traveling adsorbed to suspended particles) has remained in the South 

River’s valley downstream of Waynesboro since being introduced into the river from 1929-1950. 

 The South River is not an equilibrium fluvial system:  rates of erosion of the channel boundary 

appear to exceed rates of sediment accretion on banks.  Furthermore, rates of overbank deposition 

exceed rates of bank erosion by a factor of 3.  Rates of bank erosion have increased in recent decades, 

as have rates of island formation.  The erosional regime of the channel perimeter has been associated 

with increases in the frequency of high discharges (> 1 year recurrence interval) since the early 1960s, 

and the simultaneous demise of 14 colonial mill dams in the study reach.  At current rates of erosion and 

deposition, a new equilibrium fluvial morphology will not be developed for centuries, unless unforeseen 

changes in climate or land use accelerate rates of geomorphic processes along the South River. 
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INTRODUCTION 

 This document provides an overview of research from 2004-2012 on the geomorphology of the 

South River.  Geomorphic studies were designed to provide information useful to understand and 

remediate mercury contamination of the South River.  Mercury was released to the South River from 

1929-1950 from a manufacturing facility located in Waynesboro, Virginia (Stahl et al., in review).  

Because of the interest in mercury contamination, the geomorphic studies described in this document 

focus on the transport and storage of fine-grained sediment, as mercury is typically associated with 

these relatively small sedimentary particles.   

 The “Results” section of this report has two major sections.  The first discusses the 

geomorphology of the South River from Waynesboro – Port Republic Virginia, a long and relatively 

diverse section of the river.  The second section presents more detailed results of a short section of the 

South River just downstream of Waynesboro, where focused studies provide a comprehensive picture of 

geomorphic processes.   

STUDY AREA 

 The study area is the valley of the South River from Waynesboro to Port Republic, Virginia.   This 

area encompasses approximately 25 miles of the South River.  Further details on the location of the 

study area and its climate and geologic setting are provided by Pizzuto et. al (2006, unpublished). 

 Locations within the study area are defined by the distance measured along the centerline of 

the South River, with the origin set at the footbridge in Waynesboro across the South River to the 

former DuPont manufacturing facility.  This coordinate system is referred to as the “Relative River Mile” 

(abbreviated as RRM). 

METHODS 

Hydrology 

 U.S. Geological Survey gauging station data are available for the South River at Waynesboro, 

Dooms (5.3 mi (8.5 km) downstream of Waynesboro), and at Harriston (16.6 mi (26.6 km) downstream 

of Waynesboro).  The periods of record for these gauging station are 1952-present (Waynesboro), 1974-

present (Dooms), and 1925-present (Harriston).  Data are missing from 1951-1968 at Harriston.    

To document changes in streamflow history since 1925, a record of daily mean discharges for 

the stream gauging station at Harriston, Virginia was assembled. Missing records from 1951- 1968 were 

estimated using transfer functions for the South River at Waynesboro (1953–1968) and the Middle River 

near Grottoes (water year 1952).   The recurrence interval of daily discharges was determined using 

standard methods. 

Hydraulic and Sediment Transport Parameters 
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 The mean velocity, Froude Number, and Shields Number are useful measures of channel 

hydraulics and bedload transport processes.  The mean velocity, U, is computed from 
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where Q is the discharge (m3/s), A is the channel cross-sectional area (m2), g is the acceleration of 

gravity (m/s2), h is the depth (m), S is the slope of the water surface (dimensionless), and Cf is a 

dimensionless friction coefficient.  The Froude Number is  
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where ρ is the density of water, ρs is the density of bed material (unmeasured, so the density of 2,650 

kg/m3 for quartz is used), and D50 is the median diameter of the bed material. 

Frequency of Flood Inundation 

 Contemporary floodplain inundation patterns were evaluated with HEC-RAS modeling in a 

related study (URS Corp., unpublished data).  Topographic data for HEC-RAS modeling was provided by 

aerial LiDAR data, supplemented by surveyed cross-sections.  Roughness coefficients were determined 

by calibrating the model to rating curves from the U.S.G.S. gaging stations and also from temporary 

gaging stations established at bridge crossings (Flanders et al., 2010).  To report the results of the HEC-

RAS modeling, return periods 0.3, 2, 5, and 62 years were selected because each of these flows inundate 

a significant area of the floodplain. 

Determining Percentages of Clay, Silt, and Sand of Floodplain Deposits 

 An extensive sampling program was completed in 2007 to characterize mercury levels in the 

South River’s floodplain deposits (URS Corporation, unpublished data).  Cores were located randomly, 

and each core was sampled at intervals of 0-15 cm and 15-75 cm.  The percentages of clay, silt, and sand 

were measured on most samples using the method of ASTM D-422. 

 To analyze the percentages of clay, silt, and sand from floodplain deposits, only samples within 

the 0.3-2 year floodplain were included.  Percentages of clay, silt, and sand for the two depth intervals 

from each core were vertically averaged.  

Bank Erosion 
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 Rates and processes of bank erosion were evaluated using historical aerial photographs from 

1937, 1956, 1974, and 2005, and aerial LiDAR, terrestrial laser surveys, field mapping (visual 

identification of eroding banks), analyses of tree morphology and dendrochronology, and hydrodynamic 

modeling.  Rhoades et al. (2009) document methods based on aerial photographs and aerial LiDAR (also 

summarized in Pizzuto et al., 2006, 2007, unpublished manuscripts), while O’Neal and Pizzuto (2010) 

describe how bank erosion rates are measured using terrestrial laser surveys (also documented by 

Pizzuto et al. 2007, unpublished manuscript). Pizzuto et al. (2010) and Stotts et al. (in revision) describe 

how the characteristic morphology of trees can be used to identify eroding banks.     

 Pizzuto et al. (2006 unpublished manuscript) describe visual methods used to map eroding 

banks.  Eroding banks are steeply sloping (typically nearly vertical) and they have little vegetation 

growing on them.  Direct evidence of erosion can occasionally be observed, typically consisting of 

slumped or otherwise failed bank materials.  Only eroding banks longer than about 30 m were included 

in visual surveys, though shorter sections of bank appeared to be eroding as well. 

 Narinesingh (2010) used a curvature-based hydrodynamic model to estimate bank erosion rates 

from Waynesboro to Port Republic.  The model was not used at any location where bedrock was 

exposed in the channel perimeter, and reaches with islands were neglected.  The hydraulic model 

provides estimates of the near bank velocity, which are related to bank retreat rates through a 

coefficient determined by calibration.  The model was calibrated to bank erosion rates determined from 

historical aerial photographs, and then used to estimate bank erosion rates where rates of migration 

were too low to be resolved using other methods.  

 At selected sites, the morphology of trees growing on the banks also provided clues to 

distinguish eroding banks from accreting and stable banks.  Measurements of the “lean angle” (Figure 

2.1) and the extent of tree undercutting (labeled “width” in Figure 2.1) were made on banks known to 

be stable, accreting, and eroding.  The detailed results of this analysis are presented by Pizzuto et al. 

(2010) and Stotts et al. (in revision) and are not repeated here, but these studies demonstrate that 

banks with highly undercut trees are characteristic of eroding banks (though remarkably, some extent of 

undercutting is also typical of trees on stable and accreting banks as well).   Many trees are undercut 

below the elevation of low water, providing a potential means for movement of bioavailable mercury 

from bank soils into the aquatic system.   

 Pizzuto (unpublished data, 2009) compiled volumetric bank erosion rates for all eroding banks 

from Waynesboro to Port Republic.  Erosion rates were obtained using historical aerial photographs, 

terrestrial LiDAR surveys, hydrodynamic modeling, and visual mapping.  Only banks composed of recent 

alluvium were included; areas mapped as terraces and alluvial fans were excluded, as were areas where 

bedrock is exposed along the banks.  Areas near islands were also not included, because changes in 

these areas were difficult to detect accurately.  Long-term erosion rates averaged from 1937-2005 were 

increased by a factor of 1.2, the average increase in bank erosion rates since 1974 documented by 

Pizzuto and O’Neal (2009), to provide estimates of contemporary erosion rates. 
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 In addition to documenting rates of erosion by the South River, erosion rates caused by cattle 

and burrowing animals such as beavers (Meentemeyer et al., 1998), muskrats, and kingfishers were also 

assessed.  Cattle access the South River at specific locations, trampling the banks.  Bank profiles were 

surveyed along these areas, and the amount of erosion was estimated by comparing eroded banks with 

non-eroded banks.  The volume of erosion by cattle was assumed to represent the total erosion over the 

entire 75 years since mercury was released into the South River. Burrows along the banks were mapped, 

and their diameter and depth estimated.  Burrow volumes were converted to burrowing rates by 

dividing by an estimated beaver lifespan of 10 years.    

Bank Accretion 

 Accreting banks were identified from lateral bank line migration on historical aerial imagery, 

dendrochronology, and mercury concentration profiles.  Bank accretion was detected on historical aerial 

imagery using identical methods as those used to detect bank erosion.  Dendrochronology provides 

evidence of accretion because sedimentation buries the basal roots of trees.  An average accretion rate 

can be determined by dividing the thickness of deposition by the age of the tree (determined by 

counting the number of annual rings) (Allmendinger et al., 2007; Hupp and Bazemore, 1993).  Mercury 

was released into the South River after 1929, so the presence of significant concentrations of mercury 

can be used as an approximate chronostratigraphic marker. 

Rates of Overbank Deposition 

 The average mass of sediment that accumulated on the floodplain from 1930-2007 was 

computed from mercury inventories sampled in floodplain cores.  These analyses were only completed 

within a short section of the South River from RRM 2.4-5.43.  Three different sampling programs 

provided 107 floodplain cores.  Cores were sampled at depth intervals varying in thickness from 0.15 -

0.75 m, a resolution too coarse for estimating sedimentation rates from the vertical distribution of 

mercury.  All samples were analyzed for total inorganic mercury, loss-on-ignition, and the percentages of 

sand, silt, and clay.  

 For each core, we computed the inventory of mercury, IHg, by multiplying the mercury 

concentration in each soil interval by the soil bulk density (using a representative value of 1200 kg/m3) 

and summing the results over all sampled intervals.  IHg has units of kg/m2; it represents the total mass 

of mercury deposited during overbank flows since 1930 per unit surface area of floodplain.  To obtain 

the corresponding mass of sediment, Ms, per unit area of floodplain deposited during the same time 

period, the mercury inventory is divided by the concentration of mercury on suspended sediment in the 

water column, CHgs: 
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where the terms in square braces ([]) indicate units.  Once the mass of sediment is known, its thickness 

can be obtained by dividing by the soil’s bulk density.     
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 To apply equation (1), CHgs must be specified in addition to IHg.  Generally, the concentration of 

mercury on suspended sediment should vary with water discharge and distance downstream (Flanders 

et al., 2010), and through time (Skalak and Pizzuto, 2010, in revision).  However, within our relatively 

short study area, measurements of mercury transported by the South River during baseflow and 

stormflow conditions vary little with distance downstream, so longitudinal variations in mercury 

concentration may be neglected.  Skalak and Pizzuto (in revision) describe a stochastic model for 

reconstructing yearly average mercury concentrations on suspended sediment from 1930-present using 

age dating and mercury analyses of sediments deposited from suspension behind accumulations of 

woody debris on the margins of the channel (termed “fine-grained channel margin deposits”).  Their 

results suggest that mercury concentrations on suspended sediment varied by more than two orders of 

magnitude from 1930-present.  We interpret CHgs to represent the concentration of mercury on 

suspended particles averaged from 1930 to the time of coring.  We obtain this time-averaged estimate 

from Skalak and Pizzuto’s (in revision)model by averaging 30 independent reconstructions of the annual 

mercury concentration carried by the South River on particles since 1930.  The resulting value of CHgs is 

229 +/- 9 (95% confidence interval) mg/kg.   

Local Scour of the Riverbed 

 Scour chains and repeat surveys of channel cross-sections were used to document changes in 

riverbed elevation caused by local erosion and deposition during high flow events.  Scour chains are 

steel chains inserted into the river bed; changes in the exposed length of the chains (measured relative 

to the bed surface) provide a means of documenting changes in bed elevation caused by erosion and 

deposition. Two transects were established, one at RRM 4.292 and the other at RRM 4.302.     Five scour 

chains were inserted at each transect at spatial intervals of two meters across the river bed.  A self-

leveling level was used to survey the bed at 1 m horizontal intervals across each transect.  These surveys 

provide additional data on changes in bed elevation caused by high flow events. 

 The scour chains and topographic surveys both document changes in bed elevation with time.  

However, the bed is not a planar surface – high spatial frequency variations in bed elevation can be 

caused by small and large sediment grains that “protrude” above the bed to varying extents.  This 

variation in the bed elevation limits the precision of any repeat measurement that uses the local bed 

elevation as a datum.  Using a detailed statistical analysis of measurement errors observed at the site, 

Pomraning (2011) determined that only scour and fill events exceeding 3 cm could be detected over the 

background topographic “noise” of the streambed.  

 The scour chains and survey transects were monitored from August 2010 to April 2011.  Four 

high flow events with recurrence intervals of 0.6 to more than 12 years occurred during this time. 

 A complete discussion of these studies is presented by Pomraning (2011). 

Determining the Residence Time of Fine-Grained Sediment of the Hyporheic Zone 

 Radiometric dating methods were used to determine the ages of silt, clay, and fine sand stored 

in the gravel river bed near the two transects at RRM 4.3 (details are provided by Pomraning, 2011).  
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Samples were obtained up to 40 cm below the ambient bed surface.  The activities of Pb210, Be7, and 

Cs137 were measured using a gamma detector.  Samples were also obtained of suspended sediment 

transported by the river during high flows to estimate the activities of radionuclides adsorbed to fine-

grained sediment at the time of deposition.  Pb210 has a half-life of 22.3 years, while the half-life of Be7 

is 53.4 days.   Cs137 was produced through atmospheric testing of nuclear weapons; the peak activity of 

Cs137 the atmosphere occurred in 1963, so the maximum activity in sedimentary deposits can often be 

used to identify sediment dating from 1963. 

 Once the distribution of sediment ages has been measured, the residence time of sediment in 

the hyporheic zone can be determined from reservoir theory (Bolin and Rhode, 1973). 

 A detailed discussion of the radiometric dating methods and results is presented by Pomraning 

(2011). 

RESULTS 

Geomorphology of the South River – Waynesboro to Port Republic 

Temporal Variations in High Stream Flows 

 The frequency of discharges with return periods greater than 1 year has not been constant from 

1925-2010 at the U.S. Geological Survey’s gauging station at Harriston (Figure 2.2).  An average of 0.88 

flows per year equaled or exceeded the 1-year discharge from 1925-1963, while 1.26 flows per year in 

this category occurred from 1963-2011.  Apparently, the frequency of high stream discharges has 

increased since the early 1960s.  This phenomenon is apparently regional, rather than just occurring at 

one gauging station along the South River: it can also be discerned at two other sites within the 

watershed of the Potomac River (Figure 2.3).  

Hydraulic Geometry 

 Geomorphic and hydraulic parameters for the South River from Waynesboro to Port Republic 

are summarized in Table 1.1.  The 2-year discharge increases 63% through this reach (from 84.5 to 137.4 

m3/s), while increases for the width and depth are 15% (26.8 to 30.8 m) and 8% (1.8 to 1.95 m), 

respectively.  The slope is slightly greater than 0.001 in the upstream half of the reach, but it increases 

to slightly greater than 0.002 in the downstream half.  The friction factor, summarized by (1/Cf)
0.5, is 

approximately constant, while mean velocities of the 2-year discharge increase by 39% (from 1.75 to 

2.44 m/s) and the Froude # increases by 37% (from 0.42 to 0.57).  Median grain diameters from selected 

bars and riffles appear higher downstream, increasing from 27-30 mm to 48-75 mm.  Because of the 

small number of samples, however, these results should not be interpreted as well-defined reach 

average values – they are just a few samples from active areas of the bed.  Shields numbers range from 

0.03-0.06, with higher values occurring downstream.  These values equal or slightly exceed those 

associated with incipient motion of the bed material (Buffington and Montgomery, 1997), suggesting 

that the bedload transport rates are very low at bankfull discharge, and that the bed is only in motion a 

few times per year at most (these observations are typical of gravel-bed rivers)(Parker, 1979).  
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 The valley of the South River is frequently inundated by overbank flows.  HEC-RAS modeling 

results (Pizzuto et al., in review, 2011) for the reach between RRM 2.4 and RRM 5.43 (4.0 and 8.5 km) 

downstream of Waynesboro indicate that 56 percent of the 100-yr floodplain is inundated every two 

years, and 83 percent of the 100-yr floodplain is inundated every five years.  Most of the alluvial valley 

of the South River is therefore influenced by the current hydrologic regime. 

Planform 

Bend morphology.  The South River has an average sinuosity of 1.3 (Narinesingh, 2010), lower 

than the most commonly cited threshold of 1.5 for truly meandering rivers (Knighton, 1998).  However, 

the upstream half of the study area has a sinuosity of 1.5, while the downstream half has a sinuosity of 

1.2.  Data from both upstream and downstream sections plot in the “meandering” field of the channel 

pattern diagram of Alabyan and Chalov (1998)(Figure 2.4), but all rivers in this diagram are considered 

alluvial, while the South River is strongly influenced by bedrock exposures. 

Narinesingh (2010) compared the bend morphology of the South River with that of the freely 

meandering Teklanika River, AK (previously used by Lancaster and Bras (2002) as an example of a typical 

meandering channel)(Figure2. 5).  Visually, the planform of the Teklanika River appears strikingly 

different from that the South River.  The South River appears to have fewer, shorter bends, and the 

bends of the South River seem to have larger radii of curvature.  These impressions are supported by 

measurements.  Narinesingh (2010) found that the bends of the South River have a median length of 5.5 

channel widths, much shorter than the median length of 8.0 widths for bends of the Teklanika River.  

Bends of the South River have a median radius of curvature of 13.2 widths, much broader and less 

tightly curved than the median radius of curvature of 4.5 widths displayed by the Teklanika River.  

Narinesingh (2010) also documented differences in bend classification and scaling between the South 

River and the Teklanika Rivers using fractal and spectral methods.  Narinesingh (2010) concluded that 

the planform of the South River is fundamentally different from that of the freely meandering Teklanika 

River. 

Islands.  On 2005 aerial imagery, 57 islands are visible between Waynesboro and Port Republic.  

A typical example is illustrated in Figure 2.6. Thirteen islands occur in the first 12.5 mi (19 km) (1 

islands/mi)(Figure 2.7), while 43 islands occur in the next 12.5 mi (19 km) (4 islands/mi).   In a study of 

historical aerial photographs, Jurk (2012) could not identify any islands that formed between 1937 and 

1974, but 10 islands formed from 1974-2005, a rate of 0.013 islands/km/year (10 islands over 38 km 

over 21 years).  Jurk (2012) determined that most islands form along the South River by incision of new 

channels into the floodplain, though two islands formed from gravel bars that were initially deposited 

within the margins of the active channel. 

Longitudinal Profile 
 
 Pizzuto et al. (2006, unpublished report) noted that the longitudinal profile of the South River 
between Waynesboro and Port Republic could be divided into two different sections.  The upstream 
section, from RRM 0-13 (0-20.8 km), has an average slope of 0.0013, while the downstream section, 
from RRM 13-25 (20.8-38 km), has an average slope of 0.0024.  This difference in slope is mirrored by 
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important changes in the frequency of islands, the grain size of flood plain deposits, rates of bank 
erosion, and other important geomorphic processes along the channel of the South River. 
 
 Pizzuto et al. (2006, unpublished report) also described 5 long “pooled” sections of the South 

River.  The pooled reaches have slopes that vary from 0.000051 to 0.00082, and range from 0.4 mi (0.6 

km) to about 1.4 mi (2.6 km) in length.  Some of the pooled reaches appear to have formed along 

bedrock “sills” exposed in the floor of the main channel, while others may be caused by tributary inputs 

of coarse gravel that impound sections of the stream. 

 Over shorter spatial scales, longitudinal profiles reveal the influence of bedrock exposures, 

colonial mill dams, and pool and riffle morphology (Figure 2.8).  Within the approximately 4 mi (6.4 km) 

reach of Figure 2.8, 38% of the river’s elevation loss occurs in steep areas over 8 bedrock exposures.  

Several of these bedrock exposures are vertical “steps” that drop several feet (up to 0.6 m).  A significant 

vertical drop of almost 2 feet (0.6 m) also occurs over the remnants of Dooms Dam.  Fourteen pool-riffle 

sequences were mapped within this reach, with an average spacing of 7.9 +/- 5.5 (standard deviation) 

channel widths, similar to the 5-7 channel widths commonly observed for the spacing of pool-riffle 

sequences in alluvial streams. 

Valley and Floodplain Morphology and Sediment Texture 
 
 Confinement of the South River. The alluvial valley of the South River is confined by bedrock, 
alluvial fans, and terraces (Figure 2.9), limiting the ability of the South River to freely meander.  The 
alluvial valley is relatively wide (300-1200m) in the upstream half of the study area, but narrows 
considerably (0-400 m) in the downstream half (Figure 2.10).   Bedrock is exposed along the channel 
boundaries over 53% of the length of the channel (Narinesingh, 2010)(Figure 2.11). 
 

Texture of Floodplain Deposits. Figures 2.12 and 2.13 summarize analyses of clay, silt, and sand 
content from floodplain surfaces inundated 4-0.5 times per year.  Median values differ depending on the 
reach sampled (Figure 2.12, Table 2.3).  The median percentage of clay varies from 11%-20%, while the 
ranges for silt and sand are 16%-26% and 56%-72%.  The percentages of clay and silt are highest in 
reaches 2-3 (2.4 – 9.9 mi (3.8-15.9 km) downstream of Waynesboro) and 3-4 (5.3- 16.5 mi (8.5-26.5 km) 
downstream of Wayneboro), respectively, while the percentages of sand are highest in reaches 1 (0-2,4 
mi (0-3.8 km) downstream of Waynesboro) and 5 (16.5 – 20 mi (26.5-32.0 km) downstream of 
Waynesboro).  Valley slope appears to exert a strong control on the texture of floodplain deposits; clay 
and silt percentages decrease with increasing valley slope, while sand percentages increase with 
increasing valley slope (Figure 2.13).     
 
 Floodplain Channels. The floodplain surface is cut by numerous channels of potentially diverse 
origin.  Some channels are oriented directly downvalley; these appear to be incised by energetic 
overbank flows that cut across large bends of the South River.  Many of these floodplain channels have 
been only slightly modified since 1937 (Figure 2.14).  Other floodplain channels are “chute” channels 
that cut across smaller bends of the South River (Figures 2.15 and 2.16).  The erosive origin of these 
channels is obvious in the field (Figure 2.11B).  Some floodplain channels are former mill races (Figure 
2.6). 
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Natural Levees.  Natural levees are created when overbank flows deposit sediment 
preferentially at the margins of the channel, elevating the floodplain at the channel’s banks and creating 
a floodplain surface that slopes away from the channel (Figure 2.17).   Natural levees are particularly 
pronounced during periods of vertical floodplain accretion and slow lateral migration by river channels 
(Pizzuto, 1987, Pizzuto et al., 2008).   
 
 Natural levees along the South River typically have a total relief of less than 1 m and are a few 
tens of meters long (Figure 2.17, Pizzuto et al., unpublished 2006 manuscript).   Pizzuto et al. 
(unpublished 2006 manuscript) found natural levees along 4.2 miles (6.7 km) (17%) of the study reach.  
Natural levees only very rarely occur on both sides of the channel, so natural levees only occur along 
about 8% of the floodplains of the study reach.  80% of the natural levees along the South River occur in 
the upstream half of the study reach (Pizzuto et al., unpublished 2006 manuscript).    
 
Mill Dams 

 A variety of sources suggest that 14 mill dams existed along the South River from Waynesboro 

to Port Republic in the early 20th Century (Table 2.2).  Many of the mill dams were built in the late 1700s 

and early 1800s.  Mill dams did not typically span the entire alluvial valley, but were usually somewhat 

wider than the average bankfull width of the channel.   No measurements of mill dam heights are 

available, but remaining dam structures suggest that the dams were built to the height of the current 

active floodplain, or slightly less (since the floodplain itself was not widely inundated by mill dam 

impoundments).  All of the “mill dams” were not necessarily permanent structures: the dam for the 

Harriston Mill (16.1 mi (25.87 km) downstream of Waynesboro) (Figure 2.6) “did not have a structured 

dam on the river..(the owner) hired Earl Batten to bulldoze the rock river bottom to divert part of the 

river flow to the mill” (quote from a letter of Joe T. Moomau in Downs et al., 2004).    

 The mill dams likely exerted an important influence on the hydraulics of the South River during 

the early 20th Century.  Downs et al. (2004, p. 191) note that “E. Folger Taylor, long-time DuPont water 

control specialist, often characterized the South River in the early part of the Century as a series of mill 

ponds.  Dams from Serando to Port Republic were strategically located, often at 2 or 3 mile intervals”.  

Pizzuto and O’Neal (2009) used standard step-backwater computations to evaluate the influence of mill 

dams on the 5-year flood.  They concluded that the mill dams typically influenced stream velocities for 

about 1.9 mi ( 3 km) upstream of each mill dam, and that approximately 83% of the entire study reach 

experienced some backwater effect of mill dams during the 5 year flood.   

 All of the mill dams on the South River were breached by the mid 1970s.  Dooms Dam was 

apparently breached first in 1976, leaving most of the structure intact.  The breach was significantly 

widened again sometime between 2002 and 2005.  Much of the original dam is still in place, though the 

central portion has been washed away.  Pizzuto and O’Neal (2009) ascribe an increase in bank erosion 

rates from after 1957 in the entire study reach to the demise of most mill dams just before this time 

interval. 

Bank Erosion Processes and Rates 
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 Bank erosion processes. Eroding banks of frequently inundated floodplains along the South 

River are typically around 1-2 meters high (Rhoades et al., 2009)(higher banks usually represent alluvial 

fan or terrace deposits that were formed under pre-existing hydrologic regimes).  Bank sediments are 

composed of weakly stratified sand, gravel, silt, and clay.  Bank sediments are typically cohesive, often 

throughout the entire vertical extent of the bank:  composite banks composed of cohesive fine-grained 

silts and clays overlying non-cohesive sand and gravel, though typical of many single-thread, mixed-load 

rivers, are not abundant along the South River.  Bedrock is often exposed in the banks.  A narrow band 

of riparian forest is commonly found along the South River’s banks, though some banks are vegetated by 

grasses and shrubs.  

 Banks along the South River appear to erode through a combination of physical and biological 

processes.  Soil particles on unvegetated soil surfaces can be entrained by hydraulic erosion that occurs 

during high flow events.  Hydraulic erosion may be greatly facilitated by previous freeze-thaw cycles that 

loosen soil surfaces.  In winter months, the formation and melting of needle ice can move soil particles 

without hydraulic forces.  Undercut blocks, often held together by the roots of grass or shrubs, 

occasionally fail by toppling or shear (termed “subaerial erosion by Pizzuto (2009) because it often 

occurs above the elevation of high flow stages).  The geometry of toppling grassy blocks is captured by 

terrestrial laser surveys (O’Neal and Pizzuto, 2010).  Undercut trees on eroding banks also topple into 

the river, often carrying large volumes of soil with them.  Beavers, river otters, muskrats, and kingfishers 

all dig tunnels into the river’s banks, and cattle trample the banks where they have access to the South 

River.   

 Pizzuto (2009) illustrates the typical scale and setting of hydraulic and subaerial erosion on 

unvegetated river banks caused by individual high flow events.  Hydraulic erosion occurs below the 

elevation of the maximum flow stage, and a single event typically removes a section that averages 0.057 

m thick (measured normal to the plane of the bank face) and 0.5 m long (measured parallel to the bank 

face)(Figure 2.18).     Subaerial erosion occurs higher on the bank face, and these processes typically 

remove an approximately triangular block that averages 0.72 m long and 0.22 m wide.  On the 

Brandywine Creek, hydraulic erosion accounted for 87% of the total volume of unvegetated soil erosion 

(Pizzuto, 2009). 

 Trees exert a profound influence on bank erosion processes along the South River.  Trees not 

only reduce average rates of bend migration:  they can also modify the nature of bank erosion 

processes.  Some tree species (American sycamore and silver maples, for example) develop a “wall” of 

exposed roots that can completely cover exposed bank soils.   This “tree armoring” in some locations 

effectively eliminates bank erosion along the South River.   More commonly, trees growing along the 

bank can only be gradually removed over a period of many years of bank erosion, gradually succumbing 

to slow undercutting by erosive flows.  These processes create a cycle of bank retreat summarized by 

Pizzuto et al. (2010)(Figure 2.19).  Pizzuto et al. (2010) also suggest that 1) bank erosion is dominated by 

small erosion events that do not involve tree failures, and 2) episodic removal of large volumes of soil by 

tree failures increases the variance of bank retreat rates.  Pizzuto et al. (2010) demonstrate that a 

minimum of 4 years of monitoring are needed to measure rates of bank migration to within 10%. 
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 Bank erosion rates.  Rhoades et al (2009) document average bank erosion rates along the South 

River from Waynesboro to Port Republic from 1937 to 2005 using aerial imagery and LiDAR data.  Bank 

retreat rates are remarkably low, with rates ranging from 0.01 m/yr to a maximum of 0.35 m/yr.  Rates 

are approximately lognormally distributed, with a modal rate of 0.05 m/yr.  The greatest proportion of 

bank erosion occurs near islands (33%)(Table 2.4), while 26% of bank erosion occurs through lateral 

channel migration.  Bank erosion also occurs in straight reaches (15%), near locations of former mill 

dams (8%), and at tributary confluences (6%). 

 Pizzuto and O’Neal (2009) document temporal changes in bank erosion rates at 14 sites for 

1937-1957, 1957-1974, and 1974-2005 using aerial imagery.    From initially low values between 1937 

and 1957, mean bank erosion rates increased by more than a factor of 2 after 1957, remaining high 

through 2005.  Accelerated bank erosion rates could not be explained by changes in storm intensity, the 

frequency of freeze-thaw cycles, or by changes in the density of riparian trees.  While Pizzuto and O’Neal 

(2009) proposed that increased erosion rates could be explained by the demise of mill dams along the 

South River by 1957, the discovery of a coeval increase in the frequency of >1 year recurrence interval 

discharges could also be responsible. 

 The distribution of contemporary annual bank erosion rates is heavy-tailed, with abundant small 

rates and a very extensive range of rare larger erosion rates (Figure 2.20).  The median volumetric rate 

of bank erosion is about 3 m3/yr, and 90% of bank erosion rates are less than 12 m3/yr.  The upper 10% 

of bank erosion rates, however, extends another order of magnitude, to nearly 120 m3/yr.  Apparently 

small rates of bank erosion are very common, while a few large rates provide the greatest amount of 

material.  

 Bank erosion rates are not randomly distributed spatially along the South River (Figure 2.21).  

Very high bank erosion rates occur at two areas where the river has been disturbed by human activities 

(areas “1” and “4” in Figure 2.21).  The first of these (area “1”) is an area where a long meander bend 

was cut off artificially in the early 1970s downstream of Waynesboro to reduce flooding (bank erosion is 

occurring now in the new cutoff channel, not the former meanderbend!), and the second (area “4”) is an 

area where the river has been channelized and influenced by a gravel mining operation.  Together, these 

two areas account for 40% of the total bank erosion from Waynesboro to Port Republic (it is important 

to remember that bank erosion and mercury loading are not directly correlated, because eroding banks 

may have low mercury concentrations, which is indeed the case for area 1 and also for area 4 (see 

section IV).  Areas “2” and “4” in Figure 2.21 are confluences where tributaries enter the South River 

from the east, carrying high coarse bed material loads from the nearby mountains.  Bank erosion occurs 

as confluence deposits force the channel to migrate laterally.  These two confluences supply an 

additional 16% of the total bank erosion in the reach, so that areas 1-4 together account for 56% of the 

total bank erosion.  Area “5” in Figure 2.21 is a long reach extending from 2.5 mi (4 km) to 10.0 mi (16 

km) downstream of Waynesboro where bank erosion rates average 38% higher than average, largely 

due to the high density of eroding alluvial banks, rather than to increased bank erosion at any individual 

bank.  This reach accounts for 42% of the total bank erosion from Waynesboro to Port Republic.  The 

reach from 10 mi (16 km) to about 20 mi (32 km) downstream of Waynesboro has lower than average 
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rates of bank erosion, likely due to the less abundant exposures of recent alluvium along this section of 

the South River. 

Storage of fine-grained sand, silt and clay within the wetted perimeter of the South River 

 Fine-grained channel margin deposits.  Skalak and Pizzuto (2010), Skalak (2009), and Pizzuto et 

al. (unpublished 2006 manuscript) identified deposits of fine sand, silt, and clay that accumulate in the 

lee of obstructions to flow (mostly downed tree trunks referred to as “large woody debris”, or LWD) 

along banks of the South River.  These deposits are termed “fine-grained channel margin” (FGCM) 

deposits.  Skalak and Pizzuto (2010) mapped 54 deposits along the study reach that store a total of 2150 

m3 of sediment (1505 metric tons), equivalent to 17-43% of the South River’s annual suspended 

sediment load (Skalak  and Pizzuto, 2010).  FGCM deposits do not form where the river’s longitudinal 

slope exceeds 0.0025, so they are almost exclusively found upstream of RRM 13. 

 Skalak and Pizzuto (2010) report results of radiometric dating of samples from FGCM deposits.  

Ages range from 1 year to more than 60 years.  Most ages are less than 10 years.  Skalak and Pizzuto 

(2010) argue that the turnover time for sediment in FGCM deposits is 1.75 years, suggesting that most 

sedimentary particles deposited in FGCM deposits are removed quickly by erosional processes (though 

some particles remain in place for many decades). 

 Storage of sand, silt, and clay in the hyporheic zone.  Pizzuto et al. (unpublished 2006 

manuscript) report measurements of the mass of sediment stored in the hyporheic zone of the bed 

material of the South River.  Hyporheic zone storage averages 0.05 kg/m2 of bed surface area.  

Pomraning (2011) used radiometric dating methods to determine the ages and rates of reworking of 

fine-grained sediment stored in the hyporheic zone; these results are discussed below. 

Rates and Patterns of Erosion and Deposition RRM 2.54-5.43 

Erosion And Deposition – Near Bank Regions 

 Figure 2.22 shows the locations of geomorphic features along the channel margins from RRM 

2.4-5.43.  Two small islands (RRM  3.4 and RRM 5.15) are beginning to develop, with well-developed 

scour channels forming as chute cutoffs on the insides of gentle bends.  If these processes continue, 

permanent channels will develop, isolating small areas of the floodplain as islands.  Where Sawmill  Run 

enters the South River at RRM 4.73, a large confluence bar composed of sand and gravel has developed.  

The confluence bar has also deflected the channel into the opposite bank, forming one of two sections 

of the river where bank erosion can unambiguously detected from historical aerial photographs 

between 1937-2005 in this reach (the other is located on the left bank at RRM 3.0). 

 Bank erosion. Approximately 27% of the banks in the reach are eroding.  Only banks composed 

of recent alluvium were included in the assessment of bank erosion rates: banks influenced by bedrock 

(14% of the channel length) and engineering structures (13% of the channel length) were not evaluated.  

Banks composed of alluvium comprise 73% of the reach, and more than 1/3 of these are eroding.  

Eroding banks not only occur on the outsides of bends, but also on the insides of bends and along 
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straight reaches.  In three reaches, banks on both sides of the channel are eroding, suggesting that the 

channel is widening is these areas.   

 The total annual mass flux of sediment supplied to the South River by bank erosion in this reach 

is 2.4 +/- 1.2 x102 Mg/yr, equivalent to 3% of the annual suspended sediment flux through the reach 

(Table 2.5).   Nearly all of this is due to fluvial processes: the amount contributed by animals is 0.013 

x102Mg/yr, two orders of magnitude lower than direct fluvial erosion by the river.  By far the largest 

area of bank erosion is across the channel from the confluence between the South River and Sawmill 

Run, where the confluence bar forces the channel into the opposite bank (Figures 2.21 and 2.22).  

 Near channel floodplain accretion.  Pizzuto (in press) developed a method for predicting the 

accumulation of mercury on relatively flat, near-bank areas of the South River.  Although this approach 

explicitly predicts inorganic mercury inventories through time (with units of mercury mass per unit 

floodplain area), Pizzuto (in press) also presents predictions of sediment accumulation (which can be 

derived from the theory by a simple change in units).  Most (but not all) of the data used to develop this 

approach were derived from RRM 3.4-5.43, so the predictions of the method are relevant to discuss 

here. 

 Pizzuto’s (in press) results indicate that the most important factor influencing near channel 

floodplain accretion is the frequency of inundation by floodwaters.  Forested riparian vegetation 

increases sedimentation rates by a factor of 3.05 compared to areas with grassy vegetation.  

Floodwaters deeper than 0.98 m tend to transport, rather than to deposit, sediment.  Sedimentation is 

enhanced where lateral migration provides increased accommodation space for sedimentation, but 

because of the slow rates of lateral migration of the South River, this effect was only important at 4 of 

27 sites studied by Pizzuto (in press).    

Floodplain accretion through lateral migration. 

 Between RRM 2.4 and 5.43, floodplains were formed through lateral migration at 6 areas on the 

insides of gentle bends (Figure 2.22).  Accreting bank segments have a total length of 0.34 miles in this 

reach, or 8 % of the total, far lower than the 27% of banks that are eroding.   

 Floodplains developed through lateral migration have been widely described by 

geomorphologists.  On meandering rivers, bed material accumulates in point bars within the channel on 

the insides of bends.  As the river migrates laterally, floodplain deposits accumulate on these bar 

deposits, creating a gently sloping, fining-upwards floodplain deposit created on the insides of laterally 

migrating bends. 

 Similar processes occur at locations along the South River where rates of lateral migration are 

unusually high (Figure 2.23).  At these sites, a steeply sloping bank at the outside of the bed erodes and 

migrates laterally, while deposition on the inside of the bend creates a more gently sloping floodplain.  

As is typical of meandering rivers, deposition and erosion appear to be more or less in balance, such that 

the channel form is approximately preserved as the river migrates laterally.  Newly formed floodplain 

deposits in Figure 2.23, however, do not fine-upwards: sediments at the bottom of the laterally accreted 
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floodplain consist of sandy mud (with mercury concentrations that exceed 200 mg/kg!), and overlying 

deposits consist of muddy sand (with mercury concentrations less than 10 mg/kg).  This does not 

indicate any change in sediment supply through time, but rather reflects the nature of floodplain 

accretion processes along the South River. 

 The floodplain deposits of Figure 2.23 are relatively rare along the South River, however, 

because rates of lateral channel migration are typically too slow to provide the accommodation space 

necessary to develop extensive, gently sloping deposits on the insides of bends.  The pattern of 

deposition illustrated in Figure 2.24 is more typical, where only a few meters of sand, gravel, muddy 

sand, and sandy mud has accumulated on the inside bank since 1930.  The newly accreted floodplain is 

vegetated by mature trees, and its active bank is very steep.  Many of the trees growing along this bank 

are undercut (Stotts et al. (in revision) report an average distance of undercutting of 15 trees of 20 cm, 

with a range of 0-70 cm and a median of 0 cm), suggesting that the bank is susceptible to erosion.  

Erosion of this site is of particular concern, because the sediments at the base of the deposit have 

mercury concentrations that exceed 400 mg/kg. 

 It is not obvious how sediment could accumulate on the steep bank at the site illustrated in 

Figure 24.   Figure 2.25 presents a working hypothesis based on observations from different sites along 

the South River.  Deposition is initiated by the creation of a fine-grained channel margin deposit in the 

lee of an obstruction (typically a downed tree) along the inside bank.  Sediment continues to accumulate 

in this protected area until the upper surface of the deposit is above the base flow water level.  At this 

point, vegetation can grow, further stabilizing the deposit and initiating additional deposition.  More 

extensive root systems provided by growing trees can provide additional stability, protecting the banks 

against lateral erosion.  If these processes are able to continue without removing the new deposit, the 

accumulation of a complete floodplain sequence can occur in 70 years (Figure 2.24).  The original fine-

grained channel margin deposit at the base of the sequence is ultimately buried, and its presence can 

only be detected through detailed core sampling. 

Overbank Sedimentation 

 Overbank sedimentation rates on the floodplain for RRM 2.4-5.43 averaged from 1930-2007 are 

remarkably low (Figure 2.26).  Median centennial accumulation rates are 3.8 cm/100 yrs for the <0.3 yr 

floodplain, 1.37 cm/100 yrs for the 0.3-2 yr floodplain, 0.4 cm/ 100 yrs for the 2-5 yr floodplain, and 0.1 

cm/100 yr for the 5-62 yr floodplain.  These rates are 1.5-3 orders of magnitude lower than rates of 

sedimentation reported in the literature for the onset of European settlement to the beginning of the 

20th Century at various sites in the Eastern and Midwestern U.S. (including two sites along the South 

River where post-settlement accumulation rates are estimated from the thickness of sediments 

deposited over buried A horizons).   These low sedimentation rates indicate that the floodplain 

morphology along the study area is mostly a result of sedimentary processes that occurred prior to the 

20th Century. 

 The average annual mass of sediment accumulating on the floodplain is 6.4+/- 2.2 x102 Mg/yr 

(Table 2.5), approximately 3 times larger than the 2.2 +/- 1.1 x102 Mg/yr returned to the river through 



39 
 

bank erosion, and about 9% of the average annual suspended sediment flux.  This figure does not 

explicitly include the 6 areas where floodplains have accreted through lateral migration of the stream 

channel (Figure 2.22).  The amount of sediment added by these 6 areas is less than uncertainty of 2.2 

x102 Mg/yr quoted above, so it is obvious that floodplain accumulation by lateral accretion is a much less 

significant process than overbank deposition on the broad expanse of the entire floodplain.   

Local Scour of the River Bed 

 Four high flow events occurred while scour chains and topographic surveys documented 

changes in bed elevation (Table 2.6).  These high flow events occurred on Sept. 28 and Dec. 1, 2010, and 

March 10 and April 16, 2011.  Recurrence intervals ranged from 0.61 to 12.76 years (based on the 

U.S.G.S. stream gauging station at Waynesboro), flow depths varied from 2.8 m to 4.2 m, and the Shields 

parameter for all flows was near or slightly in excess of the threshold of sediment motion, indicating 

that at least some of the bed material should have been moved by all of these flows.   

 Scour and fill measurements (Figure 2.27) indicate that most of the time the bed elevation did 

not change significantly during these flow events: few measurements exceed the background “noise” of 

random topographic variability of the streambed caused by variations in particle size and protrusion.  

The data of Figure 2.27 include 12 significant measurements of scour and 13 significant measurements 

of fill out of a total of 197 observations, implying that 6% of the bed was affected by scour and 7% of the 

bed was affected by fill.  Given the small numbers of significant observations, no attempt has been 

made to correlate the frequency of scour and fill with the magnitude of the 4 flows summarized in Table 

2.6.      

 These data suggest that the streambed of the South River is quite stable: even a flow with a 

recurrence interval of more than 10 years only causes significant scour and fill over less than 10% (and 

likely closer to 5%) of the bed.   The monitoring station is located between two bedrock exposures, one 

located around RRM 4.1 and the other near RRM 4.4 (Figure 2.7), so the stability of the bed in this area 

should not be surprising. 

Residence Time of Fine-Grained Sediment Stored in the Hyporheic Zone 

 The distribution of ages of fine-grained sediment (fine sand, silt, and clay) stored in the 

hyporheic zone determined using radiometric dating at RRM 4.3 spans more than 50 years (Figure 2.28).   

Approximately 25% of the stored sediment is younger than 10 years, while slightly less than 80% of the 

stored sediment is less than 50 years old.  The median age of stored sediment is about 32 years old (all 

of these age estimates have considerable uncertainty (possibly ~50% or more) but there is no rigorous 

basis for quantifying the range of error involved).  If the mass of stored sediment and the distribution of 

ages has remained constant through time, then reservoir theory predicts a residence time of 36 years 

for fine-grained sediment stored in the hyporheic zone.  Note that the residence time is defined as the 

time required to remove a mass of sediment from storage equal to the total mass stored; this does NOT 

imply that all the stored material will be recycled during one “residence time” because new material is 

continually being added, some of which is removed quickly, while other material may be stored for 

longer than the residence time.   
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Sediment Budget RRM 2.4-5.43 

 A sediment budget for RRM 2.4 – 5.43 is presented in Figure 2.29 and Tables 2.5 and 2.7.  The 

annual suspended sediment flux in this area is 73 +/- 19 x102 Mg/yr (Table 2.5), a value that represents 

an average of two available estimates, one determined by Skalak (2009) using a regional rating curve 

and the other from Eggleston(2009), who used an watershed modeling approach.  The floodplain stores 

36000 +/- 13000 x102 Mg, or 493% of the annual suspended sediment load.  Overbank deposition 

increases floodplain storage by 6.4 +/-2.2 x102 Mg/yr (9% of the average annual suspended sediment 

load), while fluvial bank erosion removes 2.4+/-1.2 x102 Mg/yr (3% of the annual suspended sediment 

load).  Bank erosion by animals is negligible.  FGCM deposits store 4.5+/-2.6 x102 Mg (6% of the annual 

suspended sediment load), and the annual exchange between FGCM deposits and the water column is 

3.2 x102 Mg/yr (4% of the annual suspended sediment load).  Fine-grained sediment of the hyporheic 

zone is negligible in terms of storage or flux (though mercury-contaminated sediment stored in the 

hyporheic zone may provide an important source of mercury for the South River’s aquatic flood web). 

 The sediment budget defines the important pathways of suspended sediment transport and 

storage at the reach scale along the upstream half of the study area.  Sediment entering the reach in 

suspension has a significant chance (slightly greater than 10%) of being stored within the reach.  The 

probability of sediment being stored on the floodplain is slightly greater than the probability of storage 

occurring in FGCM deposits within the channel perimeter.  The sediment stored is replaced by new 

sediment derived from bank erosion and reworking of FGCM deposits.  Because about 10% of incoming 

suspended sediment is stored within the reach, 10% of the suspended sediment leaving the reach is new 

sediment produced by erosion from the floodplains and FGCM deposits (assuming that the sediment 

budget is considered to be approximately in balance).  Further implications of the sediment budget for 

long-term sediment movement along the South River are explored in the Discussion. 

DISCUSSION 

Geomorphology of the South River 

Classification of the South River 

 River classifications provide a useful basis for communication and prediction.  Organizing rivers 

into discrete classes provides a basis for understanding the geomorphic features likely to be present 

along a particular river valley and for predicting river behavior.   The type of classification that is useful 

will depend on the purpose of the classification, the spatial scales of interest, and other variables.  

Features used for classification include the morphology of the river’s valley and floodplain, geomorphic 

features of the river’s bed and banks, riparian vegetation, large woody debris, sediment characteristics 

of the streambed, banks, and floodplain, and other variables (Kondolf et al., 2003). 

 The geomorphic features of the South River are summarized in Table 2.8.  The valley of the 

South River is irregular, rather than straight or sinuous.  The South River is partly confined by its valley 

according to the classification of Brierly and Fryirs (2005), who use this terminology where 10-90% of the 

channel length is against the valley margin.  The channel planform in sinuous rather than meandering, 
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with abundant islands that suggest a tendency towards anastomosis.  The floodplain itself is 

discontinuous, with the South River frequently flowing along banks composed of bedrock, alluvial fan 

deposits, or older alluvium mapped as terraces.  Landforms on the floodplain are poorly developed, 

featuring channels scoured into the floodplain surface and poorly developed natural levees.  Recent 

floodplain deposits consist of mixtures of sand, silt, and clay that typically overlie fluvial gravels.   River 

banks composed of alluvium are cohesive throughout, with gravel only exposed at the lowest elevation 

of eroding cutbanks, so the South River’s banks are dominantly cohesive rather than composite 

(composite banks have a significant thickness of noncohesive sand and gravel underlying a relatively thin 

cohesive layer of sand, silt, and clay).   The riparian vegetation is mostly forest, with some areas of 

pasture or active agriculture.  Actively eroding banks are abundant, while depositional banks are 

relatively rare.  Landforms on the stream bed include pools and riffles, bedrock drops < 1m high, and a 

few long pools (~ 1-2 km in length).  The bed material consists mostly of gravel, with abundant sand and 

interstitial silt and clay.  Bedrock exposures occur along 53% of the channel’s length. 

 The geomorphic features of the South River are not similar to those of the most commonly cited 

river types.  The South River is neither meandering nor braided, and it is not really anastomosing.  Fluvial 

processes and features typical of meandering and anastomosing streams may occur locally along the 

South River, but conceptual models for the behavior of these commonly cited stream types do not really 

apply to the South River. 

 The South River is best described as a gravel bed, bedrock stream (following terminology of 

Turowski et al., 2008) with a tendency towards anastomosing.  The frequent exposures of bedrock in the 

channel and consistent morphological differences between the planform of the South River and typical 

meandering channels suggests that bedrock is an important influence on the South River.  However, the 

South River also exhibits a (partly) gravel bed, discontinuous floodplain, local pool/riffle morphology, 

and other features typical of alluvial streams.   Frequent islands indicate an important anastomosting 

tendency.  Thus the South River is a hybrid stream type, with characteristics of bedrock streams, alluvial 

streams, and anastomosing streams.  As a result, geomorphic processes of the South River should not be 

similar to those of meandering streams, bedrock streams, or to any more commonly described alluvial 

stream type. 

Upstream and Downstream Reaches 

 Even though the previous discussion accurately describes the geomorphic characteristics of the 

entire study reach, the upstream part of the study area (RRM 0-13) is distinctly different from the 

downstream part (RRM 13-25) (Table 2.9).  In the upstream part, the channel is more sinuous, more 

gently sloping, and it stores more fine-grained sediment in FGCM deposits than the downstream part.  

The upstream part has fewer islands than the downstream part.  The floodplain of the upstream part is 

finer grained and wider than the floodplain of the downstream part.  More sediment is supplied to the 

channel from eroding banks upstream than downstream. 

 Geomorphic differences between the upstream and downstream parts of the study area have 

important implications for sediment transport processes.  The lower slope, finer grained floodplain, 
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abundant natural levees, and increased FGCM storage suggests that suspended sediment is more likely 

to be stored in the upstream part of the study area, while transport may predominant in the 

downstream part.   The greater sinuosity and increased bank erosion also suggest higher rates of 

floodplain reworking through bank erosion in the upstream section, though this may be somewhat 

offset by higher rates of island formation downstream.   

The Sediment Budget 

 The sediment budget of the South River (documented in detail only for RRM 2.4-5.43) is 

remarkable for several reasons.  Geomorphic mapping demonstrates that bank erosion is a dominant 

process along the margins of the channel, but nonetheless, more sediment is stored on the floodplain 

(by a factor of 3!) than is returned to the channel through bank erosion.  The FGCM deposits are an 

important component of the sediment budget:  the annual flux of sediment into and out of FGCM 

deposits exceeds that supplied by bank erosion, and is only slightly less than the total stored on the 

floodplain.  The sediment budget also confirms that bank erosion by animals and exchange with the 

hyporheic zone are at least two orders of magnitude smaller than the other budget components.     

 All estimates of sediment budget components have significant uncertainties, with errors of 20-

around 50% (Tables 2.5 and 2.7).    With this level of uncertainty, it is difficult to be particularly confident 

regarding differences in magnitude between bank erosion and floodplain deposition.  Treating these 

fluxes as equal leads to some useful estimates of time and spatially averaged suspended particle 

transport rates.    Averaging the rates of overbank deposition and bank erosion provides an estimate of 

the annual average exchange rate between the water column and the floodplain, which is listed in Table 

2.5 as 4.4+/-2.5 x102 Mg/yr.   

Time and Spatially Averaged Suspended Particle Transport Rates 

The sediment budget can be reformulated to provide informative summary measures of the fate 

of suspended particles transported by the South River (Table 2.10).  The total mass of sediment 

exchanged per year between all storage compartments of RRM 2.4-5.43 and the water column is 7.6+/-

3.1 x102 Mg/yr, or 10% of the annual suspended sediment load carried by the South River (Table 2.5).  

The fraction of suspended sediment exchanged per km can be estimated by dividing the annual 

exchange rate by the annual load and the length of our study reach:  0.022 +/- 0.010 km-1.  The inverse 

of this, 46 +/- 22 km (28 +/-/13 mi), is the distance required, on average, to exchange all the suspended 

sediment in transport with sediment supplied from local storage compartments along the river corridor.   

The timescale associated with this particle exchange can also be estimated from the sediment budget.  

The average duration of storage (the residence time) is the ratio of the total mass stored (3600 x 105 kg) 

to the annual mass exchange rate; the sediment budget yields an estimate of 4800 +/- 2600 years (Table 

2.10).  While this estimate may initially appear unreasonably long, it is consistent with radiocarbon dates 

from floodplain deposits of many upland areas of the Chesapeake Bay watershed, which typically range 

from 1,000 to 10,000 years B.P. (Merritts et al., 2011; Pizzuto, 1987; Walter and Merritts, 2008).   A 

recent sediment budget of a 6th-order stream in the Georgia Piedmont (Jackson et al., 2005) resulted in 
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an estimate of 6-10 millennia to “excavate and transport all of the sediment deposited on the 

floodplains” (quoted from Jackson et al., 2005).   

  The exchange length(46 km) divided by the residence time (4800 yrs) provides a spatially and 

temporally averaged velocity of suspended sediment particles that accounts for storage and exchange.   

According to our analysis, this value is 9 +/- 7 m/yr, an astonishingly slow transport rate. 

 The computations presented in this section, of course, do not directly apply to the “real” South 

River, but are meant to indicate rates that would exist if the conditions from RRM 2.4-5.43 were held 

constant for a long section of river many tens of kilometers long.    For example, the slope of the South 

River increases dramatically in the downstream half of the entire study area, and the computations 

presented above do not reflect these changes.   

Temporal Evolution of the South River 

 The long term evolution of the channel of the South River is important to consider when 

designing and implementing strategies for mitigating mercury contamination of the South River.  

Successful plans should anticipate future changes to the river, which may require adaptive management, 

ongoing maintenance, and possible future modifications of active or passive river engineering 

structures.   

 Studies of the mid-Atlantic streams suggest a recent history of dramatic change largely imposed 

by humans.  Jacobson and Coleman (1986) argued that upland soil erosion initiated by poor agricultural 

practices in the 19th Century caused rapid vertical accretion of floodplains.  Early in the 20th Century, 

sediment supplies decreased as soil conservation practices improved and agriculture declined in the 

region, and streams began to develop small, relatively coarser-grained floodplains by lateral migration.  

In some areas, urban and suburban development increased runoff and storm discharges, causing 

channels to erode their banks and beds, creating enlarged and incised stream channels (Wolman, 1964).  

Recently, Walter and Merritts, (2008) have argued that the widespread construction of colonial mill 

dams played an important role in floodplain alluviation in the 18th and 19th Centuries, and that the 

demise of many of these dams in the 20th Century has lead to widespread contemporary bank erosion.  

 These studies imply that mid-Atlantic streams have been enormously impacted by human 

activity in the past few hundred years, and many authors imply that changes are ongoing.  Merritts et al. 

(2011) refer to mid-Atlantic streams as “Antropocene streams” to reflect their opinion that stream 

evolution has been driven by human activities rather than natural processes. 

 Do these ideas apply to the South River?  Is the South River “reeling” from the effects of 

humans?  Will the geomorphic characteristics of the South River be different in the future?  If so, when?   

Geomorphic Evidence of Temporal Changes of the South River 

 Abundance evidence has been cited in this report suggesting that geomorphic characteristics of 

the South River are slowly changing with time (Table 2.11).  Bank erosion rates increased by more than a 

factor of two after 1957, compared to rates measured from 1937-1957 (Pizzuto and O’Neal, 2009).  27% 
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of banks are eroding in the reach from RRM 2.4-5.43, while only 8% are accreting.  The rate of formation 

of islands has greatly increased after 1974 compared to 1937-1974, and no channels around islands have 

filled with sediment since 1937.  Floodplain construction through overbank deposition is not in balance 

with floodplain destruction through bank erosion: deposition exceeds erosion by a substantial margin 

from RRM 2.4-5.43 (Table 2.5)(though these estimates are subject to considerable uncertainty). 

 These observations suggest that the South River is slowly changing its geomorphic 

characteristics through time.  The channel perimeter of the South River is subject to a balance of net 

erosion, suggesting that the channel’s cross-sectional area is increasing through time.  The number of 

islands is also increasing with time, suggesting a gradual increase in the anastomosing nature of the 

channel.  While the net effect of these processes is to gradually rework the South River’s floodplain, the 

floodplain continues to accumulate sediments through vertical accretion (though the rate of deposition 

is very, very low).     

Factors Contributing To Geomorphic Evolution of the South River 
 

 What changes to the South River and its watershed could be responsible for ongoing 

geomorphic changes?  Possible factors include the demise of mill dams, changes in land use along the 

river itself, land use changes in the watershed, and the increased frequency of stream discharges with 

recurrence intervals greater than 1 year that began in the early 1960s (Table 2.12). 

 Mill dams along the South River ceased to impound the flow between RRM 0 and RRM 25 after 

1957 (with the exception of Dooms Dam, which was initially breached in the 1970s and breached a 

second time from 2002-2005).   The breaching of mill dams should have resulted in increased stream 

velocities above dams and removal of sediment deposits stored within impoundments.  Increased 

velocities upstream have been cited as a likely cause of increased bank erosion rates along some reaches 

of the South River (Pizzuto and O’Neal, 2009), but many areas of erosion occur along reaches that have 

never been influenced by dams.  Erosion of stored sediment is likely important for a short period of time 

after dam breaching, but small mill dams on rivers similar to the South River often never become “full” 

of sediment (Pearson et al, 2011), and the abundant bedrock exposures along the South River would 

likely control any tendency for widespread bed degradation far upstream of breached dams.  Thus, the 

breaching of colonial mill dams has likely played an important role in creating the current erosional 

regime of the South River, but it is unlikely to be the sole cause.   

  Pizzuto and O’Neal (2009) note that the extent of riparian forests along the channel of the South 

River increased after 1957.  Increasing the extent of riparian forests should result in greater channel 

stability, with decreased rates of bank erosion.  As noted by Pizzuto and O’Neal (2009), this has not been 

observed, suggesting that the influence of increased riparian forests has been offset by other factors. 

 Decreasing agricultural land use, reforestation, and increasing urban and suburban development 

are widely cited trends in land use in the mid-Atlantic region (Steyaert and Knox, 2008).  These changes 

could have been important in the watershed of the South River, and changing land use can have a 

significant influence on fluvial processes by changing stream flows and the supply of sediment. The 
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history of land use changes in the watershed has not been included in this study, so we can only 

speculate on its influence on the South River. 

 An increase in the frequency of flows with recurrence intervals > 1 year apparently occurred in 

the region in the early 1960s (Figures 2.2 and 2.3).  This is consistent with the geomorphic changes to 

the South River cited on Table 2.11. 

 In summary, the recent increases in bank erosion and island formation and the tendency of the 
factors discussed above.  The demise of mill dams is likely contributes to the increasing prevalence of 
erosion, and the increased frequency of storm discharges is consistent with both increased bank erosion 
and an imbalance between bank erosion and overbank deposition.  It is uncertain if land use changes in 
the South River’s watershed have been an important factor. 
  
Timescales for Establishing Geomorphic Equilibrium 
 
 It is widely believed that rivers develop an equilibrium morphology to adjust to the prevailing 
supply of water and sediment, mediated by the influences of riparian vegetation, anthropogenic activity, 
geological constraints, and other factors.  Will the South River develop a new equilibrium morphology, 
and will the attainment of this new state occur quickly enough to influence plans to remediate mercury 
contamination? 
 
  Rates of geomorphic processes along the South River are remarkably low.  Rates of bank retreat 
are on the order of a few centimeters per year, while vertical accretion on floodplains rarely exceeds a 
few centimeters per century.  At these rates, significant geomorphic changes will not occur along the 
South River for millennia unless some unforeseen driver emerges, for example, a dramatic climate 
change or an unforeseen change in land use.   If the South River is viewed as a system whose channel is 
slowly being modified by erosion, then this view will continue to be reasonable for timescales that 
exceed those of most remediation strategies for removing contaminants (but note the discussion of 
catastrophic debris flows that follows).  
   
The Potential for Catastrophic Debris Flows 
 
 Debris flows are rapidly moving torrents of water and sediment.  Debris flows can transport 

virtually all sediment sizes, and they are often choked with boulders, trees, and other large objects 

(including cars and houses).  Debris flows are caused by torrential rainfall (often associated with tropical 

storms or hurricanes) and their occurrence in the Appalachians of Virginia is well-documented (Eaton et 

al., 2003).  For example, Eaton et al. (2003) describe 4 storms in the second half of the 20th Century that 

spawned numerous debris flows in central Virginia.  Many of these debris flows caused catastrophic 

changes to streams, totally obliterating the preexisting channel and floodplain. 

 Recurrence intervals of catastrophic debris flows in the central Appalachians are difficult to 

estimate.  Eaton et al. (2003) suggest a recurrence interval of not more than 2500 years for individual 

small watersheds, but they note that the probability of debris flow occurrence increases significantly 

with increasing drainage basin area.  “ In the central Virginia-eastern West Virginia region, eight 

separate localities have been affected by debris flows over a 50 year period.  During this period, storms 
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producing debris flows in the much larger region of the Appalachian Mountains of Virginia and West 

Virginia have recurred at ~10-15yr intervals” (quoted from Eaton et al., 2003). 

 Although a debris flow along the South River is unlikely, one could certainly occur within the 

lifetime of a mercury remediation plan.  Such an event could dramatically change the South River and 

profoundly impact efforts to control mercury contamination. 

Uncertainty 

 After nearly 8 years, much has been learned about geomorphic processes along the South River.   
However, a variety of important questions remain that could benefit from additional study.  Some of 
these are listed below. 
 
Floodplain sedimentation – rates of floodplain sedimentation in this report are derived from mercury 
inventories and the history of mercury concentration transported by the South River.  This has allowed 
the use of a large existing database of floodplain mercury analyses, but it also requires an untested 
assumption that most of the mercury deposited on the floodplain has remained in place since the 
original time of deposition.  This assumption could be tested by measuring overbank sedimentation 
rates using fallout radionuclides Pb210, Cs137, and Be7. 
 
Bank erosion rates – these have mostly been measured using historical aerial photographs, an approach 
that allows large areas to be covered at minimal expense.  However, low rates of erosion cannot be 
detected, and historical rates may differ from contemporary rates.  Ongoing monitoring using terrestrial 
laser scanning could help confirm our estimates.  Bank erosion rates over shorter time periods could 
also be estimated by analyzing exposed tree roots.    It might also be desirable to develop methods for 
directly measuring the mass of material falling off steep, eroding banks, rather than measuring changes 
in the bank morphology through time, as much of the mercury loading may occur when rates of bank 
erosion are low and difficult to detect.  
 
Effects of riparian trees on bank erosion – in some locations, large trees appear to reduce bank erosion 
rates along the South River to zero.  Under these conditions, trees might provide an important means of 
bank stabilization to control mercury loading from bank erosion.   
 
Hyporheic zone storage of fine sediments – rates of reworking of fine-grained sediment in the hyporheic 
zone are difficult to assess, but potentially very important for the supply of mercury to the South River’s 
food web.  Additional radiometric dating studies, possibly combined with novel field or laboratory 
experiments could provide improved understanding of these processes. 
 
Transport, storage, and deposition by grain size fraction – the sediment budget described here suggests 
that suspended particles move VERY slowly downstream in the South River.  These results, however, 
likely do not apply to all grain sizes – very small particles likely behave differently than larger particles.  
Studies can be designed to evaluate these differences. 
 
Recent increases in high stream discharges and their causes – these have been implicated as a cause of 
increased erosion and island development along the South River but their cause is unknown.  High flows 
could be caused by changing climate, land use, or other factors. 
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Longer term historical studies – Our ability to predict the future of the South River partly depends on 
interpretation of past changes to the stream and its floodplain.   The South River established its current 
morphology well before mercury was introduced in 1929, so extrapolating ongoing rates of change into 
the future is uncertain.  Geological and historical studies of changes to the river following European 
settlement would provide an improved basis for understanding the South River and predicting its future.   
 
CONCLUSIONS  

The South River is a single-thread, gravel-bed, bedrock river with a tendency towards 

anastomosis (defined by the development of islands).   It has a discontinuous floodplain composed of 

thick silty overbank sediments overlying a relatively thin layer of sand and gravel.  Floodplain landforms 

consist of poorly developed natural levees and abundant floodplain scour channels, many of which have 

maintained their position and morphology since the earliest aerial imagery of 1937.  The riparian 

corridor of the South River is primarily forested, though some areas are in pasture and active 

agriculture.  Its streambed is composed of gravel (with abundant sand), though bedrock is exposed along 

53% of its length.  Landforms of the channel bed include occasional pools and riffles, a few bedrock 

drops < 1 m high, areas of exposed bedrock, and a few long pools that often exceed 1-2 km in length.  

The planform is sinuous, but nonmeandering. 

 Geomorphic processes along the South River are not predicted by any well-established 

conceptual model of fluvial sedimentation.  Rates of bank erosion are low, with modal values of a few 

cm/year.  The distribution of bank erosion rates is heavy-tailed, with many low rates and a few very 

large rates.  Areas experiencing high rates of bank erosion are typically influenced by local tributaries or 

historic anthropogenic modifications to the stream channel.  Overbank deposition rates are also very 

low, averaging a few cm/100 years.  One new island has formed along the study area every 2 years since 

1974, but no new islands formed from 1937-1974.  Nearly all islands form when a new channel is cut 

through pre-existing floodplain deposits.   While many of the new island channels have developed since 

1937, no existing channels have been filled with sediment. 

 The upstream half of the study area (RRM 0-13) is different from the downstream half (RRM 13-

25).  The upstream section has a lower slope (0.0013), while the downstream section has a higher slope 

(0.0025).  The floodplain upstream is wider than downstream, and overbank deposits upstream contain 

more silt and clay and less sand than downstream.  Islands are more abundant downstream than 

upstream.   The sinuosity is higher upstream and more sediment is supplied from eroding alluvial 

floodplain banks upstream than downstream.  The upstream half of the study area is more likely to store 

fine-grained suspended sediment than downstream, while fine-grained sediment is more likely to 

remain in transport downstream. 

 A detailed budget of suspended sediment transport and storage was constructed for RRM 2.4-

5.43.  Suspended sediment entering the reach has an approximately 13% chance of being stored, either 

on the floodplain (9%) or in fine-grained channel margin deposits (4%).  Little sediment is stored in the 

hyporheic zone.  Floodplain development through lateral migration is minor; it only occurs at 6 locations 

(comprising 8% of the channel length) within this reach, and the total volume stored by lateral migration 

is within the error estimate for vertical accretion on the remaining floodplain.   Bank erosion replaces 
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approximately 1/3 of the suspended sediment stored on the floodplain.  Erosion occurs along 27% of the 

banks of the reach.  Nearly all bank erosion occurs through natural fluvial processes; bank erosion 

contributed by cattle and burrowing beavers, muskrats, and kingfishers is negligible. 

 The sediment budget provides useful summary estimates of the trajectory and rate of 

downstream movement of particles suspended in the South River (valid for the upstream half of the 

study area only).  The distance required to exchange 100% of the suspended particles entering a reach is 

46 +/- 22 km (the term “exchange” here means that deposited particles are replaced by new particles 

eroded into the water column through bank erosion or reworking of FGCM deposits).  Once deposited, 

particles remain in storage an average of 4800 +/- 2600 years.  This suggests a time and spatially 

averaged rate of downstream movement of 9 +/- 7 m/yr.  At these very slow downstream transport 

rates, it is not surprising that so much mercury (traveling adsorbed to suspended particles) has remained 

in the South River’s valley downstream of Waynesboro since being introduced into the river from 1929-

1950. 

 The South River is not an equilibrium fluvial system:  rates of erosion of the channel boundary 

appear to exceed rates of sediment accretion on banks.  Furthermore, rates of overbank deposition 

exceed rates of bank erosion by a factor of 3.  Rates of bank erosion have increased in recent decades, 

as have rates of island formation.  The erosional regime of the channel perimeter has been associated 

with increases in the frequency of high discharges (> 1 year recurrence interval) since the early 1960s, 

and the simultaneous demise of 14 colonial mill dams in the study reach.  At current rates of erosion and 

deposition, a new equilibrium fluvial morphology will not be developed for centuries, unless unforeseen 

changes in climate or land use accelerate rates of geomorphic processes along the South River. 
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Table 2.1.  Geomorphic data for selected reaches of the South River from Waynesboro to Port Republic, VA. 

Reach 

Endpoint 

(mi)2

Bankfull 

Width 

(m)1

Bankfull 

Depth 

(m)1

2-Year 

Discharge 

(m3/s)1

Mean 

Velocity 

(m/s)1 Slope1
1/(Cf)^(0.5)1,3

Average Bend 

Wavelength 

(m)1

Froude 

#1,5
D50 (mm)

# of Grain 

Size 

Samples Shields #

4.5 26.8 1.8 84.5 1.75 0.0013 11.876 482.4 0.417 27 4 0.05

9.6 26.8 2.03 98.2 1.81 0.0012 12.009 482.4 0.405 30 1 0.05

11.9 26.8 1.92 103.9 2.02 0.0016 11.839 482.4 0.465 30 04 0.06

14.9 32.6 1.7 1118 2.13 0.002 11.885 586.8 0.521 75 1 0.03

17.9 27.0 1.82 122.6 2.5 0.0026 11.838 486 0.591 48 7 0.06

24.0 30.8 1.95 137.4 2.44 0.0024 11.951 547.2 0.573 48 04 0.06
1 from Narinesingh (2010)
2 distance measured from footbridge across South R. to Invista plant in Waynesboro
3 Cf is the friction factor in the equation for the mean flow velocity (see text)
4 value used from reach immediately upstream
5 computed as velocity/(gravity*depth)0.5
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Table 2.2. Listing of mill dams on the South River between Waynesboro and Port Republic. 
Informal Name Distance Downstream 

from Waynesboro (mi, 

km)
1
 

Estimated Duration Comments 

“Plant” 0 Early 1800s-1950s Patterson Mill Dam; not 

visible in 1957 aerial 

North Park 1.05, 1.69 Before 1900-1950s Not visible in ’63 aerial; 

Basic City Electric Dam 

none 1.53, 2.45 ? Only visible as “linear 

feature” in channel, 

1957 

Dooms Dam 4.92, 7.89 1840 - 1976 Breached after ’76 and 

again 2002-2005. 

Mostly still in place.  

For Coiner Mill. 

none 5.65, 9.04 ? Only visible as “linear 

feature” in channel, 

1957 

Patrick Mill Dam 6.8-8.1, 11-13 ? before 1850-after 1880 No direct observation of 

dam 

Above Crimora 9.66 15.48 Before 1870-1950s Not visible in 1957 

Forestry Station 11.67, 18.70 Before 1937-1950s “Out in 1960s” 

according to notes on 

1976 map sheets 

none 15.68, 25.13 ? Only visible as “linear 

feature” in channel, 

1957 

Harriston 16.14, 25.87 1850s? – 1950s? Not a “structured dam”, 

streambed bulldozed to 

divert water 

Above Grand Caverns 19.37, 31.05 1803-1950s Cosby Mill – 

supposedly still working 

in 1970s! 

Below Grand Caverns 20.27, 32.50 Before 1937 – 1950s Only visible on aerial 

photos 

Below Grottoes 22.94, 36.78 Before 1937-1950s Only visible on aerial 

photos 

Above Port Republic 23.62, 37.89 1746(?) - 1950 Breached in 1951 aerial 

photo 

   
1
 – “0” is located at the footbridge across the South River to the Waynesboro  
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Table 2.3.  Reach definitions and characteristics for analysis of the percentages of clay, silt and sand of 

floodplain core samples. 

# Location

Reach  

Extent 

(mi(km))

Valley 

Slope

# of 

Cores 
1

1 Main Street Waynesboro to Hopeman Parkway 0-2.3 (3.8) 0.002204 29

2 Hopeman Parkway to Holsinger Farms Footbridge

2.3-5.3 (3.8-

8.5) 0.001113 28

3 Holsinger Farms Footbridge - New Hope/Crimora Road

5.3-9.9 (8.5-

15.9) 0.001731 30

4 New Hope/Crimora Road to Patterson Mill

9.9-16.5 (15.9-

26.5) 0.002088 33

5 Patterson Mill to Grand Cavern

16.5-19.9 

(26.5-32.0) 0.002706 27

6 Grand Cavern to Port Republic Road

19.9-23.8 

(32.0-38.3) 0.002305 28
1
 Only cores from floodplain inundated 4-0.5 times per year are included

 

 

Table 2.4.  Proportion of the total bank erosion (by area) in different geomorphic settings along the 

South River (results from Rhoades et al., 2009). 

Geomorphic Setting/Process Areal Bank Erosion (% of total) 

Islands 33 

Migrating bends 26 

Straight reaches 15 

Upstream or downstream of mill dams 8 

Tributary confluences 6 
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Table 2.5.  Annual fluxes of sediment budget components from RRM 2.4-5.43, expressed as mass fluxes 

and as fractions of the annual suspended sediment load.   The “mean floodplain exchange rate” is the 

average of the overbank deposition and fluvial bank erosion rates. 

Flux Component

Annual Flux 

(x100 

Mg/yr)

Flux 

Uncertainty 

(x100 Mg)

Flux as 

Fraction 

of 

Annual 

Suspend

ed Load

Suspended sediment 73 19 1.00

Overbank deposition rate 6.4 2.2 0.09

Fluvial bank erosion rate 2.4 1.2 0.03

Bank erosion - cattle & beaver 0.013 NA 0.0002

Mean floodplain exchange rate 4.4 2.5 0.06

FGCM exchange rate 3.2 1.8 0.04

Hyporheic zone exchange rate 0.014 0.01 0.0002

Total exchange rate 7.6 3.1 0.10  

Table 2.6.  High flows that occurred while scour chains were being monitored at RRM 4.292 and 4.302, 

and a summary of their characteristics. 

Event Date 
Flow  

(m
3
/s) 

Flow Depth 

(m) 

Recurrence 

Interval (years) 

Shields 

Number 

September 28, 2010 56.6 2.8 0.95 0.03 

December 1, 2010 84.9 3.2 2.25 0.04 

March 10, 2011 45.3 2.6 0.61 0.03 

April 16, 2011 229.4 4.2 12.76 0.05 

 

 

Table 2.7.  Mass of sediment in selected storage compartments of the South River and its valley from 

RRM 2.4-5.43. 

Storage Component

Mass in Storage 

(x100 Mg)

Storage Mass 

Uncertainty 

(x100 Mg)

Storage as 

Fraction of 

Annual 

Suspended 

Load

Floodplain 36000 13000 493

FGCM deposits 4.5 2.6 0.06

Hyporheic zone 0.07 0.053 0.0010

Total Storage 36005 13003 493  
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Table 2.8.  Geomorphic characteristics of the South River and its valley often used for river classification, 

listed in order of decreasing spatial scale 

Geomorphic Feature Description - South River 

Valley morphology Irregular (not straight or sinuous) 

Confinement of the river channel by valley walls Partly confined (10-90% of channel abuts valley 
margin)(Brierly and Fryirs, 2005) 

Channel planform Single-thread-sinuous, with a tendency towards 
anastomosing 

Floodplain extent Discontinuous 

Floodplain landforms Scour channels, poorly developed natural levees 

Floodplain deposits (bank materials) Sand, silt, and clay (cohesive) overlying gravel 

Riparian vegetation and land use Primarily forested, locally pasture and farming 

Eroding banks Abundant (27% of all banks, RRM 2.4-5.43) 

Laterally accreting floodplain/bank elements Rare (8% of all banks, RRM 2.4-5.43) 

FGCM deposits Only where slope < 0.0025 

Reach scale bed morphology Pools and riffles, bedrock drops < 1 m high, long (~ 
1-2 km) pools 

Channel bed material Gravel, with significant sand, some interstitial silt 
and clay, frequent bedrock exposures 

 

Table 2.9.  Relative comparison of selected geomorphic characteristics of the South River from RRM 0-13 

(upstream) to RRM 13-25 (downstream). 

Geomorphic Characteristic RRM 0-13 (upstream) RRM 13-25 (downstream) 

Longitudinal slope low high 

Width of alluvial valley high low 

% sand in floodplain deposits low high 

Abundance of islands low high 

Sinuosity high low 

Supply of fine-grained sediment 
from eroding banks 

high low 

Abundance of FGCM deposits high low 

Abundance of natural levees high low 
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Table 2.10.  Spatial rate of exchange, average storage duration, and average downstream velocity of 

suspended sediment. 

 

Floodplain storage >> bank erosion, though uncertainty in these estimates renders this somewhat 
inconclusive 
 

Table 2.11.  Geomorphic observations presented in this paper that suggest changing geomorphic 

conditions through time along the South River. 

Geomorphic Feature or Process Observation 

Bank erosion Rates increased by > 2x after 1957 

Extent of eroding vs accreting banks 27% of banks eroding while only 8% are accreting 
(RRM 2.4-5.43), both banks eroding in places 

Island formation No islands formed 1937-1974, 10 islands formed 
after 1974 

Island channels No channels around islands have filled in 1937-
2005, but many new ones have formed 

Sediment storage Overbank deposition exceeds bank erosion by ~3x 
(estimates subject to large uncertainty!) 

 

Table 2.12.  Factors that could contribute to ongoing geomorphic changes to the South River. 

Factor Potential Geomorphic Effects 

Demise of mill dams (nearly complete RRM 0-25) Increased bank erosion 

Riparian forest increased after 1957 Decreased bank erosion 

Changing watershed land use Unknown 

Increased frequency of stream discharges with 
recurrence intervals of > 1 year in early 1960s 

Increased sediment transport and bank erosion, 
increased floodplain sedimentation 

  

Fraction of Suspended 

Sediment Exchanged/River 

Length (km-1)

River Length To 

Exchange 100% of 

Suspended Load 

(km)

Average 

Time Spent 

in Storage 

(yrs)

Average 

Downstream 

Velocity 

(m/yr)

Computed  Result 0.022 46 4800 9

Uncertainty 0.010 22 2600 7
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Figure 2.1.  Metrics of riparian tree morphology and bank segments stabilized by tree roots (figure from 

Pizzuto et al., 2010).
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Figure 2.2.   Cumulative number of discharges with recurrence intervals greater than 1 year for the 

South River at Harriston from 1925-2010 (figure from Jurk, 2012). 
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A  

B  

Figure 2.3.   Cumulative number of discharges with recurrence intervals greater than 1 year for A - the 

Cedar Creek at Winchester, VA  and B – the North Fork Shenandoah River at Mt. Jackson, VA (figure 

from Jurk, 2012). 
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Figure 2.4.  Data for the South River near Waynesboro and the South River at Harriston plotted on the 

alluvial channel planform discrimination diagram of Alabyan and Chalov (1998) 
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Figure 2.5. Digitized planforms of the Teklanika River (a typical meandering channel) and the South River 

(figure from Narinesingh, 2010). 
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Figure 2.6.  Aerial image of the South River illustrating typical morphology of a reach with abundant 

islands.   This section is 15.2 – 16.6 mi (24.3 – 26.6 km) downstream of Waynesboro.  The race for the 

former Harriston Mill is also indicated. 
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Figure 2.7.  Cumulative number of islands versus downstream distance from Waynesboro to Port 

Republic. 
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Figure 2.8.  Longitudinal profile of a section of the South River 2-6 miles downstream of Waynesboro 

showing the influence of bedrock exposures and Dooms Dam. 
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Figure 2.9.  USGS Digital Elevation Model (A) and surficial geologic map (B) of the South River between 
2.5 mi and 18.1 mi (4 km and 29 km) downstream from Waynesboro showing geologic forcing. In B 
individual bends determined from changes in the sign of curvature are represented in light gray and very 
dark gray.   Geologic map units are those of Gathright et al. (1978).  Figure from Narinesingh (2010). 
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Figure 2.10.  Floodplain width versus distance downstream from Waynesboro.  The “floodplain” is 

defined by the extent of Quaternary alluvium mapped by Gathright et al. (1977, 1978). 
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Figure 2.11.  Locations of bedrock exposures and islands along the South River from Waynesboro to Port 

Republic (figure from Narinesingh, 2010). 
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Figure 2.12.  Percent clay, silt, and sand from floodplain cores for selected reaches of the South River.  

Locations of the reaches are summarized in Table 3.  Reaches are numbered from upstream to 

downstream.  Samples were obtained from floodplain surfaces inundated 0.5 – 4 times per year on 

average. 
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Figure 2.13.  Percent clay, silt, and sand from floodplain cores for selected reaches of the South River 

plotted in order of increasing valley slope.  The reach numbers (from Figure 12) for these sites are (from 

left to right) 2, 3, 4, 1, 6, and 5. 
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Figure 2.14.  Floodplain channels in 1937 (left image) and 2005 (right image) in a reach 3,2 – 4.7 mi (5.2-
7.6 km) downstream of Waynesboro.  Note the remarkable permanence of the channels. 
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Figure 2.15.  Floodplain “chute” channel (indicated by white arrows) located between  9.0-9.3 mi (14.5  

and 14.9 km) downstream of Waynesboro .  Note the ponded water in the downstream half of the 

channel. 
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Figure 2.16.  Floodplain “chute” channel (white arrows) 5.1 mi (8.2 km) downstream of Waynesboro.  A 

– map view and location of photo in B, B – photo of floodplain “chute” looking upstream. 
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Figure 2.17.  LiDAR point cloud across the South River 3.01 mi (4.83 km) downstream of Waynesboro 

showing interpreted topography (black line), water surface (blue line), and natural and constructed 

levees.  Some of the points above the constructed levee are likely reflections from trees.  Points below 

the ground surface in the same area are probably spurious reflections.  Data were obtained from the 

U.S. Geological Survey’s Experimental Advanced Aerial Research LiDAR on January, 2010. 

  

343

344

345

346

347

348

349

350

351

352

0 20 40 60 80 100 120 140 160

El
ev

at
io

n
 (

m
)

Distance (m)

Water surface

Constructed levee

Natural Levee



76 
 

 

Figure 2.18.   Idealized bank profiles before and after a high flow event, illustrating the typical scale of 

“hydraulic” and “subaerial” erosion of bare soil.  Data summarize 236 bank profile surveys of an eroding 

bend of the Brandywine Creek in Pennsylvania, but the results are typical of similar settings along the 

South River.  Figure from Pizzuto (2009). 
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Figure 2.19.  Three-stage cycle illustrating the interaction between migrating cutbanks, removal of bare 

soil between trees, and failure of riparian trees.  The plan view is stretched perpendicular to the flow 

direction to highlight lateral changes (figure from Pizzuto et al., 2010).   
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Figure 2.20.  Distribution of volumetric annual bank erosion rates for all eroding banks comprised of 

recent alluvium between Waynesboro and Port Republic. 

 

Figure 2.21.   Cumulative annual bank erosion from Waynesboro to Port Republic.  The average rate of 

increase downstream (m3/km/yr) is illustrated for reference.  Highlighted areas are: 1 – the artificial 

cutoff meander bend downstream of Waynesboro, 2 – the confluence of the South River and Sawmill 

Run, 3 – the confluence of the South River and Mine Branch, 4 – an area downstream of Grottoes 

influenced by a gravel quarry and subject to channelization, and 5 – a reach from 2.7-10.0 mi (4.3 to 16 

km) downstream of Waynesboro with unusually high bank erosion due primarily to the high density of 

eroding banks. 
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Figure 2.22.  Eroding banks, laterally accreted floodplains, developing islands, and a tributary confluence 

bar in the reach from RRM 2.4-5.43.  The locations of the cross-sections illustrated in Figures 23 and 24 

are also indicated. 
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Figure 2.23.  Topographic profiles and data from selected cores from RRM 3.50.  Colored bars indicate concentrations of inorganic mercury 

(ppm, or mg/kg) in the core sections.  Shoreline positions in 1930 inferred from 1937 aerial imagery and core data.  View is looking downstream.  
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Figure 2.24.  Topographic profiles and data from selected cores from RRM 2.95.  Colored bars indicate 

concentrations of inorganic mercury (ppm, or mg/kg) in the core sections.  Shoreline positions in 1930 

inferred from 1937 aerial imagery and core data.  Trees growing on the inside bank are undercut by an 

average of 20 cm (range 0 – 70 cm, median 0 cm).  View is looking downstream.  
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Figure 2.25.  Model for the accumulation of steeply sloping floodplain accretion deposits on the insides 

of slowly migrating bends of the South River. Total elapsed time is approximately 70 years.  The 

preserved sediments at the base of the new deposit represent a buried fine-grained channel margin 

deposit. 
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Figure 2.26.  Centennial average vertical sedimentation rates on the floodplain of the South River 

determined from mercury inventories in cores.  Boxplots illustrate the median, upper and lower 

quartiles (i.e., 25th and 75 percentiles), and the 5th and 95th percentile values.  Results are presented 

separately for floodplains inundated every 0.3 years, 0.3-2 years, 2-5 years, and 5-62 years.  “Post-

Settlement Aggradation” rates represent overbank deposition rates from the onset of European 

Settlement to the beginning of the 20th Century.  Post-settlement aggradation rates are from Bain and 

Brush (2005)(MD), Jackson et al. (2008) (GA), Lecce et al. (2008)(NC), Wilkinson and McElroy (2007), and 

for two sites where buried A horizons have been observed along the South River.  The number of 

independent measurements is indicated above or below each box.   
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Figure 2.27.  Distribution of all scour and fill measurements from scour chain and cross section surveys 

for the 4 high flow events listed in Table 6.  Negative values indicate fill and positive values indicate 

scour.  The median diameter of the bed sediment (3.5 cm) is shown for reference.  Measurements 

within the range indicated by the “Detection Limit”  present apparent scour or fill that is likely caused by 

the inherent topographic variation of the surface of the streambed.   Pomraning’s (2011) analysis of 

measurement “error” indicates that the detection limit for the study site is +/- 3 cm (figure from 

Pomraning ,2011). 
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Figure 2.28. Distribution of ages of fine-grained sediments (fine sand, silt, and clay) stored in the 

hyporheic zone at RRM 4.3 determined using Pb210, Cs137, and Be7 activities (figure from Pomraning, 

2011). 
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Figure 2.29.  Sediment budget components for RRM 2.4-5.43 (a 4.72 km-long reach) illustrating the 

relative magnitudes of the major storage compartments and the primary processes that transfer 

sediment between storage compartments.  This budget only explicitly considers sand, silt, and clay-sized 

sediment.  Note that the magnitudes of the storage compartments are given by the diameters of the 

gray circles (and indicated numerically as well), while the magnitudes of the flux components are given 

by the lengths of the arrows.  Scale for magnitudes is the log scale at the bottom of the legend. 
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ABSTRACT 

Mercury was introduced into the South River, Virginia, as a result of industrial use from 1929-1950.  To 
guide remediation, an analytical model is developed to predict the mercury inventory resulting from 
deposition of mercury-contaminated sediment on subhorizontal surfaces adjacent to the river channel 
from 1930-2007.  Sediment cores and geomorphic data were obtained from 27 sites.  Mercury 
inventories range from 0.00019 to 0.573 kg m-2.  High mercury inventories are associated with frequent 
inundation by floodwaters, forested riparian vegetation, and (at only 4 sites) unusually high sediment 
accumulation.  Over the 10 km study reach, mercury inventories do not vary with downstream distance.  
The frequency of inundation at each coring site is determined from hydrologic data and a stream-tube 
stage-discharge model.  Water levels are exponentially distributed.  A simple parameterization 
represents the enhanced ability of forested vegetation to trap mercury-contaminated sediments 
compared to non-forest vegetation.  The calibrated model explains 62% of the observed variation in 
mercury inventories; 15 of the 27 predicted values are within a factor of 1.8 of the observed values.  
Calibration indicates a mercury deposition rate during inundation of 0.040 kg m-2 yr-1 (95% C.I. 0.032-
0.048), that forested areas accumulate mercury-contaminated sediment 3.05 (95% C.I. 2.43-3.67) times 
faster than nonforested areas, and that floodwaters deeper than 0.98 (95% C.I. 0.45-1.53) m do not 
accumulate suspended sediment or mercury. At 4 sites, floodplain accumulation of 0.8-1.2 m occurred 
over a period of 39 (95% C.I. 22-56) years, while sedimentation is negligible (mean: 0.1 m, median: 0.03 
m) at other sites. 

 

1. Introduction 

Many river systems have been contaminated by industrial releases of metals and other 
contaminants [Miller and Orbock Miller, 2007].  Where contaminants sorb to particles, floodplains and 
other storage compartments along river valleys can sequester these contaminants long after their 
release.  Stored sediments can be remobilized through geochemical processes and fluvial erosion, 
providing a continuing source of contamination to fluvial ecosystems that can last for millennia 
[Coulthard and Macklin, 2003; Malmon et al., 2002]. 

 
Mercury was introduced into the South River from 1929-1950 when it was used as a catalyst for 

producing rayon acetate fiber at a manufacturing facility in Waynesboro, Virginia.  The contamination 
was discovered in 1976, leading to a fish consumption advisory for 160 km below Waynesboro.  
Unfortunately, mercury levels in fish tissue have failed to decrease through natural attenuation [Wang 
et al., 2004].   Recent studies have implicated erosion of mercury-contaminated bank sediments as an 
important ongoing source of mercury to the South River’s food web (Rhoades et al., 2009).    Because 
the residence time of floodplain sediments along the South River is thousands of years [Pizzuto et al., 
2011a; Jackson et al., 2005], remediation planning necessarily includes measures to control rates of 
bank erosion.   

 
To design a remediation scheme to reduce mercury loading from eroding banks, it would be helpful 

to know the average annual rate of mercury loading from bank erosion as a function of distance 
downstream of Waynesboro.  This information is key for targeting the most important sources of 
mercury loading to the river for remediation, and could be used in combination with other information 

to prioritize site selection (www.southriverscienceteam.org).  Mercury loading from bank erosion 

http://www.southriverscienceteam.org/
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processes can be estimated from knowledge of mercury concentrations and erosion rates of riverbank 
soils.  However, these variables cannot be directly measured along many miles of river channel, and as a 
result, predictions of mercury loading must rely on a suitable computational model calibrated with field 
observations.   

 
This paper describes a method for predicting the inventory of mercury in riverbank deposits 

adjacent to a river channel, as these are the most likely sources of mercury that could be mobilized by 
bank erosion.  Mercury accumulation is treated as a sedimentation process, recognizing that mercury is 
mostly transported adsorbed to suspended particles.    A simple analytical equation is derived for the 
mercury inventory.  Parameters are estimated by calibrating the equation to data from sediment cores.  
Results presented here demonstrate that simple models of long-term sedimentation processes can be 
readily calibrated using appropriate field measurements.  After calibration, the analytical model can 
predict the spatial distribution of sediment thicknesses and contaminant concentrations along the 
margins of a river channel.          

 
Study Area 
 
 The South River is located in the Blue Ridge and Valley and Ridge physiographic provinces of 
Virginia [Bingham, 1991](Figure 3.1).  It flows through a valley consisting of alluvium, fluvial terraces, 
alluvial fans, with frequent outcrops of folded and faulted Paleozoic clastic and carbonate sedimentary 
rocks [Gathright et al. 1977, 1978].  The region has a humid temperate climate. 
 
 The study area encompasses about 10 km of South River’s valley, starting from about 4 km 
north (downstream) of Waynesboro to Crimora, Virginia.     Here the South River is a single-thread, 
gravel-bed bedrock river [Turowski et al., 2008)] with an average slope of 0.0013, a bankfull width and 
depth of about 26 m and 1.9 m, respectively, and an average sinuosity of 1.4 [Narinesingh, 2010].  The 
bedrock exposures and forested riparian zone limit channel migration rates to only a few cm per year 
[Rhoades et al., 2009].  In 1937, 13 colonial-age mill dams impounded the river from Waynesboro to its 
confluence with the North River in Port Republic, Virginia.  All of these dams except one were breached 
by 1957, with the sole remaining dam breached by 1974 [Pizzuto and O’Neal, 2009]. 
 
 Water discharge of the South River is gaged by the U.S. Geological Survey at 3 locations.  At 
Waynesboro (period of record 1952-2011), the South River has a drainage basin area of 330 km2 , a 
mean annual discharge of 4.2 m3/s,  and a mean annual flood of 117 m3/s.  At the South River near 
Dooms, (period of record 1974-2011), the South River has a drainage basin area of 385 km2 , a mean 
annual discharge of 5.9 m3/s,  and a mean annual flood of 157 m3/s.  At Harriston, (period of record 
1925-2011), the South River has a drainage basin area of 550 km2 , a mean annual discharge of 7.3 m3/s,  
and a mean annual flood of 216 m3/s. 
 
 Sites for model calibration were selected based on geomorphic characteristics and availability of 
data (Figure 3.1; Table 3.1).  Sites with exposed bedrock or engineering works were avoided.  Sites 
where sandy sediments are deposited as a result of lateral channel migration (point bars, for example) 
were not successfully parameterized by our model, and these sites are not included.   
Three coring programs in 2007 provided useful data.  Many cores were obtained to document mercury 
contamination of the floodplain throughout the study area.  A few of these cores were close enough to 
the river channel to be useful for model calibration.  Most cores (19) were located within 10 m of the 
river’s low flow shoreline, with 3 located at distances of 10-20 m, 2 at distances of 20-30 m and 30-40 m, 
and one at a distance of 40-50 m.  Samples were obtained at depths of 0-0.15 m and 0.15 – 0.75 m.  
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Another coring effort focused on eroding banks.  Here, samples were obtained at 0-0.15 m and at 
subsequent intervals of 0.3 m throughout the entire height of the bank.  A third set of cores were 
obtained at sites where deposits dating from 1930-1950 were likely to have been preserved near the 
channel; these cores were sampled at the same intervals as the eroding river banks.  The samples were 
processed as part of a very large floodplain sampling program administered by URS Corporation 
(unpublished data), who was responsible for all quality control measures. 
 
Methods 
 
3.1 Field and Laboratory Methods 
 
 Sediment for mercury analyses was sampled using a bucket auger, an Eikjelkampf peat corer, or 
(in the case of eroding banks) a trowel.   Samples were sent to Lancaster Laboratories, who measured 
the concentration of total inorganic mercury concentrations using SW-846 method 7471A of the U.S. 
Environmental Protection Agency.   
 
 Topographic data were also obtained at each sampling site.  A single cross-section was surveyed 
using a TOPCON Total Station to supplement 0.6 m contour maps constructed from an aerial LiDAR 
survey completed in April, 2005.  The water surface was also surveyed between sites located 4.1 – 8.7 
km downstream of the footbridge at the Invista Plant in Waynesboro.  The reach from 5.2-8.7 km was 
surveyed on Mar. 30-31, 2010, when the water level was approximately halfway to bankfull stage.   The 
reach from 4.1-5.2 km was surveyed at a lower stage on April 20-21, 2010.  At other sites farther 
downstream, the water surface slope was estimating from the 0.6 m contour maps. 
 
3.2 Documenting Significant Sedimentation 
 
Floodplain sediment accumulation rates along the South River are remarkably low, with typical values of 
only a few cm per 100 years [Pizzuto et al, 2011b].  At these rates, it is a reasonable approximation to 
treat the elevation of most coring sites as constant from 1929-2007. 
 
 However, at four sites, significant floodplain sedimentation seemed to be occurring on the 
insides of slowly migrating river bends.  Diverse sources of data proved useful in documenting the extent 
of sedimentation.  First, Skalak and Pizzuto’s (2009) reconstructed mercury concentrations on 
suspended sediment carried by the South River from 1929-present.  Their results indicate that 
concentrations greater than about 100 mg/kg were typical from 1930-1970, and thus high mercury 
concentrations in depth profiles from cores can be used to detect the sediments deposited during this 
period (within the resolution of sampling, bioturbation, and other sources of error).  Lateral migration 
was detected from historical aerial photographs from 1937 and 2005 (Rhoades et al., 2009).  
 
3.3 Hydrology and Hydraulics 
 
 Predicting the frequency of flood inundation of coring sites is essential for our model.  This 
requires estimates of 1) the recurrence intervals of different discharges, and 2) water levels for each 
discharge at all of our sampling sites.  Recurrence intervals for all mean daily discharges were 
determined for the three U.S.G.S gaging stations (some 15 minute data are available, but not for the 
entire period of record, so these higher resolution data were not used). For each recurrence interval, the 
corresponding discharges increase in a downstream direction from Waynesboro to Harriston.  At our 
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sampling sites, discharges for each recurrence interval were interpolated from the gaging station data as 
linear functions of the downstream distance (measured along the channel centerline).   
 
 A streamtube hydraulic model is used to estimate the water surface elevation of different 
discharges (Figure 3.2) (This approach was developed because an existing HEC-RAS model was based on 
low resolution topographic data, and it did not provide the necessary resolution to predict inundation of 
the coring sites).  The discharge, qi in each stream tube of Figure 3.2 is 

  )1(cos
f

iiii
C

gRS
Phq   

where hi and Pi are defined in Figure 3.2, θi is the angle (measured from horizontal) of element i of the 
channel perimeter, g is the acceleration of gravity, S is the slope, Cf is a friction coefficient, and R is the 
hydraulic radius defined by hicos(θi).  Constant values of Cf are used for the channel and the floodplain, 
with a threshold elevation (determined by field observations) used to discriminate between the two 
(Figure 3.2).  The values used for Cf are equivalent to Manning’s n of 0.03 for the channel and 0.08 for 
the floodplain (determined by calibrating a HEC-RAS model to measured rating curves [URS Corp, 
unpublished data]).   The water discharge Q, is determined by adding up the values of qi for all the 
streamtubes in the cross-section.   
 
 To determine the water surface elevation for a given discharge Q, the stream tube model must 
be solved iteratively.  Starting with an initial guess for the water surface elevation, successive water 
surface elevations are determined until the discharge calculated using the streamtube model is close 
enough to the discharge required to determine the water surface elevation to within 0.01 m.  At each 
site, water surface elevations were computed for flows with frequencies of 50, 20, 10, 4, 2, 1, 0.5, 0.2, 
and 0.1 yr-1.   For analytical convenience, the results were then fit to an exponential water surface 
elevation probability density function distribution, p(zw): 
 

)2()( wz

w ezp
 

  

where zw is the water surface elevation (in meters) (Figure 3.3) and λ has units of m-1.  The datum for the 
water surface elevation is the elevation of a flow that is equaled or exceeded on average 50 times per 
year at each site.  Equation (2) ignores all flows below this datum; it is written so that the probability of 
a flow equaling or exceeding zw=0 is 1.  To account for the known occurrence of lower average daily 
discharges during the remaining 315 days per year, probabilities from (2) are multiplied by a constant kw 
= (50/365): 
 

)3()( wz

ww ekzp
 

  

Model Development and Calibration 
 
4.1 Classification of Sites 

 
 Before attempting to develop a quantitative model, the primary controls on mercury inventories 
are identified (data are presented in Table 3.1).  These include riparian vegetation, the elevation of the 
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coring site relative to the adjacent stream channel, and the extent of sedimentation since 1929 (Figure 
3.4). 
 
 Some sites along the South River have well developed forests adjacent to the stream channel, 
while others are in pasture (no cores were taken along sections of the river that were actively tilled).  
Riparian vegetation may change with time so evidence was obtained from aerial imagery from 1937, 
1956, 1974, and 2005.  A site was identified as “forested” if a well-developed forest was present on any 
of these images.  Mercury inventories in forested areas are higher than those in non-forested areas 
(Figure 3.4). 
 
 The term “levee” will be used here to indicate areas adjacent to the stream channel whose 
elevation is similar to that of the surrounding alluvial valley.  Levees are landforms that have developed 
on the “active floodplain”.  “Benches” are approximately horizontal surfaces lower in elevation than 
levees (Figure 3.3).  Benches are inundated by floodwaters more frequently than levees, and along the 
South River, benches have higher mercury inventories than levees (Figure 3.4).  
 
 At 4 sites (Table 3.1), we observed evidence (presented below) of significant sediment 
accumulation.  Mercury inventories at these 4 sites are significantly higher than those at sites without 
significant sedimentation (Figure 3.4). 
 

4.2 Conceptual Modeling Framework 

 
 To develop a simple analytical model to predict mercury inventories, it is helpful to reduce the 
dimensions of the problem.  Accordingly, variations in mercury inventories related to downstream 
distance are neglected, and time-dependent factors that influence mercury accumulation (temporal 
variations in the frequency of high discharges, mercury concentrations on suspended sediment, 
sediment concentrations, riparian vegetation, and so on) are greatly simplified. 
 
 Figure 3.5 demonstrates that mercury inventories do not vary significantly with distance 
downstream of the Invista plant in Waynesboro (a regression analysis of these data yields correlation 
coefficients less than 0.01, regardless of the model equation used).  Nonetheless, inventories range over 
almost 4 orders of magnitude, suggesting that variables other than downstream distance significantly 
influence mercury accumulation.  If a longer study reach is used, then some correlation with 
downstream distance emerges.  However, the model developed here will only be used in the section of 
the river covered by Figure 3.5.  
 
 The concentration of mercury on particles in the South River was as high as 900 mg/kg  during 
the period of mercury use at the plant, and has decreased nearly two orders of magnitude to present 
values of around 10 mg/kg [Skalak and Pizzuto, 2009; Flanders et al., 2010].  Furthermore, high flows are 
episodic, and their frequency may have increased during the last 77 years (Jurk, 2012).  However, these 
temporal variations do not need to be explicitly modeled to account for the variations in mercury 
inventories of our study reach.  The model relies on the distribution of water levels averaged through 
time and a time-averaged mercury accumulation rate during periods of inundation that is quantified by 
model calibration.   
 
 The model reflects the hypothesis that variations in mercury inventory between sites are 
primarily controlled by local factors that influence the accumulation of mercury-contaminated particles.  
These include 1) the probability of a coring site being inundated by floodwaters, and 2) the factors that 
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enhance the accumulation of particle-bound mercury during inundation.  The latter include riparian 
vegetation and (at 4 sites only) the creation of accommodation space by slow lateral migration.  No 
effort is made to account for spatial variations in the nature of the particles transported by the river, or 
for geochemical processes such as desorbtion, methylation, volatization, or atmospheric deposition.   
While geochemical processes are of great importance to contamination of the South Rivers riverine 
ecosystem [Eggleston, 2009], physical drivers probably represent the most significant control on the 
enormous mass of mercury that has accumulated in the valley of the South River during the last 78 years 
[Flanders et al, 2010].   
 
 Cross-sections of the South River document a variety of landforms, including the channel bed, 
steeply sloping banks, levees, and benches (Figure 3.3).  Mercury-contaminated particles accumulate on 
all of these surfaces when they are inundated by floodwaters.  Generally, particles that are deposited on 
steeply sloping surfaces have a high probability of being re-eroded, while those that are deposited on 
nearly horizontal benches and levees have a lower probability of being re-eroded.  Because the sites 
available to us for model calibration are all located on gently sloping benches and levees, and to avoid 
having to represent complex processes of cohesive particle erosion from sloping river banks, model 
development is focused on these areas.  As a result, the model only predicts mercury contamination on 
nearly horizontal surfaces adjacent to the channel where gravitational (i.e. slope-related) processes that 
enhance erosion may be neglected.  Of course, horizontal surfaces may be eroded by lateral migration 
of the stream channel, so this limitation does not restrict the ability of the model to contribute to 
predictions of mercury loading from eroding banks.   

 
4.3 Mathematical Development 

 
 The rate of accumulation of mercury dMHg/dt  (kg/m2 /year) on a floodplain surface of elevation 
zc is: 
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where DHg is the mass deposition rate of mercury (kg/m2/yr) when a surface is inundated by high flows,  
and P[] is the probability of the water surface reaching an elevation interval between zc and zc + h.  For 
most of our sites, the surface elevation zc is treated as a constant, but in general zc may increase through 
time as a result of sedimentation. The variable h is included because deposition may not occur during 
higher floods (i.e., those with inundation depths > h) when turbulence keeps particles in suspension (the 
value of h is determined through calibration).      The total inventory of mercury deposited during a time 
period tf is obtained integrating (4):  
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 While DHg could be simply quantified by model calibration, it is useful to explicitly relate it to 
sedimentation because this approach allows the model to reflect influence of riparian vegetation on the 
accumulation of mercury-contaminated sediment.  It will also allow calibrated values to be compared 
with measurements from the literature, a useful aid in interpreting the results.  The mercury deposition 
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rate DHg is related to sedimentation by introducing the density of suspended sediment ρs(kg/m3), the 
concentration of mercury on suspended particles CHg, and the volumetric sedimentation rate Dt 
(m3/m2/yr) during overbank flows: 
 

)6(HgstHg CDD   

 Sedimentation onto vegetated surfaces can be parameterized in a variety of different ways. For 
simplicity (and also because it proves effective), sediment deposition is represented as a process of 
trapping sediment onto plant stems (rather than by particle settling)[Mariotti and Fagherazzi, 2010]: 
 

)7( sssst hudCD   

In (7), Cs is the concentration of suspended sediment, u is the downstream overbank flow velocity, ds is 

the stem diameter, s is the stem density per unit bed area, hs is the stem height, and  is the sediment 
trapping efficiency of stems.  Substituting (7) into (6): 
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Equation (8) contains too many variables to parameterize using a small data set, and vegetation is 
represented by categories rather than by continuously varying parameters.  So, all the vegetation 

parameters are grouped into a single constant that can have two values, one for forest and one for 
pasture (grass).  Equation (8) is reduced to 
 

)9( grasssHgsHg uCCD   

where , the ratio offorest to grass, is a multiplier that represents ability of forested vegetation to 
enhance sedimentation.  It is further assumed that the velocity of overbank flow is only weakly 
dependent on flow depth [Harvey et al., 2009; Smith, 2004] and that the other variables can be 
represented by constants, so that equation (8) is reduced to 
 

 )10(HgD  

where the mercury deposition rate parameter is defined by 
 

)11(grasssHgs uCC    

The parameter  (determined by calibration) is treated as a constant for all sites, with the added 

influence of riparian forests represented by the multiplier  (note that the calibrated value of σ may 
implicitly include differing hydraulic roughness as well as other variables; these and other simplifications 
are addressed further in the discussion). 
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 Substituting equation (11) into equation (5): 
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The probability P[zw] can be obtained by integrating equation (3) between the specified limits: 
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Substituting (13) into (12): 
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Further progress requires a model for floodplain accumulation due to overbank sedimentation that 
defines the function zc(t).  Generally, floodplains accrete at a gradually decreasing rate as their elevation 
increases, because the frequency of flood inundation decreases with time (Figure 3.6).  Here, this trend 
is approximated with a linear function of increasing floodplain elevation with time from t=0 to t=t1, 
followed by a period of constant floodplain elevation: 
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where zc0 is the elevation of the floodplain surface at t = 0, and zcf is the elevation of the floodplain 
surface at t=t1 (and thereafter). 
 

Substituting (15) into (14) and expanding into two separate integrals: 
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Integrating (16): 
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For sites without floodplain sedimentation, there is no time period of linear increase in floodplain 
elevation, and thus t1 = 0.  Under these conditions, the term at the far right of (17) vanishes. 
 
4.4 Model Calibration 
 

 Equation (17) contains 9 variables: kw, h, tf, t1, zcf and zco.The duration of mercury 
accumulation at our field sites, tf, began in 1929 and ended at the time cores were collected in 2007.  

The water level probability distribution parameter  is determined from rating curves developed at each 
site, and kw is a known constant.  The elevations of the coring sites in 1930 and 2007 (zco and zcf) are 
determined from field data (Table 3.1).     
 

 The remaining 4 variables (h, and t1) are determined by calibrating the model using data 
from the 27 field sites.  I used the MATLAB routine nlinfit (nonlinear least squares regression) to fit the 
data to equation (17), and MATLAB routine nlparci (confidence intervals for parameters in nonlinear 
regression) to determine the 95% confidence intervals of the fitted parameter values.  To ensure that all 
the parameters contribute significantly to the final regression result, terms containing each parameter 
were added one at a time (the order of adding parameters was varied in several ways, but only one of 
these is presented here for brevity).  For example, an initial first regression model only includes the 

variable so the regression only considered equation (17) in the form of MHg = kw  Another 

regression model includes both andthe probability of flood inundationwith equation (17) in the 

form MHg = kwtf-t1e
-z

w  The third model adds the riparian forest multiplier , and so on.  Each model 
is evaluated by computing the root mean square error, Erms, of the 27 predicted and measured mercury 
inventories for each site: 

  )18(
27

1 27

1

2





i

iirms inventoryHgobservedinventoryHgpredictedE  

Values of Erms were used to demonstrate the relative contribution of each variable to improving the 
correlation between observed and predicted mercury inventories. 
 
Sensitivity Analysis 
 

A simple approach was used to illustrate the sensitivity of predicted mercury  
inventories to variations in parameter values.  First, typical base values were selected for all parameters.  
Then, each parameter was varied by +/- 25% while keeping the remaining parameters constant.  The 
sensitivity was quantified by: 
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where “parameter” refers to the base value chosen for each parameter and the notation MHg 
(parameter) refers to the mercury inventory computed from equation (17) using the parameter value 
indicated in the closed parentheses. 
 

2. Results 
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Mercury profiles in cores document sedimentation at 4 sites (Figure 3.7).   These data, combined 
with analysis of bank line movements from aerial imagery, provide the basis for determining values of zco 
(Table 3.1).  The results indicate total accumulations of 1.16, 1.20, 0.84, and 0.94 m.  At all of these sites, 
the elevations of the coring sites were close to base flow water level in 1929, so zco is approximated by 
the water surface elevation of the flow that reoccurs 50 times per year (i.e., zco = 0). 
 

Probability density functions of water surface elevations are well described by the exponential 
distribution of (2)(Figure 3.8).  Correlation coefficients range from 0.973 to 0.996, while values of λ 
range from 1.395 to 2.666 m-1(Table 3.1). 
 

Root-mean-square errors obtained by increasingly complete versions of the model are summarized 
in Table 3.2 and Figure 3.9.  The term in the model that quantifies the probability of flood inundation 
(included in model 2) provides the greatest reduction in root-mean-square errors.  Accounting for 

vegetation type (via the parameter in model 3) and sedimentation (included in model 5 only) provides 
important, and approximately equal, decreases in root-mean-square errors.  Including a maximum water 
depth of inundation (via h in model 4) apparently does not improve model predictions significantly.  A 
visual examination of predicted and observed mercury inventories obtained using the complete 
calibrated version of equation (17) suggests that the model errors (represented by the deviation of the 
data about the solid line of perfect agreement) are larger for lower mercury inventories than for higher 
mercury inventories.  Six of the seven largest deviations from the line of perfect agreement are over-
predictions from forested sites.  This may indicate some uncertainty in the vegetation classification, or 
there may be another (as yet unknown) explanation for these errors.  The median absolute error 
(represented by the dashed lines of Figure 3.10) represents predictions of mercury inventories within a 
factor of 1.85 of observed inventories.  The envelope defined by the median absolute error includes 15 
of the 27 sites. 
 

The calibrated parameter values provide some insights into the controls on mercury accumulation in 
near bank regions of the South River (Table 3.3).  The average rate of mercury accumulation during 
periods of inundation is 0.04 kg/m2/yr (95% C.I. 0.032-0.048).  Forested riparian zones increase the rate 
of mercury accumulation by a factor of 3.05 (95% CI. 2.43-3.67) compared to nonforested riparian 
zones.  Mercury only accumulates when flood waters are less than 0.98 m deep (95% C.I. 0.45-1.53), 
though this result does not appear to greatly improve model predictions.  The time scale for floodplain 
sedimentation (t1) is 39 years (95% C.I. 22-56). 
 

The sensitivity of predicted mercury inventories to +/- 25% variation in parameter values (computed 
using equation (19)) are summarized in Table 3.4.  Of the parameters evaluated through calibration, 
results are most sensitive to Φ and σ: MHg varies in linear proportion to these parameters, so the 
sensitivity is 0.50.  Predicted mercury inventories are only slightly less sensitive to t1 (0.41), while MHg is 
not sensitive to the maximum inundation depth for sedimentation (h), whose sensitivity is only 0.17.  Of 
the measured parameters, results are most sensitive (-0.63) to the inundation frequency parameter λ.  
Predicted mercury inventories are relatively insensitive to tf, zc0, and zcf, with sensitivities of 0.09, -0.18, 
and -0.22, respectively.  
 

3. Discussion 

The calibrated model appears reasonably successful in reproducing observed mercury inventories.  
A regression analysis of the predicted mercury inventories as a function the observed inventories values 
yields the power function y = 0.32x0.58, with a correlation coefficient (r2) of 0.62 and a p-value of  
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1.2x10-6.  These results indicate that 1) the model “explains” 62% of the variance in observed mercury 
inventories, and 2) the model tends to overpredict low mercury inventories (as indicated by the 
exponent of 0.58 and the coefficient of 0.32).    The unexplained variance of 38% could be caused by 1) 
errors in estimating the frequency of inundation, 2) inaccuracy in parameterizing or classifying 
vegetation, 3) systematic changes in sediment grain sizes deposited at different sites (and the related 
ability of different sizes to adsorb mercury), 4) variation in mercury inventories or sedimentation related 
to distance from the stream channel, and a host of other variables.  Poor results may be obtained for 
very low mercury inventories simply because background variability (“noise”) may swamp these small 
values. 
 

The calibrated model is only useful if it can provide detailed predictions of mercury inventories 
along an entire reach, which for the South River would imply essentially continuous predictions along 
the banks for 15 km.  Equation (17) is well-suited for this.   The required data include flow duration 
curves, detailed topographic data, and a vegetation classification (forest or non-forest) for all locations 
in the study area.  For most regions, the hydrologic data are easily obtained (as described for the South 
River above), the necessary topographic data can be obtained from high resolution LiDAR surveys, and 
vegetation can be classified from aerial photographs.   Though not reported here, equation (17) has 
been already used to estimate mercury inventories for the entire 15 km South River study reach.    
Table 3.2 and Figure 3.9 indicate that the most important process considered that controls accumulation 
of mercury along the South River is inundation by floodwaters. Forested vegetation increases mercury 
accumulation by a factor of 3, and significant sedimentation increases mercury accumulation at 4 of the 
27 coring sites. 
 

Confidence in the accuracy of the model can be at least partly assessed by relating calibrated 

model parameters to measurements in the literature.  For example, grass can be defined from equation 

(7) as the product dsshsphysically it represents the frontal area of vegetation exposed to the flow per 
unit bed area, times the efficiency of sediment trapping on stems. Values of these parameters have 
been measured by Pizzuto et al. [2008], Smith [2004], Harvey et al. [2009], and Palmer et al. [2004] in 

diverse environments ranging from Montana floodplains to the Everglades.  Values of grass derived from 
these data vary by more than 3 orders of magnitude (Table 3.5). 

 

Equation (11) provides a means of relating the calibrated value of to an implied value of grass.  
I adopt an overbank flow velocity through vegetation of 0.1 m/s [Pizzuto et al., 2008; Smith, 2004], a 
density of 2000 kg/m3 for suspended particles, an average suspended sediment concentration of 0.0001 
[Eggleston, 2009], and an average concentration of mercury on suspended sediment of 0.000239 based 
on the historical reconstructions of Skalak and Pizzuto [2009].  The resulting order of magnitude 

estimates of grass and forest are 2E-4 and 5E-4, respectively.  These values are on the very low range of 
the derived values in Table 3.5, lower than the two estimates from Montana floodplains but within the 
range of values derived from Harvey et al. [2009]’s data from the Everglades.  While these results cannot 
either validate or repudiate the model results (and further analysis is hardly warranted given the 
complexity of the problem and the paucity of available observations), they at least indicate that one 
calibrated model parameter is physically reasonable.   

 
 In developing the model, sedimentation at all but 4 sites was assumed to be negligible.  This 
assumption can be tested if equation (6) is reinterpreted to represent the average deposition rate from 
1929-2007. Then, the mercury mass accumulation rate (per unit area) is simply the measured mercury 
inventory IHG sampled from cores (because it accumulated over the entire period 1929-2007)  and the 
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mass sedimentation rate per unit area can be converted to the thickness of sediment deposited, Tt, 
using the bulk density of floodplain soils, ρb:  
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In equation (20), CHg:1930-2007 represents the average concentration of mercury on suspended particles 
transported by the South River from 1919-2007; it is (as noted above) 0.000238.   The summation terms 
on the right of equation (19) illustrate how the mercury inventory is computed from n intervals in a 
core, each with mercury concentration CsoilHgi and thickness Ti.  The soil bulk density is treated as a 
constant with depth, and as a result it cancels from equation (20).  This is useful because the bulk 
density was not measured as part of the floodplain sampling program.   
 

Applying equation (20) to the 23 sites assumed to be without net deposition yields a mean 
sediment accumulation of 0.1 +/- 0.13 (standard deviation) m (Table 3.1).  At half of these, accumulation 
is less than the median accumulation of 0.03 m.   These values indicate that the assumption of negligible 
sedimentation is well justified at nearly all the sites, particularly in light of likely decimeter-scale errors 
in estimating the stages of varying stream discharges (and hence frequencies of flood inundation).  At 
two of the sites where cores were obtained from low-lying benches, the total accumulation is 0.40 and 
0.46 m, perhaps high enough to underestimate mercury accumulation at these two sites.   

 
In future studies, it would be useful to verify sediment accumulation rates determined from 

mercury inventories using fallout radionuclides such as 137Cs and 210Pb.  Fallout radionuclides have not 
been widely used to quantify floodplain deposition in the mid-Atlantic region, possibly because useful 
vertical profiles of activity cannot be resolved at the very low sediment accumulation rates that are 
typical of the area (Bain and Brush, 2005; Walter and Merritts, 2008).   Methods based on analyzing the 
full inventory (rather than the depth distribution of activity) of fallout radionuclides could prove useful, 
however (Mabit et al., 2008). 

 
 The model presented in this paper is highly generalized.  While the model is process-based, it 
relies on simple equations that can be calibrated using data obtained from cores.  The strength of this 
approach is that the model is calibrated using data representing the entire historical period of floodplain 
mercury accumulation: the model is fit by the observed accumulation that actually occurred from 1929-
2007, without requiring any monitoring data.  There is, however, a cost to this approach.  The physical 

processes represented in the model are somewhat vague.  For example, the parameter represents 
the rate of deposition of mercury-contaminated particles, but its definition does not clarify the extent to 
which deposition is related to particle settling on the bed or to entrapment of particles on plant stems 
and leaves (the process represented by equation (7)).  Similarly, floodplain sedimentation is treated a 
very cursory manner, though it is clearly important in some locations.   Erosion is entirely neglected.   
 
 A more precise and inclusive physically-based model could have been developed.  Early versions 
included parameterizations of erosion, and also related sedimentation to boundary shear stress, a 
parameter that is often included in sediment transport models [Garcia, 2007].  However, these more 
complex models could not be successfully calibrated using the field data.  It might have been possible to 
calibrate more complex models using a combination of short-term field monitoring and laboratory tests.  
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The resulting models would necessarily have more parameters (creating increased uncertainty) than the 
simpler approach described here, and they would have to represent diverse field conditions very 
different from those that occurred during calibration.   For example, the density and nature of the 
riparian vegetation along the South River varies dramatically seasonally as annuals grow in the spring 
and decline in winter.   These differences have no doubt influenced the accumulation of mercury-
contaminated sediment, but it would be exceedingly difficult to obtain the necessary data required to 
capture these controls explicitly in a modeling scheme covering the last 78 years.   
 
 Including grain size effects would be an obvious improvement to include in future efforts 
because of mercury’s well-documented affinity for smaller particle size fractions (Flanders et al., 2010).  
However, trying to include these factors in a depositional model for the South River is not really 
warranted. There is no available grain size information for suspended sediment, so predicting the 
concentration of suspended silt or clay size fractions is impossible.  Within the study reach, floodplain 
deposits do not systematically vary in grain size with distance downstream or distance from the river 
channel (Pizzuto, unpublished data).  Finally, though it is possible to demonstrate that mercury is 
preferentially associated with smaller particles in individual cores from the South River, a general 
statistical relationship between mercury concentration and measures of particle size does not seem to 
exist (Skalak, 2009).  Either the appropriate metric of particle size has not been measured, or mercury 
concentrations are controlled by additional factors that confound any attempt to create a generalizable 
relationship.  All of these complicating factors lead to the decision to neglect particle size variations for 
developing the present version of the model.     
 

4. Conclusions  

 The accumulation of mercury-contaminated sediment onto subhorizontal surfaces adjacent to 
the channel of the South River from 1929-2007 is represented by a simple analytical model calibrated 
using data from 27 cores.  Mercury accumulation is strongly influenced by the frequency of flood 
inundation, which is quantified using an exponential distribution of water surface elevations.  Forested 
riparian areas increase mercury accumulation by a factor of 3 compared to accumulation in non-
forested areas.  While changes in the elevation of floodplain surfaces through time may be ignored at 
most of our sites, mercury accumulation is greatly enhanced at 4 sites where 0.8 – 1.2 m of sediment 
accumulated from 1929-2007. 
 
 The calibrated model can be used to estimate the extent of historic mercury accumulation along 
near-channel riparian areas of the South River in our study area, information that is helpful for 
remediation planning.  Model predictions require detailed knowledge of floodplain morphology 
(channel cross-section and longitudinal slope), a flow duration curve, and mapping of the riparian 
vegetation into categories of forest and non-forest.  Only 15 of 27 predicted mercury inventories are 
within a factor of 1.8 of measured mercury inventories, so the model predictions are best used as a 
screening tool to guide further sampling and analysis.   
 
 The approach described in this paper should be useful for any river where sediment and 
contaminants accumulate on river banks. However, in many settings, (including longer sections of the 
South River), longitudinal variations in mercury concentrations must be explicitly considered.  It would 
not be difficult to include this in the model, but a numerical solution would probably be required, and its 
use would involve specifying an upstream boundary condition representing the history of loading from 
the original source of mercury (in this case, the plant at Waynesboro).  This information is often 
unavailable.  
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 The calibrated model is not only useful for predicting the accumulation of mercury: it can also 
be used to predict the accumulation of sediment if the time-averaged mercury concentration on 
suspended sediment can be estimated.    This highlights the utility of using sediment-borne 
contaminants as tracers for long-term sedimentation processes that are otherwise exceedingly difficult 
to measure.     



102 
 

Notation 

Cf friction coefficient 
CHg concentration of mercury on suspended particles 
Cs volumetric suspended sediment concentration 
ds stem diameter, m 
DHg mass deposition rate of mercury per unit surface area, kg/m2/yr 
Dt volumetric sediment sedimentation rate, m3/m2/yr 
Erms root mean square error of predicted vs measured mercury inventory, kg/m2 
g acceleration of gravity, m2/s 
h water depth, m 
hs stem height, m 
IHg measured mercury inventory, kg/m2 
kw = 50/365 
m average vertical floodplain sediment accumulation rate, m/yr 
MHg mass of mercury per unit surface area, kg/m2 

p(zw) probability density of water surface elevations, m-1 

P length of the channel boundary at the base of a streamtube, m 
P[z] probability of exceeding water surface elevation z 
q water discharge in a streamtube, m3/s 
Q water discharge in the entire channel, m3/s 
R hydraulic radius of a streamtube computed as hcos(θ), m 

t time, yr 
tf time when a core is taken, yr 
t1 time required for linear floodplain sedimentation, yr 
Tt thickness of sediment deposition, m 
u downstream overbank flow velocity, m/s 
Xgrass sedimentation parameter for grass 
Xforest sedimentation parameter for forest 
zc elevation of a coring site, m 
zcf elevation of a coring site at the time of coring, m 
zc0 elevation of a coring site at t=0, m 
zw water surface elevation, m 
ε sediment trapping efficiency of stems 
λ water surface elevation probability distribution parameter, m-1 

ηs stem density per unit bed area, m-2 
Φ mercury deposition rate parameter, kg/m2/yr 
ρb bulk density of floodplain soils, kg/m3 

ρs density of suspended sediment, kg/m3 

σ Xforest/ Xgrass 
θ angle of the channel boundary at the base of a streamtube relative to horizontal 
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Table 3.1.  Location, geomorphic setting, data, and computed values for the coring sites. 

Distance 

Downstream 

of 

Waynesboro 

(km)1 Bank

Geomorphic 

Setting

Forest (F) 

or 

Pasture 

(P)

Hg 

Inventory 

(kg/m2) Slope λ (m-1)

pdf 

correlation 

coefficient2
zcf (m) zc0 (m) 

Sediment 

Accumulation 

1930-2007 (m)3

4.10 R Bench F 0.054 0.00059 1.992 0.994 1.82 NA 0.19

4.10 R Levee F 0.0034 0.00059 1.992 0.994 1.96 NA 0.01

4.10 L Levee P 0.0094 0.00059 1.992 0.994 1.96 NA 0.03

4.75 R Accreting bench F 0.205 0.00051 1.578 0.975 1.16 0.00 NA

4.75 L Levee F 0.053 0.00051 1.578 0.975 1.36 NA 0.18

5.28 L Bench F 0.132 0.0045 2.091 0.988 1.26 NA 0.46

5.28 R Levee P 0.005 0.0045 2.091 0.988 1.60 NA 0.02

5.63 R Levee F 0.014 0.0022 2.666 0.987 1.63 NA 0.05

5.63 L Accreting Bench F 0.098 0.0022 2.666 0.987 1.23 0.03 NA

5.92 L Accreting bench F 0.573 0.0072 1.881 0.989 0.84 0.00 NA

6.41 L Bench F 0.008 0.012 2.020 0.992 1.07 NA 0.03

6.41 L Bench F 0.025 0.012 2.020 0.992 1.77 NA 0.09

6.41 L Levee P 0.004 0.012 2.020 0.992 2.54 NA 0.01

6.76 L Levee P 0.003 0.00056 1.903 0.994 2.41 NA 0.01

7.42 L Levee P 0.0096 0.00012 1.809 0.994 2.51 NA 0.03

8.27 R Levee F 0.00022 0.0021 1.922 0.983 2.81 NA 0.00

8.27 R Levee F 0.00019 0.0021 1.922 0.983 2.81 NA 0.00

8.27 L Bench F 0.0071 0.0021 1.922 0.983 1.61 NA 0.02

8.63 L Levee F 0.052 0.0021 2.233 0.987 1.36 NA 0.18

8.66 R Levee F 0.0036 0.0003 1.714 0.990 2.44 NA 0.01

11.91 R Levee P 0.00077 0.00053 1.395 0.973 3.67 NA 0.00

11.91 R Bench F 0.115 0.00053 1.395 0.973 1.75 NA 0.40

11.91 L Levee F 0.043 0.00053 1.395 0.973 2.30 NA 0.15

12.39 R Bench F 0.0277 0.00053 1.535 0.995 2.12 NA 0.10

13.28 R Levee P 0.08 0.00053 2.653 0.990 1.17 NA 0.28

13.28 L Levee P 0.0046 0.00053 2.653 0.990 0.87 NA 0.02

13.84 R Accreting bench P 0.127 0.00053 1.621 0.996 0.94 0.00 NA

1 - from the footbridge across the South River at the Invista Plant
2 - from regression analysis to determine 
3 - inferred from Hg inventory (see text)  
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Table 3.2.  Root-mean-square errors associated with adding each term to the model. 

1
  t1 = 0 for models 2-4 

  

Model Parameters 
Included 

Erms(kg/m2) Difference in 
Erms 

1.  wHg kM   0.1128 NA 

2.   cfz

fwHg ettkM


 1   0.0801 0.0327 

3.   cfz

fwHg ettkM





 1   0.0687 0.0114 

4.    cfz

f

h

wHg ettekM


  11  h 0.0673 0.0014 

5. Equation (17) complete h, t1
1 0.0565 0.0108 
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Table 3.3.  Parameter values and 95% confidence intervals determined during model calibration. 

Parameter Value 95% Confidence Interval 

 (kg/m2/yr) 0.040 0.032-0.048 

 3.05 2.43-3.67 

h (m) 0.98 0.45-1.53 

t1 (yr) 39 22-56 
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Table 3.4.  Sensitivity of predicted mercury inventories to a +/- 25% variation in parameter 

values. 

Parameter

Calibrated (C) or 

Measured (M)

Base 

Value Sensitivity

  (kg/m
2
/yr) C 0.04 0.50

 C 3.05 0.50

h (m) C 0.98 0.17

t1 (yrs) C 39 0.41

(m-1) M 2 -0.63

tf (yrs) M 78 0.09

zc0 (m) M 0.2 -0.18

zcf (m) M 2 -0.22   
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Table 3.5.  Xgrass computed as dsshs using literature values
1
 compared with the value obtained 

from calibrated model parameters and equation (11). 

Source ds (m) s(m
-2

) ds s(m
-1

) hs (m) grass

Pizzuto et al. (2008) 0.002 424 NA 0.5 4E-02

Smith (2004) 0.04 100 NA 1.34 5E-01

Harvey et al. (2009)
2

NA NA 2E-03 0.6 1E-04

This study NA NA NA NA 2E-04
1 

the efficiency  is 0.1 [Palmer et al., 2004]. 
2
value of ds s is the lowest of a range of 3 orders of magnitude  
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Figure 3.1.  
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Figure 3.2  
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Figure 3. Schematic cross-section illustrating characteristic landforms for model application and 

defining variables for model development.   The water surface elevation of the flow that is 

equaled or exceeded 50 times per year is the datum for measuring elevations.  An overbank flow 

provides an example inundation event. 

Figure 3.3  
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Figure 4.  Boxplots showing mercury inventories for sites classified according to riparian 

vegetation (forested or non-forest), elevation relative to the adjacent stream channel (i.e., levees 

at relatively high elevation and benches at relatively low elevations), and whether significant 

sedimentation (“accreting”) has occurred at the site since 1929. 

Figure 3.4. 
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Figure 5.  Mercury inventory for levee, bench, and accreting sites as a function of distance 

downstream measured from the footbridge crossing the river to the Invista plant in Waynesboro, 

Virginia. 

Figure 3.5.  
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Figure 6.  Decreasing floodplain sedimentation rate versus time and an approximation by two 

linear functions.    

Figure 3.6.  
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Figure 7.  Reconstructed topography in 1929 at 4 coring sites based on mercury profiles in cores 

and bank line positions on historical aerial photographs.  Sites are located 4.75 km (A), 5.63 km 

(B), 5.92 km (C), and 13.84 km (D) downstream of Waynesboro. 

Figure 3.7.  
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Figure 8.  Probability density function of water surface elevations at the coring site located 4.10 

km downstream of Waynesboro.  Symbols represent elevations determined using the stream-tube 

hydraulic model, and the solid line is the exponential distribution (equation (2)) fit to the data 

using linear regression. 

Figure 3.8.  

y = 1.992e-1.992x 
R² = 0.9936 

0.001

0.01

0.1

1

0 1 2 3 4

P
ro

b
ab

ili
ty

 d
en

si
ty

 (
m

-1
) 

Water Surface Elevation (m) 



119 
 

 

Figure 9.  Root-mean-square errors for the models summarized in Table 2. 

Figure 3.9.  
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Figure 10.  Predicted and observed mercury inventories for the complete calibrated model.  The 

solid line represents perfect agreement between observations and predictions.  Dashed lines 

indicate the envelope defined by the median absolute error, a factor of 1.85. 

Figure 3.10.  
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INTRODUCTION 

 Estimates are presented here of rates of average annual loading of mercury to the South River 

from bank erosion.   The results of two separate studies are included.  The first study, completed in 

2009, provides estimates of mercury loading from Waynesboro to Port Republic, Virginia (RRM 0- RRM 

25).  For this study, mercury concentrations in eroding banks were estimated using a simple regression 

equation relating mercury concentration to relative river mile.  Because the regression equation used to 

estimate mercury concentrations failed to explain much of the observed variability in mercury 

concentration, another study was designed.  This second study, completed in 2011, provides estimates 

of mercury loading from Waynesboro to Crimora only (RRM 0-10).  For this study, the analytical model 

described in section 3 of this report (pages 88-121) was used to estimate mercury concentrations in 

eroding banks.    

METHODS 

 The annual rate of loading of mercury from eroding banks can be computed simply as the 

product of the volumetric rate of bank erosion at a site (Vb, with units of m3/yr), the soil’s bulk density 

(ρb, with units of kg/m3), and the average mercury concentration of the eroded bank sediments (C, with 

units of mass of mercury per unit mass of soil).  Methods for estimating contemporary volumetric bank 

erosion rates along the South River were discussed in section 2 of this report (The Fluvial 

Geomorphology of the South River, pages 26-28), and the results are presented on pages 33-35.  These 

results were used without modification in the two studies presented here.  The bulk density of 

floodplain soils was assumed to be 1200 kg/m3 for all computations.  Methods for estimating mercury 

concentrations in eroding banks are different for the two studies, and are described in detail below. 

Mercury Loading From Eroding Banks – RRM 0-25 

 To estimate mercury concentrations in eroding banks from RRM 0-25, banks were divided into 3 

different classes.  The banks of the cutoff area from RRM 1.45-1.82 did not exist before the early 1970s, 

so they were not expected to follow longitudinal patterns of mercury concentration established for 

other areas of the river.  The remaining eroding banks were classified by inundation frequency 

determined from HEC-RAS modeling (URS Corporation, unpublished data).  Banks inundated every 2 

years or less were grouped together, and banks inundated every 2-5 years were grouped together.  

Banks inundated less frequently than every 5 years were not included.  

 Data from three different sampling programs were available for the analysis (Tables 4.1-4.3).  In 

2007, members of the University of Delaware research team sampled eroding banks (Table 4.1).   URS 

Corporation provided additional samples from their Phase II studies of mercury levels on the banks of 4 

reaches of the South River (Table 4.2).  The University of Delaware research team also sampled deposits 

along the river where high mercury concentrations from the period of mercury use at the plant in 

Waynesboro were likely to be preserved.  These deposits, termed HRADS for “mercury release age 

deposits”, provided the data in Table 4.3. 
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 To estimate mercury concentrations at banks where measurements were not available, the data 

were plotted as a function of relative river mile.  For banks inundated every 2 years or less, mercury 

concentrations were significantly correlated with relative river mile (RRM), and linear regression analysis 

provided a quantitative relationship that could be used for prediction. 

Mercury Loading From Eroding Banks – RRM 0-10 

Rather than relying on a regression equation, the analytical model described in section III (pages 

88-121) was used to estimate average mercury concentrations along the South River from RRM 0 to 

RRM 10.  This approach, while potentially much more accurate than equation (1), is not appropriate for 

all banks of the South River.   So, before using the analytical model, a classification scheme was used to 

identify suitable locations for this approach. 

Bank classification  

The following categories were defined: 

1. Benches are areas along the South River with lower elevations than the surrounding 

valley flat.  Benches are typically underlain by floodplain deposits that consist of sand 

and silt, and are believed to form by slow lateral accretion mediated by woody 

vegetation.  Benches are inundated by floodwaters at least every two years, and typically 

more frequently than this. 

2. The 2-year floodplain represents the active floodplain of the river that is inundated on 

average every 2 years or less.  These areas are typically underlain by fine-grained 

floodplain deposits consisting primarily of sand and mud, with lesser amounts of gravel. 

3. The > 2 year floodplain represents areas that are inundated less frequently than once 

every two years.  Some of these areas are mapped as alluvial terraces on geologic maps.  

Other areas are likely older floodplain surfaces that have not been recognized by formal 

geologic mapping before. 

4. Sandy alluvial banks are composed of relatively coarse-grained sediments (mostly sand 

and gravel, with lesser amounts of silt and clay) and are related to lateral bend migration 

and local sources of gravel supply (often related to tributaries). 

5. Bedrock banks have exposures of bedrock along the bank slope or at its toe.  Bedrock 

banks occur where the river impinges on the valley wall, or where the channel has 

exhumed bedrock through downcutting.  Areas with bedrock exposed in the stream bed, 

but not in the banks, are not included in this classification. 

6. Anthropogenic banks have been significantly modified by development or engineering 

structures (including former and current mill dams).  

This classification scheme was applied to all the banks from RRM 0 to RRM 10.  The analytical 

model described on pages 88-121 is not appropriate for sandy banks, and it is likely inaccurate when 

applied to banks modified by engineering structures or other anthropogenic modifications.  The model is 

also inappropriate for banks with exposed bedrock, and these are unlikely to be eroding in any case.  
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Accordingly, predicted mercury concentrations were only determined for benches, 2-year floodplains, 

and > 2 year floodplains between RRM 0 and RRM 10. 

Defining characteristic reaches for predicting mercury concentration and loading.   

To predict mercury loading from eroding banks in RRM 0-10, banks along both sides of the river 

were divided into characteristic reaches of relatively uniform geomorphic character or bank erosion 

rate.  Characteristic reaches were defined first by the geomorphic classification described above.  Then 

bank erosion data were examined.  If one of the characteristic geomorphic reaches displayed differences 

in bank erosion rate, then it was divided into smaller reaches with uniform bank erosion rates.   

Field data required to predict mercury loading from eroding banks 

Because bank erosion rates were previously determined, only mercury concentrations are 

needed to convert soil erosion rates to mercury loading rates.  Fortunately, an extensive database of 

field sampling is available documenting the mercury concentrations of near-bank regions along the 

South River.  This database consists of cores obtained to document mercury contamination of the 

floodplain and samples obtained from the banks themselves for various reasons.  At 60% of the 

characteristic reaches defined for determining loading from bank erosion, field measurements were 

available on or near the banks that could be used to estimate mercury concentration of eroding bank 

soils. 

At the remaining 40% of characteristic reaches, the analytical model described in Section III was 

used to predict the average mercury concentration in eroding banks.  Required data at each 

characteristic reach include 1) longitudinal river slope, 2) topographic cross-section, 3) riparian 

vegetation from 1929-2007 (forested or non-forested), and 4) the elevation of the surface where 

mercury accumulated from 1929-2007 (relative to the water surface of the 50-day recurrence interval 

flow).  Longitudinal river slopes were determined from field surveys (available at relatively few sites) or 

LiDAR data (obtained in 2005 or in January, 2010).  Cross-sections were also determined from field 

surveys or from the LiDAR data.  Riparian vegetation was assessed using historical aerial imagery as 

described on page 90.  The elevation of mercury accumulation sites was assessed from surveyed cross-

sections, LiDAR data, and field surveys using a hand-held laser level. 

It is important to understand the topographic setting where mercury accumulation is predicted 

by the analytical model.  The model is designed to estimate mercury inventories on subhorizontal 

surfaces adjacent to the South River, similar to the sites where cores were obtained to calibrate the 

model (described in section III).  Mercury that accumulates on these subhorizontal surfaces can then be 

eroded into the South River by laterally migrating banks.  Mercury concentrations are NOT predicted for 

steeply sloping river banks (where accumulation and hence subsequent loading should be less important 

anyway, because the mercury that would have been deposited in previous decades has likely already 

been removed). 

The analytical model predicts the inventory of mercury that accumulated from 1929-2007, with 

units of kilograms of mercury per unit floodplain surface area (in m2).  To convert the mercury inventory 
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into an average mercury concentration of eroded bank material, the mercury inventory predicted for 

each characteristic reach was divided by the mass of soil in a vertical column with surface area of 1 m2 

that would fall into the bank as a result of bank erosion processes.  The height of the vertical column 

mobilized by bank erosion was assumed to be equal to the elevation of the surface where the mercury 

accumulated (relative to the water surface of the 50-day recurrence interval flow).  A bulk density of 

1200 kg/m3 was used to convert eroded bank sediment volumes to units of mass (i.e., kilograms). 

RESULTS 

Mercury Loading to the South River, Relative River Mile 0-25 

Bank Mercury Concentrations 

 Average mercury concentrations in banks from RRM 0-25 are illustrated in Figure 4.1.  Mercury 

concentrations range from less than 1 to more than 100 mg/kg.  Concentrations at the cutoff area and at 

banks inundated every 2-5 years are lower than those of banks inundated every 2 years.   

Concentrations of banks inundated every 2 years vary by about 1.5 orders of magnitude at any single 

location along the river, but concentrations appear to decrease systematically with relative river mile.  

This trend is confirmed by linear regression analysis (Figure 4.2), which yields the following exponential 

relationship: 

)1(*3.26 06052.0 RRMeC   

Equation (1) has a correlation coefficient (adjusted r2) of 0.15, indicating a substantial amount of 

unexplained variability, but the trend has a significance of 6.02x10-5, supporting the hypothesis that 

mercury concentrations decrease with relative river mile (RRM).  The data of Figure 4.3 suggest that the 

decrease in mercury concentration is not related to changes in the texture of river bank soils, but is 

more likely caused by significant decreases in the accumulation of mercury with increasing distance 

downstream from Waynesboro.   

 Equation (1) provides the necessary tool for estimating the mercury concentration of eroding 

banks along the South River.  Equation (1) is used for banks all banks inundated every 2 years or less.  

For the cutoff area and for banks inundated every 2-5 years, a constant value of 2 mg/kg was used. 

Mercury Loading 

 Annual mercury loading from individual eroding banks varies by more than 3 orders of 
magnitude, ranging from less than 0.001 kg/yr to more than 1 kg/yr (Figure 4.4, Table 4.4).  Local 
variability is typically around 2 orders of magnitude, but loading rates appear to slowly decrease with 
increasing RRM.  Regression analysis of the loading rate, L, as a function of RRM yields: 
 

)2(10*08993.0 *04091.0 RRML   

 
Equation (2) has an adjusted r2 value of 0.11, so its explanatory power is very limited, but the slope is 
significant, with a p value of 3.9x10-6. 
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 Annual mercury loading binned at 1 mile intervals demonstrates that most of the loading to the 
South River from bank erosion occurs upstream of RRM 10 (Figure 4.5, Table 4.5).  The highest loading 
rates occur from RRM 3-5 and RRM 7-9.  The higher rates of loading between RRM 3-10 primarily reflect 
the high number of eroding banks in this section of the river.  A secondary control is the concentration 
of mercury in eroding stream banks, which (on average) decreases slowly from upstream to 
downstream. 
 
 In Figure 4.6, banks are ordered from the highest mercury loading rate to the lowest mercury 

loading rate, and plotted versus the cumulative length of eroding bank segments.  Data plotted in this 

way can provide useful information regarding the length of bank restoration required to achieve a 

specified reduction in loading to the river.  For example, restoring 5 miles of the banks with the highest 

loading rate could potentially reduce the total mercury loading to the river by 90%.  Restoring 2 miles 

could potentially reduce loading by about 60%. About 10 miles of eroding banks contribute mercury to 

the South River between RRM 0 and RRM 25.    

Mercury Loading to the South River, Relative River Mile 0-10 

Characteristic Reaches For Estimating Bank Mercury Concentrations and Mercury Loading 

 Right and left banks of the South River from RRM 0-10 were divided into 247 characteristic 

reaches for predicting mercury loading.  Reach lengths average 0.08 mi (about 400 ft), with a median 

length of 0.06 mi (about 300 foot) and 25th and 75th percentile lengths of 0.03 mi (160 ft) and 0.09 mi 

(about 500 feet) (Table 4.6).  Figure 4.7 shows some of the reaches along a short section of the river 

from RRM 3.8 to RRM 4.3.  A complete listing of the characteristic reaches is provided in Table 4.7. 

Predicted Average Mercury Concentrations 

 Average mercury concentrations determined from field data and the analytical model are 

divided into 4 categories (no estimate, low  { < 7 ppm}, medium  {7-20 ppm}, and high {> 20 ppm}) color-

coded as white, green, yellow, and red, respectively (Figure 4.7).    Predicted concentrations range from 

1 to 145 ppm (Table 4.7).  Banks with low, medium, and high average mercury concentrations may occur 

anywhere from RRM 0-10 (Figure 4.8). Banks with high average mercury concentration appear to be 

especially prominent from RRM 2-4 and RRM 7-10. 

Mercury Loading 

 Predictions of average mercury loading from bank erosion are divided into 4 categories (no 

estimate, low  {< 0.01 kg/yr}, medium  {0.01 – 0.1 kg/yr}, and high {0.1 kg/yr}) color-coded as white, 

green, yellow, and red, respectively (Figures 4.7 and 4.9).  Predicted loading rates from individual 

reaches vary by more than 3 orders of magnitude, with a minimum loading rate of 1.7x10-4 kg/yr 

(neglecting values predicted to be 0) and a maximum of 0.8 kg/yr.   Similar to predictions of average 

mercury concentrations in eroding banks, banks with high loading may occur anywhere from RRM 0-10, 

but they tend to be especially prevalent from RRM 3-5.3 and RRM 7-10.   
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 Figure 4.10 illustrates cumulative mercury loading from bank erosion by RRM and category.  The 

total predicted loading for RRM 0-12 is about 8 kg/yr.  Nineteen banks with high loading rates contribute 

approximately 2/3 of this total, or about 5.3 kg/yr.  Figure 4.10 suggests that banks with “high” loading 

rates are localized from RRM 2.5-5, 7-7.6, and 8.5-10.  Sixty-three reaches with medium loading 

contribute most of the remaining 1/3 of the loading from RRM 0-10; these reaches are relatively 

uniformly spaced from RRM 1.5-10, contributing loading at a rate of about 0.4 kg/yr/mi along the river.  

The remaining 21 reaches with low loading contribute little to the total mercury loading. 

 Loading rates binned at 1 mile intervals (Figure 4.11) show spatial patterns of loading that are 

similar to those presented earlier (Figure 4.5, for example).   Elevated loading rates of about 1 kg/yr/mi 

occur from RRM 3-5, while even higher rates of 1.2-1.5 kg/yr/mi occur from RRM 7-10.  The rate of RRM 

0.6 kg/yr/mi for RRM 0-1 is due to loading from only 1 bank, which may indicate a high uncertainty for 

this predicted value (most of the banks from RRM 0-1 are influenced by engineering modifications and 

the available database of measured mercury concentrations is rather meager, so predictions for this 

section of the river are not well constrained).   Loading rates of about 0.5 kg/yr/mi for RRM 1-2 reflect 

erosion of banks from the cutoff area, where bank mercury concentrations are relatively low but where 

bank erosion rates are very high (see bank erosion “area 1” in Figure 2.21, page 77). 

 In Figure 4.12, reaches have been ordered by progressively decreasing loading rate, and their 

cumulative loading and lengths are plotted versus the cumulative number of eroding reaches.  This 

means of presenting the data can be used to estimate the potential reduction in loading that could be 

achieved by restoring banks in order of highest loading to lowest loading.  For example, a 99% reduction 

in loading to the South River could potentially be achieved by restoring 76 banks with a cumulative 

length of 8.3 miles.  A 75% reduction could be achieved by restoring 24 banks with a cumulative length 

of 4.2 miles.  A 50% reduction could be achieved by restoring 16 banks with a cumulative length of 3.3 

miles.  The constant slope of the line of cumulative length in Figure 4.12 suggests that the variability in 

the lengths of characteristic eroding reaches is rather small, so this variable should not play an 

important role in selecting sites for mitigating mercury loading from bank erosion. 

 It is important to recognize that the computations presented above are idealizations.  There is 

no assurance that these reductions could actually be achieved in practice, or that reduced loading would 

be entirely reflected in reduced mercury concentrations in the water column.  Furthermore, the 

eventual reductions that might be realized may not be achieved quickly, without important time lags 

between restoration and the eventual benefit to the South River. 

Discussion and Conclusions 

 Estimates of mercury loading to the South River from eroding banks between RRM 0-25 suggest 

that most of the loading occurs from RRM 0-10.  Loading rates binned at 1 mi intervals are between 1-

2.25 kg/mi/yr at six different one mile reaches from RRM 0-10, while none of the 1 mile reaches from 

RRM 10-25 exceed 1 kg/mi/yr, and most are below 0.5 kg/mi/yr.  For these estimates, mercury 

concentrations in eroding banks are based on a simple exponential equation that only uses RRM as a 
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predictor.  This equation does not explain very much of the variation in mercury concentrations 

observed in eroding banks. 

 Mercury loading by bank erosion from RRM 0-10 was assessed for 247 reaches on both banks of 

the South River.  Bank were first classified, then estimates of average mercury concentration were 

either obtained from field measurements or computed using the methods developed in Section III.  

Average mercury concentration estimates were combined with estimates of erosion rate to compute 

annual mercury loading from bank erosion.  Nineteen reaches averaging about 400 feet in length 

account for 2/3 of the total loading from RRM0-12, while the remaining 1/3 of the loading is contributed 

by another 63 reaches.   Restoring 76 banks with a total length of 8.3 miles could potentially reduce 

loading to the South River by 99%; restoring 16 banks with a cumulative length of 3.3 miles could 

potentially reduce loading by 50%. 

 The loading estimates for RRM 0-10 are valid for subhorizontal surfaces adjacent to the channel.   

To mobilize this material back into the river channel, lateral migration of the channel through bank 

erosion must occur; this is a relatively long term process that requires decades along the South River.  

Erosion of mercury contaminated sediments that have been deposited on steeply sloping banks, and 

that are subsequently removed after a brief period of storage back into the South River are not included 

in the estimates provided by this report.  
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Table 4.1.  Mercury concentrations in eroding banks sampled by the University of Delaware research 

team.  The column “Floodplain” indicates the maximum frequency of flood inundation (in years) for the 

top of the bank sampled.  “Average” mercury concentrations are true vertical averages, not simple 

arithmetic averages. 

RRM

Bank (L 

or R)

Max THg 

(ppm)

Average 

THg (ppm)

Average % 

Silt/Clay Floodplain Comments

0.115 R 431 47 no data 5 Bank Stabilization Site - Profile T3

0.12 R 406 89 no data 5 Bank Stabilization Site - Profile T5

0.13 R 118 15 no data 5 Bank Stabilization Site - Profile T2

0.15 R 584 158 no data 5 Bank Stabilization Site - Profile T1

1.55 R 3 2 12 0.3 Cutoff

1.75 R 5 2 21 2 Cutoff

1.75 R 10 1 NA 2 Cutoff (Sampled 8/05)

2.18 R 61 8 NA 0.3 Sampled 8/05

2.2 R 515 140 35 0.3

2.6 R 88 23 NA 2 Data from R. Jensen

2.96 L 110 43 no data 0.3

3.54 R 29 9 no data 2

4.75 L 18 6 19 5

5.36 L 120 31 22 0.3

5.4 R 18 2 22 5 Older terrace deposits

7.4 L 83 23 no data 2

7.7 L 117 43 39 0.3

8.25 L 8 3 27 2

8.5 L 26 7 22 0.3

8.78 L 9 4 29 0.3

8.8 R 16 3 29 2 Mapped as Alluvial Fan

9.75 L 80 24 28 2

11.58 R 37 10 NA 2

13.13 R 3 2 23 5

15.4 L 8 2 29 0.3

22.3 R 5 3 15 2

22.58 R 3 2 19 5

22.61 L 6 1 25 5

23.1 R 13 4 26 2  
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Table 4.2.  Mercury concentrations in banks sampled by URS Corporation during Phase II studies.  

Averages are vertical, not arithmetic averages. 

Site Name RRM

Bank (L or 

R)

Inundation 

Frequency 

(yr)

Ave Hg 

(mg/kg) Geomorphic Setting

SA1-CR 0.15 R 5 132 Engineered Bank (sloping bank of 5 yr floodplain)

SA1-DR 0.17 R 5 0.4 Engineered Bank (sloping bank of 5 yr floodplain)

SA1-ER 0.18 R 5 3 Engineered Bank (sloping bank of 5 yr floodplain)

SA1-AL 0.11 L 5 0.5 Engineered Bank

SA1-BL 0.13 L 5 0.5 Engineered Bank

SA1-CL 0.15 L 5 0.3 Engineered Bank

SA1-DL 0.17 L 5 5 Sloping bank of 5 yr floodplain

SA1-EL 0.18 L 5 9 Sloping bank of 5 yr floodplain

SA2-AR 2.92 R 0.3 16 floodplain

SA2-BR 2.94 R 0.3 11 floodplain

SA2-CR 2.96 R 0.3 18 floodplain

SA2-DR 2.98 R 0.3 32 floodplain

SA2-ER 3 R 0.3 14 floodplain

SA2-AL 2.92 L 0.3 16 floodplain

SA2-BL 2.94 L 0.3 40 floodplain

SA2-CL 2.96 L 0.3 20 floodplain

SA2-DL 2.98 L 0.3 19 floodplain

SA2-EL 3 L 0.3 14 floodplain

SA3-AR 3.47 R 0.3 14 floodplain

SA3-BR 3.49 R 0.3 21 floodplain

SA3-CR 3.51 R 0.3 58 floodplain

SA3-DR 3.54 R 0.3 15 floodplain

SA3-ER 3.55 R 0.3 6 floodplain

SA3-AL 3.47 L 0.3 38 floodplain

SA3-BL 3.49 L 0.3 21 floodplain

SA3-CL 3.51 L 0.3 51 floodplain

SA3-DL 3.54 L 0.3 10 floodplain

SA3-EL 3.55 L 0.3 14 floodplain

SA4-AR 3.62 R 0.3 17 floodplain

SA4-BR 3.63 R 0.3 6 floodplain

SA4-CR 3.66 R 0.3 17 floodplain

SA4-DR 3.68 R 0.3 4 floodplain

SA4-ER 3.7 R 0.3 3 floodplain

SA4-AL 3.62 L 0.3 21 floodplain

SA4-BL 3.63 L 0.3 34 floodplain

SA4-CL 3.66 L 0.3 29 floodplain

SA4-DL 3.68 L 0.3 12 floodplain

SA4-EL 3.7 L 0.3 10 floodplain

SA6-AR 8.53 R 0.3 16 floodplain

SA6-BR 8.55 R 0.3 19 floodplain

SA6-CR 8.57 R 0.3 15 floodplain

SA6-DR 8.6 R 0.3 16 floodplain

SA6-ER 8.62 R 0.3 33 floodplain

SA6-AL 8.53 L 0.3 9 floodplain

SA6-BL 8.57 L 0.3 17 floodplain

SA6-CL 8.57 L 0.3 16 floodplain

SA6-DL 8.6 L 0.3 30 floodplain

SA6-EL 8.62 L 0.3 12 floodplain

SA7-AR 9.43 R 0.3-2 23 floodplain

SA7-BR 9.45 R 0.3-2 17 floodplain

SA7-CR 9.47 R 0.3-2 17 floodplain

SA7-DR 9.49 R 0.3-2 16 floodplain

SA7-ER 9.51 R 0.3-2 23 floodplain

SA7-AL 9.43 L >100 31 bedrock valley wall

SA7-BL 9.45 L >100 41 bedrock valley wall

SA7-CL 9.47 L >100 21 bedrock valley wall

SA7-DL 9.49 L >100 33 bedrock valley wall

SA7-EL 9.51 L >100 11 bedrock valley wall

SA8-AR 23.42 R 0.3 6 floodplain

SA8-BR 23.44 R 0.3 1 floodplain

SA8-CR 23.46 R 0.3 2 floodplain

SA8-DR 23.47 R 0.3 3 floodplain

SA8-ER 23.5 R 0.3 5 floodplain

SA8-AL 23.42 L 0.3 21 floodplain

SA8-BL 23.44 L 0.3 34 floodplain

SA8-CL 23.46 L 0.3 29 floodplain

SA8-DL 23.48 L 0.3 12 terrace/floodplain

SA8-EL 23.5 L 0.3 10 terrace/floodplain   
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Table 4.3.   Mercury concentrations in HRAD (“mercury release age deposits”) sampled by members of 

the University of Delaware research term.  Average mercury concentrations are vertical averages, not 

arithmetic averages. 

HRAD RRM Bank

HRAD 

Type1

Flood 

Inundation  

(yr)

Max Hg 

(ppm)

Ave. Hg 

(ppm)
1 2.95 right bench 0.3 432 102

3 3.09 right bench 0.3 18.4 13

4 3.39 right point bar 0.3 75 31

5 3.53 left point bar 0.3 204 49

6 3.68 left point bar 0.3 839 247

7A 3.9 left bench 2 10.5 7

7B 3.9 left bench 5 78 11

10A 4.85 right floodplain 2 26.6 5

10B 4.85 left floodplain 2 29.9 11

11 5.14 left point bar 0.3 11.9 4

14A 7.4 right bench 2 96.6 47

14B 7.4 right floodplain 5 2.6 0.47

15 7.8 right bench 0.3 26.2 17

16 8.05 right floodplain 2 270 65

17A 8.25 right point bar 0.3 17.5 15

17B 8.25 right floodplain 0.3 196 49

21 8.6 right floodplain 0.3 163 77

24(101) 9.27 right floodplain 0.3 15.3 10

26A 9.42 right bench 2 129 58

26B 9.54 right floodplain 2 25 10

28 13.72 right floodplain 0.3 30.7 14

41 23.44 left floodplain 0.3 15.7 12  

1 – benches are subhorizontal surfaces adjacent to the channel lower in elevation than the ambient 

floodplain (see Figure 3.3, page 111, and text page 90 for additional details).  Point bars form on the 

insides of migrating bends along the channel. 
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Table 4.4.  Average annual mercury loading from bank erosion from RRM 0-25. 

Start RRM End RRM River Bank Contemporary Hg Loading Rate (kg/yr)

0.14 0.15 R 0.2597

0.65 0.66 R 0.2051

1.44 1.48 L 0.1073

1.49 1.59 R 0.0109

1.59 1.65 R 0.1341

1.65 1.68 L 0.2656

1.68 1.74 R 0.0078

1.76 1.82 R 0.2074

1.88 1.93 R 0.0419

2.14 2.16 R 0.0236

2.68 2.69 R 0.0061

2.90 3.02 L 0.2605

3.15 3.22 R 0.2682

3.23 3.33 R 0.1103

3.33 3.39 L 0.1063

3.41 3.46 L 0.1230

3.46 3.52 R 0.1385

3.54 3.60 R 0.1793

3.60 3.62 L 0.0692

3.62 3.65 R 0.0437

3.65 3.71 R 0.0964

3.71 3.76 R 0.0679

3.76 3.85 L 0.3280

3.85 3.90 L 0.0092

3.85 3.90 R 0.0795

4.15 4.19 L 0.1301

4.19 4.21 R 0.0664

4.21 4.22 L 0.0476

4.22 4.30 L 0.1377

4.30 4.36 L 0.1114

4.60 4.70 L 0.1822

4.60 4.70 R 0.1821

4.70 4.72 L 0.0383

4.73 4.81 L 1.2124

5.06 5.12 L 0.1064

5.27 5.35 L 0.1716

5.37 5.41 R 0.0063

5.49 5.52 L 0.0222

5.52 5.60 L 0.1428

5.60 5.70 L 0.1785

5.78 5.82 R 0.0625

5.85 5.92 L 0.0844

6.25 6.28 L 0.0227

6.34 6.38 L 0.0350

6.39 6.41 R 0.0146

6.40 6.42 L 0.0599  
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Table 4.4  Continued. 

6.43 6.48 L 0.1158

6.49 6.51 R 0.0107

6.54 6.56 R 0.0066

6.56 6.58 L 0.1322

6.56 6.61 R 0.0759

6.59 6.60 L 0.0232

6.60 6.61 L 0.0000

6.61 6.62 L 0.0129

6.81 6.89 L 0.1010

6.91 6.93 L 0.0593

6.91 6.99 R 0.1311

6.95 7.01 L 0.2433

7.01 7.07 L 0.2484

7.10 7.12 R 0.0209

7.10 7.17 L 0.4059

7.12 7.17 L 0.0739

7.19 7.21 L 0.0297

7.21 7.22 L 0.0342

7.22 7.23 L 0.0050

7.22 7.26 R 0.0199

7.26 7.32 L 0.0298

7.27 7.30 L 0.1080

7.30 7.40 L 0.2496

7.34 7.44 R 0.1164

7.40 7.44 L 0.0436

7.46 7.47 L 0.0042

7.48 7.49 L 0.0056

7.50 7.55 L 0.0345

7.55 7.61 R 0.2433

7.62 7.68 R 0.1095

7.68 7.75 L 0.0996

7.79 7.91 L 0.0904

7.91 7.92 R 0.0067

7.92 7.93 L 0.0083

7.96 7.99 L 0.0113

8.14 8.16 R 0.0475

8.16 8.25 L 0.2387

8.26 8.31 L 0.0684

8.32 8.34 R 0.0335

8.38 8.50 R 0.1298

8.50 8.54 L 0.1640

8.55 8.58 R 0.0539

8.58 8.62 R 0.0174

8.70 8.78 L 1.0610

8.79 8.80 R 0.0201

8.80 8.90 R 0.0000

8.94 8.98 R 0.1118

8.90 9.01 R 0.0292

9.00 9.05 L 0.0585

9.02 9.04 R 0.0401

9.05 9.07 R 0.0032

9.03 9.12 L 0.1069  
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Table 4.4  Continued. 

9.13 9.15 R 0.0615

9.25 9.32 R 0.2569

9.51 9.55 R 0.0595

9.63 9.69 L 0.4249

9.69 9.72 R 0.0252

9.74 9.76 L 0.0197

9.81 9.84 L 0.0657

9.92 9.96 L 0.1321

9.96 10.03 R 0.0317

10.08 10.11 L 0.0273

10.28 10.30 L 0.0597

10.31 10.34 L 0.0519

10.36 10.45 R 0.0085

10.45 10.52 L 0.0962

10.56 10.61 R 0.0073

10.61 10.64 L 0.0209

10.71 10.77 R 0.0346

10.93 11.00 R 0.0251

11.64 11.70 L 0.3004

11.71 11.74 R 0.0050

11.74 11.81 L 0.0752

11.81 11.86 R 0.0033

11.99 12.40 R 0.1650

12.02 12.10 L 0.1450

12.23 12.25 L 0.0334

12.32 12.36 R 0.0473

12.36 12.44 R 0.0292

12.65 12.66 R 0.0019

12.68 12.70 R 0.0029

12.70 12.75 R 0.0045

12.83 12.90 R 0.0204

12.90 12.93 R 0.0305

12.98 13.00 L 0.0043

13.00 13.15 L 0.0004

13.19 13.29 R 0.3469

13.30 13.33 L 0.0546

13.70 13.73 L 0.1003

13.75 13.77 L 0.0098

13.82 13.85 R 0.0051

13.92 13.94 R 0.0071

14.40 14.43 L 0.0165

14.90 15.00 R 0.0009

15.00 15.02 R 0.0208

15.02 15.07 R 0.0076

15.08 15.09 R 0.0009

15.32 15.40 L 0.1441

15.53 15.60 R 0.1211

15.75 15.78 R 0.0239

16.50 16.52 R 0.0060

16.52 16.54 R 0.0009  
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Table 4.4  Continued 

16.68 16.71 L 0.0020

16.72 16.79 L 0.0792

16.79 16.81 R 0.0264

16.91 16.97 L 0.0163

17.30 17.34 L 0.0435

17.35 17.39 R 0.0100

17.48 17.63 L 0.0621

17.89 17.97 R 0.0474

19.68 19.69 L 0.0055

19.99 20.03 L 0.0157

20.60 20.61 R 0.0007

20.66 20.68 R 0.0065

20.70 20.73 R 0.0332

20.73 20.80 R 0.1304

20.80 20.90 R 0.0962

20.90 20.97 R 0.2180

21.18 21.33 L 0.0293

21.62 21.65 L 0.0027

21.63 21.67 L 0.0083

22.19 22.43 R 0.0716

22.43 22.58 R 0.7848

22.62 22.64 L 0.0087

22.69 22.72 R 0.0110

22.72 22.73 L 0.0033

22.74 22.77 L 0.0077

22.77 22.79 R 0.0069

22.80 22.82 R 0.0038

22.88 22.90 L 0.0067

23.05 23.15 R 0.4660

23.17 23.20 R 0.0005

23.22 23.25 R 0.0091

23.25 23.34 L 0.0830

23.38 23.51 L 0.0550

23.54 23.80 L 0.0158

23.77 23.81 R 0.0027

23.81 23.83 L 0.0015
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Table 4.5.  Mercury loading from bank erosion to the South River binned at 1 mile intervals. 

Relative 

River Mile Loading (kg/yr)

0-1 0.465

1-2 0.775

2-3 0.290

3-4 1.540

4-5 2.108

5-6 0.775

6-7 1.044

7-8 1.999

8-9 1.975

9-10 1.286

10-11 0.363

11-12 0.384

12-13 0.485

13-14 0.524

14-15 0.017

15-16 0.318

16-17 0.131

17-18 0.163

18-19 0.000

19-20 0.021

20-21 0.501

21-22 0.040

22-23 0.904

23-24 0.634

Total 16.742  

  



138 
 

Table 4.6.  Length statistics for characteristic reaches defined for predicting mercury loading from bank 

erosion, RRM 0-10. 
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Table 4.7.  Predicted mercury concentrations and loading rates for characteristic reaches, RRM 0-10. 

Side of River (R 

or L, facing 

downstream) RRM Start RRM End Classification

Ave Hg 

Conc. 

(ppm)

Hg 

Loading 

Rate 

(kg/yr)

R 0 0.14 Anthropogenic ND ND

R 0.14 0.15 Anthropogenic ND ND

R 0.15 0.65 Anthropogenic ND ND

R 0.65 0.66 Anthropogenic 74 6.15E-01

R 0.66 1.49 Anthropogenic ND ND

L 0 1.44 Anthropogenic ND ND

L 1.44 1.49 Anthropogenic 0 7.00E-04

R 1.49 1.52 2-yr 13 0.024501

R 1.52 1.58 2-yr 1 0.002891

R 1.58 1.62 >2-yr 2 6.71E-02

R 1.62 1.65 2-yr 2 6.71E-02

L 1.49 1.52 2-yr 2 0.00E+00

L 1.52 1.55 2-yr 2 0.00E+00

L 1.55 1.655 Sandy ND ND

R 1.65 1.715 2-yr 4 1.45E-02

L 1.655 1.69 >2-yr 0 1.17E-03

R 1.715 1.74 >2-yr 3 1.38E-02

L 1.69 1.76 2-yr 2 0.00E+00

R 1.74 1.82 2-yr 2 2.07E-01

L 1.76 1.83 Sandy ND ND

L 1.83 1.89 Anthropogenic ND ND

L 1.89 2.04 Bedrock ND ND

L 2.04 2.07 2-yr 3 6.54E-03

L 2.07 2.36 Bedrock ND ND

R 1.82 1.88 >2-yr 4 0.00E+00

R 1.88 1.93 2-yr 12 2.22E-02

R 1.93 2 Sandy ND ND

R 2 2.09 2-yr 26 0.00E+00

R 2.09 2.14 2-yr 6 0.00E+00

R 2.14 2.17 2-yr 31 8.43E-03

R 2.17 2.59 2-yr 140 0.00E+00

L 2.36 2.68 2-yr 7 0.00E+00

R 2.59 2.68 Anthropogenic ND ND

R 2.68 2.69 Anthropogenic ND ND

R 2.69 2.78 Anthropogenic ND ND

R 2.78 2.82 Bench 53 0.00E+00

L 2.68 2.78 2-yr 46 0.00E+00

L 2.78 2.89 Bedrock ND ND

R 2.82 2.9 Anthropogenic ND ND

R 2.9 3.02 Bench 32 0.00E+00

L 2.89 3.02 2-yr 22 2.64E-01

L 3.02 3.08 2-yr 9 0.00E+00

R 3.02 3.06 Anthropogenic ND ND

R 3.06 3.11 Sandy 13 0.00E+00

L 3.08 3.22 Bedrock ND ND

R 3.11 3.15 Anthropogenic ND ND

L 3.22 3.33 Bench 145 0.00E+00

L 3.33 3.39 Bench 16 8.34E-02

L 3.39 3.41 Anthropogenic ND ND  
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Table 4.7, continued. 

L 3.41 3.46 Bench 9 5.19E-02

R 3.15 3.22 2-yr 5 6.80E-02

R 3.22 3.23 2-yr 23 3.30E-02

R 3.23 3.33 > 2-yr 23 8.81E-02

R 3.33 3.44 Sandy ND ND

R 3.44 3.52 2-yr 37 2.48E-01

R 3.52 3.54 2-yr 10 1.47E-02

R 3.54 3.6 2-yr 14 1.21E-01

L 3.46 3.54 Bench 31 0.00E+00

L 3.54 3.75 Bench 51 0.00E+00

R 3.6 3.62 2-yr 17 5.66E-02

R 3.62 3.65 2-yr 9 1.90E-02

R 3.65 3.71 2-yr 3 1.40E-02

R 3.71 3.76 2-yr 15 6.78E-02

L 3.75 3.85 2-yr 1 1.43E-02

R 3.76 3.85 2-yr 11 9.45E-02

L 3.85 3.9 >2-yr 13 5.98E-02

R 3.85 3.9 2-yr 13 4.98E-02

R 3.9 4.06 Bedrock ND ND

L 3.9 3.92 > 2-yr 5 0.00E+00

L 3.92 4.04 Bench 9 0.00E+00

L 4.04 4.07 > 2-yr 28 0.00E+00

L 4.07 4.13 2-yr 2 0.00E+00

L 4.13 4.15 Bedrock 27 0.00E+00

R 4.06 4.13 Sandy 8 0.00E+00

R 4.13 4.15 Bedrock ND ND

L 4.15 4.19 2-yr 5 3.23E-02

R 4.15 4.4 2-yr 6 9.32E-02

L 4.19 4.21 2-yr 1 0.00E+00

L 4.21 4.22 2-yr 11 2.56E-02

L 4.22 4.3 2-yr 5 3.43E-02

L 4.3 4.36 2-yr 27 1.50E-01

L 4.36 4.47 Bedrock ND ND

L 4.47 4.6 > 2-yr 1 0.00E+00

R 4.4 4.6 2-yr 1 0.00E+00

R 4.6 4.7 2-yr 2 1.68E-02

L 4.6 4.7 > 2-yr 6 5.59E-02

L 4.7 4.72 > 2-yr 6 1.18E-02

R 4.7 4.73 2-yr ND ND

L 4.72 4.82 2-yr 6 3.74E-01

R 4.73 4.82 Sandy 1 0.00E+00

L 4.82 4.89 Bedrock ND ND

L 4.89 4.9 Anthropogenic ND ND

R 4.82 4.9 Anthropogenic 5 0.00E+00

R 4.9 4.96 Anthropogenic 0 0.00E+00

L 4.9 4.96 Anthropogenic 2 0.00E+00

R 4.96 5.01 > 2-yr 0 0.00E+00

L 4.96 5.01 Anthropogenic 2 0.00E+00

R 5.01 5.06 Anthropogenic ND ND

L 5.01 5.06 Anthropogenic ND ND  
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Table 4.7, continued. 

L 5.06 5.12 > 2-yr 13 7.48E-02

R 5.06 5.2 > 2-yr 0 0.00E+00

L 5.12 5.2 Sandy 4 0.00E+00

R 5.2 5.27 Bedrock ND ND

L 5.2 5.27 Bedrock ND ND

L 5.27 5.3 Anthropogenic ND ND

R 5.27 5.3 Anthropogenic ND ND

L 5.3 5.36 2-yr 31 2.82E-01

R 5.3 5.36 2-yr 22 0.00E+00

R 5.36 5.42 > 2-yr 2 6.46E-03

L 5.36 5.43 Bedrock ND ND

L 5.43 5.47 2-yr 27 0.00E+00

L 5.47 5.49 > 2-yr 1 0.00E+00

R 5.42 5.58 Sandy ND ND

L 5.49 5.52 > 2-yr 1 6.38E-04

L 5.52 5.6 > 2-yr 2 1.80E-02

L 5.6 5.7 2-yr 3 2.73E-02

R 5.58 5.68 2-yr 42 0.00E+00

R 5.68 5.78 > 2-yr 0 0.00E+00

L 5.7 5.85 2-yr 20 0.00E+00

R 5.78 5.82 2-yr 4 1.54E-02

R 5.82 5.86 2-yr 5 0.00E+00

L 5.85 5.92 2-yr 15 7.19E-02

L 5.92 6.01 2-yr 1 0.00E+00

R 5.86 5.92 > 2-yr 1 0.00E+00

R 5.92 6.39 > 2-yr 1 0.00E+00

R 6.39 6.41 > 2-yr 3 2.40E-03

L 6.01 6.25 > 2-yr 1 0.00E+00

L 6.25 6.28 > 2-yr 1 1.86E-03

L 6.28 6.34 > 2-yr 2 0.00E+00

L 6.34 6.38 >2-yr 3 5.92E-03

L 6.38 6.4 > 2-yr 6 0.00E+00

L 6.4 6.42 2-yr 3 1.11E-02

L 6.42 6.48 2-yr 3 2.15E-02

R 6.41 6.49 > 2-yr 4 0.00E+00

R 6.49 6.51 > 2-yr 2 9.66E-04

R 6.51 6.54 > 2-yr 1 0.00E+00

R 6.54 6.56 > 2-yr 0 1.73E-04

L 6.48 6.56 2-yr 21 0.00E+00

L 6.56 6.58 2-yr 1 9.52E-03

L 6.58 6.61 2-yr 1 1.19E-03

R 6.56 6.61 2-yr ND ND

L 6.61 6.63 2-yr 1 1.03E-03

L 6.63 6.72 Bedrock ND ND

R 6.61 6.81 2-yr 4 0.00E+00

L 6.72 6.81 2-yr 8 0.00E+00

L 6.81 6.9 2-yr 16 9.52E-02

L 6.9 6.94 2-yr 5 1.57E-02

L 6.94 7.01 2-yr 14 1.96E-01

R 6.81 6.91 2-yr 12 0.00E+00   
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Table 4.7, continued. 

R 6.91 6.95 2-yr 5 1.73E-02

R 6.95 7 > 2-yr 6 2.20E-02

L 7.01 7.07 2-yr 1 1.93E-02

L 7.07 7.1 > 2-yr 0 0.00E+00

R 7 7.1 Sandy 5 0.00E+00

R 7.1 7.12 2-yr 13 1.58E-02

L 7.1 7.17 Sandy ND ND

L 7.17 7.19 Sandy ND ND

L 7.19 7.21 Sandy ND ND

R 7.12 7.22 > 2-yr 0 0.00E+00

L 7.21 7.22 Sandy ND ND

L 7.22 7.23 2-yr 19 5.87E-03

R 7.22 7.26 > 2-yr 1 1.00E-02

R 7.26 7.34 > 2-yr 1 0.00E+00

L 7.23 7.27 2-yr 24 0.00E+00

L 7.27 7.3 2-yr 33 5.93E-02

L 7.3 7.4 2-yr 12 1.75E-01

L 7.4 7.44 2-yr 23 6.10E-02

R 7.34 7.44 Bench 37 2.60E-01

L 7.44 7.46 2-yr 58 0.00E+00

L 7.46 7.47 2-yr 55 1.31E-02

L 7.47 7.48 2-yr 53 0.00E+00

L 7.48 7.49 2-yr 46 1.56E-02

L 7.49 7.5 2-yr 52 0.00E+00

L 7.5 7.55 2-yr 84 1.77E-01

R 7.44 7.55 2-yr 3 0.00E+00

R 7.55 7.61 2-yr 2 3.34E-02

R 7.61 7.68 Bench 8 5.63E-02

L 7.55 7.68 Sandy ND ND

L 7.68 7.75 2-yr 43 2.63E-01

R 7.68 7.91 Bench 17 0.00E+00

L 7.75 7.79 2-yr 30 0.00E+00

L 7.79 7.91 2-yr 0 1.01E-03

R 7.91 7.92 2-yr 20 8.29E-03

R 7.92 8.03 2-yr 65 0.00E+00

L 7.91 7.92 2-yr 16 0.00E+00

L 7.92 7.93 2-yr 4 2.23E-03

L 7.93 7.96 2-yr 5 0.00E+00

L 7.96 7.99 2-yr 3 1.97E-03

L 7.99 8.06 2-yr 2 0.00E+00

L 8.06 8.16 Bench 12 0.00E+00

R 8.03 8.09 Alluvial Terrace ND ND

R 8.09 8.16 2-yr 22 0.00E+00

L 8.16 8.25 2-yr 3 4.54E-02

R 8.16 8.23 2-yr 3 0.00E+00

R 8.23 8.27 Sandy 15 0.00E+00

L 8.25 8.31 2-yr 15 6.53E-02

R 8.27 8.32 2-yr 38 0.00E+00

R 8.32 8.34 2-yr 38 8.10E-02

L 8.31 8.35 2-yr 9 0.00E+00   
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Table 4.7, continued. 

L 8.35 8.39 Bench 9 0.00E+00

L 8.39 8.47 Bench 45 0.00E+00

L 8.47 8.5 2-yr 8 0.00E+00

R 8.34 8.38 Alluvial Terrace 3 0.00E+00

R 8.38 8.5 Alluvial Terrace 9 7.39E-02

R 8.5 8.55 2-yr 16 0.00E+00

L 8.5 8.56 2-yr 7 7.43E-02

R 8.55 8.58 2-yr 15 9.84E-02

R 8.58 8.62 2-yr 25 2.81E-02

L 8.56 8.6 2-yr 17 0.00E+00

L 8.6 8.7 Bench 28 0.00E+00

R 8.62 8.69 Alluvial Terrace 1 1.57E-02

R 8.69 8.79 Sandy 5 0.00E+00

L 8.7 8.78 2-yr 5 3.47E-01

L 8.78 8.8 2-yr 10 0.00E+00

R 8.79 8.8 Alluvial Terrace 3 4.28E-03

R 8.8 8.9 2-yr 3 1.98E-01

R 8.9 8.94 2-yr 5 0.00E+00

L 8.8 8.9 2-yr 8 0.00E+00

R 8.94 8.98 2-yr 16 1.21E-01

R 8.98 9.01 2-yr 17 3.34E-02

L 8.9 9 2-yr 10 0.00E+00

L 9 9.05 2-yr 6 2.40E-02

R 9.01 9.05 2-yr 14 3.76E-02

R 9.05 9.07 2-yr 25 5.04E-03

L 9.05 9.12 2-yr 3 2.28E-02

R 9.07 9.13 2-yr 12 0.00E+00

L 9.12 9.15 2-yr 3 0.00E+00

R 9.13 9.15 2-yr 5 1.89E-02

L 9.15 9.26 Bedrock ND ND

R 9.15 9.19 Sandy 10 0.00E+00

R 9.19 9.29 Bench 10 0.00E+00

L 9.26 9.31 Sandy ND ND

L 9.31 9.56 Bedrock ND ND

R 9.29 9.32 2-yr 10 1.67E-01

R 9.32 9.51 Bench 26 0.00E+00

R 9.51 9.55 Bench 10 0.00E+00

R 9.55 9.61 Anthropogenic 10 0.00E+00

L 9.56 9.61 Anthropogenic 27 0.00E+00

R 9.61 9.64 Anthropogenic 4 0.00E+00

L 9.61 9.69 Anthropogenic 27 8.05E-01

R 9.64 9.74 >2-yr 4 0.00E+00

L 9.69 9.73 2-yr 22 3.79E-02

L 9.73 9.76 2-yr 17 2.35E-02

L 9.76 9.82 2-yr 5 3.47E-01

L 9.82 9.85 2-yr 20 0.00E+00

L 9.85 9.95 Anthropogenic ND ND

R 9.74 9.78 2-yr 17 0.00E+00

R 9.78 9.83 > 2-yr 7 0.00E+00

R 9.83 9.89 Anthropogenic ND ND

R 9.89 9.95 Anthropogenic ND ND   
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Figure 4.1.  Average mercury concentration in river banks from RRM 0-25.  Banks are grouped into three 

categories: those inundated every 2 years or less, those inundated every 2-5 years, and those of the 

cutoff area from RRM 1.45-1.82 

 

Figure 4.2.  Average mercury concentration in river banks inundated every 2 years or less from RRM 0-

25.  An exponential regression equation (with upper and lower error bounds) is illustrated in red. 
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Figure 4.3.  Average % silt-clay in eroding banks sampled by the University of Delaware research team as 

a function of relative river mile. 

 

Figure 4.4.  Annual average mercury loading from all eroding banks between RRM 0 and RRM 25.  A 

linear regression fit to these data is also illustrated. 
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Figure 4.5.  Annual mercury loading from bank erosion, binned into 1 mile intervals. 

 

Figure 4.6.  Fraction of total mercury loading version cumulative length of eroding banks, with data 

sorted in order of decreasing annual loading rate (i.e., the first bank plotted has the highest loading of all 

the eroding banks, and subsequent banks are added at progressively smaller loading rates). 
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Figure 4.7.  Characteristic reaches for predicting mercury concentration (upper panel) and mercury 

loading from bank erosion (lower panel) from RRM 3.8 to RRM 4.3.  Inset at the lower right shows the 

location of this short section of the South River. 

 

Figure 4.8.  Average mercury concentrations of eroding banks by category and relative river mile. 
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Figure 4.9.  Annual mercury loading from eroding banks by category and relative river mile. 

 

Figure 4.10.  Cumulative mercury loading from eroding banks versus relative river mile by category. 
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Figure 4.11.  Mercury loading from bank erosion from RRM 0-10 binned at 1 mile intervals. 

 

Figure 4.12.  Cumulative loading by eroding bank reaches ordered from highest loading to lowest loading 

versus cumulative number of eroding banks.  The cumulative length of eroding banks is also illustrated. 
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ABSTRACT From 1929 to 1950, DuPont used mercury as a catalyst at their Waynesboro, 11 

Virginia (USA) facility.  During the 1970s, it was discovered that fish in the South River, which 12 

flows adjacent to the facility, contained elevated levels of mercury.  In the spring of 2008, 13 

Virginia Department of Environmental Quality in cooperation with DuPont Co. and URS 14 

Corporation performed an extensive sampling program to assess mercury concentrations within 15 

the 100 year floodplain of the South River.  A stratified random sampling design was used to 16 

determine sampling locations from the facility at Waynesboro to the confluence of the South and 17 

North Rivers Fork at Port Republic, which is approximately 40 river-km downstream from the 18 

facility.  The river was divided into six reaches based on bridge crossings and further divided 19 

into sections based on flooding frequencies (e.g., 0 to 2, 2 to 5, and 5 to 62 year flooding 20 

frequencies), and land-use (i.e., wetlands, open space, forest, pastureland, cropland, and 21 

developed or high intensity land-use).  Total mercury (THg), moisture content, grain size, and 22 

organic carbon (Loss on Ignition) were determined on soil samples collected from the surface to 23 

15-cm depth and 15 to >75-cm depth.  For surface samples, THg decreased as distance from the 24 

river increased, which was most evident in the 2- and 62-year forested floodplain areas. 25 
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Likewise, THg tended to decrease as elevation above the river increased.  Increasing percent silt 26 

and, less importantly, decreasing percent clay were associated with increased THg.  Increased 27 

levels of organic material in the soil were associated with increased THg.  LOI and particle size 28 

were highly correlated and appear to represent the same relationship to THg.  29 

Ignoring landuse, THg levels were higher in the 2-year floodplain than in the 5- or 62-year 30 

floodplains except in Reach 1, where the highest levels were in the 5-year floodplain. The lowest 31 

levels of THg were always observed in the 62-year floodplain. In the forested areas of Reach 5, 32 

the highest levels of THg were observed in the 5-year floodplain.  The highest THg levels tended 33 

to be in forested areas.  However pasture in Reach 2 and open space in Reach 1 had the highest 34 

THg levels in those reaches. Also, in Reach 3, the highest levels of THg were observed in the 35 

forested areas in the 5-year floodplain.   In the 2- and 62-year floodplains, the highest mercury 36 

levels were found in the pasture areas. The mercury levels were at a much reduced level in the 37 

62-year floodplain compared to the 2- and 5-year floodplains. A kriging model was developed 38 

that agreed well with the observed surface THg levels in that observed values were consistent 39 

with values predicted by the model. Kriged results were then reviewed in light of sedimentologic 40 

principles and changes in historic drainage patterns.  Revisions and adjustments were made to 41 

the contouring based on these additional factors.  42 

 43 

KEYWORDS. Soil mercury, floodplain, stratified random sample 44 

BRIEFS 45 

INTRODUCTION  46 

 From 1929 to 1950, DuPont used mercury as a catalyst at their former Waynesboro, 47 

Virginia (USA) manufacturing facility (Figure 1).  During the 1970s, it was discovered that fish 48 

in the South River contained mercury at levels above the Virginia Department of Health’s 49 

guideline (0.5 ppm) for human consumption.  In a settlement between DuPont and the Virginia 50 

State Water Control Board (SWCB) in 1984, DuPont established a trust fund to support a 100-51 

year monitoring program for mercury, which mandated periodic monitoring of Hg in fish, water, 52 

and sediments.  It also mandated floodplain soil sampling on a 15 to 20-year frequency, as 53 
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outlined by the Virginia DEQ 100-Year Mercury Monitoring Plan for the South River / South 54 

Fork Shenandoah River (VADEQ, 2011).    This fund is managed by the Virginia Department of 55 

Environmental Quality (VADEQ) with input from the South River Science Team (SRST), which 56 

was established in November 2000. The SRST is an interdisciplinary team of individuals from 57 

industry, government, citizens groups, and academic institutions that are conducting studies that 58 

focus on mercury in the South River.   59 

 The South River is a single thread, sinuous, gravel-bed, bedrock river in the Valley and 60 

Ridge Geomorphic Province of Virginia (ref.  O'Neal & Pizzuto, 2010).  The South River is 61 

subject to frequent flooding: between 1936 and 1996, the South River experienced nine major 62 

floods (ref. http://www.erh.noaa.gov/lwx/Historic_Events/va-floods.html).  In addition, the 63 

South River was used extensively as a source of power for mills.  Fourteen mill dams were 64 

located on the South River between Waynesboro and Port Republic, 40 river km downstream.  65 

All of these dams are gone today, but many existed at least during some of the time of mercury 66 

use at the facility (Pizzuto and O’Neal, 2009).  The presence and subsequent demise of mill dams 67 

and the frequency of major flooding events created the potential for particle-bound mercury to be 68 

deposited on flood plain soils.  69 

Initial floodplain sampling was conducted by the SWCB, the precursor to VADEQ, in the 70 

early 1980s as part of the original investigation of the release of mercury from the former 71 

DuPont facility between 1929 and 1950 (Bolgiano 1981).  Transects perpendicular to the river 72 

were laid out every 1.6 km on South River and about every 16 km on South Fork.  Samples of 73 

the top 6 inches were collected from the transects at 150 to 750 foot intervals and composited.  74 

These data provided both the initial understanding of the floodplain and the first estimates of 75 

how mercury may have been distributed in the river system.  Bolgiano (1981) concluded that 76 

there was sufficient Hg in the floodplain to qualify as a potential source of Hg in the river.  77 

Below Port Republic in the South Fork Shenandoah River, surface soils in the floodplain also 78 

tended to be higher than soils outside of the floodplain (Bolgiano, 1981).  Concentrations ranged 79 

from 50 to over 100 mg THg kg-1.  The highest concentration measured in floodplain soils was 80 

330 mg kg-1 at 30 to 38 cm below grade in 1980 (Bolgiano, 1981).   Summary of results are in 81 

Table 1. Major conclusions from the report are as follows: 82 
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• The surface to a depth of 15 cm of the flood plain of the South River downstream of the 83 

former DuPont facility is contaminated by mercury. 84 

• Levels of mercury in soils unaffected by flood waters that pass the facility are low, 0.2 85 

µg•g-1 or less. 86 

• The facility is the only significant contributor of mercury to the study area that has been 87 

found, despite intensive search for other sources. 88 

• Approximately 3.37 x 10⁴ kg of mercury are distributed within 1.4 x 106 m3 of flood 89 

plain soil which represents the top 15 cm of the most contaminated portion of the South 90 

River flood plain.  This portion occurs between 1.6 and 31 km downstream of the facility. 91 

• Some areas of the flood plain are contaminated by mercury to a depth greater than 15 cm.  92 

The highest mercury contamination encountered was 330 µg Hg·g-1 found at km eight at 93 

a depth of 30 to 38 cm. 94 

• The maximum depth to which mercury contamination extends was not ascertained. 95 

 96 

  No samples from upstream of the facility, from the North River or from the South Fork 97 

of the Shenandoah River above the 100-year flood plain had mercury concentrations greater than 98 

0.2 µg Hg·g-1 (the detection limit).  Also, only two samples above the 100-year flood plain of the 99 

South River had mercury concentrations greater than 0.2 µg Hg·g-1. These occurred at relative 100 

river km (RRK) 0 adjacent to the facility (2.1 to 2.2 µg Hg·g-1) and RRK 11 between Dooms and 101 

Crimora (1.7 µg Hg·g-1).  Results from the South River 100-year flood plain ranged from 0.2 to 102 

34.5 µg Hg·g-1.  Below Port Republic in the South Fork Shenandoah River, surface soils in the 103 

floodplain also tended to be higher than soils outside of the floodplain.  Concentrations ranged 104 

from 0.2 to 0.9 µg Hg·g-1.  Ten grab samples were collected from transects 11 thru 20 at a depth 105 

of 30 to 38 cm and were sub-sampled for data comparisons between three laboratories.  These 106 

samples ranged from 0.1 to 330 µg Hg·g-1.  The highest sample was collected at relative river 107 

RRK eight near Dooms at a distance of 12 m from the river.    108 

Subsequent to the initial investigation, additional floodplain soils were assessed for 109 

mercury from the Augusta Forestry Center (2003-2005), proposed Greenway near the former 110 

DuPont facility in Waynesboro (2003), South River floodplain (2004-2005), and the oxbow near 111 

Steele Run (2005).  Surface soils (surface to 15-cm) in the floodplain (i.e., 0 to 100-year 112 
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inundation frequency) from the former DuPont facility to Port Republic were higher than soils 113 

outside the floodplain.  At the Augusta Forestry Center where a large number of shallow soil 114 

samples were collected, a distinct decrease in concentration occurred with increasing distance 115 

(maximum 100 m) from the river.  Concentrations decreased to near background levels.  The soil 116 

mercury background concentration was less than 0.2 µg Hg·g-1, which was the detection limit for 117 

the analytical technique used in the study (Bolgiano 1981).   118 

In 2007, members of the SRST developed a work plan to collect samples from the 119 

floodplain soil. The objectives of the program were to: 1) determine the spatial distribution of 120 

mercury in the floodplain soils; 2) determine to what extent the mercury concentration in 121 

floodplain soils changes spatially under similar and differing land use conditions and 122 

characteristics   (such   as   flooding frequency, also elevation, distance from the river, soil 123 

characteristics); and 3) provide valuable information for other projects assessing mercury in the 124 

South River.   125 

MATERIALS & METHODS 126 

Soil Sample Location Selection 127 

Some 40 km of the South River were divided into reaches with boundaries as shown in 128 

Table 2 beginning downstream of the facility at the Main Street bridge in Waynesboro. The 129 

purpose of this work was to obtain useful models of THg in the floodplain along this 40 km 130 

stretch of river.  Each reach was characterized by land use (cultivated crops, pasture/hay, 131 

wetlands, forest, open space, or developed-high intensity) and flooding frequency (2-, 5-, or 62-132 

year flooding frequency).  In the modeling work and discussion, the term floodplain is used 133 

interchangeably with flooding frequency.  Thus, there are three ”floodplains” in the models 134 

corresponding to the 0 to 2, 2 to 5, and 5 to 62 year flooding frequencies.  In the models, these 135 

are designated as 2-, 5-, and 62-year floodplains, respectively. 136 

Data set evaluations used historic aerial photos to make sure the models conformed to 137 

reality with regard to land use and flooding frequency.   138 

 139 
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The sampling plan consisted of 10 randomly selected samples from each of six reaches of 140 

the South River in each combination of the three floodplains and the three primary land uses 141 

identified in each reach-floodplain area combination.  This was called the 30, 30, 30 plan, 142 

receiving its name from the 30 samples from each of the three flooding frequencies (10 samples 143 

from each of the three predominant land uses within each floodplain or flooding frequency area) 144 

within each reach of the river, which is also 30 samples from each land use (10 from each 145 

inundation area within that land use).  Other sampling plans were also evaluated, such as a 40, 146 

30, 20 sampling plan in which 40 samples from the 2-year floodplain, 30 from the 5-year 147 

floodplain, and 20 samples from the 62-year floodplain, each split approximately equally across 148 

the three primary land uses). The 30, 30, 30 plan was developed in turn from power simulations 149 

done in SAS software version 9 based on 535 soil samples taken previously at eleven sites of 150 

convenience and at variable depths, which ranged from 3 cm to 92 cm.  Total Hg in most core 151 

samples was reported as one value from a single mixed sample with no sectioning by depth.  152 

Where samples were sectioned, the length of each section varied from a few centimeters to 31 153 

cm.  Multiple ways to analyze these data were used, the most promising being a step-wise 154 

regression using dummy variables for the various projects, RRK, and sample depth in order to 155 

highlight areas of high and low THg.  156 

From the analysis of the preliminary soil data, a power simulation was done for each 157 

proposed sampling design based on the standard deviation of 1.2 ng THg g-1 estimated from the 158 

analysis of preliminary data..  This simulation indicated that (1) the power to distinguish THg 159 

levels between floodplains or land uses in the same river reach is small; (2) the power to 160 

distinguish THg levels across river reaches within the same floodplain or within the same land 161 

use is satisfactory (power > 75%); and (3) only substantial changes in THg will be statistically 162 

significant in a standard Analysis of Variance (ANOVA) model, as indicated below.  Note: 163 

power in this context is the probability of finding a difference statistically significant.  164 

Furthermore, to achieve a power of greater than 75% to detect statistically a change in THg 165 

levels, the change must be at least e, the base of the natural logarithm, or 2.7 ng THg g-1.  If the 166 

mean THg level in two locations are A and B, the difference likely will not be statistically 167 

significant unless A/B>2.7 (or B/A>2.7).  So, if A=2.7 ng THg g-1, then B must be 7.4 (=e2) or 168 

greater for the two values to be statistically different.  To be clear, this also means that if 169 
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A=22026 (=e10) µg Hg·g-1 or 22 µg Hg•g-1, then B must be 8103 ng/g (=e9) or 0.8  µg Hg·g-1 or 170 

less for the difference to be statistically significant. 171 

To improve the power to detect differences in THg levels among the factors of reach, 172 

land use, and floodplain, the power analysis included distance from river and relative elevation 173 

of samples above the river, soil composition (percent clay, silt, and sand), and river distance 174 

from the facility, allowing for different slopes,  (i.e., rates of change) with respect to these 175 

additional variables in different reaches, land uses and floodplains.  Power analysis was 176 

performed on each reach independently of all other reaches in recognition of anticipated 177 

differences in patterns of land use between reaches and an anticipated general decline in THg 178 

concentrations as distance from the source of Hg increased.  Table 3 below provides a summary 179 

of results by reach. 180 

 A stratified (pseudo) random sampling plan was used to determine soil sampling 181 

locations throughout the South River floodplain.  The 40 km length of river floodplain from the 182 

Main Street bridge in Waynesboro to the confluence of the South and North Rivers at Port 183 

Republic was divided into six bridge reaches (Table 2), three floodplain inundation areas, and six 184 

land-use types.  Bridge reaches were defined as intervals between bridge crossings (Table 2).  185 

Bridge crossings were selected for division into reaches in order to relate the findings of this 186 

study to loading studies that were conducted in 2006-2009 (Flanders et al. 2010.).  The distance 187 

between the bridges is shorter in the upstream portions of the study area compared to the 188 

downstream areas, allowing for greater sample density in the lower gradient portions of the river 189 

and closer to the original source of mercury.  190 

 Floodplain inundation areas were based on the results of the HEC-RAS model (USACE 191 

2011): 0 to 2, 2 to 5, and 5 to 62 year storm interval inundation areas using a review of the 192 

historical storms of record for the South River (USGS 2007), the present-day river location, and 193 

floodplain topography.  The HEC-RAS model is a steady state one-dimensional hydraulic model 194 

that computes water surface elevation along the river profiles by standard step backwater 195 

calculations (USACE 2011).  Land-use classifications were also used as a modifying factor in 196 

the plan and were incorporated into the geospatial database (Fry et al. 2009); the land-use 197 

geospatial layer was developed using information taken from USGS (2007b) along with river 198 
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floodplain topographic surveys (2005) and a review of aerial photos acquired in 2005].  It is 199 

important to note that floodplain inundation area and land use were determined based on 200 

conditions at the time of sampling, and do not necessarily reflect conditions at the time of 201 

mercury use at the facility (1929 to 1950) or when deposition of mercury on the floodplain 202 

occurred. 203 

The three predominant land-uses for each of the six bridge reaches were selected for the 204 

sampling plan.  These categories varied between bridge reaches but included the following four 205 

land-use categories; open space (low intensity developed areas; e.g., parks and residential areas), 206 

agriculture (row crops), pasture and hay, and forested (e.g., deciduous).  Wetland land-use was 207 

also identified as a potentially important study component and a sampling plan for this land-use 208 

was addressed separately below.  Finally, some areas were designated as developed (high 209 

intensity) uses, but it was possible to obtain only a few samples in such areas. Sample locations 210 

were then generated in a random pattern within the sub-areas with three main constraints; no 211 

sample location was within 35 m of another sample location or within 10 m of a border for an 212 

existing shoreline, river reach, inundation frequency, or land use.  To the extent possible, sample 213 

locations were allocated as equally as possible between the floodplain on both sides of the river.   214 

 A total of 90 sample locations were selected at random within each bridge reach.  Thirty 215 

locations were within each inundation area.  For each inundation area, 10 samples each were 216 

collected from the three predominant land-use types for that bridge reach.   217 

Wetlands were sampled in addition to the soils collected as part of the upland floodplain 218 

soil sampling outlined above.  Wetlands were surveyed using protocols adopted from the U.S. 219 

Army Corps of Engineers Wetland Delineation Manual (USACE 1987) as well as from methods 220 

developed for the Natural Communities of Virginia/Classification of Ecological Community 221 

Groups (VANHP 2005; Version 2.2). Sample station selection for wetland land-use areas 222 

followed a similar method as above for non-wetlands areas with the following exceptions: ten 223 

sample locations (instead of 30) within each bridge reach were randomly chosen; there was no 224 

minimum distance from a boundary demarcating a wetland area to a non-wetland area; and 225 

sample locations did not need to occur within the same wetland area but may have been collected 226 

from multiple wetland areas within the bridge reach.  227 
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 At each location, vertical sampling was performed using a hand auger from the surface to 228 

a 75 cm depth in 15 cm intervals. Stones and other large debris (greater than 25-mm) were 229 

removed and a minimum of 500 g was collected from each 15 cm depth interval.  Results only 230 

from the surface to 15 cm depth are presented in detail.  Table 4 compares composite and surface 231 

samples; little difference was found between the two sample types.  232 

Soil Characterization Procedures   233 

 Once the upland soils were collected, they were uniquely labeled and shipped overnight 234 

to the analytical laboratory for mercury analysis.  No special storage conditions were imposed on 235 

the samples during transit to the laboratory.  In the laboratory, soils were homogenized using the 236 

cone and quartering method.  After homogenization, THg was determined using the Atomic 237 

Absorption Cold Vapor Technique (EPA, 1994; Method 7471A. Test Methods for Evaluating 238 

Solid Waste, Revision 1, SW-846–, September 1994), moisture content by drying at 105 °C, 239 

Loss on Ignition by heating to 550 °C after drying at 105 °C and soil texture by taking 240 

hydrometer reading after 40 seconds and 2 hours.  Duplicate samples were collected for 5% of 241 

the samples and analyzed for THg.  Matrix spikes and matrix spike duplicates for THg were 242 

performed on 5% of the sample for confirmation of the analysis.   243 

Methodology used in Floodplain Soil Sample Statistical Analysis 244 

Two general types of statistical analyses were done of the data. ANCOVA was used to 245 

investigate mercury levels in the floodplain in relation to land use, flooding frequency, elevation 246 

above and distance to the river, RRK from the former DuPont facility, and soil composition. This 247 

type of analysis was adequate to describe these relationships. However, this approach and all 248 

regression models attempted tended to underestimate mercury levels, sometimes grossly, and 249 

hence could not in turn be used as one component of models for surface water, sediment, and 250 

fish tissue mercury levels. For this latter purpose, kriging models were developed.  Regression-251 

kriging (Odeh et al 1995, 1994) and simple kriging were evaluated, with only the latter providing 252 

estimates consistent with the data. 253 

Each soil sample was reported with Virginia State Plane North (NAD83) coordinates, 254 

elevation, distance to a custom river center line that was developed for the South River, the 255 
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elevation of the river at the closest point on the river center line, land use, flooding frequency, 256 

and soil composition (percents moisture, clay, sand, silt, LOI, AVS).  The distance to the river 257 

was calculated using an ArcGIS spatial join tool which determines the closest distance from a 258 

given floodplain sample location to the custom center line. The elevation above the river for each 259 

floodplain soil sample location the river elevation was obtained by subtracting the river elevation 260 

from the soil sample elevation.  The distance from the footbridge to the first river center point 261 

was calculated and then as each center point was added in turn, its distance from the previous 262 

sample was added, so that an approximate RRK was obtained for each center point.  263 

RRK values for all floodplain sample points and grid points were then obtained from a 264 

macro described as follows. For each location P, the distance from P to every river center point 265 

was computed and from that, the minimum distance, d, to the river center points was computed. 266 

Then the median RRK of all river center points within a distance 1.1*d of P was taken as the 267 

RRK for P. A similar macro was used to define the elevation above the river for every floodplain 268 

soil sample and grid point.  These calculations reflect conditions at the time of sampling and may 269 

differ in some locations from conditions at the time the mercury was deposited in the floodplain. 270 

RESULTS AND DISCUSSION  271 

The initial design called for 540 sample locations overall, including 10 locations in each 272 

of 6 reaches, 3 floodplains, and top 3 land uses.  Actual samples were collected in each of 6 273 

reaches, 3 floodplains, and top 2 or 3 land uses because of limited access in some areas and very 274 

small land use areas in some floodplains and reaches. Additional samples were collected to 275 

assess Hg concentrations at specific locations (e.g., 10 samples from a recreational area in reach 276 

1 at RRK 2.3 to -2.6 and 62 samples from wetlands) and duplicates were averaged in the 277 

analysis.  As a result, there were between 6 and 23 sample locations in each land use (excluding 278 

wetlands) in each reach and a total of 618 samples were actually collected excluding duplicates.   279 

Of the 625 surface samples, which included some duplicates, 82 surface THg 280 

measurements (13%) were at or below the limit of quantitation.   43 samples (7 %) exceeded 23 281 

µg•g-1, which is the US EPA Residential Soil Screening value for THg 282 

(http://www.epa.gov/region9/superfund/prg/) (Figure 2).  The maximum THg concentration 283 

measured in surface soil was 307 µg•g-1.   Only five observations were at or below the method 284 
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detection limit.  In these five cases, the value of THg used was assumed to be 50% of the MDL. 285 

For those measurements between the MDL and the LOQ, the recorded measurement was used. 286 

Once these determinations were made, duplicate samples were averaged and the mean was used 287 

in the modeling.  Ln(THg) was modeled, as the distribution of THg was log-normally distributed 288 

(Fig. 20).  Normality and variance homogeneity were assessed in each reach and the log-289 

transformed data were found consistent with the requirements for Analysis of Covariance 290 

(ANCOVA) (Morrison 1983).  291 

Variability tended to decrease from a standard deviation of 1.7 µg Hg·g-1 in reach 1 to 1.2 292 

µg Hg·g-1 in reach 6, which was somewhat higher than in the power analysis. In part because of 293 

the covariates in the model, the power to detect differences in THg was consistent with the 294 

power analysis predictions.  295 

Use of Virginia State Plane North coordinates with the NAD83 datum [hereafter referred 296 

to as Virginia State Plane North (NAD83) coordinates] for samples or RRK from the facility 297 

were found to reduce variability only slightly and while they were good for modeling, these 298 

variables made comparisons difficult and confusing and were not included in the final models. 299 

Distance from the river, elevation above river, and soil composition, were good for comparisons 300 

and for modeling and were used in the final models. 301 

According to Gotway and Stroup (1997), when data are not normally distributed, and are 302 

transformed to normality to obtain predictions, and then transformed back to the original scale, 303 

biased predictions can result or approximations must be used.  While the present authors are 304 

skeptical of this claim applying to any reasonable transform, Dowd (1985) showed that this is not 305 

a concern for the ln transform, the only transform used in the analysis of these mercury data. 306 

All ANCOVA modeling was done in SAS software version 9.2 using the Mixed 307 

Procedure.  Normality was evaluated using the Shapiro-Wilk test and appropriate plots on the 308 

residuals form the fitted ANCOVA model.  Outliers were determined from the Tukey outlier 309 

rule.  Nine outliers were identified and the models were refit without these values.  Of these nine 310 

outliers, eight were extremely low values.  Variance homogeneity was assessed through 311 

appropriate scatter plots.  After a log-transform, the data were found to be consistent with a 312 
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normal distribution with homogeneous variances.  Separate ANCOVA models were fit to THg 313 

values in each of six bridge reaches using: 314 

– Floodplain inundation frequency (FP) 315 

– Land use (use) 316 

– FP*use: Floodplain inundation frequency – Land use interaction 317 

– DISTANCE: Distance from river channel centerline 318 

– Elevation: Elevation above river water line 319 

–clay_per: Percent clay  320 

- silt_per: Percent silt 321 

The terms in the model were (in SAS code) as shown below. 322 

FP use FP*use  DISTANCE Elevation clay_per silt_per _  323 

• From the model for each reach, contrasts were used to compare floodplains, land uses, 324 

floodplains within the same land use, and land use within the same floodplain.  The 325 

results for all six reaches are provided in Table 5. The analysis discussed below is for the 326 

surface samples.  The same type of analysis was done for composite samples and 327 

indicated similar relationships to those found for surface soils. In addition, a sample-by-328 

sample comparison of surface and composite samples was done as well as a comparison 329 

of composite samples to nearby surface samples. All three analyses indicated little 330 

difference in distribution of THg in surface and composite samples. As a result, no krige 331 

model was judged necessary for composite samples. Finally, data analysis indicated 332 

mercury levels in wetland samples were similar to surrounding floodplain soils. 333 

 334 

 Land use was found to be significant in Reaches 1, 2, and 6, but not in the other three reaches. In 335 

addition, the land use by floodplain interaction was significant in Reach 3. Floodplain was 336 
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significant in all reaches except Reach 1. Distance from the river, somewhat confounded with 337 

floodplain, was significant in reaches 2, 3, and 6. Elevation above the river, also somewhat 338 

confounded with distance from the river, was significant in Reaches 1, 2, and 5. Soil composition 339 

(% clay or % silt) was significant in all reaches except Reach 4. 340 

Interactions 341 

These general findings are expanded in Table 5. Table 6 contains the median THg levels 342 

in designated regions, while Table 7 and 8 use contrasts to determine, for example, which land 343 

uses and floodplains were most significantly associated with elevated mercury levels. In Table 8, 344 

the ratio is defined as the first median value divided by the second, back-transformed to original 345 

units.  Note that a difference of logarithms back-transforms to a ratio in original units.  For 346 

example, the first row under the forested land use (Table 8), the median THg value in the 5-year 347 

floodplain was 2.62 times that in the 2-year floodplain, whereas the second row indicates that the 348 

median THg value in the 62-year FP was only 77% that in the 2-year floodplain.  Neither of 349 

these is significant.  The only significant results are (1) the 5-year forested area was significantly 350 

higher in THg than the 62-year forested area, and (2) the 62-year open space had significantly 351 

higher THg than the 62-year forested area. Observation 2 (row 10) expands on the bottom row of 352 

Table 6, which in turn expands on the significant land use finding in Table 5.  The first 353 

observation (row 4) was not picked up in the two previous summary analyses. The significant 354 

interactions are described within each reach in the following sections.  355 

Reach 1 356 

In the 5-year floodplain, there was little difference between forest and open space areas, 357 

but THg levels in open space areas were higher. In the 2- and 62-year floodplains, THg levels 358 

were much higher in open space areas than in forested areas, although this was significant only 359 

in the 62-year floodplain. 360 

Within each land use,  THg levels were higher in the 5-year floodplain than in the 2-year 361 

or 62-year. Large 5-year open space THg values occurred in Oxbow area, which represents the 362 

course of the South River during mercury use at the site.   363 
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The model removes effects of differences in sample locations within floodplain, land use, 364 

and reach, making comparisons more appropriate.  Samples in Reach 1, 2-year FP were 40-65% 365 

closer to the river than in other floodplains or reaches. Thus, the spike in the Reach 1, 2-year 366 

floodplain THg level is partially an artifact of sample locations. Following presentation of 367 

information on the other reaches, comparisons of results among reaches can be made, some of 368 

which involve Reach 1.   369 

Reach 2 370 

 By comparing Table 7 to, it can be seen, for example, that the significant ratios in rows 1 371 

and 2 indicate that in Reach 2, there was significantly higher THg in the 2-year floodplain than in 372 

the 5-year floodplains.  Similarly, from rows 5 and 6, THg levels are higher in pasture areas than 373 

in forested or open space areas.  374 

In forested areas in Reach 2, there was significantly higher THg in the 5-year floodplain 375 

than in the 62-year floodplains (Table 8). The same held for pasture lands.  Open spaces were 376 

similar, but only the 2-year to 62-year comparison was significant.  It is also evident that in the 377 

2-year floodplain, THg levels were higher in pasture lands than in open space areas, whereas in 378 

the 5-year floodplain, THg levels were higher in pasture lands than in forested areas.   379 

For all land uses, THg levels were higher in the 2-year floodplain than in the 5-year, and 380 

THg levels were higher in the 5-year floodplain than in the 62-year.  In all floodplains, THg 381 

levels in pasture lands exceeded those in forested and open space areas. In the 2-year floodplain, 382 

THg levels in forested areas exceeded those in open space areas. In the 62-year floodplain, THg 383 

levels in open space areas exceeded those in forested areas.  Most of the landuse comparisons 384 

within floodplain were not significant and most of the floodplain comparisons within landuse 385 

were significant. 386 

Reach 3 387 

By comparing Table 7 to Table 6, it can be seen, for example, that the significant ratios in 388 

rows 1 - 3 indicate that in Reach 3, there was significantly higher THg in the 2-year floodplain 389 

than in the 5- or 62-year floodplain and significantly higher THg in the 5-year floodplain than in 390 
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the 62-year floodplain.  Similarly, from rows 4 - 6 it can be seen that THg levels showed no 391 

significant differences across land use. 392 

So, for cultivated crop areas in Reach 3, there was significantly higher THg in the 2-year 393 

floodplain than in the 5- or 62-year floodplain and significantly higher THg in the 5-year 394 

floodplain than in the 62-year floodplain.  For forested areas and in the pasture/hay areas, there 395 

was significantly higher THg in the 2- and 5-year floodplains than in the 62-year floodplain.  It is 396 

also evident that in the 5-year floodplain, THg levels were higher in cultivated crop and forested 397 

areas than in pasture/hay areas. The reverse was true in the 62-year floodplain, where THg levels 398 

were higher in forested and pasture/hay areas than in cultivated crop areas.   399 

In all land uses, THg levels were higher in the 2-year floodplain than in the 5-year, and 400 

THg levels were higher in the 5-year floodplain than in the 62-year with two exceptions (Table 401 

8).  These comparisons were all statistically significant.  In the 5-year floodplain, THg levels in 402 

cultivated crop and forest lands exceeded those in pasture/hay areas. In the 2-year floodplain, 403 

THg levels were indistinguishable by land use. In the 62-year floodplain, THg levels were low in 404 

all land use areas, though very low THg levels in cultivated crop areas led to significant, but 405 

physically unremarkable comparisons to forest and pasture hay areas.  406 

 Reach 4 407 

By comparing Table 7  to Table 6, it can be seen, for example, that the significant ratios 408 

in rows 1 - 3 indicate that in reach 4, there was significantly higher THg in the 2-year floodplain 409 

than in the 5- or 62-year floodplain and significantly higher THg in the 5-year floodplain than in 410 

the 62-year floodplain.  Similarly, from rows 4 and 6 it can be seen that THg levels were high in 411 

forested areas relative to cultivated crop or pasture/hay areas.    412 

So, for cultivated crop areas in Reach 4, there was significantly higher THg in the 2-year 413 

floodplain than in the 62-year floodplain.  For forested areas, there was significantly lower THg 414 

in the 62-year floodplain than in the 2- or 5-year floodplains.  For pasture/hay areas, there was 415 

significantly higher THg in the 2- and 5-year floodplains than in the 62-year floodplain and 416 

higher THg in the 2-year floodplains than in the 5-year floodplain.  It is also evident that in the 2-417 

year floodplain, THg levels were lower in cultivated crop areas than in forested or pasture/hay 418 
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areas. In the 5-year floodplain, THg levels were lower in cultivated crop areas than in forested 419 

areas. Finally, in the 62-year floodplain, THg levels were higher in forested than in pasture/hay 420 

areas.   421 

A general pattern in Reach 4 was for THg levels to be higher in the 2-year floodplain than in the 422 

5-year, and higher in the 5-year floodplain than in the 62-year. With four exceptions found in 423 

Table 8, these comparisons were true for each land use as well.  In the 2- and 5-year floodplain, 424 

THg levels in forest lands exceeded those in cultivated crop lands. Also, in the 2-year floodplain, 425 

THg levels were higher in pasture/hay lands than in cultivated crops. In the 62-year floodplain, 426 

THg levels were low in all land use areas, though very low in pasture/hay areas, leading to a 427 

significant, but physically unremarkable comparison to forest areas. 428 

 Reach 5 429 

 By comparing Table 7  to Table 6, it can be seen, for example, that the significant ratios 430 

in rows 2 and 3 arise from very low THg levels in the 62-year floodplain.  Perhaps most 431 

interesting is the very small difference in THg levels in the 2- and 5-year floodplains, most likely 432 

arising from low THg levels in reach 5 overall.  There was very little evidence of differences in 433 

THg levels associated with land use. 434 

 Consistent with what was observed in Table 7, the THg level in the 62-year floodplain 435 

was significantly lower than that in the 5- or 2-year floodplain in forested and open space areas 436 

and significantly lower than in the 5-year floodplain in pasture/hay areas.  The only other 437 

comparison of floodplains within land use that was significant was a lower THg level in the 5-438 

year floodplain than in the 2-year floodplain in open space areas.  The only significant land use 439 

difference was an elevated THg level in forested areas compared to open spaces in the 5-year 440 

floodplain. 441 

There were generally low levels of THg in Reach 5.  The highest levels found were in the 442 

5-year floodplain forested areas and the 2-year floodplain open spaces.  The 62-year floodplain 443 

areas were especially low in THg levels.   444 

Reach 6 445 
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By comparing Table 7 to Table 6, it can be seen, for example, that the significant ratios in 446 

rows 1 and 2 arise from very low THg levels in the 5- and 62-year floodplains.  There was very 447 

little difference in THg levels in 5- and 62-year floodplains. Very low THg levels in open space 448 

areas led to a significantly low value relative to the low THg levels in forested areas.   449 

 Consistent with what was observed in Table 7, the THg level in the 2-year floodplain was 450 

significantly higher than that in the 5- or 62-year floodplain in forested, open space, and 451 

pasture/hay areas.  The only other comparison of floodplains within land use that was significant 452 

was a lower THg level in the 62-year floodplain than in the 5-year floodplain in pasture/hay 453 

areas.  The only significant land use differences were very low THg levels in open spaces and 454 

pasture/hay areas compared to forested areas in the 62-year floodplain. 455 

The highest THg levels in Reach 6 were in the 2-year floodplain, especially in forested areas. 456 

The 5- and 62-year floodplain areas were especially low in THg levels.  457 

Alternative Statistical Analyses 458 

A simple kriging model was fit to the log(THg) values within each reach. With a few 459 

exceptions, there was close agreement between the THg levels predicted by the models and the 460 

observed THg levels. However, the confidence intervals for the predictions were wide.  This 461 

approach identified a few areas where additional samples might be useful. The model 462 

underestimated high observed THg values in one point in each of two reaches, overestimated 463 

THg values in one point in one reach, and no predictions could be obtained in a small number of 464 

areas with few samples.  465 

In Figure 3, THg (µg·g-1) on the right is from the floodplain sample design, while THg on 466 

the left is from a kriging model fit to the data. Model values were obtained for each point on a 467 

fine grid and were used to estimate mercury burden on floodplain.  The axes refer to 468 

easting/northing distance in feet from the DuPont footbridge.  The predictions are in good 469 

agreement with the observed data. Figures showing the kriging results for other reaches are 470 

included in the Supplementary Materials.  471 

Recommendations for Further Analysis 472 
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Mercury is present in flood plain soils because particle-bound mercury was deposited on 473 

the floodplain during episodic flooding events.  Sediment deposition during flood events is 474 

related to size and timing of a flood, sediment supply, floodplain topography, location of levee 475 

breaks, and the presence of man-made structures (e.g., mill dams and races), among other 476 

factors.  Statistical analysis of soil may tease out certain relationships, but the true understanding 477 

of soil Hg distribution in this particular floodplain will be understood by detailed evaluation 478 

which will consider floodplain depositional processes, the river and floodplain morphology 479 

which existed at the time of mercury use, the presence (and subsequent removal) of mill dams 480 

and races, and the timing of significant storms and flooding events.  Further analysis of 481 

relationships not considered in this report could be conducted, for example, by including existing 482 

information on location of former mill races relative to existing sample location.  Further THg 483 

analysis on the archived samples may prove useful to follow up on some of the stated objectives 484 

of this study.  For example, a more complete understanding of the relationship between soil 485 

mercury and depth could be developed by analyzing the separate depth intervals collected for 486 

certain of the archived samples.  The existing dataset could be used to estimate total Hg mass in 487 

the floodplain (in a similar manner to Bolgiano’s work). 488 

Conclusions 489 

For surface samples, THg was observed to decrease as distance from the river increased, 490 

this being most evident in the 2 and 62 year forested areas.  Increasing percent silt and or loss on 491 

ignition were associated with increased THg.   492 

Ignoring landuse, THg levels were higher in the 2-year floodplain than in the 5- or 62-493 

year floodplain except in reach 1, where the highest levels were in the 5-year floodplain. The 494 

lowest levels of THg were always observed in the 62-year floodplain.  495 

 The high levels of THg associated with forested areas may indicate a not unexpected 496 

association of high levels of THg with high levels of organic material.  Alternatively, forested 497 

areas may impede floodwaters, resulting in greater deposition in forested areas, or in a cultured 498 

field, organic material and Hg are taken up into crops (hay, corn, etc) that are then removed from 499 

floodplain whereas in a forest, organics and Hg may be taken up in plants, but remain in the 500 

forest and are returned to soil through death of plant, leaf litter, etc., or it may simply be that 501 
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forested areas are less disturbed than cultivated fields. The data and models developed from them 502 

are useful in confirming an association of increased surface THg levels with inundation 503 

frequency and thus the dynamic relationship between surface water and floodplain THg values 504 

and the implied feedback loop between the two may at least partially explain enduring elevated 505 

levels of surface water THg. 506 

 507 

508 
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Figure 2 
Floodplain and Wetland Composite Sample Soil Mercury Results in 2008  

Green et al. 2012 
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Table 1

River Reach
Maximum 
Hg Conc. 

(µg/g)

Mass Hg 
(lbs)

lb Hg/River 
Mile

lb Hg/Acre 
(avg.)

Above DuPont 
footbridge 

including Back 
Creek

0.2 1,036 47.5 0.54

Below DuPont 
South River (25 

miles)
34.5 81,739 3,270 26.5

South Fork 
Shenandoah R. 0.9 Not 

Computed
Not 

Computed
Not 

Computed

Mercury Within the Top Six Inches of the 100-Year Flood Plains
(Excluding river banks) summaries from SWCB (1981).



Table 2

Reach Description Relative River 
Km†

1 Main Street (Waynesboro) Bridge 
to Hopeman Parkway Bridge 0.8 to 3.2 km

2 Hopeman Parkway Bridge to 
Holsinger Farm Footbridge 3.2 to 8.0

3
Holsinger Farm Footbridge 
(Dooms) to New Hope and 

Crimora Rd Bridge
8.0 to 16

4 New Hope and Crimora Rd Bridge 
to Patterson Mill Bridge 16 to 26

5 Patterson Mill Bridge to Grand 
Caverns Bridge 26 to 32

6 Grand Cavern Bridge to Port 
Republic Rd Bridge 32 to 40

Six river reaches as defined by South River bridge crossings from the Main Street
Bridge to the Port Republic Bridge near the confluence of the South and North Rivers.

†Relative river kilometer origin is defined by the footbridge at the former DuPont 
facility in Waynesboro, Virginia



Table 3

THg MeHg LOI AVS %Clay %Silt %Sand %H2O TotSolids
Reach (mg/kg) (ng/g) (%) (µmol/g) (%) (%) (%) (%) (%)

N 110 10 110 10 110 110 110 110 10
Min 0.03 0.1 0.9 0.8 1 1 14 5.1 46

Mean 20 3.1 4.2 1.0 15 28 56 20 69
Max 307 12 11 1.3 54 52 90 53 85

N 108 10 108 10 108 108 108 108 10
Min 0.01 0.2 0.8 0.8 3 7 16 8.2 53

Mean 5.9 2.7 4.4 0.9 16 31 53 21 73
Max 71 5.7 11 1.2 48 56 88 49 82

N 100 10 100 10 100 100 100 100 10
Min 0.0163 0.508 1.6 0.8 4 5 24 13 37

Mean 7.0 8.7 4.7 1.7 14 34 52 23 61
Max 39 32 11 4.7 28 56 88 67 75

N 100 10 100 10 100 100 100 100 10
Min 0.01 0.01 1.1 0.8 4 4 26 7.1 47

Mean 4.7 4.4 3.8 1.0 15 30 55 19 71
Max 37 12 8 2.6 29 54 92 58 84

N 100 10 100 10 100 100 100 100 10
Min 0.01 0.03 0.8 0.8 3 5 38 3.7 43

Mean 5.0 6.6 3.8 1.1 10 24 67 19 62
Max 23 13 7.5 1.8 22 45 92 66 78

N 100 10 100 10 100 100 100 100 10
Min 0.0131 0.358 1.2 0.91 4 5 20 5.4 45

Mean 4.4 7.1 3.8 1.3 13 29 58 20 60
Max 33 24 8.5 2.6 33 63 88 56 74

6

1

2

3

4

5



Table 4

Reach Analyte Min Mean Max n
1 THg 0.0 22 535 110
1 LOI 0.9 2.7 7.7 110
1 %Clay 6.0 19 35 110
1 %Silt 4.0 22 58 110
1 %Sand 30 60 90 110
1 %H2O 6.3 16 43 110
2 THg 0.0 4.4 163 107
2 LOI 1.0 2.8 5.0 107
2 %Clay 3.0 23 48 107
2 %Silt 9.0 26 52 107
2 %Sand 12 51 88 107
2 %H2O 8.7 18 37 107
3 THg 0.0 3.4 46 100
3 LOI 0.9 2.8 5.8 100
3 %Clay 6.0 21 64 100
3 %Silt 6.0 26 49 100
3 %Sand 18 53 88 100
3 %H2O 9.4 19 59 100
4 THg 0.0 2.9 58 100
4 LOI 1.0 2.6 5.5 100
4 %Clay 4.0 20 43 100
4 %Silt 7.0 25 51 100
4 %Sand 22 56 88 100
4 %H2O 7.6 17 47 100
5 THg 0.0 2.7 44 99
5 LOI 0.9 2.1 4.7 99
5 %Clay 4.0 14 40 99
5 %Silt 1.0 18 38 99
5 %Sand 22 69 94 99
5 %H2O 6.5 15 56 99
6 THg 0.0 2.6 31 98
6 LOI 0.6 2.2 4.2 98
6 %Clay 1.0 19 50 98
6 %Silt 0 24 62 98
6 %Sand 20 57 94 98
6 %H2O 4.3 16 63 98



Table 5

Reach Effect Fvalue ProbF SIGNIF
Flood Plain 1.28 0.284 ---
Land Use 4.13 0.045 **

FloodPlain*use 1.08 0.3434 ---
1 DISTANCE 2.22 0.1394 ---

Elevation 9.48 0.0027 ***
clay_per 0.7 0.4041 ---
silt_per 5.62 0.0199 **

Flood Plain 12.2 <.0001 ***
Land Use 3.04 0.053 *
FP*use 0.94 0.4437 ---

2 DISTANCE 2.76 0.1006 ---
Elevation 7.85 0.0063 ***
clay_per 3.4 0.0687 *
silt_per 19.13 <.0001 ***

Flood Plain 40.71 <.0001 ***
Land Use 0.95 0.3922 ---
FP*use 4.28 0.0035 ***

3 DISTANCE 7.7 0.0069 ***
Elevation 0.3 0.5867 ---
clay_per 1.07 0.3041 ---
silt_per 5.87 0.0178 **

Flood Plain 8.35 0.0005 ***
Land Use 1.59 0.2113 ---
FP*use 1.54 0.2004 ---

4 DISTANCE 2.62 0.1095 ---
Elevation 0.44 0.5084 ---
clay_per 1.18 0.2812 ---
silt_per 1.31 0.2558 ---

Flood Plain 5.19 0.0077 ***
Land Use 2.1 0.1289 ---
FP*use 1.53 0.2019 ---

5 DISTANCE 1.05 0.309 ---
Elevation 4.25 0.0427 **
clay_per 2.17 0.1446 ---
silt_per 3.99 0.0494 **

Flood Plain 25.9 <.0001 ***
Land Use 4.3 0.0172 **
FP*use 1.48 0.2174 ---

6 DISTANCE 9.96 0.0023 ***
Elevation 1.14 0.2897 ---
clay_per 0.94 0.3357 ---
silt_per 11.05 0.0014 ***

Results significant at 0.1, 0.05, 0.01 indicated by *, **, ***



Table 6

Reach Effect Flood Plain Land Use Estimate LCB UCB
FloodPlain*LandUse 2 year FOREST 4.09 1.74 9.59
FloodPlain*LandUse 2 year OPEN SPACE 1.55 0.64 3.75
FloodPlain*LandUse 2 year PASTURE 4.92 2.16 11.19
FloodPlain*LandUse 5 year FOREST 0.9 0.42 1.9
FloodPlain*LandUse 5 year OPEN SPACE 1.03 0.44 2.44
FloodPlain*LandUse 5 year PASTURE 2.6 1.29 5.22
FloodPlain*LandUse 62 year FOREST 0.29 0.13 0.64
FloodPlain*LandUse 62 year OPEN SPACE 0.41 0.16 1.02
FloodPlain*LandUse 62 year PASTURE 0.52 0.24 1.14

FloodPlain 2 year --- 3.15 1.86 5.35
FloodPlain 5 year --- 1.34 0.88 2.05
FloodPlain 62 year --- 0.39 0.23 0.66
LandUse --- FOREST 1.02 0.64 1.61
LandUse --- OPEN SPACE 0.87 0.52 1.45
LandUse --- PASTURE 1.88 1.22 2.89

FloodPlain*LandUse 2 year AGRICULTURE 6.36 2.87 14.11
FloodPlain*LandUse 2 year FOREST 5.02 2.21 11.4
FloodPlain*LandUse 2 year PASTURE 7.13 3.19 15.96
FloodPlain*LandUse 5 year AGRICULTURE 2.32 1.04 5.17
FloodPlain*LandUse 5 year FOREST 4.11 1.87 9.04
FloodPlain*LandUse 5 year PASTURE 0.83 0.38 1.8
FloodPlain*LandUse 62 year AGRICULTURE 0.06 0.02 0.13
FloodPlain*LandUse 62 year FOREST 0.16 0.06 0.4
FloodPlain*LandUse 62 year PASTURE 0.32 0.14 0.74

FloodPlain 2 year --- 6.11 3.74 9.99
FloodPlain 5 year --- 1.99 1.26 3.15
FloodPlain 62 year --- 0.14 0.08 0.25
LandUse --- AGRICULTURE 0.94 0.6 1.48
LandUse --- FOREST 1.49 0.94 2.36
LandUse --- PASTURE 1.24 0.79 1.94

FloodPlain*LandUse 2 year AGRICULTURE 2.2 0.84 5.71
FloodPlain*LandUse 2 year FOREST 5.35 1.91 14.97
FloodPlain*LandUse 2 year PASTURE 4.06 1.36 12.16
FloodPlain*LandUse 5 year AGRICULTURE 1.33 0.47 3.78
FloodPlain*LandUse 5 year FOREST 2.9 1.15 7.28
FloodPlain*LandUse 5 year PASTURE 1.81 0.8 4.11
FloodPlain*LandUse 62 year AGRICULTURE 0.69 0.22 2.19
FloodPlain*LandUse 62 year FOREST 0.53 0.2 1.44
FloodPlain*LandUse 62 year PASTURE 0.16 0.06 0.43

FloodPlain 2 year --- 3.63 1.68 7.82
FloodPlain 5 year --- 1.91 1.18 3.1
FloodPlain 62 year --- 0.39 0.19 0.78
LandUse --- AGRICULTURE 1.26 0.7 2.28
LandUse --- FOREST 2.02 1.17 3.49
LandUse --- PASTURE 1.06 0.65 1.73

FloodPlain*LandUse 2 year FOREST 4.9 1.69 14.2
FloodPlain*LandUse 2 year OPEN SPACE 3.72 1.46 9.51
FloodPlain*LandUse 2 year PASTURE 1.83 0.66 5.09
FloodPlain*LandUse 5 year FOREST 4.4 1.71 11.34
FloodPlain*LandUse 5 year OPEN SPACE 0.68 0.23 2.03
FloodPlain*LandUse 5 year PASTURE 3.48 1.33 9.08
FloodPlain*LandUse 62 year FOREST 0.93 0.33 2.65
FloodPlain*LandUse 62 year OPEN SPACE 0.58 0.22 1.5
FloodPlain*LandUse 62 year PASTURE 0.91 0.35 2.37

FloodPlain 2 year --- 3.22 1.75 5.93
FloodPlain 5 year --- 2.18 1.22 3.91
FloodPlain 62 year --- 0.79 0.44 1.41
LandUse --- FOREST 2.72 1.5 4.93
LandUse --- OPEN SPACE 1.13 0.64 2
LandUse --- PASTURE 1.8 1.02 3.16

FloodPlain*LandUse 2 year FOREST 5.75 2.58 12.83
FloodPlain*LandUse 2 year OPEN SPACE 3.34 1.53 7.31
FloodPlain*LandUse 2 year PASTURE 2.58 1.18 5.63
FloodPlain*LandUse 5 year FOREST 0.74 0.33 1.68
FloodPlain*LandUse 5 year OPEN SPACE 0.57 0.26 1.26
FloodPlain*LandUse 5 year PASTURE 0.64 0.29 1.39
FloodPlain*LandUse 62 year FOREST 0.97 0.35 2.67
FloodPlain*LandUse 62 year OPEN SPACE 0.11 0.04 0.27
FloodPlain*LandUse 62 year PASTURE 0.15 0.07 0.34

FloodPlain 2 year --- 3.67 2.27 5.95
FloodPlain 5 year --- 0.65 0.41 1.02
FloodPlain 62 year --- 0.25 0.15 0.42
LandUse --- FOREST 1.61 0.94 2.74
LandUse --- OPEN SPACE 0.59 0.37 0.91
LandUse --- PASTURE 0.62 0.39 0.99

LCB and UCB are 95% confidence bounds on the estimate.
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Table 7

Reach Flood Plain Land Use _FP _Use Ratio LCBRatio UCBRatio Signif
2 year --- 5 year --- 0.5177 0.1597 1.6784 ---
2 year --- 62 year --- 0.9073 0.1655 4.9721 ---
5 year --- 62 year --- 1.7526 0.5908 5.1995 ---

--- FOREST --- OPEN SPACE 0.4508 0.2091 0.972 **
2 year --- 5 year --- 2.35 1.19 4.67 **
2 year --- 62 year --- 8.01 3.47 18.47 ***
5 year --- 62 year --- 3.4 1.74 6.64 ***

--- FOREST --- OPEN SPACE 1.17 0.57 2.43 ---
--- FOREST --- PASTURE 0.54 0.29 1.02 *
--- OPEN SPACE --- PASTURE 0.46 0.23 0.92 **

2 year --- 5 year --- 3.06 1.62 5.81 ***
2 year --- 62 year --- 42.97 18.88 97.81 ***
5 year --- 62 year --- 14.02 6.57 29.93 ***

--- AGRICULTURE --- FOREST 0.63 0.33 1.22 ---
--- AGRICULTURE --- PASTURE 0.76 0.39 1.47 ---
--- FOREST --- PASTURE 1.2 0.63 2.29 ---

2 year --- 5 year --- 1.9 0.71 5.08 ---
2 year --- 62 year --- 9.31 2.5 34.66 ***
5 year --- 62 year --- 4.9 2.24 10.71 ***

--- AGRICULTURE --- FOREST 0.62 0.25 1.56 ---
--- AGRICULTURE --- PASTURE 1.19 0.52 2.71 ---
--- FOREST --- PASTURE 1.91 0.94 3.91 *

2 year --- 5 year --- 1.48 0.63 3.47 ---
2 year --- 62 year --- 4.08 1.67 9.95 ***
5 year --- 62 year --- 2.76 1.19 6.41 **

--- FOREST --- OPEN SPACE 2.4 1.04 5.56 **
--- FOREST --- PASTURE 1.51 0.65 3.52 ---
--- OPEN SPACE --- PASTURE 0.63 0.28 1.41 ---

2 year --- 5 year --- 5.69 2.91 11.11 ***
2 year --- 62 year --- 14.83 6.92 31.81 ***
5 year --- 62 year --- 2.61 1.26 5.4 **

--- FOREST --- OPEN SPACE 2.74 1.34 5.61 ***
--- FOREST --- PASTURE 2.57 1.22 5.43 **
--- OPEN SPACE --- PASTURE 0.94 0.5 1.77 ---

Ratio is first value divided by second (e.g., 2Y/5Y) in original units.

Results significant at 0.1, 0.05, 0.01 indicated by *, **, ***

Lower and upper confidence bounds (LCBRat and UCBRat) are 95% confidence bounds 
on the ratio.
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Table 8

Ratio LCB UCB p Ratio LCB UCB p Ratio LCB UCB p Ratio LCB UCB p Ratio LCB UCB p Ratio LCB UCB p
Cultivated Crops

 5 Year/2 Year --- --- --- --- --- --- --- --- 0.37 0.12 1.1 * 0.61 0.12 2.98 --- --- --- --- --- --- --- --- ---
 62 Year/2 Year --- --- --- --- --- --- --- --- 0.01 0 0.03 *** 0.31 0.06 1.76 --- --- --- --- --- --- --- --- ---
 62 Year/5 Year --- --- --- --- --- --- --- --- 0.02 0.01 0.08 *** 0.52 0.16 1.66 --- --- --- --- --- --- --- --- ---

Forest
 5 Year/2 Year 2.62 0.7 9.76 --- 0.22 0.07 0.66 *** 0.82 0.27 2.47 * 0.54 0.15 1.97 --- 0.9 0.22 3.59 --- 0.13 0.04 0.4 ***
 62 Year/2 Year 0.77 0.1 5.78 --- 0.07 0.02 0.23 *** 0.03 0.01 0.12 *** 0.1 0.02 0.51 *** 0.19 0.04 0.83 ** 0.17 0.05 0.59 ***
 62 Year/5 Year 0.29 0.07 1.31 --- 0.32 0.11 0.96 ** 0.04 0.01 0.14 *** 0.18 0.05 0.69 ** 0.21 0.05 0.9 ** 1.31 0.37 4.66 ---

Open Space
 5 Year/2 Year 1.43 0.29 7.08 --- 0.66 0.19 2.30 --- --- --- --- --- --- --- --- --- 0.18 0.04 0.79 ** 0.17 0.06 0.51 ***
 62 Year/2 Year 1.58 0.26 9.82 --- 0.26 0.07 0.99 * --- --- --- --- --- --- --- --- 0.15 0.04 0.62 *** 0.03 0.01 0.12 ***
 62 Year/5 Year 1.11 0.3 4.1 --- 0.39 0.12 1.30 --- --- --- --- --- --- --- --- --- 0.85 0.2 3.51 --- 0.18 0.05 0.69 **

Pasture/Hay
 5 Year/2 Year --- --- --- --- 0.53 0.19 1.50 --- 0.12 0.04 0.35 *** 0.45 0.12 1.65 --- 1.9 0.46 7.76 --- 0.25 0.08 0.75 **
 62 Year/2 Year --- --- --- --- 0.11 0.03 0.34 *** 0.04 0.01 0.15 *** 0.04 0.01 0.22 *** 0.5 0.12 2.07 --- 0.06 0.02 0.18 ***
 62 Year/5 Year --- --- --- --- 0.20 0.07 0.59 *** 0.39 0.12 1.2 --- 0.09 0.02 0.33 *** 0.26 0.07 0.98 ** 0.23 0.08 0.7 **

2-Year Floodplain
Forest/Cultivated Crops --- --- --- --- --- --- --- --- 0.79 0.27 2.34 --- 2.44 0.74 8.03 --- --- --- --- --- --- --- --- ---
Open Space/Forest 2.13 0.58 7.8 --- 0.38 0.11 1.27 --- --- --- --- --- --- --- --- --- 0.76 0.2 2.95 --- 0.58 0.2 1.7 ---
Pasture/Hay/Cultivated Crops --- --- --- --- --- --- --- --- 1.12 0.36 3.44 --- 1.85 0.55 6.16 --- --- --- --- --- --- --- --- ---
Pasture/Hay/Forest --- --- --- --- 1.20 0.40 3.60 --- 1.42 0.47 4.33 --- 0.76 0.24 2.42 --- 0.37 0.09 1.6 --- 0.45 0.15 1.33 ---
Pasture/Hay/Open Space --- --- --- --- 3.17 0.99 10.16 * --- --- --- --- --- --- --- --- 0.49 0.12 1.95 --- 0.7 0.26 2.28 ---

5-Year Floodplain
Forest/Cultivated Crops --- --- --- --- --- --- --- --- 1.77 0.59 5.28 --- 2.18 0.48 9.9 --- --- --- --- --- --- --- --- ---
Open Space/Forest 1.16 0.34 3.98 --- 1.15 0.35 3.77 --- --- --- --- --- --- --- --- --- 0.15 0.04 0.64 ** 0.77 0.26 2.26 ---
Pasture/Hay/Cultivated Crops --- --- --- --- --- --- --- --- 0.36 0.12 1.11 * 1.36 0.34 5.47 --- --- --- --- --- --- --- --- ---
Pasture/Hay/Forest --- --- --- --- 2.90 1.05 8.00 ** 0.2 0.07 0.61 *** 0.63 0.18 2.13 --- 0.79 0.2 3.1 --- 0.86 0.27 2.74 ---
Pasture/Hay/Open Space --- --- --- --- 2.52 0.80 7.98 --- --- --- --- --- --- --- --- --- 5.12 1.2 21.84 ** 1.11 0.36 3.46 ---

62-Year Floodplain
Forest/Cultivated Crops --- --- --- --- --- --- --- --- 2.86 0.84 9.78 * 0.78 0.18 3.41 --- --- --- --- --- --- --- --- ---
Open Space/Forest --- --- --- --- 1.41 0.44 4.53 --- --- --- --- --- --- --- --- --- 0.62 0.14 2.63 --- 0.11 0.02 0.47 ***
Pasture/Hay/Cultivated Crops --- --- --- --- --- --- --- --- 5.7 1.93 16.83 *** 0.23 0.06 0.85 ** --- --- --- --- --- --- --- ---
Pasture/Hay/Forest --- --- --- --- 1.81 0.61 5.31 --- 1.99 0.62 6.37 --- 0.3 0.09 1.07 * 0.98 0.25 3.9 --- 0.15 0.04 0.6 ***
Pasture/Hay/Open Space 4.4 1.18 16.38 ** 1.28 0.40 4.04 --- --- --- --- --- --- --- --- --- 1.59 0.43 5.83 --- 1.41 0.46 4.35 ---

Ratio is first value divided by second (e.g., 5Y/2Y) in original units.
Lower and upper confidence bounds (LCB and UCB) are 95% confidence bounds on the ratio.
Results significant at 0.1, 0.05, 0.01 indicated by *, **, ***

Pairwise Comparisons
Reach 5 Reach 6Reach 1 Reach 4Reach 2 Reach 3
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Summary 
 

The objective of the research was to develop and demonstrate field measurements of pore 

water mercury concentration using a diffusion gradient in thin films device (DGT).  Five 

different mercury-scavenging resins were tested as a potential resin layer in DGT probes.  Resin 

TP-214 could not form a gel layer utilizing the current polymerization technique and 

Chelex(r)®-100 and GT74 resins did not associate with dissolved mercury well.  Spheron Thiol 

and 3-mercaptoprorpyl functionalized silica gel showed good mercury sorption and appropriate 

physical characteristics for use in the probes.  Spheron Thiol was tested with water and sediment 

and showed good agreement of experimental results with theory and model.  The 3-

mercaptoprorpyl functionalized silica gel (3MFSG) based DGT, which has previously been 

applied to measure methyl mercury, was tested in water and sediments for both THg and MMHg 

(Clarisse & Hintelmann, 2006).    The resin demonstrated good adsorption of THg in both bulk 

water and sediment pore water; however, due to mass transfer resistances and fine colloidal 

particles an effective diffusion coefficient of 5.3E-6 cm
2
/s had to be employed in both cases.   

The resin also demonstrated potential for the adsorption of methyl mercury in sediment pore 

water using an effective diffusion coefficient of methyl mercury, 5.0E-6 cm
2
/s, agreeing with the 

results of Clarisse and Hintelmann (2006).   

On June 15, 2010 12 – 3MFSG piston shaped probes and 10 – 3MFSG sediment profile 

probes were deployed at 3 separate sites along the South River in Waynesboro, VA.  

Additionally, 5 – Spheron Thiol sediment profile probes were deployed, however, they were only 

used for THg measurements as the resin was not for absorption of MMHg.  All of the probes 

were removed at various times on June 17
th

 and transported back to UT-Austin for processing 

and analysis.  Additionally, selected probes and duplicates were sent to Dr. Gary Gill for THg 

and MMHg analysis.  The 1
st
 site (0.1 RRM) demonstrated measurements of THg ranging from 

30 – 230 ng/L and MMHg ranging from 237 – 586 pg/L in the overlying and sediment pore 

water.  The 2
nd

 site (3.5 RRM) showed higher mercury concentrations with THg measurements 

from 48 – 3500 ng/L and MMHg from 586 – 4782 pg/L.  The 3
rd

 site (11.6 RRM) also 

demonstrated higher mercury measurements than the 1
st
 site; THg ranged from 89 – 3000 ng/L 

and MMHg ranged from 8446 – 26731 pg/L.  Separate analyses of duplicates by Battelle Pacific 

Northwest Laboratory and nearby samples were in good agreement.  



 

1. Introduction 
 

The goal of the work described herein is to extend the applicability of diffusion gradients 

in thin films (DGT) approach originally developed of the analysis of metals in aqueous systems 

by Bill Davison and Hao Zhang of Lancaster University in England (Davidson et al., 1994), to 

the practical measurement of mercury and methyl mercury in porewater of field sediments.  

Diffusion gradient in thin films (DGT) is a well developed technique for sampling heavy metals 

in bulk water and has also been used in sediments. DGT measures the labile portion of heavy 

metals in typical time frames of 12-48 hours. The technique is quite powerful as it can be used to 

evaluate major metal pools (organic, inorganic, colloidal bound) as well as to some extent the 

kinetics of metal supply from the sorbed state to the interstitial. Its use in sediments is not as well 

developed and the more dense suspension of colloidal and other complexation media typically 

found in interstitial water may complicate the dynamic response of the DGT sampler.  

A schematic of a typical DGT device is shown in the figure below.  Dissolved 

contaminants of interest will diffuse across the membrane filter and diffusive gel layer and 

become sorbed in the underlying resin layer.  The DGT device can be implanted into the system 

of interest (here the sediments) for a short period of time (typically 24 hours) and the amount of 

the contaminant of interest sorbed into the gel over that time is directly related to the 

concentration in the adjacent porewaters. Specificity can be achieved through proper choice of 

the diffusion gel layer and the sorbent layer.  Although simple in concept, 

the interpretation of the results can be difficult due to the potential for 

species and complexes other than those of primary interest to pass through 

the gel layer and be sorbed into the resin.  The sorbed mass on the resin will 

depend upon the relative rates of species that might pass through the gel 

layer as well as the ratio of the characteristic time for uptake into the resin 

layer to the characteristic time for release of the species from solids and 

complexes in the surrounding medium. In the overlying water, the water  

 Fig 1 DGT sampler 



motion maintains an essentially constant pool of species of interest while in sediments, the 

available pool of contaminants may be limited by sediment and porewater matrix effects.  For 

this reason, laboratory work is needed to identify any potential matrix effects, confirmation of 

the species that are measurable as well as efficiency of measurement and allow optimization of 

the resins, diffusive gel layers, and other operational parameters such as placement time.    

 

2. General Techniques 

All solutions were prepared by dissolving analytical reagent grade or equivalent 

analytical purity chemicals in deionized water (DI) (18 MΩcm,
-1

 Millipore).  All the 

experimental procedures regarding anoxic sediments and chemicals were conducted under 97% 

N2(g) and 3% H2(g) atmosphere in an anaerobic chamber (Coy Laboratory Products Inc.).  

Additionally, all probes were de-aerated for 1 day in DI water with N2(g) and then maintained in 

anoxic vessels prior to deployment in sediment. All glass and plastic-ware were soaked in a 1M 

HNO3 (Fisher Scientific) solution for more than 1 day, rinsed several times with DI water and 

dried in a dust-free clean environment for 1 day before use.  Analytical measurements for 

mercury were performed in a separate Class-100 clean room (Servicor-CPI) constructed with all 

non-metal components.      

 

 

3. Fabrication of Diffusive Gradient in Thin Films Probe 

Preparation of resin-embedded gels followed the procedure used by Davison and Zhang 

(1995).  The polyacrylamide gel solution was prepared by mixing aqueous solutions of 15% of 

40% acrylamide/Bis solution 37.5:1 (Bio-Rad Laboratories, Inc) and 0.3% patented cross-linker 

(DGT research Ltd.).  A variety of ion-exchange resins, including Chelex(r)®-100 (Bio-Rad 

Laboratories, Inc.), Spheron-Thiol (DGT Research Ltd.), Ambersep® GT74 (Sigma-Aldrich), 

Lewatit® Monoplus TP-214 (Sigma-Aldrich) and 3-Mercaptopropyl-Functionalized Silica Gel 



(Sigma-Aldrich), were tested as mercury sorbing resins.  The original Chelex(r)®-100 resin used 

in DGT was not evaluated because it had already demonstrated poor mercury adsorption (Divis 

et al., 2005).  Two grams of resin were added per 10 mL of the polyacrylamide gel solution.  

Polymerization was initiated by adding 60 µL of freshly prepared ammonium persulfate (0.1 g in 

1.0 g of DI water) (Bio-Rad Laboratories, Inc.) and catalyzed with 20 µL N, N, N,’ N’-tetra-

methylethylenediamine (TEMED) (Bio-Rad Laboratories, Inc.) in 10 mL of resin-gel solution.  

The resin-gel solution mixture was well mixed in a clean glass syringe and cast between two 

glass plates separated by PVC side spacers and a rubber gasket (Cole Palmer) and allowed to sit 

at room temperature (25
o
C) for 45 minutes.  After the casting, the gels were hydrated and stored 

in 0.01M NaNO3 solution for more than 24 hours.  The diffusive gel was based on an agarose 

solution, instead of the traditional polyacrylamide solution used by Davison and Zhang, due to 

the affinity of mercury ions for the amine groups in polyacrylamide (Divis et al., 2009).  A 

diffusive gel containing 2.0 grams of agarose in 100 mL of DI water was heated to 80
o
C.  The 

hot agarose solution was then cast between two glass plates separated by spacers and a gasket 

and left to cool down to room temperature (25
o
C) until the agarose gel solidified.  The agarose 

gel, after solidification, was immediately cut and applied to the DGT holders.    

Both resin and agarose gels were properly cut to fit into the piston and sediment type 

DGT holders, which were purchased from DGT Research Ltd.  The piston holder requires a 2.5 

cm diameter disk and the sediment holder requires a 16 cm length by 2.8 cm width rectangle.  

The resin gel was covered by the diffusive gel and by a 0.45 µm pore size polysulfone membrane 

filter (Pall Life Science—Supor® and Millipore—Durapore®).  When placing the resin gel, the 

side which contained a plane of resin beads were arranged to face outward.  The probe covers 

were then placed on top and secured into place.  The completed probes were then immediately 

used in laboratory experiments or sealed and maintained at 4°C until deployed in the field.  

Figure 2a depicts a piston shaped probe and its components and Figure 2b depicts a sediment 

probe which will be constructed and utilized in the field in order to provide profile measurements 

at different depths.   



 

 

 

Figure 2a.  Elements of a piston shaped DGT probe. 

 

 

Figure 2b.  Elements of a sediment DGT probe. 



 

4.Adsorption and Elution of Total Dissolved Hg 
 

One of the fundamental assumptions of DGT is that a linear concentration gradient in the 

diffusive layer will only form when the embedded resin strongly adsorbs aqueous phase Hg.  The 

fundamental assumption was tested with a variety of resins; including Chelex(r)®-100, Spheron 

Thiol, GT74, TP-214 and 3-mercaptopropyl functionalized silica gel (3MFSG).   

 

4.1 Chelex®-100 resin and Spheron Thiol resin 

Isotherm sorption experiments were conducted with Chelex®-100 and Spheron Thiol 

resins.  Chelex®-100 and Spheron Thiol Resin embedded resin gels were made by the previously 

described method.  The resin gel was added to a 15 mL polypropylene tube and filled with 10 

mL of buffer solution containing 10
-2

 M NaNO3 and 10
-4

M NaHCO3.  A 1000 mg/L mercury 

stock solution was prepared by dissolving mercury nitrate (Hg(NO3)2) in a 1 M HNO3 aqueous 

solution.  The mercury stock was added volumetrically to 15 mL polypropylene tubes to make 

mercury concentrations of 10, 20, 40, 60, 80, 100 µg/L in 10 mL of buffer solution.  The same 

volume of 1 M NaOH was added to neutralize any acid added with the mercury stock.  The 

polypropylene centrifuge tubes were tightly sealed and well mixed in an end-over-end tumbler 

until mercury partitioning reached equilibrium (1day) under room temperature (25
o
C).  After 

equilibration, the overlying water was transferred to another 15 mL polypropylene centrifuge 

tube and 2% concentrated HCl was added to stabilize dissolved Hg.  The residual Hg 

concentrations were determined by a Perkin Elmer cold vapor atomic absorption spectrometer 

(EPA method 7470A).   

The results of the resin-mercury isotherm experiments are shown in Figure 3.  Residual 

Hg in buffer solution was observed with Chelex®-100 resin gel while almost all Hg was 

removed from the overlying water by Spheron Thiol Resin gel over the wide Hg concentration 

ranges.  Moreover, no saturation of the functional groups in Spheron Thiol Resin gel was 

observed even in higher Hg concentration.  Chelex®-100 resin showed 60% mercury removal 

and Spheron Thiol resin gel showed 98%  removal of mercury from the overlying water.   

 



 

Figure 3. Comparing Hg Sorption of Chelex®-100 and Spheron Thiol Resin 

 

After observing that Spheron Thiol was a more efficient resin for mercury adsorption, the 

elution of mercury from the Spheron Thiol resin was examined with both HNO3 and HCl.  The 

resins where then taken out of the 15 mL polypropylene centrifuge tubes and transferred to 2.0 

mL polypropylene centrifuge tubes to extract mercury from the resin.  The volume of resin gel 

was approximately 0.2 mL, hence 1.8 mL of 1M HNO3 was added to the 2.0 mL polypropylene 

centrifuge tubes to make a final volume of 2.0 mL.  The resin was removed from the 2.0 mL 

centrifuge tube after 24 hours elution in HNO3 and then transferred to another 2.0 mL centrifuge 

tube in order to elute any remaining mercury with an elution of 1.8 mL concentrated HCl.  

Mercury concentrations in 1M HNO3 and concentrated HCl were determined by a Perkin Elmer 

cold vapor atomic absorption spectrometer (EPA method 7470A) with proper dilutions. 

A mass balance was conducted to calculate the mercury adsorbed to the resin.  The total 

mass of mercury in a 15 mL centrifuge tube should be equal to the total mass in the resin and in 

the buffer solution as follows:   

 

ebatchrestockspike CVMCV ×+=× sin  
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where Vspike is the volume of mercury stock added to the tube, Cstock is the mercury concentration 

of the stock solutions, Mresin is the mass of Hg in resin, Vbatch is the buffer solution volume (10 

mL), and Ce is the post equilibrium Hg
2+

.  The concentration in the buffer solution was 

determined by EPA 7074A.  Then, the mass of Hg eluted either by 1 M HNO3 or concentrated 

HCl can be calculated as follows: 

  

AcidAcidelutionre CVM ×=sin,  

 

Where Mresin,elution is the mass of eluted Hg from resin, Vacid  is the total volume of acid and resin 

(~ 2mL), and Cacid is the mercury concentration in elution (1M HNO3, concentrated HCl).  Then, 

the elution efficiency is calculated using the theoretical mass in the resin calculated from the pre 

and post equilibrium concentrations in the overlying water and the mass eluted from the resin: 
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The extraction efficiency of Hg from Spheron Thiol resin gel is shown in Figure 4.   

 

 

 



 

Figure 4. Mercury Elution Efficiency from Spheron Thiol Resin using (a) 1 M HNO3 and (b) 

concentrated HCl 

 

1M HNO3 has been used to elute metals from Chelex®-100 resin, but was not strong 

enough to remove Hg from the Spheron Thiol Resin gel.  However, when concentrated HCl was 

used as to elute, 90% of Hg was recovered from the Spheron Thiol resin gel after 24 hours 

elution time, as shown in Figure 4b, where the slope of the line is almost 1.   

 

4.2 3-Mercaptopropyl Functionalized Silica Gel based resin  

Although Spheron Thiol exhibits excellent mercury sorption characteristics for DGT, its 

availability from its manufacturer in the Czech Republic is no longer available.  3MFSG resin 

was originally used for monomethyl mercury measurements in DGT by Clarisse and Hintelmann 

(2006) and was tested for both mercury and methylmercury DGT as part of the current project.  

The resin gel, although not exhibiting as good a physical integrity as the Spheron Thiol Resin gel, 

is of decent quality and is not difficult to utilize in the measuring devices.  After construction of 

the resin gel, an isotherm experiment was conducted in order to examine the new resin gel’s 

Hg
2+ 

adsorption efficiency and subsequent elution efficiency utilizing concentrated HCl.  The 

resin gel was introduced into seven different concentrations of mercury solution (100 to 700 ng/L 

(ppt) by 100 ng/L increments in 40mL) and allowed to equilibrate for 24 hours in an end-over-
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end tumbler at 25ºC.  After 24 hours, the resin gel was removed and eluted in concentrated HCl 

for 24 hours.  Following the elution, both the mercury solution and the HCl solution were 

measured for Hg
2+

 using the TEKRAN® cold vapor atomic fluorescence spectrometry (CVAFS) 

detector (EPA method 1631).  Figure 5 shows the adsorption/removal efficiency of Hg from the 

overlying water.   

  

 

Figure 5. Hg adsorption/removal efficiency by 3-mercaptopropyl functionalized siliga gel 

 

The figure shows that after a 24 hour equilibrium period in a Hg
2+

 spiked solution, the 

percentage of Hg
2+

 removed by the resin ranges from 80 to 95% with an average removal 

efficiency of 92%.   

After eluting the resin with concentrated HCl for 24 hours, the mass eluted as measured 

by CVAFS is compared to the mass that theoretically should be in the resin according to the 

mass loss in the mercury solution. The results are shown in Figure 6.   
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Figure 6. Mercury elution efficiency from 3MFSG by concentrated HCl 

The average elution efficiency is 96.5% and the slope of the line (0.9967) is almost 1, 

demonstrating that the mass eluted roughly equals the theoretical mass in the resin.  Thus the 

3MFSG exhibits good adsorption of mercury as well as easy subsequent extraction, consistent 

with desirable properties for DGT. 

 

4.3 Lewatit® MonoPlus TP-214 resin 

This resin, manufactured by Sigma-Aldrich Inc., previously demonstrated an affinity for 

mercury and therefore was viewed as a possible Hg
2+

 adsorbing resin gel (Sigm-Aldrich Inc., 

2010).  It was not possible, however, to create a resin in the form of a solid gel, a necessary 

requirement for DGT.  The gel solution/catalyst/initiator mixture was examined separately and 

formed a gel in less than 1 hour.  The resin seemed to interfere with the TEMED and ammonium 

persulfate which initiate the polymerization.  The TP-214 was no longer considered as a viable 

resin alternative.   

        

4.4 Ambersep® GT74 resin 

The resin, supplied by Sigma-Aldrich Inc., is the current alternative form of the resin 

Duolite® GT73 (Sigma-Aldrich Inc.).  The Duolite®, also known as Amberlite®, is not 
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currently available and Sigma-Aldrich provides the Ambersep® GT74 as its replacement.  The 

Ambersep®/Duolite® resin demonstrated a linear adsorption of mercury mass over an 8-hour 

period in DGT by Divis et al (2009).  With their previous work laying the foundation for the 

resin as a possible mercury adsorption alternative, the resin was developed for an initial 

sorption/isotherm experiment.  The resin, having a larger diameter than the previous 3MFSG, 

was initially ground to a powder using a stone mortar.  The resin was then added to the gel 

solution/initiator/catalyst mixture in the ratio of 2g Resin/10 mL gel solution. 

Two separate trials were run in order to evaluate the Ambersep® resin; the first consisted 

of 0.75 mm thickness resin equilibrated for 24 hours in mercury solutions ranging from 1000 

ng/L to 7000 ng/L every 1000 ng/L and the seconded trial utilized 0.50 mm thickness resin 

equilibrated for 24 hours in mercury solutions ranging from 100 ng/L to 350 ng/L every 50 ng/L.  

The mercury solutions were buffered, average pH was neutral, and the identical procedure from 

the previous isotherm experiments were performed.  After 24 hours, the gel was eluted using 

concentrated HCl followed by various dilutions that were tested using EPA method 1631 and 

CVAFS.   

Both trials of the new Ambersep® resin produced less than desirable results.  The 

mercury adsorption/removal efficiency of the resin ranged from 43% to 86% with an average 

efficiency of 60.2%.  The elution efficiency was even more volatile and ranged from 18% to 92% 

with an average efficiency of 47.8%.  Figures 7 and 8 demonstrate both adsorption/removal 

efficiency and elution efficiency unreliability of the Ambersep® resin during the 100 ng/L to 350 

ng/L trial.  The 1000 ng/L to 7000 ng/L showed similar results.  The trials demonstrated that the 

Ambersep® GT74 resin produces inconsistent results over a range of dissolved mercury 

concentrations.  The GT74 was no longer considered as a viable resin alternative.   

 



 

Figure 7.  Mercury adsorption/removal efficiency from Ambersep® GT74 resin 

 

 

 

Figure 8.  Mercury elution efficiency from Ambersep® GT74 resin by concentrated HCl 
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5. Diffusive Boundary Layer Determination and Time 
Dependent Uptake of Total Dissolved Mercury 
 

5.1 Diffusive Boundary Layer Determination 

During laboratory experiments involving the DGT probe, the diffusive boundary layer 

(DBL) that forms on the outside of the probe can significantly extend the diffusive thickness of 

the probe.  In order to determine this thickness, an experiment was performed similar to that 

performed by Davison and Zhang (1995) where DGT piston probes with different diffusive 

layers are deployed for a known time.  Probes were constructed with 0.75, 1.0, and 1.5 mm 

thicknesses.  A 200 mL of buffer solution (10
-2

 M NaNO3 + 10
-4 

M NaHCO3) was added to a 250 

mL glass Erlenmeyer flask.  Then a 1000 mg/L mercury stock solution was added to the flask 

volumetrically to make a 20 µg/L mercury concentration in the buffered solution.  The same 

volume of 1 M NaOH was added to neutralize any acid added with the mercury stock and pH 

was measured post-experiment.  The DGT probes were then placed on top of the 250 mL 

Erlenmeyer flasks.  Only the filter side of the DGTs was exposed to the mercury solution, 

therefore minimizing the probe casing exposure to the mercury solution.  Then, the probes and 

flasks were sealed using tape and Parafilm® and placed on a shaker table upside down and 

mixed at 200 rpm for 6 hours (see Figure 9).  

  

 

Figure 9. Experimental procedure for determining the DBL/uptake. 

 

After the deployment, the Hg was eluted from the resin by concentrated HCl and 

measured as previously described via CVAFS.  The thickness of diffusive boundary layer outside 



of the filter membrane can be estimated by the following equation proposed by Davison and 

Zhang (1995);  

 

tADC
g

tADCM bbmeasured

δ
+∆=

11

 

Where Mmeasured is the mass of Hg accumulated in resin, D is the diffusion coefficient of Hg in 

water, Cb is the overlying water Hg concentration, t is deployment time, A is the DGT exposed 

area to the overlying water, ∆g is the thickness of diffusive layer, and δ is the thickness of 

diffusive boundary layer outside of the filter membrane.  By plotting the inverse of Mmeasured and 

∆g, which is shown in Figure 10, δ can be estimated as follows.   

slope

erceptint
=δ  

The estimated diffusive boundary layer was 0.33 mm and this thickness is considered in all 

experiments when DGT is deployed in water and placed on the shaker table at 200 rpm for 

mixing.    

 

 

Figure 10. Effect of diffusion gel thickness on Hg mass in resin and the calculation of 

diffusive boundary layer. 
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5.2 Time Dependent Uptake in Spheron Thiol based DGT Probes 

After evaluating the diffusive boundary layer thickness, 8 DGT probes were exposed to 

the overlying water and samples were taken once every hour for 8 hours.  Figure 11 shows the 

experimental results and model estimation.  The solid line represents the model estimation as a 

best fit for the data (using an effective diffusivity) and the dashed line represents the model 

estimation using the diffusivity of mercury in pure water.   

 

  

Figure 11. Time dependent Hg accumulation in Spheron Thiol Resin 

The mass of Hg in resin can be estimated by the following equation proposed by Zhang 

and Davidson (1995). 
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where ∆g is the total thickness of the diffusion layer including the diffusive boundary layer, filter 

membrane and diffusive gel.  Table 1 summarizes the input parameters for the model estimation.   
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Table 1. The input parameters for the estimation of Hg in resin and other experimental 

conditions. 

 
Cb Aqueous phase Hg

2+
 conc. (ug/L) 20 

Deff Effective Diffusivity (cm
2
/s) 8.7E-06 

D Diffusivity in Pure Water (cm
2
/s) 8.97E-06 

A Area (cm
2
) 3.14 

∆g 

Thickness of filter (mm) 0.100 

Thickness of diffusion layer (mm) 0.750 

Diffusive boundary layer (mm) 0.4 

Extraction efficiency 0.9 

Ionic strength (NaNO3) M 0.010 

Carbonate conc. (M) 0.001 

pH 7.6 

 

The diffusion coefficient used to model the experimental data was 8.7E-6 cm
2
/s which was not 

very different from reported diffusion coefficient of Hg in water, 8.97E-6 cm2/s (Docekalova 

and Divis, 2005).  The fabricated DGT fabricated followed theory reasonably well, a linear 

uptake of mercury, and demonstrated that using the diffusion coefficient of mercury in pure 

water for Spheron Thiol DGT probes can provide good mercury concentration estimations.    

 

5.3 Time Dependent Batch Experiment with 3MFSG resin based DGT Probes 

DGT probes were constructed with both 0.75 and 1.0 mm thickness resin gels as well as 

0.75mm diffusive agarose gel and a 0.45 µm polysulfone membrane filter. The complete probes 

were placed on top of 250 mL flasks each containing 200 mL of 1000 ppt Hg
2+

 solution.  The 

flasks were then placed on a shaker table at 200 rpm for 2, 4, and 6 hours.  The probes were then 

removed from the flasks, and Hg
2+

 was detected from the resin gels by the previous elution and 

measurement method used in the isotherm experiment. The results were compared on a 2-hour 

increment basis in Figure 12.  The solid line represents the model estimation using the diffusivity 

of mercury in pure water, while the dashed line represents the model estimation as a best fit line 

for the data using where the data fits the model using an effective diffusivity.    



 

Figure 12. Time dependent Hg accumulation in 3MFSG, trial 1. 

 

The experiment was performed a second time in order to verify the results.  The second 

trial was performed with on the hour for 7 hours in the same experimental set-up as the first trial; 

however, only a single probe was evaluated at each hour.  Figure 13 shows the results of the trial 

with model estimation lines representing pure water and effective diffusion coefficients. 
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Figure 13. Time dependent Hg accumulation in 3MFSG, trial 2. 

 

The time dependent experiments demonstrated an uptake of mercury to the resin over 

time; however, the response was non-linear and deviated from the results seen in the Spheron 

Thiol resin.  Although when utilizing the mass equation developed and assuming a diffusion 

coefficient of mercury similar to that in water (8.97 x 10
-6

 cm
2
/s), the data does not follow the 

model estimation line past the 2 hour mark.  With the diffusion coefficient lowered, the model 

and the experimental results follow a similar path.  The non-ideal conditions demonstrated could 

result from either resistance to mass transfer or accumulation of mercury ions on the resin, as 

both sets of data begin to level off at the later times.  The non-ideal conditions could have 

created a non-zero mercury concentration on the resin, while the model assumes a zero 

concentration.  In order to compensate for the non-ideal conditions, an effective diffusion 

coefficient was calculated for this particular resin by averaging both trials’ effective diffusivities; 

Deff = 5.3 x 10
-6

 cm
2
/s.  Using this effective diffusion coefficient should allow for reasonable 

estimates of bulk water concentrations when using DGT in natural systems.  The bulk water 

effective diffusion coefficient, however, does not account for colloidal mercury transport or a 

significant DBL in natural systems; possibly lending towards lower mercury concentration 
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estimates when used.    Further details on non-ideal conditions and its effect on diffusion are 

located in Appendix A.     

 

6.  Optimizing and Characterizing DGT Probes for 
measuring Hg in sediment  

6.1 Sediment Characterizations and Analytical Techniques 

Basic characteristics of sediments from the South River, VA were quantified by a variety 

of extraction methods and analytical techniques.  Cl
-
 and SO4

2-
 were determined by Ion 

Chromatography (Metrohm) and samples were filtered through ion exchange cartridge 

(OnGuard
®

II 1cc Dionex) to remove any cations that can cause precipitation during anion 

analysis.  Organic carbon was determined by Ultra Violet Absorbance at 270 nm using a 

potassium hydrogen phthalate standard.  Ferrous iron (Fe
2+

) was measured by colorimetric 

method using 1,10-phenanthroline (Standard Methods, 1998).  The pH was determined by pH 

electrode (VWR Symphony) calibrated with standard 4.00, 7.02 and 10.05 pH buffers.  The 

concentrations of metals were determined with ICP-OES (Inductively Coupled Plasma Optical 

Emission Spectrometer).  The water content was determined by weight loss after water 

evaporation from bulk sediment in a 95 
o
C oven.  Total metals in sediment were extracted by 

microwave digestion in concentrated HNO3 (EPA, SW 846–3051).  AVS and SEM were 

determined by the diffusion method (Brouwer and Murphy, 1994) with 0.05 M ascorbic acid 

addition to 1 M HCl to prevent any sulfide oxidation by Fe
3+

 during the analysis (Hseih et al., 

2002).  Two analytical techniques were used for total dissolved mercury analysis.  For samples 

in µg/L level Hg, a Perkin Elmer cold vapor atomic absorption spectrometer (EPA method 

7470A) was used and for samples in ng/L level Hg, TEKRAN® cold vapor atomic fluorescence 

spectrometry detector (EPA method 1631) were used.  All extracts were filtered with 0.45µm 

polypropylene membrane. The extract concentrations were determined via the same analytical 

techniques for the pore water analysis with proper dilutions. All the solid phase concentrations 

were calculated based on dry sediment weight.  Table 2 summarizes the characteristics of the 

sediments.   

 

 



Table 2. Sediments and porewater analysis.  

  Average (STD)  

S
ed

im
en

t 
P

o
re

w
at

er
 

pH 6.97 pH electrode 

Conductivity (µS/cm) 676 Conductivity electrode 

Ionic strength (M) 0.0093 Calculated from conductivity 

Ca (mg/L) 100.2 

ICP-OES 

Mg (mg/L) 37.7 

Na (mg/L) 7.1 

K (mg/L) 8.8 

Mn (mg/L) 10.5 

Fe
2+

(mM) 0.59 Phenathroline method 

SO4
2-

(mg/L) 1.3 

IC Cl
-
(mg/L) 14.2 

NO3
-
(mg/L) Not Detected 

Hg (ng/L) 243 EPA 1631 

Dissolved Organic Carbon (mg/L) 16.1 Ultraviolet absorption 

S
ed

im
en

t 
S

o
li

d
 P

h
as

e 

Water content (%) 64.3 (1.1) 95 
o
C 

Organic matter (%) 9.2 (0.7) Loss on ignition (550 
o
C) 

SEM 

(umol/g) 

Cr 0.36 (0.06) 

• 1 M HCl 

• Metals by ICP-OES 

• 5 replicates 

Cu 1.30 (0.2) 

Ni 0.21 (0.04) 

Pb 0.63 (0.14) 

Zn 3.28 (0.6) 

Cd N.A. 

Sum 5.78 

AVS (umol/g) 8.85 (1.65) 

Total 

Metals 

(ug/g) 

Hg 9.7 (1.0) 

• Microwave Digestion 

• Hg by AAS 

• Metals by ICP-OES 

• 6 replicates 

 

Cd N.A. 

Cr 29.8 (2.7) 

Cu 45.9 (2.8) 

Ni 10.7 (1.5) 

Pb 12.4 (2.7) 

Zn 107.8 (10.0) 

Al 11403.3 (2002) 

Fe 18976.1 (1264) 

Mn 814.9 (609) 

Ca 2884.6 (399) 

K 1259.7 (251) 

Mg 2343.9 (249) 

Na 66.6 (3.3) 

 



6.2  Spheron Thiol Resin Based DGT Probes in site sediment  

The DGT probes were further tested in sediments from the South River, VA.  The 

decrease of pore water metals concentration due to the desorption resistance of metals are well 

known phenomena and could bias DGT measurement.  Hence, investigating the degree of 

depletion is critical in estimating Hg concentrations in situ using DGT probes.    Additionally, 

the diffusion coefficient is most likely to differ in sediment compared to bulk water due to 

mercury’s complexation with dissolved organics in natural systems.  Therefore, the time 

dependent experiment performed in site sediment allows the characterization and optimization of 

DGT prior to field deployment.  To evaluate the performance of DGT, sediment from the South 

River, VA was homogenized and transferred to a container with depth greater than 8 cm.  Eight 

disk type probes were deployed in sediments at depth of 2 cm from sediment-water interface.  

Duplicated DGT probes were removed from sediments at time 1, 2, 3, 4 days and the Hg 

accumulated in the resin was determined.     

Centrifugation and filtration were used to obtain a pore water concentration measurement 

other than DGT. In order to calibrate the effective DGT diffusion coefficient in site sediment, an 

overall pore water value is needed.  Although centrifugation and filtration disturb the natural 

environment, it is still a widely used method for trace metal analysis and provides an estimate of 

the mercury pore water concentration for the purpose of diffusivity estimation (Allen & Bufflap, 

1995).  The sediment was collected from the same core as the one used for the DGT probes and 

processed in an anoxic environment.  The sediment was placed into 6 separate 50 mL 

polypropylene centrifuge tubes (VWR International) and sealed.  The centrifuge tubes were then 

placed into a centrifuge (International Clinical Centrifuge, model: 81707H) and centrifuged for 

25 minutes at 4000 rpm.  The centrifuge tubes were then transferred back into the anoxic 

chamber and the supernatant was removed and filtered through 0.45 µm polyethersulfone 

membrane filters (Whatman, Inc.) to remove particles.  The filtered supernatant was then 

digested with 2% bromine monochloride and measured via CVAFS.  The results were averaged 

to provide an overall average pore water dissolved mercury concentration; 243.21 ± 96.20 ng/L. 

EPA Method 1631 was used for mercury analysis.  Figure 14 depicts the experimental setup 

and Figure 15 shows the experimental results.   



 

Figure 14. Time dependent Hg accumulation in Spheron Thiol Resin. Sediment  

 

 

Figure 15. Time dependent Hg accumulation in Spheron Thiol resin in site sediment 

 

The solid line depicts the model using the diffusivity of Hg in water and the dashed line 

depicts the best fit line where the diffusion coefficient was lowered so that the data fit the model.  

The Hg in sediment porewater accumulated linearly for 3 days and deviation of linear 

accumulation was observed at 4
th

 day.  The deviation was considered to be the result of Hg 

depletion in sediments and desorption resisitance of Hg from sediments.  The linearly increased 

Hg mass in Spheron Thiol Resin gel could be modeled by the following equation: 
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Where a pore water Hg concentration of 243 ng/L and the effective diffusion coefficient of 1.7 x 

10
-6

 cm
2
/s were used to produce the model line.  The value of the effective diffusion coefficient 

found in the site sediment with the Spheron Thiol probes is not unexpected, as the diffusivity of 

fulvic acid is 1.9 x 10
-6

 cm
2
/s, and therefore the diffusivity of mercury in natural pore water is 

expected to be lower than that in pure water.  In addition, the use of an effective diffusion 

coefficient found from the site sediment allows for more precise estimations of mercury pore 

water concentrations as the Deff compensates for the different mercury species diffusivities, mass 

transfer resistance, and aqueous phase metal depletion.    

 

6.3  3MFSG Resin Based DGT Probes in site sediment 

The 3MFSG resin probes were examined in the same fashion and set-up as the Spheron 

Thiol probes; using 3 probes deployed per day in site sediment from the South River over a 4 day 

period.  The characterization and optimization of the 3MFSG probes is especially important as 

they already exhibited non-ideal behavior in pure water and therefore an effective diffusion 

coefficient is recommended in order to obtain more precise estimations during the actual field 

deployment.  Figure 16 depicts the results from the time dependent experiment in site sediment. 

 

 



 

Figure 16.  Time dependent Hg accumulation in 3MFSG resin in site sediment 

 

 The data points showed a non-linear mass uptake over time; the data leveled off after the 

2 day time measurement as the 3 and 4 day measurements adsorbed smaller increases of THg 

mass; possibly related to mercury depletion in the pore water or mass transfer resistance. The 

diffusion coefficient had to be lowered to fit the model and compensate for the possible non-zero 

concentration at the resin surface.  The model line incorporated an effective diffusion coefficient 

of 5.3 x 10
-6

 cm
2
/s.  The effective diffusion coefficient is similar to that found in bulk water.  

This suggests that the diffusion through the agarose gel primarily controls uptake in the DGT and 

the effects of the DBL and any effects of slow diffusion from fine colloidal matter are negligible.  

This makes analysis of the pore water concentration in the sediment relatively straightforward.   

 

7. Test of 3MFSG based DGT Probes for methyl mercury in 
site sediment  

3MFSG based DGT Probes have shown excellent performance for measuring methyl 

mercury in aqueous phase (Clarisse and Hintleman, 2005).  The probe was applied to measure 

pore water methyl mercury concentrations in sediment from the South River, VA.  Twelve 
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probes were fabricated and deployed in sediments similar with the schematics in Figure 14.  

Triplicate probes were removed from sediments at 1, 2, 3, and 5
th

 day.  Methyl mercury was 

extracted from the resin using 0.1M HCl and 1.3mM thiourea extractant used by Clarisse and 

Hintelman (2006).  A reaction vessel was filled with 100 mL Millipore® water and the 1.0 ~ 1.4 

mL of MeHg extractant (0.1M HCl + 1.31 mM thiourea solution) was added to measure MeHg.  

Three hundred µL of acetate buffer solution (2 M) and  20 µL of sodium tetraethyl borate (1% 

w/v) were added to adjust pH at 4.9 and to derive MeHg to volatile MeHgEt.  The solution was 

left sitting at room temperature for 20 min, then purged with nitrogen (40 mL min
-1

) and pre-

concentrated on a TENAX adsorber trap connected to the reaction vessel.  Finally, mercury 

species were thermally desorbed from the trap (200 
o
C), separated by gas chromatography, and 

quantified by CVAFS.  The results are shown in Figure 17.  

 

 

Figure 17. Time dependent MeHg accumulation in 3-mercaptopropyl functionalized silica 

gel based DGT probe. 

 

The MeHg accumulated linearly for 3 days and deviation of linear accumulation was 

observed from one probe on the 5
th

 day.  The deviation was considered to be the result of MeHg 

depletion in sediments, desorption resistance of Hg from sediments, or analytical error.  The 

methylmercury concentration in sediment porewater was estimated to be 3.5 ng/L when effective 
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methylmercury diffusion coefficient was 5.0E-6 cm
2
/s (Clarisse and Hintelmann, 2006) using 

following equation.   

AtD

gM
C measured

b
××

∆×
=

 

 

8.  THg and MMHg results from the 15-17 June deployment 
in the South River 
 

The Spheron Thiol and 3MFSG DGT probes were deployed in the South River (Northern 

Virginia) from July 15
th

 to July 17
th

, 2010.  The probes were deployed to 3 different sites; 

ranging from 0.1 to 11.6 miles downstream from the former DuPont facility.  A total of 12 piston 

shaped probes and 15 sediment profile shaped probes were deployed amongst the 3 locations.  

Figure 18 depicts the probe numbers, location, and distance offshore. 

 



 

Figure 18. DGT deployment locations along the South River. 

 

 

The environmental parameters important when deploying DGT, pH and temperature, 

were provided by the South River Science Team, measured a week prior to deployment, and 

listed in Table 3. 

 



Table 3: Average temperature and pH for the South River. 

Temperature (°C) 20.91 ± 1.2 

pH 7.36 ± 0.32 

     

With the knowledge that the pH was in the neutral range, the probes could be deployed with 

confidence.  The recorded temperature allowed the diffusion coefficient to be corrected when 

calculating the estimated mercury concentrations using the temperature correction equation 

proposed by Davison and Zhang (1995): 

 

log��	 �	
1.37023�� � 25� � 8.36	�	10���� � 25��

109 � �
� log

����273 � ��

298
 

 

Where t is the temperature in degrees Celsius and D25 is the diffusion coefficient of the metal in 

pure water at 25 °C.  The diffusion coefficients were then re-calculated for each resin type and 

are presented in Table 4;  

 

Table 4.  Diffusion coefficients corrected for in-situ temperature.  

Resin Type THg/MMHg Sed/H2O Diffusivity 

3MFSG 

THg H2O 4.73 x 10
-6

 cm
2
/s 

THg Sed 4.73 x 10
-6

 cm
2
/s 

MMHg Sed/H2O 4.46 x 10
-6

 cm
2
/s 

Spheron Thiol 
THg H2O 8.01 x 10

-6 
cm

2
/s 

THg Sed 1.52 x 10
-6

 cm
2
/s 

 

 

8.1  Site 1 (0.1 RRM) deployment  

 A total of 6 DGT probes were deployed at site 1, which was located near the former 

effluent discharge site of the plant.  The results for the piston probes are presented in Figure 19 

and the results for the sediment probes for THg and MMHg are shown in Figures 20 – 23, 

profiles graphs labeled “Battelle” processed and analyzed for THg and MMHg at the Pacific 

Northwest Battelle laboratory by Dr. G. Gill. 
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Figure 19.  Site 1, 3MFSG piston shaped DGT THg measurements. 
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Figures 20 and 21.  Site 1, Probe 1 and 2 (Spheron Thiol THg) measurements. 
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Figures 22 and 23.  Site 1, Probe 3 (3MFSG DGT THg and MMHg) measurements 

(Battelle).  

 

 Previously collected pore water data by the South River Science Team ranges from 0.83 

to 512.19 ng/L of THg with an average of 29.84 ± 67.49 ng/L (data collected at various times 

over the past year).  The pore water data was collected using Henry samplers to extract up to 50 

cm
3
 of pore water over various depths.  The data collected previously and the data from DGT are 

not necessarily comparable; they are from the same general part of the river but not from the 

exact same location.  The heterogeneity of sediments and different sampling techniques make it 

difficult to compare the two data sets. 

 The two probes 8 ft offshore can be viewed as somewhat comparable, as they are both the 

same distance offshore, however, still roughly 1 ft apart when deployed in sediment.  The highest 

sediment pore water measurements were both recorded in the 8 – 10 cm section of resin of each 

probe, however, the Spheron Thiol probe recorded a value about 4 times as high (226 ng/L vs. 53 

ng/L).  The difference in measurements by Probe 2 and 3 could be attributed to the difference in 

resin material and the heterogeneity of the sediments.    



The duplicates measured by Battelle for Probe 1 were similar to those measured at UT-

Austin; the measurements made at UT-Austin were on average less than 20% different to those 

measured by Battelle, therefore demonstrating good agreement in results.  The difference in 

duplicate measurements could possibly result from sample handling or unequal distribution of 

mercury ions adsorbed to the resin during deployment. 

 

8.2  Site 2 (3.5 RRM) deployment   

At site 2, a total of 11 DGT probes were deployed; 5 piston shaped and 6 profile probes 

were deployed at 3, 6, and 9 feet off the eastern bank.  Probe 5 and 9 had duplicate 

measurements analyzed by Dr. Gill as well as Probe 7 which was analyzed in its entirety for both 

THg and MMHg.  Figures 24 through 31 show the THg and MMHg results from the site. 
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Figure 24.  Site 2, 3MFSG piston shaped DGT THg measurements. 
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Figures 25 and 26.  Site 2, Probe 4 (Spheron Thiol THg) measurements and Probe 5 

(3MFSG THg) measurements. 

 

 The 3 ft offshore location had two sediment probes, #4 and #5, and two piston probes, #4 

and #7.  The two sediment probes can be viewed as comparable measurements in the sense that 

they were located within 1 ft of each other; however, the relatively large differences in 

measurements are apparent.  The difference is possibly a function of the different resin materials, 

but more than likely a result of heterogeneity in the sediments, which could also account for the 

difference in the 6 – 8 cm section of gel that was segmented and analyzed by both UT-Austin 

and Battelle.  The piston #4 measurement is consistent with higher measurements observed at the 

3 ft offshore location and piston #7 is only 20% higher than the same sediment-water interface 

measurement observed with piston #8. 
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Figure 27.  Site 2, Probe 6 (Spheron Thiol THg) measurements. 
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Figures 28 and 29.  Site 2, Probe 7 (3MFSG THg and MMHg) measurements (Battelle). 



 The 6 ft offshore location showed a similar trend to the 3 ft location where the 3MFSG 

probe demonstrated higher measurements (about 2 times) compared to the Spheron Thiol probe 

in the same vicinity.  The difference is possibly related to the resin material or sharp contrasts in 

mercury pore water concentrations.  The measurements taken with Probe 7 demonstrate that the 

MMHg concentration is about 1% of the THg concentration at any given depth.    
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Figures 30 and 31.  Site 2, Probe 8 (Spheron Thiol THg) and Probe 9 (3MFSG THg) 

measurements.  

 

 The 9 ft offshore location again demonstrated a similar trend between the Spheron Thiol 

probe and the 3MFSG probe; the 3MFSG THg concentrations were about 2 to 3 times that of the 

Spheron Thiol measurements.  In addition, the duplicate measurements of Probe 9 at the 6 – 8 

cm depth showed a wide variance.  The step fluctuations in mercury concentrations is not 

unexpected as the heterogeneity of the sediments is well known, especially considering the 

sediment of the South River which is composed of a gravel-like medium. 

  The results showed higher peak concentrations than sites 1 and 3.  The data collected by 

the South River Science Team (Henry samplers) for pore water THg concentrations ranged from 

5.98 to 1123 ng/L with an average of 138 ± 193 ng/L; the data was collected in the same general 



area (3.5 RRM), but not the exact same location.  Additionally, the Henry samplers extracted the 

pore water over a larger depth and exposed samples to the atmosphere; therefore, their data is 

presented as the results of another measurement technique and not a comparison.  At site 2, DGT 

and the South River Science Team measured the highest concentrations of THg for the two sites 

with both sources of data. 

The depth profiles measured by DGT do follow the same general trend, where it appears 

that the higher THg concentrations in the pore water exist at greater depths, and then gradually 

decrease towards the surface.  Unlike salt water environments where the mercury concentrations 

have a tendency to increase towards the surface, the opposite is seen in freshwater sediment, 

possibly due to an absence of sulfate reducing conditions (Kongchum et al., 2006; Gilmour et al., 

1992).   

 

8.3 Site 3 (11.6 RRM) deployment 

 Site 3 was composed of three separate deployment areas that were 5, 10, and 15 ft from 

the eastern shore.  The 15 ft location was comprised of only 9 cm or so of sediment before 

bedrock, and therefore the one of the sediment probes deployed there, 14, was only able to 

measure 8 cm in depth.  The results for the piston probes are located in Figure 32.  The sediment 

probe results are listed in Figures 33 through 39 and are grouped by deployment area. 
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Figure 32.  Site 3, 3MFSG piston shaped DGT THg measurements. 
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Figures 33 and 34.  Site 3, Probes 10 and 11 (3MFSG THg) measurements.   

 

 The 5 ft offshore location demonstrated a comparable trend between Probe 10 and 11 

where a spike in THg pore water concentration was measured at the 4 – 6 cm depth.  Probe 11 

however, measured about 2 times the THg concentration at any given depth compared Probe 10, 

again demonstrating the sharp contrast of pore water concentrations in the sediment.  The 

duplicates measured from Probe 11 were generally in good agreement with each other; varying 

between 20 – 30%.   
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Figures 35 and 36.  Site 3, Probes 12 and 13 (3MFSG THg) measurements. 

 

 The probes at the 10 ft offshore location, depicted in Figures 35 and 36, showed similar 

measurements along their depths, with both measuring the highest concentrations at the 8 – 10 

cm section and then decreasing towards the surface.  Additionally, the piston (11) measured 2 cm 

into the sediment a THg concentration between the two sediment probes’ measurements at that 

same depth.  The duplicates measured from Probe 13 showed good agreement between values; 

the difference in measurements being 22% for the 2 – 4 cm depth and 5% for the 6 – 8 cm depth.   
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Figure 37.  Site 3, Probe 14 (3MFSG THg) measurements. 
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Figures 38 and 39.  Site 3, Probe 15 (3MFSG THg and MMHg) measurements. 



 The THg measurements of the two probes at the 15 ft location depicted similar pore 

water concentration values along their depths, including maximum values measured at the 6 – 8 

cm depth.  The MMHg measurements showed a general increase towards the surface with a 

maximum value of 26,000 pg/L, which was the highest MMHg concentration of any sampled site.  

The large MMHg measurement could be due to the relatively organic rich depositional area, 

consistent with both the apparent increase in accumulation of THg and the increased rate of 

methylation.   The increasing MMHg concentration/rate of methylation towards the sediment-

water interface could have resulted from more reduced conditions and less hyporheic exchange 

near the surface.  Overall, site 3 measured more data points with higher THg and MMHg 

concentrations.   

 The field deployment of the 3MFSG resin-based DGT probes demonstrated that under 

field conditions, the probes could measure THg and MMHg concentrations at various sediment 

depths and in the water column.  The general trend throughout all three deployment sites seem to 

be that the THg and MMHg concentrations in pore water decreased as the sediment-water 

interface was approached.  The result is consistent with previous freshwater mercury sampling 

and greater sediment water exchange in the near surface sediments due to hyporheic exchange 

processes.   The exception to the general trend was site 3, where the MMHg increased towards 

the surface, even while the THg was decreasing.   

 

8.4 Comparison of UT to Battelle Pacific Northwest Laboratory Measurements 

As indicated above, duplicate samples from the same segment of several probes were 

analyzed at both the University of Texas and the Battelle Pacific Northwest Laboratory.   These 

are summarized in Table 4 and Figure 40a and b.   The measured mercury in both samples were 

converted to equivalent porewater concentration in the same manner as described above.  As can 

be seen in the table and figures, good agreement was obtained between the duplicate samples.  

The error in all but two samples was less than 15%, with the UT estimated concentration 

generally being slightly higher.  For two samples, UT estimated concentrations were 

approximately a factor of two higher than measured at Battelle.  The reason for the discrepancy 

in these two samples is not known.   In general, however, agreement between the two 

laboratories is excellent.  



Table 4. Comparison of duplicate samples 

 

  

Figure 40 a) Comparison of UT and Battelle measurements for all duplicate samples.  B) 

Comparison of all but the two samples that deviated by approximately a factor of 2-3. 

 

9. Future work 
The initial deployment of DGT devices in the South River was successful in measuring 

interstitial mercury concentrations.   Interestingly, the concentrations measured by DGT are often 

Sample                     

Conc. In 

O.W./P.W. from 

DGT Eqn (ppt)

Conc. In O.W./P.W. 

from DGT Eqn (ppt) 
Avg Depth (cm)

Univ Texas Battelle

ST-1/ST/2/4T/S 217 176 -3

ST-1/ST/2/8T/S 229 184 -7

ST-2/3M/1/4T/S 989 647 -3

ST-2/3M/1/8T/S 3151 900 -7

ST-2/3M/2/4T/S 1520 1159 -3

ST-2/3M/2/8T/S 2713 1189 -7

ST-3/3M/9/4T/S 685 501 -3

ST-3/3M/9/8T/S 780 519 -7

ST-3/3M/7/4T/S 618 483 -3

ST-3/3M/7/8T/S 1219 1278 -7
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an order of magnitude or more higher than had been previously measured by conventional 

porewater sampling using Henry’s probes.  Part of this may have been due to the placement of 

samplers in fine grained deposits.  It also appears likely, however,  that the previous efforts to 

measure mercury with Henry’s probes were sampling significant amounts of surface water rather 

than strictly interstitial water.  The success of the initial preliminary deployment suggests that 

further deployment in larger numbers and in more areas is warranted.  Site 3, should be included 

in subsequent work in that concentrations were higher in this location than in the other sites and 

it had not previously been investigated.  , as this appears to be the area of highest THg and 

MMHg concentrations.  Additionally, the results at site 3 need to be confirmed by simultaneous 

redox and voltammetry as well as an in-depth characterization of the sediment.  At this stage, the 

DGT systems have been shown to be sufficiently mature and capable for field deployment. 
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Appendix A.  Non-ideal behaviors of the DGT passive sampling technique. 

 

 

Figure 1.  Non-ideal and Ideal diffusion through the DGT membrane 

 

The fundamental assumption of the DGT probe is a zero dissolved metal concentration in 

the resin layer.  However, the mercury sorption to the resin gel was only 92% from the isotherm 

test of 3-mercaptopropyl functionalized silica gel, the lower sorption is possibly a result of 

sorption resistance of Hg from the aqueous phase to the resin due to the relatively weak binding 

of the mercury to the particular resin.   

Figure 1 shows the non-ideal case of DGT, i.e. non-zero metal concentration in the resin 

layer.  The actual concentration gradient in the diffusive layer is 
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Where D0 is the diffusivity of metal in water,  Cs is the dissolved metal concentration in 

bulk water, Ci is the dissolved metal concentration in resin, ∆g is the thickness of diffusive 

layer/boundary layer/filter.    

And the actual mass accumulated in the resin for time T would be 
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Where A is the DGT area exposed to solution and T is the DGT deployment time.  
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The model assumes the aqueous phase metal concentration in the resin is unknown and we are 

accounting for  the non-ideality by calculating an effective diffusion coefficient as follows:  

g

C
TADMass s

efftheory
∆

=  

Where Deff is the effective diffusion coefficient of metal of interest.  

Hence, by setting the massexperiment equal to masstheory : 
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The effective diffusion coefficient is then defined as: 

s

is
oeff

C

CC
DD

−
=  

The effective diffusion coefficient of Hg with 3-mercaptopropyl functionalized silica gel 

was 5.7E-6 cm2/s which was 70% of the mercury diffusivity in water (8.7E-6 cm2/s).  The 30% 

deviation of the effective diffusion coefficient of Hg from free diffusivity seemed to be the result 

of non-zero Hg concentration in resin.   

In sediments, there non-ideal behaviors are more complicated by  

1. Depletion of porewater metal concentrations by the metal desorption resistance from 

sediment 

2. Simultaneous diffusion of metal complexes which have different diffusivities 

3. Possible incomplete sorption of metal complexes to the resin  

 

It is impossible to quantify all of the non-ideal processes and we are evaluating a site-specific 

effective diffusion coefficient of metals in sediment.   



 

Figure 2.  Non-ideal behavior with depleted porewater concentration 

 

First of all, Cs should be known from an independent measurement.  Then, the actual mass flux 

to resin would be 
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Where Dc is the diffusion coefficient of metal complex and Cs,i is the depleted porewater metal 

concentration.   

And the mass accumulated in resin would be  
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The mass in the resin can be defined as follows using effective diffusion coefficient which is 

unknown and porewater metal concentration which is known  
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Then, the effective diffusion coefficient can be calculated by setting the massexperiment  equal to 

masstheory: 
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The effective diffusion coefficient is defined as: 

s

iis

ceff
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From DGT deployment in sediments, the Effective diffusion coefficient of total Hg in sediment 

from Dupont was 4.0E-6 cm2/s which was 47% of free diffusivity of Hg2+ in water (8.5E-

6cm2/s).   
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1. Background  
The distribution and movement of mercury in the South River are presently being 
defined for the major components of this lotic system, including water, sediment, 
periphyton, algae, key invertebrates, fish, reptiles, and birds.  Although mercury 
concentrations and movement continue to be defined by South River research 
teams, no team has focused primarily on the movement of mercury via trophic 
transfer to species-of-concern.  The intent of this 2007 study was to do such a 
trophic analysis.  This included quantitative modeling of biomagnification in 
aquatic biota and supporting the generation of isotope data for similar avian and 
bat studies by others. 

The VIMS three-year study began in 2005 by defining mercury 
accumulation in periphyton and then broadened to address the issue of mercury 
trophic transfer in the South River watershed. After the first year, the spatial 
distributions of mercury and methylmercury in periphyton (natural surface 
coatings) were defined. Interest also emerged about the trophic transfer of 
mercury to floodplain birds and VIMS became engaged in providing some 
supporting isotope information.  The trophic context for these studies is depicted 
in Figure 1. 

Archived aquatic food web samples taken for diverse reasons by others 
were combined in 2006 from three locations: Dooms Crossing Rd, Crimora 
(AFC), and Grottoes Town Park. Preliminary results from 2006 suggested that 
trophic transfer modeling of mercury in the South River biota was feasible. A 
2007 trophic transfer project was funded that combined stable isotope and 
mercury analyses for the aquatic food web to describe the biomagnification of 
mercury and the change with trophic position in the fraction of the total mercury 
that was methylmercury.  Information was also to be generated for addressing 
trophic transfer in the floodplain avian food web. This report describes results 
from this summer 2007 comprehensive sampling of the aquatic food web 
although the modeling effort requires some final sample results to be finalized. 
 
 



 

 

 

3 

 
 
 
 

 
 
 
Figure 1. The intermeshed trophic webs leading to fish and bird receptors of interest. Solid and 

dashed lines indicate notionally major and minor pathways, respectively.   

 
2. Objective 
General 
The three-year study began in 2005 that had the overarching goal of 
quantitatively defining mercury movement through the South River aquatic food 
web. In 2006, activities to quantify biomagnification in the aquatic food web were 
initiated and support for trophic transfer studies of floodplain bird species added 
later. Three aquatic food web sites were studied: Dooms Crossing Rd, Crimora 
(Augusta Forestry Center), and Grottoes Town Park.  The three sites had 
relatively high mercury concentrations in river and floodplain components. The 
major goals achieved during the 2006 food web studies were the following: 

• With a preliminary data set, quantitatively model mercury 

biomagnification for these sites using ∗15N to quantify trophic position. 

• Quantitatively model the relative amounts of methylmercury and total 

mercury using ∗15N techniques.  
The 2007 expansion had three goals:  

• Integrate existing and new mercury/methylmercury tissue data into a 
trophic transfer context.  Included in this goal was the continued 
support of avian trophic transfer studies. 
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• Develop one or several fine-grained aquatic trophic transfer model(s) 
by conducting a careful 2007 sampling at six sites from Constitution 
Park to Grottoes Town Park (Figure 2).  

• Test the hypothesis that downriver movement of bioavailable mercury 
is slowed by its conversion to methylmercury and consequent 
increasingly efficient trophic incorporation.  This entailed statistical 
testing for the influence of river mile on model estimated parameters. 

 

 
 
Figure 2. The general locations of the six sites sampled during the summer of 2007.  

 
 
The study components addressing the three 2007 goals are described in detail 
below.  
1. Integrate Existing Tissue Mercury Data into a Trophic Transfer Framework 

A rich mercury data base is coming together for the South River and much of 
these data involve mercury bioaccumulation.  As mercury bioaccumulation is 
primarily a function of trophic interactions, it stands to reason that useful 
insights from the rich South River mercury data base can be extracted using a 
trophic interpretive vantage. This goal was accomplished and the associated 
data listed in Appendix A. Additional focus was also given to supporting avian 
food web studies.  Bat, reptile, and worm samples are also being gathered. 

2. Spatially Inclusive Modeling of Trophic Transfer  
Several themes were clear from the preliminary 2006 trophic analysis data.  

First, ∗ 15N has the potential for providing insight about trophic interactions 
and for quantifying South River biomagnification. This is consistent with other 
similar studies. Trends also seemed clearer for methylmercury than for total 
mercury. This turned out to be true again in the 2007 sampling and modeling. 
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Second, looking at the data provided in 2006, some noise existed relative to 
the expected total mercury concentration trend, e.g., notionally primary 
producers < primary consumers < secondary consumers < tertiary 
consumers. Some, but not all, of this kind of noise could be better understood 
with more extensive sampling. This was verified by the 2007 intensive 
sampling. Also, the 2006 sample data (mercury, methylmercury, nitrogen 
isotopes) came from different individuals, tissues, or places within a location. 
These differences did not preclude useful modeling but did reduce their value 
for some predictions and hypothesis tests.  The more carefully structured 
2007 sampling successfully overcame this shortcoming. 

The VIMS/URS team extensively sampled six sites during 2007 (Figure 2) 
that included the entire river stretch from DuPont to Grottoes. From the six 
locations, tightly focused sampling of sixteen types of biota was successfully 
done and total mercury/methylmercury/stable isotope measured. One site 
(pool) was intentional chosen in a pool microhabitat while the five others were 
selected at ripple sites. Costs were controlled by analyzing only one of three 
replicates of each sample type at each of the five ripple sites for 
methylmercury. This provided adequate modeling of the methylmercury 
fraction as a function of trophic position. With hindsight, the additional 
information gained would have been worth the cost of methylmercury 
analyses for all samples. The following conventional model was the most 
appropriate for fitting South River aquatic food web data: 
 

[ ]Hg ei

Ni= +β β δ1 2
15

 

 

where i refers to the ith sample in the trophic model, and ∃1 and ∃2 are 
parameters estimated by either fitting the data to the above model using SAS 
PROC NONLIN or fitting data to the following linearized (log) model using 

SAS PROC GLM. The estimated biomagnification power (∃2) from this model 
quantifies mercury biomagnification in a trophic web (Broman et al. 1992, 
Rolff et al. 1993).    

Ln mHg Ni i[ ] = +β β δ1 2

15
 

 
 The final selected model allowed prediction over the entire study reach by 
including river mile.1 

 

Ln mHg N River Milei i i[ ] = + +β β δ β1 2

15

3  

 
 The final methylmercury-based models incorporated data from all five 
ripple sites so data splitting can be done during crossvalidation. However, 

                                                
1 A nonlinear regression model including trophic status and river mile was also fit to these data; however, the 

linearized model with backtransformation bias correction was finally selected because it more effectively dealt with 

heteroscedasticity and resulted in an overall better agreement between observed and predicted concentrations. 
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predictive effectiveness was quantified for this report with the PRESS cross-
validation prediction sum of squares.   The initial plans were modified after the 
project was reviewed by Robert (Skip) Livingston who recommended that the 
investigators put less emphasis on the spatially explicate modeling goals 
because the models would be much more variable than suggested in the 
2007 proposal. Skip Livingston, consultant to the NRDC, was correct about 
the variation among sites but an overall model with predictive value was still 
achieved that permitted the inclusion of distance downriver.  This required a 
shift from a primary focus on total mercury to focus on methylmercury 
modeling and removal of some biota because they deviated from the general 
trend.  In our opinion, models with predictive value for total mercury models 
will require a shift from using periphyton growing on artifical substrates back 
to procedurally-defined periphyton from natural surfaces. Periphyton from 
natural surfaces were used in 2006 and we suspect now that these materials 
more closely reflect materials ingested by the majority of the primary 
consumers than the periphyton taken from artificial substrates. Fortunately, 
we took such procedurally-defined periphyton in case this happened. They 
have been sent for analyses at this time. When the associated data are 
available, total mercury trophic transfer will be modeled again. 
 

3. Mercury Retention in the South River: The Mercury Spiraling Hypothesis 
Past South River studies failed to find an anticipated decline in mercury as it 
moved, and was notionally diluted, downriver.  Contrary to initial expectations 
based on physical models, mercury remained relatively high within the study 
reach biota.  Other metals measured in periphyton by the VIMS team did not 
behave in this manner. Several plausible explanations exist for the 
persistence of high mercury concentrations in this stretch of South River. The 
one tested here was that an increasing amount of mercury is converted to 
methylmercury with distance downriver from the historic source and, because 
methylmercury is more prone to biomagnify than inorganic mercury, the 
effectiveness of mercury incorporation (as methylmercury) increases with 
distance downriver. This hypothesis was tested and the 2007 data supported 
this hypothesis for the South River study reach. The effectiveness of mercury 
entry into the food web increased with distance downriver from the historic 
source. Also, the data indicated that inorganic mercury was diluted during 
trophic transfer. 

 
Support of Avian Trophic Food Web Studies 
Coordination with David Evers’ and Dan Cristol’s avian and bat teams indicated 
that they would need stable isotope analyses of bird, bat, and prey item samples.  
Bat samples from Dr. Evers’ team are being processed and sent for analyses. 
Personnel from Dr. Cristol’s laboratory used VIMS facilities to process their 
samples. 
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3. Results  
The samples from all six sites were pooled initially and the resulting means used 
for each of the twenty-four final biota sample types to explore general trends. 
Trends and anomalous points in Figures 3 to 5 can be used to describe the initial 
decisions made before modeling began.     
 

 
Figure 3. The mean total mercury concentrations (ug of mercury/g dry weight) as a function of 

∗ 
15

N (per mil) in each sampled biota type. The ∗ 
15

N reflects the relative trophic position of each 

biota.  If a ∗ 
15

N of 5.5 was taken to be that associated with periphyton and a 3.4 increase in ∗ 
15

N 
assumed for each trophic level, the ideal primary, secondary, and tertiary consumers would have 

∗ 
15

N values of approximately 8.9, 12.3, and 15.7, respectively.  Our results were consistent with 
the general observation of a certain degree of omnivory in most food webs and approximately 
three trophic levels above primary producers in most flowing freshwater systems.    

 

 
Figure 4. The mean methylmercury concentrations (ug methylmercury/g dry weight) as a 

function of ∗ 
15

N (per mil) for each sampled biota type.  Methylmercury data were collected at the 
five ripple sites but not at the pool site.  
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Figure 5. The percentage of the total mercury that was methylmercury in each biota type as a 

function of ∗ 
15

N (per mil).  These percentages were calculated using mean total mercury and 
methylmercury concentrations.  
 
The first deviation to note from the general trend in Figure 3 was associated with 

the periphyton grown on the artificial substrates (light blue x below a ∗15N of 6).  
Although we originally used materials from natural surfaces and decided to use 
artificial substrates in 2007 to improve the periphyton sample precision, it 
appears that the periphyton from natural surfaces might have been a better 
material to represent the base of the scraper/grazer/gatherer food web. Tandem 
samples of such material were collected in case this occurred and are being 
processed now for possible inclusion in these models. But, at the moment, the 
existing periphyton samples compromise the total mercury modeling effort. The 
blackfly larvae (Simuliidae, gold x) were also higher than the general trend would 
have suggested. This was noted in another study of blackfly larvae. Harding et al. 
(2006) speculated that black flies have an unusual filter feeding mode in which 
significant consumption of DOC occurs and this results in black flies 
accumulating atypically high amounts of inorganic and methylmercury directly 
from the water.  The present study supports Harding and co-workers’ 
speculations. Finally, the pulmonate snails, Helisoma sp. (blue +) and Physa sp. 
(purple x), appear to have atypical mercury body concentrations. In Figure 4, 
Physa sp. also had atypical methylmercury concentrations as did the blackfly 
larvae. The pulmonate snails, especially Physa, feed more than other taxa on the 
periphyton coating macrophytes, and also on macrophytes themselves. 
Regardless, all species appeared consistent with the general increase in 
percentage of mercury present as mercury with increasing trophic position 
(Figure 5). 

These preliminary observations lead us to initially exclude blackfly larvae, 
pulmonate snails, and macrophytes from models. Their ecologies appeared to 
involve factors that put them outside of the general scraper/grazer/gatherer trend.  
Although periphyton data were reluctantly retained in the reported models, the 
data for periphyton from natural surfaces will be included instead when it 
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becomes available.  The deviations associated with the animal species will also 
be explored more thoroughly in the near future. Figure 3 and the above points 
suggest that generation of a total mercury trophic model with good predictive 
utility is quite probable when the alternate periphyton data become available.   

Appendix B summarizes the models explored for total mercury, 
methylmercury, and fraction of mercury present as methylmercury. The models 

included trophic position (∗15N) alone, or trophic position plus river mile.  The 
associated data are plotted in Figures 6-8.  Predictions from the best models are 
shown in Figures 9 and 10.  We conclude the following from these data and 
models: 

• The present models predicting ln of total mercury concentration from ∗15N 
alone were inadequate for prediction in our opinion but will likely be 
adequate after replacement of the existing periphyton data with the new 
natural substrate-associated periphyton data.    

• In contrast to the models based on total mercury, the present models 
predicting methylmercury concentration are acceptable for quantitative 
prediction. Because interest is focused on edible fish and species feeding 
high in the food web, there is no compromise with using methylmercury-
based models instead of total mercury-based models at this time. Most of 
the mercury in the high food web species is methylmercury. The addition 
of river mile to the model (bottom of Appendix B) produced a model with a 
regression r2 of 0.78: the model accounted for an estimated 78% of the 
variation in ln of methylmercury concentration in South River biota.  Using 
cross-validation, the estimated prediction r2 was only slightly lower than 
0.78 (i.e., 0.76), suggesting reasonably good prediction (Appendix C). In 
our opinion, models were successfully produced that permit prediction of 
changes in methylmercury concentrations under different remediation or 
management scenarios.  The methylmercury model for all sites that 
included river mile was judged to be the most useful for prediction.  A 
regression line of predicted methylmercury from this model versus 
observed methylmercury concentrations had the following qualities (after 
correcting for backtransformation bias of the predictions): 

 
Predicted = 1.08(Observed) + 0.17. 
 
Slope (standard error):  1.08(0.21) 
Intercept (standard error):  0.17(0.21) 

  
The slope was approximately 1 and the intercept was indistinguishable 
from 0, suggesting very good agreement. (The backtransformation bias 
(Newman 1993) was corrected by multiplying the predicted methylmercury 
concentration by eMSE/2 = e0.5309/2 = 1.304 where MSE is the model mean 
square error.)  

• The fraction of the total mercury that was methylmercury also changed 
predictably with trophic position as shown in Appendix B.  Simple models 
for individual sites and the pooled data showed a clear trend. However, 
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percentages are confined to the range of 0 to 100 so these models were 
not strictly adequate. To resolve this issue, the fraction of the mercury 
present as methylmercury was transformed (linearized) using the inverse 
normal cumulative function. This transformation simply expresses a 
fraction as the corresponding standard deviation from the mean of a unit 
normal distribution, N(0,1): 

 
Fraction Transformation  
0.00135   -3 
0.02275   -2 
0.158655   -1 
0.500000    0 
0.841345  +1 
0.97725  +2 
0.99865  +3 
 

If one has MS Excel and the model shown in Appendix B, the 
NORMSDIST(transformation) function will generate the fraction from the 
predicted transform value. Simply multiplying the resulting fraction by 100 
will give the percentage of mercury predicted to be methylmercury. 

• Trophic transfer modeling was also attempted for the inorganic mercury 
(defined as the total mercury concentration minus the methylmercy 
concentration) for the separate ripple sites and for the pooled data 
(Appendix B).  The r2 coefficients were low and the estimated effect of 

∗15N on inorganic mercury content marginally significant for the individual 

sites.  The effect of ∗15N was marginally significant (p-value=0.06) in the 
model using the pooled data.  However, when the p-values for the 
individual models were combined to test for significant effect (Appendix 

D), the p-value for the influence of ∗15N model based on the pooled data 

was significant (p-value<0.0001).  Trophic position (∗15N) significantly 
influenced inorganic mercury concentration with a decrease in inorganic 
mercury with an increase in trophic position. Inorganic mercury displayed 
trophic dilution as do many metals. 

• The most useful model presently available predicts ln of methylmercury 

concentration as a function of trophic position (∗15N) and distance 
downriver from the historic source (river mile).  The predicted increase in 
methylmercury for each increase in trophic level was approximately 4.6-
fold (Appendix E). Impact of river mile on trophic transfer was consistent 
with our original hypothesis. The intercept increased significantly with 
distance downriver.  The amount of mercury entering the base of the food 
web appeared to increase with distance downriver, and perhaps, is 
responsible for the mercury maximum in biota noted previously in 
numerous other South River studies.  We assume that a large portion of 
the mercury entering near Constitution Park is inorganic and, as the 
mercury travels down the river, an increasing fraction is present as the 
more bioavailable methylmercury.   
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Figure 6. The total mercury concentrations (ug/g dry weight) at all sites plotted against  ∗ 

15
N 

(per mil). Note that the periphyton grown on artificial substrates (red x) appear to poorly represent 
the base of the food web for total mercury.  The other biota conforms to a clear trend.  It is hoped 
that, when available, the data for periphyton taken from natural substrates will better reflect the 
base of the trophic web for total mercury and can be used to produce an acceptable model. 
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Figure 7. The methylmercury concentrations (ug/g dry weight) at all five ripple sites plotted 

against ∗ 
15

N (per mil).  
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Figure 8. The percent of the total mercury that is methylmercury at all five ripple sites plotted 

against ∗ 
15

N (per mil).  
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Figure 9. The observed data (black) and model results (prediction (red) and 95% confidence 

interval for individual predictions (blue and green)) for the inverse cumulative normal 
transformation of the fraction of the total mercury that is methylmercury at all ripple sites 

regressed against ∗ 
15

N (per mil).  



 

 

 

13

 

SI TE AFC Const Dooms

GTP Nort h Pool

Predi ct ed Val ue of  LMHG

-6

-5

-4

-3

-2

-1

0

1

2

3

DELN15

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

 
Figure 10. The model results for the prediction of ln of methylmercury based on a regression 

model using ∗ 
15

N (per mil) and river mile (Appendix B).  The predictions for each site are shown 
by different symbols: Const = Constitution Park (river mile 0.6), North = North Park (river mile 
2.0), Dooms = Dooms Crossing Road (river mile 5.2), Pool = Pool (river mile 8.7), AFC = Augusta 
Forestry Station at Crimora (river mile 11.8), and GTP = Grottoes Town Park (river mile 22.4). 
The intercept increased with distance downriver from the historical release site, suggesting that 
the amount of mercury that is methylmercury increased with distance from the release site and 
consequent higher amounts of methylmercury were entering the base of the food web with 
distance downriver.  
 
4. Modeling Summary 
The model predicting methylmercury concentration as a function of trophic 

position (∗ 15N) and river mile is the following: 
 

)(054.0(450.0252.5265.0 15

)/( MileRiverN
eeweightdryguguryMethylmerc

++−= δ
 

 
Please see page 9 of this report for an explanation of the backtransformation 
bias correction term, e0.265.  The prediction r2 for this model is 0.76.  The 
estimated biomagnification of methylmercury is a 4.6-fold increase in 
concentration with each increase in trophic level. 

The model predicting the fraction of the total mercury present as 

methylmercury (P) as a function of trophic position (∗ 15N) is the following: 
 

NED(P) = -3.136 + 0.370(∗ 15N) 
 
As explained on pages 9 and 10, the “NED” is the normal equivalent deviation, or 
more generally, the inverse of the standard normal cumulative distribution 



 

 

 

14

function.  It can be calculated as explained on pages 9 and 10, or it can be 
obtained by subtracting 5 from the probit transformation. 
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Appendix A. Listing of Data from the Summer 2007 Trophic Modeling Sampling   
 
Full details about each biota sample’s identity (SCINAME) are provided in the report summary as are the descriptions of the location site (SITE).  

Without exception, there were triplicate samples for each biota type-site combination (REP A, B, or C).  The river mile (RM) and sampling data  

(mm/dd/yyyy) are provided for each sample.  The wet and dry weights (WETWT, DRYWT in grams) and calculated percent dry weight 

(PERDRY) are included.  The measured total (THG) and methylmercury (MHG) are expressed in ug Hg/g of dry sample.  The estimated 

inorganic mercury concentration (INORGHG) is the difference between THG and MHG: the percent methylmercury (PERMHG) is 

(MHG/THG)*100.  The ∗15
N (DELN15) and ∗13

C (DELC13) have units of per mil.  The percent organic carbon content (perOC) was estimated 

from the amount of mass encapsulated by VIMS for MS analysis at the University of California – Davis and the reported mg of carbon in each 

sample from that facility. The wet weight of any relevant organism (WGT) is provided in grams wet weight. The notation ‘.’ is used to indicate 

no data for that row/column position. 

 

                           South River Trophic Models - Summer 2007                          

 

Obs    SCINAME                   SITE     REP     RM     SAMPDATE     WETWT    DRYWT     PERDRY 

 

  1    Baetidae                  AFC       A     11.8    05232007      0.17     0.02    11.7647 

  2    Baetidae                  AFC       C     11.8    05232007      0.18     0.03    16.6667 

  3    Baetidae                  AFC       B     11.8    05232007      0.18     0.03    16.6667 

  4    Corbicula                 AFC       B     11.8    05232007      3.85     0.72    18.7013 

  5    Corbicula                 AFC       C     11.8    05232007      4.06     0.75    18.4729 

  6    Corbicula                 AFC       A     11.8    05232007      3.73     0.70    18.7668 

  7    Cambaridae                AFC       B     11.8    05232007      2.73     0.56    20.5128 

  8    Cambaridae                AFC       C     11.8    05232007      3.35     0.68    20.2985 

  9    Cambaridae                AFC       A     11.8    05232007      3.22     0.61    18.9441 

 10    Semotilus corporalis      AFC       B     11.8    05232007     12.65     3.14    24.8221 

 11    Semotilus corporalis      AFC       A     11.8    05232007      9.99     2.06    20.6206 

 12    Semotilus corporalis      AFC       C     11.8    05232007      9.44     2.39    25.3178 

 13    Hydropsychidae            AFC       C     11.8    05232007      0.50     0.14    28.0000 

 14    Hydropsychidae            AFC       A     11.8    05232007      0.48     0.13    27.0833 

 15    Hydropsychidae            AFC       B     11.8    05232007      0.46     0.12    26.0870 

 16    Leptoxis carinata         AFC       B     11.8    05232007      1.63     0.34    20.8589 

 17    Leptoxis carinata         AFC       A     11.8    05232007      1.65     0.36    21.8182 

 18    Leptoxis carinata         AFC       C     11.8    05232007      1.50     0.29    19.3333 

 19    Rhinichthys cataractae    AFC       C     11.8    05232007      6.53     2.03    31.0873 

 20    Rhinichthys cataractae    AFC       B     11.8    05232007      6.19     2.11    34.0872 

 21    Rhinichthys cataractae    AFC       A     11.8    05232007      7.73     2.24    28.9780 

 22    Macrophyte                AFC       C     11.8    05232007      6.84     0.59     8.6257 

 23    Macrophyte                AFC       A     11.8    05232007      6.51     0.56     8.6022 

 24    Macrophyte                AFC       B     11.8    05232007      8.94     0.82     9.1723 

 25    Macrophyte                AFC       C     11.8    05232007      6.75     0.75    11.1111 

 26    Macrophyte                AFC       B     11.8    05232007      6.48     0.74    11.4198 

 27    Macrophyte                AFC       A     11.8    05232007      6.71     0.75    11.1773 

 28    Periphyton                AFC       A     11.8    07092007      7.50     0.82    10.9333 

 29    Periphyton                AFC       B     11.8    07092007     16.18     2.47    15.2658 

 30    Periphyton                AFC       C     11.8    07092007     21.02     3.68    17.5071 

 31    Lepomis auritus           AFC       A     11.8    05232007     14.82     4.17    28.1377 

 32    Lepomis auritus           AFC       C     11.8    05232007      6.68     2.36    35.3293 

 33    Lepomis auritus           AFC       B     11.8    05232007      8.56     2.64    30.8411 

 34    Micropterus dolomieu      AFC       C     11.8    05232007     78.08    19.96    25.5635 

 35    Micropterus dolomieu      AFC       A     11.8    05232007     76.39    21.55    28.2105 

 36    Micropterus dolomieu      AFC       B     11.8    05232007    115.00    29.30    25.4783 

 37    Stenonema                 AFC       C     11.8    05232007      0.48     0.10    20.8333 

 38    Stenonema                 AFC       B     11.8    05232007      0.39     0.08    20.5128 

 39    Stenonema                 AFC       A     11.8    05232007      0.45     0.10    22.2222 

 40    Psephenidae               AFC       A     11.8    05232007      0.12     0.03    25.0000 

 41    Psephenidae               AFC       B     11.8    05232007      0.13     0.05    38.4615 

 42    Psephenidae               AFC       C     11.8    05232007      0.10     0.02    20.0000 

 43    Catostomus commersonii    AFC       B     11.8    05232007     19.14     6.20    32.3929 

 44    Catostomus commersonii    AFC       A     11.8    05232007     18.37     5.50    29.9401 

 45    Catostomus commersonii    AFC       C     11.8    05232007     19.07     5.05    26.4814 

 46    Zygoptera                 AFC       C     11.8    05232007      0.43     0.08    18.6047 

 47    Zygoptera                 AFC       B     11.8    05232007      0.43     0.06    13.9535 

 48    Zygoptera                 AFC       A     11.8    05232007      0.51     0.10    19.6078 

 49    Lepomis macrochirus       Const     A      0.6    05212007     11.39     3.84    33.7138 

 

 Obs    SCINAME                   SITE     REP     RM    SAMPDATE    WETWT    DRYWT     PERDRY 
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  50    Lepomis macrochirus      Const     C     0.6    05212007    13.00     3.98    30.6154 

  51    Lepomis macrochirus      Const     B     0.6    05212007    10.87     3.69    33.9466 

  52    Corbicula                Const     B     0.6    05212007     3.49     0.50    14.3266 

  53    Corbicula                Const     C     0.6    05212007     3.43     0.51    14.8688 

  54    Corbicula                Const     A     0.6    05212007     3.30     0.46    13.9394 

  55    Cambaridae               Const     B     0.6    05212007     3.32     0.80    24.0964 

  56    Cambaridae               Const     A     0.6    05212007     4.30     0.61    14.1860 

  57    Cambaridae               Const     C     0.6    05212007     3.33     0.67    20.1201 

  58    Ephemerellidae           Const     B     0.6    05212007     0.27     0.06    22.2222 

  59    Ephemerellidae           Const     A     0.6    05212007     0.27     0.06    22.2222 

  60    Ephemerellidae           Const     C     0.6    05212007     0.29     0.06    20.6897 

  61    Semotilus corporalis     Const     C     0.6    05212007    10.22     2.63    25.7339 

  62    Semotilus corporalis     Const     B     0.6    05212007    11.23     2.91    25.9127 

  63    Semotilus corporalis     Const     A     0.6    05212007    11.04     2.86    25.9058 

  64    Helisoma                 Const     B     0.6    05212007     0.83     0.17    20.4819 

  65    Helisoma                 Const     C     0.6    05212007     1.14     0.18    15.7895 

  66    Helisoma                 Const     A     0.6    05212007     0.98     0.16    16.3265 

  67    Hydropsychidae           Const     B     0.6    05212007     1.08     0.31    28.7037 

  68    Hydropsychidae           Const     A     0.6    05212007     1.09     0.32    29.3578 

  69    Hydropsychidae           Const     C     0.6    05212007     1.07     0.32    29.9065 

  70    Leptoxis carinata        Const     A     0.6    05212007     1.59     0.43    27.0440 

  71    Leptoxis carinata        Const     B     0.6    05212007     1.49     0.40    26.8456 

  72    Leptoxis carinata        Const     C     0.6    05212007     1.51     0.37    24.5033 

  73    Micropterus salmoides    Const     B     0.6    05212007    15.19     4.44    29.2298 

  74    Micropterus salmoides    Const     C     0.6    05212007     9.67     2.40    24.8190 

  75    Micropterus salmoides    Const     A     0.6    05212007    11.08     3.14    28.3394 

  76    Rhinichthys cataractae   Const     A     0.6    05212007     4.45     1.41    31.6854 

  77    Rhinichthys cataractae   Const     C     0.6    05212007     4.14     1.20    28.9855 

  78    Rhinichthys cataractae   Const     B     0.6    05212007     8.34     2.47    29.6163 

  79    Macrophyte               Const     C     0.6    05212007     7.20     0.69     9.5833 

  80    Macrophyte               Const     B     0.6    05212007     9.18     1.37    14.9237 

  81    Macrophyte               Const     A     0.6    05212007     9.00     1.28    14.2222 

  82    Macrophyte               Const     A     0.6    05212007     6.07     1.02    16.8040 

  83    Macrophyte               Const     C     0.6    05212007     8.14     1.60    19.6560 

  84    Macrophyte               Const     B     0.6    05212007     7.01     1.46    20.8274 

  85    Periphyton               Const     A     0.6    07092007    25.89     4.75    18.3469 

  86    Periphyton               Const     C     0.6    07092007    13.62     6.04    44.3465 

  87    Periphyton               Const     B     0.6    07092007    10.31     1.71    16.5858 

  88    Stenonema                Const     C     0.6    05212007     0.62     0.11    17.7419 

  89    Stenonema                Const     B     0.6    05212007     0.57     0.09    15.7895 

  90    Stenonema                Const     A     0.6    05212007     0.58     0.12    20.6897 

  91    Catostomus commersonii   Const     A     0.6    05212007    15.46     4.41    28.5252 

  92    Catostomus commersonii   Const     B     0.6    05212007    15.23     4.12    27.0519 

  93    Catostomus commersonii   Const     C     0.6    05212007    13.47     2.78    20.6385 

  94    Zygoptera                Const     B     0.6    05212007     0.20     0.05    25.0000 

  95    Zygoptera                Const     C     0.6    05212007     0.22     0.04    18.1818 

  96    Zygoptera                Const     A     0.6    05212007     0.19     0.04    21.0526 

  97    Baetidae                 Dooms     B     5.2    05222007     0.13     0.03    23.0769 

  98    Baetidae                 Dooms     C     5.2    05222007     0.17     0.03    17.6471 

 

Obs    SCINAME                   SITE     REP     RM     SAMPDATE    WETWT    DRYWT     PERDRY 

 

 99    Baetidae                  Dooms     A      5.2    05222007     0.10     0.02    20.0000 

100    Lepomis auritus           Dooms     C      5.2    05222007     9.27     3.23    34.8436 

101    Lepomis auritus           Dooms     A      5.2    05222007     9.72     3.09    31.7901 

102    Lepomis auritus           Dooms     B      5.2    05222007    12.86     3.87    30.0933 

103    Corbicula                 Dooms     A      5.2    05222007     4.03     0.84    20.8437 

104    Corbicula                 Dooms     B      5.2    05222007     3.98     0.90    22.6131 

105    Corbicula                 Dooms     C      5.2    05222007     3.76     0.79    21.0106 

106    Cambaridae                Dooms     A      5.2    05222007     4.84     1.52    31.4050 

107    Cambaridae                Dooms     C      5.2    05222007     5.10     1.34    26.2745 

108    Cambaridae                Dooms     B      5.2    05222007     3.96     0.92    23.2323 

109    Semotilus corporalis      Dooms     A      5.2    05222007    15.42     4.39    28.4695 

110    Semotilus corporalis      Dooms     C      5.2    05222007    11.58     2.94    25.3886 

111    Semotilus corporalis      Dooms     B      5.2    05222007     9.18     2.30    25.0545 

112    Hydropsychidae            Dooms     C      5.2    05222007     0.63     0.18    28.5714 

113    Hydropsychidae            Dooms     B      5.2    05222007     0.63     0.15    23.8095 

114    Hydropsychidae            Dooms     A      5.2    05222007     0.58     0.14    24.1379 

115    Leptoxis carinata         Dooms     A      5.2    05222007     1.62     0.47    29.0123 

116    Leptoxis carinata         Dooms     B      5.2    05222007     1.54     0.38    24.6753 
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117    Leptoxis carinata         Dooms     C      5.2    05222007     1.55     0.38    24.5161 

118    Micropterus salmoides     Dooms     B      5.2    05222007    12.14     2.85    23.4761 

119    Micropterus salmoides     Dooms     A      5.2    05222007    12.57     3.26    25.9348 

120    Micropterus salmoides     Dooms     C      5.2    05222007    10.87     2.86    26.3109 

121    Rhinichthys cataractae    Dooms     A      5.2    05222007     4.98     1.60    32.1285 

122    Rhinichthys cataractae    Dooms     C      5.2    05222007     4.46     1.24    27.8027 

123    Rhinichthys cataractae    Dooms     B      5.2    05222007     4.12     1.11    26.9417 

124    Macrophyte                Dooms     B      5.2    05222007     7.10     0.77    10.8451 

125    Macrophyte                Dooms     A      5.2    05222007     8.64     0.87    10.0694 

126    Macrophyte                Dooms     C      5.2    05222007     7.25     0.79    10.8966 

127    Macrophyte                Dooms     A      5.2    05222007    10.01     1.02    10.1898 

128    Macrophyte                Dooms     C      5.2    05222007     7.58     0.80    10.5541 

129    Macrophyte                Dooms     B      5.2    05222007     9.18     0.91     9.9129 

130    Periphyton                Dooms     C      5.2    07092007     1.90     0.28    14.7368 

131    Periphyton                Dooms     A      5.2    07092007     0.58     0.11    18.9655 

132    Periphyton                Dooms     B      5.2    07092007     2.23     0.29    13.0045 

133    Physid                    Dooms     C      5.2    05252007     0.72     0.11    15.2778 

134    Physid                    Dooms     B      5.2    05252007     0.72     0.11    15.2778 

135    Physid                    Dooms     A      5.2    05252007     0.89     0.14    15.7303 

136    Simullidae                Dooms     A      5.2    05222007     0.50     0.08    16.0000 

137    Simullidae                Dooms     B      5.2    05222007     0.50     0.08    16.0000 

138    Simullidae                Dooms     C      5.2    05222007     0.50     0.07    14.0000 

139    Catostomus commersonii    Dooms     A      5.2    05222007    13.66     3.60    26.3543 

140    Catostomus commersonii    Dooms     C      5.2    05222007    20.22     4.22    20.8704 

141    Catostomus commersonii    Dooms     B      5.2    05222007    12.82     2.79    21.7629 

142    Zygoptera                 Dooms     C      5.2    05222007     0.81     0.13    16.0494 

143    Zygoptera                 Dooms     B      5.2    05222007     0.74     0.11    14.8649 

144    Zygoptera                 Dooms     A      5.2    05222007     0.82     0.15    18.2927 

145    Lepomis macrochirus       GTP       C     22.4    05232007    14.37     4.65    32.3591 

146    Lepomis macrochirus       GTP       B     22.4    05232007    18.25     5.86    32.1096 

147    Lepomis macrochirus       GTP       A     22.4    05232007    13.61     3.71    27.2594 

 

Obs    SCINAME                   SITE     REP     RM     SAMPDATE    WETWT    DRYWT     PERDRY 

 

148    Pimephales notatus        GTP       B     22.4    05232007     4.82     1.40    29.0456 

149    Pimephales notatus        GTP       C     22.4    05232007     4.53     0.94    20.7506 

150    Pimephales notatus        GTP       A     22.4    05232007     3.82     0.96    25.1309 

151    Corbicula                 GTP       B     22.4    05232007     1.58     0.27    17.0886 

152    Corbicula                 GTP       A     22.4    05232007     1.61     0.30    18.6335 

153    Corbicula                 GTP       C     22.4    05232007     1.39     0.27    19.4245 

154    Cambaridae                GTP       A     22.4    10112007     3.11     1.02    32.7974 

155    Cambaridae                GTP       C     22.4    10112007     6.38     1.63    25.5486 

156    Cambaridae                GTP       B     22.4    10112007     7.39     1.83    24.7632 

157    Ephemerellidae            GTP       B     22.4    05232007     0.12     0.03    25.0000 

158    Ephemerellidae            GTP       A     22.4    05232007     0.14     0.03    21.4286 

159    Ephemerellidae            GTP       C     22.4    05232007     0.13     0.03    23.0769 

160    Hydropsychidae            GTP       C     22.4    05232007     0.69     0.21    30.4348 

161    Hydropsychidae            GTP       B     22.4    05232007     0.68     0.23    33.8235 

162    Hydropsychidae            GTP       A     22.4    05232007     0.71     0.22    30.9859 

163    Leptoxis carinata         GTP       C     22.4    05232007     1.58     0.31    19.6203 

164    Leptoxis carinata         GTP       B     22.4    05232007     1.52     0.33    21.7105 

165    Leptoxis carinata         GTP       A     22.4    05232007     1.51     0.34    22.5166 

166    Micropterus salmoides     GTP       B     22.4    05232007    14.29     3.93    27.5017 

167    Micropterus salmoides     GTP       C     22.4    05232007    19.35     5.49    28.3721 

168    Micropterus salmoides     GTP       A     22.4    05232007    13.87     3.46    24.9459 

169    Rhinichthys cataractae    GTP       C     22.4    05232007     5.29     1.47    27.7883 

170    Rhinichthys cataractae    GTP       A     22.4    05232007     6.58     1.99    30.2432 

171    Rhinichthys cataractae    GTP       B     22.4    05232007     5.31     1.41    26.5537 

172    Macrophyte                GTP       A     22.4    05232007    11.50     1.55    13.4783 

173    Macrophyte                GTP       B     22.4    05232007    10.26     1.42    13.8402 

174    Macrophyte                GTP       C     22.4    05232007    10.53     1.38    13.1054 

175    Macrophyte                GTP       A     22.4    05232007    10.98     0.85     7.7413 

176    Macrophyte                GTP       B     22.4    05232007    11.73     1.01     8.6104 

177    Macrophyte                GTP       C     22.4    05232007    12.40     1.04     8.3871 

178    Periphyton                GTP       C     22.4    07092007     8.40     1.90    22.6190 

179    Periphyton                GTP       B     22.4    07092007     6.55     0.99    15.1145 

180    Periphyton                GTP       A     22.4    07092007     5.96     2.61    43.7919 

181    Stenonema                 GTP       A     22.4    05232007     0.39     0.09    23.0769 

182    Stenonema                 GTP       C     22.4    05232007     0.35     0.08    22.8571 

183    Stenonema                 GTP       B     22.4    05232007     0.34     0.07    20.5882 
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184    Psephenidae               GTP       A     22.4    05232007     0.27     0.09    33.3333 

185    Psephenidae               GTP       B     22.4    05232007     0.28     0.10    35.7143 

186    Psephenidae               GTP       C     22.4    05232007     0.25     0.09    36.0000 

187    Catostomus commersonii    GTP       A     22.4    05232007    19.90     6.01    30.2010 

188    Catostomus commersonii    GTP       B     22.4    05232007    20.89     7.15    34.2269 

189    Catostomus commersonii    GTP       C     22.4    05232007    24.45     7.68    31.4110 

190    Zygoptera                 GTP       B     22.4    05232007     0.44     0.10    22.7273 

191    Zygoptera                 GTP       A     22.4    05232007     0.33     0.07    21.2121 

192    Zygoptera                 GTP       C     22.4    05232007     0.41     0.09    21.9512 

193    Nocomis leptocephalus     North     A      2.0    05242007     6.98     1.64    23.4957 

194    Nocomis leptocephalus     North     C      2.0    05242007     8.29     1.96    23.6429 

195    Nocomis leptocephalus     North     B      2.0    05242007     5.05     1.19    23.5644 

196    Corbicula                 North     A      2.0    05242007     3.16     0.49    15.5063 

 

 Obs    SCINAME                   SITE     REP     RM    SAMPDATE    WETWT    DRYWT     PERDRY 

 

 197    Corbicula                 North     C     2.0    05242007     3.45     0.56    16.2319 

 198    Corbicula                 North     B     2.0    05242007     3.22     0.49    15.2174 

 199    Cambaridae                North     C     2.0    05242007     3.90     0.75    19.2308 

 200    Cambaridae                North     A     2.0    05242007     3.61     0.68    18.8366 

 201    Cambaridae                North     B     2.0    05242007     2.95     0.43    14.5763 

 202    Gomphidae                 North     B     2.0    05242007     1.30     0.34    26.1538 

 203    Gomphidae                 North     C     2.0    05242007     0.46     0.29    63.0435 

 204    Gomphidae                 North     A     2.0    05242007     0.37     0.27    72.9730 

 205    Helisoma                  North     A     2.0    05242007     1.05     0.17    16.1905 

 206    Helisoma                  North     C     2.0    05242007     0.91     0.16    17.5824 

 207    Helisoma                  North     B     2.0    05242007     1.30     0.22    16.9231 

 208    Hydropsychidae            North     B     2.0    05212007     0.92     0.28    30.4348 

 209    Hydropsychidae            North     A     2.0    05212007     0.95     0.28    29.4737 

 210    Hydropsychidae            North     C     2.0    05212007     0.93     0.28    30.1075 

 211    Leptoxis carinata         North     B     2.0    05242007     1.47     0.30    20.4082 

 212    Leptoxis carinata         North     A     2.0    05242007     1.60     0.30    18.7500 

 213    Leptoxis carinata         North     C     2.0    05242007     1.54     0.30    19.4805 

 214    Micropterus salmoides     North     A     2.0    05242007    14.50     4.34    29.9310 

 215    Micropterus salmoides     North     B     2.0    05242007    13.71     3.95    28.8111 

 216    Micropterus salmoides     North     C     2.0    05242007    20.38     4.86    23.8469 

 217    Rhinichthys cataractae    North     B     2.0    05242007     4.79     1.40    29.2276 

 218    Rhinichthys cataractae    North     A     2.0    05242007     4.76     1.39    29.2017 

 219    Rhinichthys cataractae    North     C     2.0    05242007     5.23     1.49    28.4895 

 220    Macrophyte                North     C     2.0    05242007     1.50     0.38    25.3333 

 221    Macrophyte                North     A     2.0    05242007     1.24     0.27    21.7742 

 222    Macrophyte                North     B     2.0    05242007     1.34     0.24    17.9104 

 223    Macrophyte                North     A     2.0    05242007     1.94     0.26    13.4021 

 224    Macrophyte                North     C     2.0    05242007     1.41     0.17    12.0567 

 225    Macrophyte                North     B     2.0    05242007     1.95     0.25    12.8205 

 226    Periphyton                North     B     2.0    07092007    42.66     8.36    19.5968 

 227    Periphyton                North     C     2.0    07092007    29.82     1.81     6.0698 

 228    Periphyton                North     A     2.0    07092007    19.27     2.28    11.8319 

 229    Lepomis auritus           North     B     2.0    05242007    13.27     3.76    28.3346 

 230    Lepomis auritus           North     A     2.0    05242007    14.83     4.07    27.4444 

 231    Lepomis auritus           North     C     2.0    05242007    11.03     2.74    24.8413 

 232    Stenonema                 North     C     2.0    05242007     0.29     0.05    17.2414 

 233    Stenonema                 North     B     2.0    05242007     0.27     0.05    18.5185 

 234    Stenonema                 North     A     2.0    05242007     0.33     0.06    18.1818 

 235    Psephenidae               North     C     2.0    05242007     0.22     0.06    27.2727 

 236    Psephenidae               North     A     2.0    05242007     0.25     0.04    16.0000 

 237    Psephenidae               North     B     2.0    05242007     0.27     0.08    29.6296 

 238    Catostomus commersonii    North     C     2.0    05242007    14.58     4.44    30.4527 

 239    Catostomus commersonii    North     A     2.0    05242007    17.43     4.81    27.5961 

 240    Catostomus commersonii    North     B     2.0    05242007    11.72     3.12    26.6212 

 241    Pimephales notatus        Pool      C     8.7    05222007     1.76     0.48    27.2727 

 242    Pimephales notatus        Pool      B     8.7    05222007     2.25     0.65    28.8889 

 243    Pimephales notatus        Pool      A     8.7    05222007     1.41     0.40    28.3688 

 244    Corbicula                 Pool      A     8.7    05222007     4.38     0.91    20.7763 

 245    Corbicula                 Pool      B     8.7    05222007     3.65     0.77    21.0959 

 

 Obs    SCINAME                   SITE    REP     RM    SAMPDATE    WETWT    DRYWT     PERDRY 

 

 246    Corbicula                 Pool     C     8.7    05222007     3.99     0.82    20.5514 

 247    Cambaridae                Pool     B     8.7    05222007     4.10     1.26    30.7317 
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 248    Cambaridae                Pool     A     8.7    05222007     3.98     1.02    25.6281 

 249    Cambaridae                Pool     C     8.7    05222007     3.60     0.93    25.8333 

 250    Semotilus corporalis      Pool     C     8.7    05222007    12.04     2.98    24.7508 

 251    Semotilus corporalis      Pool     B     8.7    05222007     9.21     1.93    20.9555 

 252    Semotilus corporalis      Pool     A     8.7    05222007     8.59     2.12    24.6799 

 253    Gomphidae                 Pool     C     8.7    05222007     0.93     0.21    22.5806 

 254    Gomphidae                 Pool     B     8.7    05222007     0.92     0.23    25.0000 

 255    Gomphidae                 Pool     A     8.7    05222007     1.01     0.21    20.7921 

 256    Hydropsychidae            Pool     A     8.7    05222007     0.53     0.17    32.0755 

 257    Hydropsychidae            Pool     C     8.7    05222007     0.57     0.17    29.8246 

 258    Hydropsychidae            Pool     B     8.7    05222007     0.53     0.18    33.9623 

 259    Leptoxis carinata         Pool     A     8.7    05222007     1.50     0.36    24.0000 

 260    Leptoxis carinata         Pool     C     8.7    05222007     1.48     0.34    22.9730 

 261    Leptoxis carinata         Pool     B     8.7    05222007     1.59     0.39    24.5283 

 262    Micropterus salmoides     Pool     A     8.7    05222007    15.61     4.51    28.8917 

 263    Micropterus salmoides     Pool     B     8.7    05222007    16.65     4.67    28.0480 

 264    Micropterus salmoides     Pool     C     8.7    05222007    14.49     3.86    26.6391 

 265    Macrophyte                Pool     C     8.7    05222007     4.57     0.68    14.8796 

 266    Macrophyte                Pool     B     8.7    05222007     4.71     0.69    14.6497 

 267    Macrophyte                Pool     A     8.7    05222007     4.07     0.54    13.2678 

 268    Macrophyte                Pool     A     8.7    05222007     4.01     0.43    10.7232 

 269    Macrophyte                Pool     B     8.7    05222007     4.49     0.48    10.6904 

 270    Macrophyte                Pool     C     8.7    05222007     4.56     0.53    11.6228 

 271    Periphyton                Pool     B     8.7    07092007    42.73     5.51    12.8949 

 272    Periphyton                Pool     C     8.7    07092007    19.68     3.77    19.1565 

 273    Periphyton                Pool     A     8.7    07092007    15.82     3.44    21.7446 

 274    Physid                    Pool     B     8.7    05222007     0.71     0.08    11.2676 

 275    Physid                    Pool     C     8.7    05222007     0.81     0.12    14.8148 

 276    Physid                    Pool     A     8.7    05222007     0.69     0.11    15.9420 

 277    Lepomis auritus           Pool     C     8.7    05222007    10.70     2.72    25.4206 

 278    Lepomis auritus           Pool     B     8.7    05222007    13.62     3.75    27.5330 

 279    Lepomis auritus           Pool     A     8.7    05222007    13.37     3.55    26.5520 

 280    Simullidae                Pool     C     8.7    05222007     0.31     0.05    16.1290 

 281    Simullidae                Pool     A     8.7    05222007     0.28     0.05    17.8571 

 282    Simullidae                Pool     B     8.7    05222007     0.25     0.05    20.0000 

 283    Catostomus commersonii    Pool     A     8.7    05222007    16.60     4.52    27.2289 

 284    Catostomus commersonii    Pool     B     8.7    05222007    17.39     4.70    27.0270 

 285    Catostomus commersonii    Pool     C     8.7    05222007    16.33     4.92    30.1286 

 286    Zygoptera                 Pool     B     8.7    05222007     0.90     0.18    20.0000 

 287    Zygoptera                 Pool     C     8.7    05222007     0.84     0.17    20.2381 

 288    Zygoptera                 Pool     A     8.7    05222007     0.86     0.15    17.4419 

 

   Obs    SCINAME                   SITE     REP      THG        MHG     INORGHG     PERMHG 

 

     1    Baetidae                  AFC       A      0.7004     .          .           . 

     2    Baetidae                  AFC       C      0.7566     .          .           . 

     3    Baetidae                  AFC       B      0.7910    0.3118     0.4792     39.418 

     4    Corbicula                 AFC       B      2.0132     .          .           . 

     5    Corbicula                 AFC       C      2.3853    1.2108     1.1745     50.761 

     6    Corbicula                 AFC       A      2.4213     .          .           . 

     7    Cambaridae                AFC       B      1.7563     .          .           . 

     8    Cambaridae                AFC       C      1.7958     .          .           . 

     9    Cambaridae                AFC       A      2.5478    1.8228     0.7250     71.544 

    10    Semotilus corporalis      AFC       B      2.5620     .          .           . 

    11    Semotilus corporalis      AFC       A      2.8466     .          .           . 

    12    Semotilus corporalis      AFC       C      3.2286    3.0493     0.1793     94.447 

    13    Hydropsychidae            AFC       C      2.5011    1.0074     1.4937     40.278 

    14    Hydropsychidae            AFC       A      2.8947     .          .           . 

    15    Hydropsychidae            AFC       B      3.5892     .          .           . 

    16    Leptoxis carinata         AFC       B      1.4745     .          .           . 

    17    Leptoxis carinata         AFC       A      1.5401     .          .           . 

    18    Leptoxis carinata         AFC       C      1.7049    0.9631     0.7418     56.490 

    19    Rhinichthys cataractae    AFC       C      2.4772    2.0530     0.4242     82.876 

    20    Rhinichthys cataractae    AFC       B      2.5114     .          .           . 

    21    Rhinichthys cataractae    AFC       A      2.5960     .          .           . 

    22    Macrophyte                AFC       C      1.2114    0.2221     0.9893     18.334 

    23    Macrophyte                AFC       A      1.3967     .          .           . 

    24    Macrophyte                AFC       B      1.4058     .          .           . 

    25    Macrophyte                AFC       C      1.0377    0.1476     0.8901     14.224 

    26    Macrophyte                AFC       B      1.0604     .          .           . 
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    27    Macrophyte                AFC       A      1.1206     .          .           . 

    28    Periphyton                AFC       A      1.8057    0.1238     1.6819      6.856 

    29    Periphyton                AFC       B      3.4173     .          .           . 

    30    Periphyton                AFC       C      4.4996     .          .           . 

    31    Lepomis auritus           AFC       A      3.4124    3.0179     0.3945     88.439 

    32    Lepomis auritus           AFC       C      3.4680     .          .           . 

    33    Lepomis auritus           AFC       B      3.7993     .          .           . 

    34    Micropterus dolomieu      AFC       C      4.6681    4.6681     0.0000    100.000 

    35    Micropterus dolomieu      AFC       A      9.8462    9.8462     0.0000    100.000 

    36    Micropterus dolomieu      AFC       B     10.0609    9.0108     1.0501     89.563 

    37    Stenonema                 AFC       C      1.8325     .          .           . 

    38    Stenonema                 AFC       B      1.9022    0.7522     1.1500     39.544 

    39    Stenonema                 AFC       A      2.0603     .          .           . 

    40    Psephenidae               AFC       A      0.5986    0.2355     0.3631     39.342 

    41    Psephenidae               AFC       B      0.6055     .          .           . 

    42    Psephenidae               AFC       C      0.6229     .          .           . 

    43    Catostomus commersonii    AFC       B      5.0089     .          .           . 

    44    Catostomus commersonii    AFC       A      6.6775    6.3013     0.3762     94.366 

    45    Catostomus commersonii    AFC       C     10.3510     .          .           . 

    46    Zygoptera                 AFC       C      2.3461    1.5630     0.7831     66.621 

    47    Zygoptera                 AFC       B      2.3982     .          .           . 

    48    Zygoptera                 AFC       A      2.6926     .          .           . 

    49    Lepomis macrochirus       Const     A      0.1648    0.1637     0.0011     99.333 

 

    Obs    SCINAME                   SITE     REP      THG       MHG     INORGHG     PERMHG 

 

     50    Lepomis macrochirus       Const     C     1.5634     .          .           . 

     51    Lepomis macrochirus       Const     B     1.8283     .          .           . 

     52    Corbicula                 Const     B     1.3428     .          .           . 

     53    Corbicula                 Const     C     1.4001    0.2107     1.1894     15.049 

     54    Corbicula                 Const     A     1.5585     .          .           . 

     55    Cambaridae                Const     B     0.2374    0.1303     0.1071     54.886 

     56    Cambaridae                Const     A     0.4853     .          .           . 

     57    Cambaridae                Const     C     0.5999     .          .           . 

     58    Ephemerellidae            Const     B     0.0809     .          .           . 

     59    Ephemerellidae            Const     A     0.0894     .          .           . 

     60    Ephemerellidae            Const     C     0.0897    0.0539     0.0358     60.089 

     61    Semotilus corporalis      Const     C     0.3344     .          .           . 

     62    Semotilus corporalis      Const     B     0.3976     .          .           . 

     63    Semotilus corporalis      Const     A     0.7614    0.7152     0.0462     93.932 

     64    Helisoma                  Const     B     0.8193     .          .           . 

     65    Helisoma                  Const     C     3.1830    0.4806     2.7024     15.099 

     66    Helisoma                  Const     A     6.7311     .          .           . 

     67    Hydropsychidae            Const     B     0.0932     .          .           . 

     68    Hydropsychidae            Const     A     0.1163    0.0342     0.0821     29.407 

     69    Hydropsychidae            Const     C     0.1226     .          .           . 

     70    Leptoxis carinata         Const     A     0.1251     .          .           . 

     71    Leptoxis carinata         Const     B     0.1361     .          .           . 

     72    Leptoxis carinata         Const     C     0.1503    0.0475     0.1028     31.603 

     73    Micropterus salmoides     Const     B     1.8779    1.7856     0.0923     95.085 

     74    Micropterus salmoides     Const     C     2.7048    2.7048     0.0000    100.000 

     75    Micropterus salmoides     Const     A     3.8991    3.8991     0.0000    100.000 

     76    Rhinichthys cataractae    Const     A     0.1504     .          .           . 

     77    Rhinichthys cataractae    Const     C     0.4787    0.4680     0.0107     97.765 

     78    Rhinichthys cataractae    Const     B     0.6380     .          .           . 

     79    Macrophyte                Const     C     0.5792    0.0464     0.5328      8.011 

     80    Macrophyte                Const     B     0.8766     .          .           . 

     81    Macrophyte                Const     A     1.3222     .          .           . 

     82    Macrophyte                Const     A     2.0980     .          .           . 

     83    Macrophyte                Const     C     2.1811     .          .           . 

     84    Macrophyte                Const     B     6.8390    0.0425     6.7965      0.621 

     85    Periphyton                Const     A     0.5133    0.0067     0.5066      1.305 

     86    Periphyton                Const     C     1.4646     .          .           . 

     87    Periphyton                Const     B     3.1402     .          .           . 

     88    Stenonema                 Const     C     0.1441    0.0634     0.0807     43.997 

     89    Stenonema                 Const     B     0.1460     .          .           . 

     90    Stenonema                 Const     A     0.1759     .          .           . 

     91    Catostomus commersonii    Const     A     0.4255     .          .           . 

     92    Catostomus commersonii    Const     B     0.6255    0.5793     0.0462     92.614 

     93    Catostomus commersonii    Const     C     1.1955     .          .           . 
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     94    Zygoptera                 Const     B     0.4758     .          .           . 

     95    Zygoptera                 Const     C     0.7116     .          .           . 

     96    Zygoptera                 Const     A     0.9833    0.5449     0.4384     55.415 

     97    Baetidae                  Dooms     B     0.9316    0.1648     0.7668     17.690 

     98    Baetidae                  Dooms     C     1.0373     .          .           . 

 

   Obs    SCINAME                   SITE     REP      THG        MHG     INORGHG     PERMHG 

 

    99    Baetidae                  Dooms     A      1.0578     .          .           . 

   100    Lepomis auritus           Dooms     C      1.9148     .          .           . 

   101    Lepomis auritus           Dooms     A      2.7069     .          .           . 

   102    Lepomis auritus           Dooms     B      2.8629    2.3986     0.4643     83.782 

   103    Corbicula                 Dooms     A      2.1347     .          .           . 

   104    Corbicula                 Dooms     B      2.1554    0.8517     1.3037     39.515 

   105    Corbicula                 Dooms     C      3.2856     .          .           . 

   106    Cambaridae                Dooms     A      0.8300     .          .           . 

   107    Cambaridae                Dooms     C      1.1322    0.8266     0.3056     73.008 

   108    Cambaridae                Dooms     B      1.5826     .          .           . 

   109    Semotilus corporalis      Dooms     A      2.1255     .          .           . 

   110    Semotilus corporalis      Dooms     C      2.3400     .          .           . 

   111    Semotilus corporalis      Dooms     B      2.3470    2.2469     0.1001     95.735 

   112    Hydropsychidae            Dooms     C      2.5657     .          .           . 

   113    Hydropsychidae            Dooms     B      2.7810     .          .           . 

   114    Hydropsychidae            Dooms     A      3.1390    0.8526     2.2864     27.162 

   115    Leptoxis carinata         Dooms     A      1.1402     .          .           . 

   116    Leptoxis carinata         Dooms     B      1.3328     .          .           . 

   117    Leptoxis carinata         Dooms     C      1.3595    0.6534     0.7061     48.062 

   118    Micropterus salmoides     Dooms     B      5.1738    4.5754     0.5984     88.434 

   119    Micropterus salmoides     Dooms     A      5.5879    5.5879     0.0000    100.000 

   120    Micropterus salmoides     Dooms     C      9.6441    9.6441     0.0000    100.000 

   121    Rhinichthys cataractae    Dooms     A      1.4810     .          .           . 

   122    Rhinichthys cataractae    Dooms     C      1.6408    1.4730     0.1678     89.773 

   123    Rhinichthys cataractae    Dooms     B      1.9739     .          .           . 

   124    Macrophyte                Dooms     B      0.2232    0.0613     0.1619     27.464 

   125    Macrophyte                Dooms     A      0.2437     .          .           . 

   126    Macrophyte                Dooms     C      0.2569     .          .           . 

   127    Macrophyte                Dooms     A      0.3752     .          .           . 

   128    Macrophyte                Dooms     C      0.4029     .          .           . 

   129    Macrophyte                Dooms     B      0.4070    0.0808     0.3262     19.853 

   130    Periphyton                Dooms     C      3.9042    0.2911     3.6131      7.456 

   131    Periphyton                Dooms     A      4.3551     .          .           . 

   132    Periphyton                Dooms     B      5.0558     .          .           . 

   133    Physid                    Dooms     C      9.6976     .          .           . 

   134    Physid                    Dooms     B     10.9251    2.9081     8.0170     26.619 

   135    Physid                    Dooms     A     13.9757     .          .           . 

   136    Simullidae                Dooms     A      6.9522     .          .           . 

   137    Simullidae                Dooms     B      7.6715    2.3083     5.3632     30.089 

   138    Simullidae                Dooms     C      8.2459     .          .           . 

   139    Catostomus commersonii    Dooms     A      5.9368    5.7738     0.1630     97.254 

   140    Catostomus commersonii    Dooms     C      8.6079     .          .           . 

   141    Catostomus commersonii    Dooms     B      9.0104     .          .           . 

   142    Zygoptera                 Dooms     C      2.1153    1.3127     0.8026     62.057 

   143    Zygoptera                 Dooms     B      2.2320     .          .           . 

   144    Zygoptera                 Dooms     A      2.4693     .          .           . 

   145    Lepomis macrochirus       GTP       C      1.0108     .          .           . 

   146    Lepomis macrochirus       GTP       B      1.2901    1.1194     0.1707     86.768 

   147    Lepomis macrochirus       GTP       A      1.3128     .          .           . 

 

   Obs    SCINAME                   SITE     REP      THG        MHG      INORGHG     PERMHG 

 

   148    Pimephales notatus        GTP       B      1.2969      .          .           . 

   149    Pimephales notatus        GTP       C      2.6895     2.6479     0.0416     98.453 

   150    Pimephales notatus        GTP       A      3.2816      .          .           . 

   151    Corbicula                 GTP       B      2.5678      .          .           . 

   152    Corbicula                 GTP       A      2.6442      .          .           . 

   153    Corbicula                 GTP       C      2.6720     1.1236     1.5484     42.051 

   154    Cambaridae                GTP       A      1.7030      .          .           . 

   155    Cambaridae                GTP       C      2.4604      .          .           . 

   156    Cambaridae                GTP       B      2.6822     1.7667     0.9155     65.868 

   157    Ephemerellidae            GTP       B      2.4480      .          .           . 
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   158    Ephemerellidae            GTP       A      2.6131      .          .           . 

   159    Ephemerellidae            GTP       C      2.7222     1.1452     1.5770     42.069 

   160    Hydropsychidae            GTP       C      1.6966     0.9301     0.7665     54.821 

   161    Hydropsychidae            GTP       B      1.7858      .          .           . 

   162    Hydropsychidae            GTP       A      1.9359      .          .           . 

   163    Leptoxis carinata         GTP       C      1.3490      .          .           . 

   164    Leptoxis carinata         GTP       B      1.5513     1.1137     0.4376     71.791 

   165    Leptoxis carinata         GTP       A      1.7238      .          .           . 

   166    Micropterus salmoides     GTP       B      9.0679     9.0679     0.0000    100.000 

   167    Micropterus salmoides     GTP       C     10.3373    10.3373     0.0000    100.000 

   168    Micropterus salmoides     GTP       A     12.4389    11.1677     1.2712     89.780 

   169    Rhinichthys cataractae    GTP       C      1.4078     1.3224     0.0854     93.934 

   170    Rhinichthys cataractae    GTP       A      1.5817      .          .           . 

   171    Rhinichthys cataractae    GTP       B      1.6051      .          .           . 

   172    Macrophyte                GTP       A      0.3788     0.0207     0.3581      5.465 

   173    Macrophyte                GTP       B      0.5969      .          .           . 

   174    Macrophyte                GTP       C      0.9928      .          .           . 

   175    Macrophyte                GTP       A      0.7483     0.1668     0.5815     22.291 

   176    Macrophyte                GTP       B      0.8106      .          .           . 

   177    Macrophyte                GTP       C      0.8278      .          .           . 

   178    Periphyton                GTP       C      2.4610      .          .           . 

   179    Periphyton                GTP       B      2.7067     0.0763     2.6304      2.819 

   180    Periphyton                GTP       A      3.5546      .          .           . 

   181    Stenonema                 GTP       A      2.0238     0.8886     1.1352     43.908 

   182    Stenonema                 GTP       C      2.0971      .          .           . 

   183    Stenonema                 GTP       B      2.1907      .          .           . 

   184    Psephenidae               GTP       A      0.5466      .          .           . 

   185    Psephenidae               GTP       B      0.5513     0.2419     0.3094     43.878 

   186    Psephenidae               GTP       C      0.5527      .          .           . 

   187    Catostomus commersonii    GTP       A      2.1938     2.0967     0.0971     95.574 

   188    Catostomus commersonii    GTP       B      3.1686      .          .           . 

   189    Catostomus commersonii    GTP       C      5.6582      .          .           . 

   190    Zygoptera                 GTP       B      1.5443     1.0406     0.5037     67.383 

   191    Zygoptera                 GTP       A      1.8341      .          .           . 

   192    Zygoptera                 GTP       C      1.8359      .          .           . 

   193    Nocomis leptocephalus     North     A      0.6342      .          .           . 

   194    Nocomis leptocephalus     North     C      0.7187     0.5082     0.2105     70.711 

   195    Nocomis leptocephalus     North     B      0.7953      .          .           . 

   196    Corbicula                 North     A      1.7750      .          .           . 
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    197    Corbicula                 North     C     2.4886    0.2704     2.2182     10.866 

    198    Corbicula                 North     B     3.0757     .          .           . 

    199    Cambaridae                North     C     0.7874    0.4687     0.3187     59.525 

    200    Cambaridae                North     A     0.9341     .          .           . 

    201    Cambaridae                North     B     1.5507     .          .           . 

    202    Gomphidae                 North     B     0.7887    0.5767     0.2120     73.120 

    203    Gomphidae                 North     C     0.0593     .          .           . 

    204    Gomphidae                 North     A     0.0663     .          .           . 

    205    Helisoma                  North     A     1.7541     .          .           . 

    206    Helisoma                  North     C     3.3320     .          .           . 

    207    Helisoma                  North     B     3.4789    0.7026     2.7763     20.196 

    208    Hydropsychidae            North     B     0.2874     .          .           . 

    209    Hydropsychidae            North     A     0.3844     .          .           . 

    210    Hydropsychidae            North     C     0.4176    0.1084     0.3092     25.958 

    211    Leptoxis carinata         North     B     0.3385    0.1690     0.1695     49.926 

    212    Leptoxis carinata         North     A     0.3919     .          .           . 

    213    Leptoxis carinata         North     C     0.4072     .          .           . 

    214    Micropterus salmoides     North     A     1.1493    1.1783    -0.0290    102.523 

    215    Micropterus salmoides     North     B     3.6350    3.6350     0.0000    100.000 

    216    Micropterus salmoides     North     C     9.1021    9.1021     0.0000    100.000 

    217    Rhinichthys cataractae    North     B     0.1960     .          .           . 

    218    Rhinichthys cataractae    North     A     0.2033    0.1391     0.0642     68.421 

    219    Rhinichthys cataractae    North     C     0.2097     .          .           . 

    220    Macrophyte                North     C     0.5270    0.0221     0.5049      4.194 

    221    Macrophyte                North     A     1.2200     .          .           . 

    222    Macrophyte                North     B     1.3151     .          .           . 

    223    Macrophyte                North     A     1.1994    0.0425     1.1569      3.543 

    224    Macrophyte                North     C     1.2117     .          .           . 
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    225    Macrophyte                North     B     1.5297     .          .           . 

    226    Periphyton                North     B     1.2565    0.0184     1.2381      1.464 

    227    Periphyton                North     C     1.6579     .          .           . 

    228    Periphyton                North     A     4.9951     .          .           . 

    229    Lepomis auritus           North     B     0.7146     .          .           . 

    230    Lepomis auritus           North     A     2.2923     .          .           . 

    231    Lepomis auritus           North     C     2.7448    2.5632     0.1816     93.384 

    232    Stenonema                 North     C     0.8202     .          .           . 

    233    Stenonema                 North     B     1.0016     .          .           . 

    234    Stenonema                 North     A     1.0057    0.1325     0.8732     13.175 

    235    Psephenidae               North     C     0.2722     .          .           . 

    236    Psephenidae               North     A     0.3335     .          .           . 

    237    Psephenidae               North     B     1.4075    0.0235     1.3840      1.670 

    238    Catostomus commersonii    North     C     1.1666    0.9821     0.1845     84.185 

    239    Catostomus commersonii    North     A     1.3966     .          .           . 

    240    Catostomus commersonii    North     B     2.7822     .          .           . 

    241    Pimephales notatus        Pool      C     2.4982     .          .           . 

    242    Pimephales notatus        Pool      B     2.5208     .          .           . 

    243    Pimephales notatus        Pool      A     2.6839     .          .           . 

    244    Corbicula                 Pool      A     1.7533     .          .           . 

    245    Corbicula                 Pool      B     1.9098     .          .           . 
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    246    Corbicula                 Pool     C      2.4262      .           .           . 

    247    Cambaridae                Pool     B      1.5077      .           .           . 

    248    Cambaridae                Pool     A      2.4749      .           .           . 

    249    Cambaridae                Pool     C      2.4823      .           .           . 

    250    Semotilus corporalis      Pool     C      2.7468      .           .           . 

    251    Semotilus corporalis      Pool     B      3.0427      .           .           . 

    252    Semotilus corporalis      Pool     A      3.1612      .           .           . 

    253    Gomphidae                 Pool     C      1.9779      .           .           . 

    254    Gomphidae                 Pool     B      2.2184      .           .           . 

    255    Gomphidae                 Pool     A      2.8210      .           .           . 

    256    Hydropsychidae            Pool     A      2.5801      .           .           . 

    257    Hydropsychidae            Pool     C      2.7051      .           .           . 

    258    Hydropsychidae            Pool     B      2.7645      .           .           . 

    259    Leptoxis carinata         Pool     A      1.7787      .           .           . 

    260    Leptoxis carinata         Pool     C      1.9087      .           .           . 

    261    Leptoxis carinata         Pool     B      2.9044      .           .           . 

    262    Micropterus salmoides     Pool     A     11.0955    11.0955       0         100 

    263    Micropterus salmoides     Pool     B     11.9771    11.9771       0         100 

    264    Micropterus salmoides     Pool     C     12.6391    12.6391       0         100 

    265    Macrophyte                Pool     C      3.1415      .           .           . 

    266    Macrophyte                Pool     B      3.1907      .           .           . 

    267    Macrophyte                Pool     A      3.6665      .           .           . 

    268    Macrophyte                Pool     A      1.5820      .           .           . 

    269    Macrophyte                Pool     B      3.3662      .           .           . 

    270    Macrophyte                Pool     C      3.4222      .           .           . 

    271    Periphyton                Pool     B      4.5545      .           .           . 

    272    Periphyton                Pool     C      4.6729      .           .           . 

    273    Periphyton                Pool     A      5.5214      .           .           . 

    274    Physid                    Pool     B      6.8163      .           .           . 

    275    Physid                    Pool     C      8.1127      .           .           . 

    276    Physid                    Pool     A     10.8026      .           .           . 

    277    Lepomis auritus           Pool     C      4.3361      .           .           . 

    278    Lepomis auritus           Pool     B      5.2864      .           .           . 

    279    Lepomis auritus           Pool     A      6.4624      .           .           . 

    280    Simullidae                Pool     C      6.6896      .           .           . 

    281    Simullidae                Pool     A      6.7044      .           .           . 

    282    Simullidae                Pool     B      6.8197      .           .           . 

    283    Catostomus commersonii    Pool     A      1.0210      .           .           . 

    284    Catostomus commersonii    Pool     B      2.2300      .           .           . 

    285    Catostomus commersonii    Pool     C      4.9294      .           .           . 

    286    Zygoptera                 Pool     B      1.8286      .           .           . 

    287    Zygoptera                 Pool     C      1.8801      .           .           . 

    288    Zygoptera                 Pool     A      1.9466      .           .           .            

                                                                           per 
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       1    Baetidae                  AFC       A       8.75    -23.02    51.2        . 

       2    Baetidae                  AFC       C       8.24    -24.44    48.7        . 

       3    Baetidae                  AFC       B       8.37    -24.00    47.2        . 

       4    Corbicula                 AFC       B       9.85    -25.96    48.4        . 

       5    Corbicula                 AFC       C       9.29    -26.06    42.1        . 

       6    Corbicula                 AFC       A       8.60    -26.19    44.4        . 

       7    Cambaridae                AFC       B       9.36    -23.72    30.4        . 

       8    Cambaridae                AFC       C       9.85    -24.94    35.8        . 

       9    Cambaridae                AFC       A       9.91    -23.71    30.7        . 

      10    Semotilus corporalis      AFC       B      12.52    -24.25    48.1     163.78 

      11    Semotilus corporalis      AFC       A      12.57    -21.92    41.9     171.44 

      12    Semotilus corporalis      AFC       C      12.19    -26.07    55.6     201.40 

      13    Hydropsychidae            AFC       C       8.66    -26.94    46.3        . 

      14    Hydropsychidae            AFC       A       8.30    -27.24    48.9        . 

      15    Hydropsychidae            AFC       B       7.96    -27.37    52.8        . 

      16    Leptoxis carinata         AFC       B       8.21    -26.48    51.1        . 

      17    Leptoxis carinata         AFC       A       8.58    -25.97    44.4        . 

      18    Leptoxis carinata         AFC       C       8.47    -26.51    46.8        . 

      19    Rhinichthys cataractae    AFC       C      11.38    -27.49    56.7       6.53 

      20    Rhinichthys cataractae    AFC       B      11.14    -27.35    62.8       6.19 

      21    Rhinichthys cataractae    AFC       A      11.30    -26.58    54.2       7.73 

      22    Macrophyte                AFC       C       9.08    -22.87    38.2        . 

      23    Macrophyte                AFC       A       8.83    -23.31    39.4        . 

      24    Macrophyte                AFC       B       8.71    -23.62    37.6        . 

      25    Macrophyte                AFC       C       9.52    -27.15    44.5        . 

      26    Macrophyte                AFC       B       9.52    -26.76    40.3        . 

      27    Macrophyte                AFC       A       9.44    -26.28    40.4        . 

      28    Periphyton                AFC       A       6.42    -23.31    25.8        . 

      29    Periphyton                AFC       B       5.74    -17.73    20.2        . 

      30    Periphyton                AFC       C       3.68    -19.09     7.6        . 

      31    Lepomis auritus           AFC       A      12.32    -26.07    49.1     103.40 

      32    Lepomis auritus           AFC       C      12.19    -25.22    49.0      41.25 

      33    Lepomis auritus           AFC       B      11.92    -24.50    53.9      41.50 

      34    Micropterus dolomieu      AFC       C      13.69    -24.39    37.6     109.48 

      35    Micropterus dolomieu      AFC       A      13.76    -24.13    51.8     112.39 

      36    Micropterus dolomieu      AFC       B      13.68    -24.24    50.2     154.60 

      37    Stenonema                 AFC       C       7.09    -26.78    48.7        . 

      38    Stenonema                 AFC       B       6.73    -26.92    52.8        . 

      39    Stenonema                 AFC       A       7.42    -26.61    32.0        . 

      40    Psephenidae               AFC       A       7.19    -25.74    47.8        . 

      41    Psephenidae               AFC       B       7.87    -24.79    48.7        . 

      42    Psephenidae               AFC       C       7.29    -25.46    50.9        . 

      43    Catostomus commersonii    AFC       B      12.24    -27.39    59.6     885.64 

      44    Catostomus commersonii    AFC       A      12.45    -27.06    60.2    1065.31 

      45    Catostomus commersonii    AFC       C      12.60    -26.75    52.0    1245.82 

      46    Zygoptera                 AFC       C      10.41    -25.95    44.3        . 

      47    Zygoptera                 AFC       B      10.17    -26.21    45.5        . 

      48    Zygoptera                 AFC       A       9.30    -26.04    47.4        . 
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       49    Lepomis macrochirus       Const     A      10.94    -25.56    22.9    221.05 

       50    Lepomis macrochirus       Const     C      13.05    -25.76    59.1    219.60 

       51    Lepomis macrochirus       Const     B      12.06    -27.33    51.7    117.87 

       52    Corbicula                 Const     B       7.80    -26.02    48.8       . 

       53    Corbicula                 Const     C       7.13    -26.20    50.4       . 

       54    Corbicula                 Const     A       7.07    -26.32    47.2       . 

       55    Cambaridae                Const     B       9.08    -23.33    27.0       . 

       56    Cambaridae                Const     A       8.69    -25.73    41.3       . 

       57    Cambaridae                Const     C       8.66    -23.48    27.4       . 

       58    Ephemerellidae            Const     B       6.39    -27.32    51.8       . 

       59    Ephemerellidae            Const     A       6.95    -27.51    33.9       . 

       60    Ephemerellidae            Const     C       6.73    -27.65    52.6       . 

       61    Semotilus corporalis      Const     C      10.32    -25.17    45.9     80.18 

       62    Semotilus corporalis      Const     B      10.29    -24.86    51.0     72.02 

       63    Semotilus corporalis      Const     A      10.88    -24.94    55.9     75.91 

       64    Helisoma                  Const     B       6.64    -26.55    37.2       . 

       65    Helisoma                  Const     C       7.11    -25.82    35.9       . 

       66    Helisoma                  Const     A       6.92    -26.80    44.4       . 
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       67    Hydropsychidae            Const     B       7.15    -27.23    42.7       . 

       68    Hydropsychidae            Const     A       7.27    -27.70    53.5       . 

       69    Hydropsychidae            Const     C       6.29    -28.06    49.4       . 

       70    Leptoxis carinata         Const     A       7.65    -26.02    46.0       . 

       71    Leptoxis carinata         Const     B       6.88    -26.68    41.2       . 

       72    Leptoxis carinata         Const     C       7.21    -26.46    47.8       . 

       73    Micropterus salmoides     Const     B      14.07    -26.21    57.7    555.81 

       74    Micropterus salmoides     Const     C      13.57    -24.92    54.4    480.85 

       75    Micropterus salmoides     Const     A      14.13    -25.01    50.5    431.96 

       76    Rhinichthys cataractae    Const     A       9.68    -28.05    58.4      4.45 

       77    Rhinichthys cataractae    Const     C      10.45    -27.04    52.4      4.17 

       78    Rhinichthys cataractae    Const     B      11.07    -26.98    51.3      8.34 

       79    Macrophyte                Const     C       5.19    -24.23    39.9       . 

       80    Macrophyte                Const     B       5.55    -24.15    30.1       . 

       81    Macrophyte                Const     A       5.54    -23.98    28.5       . 

       82    Macrophyte                Const     A       5.86    -27.79    16.7       . 

       83    Macrophyte                Const     C       5.52    -28.61    30.3       . 

       84    Macrophyte                Const     B       6.07    -28.80    26.6       . 

       85    Periphyton                Const     A       1.02    -26.09     3.5       . 

       86    Periphyton                Const     C       2.83    -26.05     3.0       . 

       87    Periphyton                Const     B       1.75    -21.75     8.2       . 

       88    Stenonema                 Const     C       6.48    -27.41    49.1       . 

       89    Stenonema                 Const     B       6.66    -27.30    48.6       . 

       90    Stenonema                 Const     A       6.56    -27.25    50.2       . 

       91    Catostomus commersonii    Const     A      10.81    -26.30    56.9    604.17 

       92    Catostomus commersonii    Const     B      11.12    -26.20    53.5    973.31 

       93    Catostomus commersonii    Const     C      11.02    -24.08    54.9    749.08 

       94    Zygoptera                 Const     B       8.64    -26.18    43.9       . 

       95    Zygoptera                 Const     C       8.26    -26.23    49.8       . 

       96    Zygoptera                 Const     A       8.25    -26.82    48.7       . 

 

                                                                           per 

     Obs    SCINAME                   SITE     REP    DELN15    DELC13     OC         WGT 

 

      97    Baetidae                  Dooms     B       8.46    -22.56    55.8        . 

      98    Baetidae                  Dooms     C       8.20    -23.22    50.4        . 

      99    Baetidae                  Dooms     A       8.69    -23.52    46.6        . 

     100    Lepomis auritus           Dooms     C      13.07    -28.66    55.5      58.81 

     101    Lepomis auritus           Dooms     A      13.49    -30.40    56.0      76.44 

     102    Lepomis auritus           Dooms     B      12.80    -28.62    50.8     136.55 

     103    Corbicula                 Dooms     A       9.25    -25.77    45.9        . 

     104    Corbicula                 Dooms     B       9.54    -25.75    44.0        . 

     105    Corbicula                 Dooms     C       8.62    -25.67    47.1        . 

     106    Cambaridae                Dooms     A      10.46    -25.68    44.9        . 

     107    Cambaridae                Dooms     C      10.57    -24.09    34.3        . 

     108    Cambaridae                Dooms     B      11.03    -24.01    35.3        . 

     109    Semotilus corporalis      Dooms     A      11.87    -25.47    49.4     105.03 

     110    Semotilus corporalis      Dooms     C      12.26    -24.45    50.1      89.72 

     111    Semotilus corporalis      Dooms     B      12.19    -23.83    56.6      99.83 

     112    Hydropsychidae            Dooms     C       8.69    -26.81    53.4        . 

     113    Hydropsychidae            Dooms     B       8.19    -26.65    50.8        . 

     114    Hydropsychidae            Dooms     A       8.36    -26.89    51.4        . 

     115    Leptoxis carinata         Dooms     A       9.37    -26.03    43.0        . 

     116    Leptoxis carinata         Dooms     B       9.41    -26.29    46.8        . 

     117    Leptoxis carinata         Dooms     C       9.11    -26.35    45.8        . 

     118    Micropterus salmoides     Dooms     B      14.79    -23.85    47.8     484.85 

     119    Micropterus salmoides     Dooms     A      15.02    -24.20    51.1     434.20 

     120    Micropterus salmoides     Dooms     C      15.70    -24.92    50.4     375.36 

     121    Rhinichthys cataractae    Dooms     A      12.12    -26.65    50.7       4.98 

     122    Rhinichthys cataractae    Dooms     C      11.65    -26.19    54.4       4.46 

     123    Rhinichthys cataractae    Dooms     B      11.95    -26.20    46.7       4.12 

     124    Macrophyte                Dooms     B       8.00    -23.43    43.6        . 

     125    Macrophyte                Dooms     A       8.30    -23.13    43.1        . 

     126    Macrophyte                Dooms     C       8.36    -23.33    40.6        . 

     127    Macrophyte                Dooms     A       8.75    -27.44    41.6        . 

     128    Macrophyte                Dooms     C       8.56    -26.56    42.3        . 

     129    Macrophyte                Dooms     B       8.40    -26.80    41.2        . 

     130    Periphyton                Dooms     C       9.51    -26.08    31.0        . 

     131    Periphyton                Dooms     A       8.87    -19.91    27.3        . 

     132    Periphyton                Dooms     B      10.44    -23.57    28.9        . 
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     133    Physid                    Dooms     C       9.30    -27.41    16.0        . 

     134    Physid                    Dooms     B       6.56    -28.33    36.8        . 

     135    Physid                    Dooms     A       7.71    -27.77    35.5        . 

     136    Simullidae                Dooms     A       7.73    -26.52    40.3        . 

     137    Simullidae                Dooms     B       6.98    -27.28    40.2        . 

     138    Simullidae                Dooms     C       7.16    -25.98    35.1        . 

     139    Catostomus commersonii    Dooms     A      13.04    -26.44    55.8     699.50 

     140    Catostomus commersonii    Dooms     C      13.62    -24.40    52.6    1018.18 

     141    Catostomus commersonii    Dooms     B      13.02    -25.39    49.7     686.18 

     142    Zygoptera                 Dooms     C       8.44    -28.26    41.1        . 

     143    Zygoptera                 Dooms     B       8.98    -27.98    43.6        . 

     144    Zygoptera                 Dooms     A       9.25    -28.00    46.6        . 

 

                                                                           per 

     Obs    SCINAME                   SITE     REP    DELN15    DELC13     OC         WGT 

 

     145    Lepomis macrochirus       GTP       C      10.98    -26.51    64.9     228.44 

     146    Lepomis macrochirus       GTP       B      12.29    -26.21    61.5     197.56 

     147    Lepomis macrochirus       GTP       A      12.98    -25.32    52.3     218.11 

     148    Pimephales notatus        GTP       B      10.14    -28.47    54.0       4.82 

     149    Pimephales notatus        GTP       C      11.34    -27.01    51.8       4.53 

     150    Pimephales notatus        GTP       A      10.37    -26.27    40.8       3.82 

     151    Corbicula                 GTP       B       9.55    -25.79    46.4        . 

     152    Corbicula                 GTP       A       8.58    -25.89    48.9        . 

     153    Corbicula                 GTP       C       9.27    -25.70    44.4        . 

     154    Cambaridae                GTP       A      10.27    -23.48    33.2        . 

     155    Cambaridae                GTP       C      10.98    -22.79    31.5        . 

     156    Cambaridae                GTP       B      10.34    -23.39    29.3        . 

     157    Ephemerellidae            GTP       B       9.04    -26.63    50.9        . 

     158    Ephemerellidae            GTP       A       7.78    -26.88    49.3        . 

     159    Ephemerellidae            GTP       C       7.71    -26.85    45.6        . 

     160    Hydropsychidae            GTP       C       8.35    -27.31    47.8        . 

     161    Hydropsychidae            GTP       B       8.63    -27.63    45.6        . 

     162    Hydropsychidae            GTP       A       9.46    -27.31    49.4        . 

     163    Leptoxis carinata         GTP       C       9.23    -26.71    48.5        . 

     164    Leptoxis carinata         GTP       B       8.35    -27.69    49.0        . 

     165    Leptoxis carinata         GTP       A       8.61    -27.20    43.6        . 

     166    Micropterus salmoides     GTP       B      14.25    -23.89    56.1     379.69 

     167    Micropterus salmoides     GTP       C      14.72    -24.18    59.4     585.13 

     168    Micropterus salmoides     GTP       A      14.76    -23.73    47.3     303.54 

     169    Rhinichthys cataractae    GTP       C      11.12    -27.90    52.0       5.29 

     170    Rhinichthys cataractae    GTP       A      10.89    -28.66    47.1       6.58 

     171    Rhinichthys cataractae    GTP       B      10.98    -27.50    52.3       5.31 

     172    Macrophyte                GTP       A       6.68    -28.35    39.2        . 

     173    Macrophyte                GTP       B       7.09    -28.32    41.8        . 

     174    Macrophyte                GTP       C       6.77    -28.52    38.2        . 

     175    Macrophyte                GTP       A      10.21    -29.37    39.3        . 

     176    Macrophyte                GTP       B      10.11    -29.18    37.9        . 

     177    Macrophyte                GTP       C      10.01    -29.19    37.4        . 

     178    Periphyton                GTP       C       5.59    -24.88     7.7        . 

     179    Periphyton                GTP       B       6.58    -24.10    17.5        . 

     180    Periphyton                GTP       A       8.12    -23.74    11.9        . 

     181    Stenonema                 GTP       A       7.73    -26.13    47.7        . 

     182    Stenonema                 GTP       C       7.41    -26.30    48.6        . 

     183    Stenonema                 GTP       B       8.31    -26.59    46.7        . 

     184    Psephenidae               GTP       A       8.21    -25.14    50.3        . 

     185    Psephenidae               GTP       B       7.76    -23.60    50.9        . 

     186    Psephenidae               GTP       C       8.72    -26.72    48.5        . 

     187    Catostomus commersonii    GTP       A      11.95    -27.80    59.5     382.27 

     188    Catostomus commersonii    GTP       B      12.03    -27.27    64.0     852.91 

     189    Catostomus commersonii    GTP       C      12.07    -27.05    57.4    1495.31 

     190    Zygoptera                 GTP       B       9.32    -25.77    48.7        . 

     191    Zygoptera                 GTP       A       9.71    -25.78    47.4        . 

     192    Zygoptera                 GTP       C      10.52    -25.73    49.2        . 

                                                                           per 

     Obs    SCINAME                   SITE     REP    DELN15    DELC13     OC         WGT 

 

     193    Nocomis leptocephalus     North     A       9.53    -25.95    48.1       1.75 

     194    Nocomis leptocephalus     North     C       9.55    -26.40    50.0       2.07 

     195    Nocomis leptocephalus     North     B       9.35    -26.67    44.0       1.26 
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     196    Corbicula                 North     A       7.86    -26.00    43.4        . 

     197    Corbicula                 North     C       7.90    -26.10    44.6        . 

     198    Corbicula                 North     B       7.87    -25.84    47.0        . 

     199    Cambaridae                North     C       7.13    -23.25    26.6        . 

     200    Cambaridae                North     A       6.91    -25.33    33.8        . 

     201    Cambaridae                North     B       8.52    -23.82    34.6        . 

     202    Gomphidae                 North     B       7.73    -26.41    51.1        . 

     203    Gomphidae                 North     C       7.62    -26.33    55.1        . 

     204    Gomphidae                 North     A       7.99    -26.25    48.9        . 

     205    Helisoma                  North     A       6.25    -26.81    42.3        . 

     206    Helisoma                  North     C       7.28    -26.26    35.4        . 

     207    Helisoma                  North     B       6.75    -26.47    36.8        . 

     208    Hydropsychidae            North     B       6.99    -27.19    51.0        . 

     209    Hydropsychidae            North     A       6.27    -27.54    53.2        . 

     210    Hydropsychidae            North     C       6.62    -27.41    54.6        . 

     211    Leptoxis carinata         North     B       7.64    -25.74    43.8        . 

     212    Leptoxis carinata         North     A       6.95    -26.19    47.6        . 

     213    Leptoxis carinata         North     C       7.14    -26.03    43.3        . 

     214    Micropterus salmoides     North     A      14.61    -25.69    50.8    1185.95 

     215    Micropterus salmoides     North     B      14.70    -25.34    53.9    1166.06 

     216    Micropterus salmoides     North     C      15.30    -24.35    48.2     904.52 

     217    Rhinichthys cataractae    North     B      10.10    -23.61    52.4       4.79 

     218    Rhinichthys cataractae    North     A       9.03    -27.23    47.2       4.76 

     219    Rhinichthys cataractae    North     C       9.91    -23.97    49.8       5.23 

     220    Macrophyte                North     C       5.23    -23.53    22.9        . 

     221    Macrophyte                North     A       5.48    -22.65    27.2        . 

     222    Macrophyte                North     B       5.16    -22.65    33.5        . 

     223    Macrophyte                North     A       6.20    -27.90    39.1        . 

     224    Macrophyte                North     C       5.11    -28.67    39.4        . 

     225    Macrophyte                North     B       5.83    -27.99    40.6        . 

     226    Periphyton                North     B       2.98    -26.39    12.8        . 

     227    Periphyton                North     C       5.88    -24.13    21.8        . 

     228    Periphyton                North     A       0.21    -26.70     5.1        . 

     229    Lepomis auritus           North     B      10.48    -25.75    50.7      87.35 

     230    Lepomis auritus           North     A      10.94    -24.71    51.9     107.93 

     231    Lepomis auritus           North     C      11.15    -24.79    55.0     116.50 

     232    Stenonema                 North     C       6.62    -26.28    49.1        . 

     233    Stenonema                 North     B       6.57    -26.22    47.3        . 

     234    Stenonema                 North     A       6.26    -26.53    46.8        . 

     235    Psephenidae               North     C       5.29    -23.51    48.9        . 

     236    Psephenidae               North     A       5.39    -23.70    52.8        . 

     237    Psephenidae               North     B       5.48    -23.48    59.6        . 

     238    Catostomus commersonii    North     C      11.46    -26.50    61.2     283.37 

     239    Catostomus commersonii    North     A      10.93    -26.94    58.9     450.48 

     240    Catostomus commersonii    North     B      12.21    -25.73    55.7     260.58 

                                                                           per 

      Obs    SCINAME                   SITE    REP    DELN15    DELC13     OC       WGT 

 

      241    Pimephales notatus        Pool     C      10.63    -26.68    49.9      1.76 

      242    Pimephales notatus        Pool     B      11.10    -26.20    53.4      2.25 

      243    Pimephales notatus        Pool     A      10.96    -26.95    48.4      1.41 

      244    Corbicula                 Pool     A       9.27    -26.01    46.3       . 

      245    Corbicula                 Pool     B       9.26    -25.80    45.4       . 

      246    Corbicula                 Pool     C       9.42    -25.87    44.9       . 

      247    Cambaridae                Pool     B       9.57    -24.52    37.6       . 

      248    Cambaridae                Pool     A       9.20    -24.32    36.6       . 

      249    Cambaridae                Pool     C      10.10    -23.81    36.2       . 

      250    Semotilus corporalis      Pool     C      11.99    -24.91    56.6    141.25 

      251    Semotilus corporalis      Pool     B      12.28    -24.16    48.1    149.66 

      252    Semotilus corporalis      Pool     A      12.64    -24.51    58.9    118.25 

      253    Gomphidae                 Pool     C      10.08    -26.31    48.6       . 

      254    Gomphidae                 Pool     B       9.40    -26.47    47.2       . 

      255    Gomphidae                 Pool     A       9.95    -26.40    53.9       . 

      256    Hydropsychidae            Pool     A       8.55    -27.66    52.2       . 

      257    Hydropsychidae            Pool     C       8.29    -27.39    50.7       . 

      258    Hydropsychidae            Pool     B       8.53    -26.96    48.6       . 

      259    Leptoxis carinata         Pool     A       9.04    -26.09    46.6       . 

      260    Leptoxis carinata         Pool     C       8.20    -27.32    48.5       . 

      261    Leptoxis carinata         Pool     B       8.47    -27.08    44.6       . 

      262    Micropterus salmoides     Pool     A      14.68    -24.46    50.8    504.37 
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      263    Micropterus salmoides     Pool     B      14.92    -25.04    54.0    673.65 

      264    Micropterus salmoides     Pool     C      15.21    -23.88    52.2    497.33 

      265    Macrophyte                Pool     C       8.82    -22.69    31.1       . 

      266    Macrophyte                Pool     B       8.97    -22.87    33.5       . 

      267    Macrophyte                Pool     A       8.85    -23.38    31.6       . 

      268    Macrophyte                Pool     A       8.86    -25.93    40.6       . 

      269    Macrophyte                Pool     B       8.37    -26.06    35.9       . 

      270    Macrophyte                Pool     C       9.27    -25.63    37.2       . 

      271    Periphyton                Pool     B       6.40    -18.84    15.3       . 

      272    Periphyton                Pool     C       6.58    -21.81     7.1       . 

      273    Periphyton                Pool     A       6.12    -20.74    12.8       . 

      274    Physid                    Pool     B       8.16    -24.66    38.1       . 

      275    Physid                    Pool     C       8.87    -23.98    39.1       . 

      276    Physid                    Pool     A       7.86    -24.97    39.5       . 

      277    Lepomis auritus           Pool     C      12.51    -24.81    49.3    157.58 

      278    Lepomis auritus           Pool     B      11.87    -25.69    57.5    107.80 

      279    Lepomis auritus           Pool     A      12.37    -24.85    50.9     99.51 

      280    Simullidae                Pool     C       7.67    -25.57    34.0       . 

      281    Simullidae                Pool     A       7.40    -25.28    37.5       . 

      282    Simullidae                Pool     B       7.59    -25.53    37.6       . 

      283    Catostomus commersonii    Pool     A      11.86    -27.43    56.3    291.63 

      284    Catostomus commersonii    Pool     B      11.95    -26.85    53.9    250.73 

      285    Catostomus commersonii    Pool     C      12.96    -26.70    62.9    731.35 

      286    Zygoptera                 Pool     B       9.83    -26.90    48.3       . 

      287    Zygoptera                 Pool     C       9.40    -26.64    47.2       . 

      288    Zygoptera                 Pool     A       9.06    -26.99    42.8       . 
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Appendix B. Summary of SAS Modeling Results  
Omitting Physid, Simullidae, Macrophyte, Helisoma 

 

Ln total mercury (=f(∗∗∗∗ 15N)) 
Site    Intercept (SE, p) Slope (SE, p)  r2 
Constitution Park  -1.85(0.54, .0014) 0.12(0.06, .0476) 0.10 
North Park   -0.89(0.52, .0952) 0.08(0.06, .1719) 0.05 
Dooms   -0.84(0.47, .0818) 0.16(0.04, .0006) 0.30 
Pool    -0.15(0.41, .7149) 0.12(0.04, .0036) 0.22 
Augusta Forestry Center -0.75(0.38, .0579) 0.17(0.04, <.0001) 0.32  
Grottoes Town Park  -0.70(0.44, .1217) 0.15(0.04, .0017) 0.22 
All Sites Data Combined -1.39(0.24, <.0001) 0.19 (0.02, <.0001) 0.22 

Ln methyl mercury(=f(∗∗∗∗ 15N)) 
Site    Intercept (SE, p) Slope (SE, p)  r2 
Constitution Park  -5.54(0.59,<.0001) 0.43(0.06,<0001) 0.80 
North Park   -4.79(0.70, <.0001) 0.41 (0.08, .0003) 0.71 
Dooms   -4.06(0.97, .0019) 0.39 (0.09, .0014) 0.66 
Augusta Forestry Center -4.48(0.59, <.0001) 0.48 (0.06, <.0001) 0.85  
Grottoes Town Park  -3.81(0.82, .0006) 0.40 (0.08, .0004) 0.66 
All Sites Data Combined -5.03(0.38, <.0001) 0.48 (0.04, <.0001) 0.70 

Percent methyl mercury(=f(∗∗∗∗ 15N)) 
Site    Intercept (SE, p)  Slope (SE, p)  r2 
Constitution Park  -20.1(14.2, .1867) 9.3(1.6, .0001) 0.76 
North Park   -36.1(15.9, .0435) 10.5(1.8, .0001) 0.75 
Dooms   -67.1(30.8, .0542) 12.0(2.8, .0017) 0.64 
Augusta Forestry Center -44.9(11.5, .0021) 10.8 (1.1, <.0001) 0.88 
Grottoes Town Park  -34.5(19.4, .1005) 10.1 (1.9, .0002) 0.69 
All Sites Data Combined -30.9(7.6, .0001) 9.6 (0.8, <.0001) 0.70 
All Sites (Inverse Normal(P)) -3.14 (0.29, <.0001) 0.37(0.03, <.0001) 0.71 

Ln inorganic mercury(=f(∗∗∗∗ 15N)) 
Site    Intercept (SE, p) Slope (SE, p)  r2 
Constitution Park  -.31(1.31, .8149) -0.27(0.14, .0894) 0.24  
North Park   1.19(0.89, .2091) -0.28(0.11, .0270) 0.40 
Dooms   2.51(1.40, .0921) -0.30(0.13, .0434) 0.35 
Augusta Forestry Center 0.83(0.71, .2673) -0.13(0.07, .0988) 0.21 
Grottoes Town Park  1.69(1.43, .2606) -0.24(0.14, .1056) 0.20 
All Sites Data Combined 0.23 (0.64, .7184) -0.14 (0.07, .0395) 0.06 

Ln methyl mercury(=f(∗∗∗∗ 15N, River Mile)) 
All Sites Data Combined r2 = 0.78 

Intercept: -5.2 (0.3,<.0001) ∗ 15N:.45(.03, p <.0001)    RM:.05(.01, p<.0001) 

Percent methyl mercury(=f(∗∗∗∗ 15N, River Mile))  
All Sites Data Combined r2 = 0.70 

Intercept: -30.4 (7.8,.0002) ∗ 15N:9.6(.8, p <.0001)    RM:-.1(.26, p=.7016) 

Ln total mercury(=f(∗∗∗∗ 15N, River Mile))   
All Sites Data Combined r2 = 0.32 

Intercept: -1.6 (0.2,<.0001) ∗ 15N:.17(.02, p <.0001)    RM:.05(.01, p<.0001) 
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Appendix C. Summary of PRESS Calculations  
Ln mHg omitting pulmonate snails, black fly & macrophytes 

 
The following output was generated for the multivariate model: 
                                                     15 : 12 Fr iday , Febr uar y  2 9 , 2 0 0 8  
                                       The REG Pr o c edur e 
                                         Mo del:  MODEL1 
                                   Depen den t Var iable:  LMHG 
                     Num ber  o f  Obs er vatio n s  Read                        19 8  
                     Num ber  o f  Obs er vatio n s  U s ed                         6 6  
                     Num ber  o f  Obs er vatio n s  with Mis s in g  Values          132  
 
                                      An aly s is  o f Var ian c e 
                                             Sum  o f           Mean  
         So ur c e                   DF        Squar es          Squar e    F Value    Pr  > F 
 
         Mo del                     2      118 . 6 2 8 78       5 9 . 314 39      111. 72     < . 0 0 01 
         Er r o r                     6 3       33. 4 4 6 8 3        0 . 5 30 9 0 
         Co r r ec ted T o tal          6 5      152 . 075 6 1 
 
                      Ro o t MSE              0 . 72 8 6 3    R- Squar e     0 . 78 01 
                      Depen den t Mean        - 0 . 5 4 50 7    Adj R- Sq     0 . 7731 
                      Co ef f  Var           -133. 6 76 6 7 
 
                                      Par am eter  Es tim ates  
 
                                   Par am eter        Stan dar d 
              Var iable     DF       Es tim ate          Er r o r     t Value    Pr  > |t| 
 
              In ter c ept     1       - 5 . 2 519 6         0 . 332 71     -15. 79       < . 0 0 01 
              DELN15        1        0 . 4 4 9 9 4         0 . 0 34 13      13. 18      < . 0 0 01 
              RM            1        0 . 0 5 4 35        0 . 0112 0       4 . 8 5      < . 0 0 01 
 

The following PRESS estimation was also generated: 
   

PRESS 36 . 6 9 79    R2 0 . 78 0 0 6      
 

This means that the prediction r2 is the following (compared to the regression r2 above 
of 0.78): PRESS:36.6979 and Total SS: 152.076 

78.0076.152/4468.331

76.0076.152/6979.361

2

2

=−=

=−=

regression

prediction

r

r
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Appendix D. Summary of Probability Combining 

Ln Inorganic Mercury vs  ∗∗∗∗15N Regressions 
 
 
AIM: The regressions for each river site separately all had negative slopes and low, but 

some “nonsignificant”, p-values in the range of .03 to 0.1.  The Π2 technique for 
combining p-values to obtain an overall p-value is used here as described by Sokal and 
Rohlf (1981). 
 
1. The five sites for which models were built and slopes tested for significance had the 
following p-values: .0894, .0270 .0434, .0988, and .1056   
 
2. The ln of the p-values are:  
  
 .0894  -2.4146 
 .0270  -3.6119 
 .0434  -3.1373 
 .0988  -2.3146 
 .1056  -2.2481 
  SUM -13.7265 
 

3. The value to be compared to a critical Π2  is -2(-13.7265) = 27.453 
 
4. The df for the test is the number of tests times 2, i.e., 10. 
 
5. The Excel CHIDIST() function was used to generate a p-value for the test of 

0.002207. 
 

���� The probability of getting the data that went into the five models if the null hypothesis 

were correct (of a slope of 0) is 0.002207. 
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Appendix E. Estimated Biomagnification - Summer 2007 Model    
 

The b-value for the bivariate model (∗ 15N and river mile) was 0.44994. For simple 
convenience here, the periphyton average concentration for all sites was entered as 3.3 
ug/g dw here and river mile was arbitrarily defined as 10.    
 

Level  ∗ 15N  Predicted [mHg] Biomagnification Factor 
0  6.4  0.209326384  1 
1  9.8  0.966509069  4.61723481 
2  13.2  4.462599318  4.61723481 
3  16.6  20.60486892  4.61723481 
     
Predictions also included a MSE-based backtransformation bias correction.  
  
 
The biomagnification for methylmercury (change in ug mHg/g dw per increase in trophic 
level) was 4.6-fold.  
 



 

 

 

1 

 
 
 
 
 
 
 
 
 
 

South River Trophic Studies  
  

 
Submitted to DuPont 

July 15, 2011 
 

By  
Michael C. Newman 

Jincheng Wang 
Xiaoyu Xu 

 
 

Virginian Institute of Marine Science 
School of Marine Science 

The College of William and Mary 
Gloucester Point, VA 23062 

 
In collaboration with 

 
Anne Condon 

U.S. Fish & Wildlife Service 
Gloucester, Virginia 23061 

 
 
 

 
 

 
 

 
 
 
 
 



 

 

 

2 

 
 
BACKGROUND 
 
Four 2010 Issues 
Four issues were addressed in 2010: (1) Trophic transfer models were built for two 
additional floodplain locations, bringing the total number of floodplain models to four. 
The original 2009 modeling involved two floodplain locations, AFC09 (farm across the 
river from the Augusta Forestry Center, RM 11.8) and Grottoes Town Park (RM 22.4). 
Models for Grand Cavern (RM 20.0) and North Park (RM 2.0) were added. The results 
were used to integrate information in existing South River documents into a trophic 
transfer framework. (2) The data from these samplings and supplemental samples were 
used to define mercury concentrations in the food of target birds and then combined 
with expert opinions about bird feeding habits. The goal was to create probabilistic 
mercury exposure assessments for Eastern screech owls, Carolina wrens and Eastern 
song sparrows on the South River. (3) URS asked VIMS to process primary consumer 
samples for isotopes and then examine these data for trends.  The intent was to better 
understand lower consumer linkages to potential food sources. (4) An exploration of 

models relating individual bass mercury muscle concentration to δ 15N from fin clips was 
also requested by URS.  This study included both smallmouth and largemouth bass 
taken from locations along the river from RM 0.1 to 23.5. 
  
1. Trophic Transfer Models for Additional Floodplain Locations 
Floodplain trophic modeling began in 2009 and expanded in 2010 to include two more 
locations. The Eastern screech owl (Megascops asio), Carolina wren (Thryothorus 
ludovicianus), and Eastern song sparrow (Melospiza melodia) were the high level 
consumer species around which the food web sampling was designed. The data used 
for the 2009 and 2010 trophic transfer modeling are tabulated in Appendix A.  
 
2. Monte Carlo Models of Mercury Exposure 
A formal expert elicitation (six experts: Anne Condon, USFWS, Gloucester, VA; Daniel 
Cristol, Biology Department, College of William & Mary, Williamsburg, VA; Andrew 
Dolby, Department of Biological Sciences, University of Mary Washington, 
Fredericksburg, VA; Randy Dettmers, USFWS, Hadley, MA; Sarah Warner, USGS 
Patuxent Wildlife Research Center, Laurel, MD; Michael Wilson, The Center for 
Conservation Biology, College of William & Mary, Williamsburg, VA) was conducted to 
generate distributional information for bird weights and feeding habits for the Carolina 
wren, Eastern song sparrow, and Eastern screech owl. A modified Delphi approach was 
applied using a computer-based survey tool.  Additional samples (Appendix B) were 
taken at Grand Cavern (RM 20.0) to ensure that enough avian food information was 
gathered for exposure modeling. The additional items were fruits, grains, and a wider 
variety of invertebrates.  The intent was to generate enough mercury concentration data 
to produce mercury concentration distributions for potential food items. These 
distributions were needed for the Monte Carlo probabilistic exposure assessments.  
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3. Isotope Data for Primary Consumers and Their Carbon Sources  
URS asked VIMS to process stable isotope samples taken from four river locations 
(RRM 0.1, 3.5, 11.8 and 23.5) during three seasons (June 1-6, August 23-31, and 
October 25-28). The intent was to explore patterns of carbon and nitrogen isotopic 
composition in candidate food sources and possibly relate them to patterns noted for 
primary consumers over time and distance. This exploration was to be done either using 
formal mixture models (e.g., EPA ISOCONC 1.01 as described in Phillips and Koch 
(2002) and Robbins et al. (2002)) or, if the data did not support such modeling, polygon 
plots for different dates and locations. The samplings data are provided in Appendix C. 
 

4. Relating Bass Mercury Concentration to Trophic Status (δδδδ 15N) 
During discussions of past trophic modeling, URS asked if the primary-producer-to-

apex-predator food web models (Tom et al. 2010) could be used in combination with δ 
15N measurements for individual bass to predict differences in muscle mercury 
concentration among individual bass. VIMS opined that the food web models were not 
intended for such use so substantial imprecision would be expected in predictions.  

However, models based on a data set of δ 15N and methylmercury concentration might 
generate insight about factors contributing to differences among bass.  To that end, 
URS collected fin clip samples for isotope analyses during bass sampling for other 
purposes. URS generated total mercury concentration data for bass muscle samples 
and VIMS processed fin clip samples for carbon and nitrogen isotopes (Appendix D). 
These data were produced for bass inhabiting four locations (RRM 0.1, 3.5, 11.8 and 
23.5) during the periods of May 17 to 23 and September 7 to 14, 2010. Reflecting the 
opportunistic design of this effort, samples for smallmouth and largemouth bass of 
different sizes involved muscle plugs for total mercury concentration determinations and 
fin clips for stable isotope ratio analyses.    
  
 

RESULTS 
 
1. Trophic Transfer Models for Additional Floodplain Locations 
  
Summary 

 We assessed δ 15N-based trophic transfer models for making predictions during future 
watershed management and remediation activities. Acceptable prediction from each 
model was gauged with a prediction r2 of approximately 0.80. Four of five 
methylmercury-based models met this criterion to date.  Acceptable methylmercury 
models were generated for the aquatic (2007; Tom et al. 2010) and two floodplain 
(2009; Newman et al. 2011) food webs. One of the two 2010 floodplain food web 
models met the criterion for an acceptable predictive model. The location failing to 
produce a good model, Grand Caverns, had the most topographical heterogeneity of all 
locations, suggesting more exchange of birds with adjacent less-contaminated habitats 
and also more small scale differences in soil mercury levels. These factors could have 
contributed the unexplained variability that limited the predictive value of the Grand 
Caverns model.  
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Regardless, models for methylmercury were superior to those for total mercury.  
Methylmercury-based models became our focus because of their superior predictive 
capabilities and also because most of the mercury in the high level predators of interest 
was methylmercury. The methylmercury Food Web Magnification Factor (FWMF) for the 
river food web was a 4.6 fold increase per trophic level.  The methylmercury FWMF for 
the four floodplain locations were materially higher than that for the aquatic food web, 
that is, 11.1 to 44.2 fold per trophic level.  The nonoverlap of the 95% confidence 
interval for the river FWMF with those of the four floodplain locations indicated that the 
difference was statistically significant in addition to being substantial. 
 
 Floodplain Location    Methylmercury FWMF (95% C.I.)   
 North Park (RM 2.0)    20.2  (13.1 to 31.1) 
 Augusta Forestry Center (RM 11.8)* 17.7  (10.7 to 29.4) 
 Grand Cavern (RM 20.0)   11.1  (6.1 to 20.4) 
 Grottoes Town Park (RM 22.4)  44.2  (26.3 to 74.5)     
* On the opposite river bank across from the Augusta Forestry Center 
 
 
The total mercury FWMF estimates were lower and less precise than the methylmercury 
FWMF estimates. 
 
 Floodplain Location    Total Mercury FWMF (95% C.I.)   
 North Park (RM 2.0)    4.5  (2.8 to 7.2) 
 Augusta Forestry Center (RM 11.8) 6.4  (4.3 to 9.6) 
 Grand Cavern (RM 20.0)   3.2  (2.3 to 4.6) 
 Grottoes Town Park (RM 22.4)  11.0  (7.0 to 17.5)     
  
These results provided a framework for exploring total mercury and methylmercury 
bioaccumulation reported by other South River researchers.  The data sets from more 
than thirty such studies were consistent with the VIMS/FWS floodplain and river food 
web models developed from 2007 to 2010. The food web models were useful tools for 
synthesizing diverse bioaccumulation information for South River biota and for 
predicting bioaccumulation in species for which no accumulation data were available. 
 
Details 
Excellent analytical accuracy and precision was evident for the mercury, methylmercury, 
and stable isotope analyses (Appendix E). Analytical quality exceeded that required for 
the study. 

     
Whole body samples were taken for most of the smaller biota. Above-ground leafy 
tissue was taken for the grass, wild violet, and honey suckle. Muscle and liver tissues 
were taken from small mammals, and blood and tail feathers were taken from birds. 
Preliminary exploration of the avian data indicated atypical results for two birds (one 
goldfinch and one mourning dove from Grand Caverns)(Figure 1). Those birds were 
judged to be recent migrants from a nearby clean area and consequently omitted from 
modeling.  Mercury concentrations in two caterpillar samples from Grand Cavern were 
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also low but, because no justification for their exclusion was apparent, were included 
during model building. 
 
Most 2009 and 2010 samples (Appendix A) were associated with the terrestrial 
herbivory-based food web. The trend among members of the herbivory-based food web 
was distinct from those for the aquatic (emergent insects) and terrestrial (slugs, worms, 
isopods) species that were primarily detritivory-based. Therefore, predictive modeling 
focused on the herbivory-based food web species. Prediction quality was best in 2009 
and 2010 modeling after exclusion the feather data. Exclusion of feather data also 
avoided several questions that recently emerged about feather mercury as an exposure 
metric (Bond 2010). As a final detail, it is important to remember that concentrations 
were expressed here on a dry weight basis. The DRYWT and WETWGT given for each 
sample in Appendix A can be used to convert the predictions to a wet weight basis. 
 
Data collected for the four floodplain locations are depicted in Figures 2 to 5.  Figure 6 
which combines the methylmercury FWMF estimates for all locations indicates that the 
floodplain food web FWMF estimates were consistently higher than those of the 
adjacent river’s food web. 
 
Selection of the best predictive model was based on Akaike’s Information Criterion 
(AIC) which quantifies the amount of explanatory information contained in each 
estimated parameter of a candidate model.  Using the Minimum AIC Estimation 
(MAICE) approach, models with different numbers of explanatory variables were built 
and the candidate model with the lowest AIC selected as the best. As was the case for 
the 2009 floodplain modeling (Newman et al. 2011), the best models were 
methylmercury models for the terrestrial herbivory-based species that included the 

continuous variable, δ15N and the class variable, Thermal (homeothermic or 
poikilothermic)(Figure 7). Plotted regression residuals appeared random, indicating that 
no nonrandom factors remained to be modeled. For all locations, the lines predicting 
Log10 of methylmercury concentration for homeotherms were above those for the 

poikilotherms. Beyond this physiological effect on methylmercury biomagnification, the δ 
15N-based biomagnification factors1 for the four locations ranged from 0.234 to 0.367. 
These biomagnification factors were higher than that estimated in 2007 for the 
combined six aquatic food web locations (0.195).  They were also high relative to the 
aquatic food web biomagnification factors surveyed in Tom et al. (2010) (0.13 to 0.27).  
 
An r2

Prediction calculated with the prediction residual sum of squares (PRESS) and total 
sum of squares was the best guage of model prediction quality.2 As with the 2007 
aquatic trophic and 2009 floodplain modeling, r2

Prediction values were in the general range 
of 0.80 except for the Grand Cavern model (Figure 7). The models predicting Log10 

methylmercury concentration (Log10 mg/kg dw) were the following: 
 

                                                
1 The biomagnfication factors discussed in this paragraph are the estimated regression 

coefficients for the influence of δ 15N on Log10 methylmercury concentration. 
2 The r2

Prediction is 1 - (PRESS/(Regression Total Sum of Squares)). 
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Poikilotherm 

North Park:    -2.699+0.364(δ 15N)+0     

Augusta Forestry Center 2009:     -2.576+0.249(δ 15N)+0 

Grand Cavern:   -2.552+0.234(δ 15N)+0    

Grottoes Town Park:  -3.033+0.367(δ 15N)+0 
 
Homeotherm 

North Park:    -2.699+0.364(δ 15N)+0.157 

Augusta Forestry Center 2009:    -2.576+0.249(δ 15N)+1.090 

Grand Cavern:   -2.552+0.234(δ 15N)+1.096 

Grottoes Town Park:  -3.033+0.367(δ 15N)+0.686 
  
The Carolina wren from Grottoes Town Park can be used as an example for calculating 

predicted concentrations for a homeotherm with these models. The mean δ 15N value 
for this species’ blood was 8.25.  The estimated Log10 methylmercury concentration 
would be -3.033+0.367(8.25) + 0.686 or 0.681. This backtransforms to 4.79 mg/kg dw 
but this prediction contains a bias if the mean concentration is being predicted. The 
conventional backtransformation bias correction3 (Newman 1993) is 1.36 in this case so 
the predicted, unbiased mean concentration is (4.79)(1.36) or 6.52 mg/kg.   
 
 
Relating Other South River Studies to these Food Web Models 
A clear picture of mercury deposition and movement in the pertinent South River reach 
has emerged in the last decade. Turner and Southworth (1999) reported that large 
amounts of mercury were released from the DuPont Waynesboro plant to the South 
River in the 1930s and 1940s.  An estimated 40,234 kg of mercury is stored in the 
floodplain soils of the river reach that extends 25 miles below the plant (Bolgianao 
1981). Recently, Rhoades and Pizzuto (2009) calculated that approximately 110 kg of 
mercury enters the river from the floodplain of this river reach each year. Most of this 
mercury is particle bound (Flanders et al. 2010). Further, bank erosion, a major source 
to the river (Pizzuto et al. 2006), has increased two fold since 1957 due to mill dam 
removal (Pizzuto and O’Neal 2009).  Clearly, conditions exist that will result in 
substantial bioaccumulation in floodplain and aquatic food webs into the future. Such 
accumulation could create hazardous conditions for wildlife, fish, and humans who 
consume fish.  Consequently, a wide range of studies examining mercury accumulation 
in and possible harm to selected biota were funded by DuPont.  To date, no effort has 
been made to move beyond data compilation to an integration of this information into a 
coherent conceptual whole. 
 
Realizing this shortcoming, DuPont directed that bioaccumulation data from other 
pertinent South River studies be examined relative to the VIMS river and floodplain food 
web models. A total of thirty-four documents were examined (Appendix F) and any 
relevant data from these studies was placed into Figures 8 (river) and 9 (floodplain).  

                                                
3 The bias correction is 10MSE/2 where MSE = the model mean square error. 
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Some publications did not provide enough information to convert concentrations to a 
wet weight basis so their results could not be included. Methylmercury data were 
uncommon in these sources so relatively few data could be compared within the best 
food web context.  
 
The floodplain and aquatic food web models generated in this study did allow results of 
these past DuPont-funded studies to be placed into a parsimonious framework.  Figure 
8 shows as dots the total mercury and methylmercury results of the aquatic trophic 
transfer study (Tom et al. 2010). Strong relationships for mercury and methylmercury 

were apparent with trophic position (quantified with δ 15N).  Data from the South River 
documents were then plotted to judge general conformity to the food web transfer 
context.  These data included concentrations in river invertebrates, fish, reptiles, 
amphibians, and birds. The published bioaccumulation data conformed to the trophic 
transfer scheme with the exception of one fish species (n, comely shiner) represented 
by one individual.  Similarly, Figure 9 shows the superimposed data from the four 
floodplain trophic transfer study locations. These data are more variable than those in 
Figure 8; however, it is still apparent that bioaccumulation data from other South River 
studies conforms to the trophic transfer context generated with the four floodplain food 
web data sets. The conclusion from these two figures is that trophic position is a reliable 
context for predicting relative levels of bioaccumulation in South River biota. An 
important qualifier is that the bioaccumulation data from past South River publications 
were biased toward the high end of the trophic web where methylmercury becomes the 
dominant form of accumulated mercury. Methylmercury, not inorganic mercury, exhibits 
biomagnification. Therefore, predictions based on trophic position are likely more 
reliable for South River biota occupying higher, rather than lower, trophic positions. 
More variability is to be expected at lower levels such as primary consumers.  
 
The concentrations of mercury and methylmercury were generally higher at the base of 
the aquatic food web than at the base of the floodplain food web. However, the food 
web magnification factor for the aquatic food web (circa 4.6 fold increase per trophic 
level) was substantially lower than those for the floodplain food webs (circa 11.1 to 44.2 
fold increase per trophic level)(Figure 6). Together, these two factors result in the 
expectation that tissue concentrations will approach or exceed 0.5 mg/kg ww for river or 
floodplain biota functioning in a food web above the level of strict herbivory/detritivory.    
 
2. Monte Carlo Models of Mercury Exposure 
  
Summary 
Mercury exposure was modeled for three bird species on the South River floodplain 
based on formal expert elicitation and field surveys of mercury concentrations in 
potential food items. Monte Carlo simulation was applied to predict the probability that 
an adult bird during breeding season could ingest harmful amounts of mercury during 
daily foraging. What was a harmful amount was defined using the TRV of 100 ng/g-day 
derived during the work of Heinz (1979).  Mercury exposure, in terms of daily ingestion 
rate, was estimated based on bird’s feeding habitats, body size, and mercury 
concentrations in food items.  
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Information was required for five variables used in the simulations. Bird’s body weight, 
food ingestion rate and relative proportions of prey items in each bird species’ diet were 
obtained from a formal expert elicitation, which engaged six of an original pool of 40 
experts. Experts’ inputs were used individually to produce customized probability 
distributions for the model variables, and were also combined after weighting to produce 
composite distributions.  
 
Bird prey information was drawn from 2009 and 2010 samplings of the four South River 
floodplain sites. These data included food item mercury concentrations and prey body 
size (wet weight). 
 
For each bird species, Monte Carlo simulation used the above five variables to produce 
cumulative probability distributions of mercury daily ingestion rate. Simulations were 
done with information from each expert separately and then the composited information. 
Because experts’ responses differed, composite estimates were generated to reflect a 
consensus set of information. According to modeling results using the combined expert 
information, the probabilities of the daily mercury ingestion for an adult Carolina Wren, 
Eastern Song Sparrow and Eastern Screech Owl during breeding season exceeding the 
toxicity reference value (TRV) were 0.31, 0.08 and 0.18, respectively. Carolina Wren 
had the highest probability of an exposure above that producing reproductive harm in 
mallard ducks (Heinz 1979).  There was approximately a 3 in 10, 1 in 10, and 2 in 10 
chance of a wren, sparrow, or owl exceeding the TRV during any day of foraging, 
respectively.    
 

Details 

Birds are exposed to a range of mercury concentrations in various food items. However, 
individuals nesting in a specific habitat will have similar feeding ecologies and can be 
characterized by general distributions of ingested food items and associated mercury 
concentrations. A model based on the feeding habitats of three selected bird species 
(Carolina Wren, Eastern Song Sparrow, and Eastern Screech Owl) was built to estimate 
their exposure to mercury: 
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where BWb = the body weight of selected bird, FIR = food ingestion rate, BWp(i) = the 
body weight of prey item i, and Ci  = mercury concentration of prey item i. 

To build this model, estimated distributions are needed for the following variables: (1) 
bird body weight (BWb), (2) food ingestion rate (FIR), defined as grams of food (wet) per 
gram of bird body weight consumed daily, (3) body weight of prey items in the bird’s diet 
(BWp(i)), and (4) the mercury concentrations in different food items. South River 
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floodplain birds select food items based on species-specific foraging strategies. 
Consequently, information is needed during Monte Carlo modeling about the relative 
proportions of food items in a species diet (PPi), which could also be interpreted as the 
probability of a bird picking a certain food item during foraging. 

Limited information was available in literature for bird body weight, food ingestion rate 
and the relative proportions of food items for the three species. A formal expert 
elicitation was conducted to estimate the associated variable distributions following the 
procedures in literature (O’Hagan 1998, 2005). A pool of approximately 40 candidate 
experts was compiled by Anne Condon (FWS), who also helped select the final experts. 
Six experts expressed their willingness to contribute to the elicitation exercise. These 
experts were weighted using specific survey questions designed to determine their level 
of knowledge for the particular species and set of variables of interest. Using the 
resulting expert feedback, a customized probability distribution for bird body weight, 
customized probability distribution of food ingestion rate, and estimates of proportions of 
food items ingested were produced for each individual expert. Also, a composite set of 
distributions was generated by combining all experts’ information after weighting each 
expert’s information by the correctness of their answer to the relevant survey weighting 
question.  

Prey item samples were collected on the South River floodplain from North Park (RM 
2.0, 2010), Augusta Forestry Center (RM11.8, 2009), Grand Cavern (RM 20.0, 2010) 
and Grottoes Town Park (RM 22.4, 2009) during the trophic transfer study. The 
excellent analytical accuracy and precision achieved for the mercury analyses 
(Appendix E) were more than sufficient for this modeling. Individual body weight 
information for prey items was also collected. Total mercury concentration and 
individual body (wet) weight were used to construct log-normal probability distributions 
for Ci and BWp(i).    

Monte Carlo simulations included bird body weight (BWb), food ingestion rate (FIR), 
probability of prey item ingestion (PPi) from expert elicitation and prey item body weights 
(BWp(i)) and mercury concentrations (Ci) from field surveys.  Cumulative distributions of 
mercury daily ingestion rate for the three species were generated with these data and 
the model described above. Each simulation began by randomly selecting a value of 
FIR and BWb from their distributions.  The total amount of food that a bird could 
consume for that day was calculated as BWb × FIR. Then a group of prey items was 
selected randomly based on their probabilities of being consumed. Values of BWp(i) and 
Ci were randomly selected from the distributions for each selected food item. The total 
weight of consumed food items could not exceed the predetermined maximum a bird 
could consume that simulated day. Mercury daily ingestion rate was then calculated. 
This procedure was repeated 1000 times, starting each time by randomly selecting new 
values for FIR and BWb. A cumulative probability distribution was produced for the 
resulting 1000 mercury daily ingestion rates.  

For each bird species, Monte Carlo simulations were conducted with information from 
each expert individually and then with the combined information from all experts. The 
resulting cumulative probability distributions are depicted in Figures 10 to 12.  The 
probabilities of mercury ingestion exceeding the toxicity reference value (TRV, 100 
ng/g-day, Heinz 1979) were estimated along with other distributional statistics 
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(Appendices G to I). The probabilities of exceeding the TRV based on information from 
the different experts varied because the knowledge that experts possess and the 
accuracy of their estimates varies. A composite exposure distribution was generated for 
each bird by using variables pooled based on the expert weightings.  

 

According to the composite estimates, the probability that an adult Carolina wren would 
consume mercury at amounts exceeding the TRV on South River floodplain was 
approximately 0.31. There is approximately a 3 out of 10 chance that the bird will 
consume a potentially harmful amount of mercury during its daily foraging. The 
probability for Eastern song sparrow was approximately 0.08, and for Eastern screech 
owl, was approximately 0.18. The diet of Carolina wren consists principally of animals 
with much higher mercury concentrations than floodplain plants. As a result Carolina 
wren has a higher chance of exceeding the TRV than the Eastern song sparrow whose 
diet includes more plants. The food consumed by Eastern screech owl and Carolina 
wren are predominantly animals but the wren consumes more food (normalized to body 
weight) than the owl. So the wren’s probability of ingesting mercury at rates exceeding 
the TRV is higher than that of the owl. 

 
3. Isotope Data for Primary Consumers and Their Food Sources  
 
Summary  

Relative to spatial trends, δ 15N in sediment, seston and procedurally-defined periphyton 
increased with distance downriver during both samplings. With the exception of the 
highly variable seston sampled in August, these trends were statistically significant as 
indicated by nonoverlapping 95% confidence intervals (Figure 13). The downriver 
materials seemed to reflect more history in food webs than did the upriver materials. 
Adjustment of consumer isotopic signatures (Post 2002) and subsequent analysis with 
the EPA ISOCONC 1.01 mixture software was  not effective because the number of 

potential sources exceeded three.4 Also the generic trophic adjustment of δ 15N and δ 
13C discussed in Post (2002) did not result in unequivocal results for the South River 
biota.  Food source polygons for the first two samplings (Figures 14 to 17) revealed 

wide temporal and spatial changes although variation in δ 13C among potential sources 
was lowest at the furthest downriver location.  Further use of this approach is not 
recommended for the South River. 
  
Details 
Using 95% confidence intervals to reflect simultaneously the magnitude and 
significance of differences (Altman et al. 2000, Di Stefano 2004, Fidler et al., 2004, 

Newman 2008), a significant but small increase in δ 15N in these materials was noted 
with distance downriver. The only exception was seston taken in August which had 
inexplicably high variability among replicates. 
 

                                                
4 The mixture modeling software does not accommodate more than three potential 
sources. 
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Adjustment of  δ 15N and δ 13C for anticipated changes from food source to consumer 
with the intention of placing consumers within a source polygon is shown with open 
circles and arrows in Figures Source 14 to 17. Recommended adjustments vary 
substantially among publications and no published adjustment seemed most pertinent 

to the South River; therefore, average adjustments (Post 2002) were applied:  ∆ δ 15N = 

3.4 per trophic level and ∆ δ 13C = 0.4 per trophic level. Ideally, adjustment would place 
a consumer within the polygon defined by its potential food sources. Close proximity of 
a consumer’s point to that of a source would then suggest that that source is an 
important one. This approach failed to consistently place consumers within the source 
polygon so no definitive conclusions could be made. Likely the temporal variability in 
isotopic signatures of sources evident in the figures confounds such analyses. Grossly, 
the distance between the adjusted points and the submerged aquatic vegetation 
suggested that this source was the least important. Adjusted points for consumers were 
generally closest to seston, sediments, and occasionally, procedurally-defined 
periphyton. This suggests, not does not prove unequivocally, that seston, sediment and 
procedurally-defined periphyton are the major food sources at these locations. 
 

4. Relating Bass Mercury Concentration to Trophic Status (δδδδ 15N) 
 
Summary  
A model was not generated that produced useful quantitative predictions of total 
mercury in bass. A range of explanatory variables was examined including bass 

species, sampling location and period, δ 15N, and bass wet weight. Although a 
quantitative model was not possible, the data supported a general conceptual model 
that (1) trophic position determines methlymercury concentration5 of these piscivores, 
(2) trophic status increases with bass size, especially for largemouth bass, (3)  bass 
tend to have lower trophic positions at the two most upriver locations than at the two 
downriver locations, (4) bass at the 0.1 and 3.5 RM locations tend to have slightly lower 
mercury concentrations than those at the 11.8 and 23.5 RM locations. 
   
Details 
The general trends for all bass (Figure 18), largemouth bass (Figure 19), and 
smallmouth bass (Figure 20) make it clear that no model for quantitative prediction is 
possible. Data from the 177 samples were included in a general linear model to gage 

the statistical significance of bass species (class variable), river mile (class variable), δ 
15N (continuous variable), and bass wet weight (continuous variable) relative to total 

mercury concentration.  All variables were statistically significant at α = 0.05 although 
the effect of bass species had a p-value of only 0.04.  The final model had an r2 (0.49) 
that precluded any attempt at quantitative prediction. Modeling each bass species 
separately resulted in insubstantial improvement. Likely the variability could have been 
reduced if methylmercury concentration and isotopic ratios had been measured in the 
same tissue samples. 
 

                                                
5 Total mercury is assumed in this statement to reflect methylmercury because most of 
the mercury in the tissues of these piscivores is methylmercury.  
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The sources of variability in the data were explored by analysis of variance. Mercury 
concentration was the response variable and the explanatory variables were nested as 
sampling period(river mile(bass species)). Forty percent of the total variability in the 
data was associated with sampling location and only 2% was associated with any 
difference between the two bass species. Less than 1% was associated with sampling 
period.  Most (58%) of the variation noted among individual bass remained in the model 
error term. As noted already, trophic status and bass size that were not included in this 
variance structure analysis likely contributed much of the variation contained in the 
model error term. Regardless, sampling period was much less prominent than sampling 
location/river mile, and difference between species was minor relative to sampling 
location. 
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Figure 1. Initial exploration of the avian species data revealed two anomalous data from the Grand 

Cavern location.  The top panel plots Log10 methylmercury concentration versus δ 
15

N for each avian 
blood sample with N, A, C, and G identifying samples from the North Park, Augusta Forestry Center, 
Grand Cavern, and Grottoes Town Park locations, respectively. The bottom panel plots the same 
variables with avian species abbreviations: BLUB = Eastern Bluebird, CATB = Grey Catbird, CARD = 
Northern Cardinal, DWOD = Downy Woodpecker, EPHO = Eastern Phoebe, FLYC = Great Crested 
Flycatcher, GFIN = Gold Finch, MDOV = Mourning Dove, OWL = eastern Screech Owl, PEWE = Eastern 
Wood Pewee,RVIR = Red Eyed Vireo, ROBN = American Robin, SPAR = Eastern Song Sparrow, STAN 
= Scarlet Tananger,TOWH = Rufuous-sided Towhee, TTIT = Eastern Tufted Titimouse, WNUT = White 
Breasted Nuthatch, WREN = Carolina Wren, and WTHR = Wood Thrush.  An obvious increase in 

methylmercury concentration was seen with an increase in δ 
15

N within the sampled avian species.  Two 
species represented by one individual each from the Grand Cavern location were anomalous (GFIN and 
MDOV). They were assumed to reflect birds that moved recently into the area that did not represent 
members of the modeled trophic web. They were excluded from the final models.     
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Figure 2. The increase in total mercury (top panel) and methylmercury (bottom panel) in the North Park 
floodplain food web. The approximate positions of primary producers, primary consumers, secondary 
consumers and tertiary consumers are noted along the x-axis. The regression line for predicted Log10 

concentration versus δ 
15

N is indicated for each data set.  The Food Web Magnification Factor (FWMF) 

was estimated using regression methods and the conversion, TL=((δ 
15

N – 0.63)/3.4)+1.  
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Figure 3. The increase in total mercury (top panel) and methylmercury (bottom panel) in the Augusta 
Forestry center floodplain food web. The approximate positions of primary producers, primary consumers, 
secondary consumers and tertiary consumers are noted along the x-axis. The regression line for 

predicted Log10 concentration versus δ 
15

N is indicated for each data set.  The Food Web Magnification 

Factor (FWMF) was estimated using regression methods and the conversion, TL=((δ 
15

N – 0.63)/3.4)+1.  
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Figure 4. The increase in total mercury (top panel) and methylmercury (bottom panel) in the Grand 
Cavern floodplain food web. The approximate positions of primary producers, primary consumers, 
secondary consumers and tertiary consumers are noted along the x-axis. The regression line for 

predicted Log10 concentration versus δ 
15

N is indicated for each data set.  The Food Web Magnification 

Factor (FWMF) was estimated using regression methods and the conversion, TL=((δ 
15

N – 0.63)/3.4)+1.  
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Figure 5. The increase in total mercury (top panel) and methylmercury (bottom panel) in the Grottoes 
Town Park floodplain foodweb. The approximate positions of primary producers, primary consumers, 
secondary consumers and tertiary consumers are noted along the x-axis. The regression line for 

predicted log10 concentration versus δ 
15

N is indicated for each data set.  The Food Web Magnification 

Factor (FWMF) was estimated using regression methods and the conversion, TL=((δ 
15

N – 0.63)/3.4)+1.  
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Figure 6. The Food Web Magnification Factors (FWMF) estimated for the aquatic food web and four 
floodplain food webs. The error bars reflect the 95% confidence intervals for each estimate.   Similar 
information for total mercury models are provided in the top panels of Figures 2 to 5. Floodplain FWMF 
were materially higher for the floodplain locations than for the adjacent aquatic food web. 
 

 

 

Figure 7. Methylmercury-based trophic transfer models for the four floodplain locations including 
predictions for homeotherms (solid line) and poikilotherms (dashed line). 
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Figure 8. Total mercury (top panel) and methylmercury (bottom panel) from the VIMS river food web 
studies were placed into this figure as dots. Concentrations obtained in other South River studies were 
then inserted using symbols. Key: a = waterpenny (Coleoptera), Murphy 2004; b = mayfly 
(Ephemeroptera), Murphy 2004; c = midge (Diptera), Murphy 2004; d = caddisfly (Trichoptera), Murphy 
2004; e = clam (Corbicula fluminea), Murphy 2004; e’ = clam (Corbicula fluminea), Neufeld 2009;  f = 
snail (Pleuroceridae), Murphy 2004; g = Southern two-lined salamander (Eurycea cirrigera), Bergeron et 
al., 2010; h = damselfly (Zygoptera), Murphy 2004; i = dragonfly (Anisoptera), Murphy 2004; j = crayfish, 
Murphy 2004; k = common shiner (Luxilus cornutus), Murphy 2004; l = spottail shiner (Notropis 
hudsonius), Murphy 2004; m = satinfin shiner (Cyprinella analostana), Murphy 2004; n = comely shiner 
(Notropis amoenus), Murphy 2004; o = fantail darter (Etheostoma flabellare), Murphy 2004; p and p’ = 
tessellated darter (Etheostoma olmstedi), Murphy 2004; banded sculpin (Cottus carolinae), Murphy 2004; 
r = mottled sculpin (Cottus bairdi), Murphy 2004; s = longnose dace (Rhinichthys cataractae), Murphy 
2004; t = yellow bullhead (Ameirus natalis), Murphy 2004; u = margined madtom (Noturus insignis), 
Murphy 2004; v and v’ = redbreast sunfish (Lepomis auritus) Murphy 2004 and Nicoletto and Hendricks 
1987; w = pumpkinseed (Lepomis gibbosus), Nicoletto and Hendricks 1987; x = bluegill sunfish (Lepomis 
macrochirus) Nicoletto and Hendricks 1987; y and y’ = smallmouth bass (Micropterus dolomieu), Murphy 
2002 and 2007; z, z’ and z’’ = rock bass (Ambloplites rupestris), Bidwell and Heath 1993; 1 = belted 
kinfisher (Megaceryle alcyon) blood, White 2007; 2 = red-bellied turtle (Pseudemys rubriventris), 
Bergeron et al. 2007; 3 = painted turtle (Chrysemys picta), Bergeron et al. 2007; 4 = stinkpot turtle 
(Sternotherus odoratus), Bergeron et al. 2007; 5 = snapping turtle (Chelydra serpentine), Bergeron et al. 
2007.    
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Figure 9. Total mercury (top panel) and methylmercury (bottom panel) from the VIMS floodplain food web 
studies were placed into this figure as dots. Concentrations obtained in other South River studies were 
then inserted using symbols. Key: A = two-lined salamander (Eurycea bislineata), Burke et al. 2010; B = 
spiders (Aranea), Cristol et al, 2008; C and D = brown bat blood (Myotis lucifugus); BRI Report 2008; E 
and F = Tree swallow, female blood (Trachycineta bicolor), Brasso et al. 2008, 2010; G = Bluebird adult 
blood (Sialia sialis), Condon and Cristol 2009; H = House wren blood (Troglodytes aedon), Friedman 
2007; I = Eastern screech owl blood (Otus asio), White 2007; J = Red-bellied woodpecker blood 
(Melanerpes carolinus), White 2007; Carolina wren blood (Thryothorus ludovicianus),Friedman 2007; red-
backed salamander (Plethodon cinereus), Bergeron et al. 2010; American toad (Bufo americanus), 
Bergeron et al. 2010. 
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Figure 10. Results of Monte Carlo simulations of Carolina wren exposure based on individual and 
composite expert opinion. The bottom right panel provides the weightings calculated from expert 
response to calibration questions regarding bird body weight, prey preference, and ingestion rates for 
food items. These weights were used to generate the composite curve by adjusting each expert’s 
contribution to the composite values to be proportional to how accurate their answers where to the 
calibration questions. 
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Figure 11. Results of Monte Carlo simulations of Eastern song sparrow exposure based on individual and 
composite expert opinion. The bottom right panel provides the weightings calculated from expert 
response to calibration questions regarding bird body weight, prey preference, and ingestion rates for 
food items. These weights were used to generate the composite curve by adjusting each expert’s 
contribution to the composite values to be proportional to how accurate their answers where to the 
calibration questions. 
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Figure 12. Results of Monte Carlo simulations of Eastern screech owl exposure based on individual and 
composite expert opinion. The bottom right panel provides the weightings calculated from expert 
response to calibration questions regarding bird body weight, prey preference, and ingestion rates for 
food items. These weights were used to generate the composite curve by adjusting each expert’s 
contribution to the composite values to be proportional to how accurate their answers where to the 
calibration questions. 
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Figure 13. Spatial and temporal changes in sediment, seston and procedurally-defined periphyton δ 
15

N 
(per mil). Error bars reflect 95% confidence intervals. Some error bars are smaller than the symbol and, 
therefore, are not apparent for those points.   
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Figure 14. RRM 0.1 and 3.5 location source polygons and relative position of consumers (solid circles = 

unadjusted δ 
15

N and δ 
13

C, open circles = adjusted  δ 
15

N and δ 
13

C).  Each point reflects a mean for that 
sample type during the June 2010 sampling. Units are per mil. 
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Figure 15. Figure Source E. Figure Source D.   RRM 11.8 and 23.5 location source polygons and relative 

position of consumers (solid circles = unadjusted δ 
15

N and δ 
13

C, open circles = adjusted  δ 
15

N and δ 
13

C).  Each point reflects a mean for that sample type during the June 2010 sampling.  Units are per mil.               
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Figure 16.   RRM 0.1 and 3.5 location source polygons and relative position of consumers (solid circles = 

unadjusted δ 
15

N and δ 
13

C, open circles = adjusted  δ 
15

N and δ 
13

C).  Each point reflects a mean for that 
sample type during the August 2010 sampling.  Units are per mil.               
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Figure 17.   RRM 11.8 and 23.5 location source polygons and relative position of consumers (solid circles 

= unadjusted δ 
15

N and δ 
13

C, open circles = adjusted  δ 
15

N and δ 
13

C).  Each point reflects a mean for 
that sample type during the August 2010 sampling. Units are per mil.               
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Figure 18.  Top Panel – The trophic position (δ 
15

N, per mil) versus wet weight (g) of the both species of 

bass. Bottom panel - Muscle total mercury concentration (µg/kg) versus trophic position (δ 
15

N, per mil). 
Sampling location is used to indicate the position of each data point.   
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Figure 19. Top Panel –  The trophic position (δ 

15
N, per mil) versus wet weight (g) of largemouth bass. 

Bottom panel - Muscle total mercury concentration (µg/kg) versus trophic position (δ 
15

N, per mil). 
Sampling location is used to indicate the position of each data point. 

 
 

 

 

 

 

 



 

 

 

31

 
 

Figure 20. Top Panel –  The trophic position (δ 
15

N, per mil) versus wet weight (g) of smallmouth bass. 

Bottom panel - Muscle total mercury concentration (µg/kg) versus trophic position (δ 
15

N, per mil). 
Sampling location is used to indicate the position of each data point. 
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Appendix A. Trophic Modeling Data for Four Floodplain Locations  
 

SAMPDATE    SITE   LNAME           CNAME         ORGANISM   REP   DRYWT   WETWT     THG       MHG     PERMHG DELN15 DELC13  RM   THERM  

05072009    AFC09   .              Periphyton  Bank    A   0.9492  52.904    4930.74   73.41   1.50    8.34  -21.62  11.8   . 

05072009    AFC09   .              Periphyton  Bank    B   0.3542  52.256    4681.17  115.89   2.50    8.61  -25.10  11.8   . 

05072009    AFC09   .              Periphyton  Bank    C   1.3059  27.465    1781.30   35.87   2.00    8.06  -25.15  11.8   . 

05072009    AFC09   .              Periphyton   Midstream    A   0.4208  22.190    3861.59   82.58   2.10    9.32  -22.41  11.8   . 

05072009    AFC09   .              Periphyton   Midstream    B   0.3241  27.568    4673.77  103.58   2.20    8.73  -24.17  11.8   . 

05072009    AFC09   .              Periphyton   Midstream    C   1.0199  23.664    3878.24   80.06   2.10    9.17  -20.16  11.8   . 

05072009    AFC09   .                Sediment  Bank    A   4.4327  22.884    1922.39   36.20   1.90    5.99  -26.57  11.8   . 

05072009    AFC09   .                Sediment  Bank    B   2.6797  15.995    2516.99   59.98   2.40    7.28  -26.98  11.8   . 

05072009    AFC09   .                Sediment        Bank    C   3.2434  13.075    1772.51   28.22   1.60    7.22  -26.48  11.8   . 

05072009    AFC09   .                Sediment   Midstream    A   2.1817  14.633    2335.55   50.21   2.10    6.17  -26.55  11.8   . 

05072009    AFC09   .                Sediment   Midstream    B   1.3244  13.332    2206.42   41.97   1.90    6.27  -26.45  11.8   . 

05072009    AFC09   .                Sediment   Midstream    C   3.7389  28.827    2508.52   50.80   2.00    7.58  -27.05  11.8   . 

08132009    AFC09  Ephemeroptera   Mayfly      Larvae   A   0.0010  0.0058    833.99   462.76  55.49    8.08  -21.80  11.8   P 

08132009    AFC09  Ephemeroptera   Mayfly      Larvae   B   0.0010  0.0062    685.30   375.66  54.82    8.20  -22.55  11.8   P 

08132009    AFC09  Ephemeroptera   Mayfly      Larvae   C   0.0014  0.0072    957.33   388.83  40.62    8.12  -23.60  11.8   P 

08132009    AFC09  Trichoptera       Caddisfly     Larvae   A   0.0698  0.2954    2451.18  834.08  34.03    9.96  -24.94  11.8   P 

08132009    AFC09  Trichoptera       Caddisfly     Larvae   B   0.0743  0.2902    2396.03  797.01  33.26    9.81  -24.45  11.8   P 

08132009    AFC09  Trichoptera       Caddisfly     Larvae     C   0.0658  0.2691    2283.32  920.78  40.33    9.76  -24.56  11.8   P 

08132009    AFC09  Diptera               Midge     Larvae   A   0.0024  0.0112    3335.15  421.96  12.65    8.28  -23.58  11.8   P 

08132009    AFC09  Diptera               Midge     Larvae   B   0.0020  0.0091    2022.33  421.22  20.83    8.13  -25.00  11.8   P 

08132009    AFC09  Diptera               Midge     Larvae   C   0.0028  0.0120    2868.40  416.63  14.52    8.17  -25.74  11.8   P 

05042009    AFC09  Ephemeroptera   Mayfly       Adult   A   0.0104  0.0309    1275.72 1129.05  88.50   10.32  -28.01  11.8   P 

05042009    AFC09  Ephemeroptera   Mayfly   Adult   B   0.0290  0.0875    907.20   588.48  64.90   10.24  -27.44  11.8   P 

05042009    AFC09  Ephemeroptera   Mayfly   Adult   C   0.0122  0.0349    905.68   884.02  97.60   10.43  -28.44  11.8   P 

08132009    AFC09  Ephemeroptera   Mayfly   Adult   D   0.0024  0.0043    781.19   746.18  95.52    8.85  -24.18  11.8   P 

08132009    AFC09  Ephemeroptera   Mayfly   Adult   E   0.0025  0.0057    842.01   720.07  85.52    8.93  -23.27  11.8   P 

08132009    AFC09  Ephemeroptera   Mayfly   Adult   F   0.0022  0.0040    751.07   593.76  79.05    8.82  -23.79  11.8   P 

08132009    AFC09  Trichoptera      Caddisfly  Adult   A   0.0275  0.0864    2204.33  1225.62 55.60   10.57  -24.15  11.8   P 

08132009    AFC09  Trichoptera      Caddisfly  Adult   B   0.0292  0.0872    2013.43  1209.06 60.05   10.59  -24.27  11.8   P 

08132009    AFC09  Trichoptera      Caddisfly  Adult   C   0.0276  0.0874    2204.52  1317.83 59.78   11.20  -24.97  11.8   P 

08132009    AFC09  Diptera           Midge Adult   A   0.0008  0.0008    2342.17  1634.02 69.76    9.95  -22.98  11.8   P 

08132009    AFC09  Diptera           Midge Adult   B   0.0010  0.0010    1509.57  1409.94 93.40   10.64  -23.03  11.8   P 

08132009    AFC09  Diptera           Midge Adult   C   0.0015  0.0017    2069.13  1310.38 63.33   10.56  -22.69  11.8   P 

05052009    AFC09 .           Soil     .   A   19.210  28.365    21022.02   45.92  0.20    4.10  -27.45  11.8   . 

05052009    AFC09 .           Soil     .   B   17.538  24.627    45713.48   67.67  0.10    3.63  -27.61  11.8   . 

05052009    AFC09 .           Soil           .   C   18.161  25.625    38454.41   90.48  0.20    4.05  -27.25  11.8   . 

05042009    AFC09  Lonicera japonica Honeysuckle   Leaves   A   2.0791  15.998    90.24       6.42  7.10    0.36  -31.21  11.8   . 

05042009    AFC09  Lonicera japonica Honeysuckle   Leaves   B   2.0922  15.056    20.20       2.48 12.30    0.61  -30.59  11.8   . 

05042009    AFC09  Lonicera japonica Honeysuckle    Leaves   C   1.0883  7.5334    39.42       2.32  5.90    0.23  -32.10  11.8   . 

05042009    AFC09  Viola striata  Violet       Leaves   A   2.2228  22.017    442.25      1.68  0.40    0.97  -30.80  11.8   . 

05042009    AFC09  Viola striata  Violet       Leaves   B   0.8756  8.3452    175.95      2.52  1.40    2.03  -30.48  11.8   . 

05042009    AFC09  Viola striata  Violet       Leaves   C   1.8235  19.578    212.65      2.07  1.00    1.17  -32.04  11.8   . 

05042009    AFC09  Festuca elatior     Grass       Leaves   A   1.8279  10.452    47.39       1.88  4.00   -0.67  -31.64  11.8   . 

05042009    AFC09  Festuca elatior     Grass       Leaves   B   1.5463  8.4182    62.93       1.19  1.90    0.89  -30.61  11.8   . 

05042009    AFC09  Festuca elatior   Grass       Leaves   C   0.9295  6.6145    190.67      1.86  1.00    1.21  -31.07  11.8   . 

05052009    AFC09 .           Slug    Whole body    A   0.5745  3.1751    642.51     65.89 10.26    0.86  -28.61  11.8   P 

05052009    AFC09 .           Slug    Whole body   B   0.7320  3.2143    761.53     80.43 10.56    2.16  -28.38  11.8   P 

05052009    AFC09 .           Slug    Whole body   C   0.4310  1.9072    539.73    299.23 55.44    1.70  -23.95  11.8   P 
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SAMPDATE    SITE   LNAME           CNAME         ORGANISM   REP   DRYWT   WETWT     THG       MHG     PERMHG DELN15 DELC13  RM   THERM  

05052009    AFC09  Microcerberidae   Isopod   Whole body   A   0.0800  0.2569    4736.92   157.86  3.30    3.55  -25.29  11.8   P 

05052009   AFC09  Microcerberidae   Isopod    Whole body   B   0.0579  0.1866    1722.16   262.94 15.30    4.27  -25.90  11.8   P 

05052009   AFC09  Microcerberidae   Isopod     Whole body  C   0.1688  0.5059    1749.79   212.17 12.10    5.32  -25.19  11.8   P 

05052009   AFC09  L rubellus (H) Red Marsh Worm   Whole body   A  0.0442  0.2027    15183.89   66.63  0.40    3.96  -25.47  11.8   P 

05052009   AFC09  L rubellus (H) Red Marsh Worm   Whole body   B  0.1269  0.5713    28901.23  914.89  3.20    4.86  -25.60  11.8   P 

05052009   AFC09  L rubellus (H) Red Marsh Worm   Whole body   C  0.3140  1.4184    13763.43  146.40  1.10    1.74  -27.74  11.8   P 

05072009   AFC09  M americanum   Tent Caterpillar Whole body   A  0.0557  0.3738    18.88       3.51 18.60    0.24  -27.70  11.8   P 

05072009   AFC09  M americanum   Tent Caterpillar Whole body   B  0.0222  0.1218    28.03       5.91 21.10    2.00  -32.96  11.8   P 

05072009   AFC09  M americanum   Tent Caterpillar Whole body   C  0.0284  0.1692    27.11      24.24 89.40    2.94  -32.87  11.8   P 

05082009   AFC09  Coccinellidae        Ladybug    Whole body   A  0.0581  0.1716    30.93      19.22 62.10    1.43  -26.13  11.8   P 

05082009   AFC09  Coccinellidae   Ladybug    Whole body  B  0.0550  0.1687    24.60       8.90 36.20    2.14  -26.38  11.8   P 

05082009   AFC09  Coccinellidae   Ladybug    Whole body  C  0.0636  0.1887    18.71      11.88 63.50    0.97  -26.24  11.8   P 

05052009   AFC09  lycosidae         Wolf Spider Whole body   A  0.1033  0.4621    5255.61  1407.51 26.80    9.77  -25.32  11.8   P 

05122009   AFC09  lycosidae         Wolf Spider Whole body   B  0.1338  0.5063    1400.40  1338.25 95.60    8.45  -25.85  11.8   P 

05192009   AFC09  lycosidae         Wolf Spider Whole body   C  1.1491  1.5734    1991.52   779.62 39.10    8.12  -25.76  11.8   P 

05062009   AFC09  P maniculatus   Deer Mouse      Liver   A 0.0714  0.2016    33.75       6.59 19.50    4.30  -29.00  11.8   H 

05052009   AFC09  P maniculatus   Deer Mouse     Muscle   A 0.0555  0.2160    103.61     74.26 71.70    2.59  -25.54  11.8   H 

05062009   AFC09  P maniculatus   Deer Mouse      Liver   B 0.0687  0.2273    417.70     83.65 20.00    4.80  -24.78  11.8   H 

05062009   AFC09  P maniculatus   Deer Mouse     Muscle   B 0.0691  0.2880    117.02     80.18 68.50    3.70  -24.27  11.8   H 

05052009   AFC09  P maniculatus   Deer Mouse      Liver   C 0.0796  0.2785    366.70     81.38 22.20    5.24  -24.51  11.8   H 

05062009   AFC09  P maniculatus   Deer Mouse     Muscle   C 0.0480  0.1948    241.04    114.40 47.50    4.22  -24.18  11.8   H 

05042009   AFC09  T ludovicianus  Carolina Wren    Blood   A 0.0072  0.0371    8960.46  8690.75 97.00    5.78  -23.94  11.8   H 

05042009   AFC09  T ludovicianus  Carolina Wren  Feather   A 0.0132  0.0155    137727.8 66158.29 48.00   7.13  -23.90  11.8   H 

05052009   AFC09  T ludovicianus  Carolina Wren    Blood   B 0.0150  0.0639    6491.90  6233.60 96.00    5.99  -23.78  11.8   H 

05052009   AFC09  T ludovicianus  Carolina Wren  Feather   B 0.0045  0.0051    16926.76 8629.27 51.00    8.91  -23.19  11.8   H 

05052009   AFC09  T ludovicianus  Carolina Wren    Blood   C 0.0059  0.0265    10794.08 8026.22 74.40    6.15  -24.35  11.8   H 

05052009   AFC09  T ludovicianus  Carolina Wren  Feather   C 0.0025  0.0030    18307.69 10645.67 58.10   8.21  -24.03  11.8   H 

05042009   AFC09  Melospiza melodia  E Song Sparrow   Blood   A 0.0256  0.1152    2748.31  3116.66 113.40   8.84  -20.54  11.8   H 

05042009   AFC09  Melospiza melodia  E Song Sparrow Feather   A 0.0077  0.0088    1771.13  1772.39 100.10  11.15  -18.29  11.8   H 

05042009   AFC09  Melospiza melodia  E Song Sparrow   Blood   B 0.0097  0.0449    8160.67  7615.30  93.30  12.36  -25.16  11.8   H 

05042009   AFC09  Melospiza melodia  E Song Sparrow Feather   B 0.0116  0.0126    18852.57 10230.01 54.30   9.65  -24.47  11.8   H 

05052009   AFC09  Melospiza melodia  E Song Sparrow   Blood   C 0.0104  0.0453    8144.42  8168.56 100.30  11.11  -23.90  11.8   H 

05052009   AFC09  Melospiza melodia  E Song Sparrow Feather   C 0.0068  0.0074    2444.59  1023.90  41.90   9.42  -23.26  11.8   H 

05042009   AFC09  C cardinalis  N Cardinal      Blood   A 0.0204  0.0991    1132.81   989.43  87.30   4.75  -24.41  11.8   H 

05042009   AFC09  C cardinalis  N Cardinal     Feather   A 0.0110  0.0135    1952.91  1063.23  54.40   5.73  -23.29  11.8   H 

05052009   AFC09  C cardinalis  N Cardinal     Blood   B 0.0105  0.0513    150.24     72.40  48.20   5.80  -19.57  11.8   H 

05052009   AFC09  C cardinalis  N Cardinal   Feather   B 0.0122  0.0136    6011.19  4114.22  68.40   5.63  -20.46  11.8   H 

05052009   AFC09  C cardinalis  N Cardinal     Blood   C 0.0161  0.0764    3101.44  2928.90  94.40   6.09  -24.48  11.8   H 

05052009   AFC09  C cardinalis  N Cardinal   Feather   C 0.0268  0.0308    4545.84  2680.19  59.00   6.63  -23.25  11.8   H 

05052009   AFC09  Otus  asio         E Screech Owl    Blood   A 0.0200  0.0831    3462.10  2796.57  80.80   6.14  -23.93  11.8   H 

05052009   AFC09  Otus  asio         E Screech Owl  Feather   A 0.0436  0.0503    4438.17  3012.76  67.90   7.12  -22.67  11.8   H 

05052009   AFC09  Otus  asio         E Screech Owl    Blood    B 0.0253  0.1126    3197.32  2034.47  63.60   6.61  -24.09  11.8   H 

05052009   AFC09  Otus  asio         E Screech Owl  Feather    B 0.0592  0.0695    7851.13  5251.73  66.90   8.67  -22.69  11.8   H 

05132009   AFC09  Otus  asio         E Screech Owl    Blood    C 0.0056  0.0239    6708.41  5683.05  84.70   6.76  -23.20  11.8   H 

05132009   AFC09  Otus  asio         E Screech Owl   Feather  C 0.0534  0.0617    3268.52  2886.75  88.30   7.38  -22.89  11.8   H 

05132009   AFC09  Otus  asio         E Screech Owl    Blood    D 0.0179  0.0758    6030.70  4781.36  79.30   5.74  -23.90  11.8   H 

05132009   AFC09  Otus  asio         E Screech Owl   Feather  D 0.0746  0.0854    5554.18  3983.89  71.70   5.95  -23.35  11.8   H 

05052009   AFC09  Pipilo          Towhee      Blood  A 0.0189  0.0925    3340.10  3310.30  99.10   5.32  -25.37  11.8   H 

05042009   AFC09  Pipilo          Towhee    Feather  A 0.0132  0.0148    11068.95 5689.02  51.40   5.84  -23.39  11.8   H 

04242009   AFC09  Pipilo          Towhee      Blood  B 0.0393  0.1910    3102.28  2665.69  85.90   6.04  -24.37  11.8   H 
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04242009   AFC09  Pipilo          Towhee    Feather  B 0.0088  0.0094    5444.41  2932.97  53.90   6.76  -24.47  11.8   H 

05042009   AFC09  Sayornis phoebe  Eastern Phoebe   Blood  A 0.0156  0.0717    4785.58  4930.53 103.00   9.55  -23.47  11.8   H 

05042009   AFC09  Sayornis phoebe  Eastern Phoebe Feather  A 0.0056  0.0067    23061.8 15517.07  67.30  12.76  -22.02  11.8   H 

05042009   AFC09  Baeolophus bicolor  Titmouse       Blood  A 0.0101  0.0487    1120.18  1172.68 104.70   5.70  -22.78  11.8   H 

05052009   AFC09  Baeolophus bicolor  Titmouse     Feather  A 0.0102  0.0122    6480.82  5309.70  81.90   6.86  -23.64  11.8   H 

05052009   AFC09  Sialia sialis  E Bluebird       Blood  A 0.0188  0.0860    8242.74  7032.19  85.30   9.27  -23.18  11.8   H 

05052009   AFC09  Sialia sialis        E Bluebird    Feather  A 0.0032  0.0037    2199.26  1062.55  48.30   7.33  -21.54  11.8   H 

05052009   AFC09  D carolinensis  Gray Catbird     Blood  A 0.0139  0.0585    362.64    270.65  74.60   5.94  -24.92  11.8   H 

05052009   AFC09  D carolinensis  Gray Catbird   Feather  A 0.0122  0.0137    268.80     64.99  24.20   7.31  -23.99  11.8   H 

05082009     GTP   .         Periphyton     Bank  A 0.9001 64.336   2680.44    47.01   1.80   8.45  -23.58  22.4   . 

05082009     GTP   .         Periphyton     Bank  B 0.5508 55.390   3614.05    64.53   1.80   8.46  -21.36  22.4   . 

05082009     GTP   .         Periphyton     Bank  C 0.2552 61.224   4231.35    84.46   2.00   8.63  -23.44  22.4   . 

05082009     GTP   .         Periphyton   Midstream  A 0.3160 62.461   4119.69   139.90   3.40   7.40  -24.91  22.4   . 

05082009     GTP   .         Periphyton   Midstream  B 0.8614 56.871   2672.10    54.48   2.00   8.55  -21.59  22.4   . 

05082009     GTP   .         Periphyton   Midstream  C 0.7657 56.812   3534.67    59.02   1.70   8.61  -21.99  22.4   . 

05082009     GTP   .           Sediment     Bank  A 0.9875 70.621   2182.41    41.51   1.90   6.35  -26.62  22.4   . 

05082009     GTP    .           Sediment     Bank  B 0.9869 71.388   1903.57    43.74   2.30   6.82  -26.52  22.4   . 

05082009     GTP   .           Sediment     Bank  C 0.9472 72.007   1220.30    22.10   1.80   6.05  -26.12  22.4   . 

05082009     GTP    .           Sediment   Midstream  A 1.4337 60.675   2499.94    55.38   2.20   6.78  -26.71  22.4   . 

05082009     GTP   .           Sediment   Midstream  B 1.3177 59.617   2818.32    58.79   2.10   6.57  -26.59  22.4   . 

05082009     GTP    .           Sediment   Midstream  C 1.3202 73.356   2573.31    43.11   1.70   6.66  -27.00  22.4   . 

08132009     GTP  Ephemeroptera     Mayfly     Larvae  A 0.0021 0.0125   905.13    207.60  22.94   8.19  -30.44  22.4   P 

08132009     GTP  Ephemeroptera     Mayfly     Larvae  B 0.0035 0.0161   718.82     79.14  11.01   9.12  -28.54  22.4   P 

08132009     GTP  Ephemeroptera     Mayfly     Larvae  C 0.0020 0.0080   655.38    190.70  29.10   8.18  -29.49  22.4   P 

08132009     GTP  Trichoptera          Caddisfly    Larvae  A 0.0644 0.2890   2333.68   902.56  38.68   9.60  -27.30  22.4   P 

08132009     GTP  Trichoptera          Caddisfly    Larvae  B 0.0597 0.2729   2140.63   853.26  39.86   9.66  -27.01  22.4   P 

08132009     GTP  Trichoptera          Caddisfly    Larvae  C 0.0651 0.2889   2055.12   811.66  39.49   9.71  -26.94  22.4   P 

08132009     GTP  Diptera              Midge   Larvae  A 0.0012 0.1595   2722.38   874.93  32.14   9.72  -26.92  22.4   P 

08132009     GTP  Diptera              Midge   Larvae  B 0.0007 0.0023   2634.14   687.73  26.11   6.70  -26.03  22.4   P 

08132009     GTP  Diptera              Midge   Larvae  C 0.0008 0.0029   1743.81   586.35  33.62   8.42  -27.07  22.4   P 

05062009     GTP  Ephemeroptera     Mayfly      Adult  A 0.0370 0.1034   699.16    661.89  94.70   7.32  -27.18  22.4   P 

05072009     GTP  Ephemeroptera     Mayfly      Adult  B 0.0356 0.1058   729.69    748.81 102.60   8.49  -26.41  22.4   P 

05072009     GTP  Ephemeroptera     Mayfly      Adult  C 0.0293 0.0848   585.97    673.72 115.00   7.77  -26.20  22.4   P 

08132009     GTP  Ephemeroptera     Mayfly      Adult  D 0.0006 0.0014   452.03    123.11  27.23   9.13  -27.51  22.4   P 

08132009     GTP  Ephemeroptera     Mayfly      Adult  E 0.0009 0.0017   374.45    138.49  36.99   8.75  -27.30  22.4   P 

08132009     GTP  Ephemeroptera     Mayfly      Adult  F 0.0012 0.0029   466.69    211.94  45.41   8.44  -27.17  22.4   P 

08132009     GTP  Trichoptera         Caddisfly     Adult  A 0.0156 0.0448   974.88    704.00  72.21   10.78 -26.06  22.4   P 

08132009     GTP  Trichoptera         Caddisfly     Adult  B 0.0107 0.0360  1674.09   1183.23  70.68   11.02 -26.68  22.4   P 

08132009     GTP  Trichoptera         Caddisfly     Adult  C 0.0184 0.0542  1072.69    944.47  88.05   10.15 -26.66  22.4   P 

08132009     GTP  Diptera             Midge    Adult  A 0.0042 0.0104  1944.87    653.12  33.58   11.94 -24.81  22.4   P 

08132009     GTP  Diptera             Midge    Adult  B 0.0034 0.0084  2213.95    611.24  27.61   11.80 -25.30  22.4   P 

08132009     GTP  Diptera             Midge    Adult  C 0.0049 0.0114  1823.90   1390.97  76.26   11.73 -25.26  22.4   P 

05042009     GTP  .              Soil       .   A 20.221 26.074  3520.23     32.06   0.90    5.45 -27.61  22.4   . 

05042009     GTP  .              Soil       .   B 23.456 30.078  3309.98     14.37   0.40    4.63 -26.81  22.4   . 

05042009     GTP  .              Soil       .   C 22.979 28.841  6454.41     13.75   0.20    4.36 -26.62  22.4   . 

05052009     GTP Lonicera japonica  Honeysuckle   Leaves   A 1.0634 5.9928    76.52      1.10   1.40    0.08 -32.25  22.4   . 

05052009     GTP Lonicera japonica  Honeysuckle   Leaves   B 0.7638 4.5231    31.76      1.14   3.60   -0.48 -32.65  22.4   . 

05052009     GTP Lonicera japonica  Honeysuckle   Leaves   C 1.3005 8.4534    45.65      1.50   3.30   -0.56 -32.95  22.4   . 

05052009     GTP Viola striata     Violet   Leaves   A 1.3287 13.208    59.41      1.12   1.90    0.29 -32.14  22.4   . 

05052009     GTP Viola striata     Violet   Leaves   B 1.2775 11.468    58.26      0.88   1.50    1.95 -30.49  22.4   . 
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05052009     GTP Viola striata     Violet      Leaves   C 1.5638 11.550    58.47      0.99   1.70    1.41 -30.97  22.4   . 

05052009     GTP Festuca elatior          Grass   Leaves   A 2.4667 12.104    50.26      1.15   2.30    0.75 -31.48  22.4   . 

05052009     GTP Festuca elatior     Grass   Leaves   B 1.5607 9.1851    32.04      1.10   3.40    0.78 -32.94  22.4   . 

05052009     GTP Festuca elatior     Grass   Leaves   C 1.8622 10.013    21.14      1.25   5.90    0.49 -30.81  22.4   . 

05042009     GTP  .             Slug    Whole body  A 0.3966 1.9463   285.39     62.63  21.95    2.06 -24.20  22.4   P 

05042009     GTP  .             Slug    Whole body  B 0.4130 1.9255    87.18     24.28  27.85    2.13 -26.49  22.4   P 

05042009     GTP  .             Slug    Whole body  C 0.2875 1.3024   138.73     46.07  33.20    0.96 -28.38  22.4   P 

05042009     GTP Microcerberidae    Isopod   Whole body  A  0.1591 0.4541   1586.80   229.04  14.40    5.50 -24.92  22.4   P 

05042009     GTP Microcerberidae    Isopod   Whole body   B 0.1493 0.4788   1154.64   288.38  25.00    5.18 -24.58  22.4   P 

05042009     GTP Microcerberidae    Isopod   Whole body   C 0.1319 0.4650   1371.00   347.13  25.30    5.69 -25.21  22.4   P 

05042009     GTP L rubellus (H)  Red Marsh Worm   Whole body  A 0.2317 1.1794   1057.47   130.52  12.30    1.70 -25.77  22.4   P 

05042009     GTP L rubellus (H)  Red Marsh Worm   Whole body  B 0.2152 1.0228   1585.88    89.61   5.70    2.36 -26.13  22.4   P 

05042009     GTP L rubellus (H)  Red Marsh Worm   Whole body  C 0.2853 1.3557   3779.57   146.30   3.90    2.26 -26.11  22.4   P 

05062009     GTP M americanum    Tent Caterpillar Whole body  A 0.1197 0.9848     14.76     3.01  20.40    1.37 -24.68  22.4   P 

05062009     GTP M americanum    Tent Caterpillar Whole body  B 0.1293 1.0259     15.97     2.62  16.40    1.06 -24.72  22.4   P 

05062009     GTP M americanum    Tent Caterpillar Whole body  C 0.1399 1.0765     13.10     1.89  14.40    1.33 -24.32  22.4   P 

05062009     GTP Coccinellidae   Ladybug   Whole body   A 0.0740 0.1588     19.78    12.66  64.00    1.87 -27.08  22.4   P 

05072009     GTP Coccinellidae   Ladybug   Whole body   B 0.0794 0.1687     22.30    10.91  48.90    1.79 -26.38  22.4   P 

05072009     GTP Coccinellidae   Ladybug   Whole body   C 0.0750 0.1456     25.21     7.91  31.40    1.49 -26.20  22.4   P 

05072009     GTP lycosidae       Wolf Spider   Whole body  A 0.0505 0.1699    701.62   245.28  35.00    6.30 -24.92  22.4   P  

05082009     GTP lycosidae       Wolf Spider   Whole body  B 0.0700 0.2269    541.23   188.79  34.90    6.92 -25.70  22.4   P 

05202009     GTP lycosidae       Wolf Spider   Whole body  C 0.0518 0.1711    983.27   390.62  39.70    7.26 -25.55  22.4   P 

05062009     GTP P maniculatus       Deer Mouse     Liver   A 0.0752 0.2369    144.41    55.00  38.10    4.56 -24.91  22.4   H 

05062009     GTP P maniculatus       Deer Mouse    Muscle   A 0.0671 0.2844     49.25    18.30  37.20    4.04 -24.12  22.4   H 

05082009     GTP P maniculatus       Deer Mouse     Liver   B 0.0394 0.1270    246.93    77.55  31.40    4.78 -25.19  22.4   H 

05082009     GTP P maniculatus       Deer Mouse    Muscle   B 0.1252 0.5113    183.40   101.50  55.30    5.08 -24.37  22.4   H 

05082009     GTP P maniculatus       Deer Mouse     Liver   C 0.0523 0.1668    147.56    64.70  43.80    4.14 -25.25  22.4   H 

05082009     GTP P maniculatus       Deer Mouse    Muscle   C 0.0911 0.3592     54.34    17.37  32.00    4.98 -24.68  22.4   H 

05072009     GTP Microtus pinetorum  Pine Vole    Liver   A 0.0478 0.1505    151.70    55.94  36.90    3.46 -25.20  22.4   H 

05072009     GTP Microtus pinetorum  Pine Vole   Muscle   A 0.1080 0.4436     36.28    21.69  59.80    4.44 -28.50  22.4   H 

05082009     GTP Blarina brevicauda Shrew           Liver   A 0.0463 0.1387   1103.31   927.96  84.10    5.52 -24.63  22.4   H 

05082009     GTP Blarina brevicauda Shrew        Muscle   A 0.0331 0.1329   2315.88  2215.84  95.70    5.44 -24.32  22.4   H 

05052009     GTP T ludovicianus Carolina Wren    Blood   A 0.0146 0.0644  11849.86 11508.33  97.10    7.78 -24.45  22.4   H 

05052009     GTP T ludovicianus Carolina Wren  Feather   A 0.0015 0.0016  12445.86  8533.39  68.60    8.16 -23.70  22.4   H 

05062009     GTP T ludovicianus Carolina Wren    Blood   B 0.0157 0.0623  18669.11 15996.05  85.70    7.90 -24.52  22.4   H 

05062009     GTP T ludovicianus Carolina Wren  Feather   B 0.0050 0.0058  19038.94  9497.53  49.90    8.83 -24.30  22.4   H 

05062009     GTP T ludovicianus Carolina Wren    Blood   C 0.0230 0.1000  11012.15  9855.01  89.50    9.08 -23.57  22.4   H 

05062009     GTP T ludovicianus Carolina Wren  Feather   C 0.0091 0.0102  11842.89  8578.99  72.40    9.52 -22.68  22.4   H 

05062009     GTP C cardinalis         N Cardinal    Blood   A 0.0102 0.0467   1571.00  1600.37 101.90    4.20 -24.71  22.4   H 

05062009     GTP C cardinalis         N Cardinal     Feather  A 0.0212 0.0244   2773.60  1922.36  69.30    6.83 -23.94  22.4   H 

05062009     GTP C cardinalis         N Cardinal       Blood  B 0.0220 0.1115    327.74   243.75  74.40    4.54 -25.01  22.4   H 

05062009     GTP C cardinalis         N Cardinal   Feather B  0.0217 0.0247   3768.10  2445.54  64.90    6.53 -23.87  22.4   H 

05062009     GTP C cardinalis         N Cardinal    Blood   C 0.0164 0.0709    299.78   196.15  65.40    5.20 -23.76  22.4   H 

05062009     GTP C cardinalis         N Cardinal   Feather C  0.0211 0.0238   1107.49   808.09  73.00   10.23 -15.30  22.4   H 

05052009     GTP Baeolophus bicolor Titmouse     Blood   A 0.0215 0.0959   2408.71  2333.54  96.90    6.23 -24.01  22.4   H 

05052009     GTP Baeolophus bicolor Titmouse    Feather A  0.0124 0.0142   8654.70  6847.73  79.10    8.29 -22.95  22.4   H 

05062009     GTP Baeolophus bicolor Titmouse    Blood   B  0.0152 0.0717   2139.93  1733.08  81.00    5.83 -24.46  22.4   H 

05062009     GTP Baeolophus bicolor Titmouse   Feather B  0.0120 0.0134   1159.17   678.90  58.60    6.17 -23.61  22.4   H 

05072009     GTP Baeolophus bicolor Titmouse    Blood   C  0.0120 0.0551   2143.09  1993.31  93.00    6.10 -23.38  22.4   H 

05072009     GTP Baeolophus bicolor Titmouse   Feather C  0.0091 0.0103   6102.02  4260.49  69.80    7.72 -22.31  22.4   H 
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05072009     GTP Otus asio         E Screech Owl    Blood  A  0.0164 0.0730   7659.58  6566.24  85.70    7.64 -23.23  22.4   H 

05072009     GTP Otus asio         E Screech Owl  Feather  A  0.0353 0.0406   5525.56  4775.15  86.40    8.76 -23.59  22.4   H 

05112009     GTP Otus asio         E Screech Owl    Blood  B  0.0343 0.1500   6344.77  4699.46  74.10    7.66 -22.39  22.4   H 

05112009     GTP Otus asio         E Screech Owl  Feather  B  0.0451 0.0519   2776.59  2226.61  80.20    6.59 -23.41  22.4   H 

05112009     GTP Otus asio         E Screech Owl    Blood   C  0.0141 0.0638   7950.71  8233.33 103.60    5.72 -23.80  22.4   H 

05112009     GTP Otus asio         E Screech Owl   Feather  C  0.0508 0.0592   4234.05  3413.43  80.60    8.23 -23.39  22.4   H 

05032010     NP .         Soil           .   A  5.42706 6.81936    3461.9     29.1    0.8    3.81 -26.87   2.0   . 

05032010     NP .               Soil            .    B 6.36615 7.85694    1576.7     10.8    0.7    3.80 -26.98   2.0   . 

05032010     NP .         Soil           .   C  8.36585  10.05782    6873.2     30.9   0.4    3.31  -27.16   2.0  . 

05032010     NP .         Leaf Litter  Plant   A  1.26669 2.70412    1357.5 7.3    0.5    1.17  -28.18  2.0   . 

05032010     NP .         Leaf Litter  Plant   B  1.32232 2.97845     791.6 4.9    0.6    0.47  -27.02  2.0   . 

05032010     NP .         Leaf Litter  Plant   C  1.00889 1.77498    6141.7     17.2    0.3   -0.73  -28.26  2.0   . 

05032010     NP Viola striata         Violet        Leaves   A  0.41272 2.51361     115.7 5.7    4.9    1.33  -31.18  2.0   . 

05032010     NP Viola striata         Violet       Leaves   B  0.17777 1.01325     136.5 1.8    1.3   -0.70  -32.12  2.0   . 

05032010     NP Viola striata         Violet       Leaves   C  0.26410 1.44442     247.2     10.6    4.3    0.57  -31.77  2.0   . 

05032010     NP Lonicera japonica     Honeysuckle  Leaves   A  0.23164 1.22298      36.1 2.1    5.9    0.30  -30.62  2.0   . 

05032010     NP Lonicera japonica     Honeysuckle    Leaves   B  0.38321 1.96098      17.6      1.6    9.1    3.10  -30.59  2.0   . 

05032010     NP Lonicera japonica     Honeysuckle    Leaves   C  0.39200 2.17784      95.4      5.6    5.9    0.46  -30.41  2.0   . 

05032010     NP Festuca elatior       Grass         Leaves   A  0.31729 1.82231      63.3      1.9    3.0    2.43  -31.03  2.0   . 

05032010     NP Festuca elatior       Grass         Leaves   B  0.16387 0.90630      35.1      2.1    5.9    1.75  -32.09  2.0   . 

05032010     NP Festuca elatior       Grass         Leaves   C  1.23215 5.66941      19.1 1.5    8.0    0.10  -31.25  2.0   . 

05032010     NP L rubellus (H)  Worm       Whole Body   A  0.09713 0.43402    3014.2    117.0    3.9    3.12  -25.12  2.0   P 

05032010     NP L rubellus (H)  Worm     Whole Body   B  0.36997 1.57257    8108.6    540.0    6.7    3.40  -25.14  2.0   P 

05032010     NP L rubellus (H         Worm     Whole Body   C  0.12887 0.44876    3515.0    458.6   13.0    3.62  -26.98  2.0   P 

05032010     NP Prophysaon dubium     Slug     Whole Body   A  0.22380 0.90319     490.4     67.6   13.8    1.61  -27.18  2.0   P 

05032010     NP Prophysaon dubium     Slug       Whole Body   B  0.23275 0.98773     541.6     73.2   13.5    1.28  -27.77  2.0   P 

05032010     NP Prophysaon dubium     Slug       Whole Body   C  0.21347 1.06574     256.1     82.0   32.0    2.16  -26.47  2.0   P 

05042010     NP Microcerberidae       Isopod     Whole Body   A  0.02594 0.06678    1031.6    653.3   63.3    4.51  -24.87  2.0   P 

05042010     NP Microcerberidae       Isopod     Whole Body   B  0.01618 0.04258     647.8    394.0   60.8    3.20  -25.21  2.0   P 

05042010     NP Microcerberidae       Isopod     Whole Body   C  0.01588 0.03712    2036.1    574.3   28.2    3.39  -24.58  2.0   P 

05052010     NP M americanum    Tent Caterpillar Whole Body   A  0.57702 2.12209     143.6 5.0    3.5    1.06  -27.60  2.0   P 

05052010     NP M americanum    Tent Caterpillar Whole Body   B  0.78288 2.64701     102.3 5.2    5.1    1.47  -25.98  2.0   P 

05052010     NP M americanum    Tent Caterpillar Whole Body   C  0.59291 1.98451     182.0 5.8    3.2    3.01  -28.00  2.0   P 

05042010     NP P melanarius     Ground Beetle  Whole Body   A  0.11546 0.25711     494.3    356.4   72.1    5.79  -25.82  2.0   P 

05042010     NP P melanarius     Ground Beetle  Whole Body   B  0.14740 0.33227     242.7    172.5   71.1    6.01  -25.42  2.0   P 

05042010     NP P melanarius     Ground Beetle  Whole Body   C  0.18215 0.46551     534.1    449.4   84.1    7.24  -26.15  2.0   P 

05062010     NP Maladera castanea Garden Beetle  Whole Body   B  0.09190 0.26220    5231.2    124.3    2.4    3.26  -26.13  2.0   P 

05062010     NP Maladera castanea Garden Beetle  Whole Body   C  0.07798 0.22348    2703.0    361.1   13.4    3.61  -25.72  2.0   P 

05062010     NP Maladera castanea Garden Beetle  Whole Body   A  0.09497 0.27378    9861.4    461.9    4.7    3.51  -26.81  2.0   P 

05052010     NP Harmonia axyridis  Ladybug    Whole Body   A  0.05321 0.14217      22.0 5.6   25.3    3.14  -25.72  2.0   P 

05052010     NP Lycosidae(family) Wolf Spider    Whole Body   A  0.01203 0.03472    1310.2    956.0   73.0    8.05  -25.04  2.0   P 

05052010     NP Lycosidae(family) Wolf Spider    Whole Body   B  0.01327 0.03931    3410.7   2602.7   76.3    6.18  -25.25  2.0   P 

05052010     NP Lycosidae(family) Wolf Spider    Whole Body   C  0.02230 0.06592     915.6    699.3   76.4    5.31  -26.48  2.0   P 

05052010     NP Ephemeroptera   Mayfly        Adult   A  0.02272 0.05408     204.4    117.2   57.3    8.67  -28.16  2.0   P 

05052010     NP Ephemeroptera   Mayfly       Adult   B  0.05365 0.14652     265.6    154.6   58.2    7.18  -27.57  2.0   P 

05052010     NP Ephemeroptera   Mayfly       Adult   C  0.03696 0.11132     332.3    169.0   50.9    7.03  -26.90  2.0   P 

05052010     NP Trichoptera       Caddisfly       Adult   A  0.01459 0.03389     348.9    133.5   38.3    6.95  -26.82  2.0   P 

05052010     NP Trichoptera       Caddisfly       Adult   B  0.02047 0.05180     337.6     93.1   27.6    6.85  -26.81  2.0   P 

05052010     NP Trichoptera       Caddisfly       Adult   C  0.04291 0.10661     237.7     78.1   32.9    8.07  -27.71  2.0   P 

05052010     NP Diptera       Midge        Adult   A  0.00613 0.00690     223.4    166.7   74.6    6.75  -27.70  2.0   P 
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05052010     NP Diptera       Midge       Adult   B  0.00189 0.00210     254.4    112.9   44.4    7.73  -25.50  2.0   P 

05052010     NP Diptera            Midge       Adult   C  0.00196 0.00225    1019.5    172.1   16.9    8.27  -25.63  2.0   P 

05052010     NP P maniculatus      Deer Mouse  Liver   A  0.17989 0.71768     247.9     55.6   22.4    5.15  -23.12  2.0   H 

05052010     NP P maniculatus      Deer Mouse  Muscle   A  0.03382 0.14567     187.0    121.4   64.9    4.63  -23.81  2.0   H 

05052010     NP P maniculatus      Deer Mouse  Liver   B  0.02239 0.02750     539.9    144.2   26.7    4.92  -24.03  2.0   H 

05052010     NP P maniculatus      Deer Mouse Muscle   B  0.06684 0.28141     233.0    128.9   55.3    4.66  -23.73  2.0   H 

05062010     NP P maniculatus      Deer Mouse  Liver   C  0.20010 0.69427    2236.7    266.4   11.9    5.00  -23.97  2.0   H 

05062010     NP P maniculatus      Deer Mouse Muscle   C  0.06067 0.21644     509.1    246.8   48.5    3.96  -23.81  2.0   H 

05062010     NP .      Crayfish    Whole Body   A  0.42965 1.90343     334.4     89.1   26.6    7.76  -25.01  2.0   H 

05062010     NP .           Crayfish    Whole Body   B  2.02567 9.69909     604.4    366.1   60.6    9.24  -25.24  2.0   H 

05062010     NP .           Crayfish    Whole Body   C  0.41650 1.81287     343.6    115.0   33.5    7.48  -25.45  2.0   H 

05032010     NP C cardinalis      N Cardinal         Blood   A  0.03414 0.17699     368.1    341.2   92.7    6.17  -22.89  2.0   H 

05032010     NP C cardinalis      N Cardinal      Blood   B  0.03863 0.18676     432.2    387.7   89.7    5.83  -22.89  2.0   H 

05032010     NP C cardinalis      N Cardinal      Blood   C  0.02904 0.13038     183.6    177.6   96.7    5.80  -24.02  2.0   H 

05032010     NP Baeolophus bicolor  Titmouse  Blood   A  0.03373 0.16974    1099.3   1019.6   92.7    7.43  -24.18  2.0   H 

05042010     NP Baeolophus bicolor  Titmouse  Blood   B  0.00363 0.01764     235.4    210.7   89.5    7.16  -23.93  2.0   H 

05042010     NP Baeolophus bicolor  Titmouse  Blood   C  0.00821 0.03824     619.4    598.9   96.7    7.20  -23.97  2.0   H 

05042010     NP Melospiza melodia E Song Sparrow Blood   A  0.01647 0.08003     992.0    933.9   94.1    8.02  -23.15  2.0   H 

05122010     NP Melospiza melodia E Song Sparrow Blood   B  0.02785 0.12688    1656.4   1567.0   94.6    7.81  -24.10  2.0   H 

05122010     NP Melospiza melodia E Song Sparrow Blood   C  0.03380 0.15054     698.0    653.0   93.6    6.40  -22.93  2.0   H 

05032010     NP T ludovicianus     Carolina Wren Blood   A  0.00180 0.01600    5050.0   4799.6   95.0    6.56  -24.08  2.0   H 

05042010     NP T ludovicianus     Carolina Wren Blood   B  0.00765 0.04204    4906.1   4684.2   95.5    8.55  -24.29  2.0   H 

05142010     NP T ludovicianus     Carolina Wren Blood   C  0.00714 0.03247    2373.0   2268.0   95.6    8.02  -23.67  2.0   H 

05032010     NP Otus asio         E Screech Owl Blood   A  0.03569 0.17122   10066.4   9497.5   94.3    9.03  -23.89  2.0   H 

05072010     NP Otus asio     E Screech Owl Blood   B  0.01736 0.07702   12624.3  11913.3   94.4   10.62  -23.26  2.0   H 

05032010     NP D carolinensis    Gray Catbird Blood   A  0.03551 0.14785     451.7    430.4   95.3    6.13  -24.95  2.0   H 

05032010     NP D carolinensis    Gray Catbird Blood   B  0.02701 0.17098     882.6    809.7   91.7    7.81  -24.29  2.0   H 

05032010     NP D carolinensis    Gray Catbird Blood   C  0.03795 0.16343    1947.0   1847.0   94.9    8.94  -23.91  2.0   H 

05032010     NP Turdus migratorius American Robin Blood   A  0.02543 0.10787   24286.1  23080.8   95.0    7.59  -23.49  2.0   H 

05032010     NP Turdus migratorius American Robin Blood   B  0.03689 0.16639    1818.8   1710.4   94.0    7.44  -23.36  2.0   H 

05042010     NP Turdus migratorius American Robin Blood   C  0.01987 0.11079    8503.1   7979.7   93.8    6.83  -22.51  2.0   H 

05032010     NP Picoides pubescens Downy Woodpecker Blood   A  0.02516 0.11977    1317.6   1242.9   94.3    6.79  -22.29  2.0   H 

05032010     NP C cardinalis      N Cardinal Feather   A  0.06324 0.06388     786.2    691.5   88.0    5.60  -22.59  2.0   H 

05032010     NP C cardinalis      N Cardinal Feather   B  0.05844 0.07495     645.1    521.7   80.9    5.28  -22.99  2.0   H 

05032010     NP C cardinalis      N Cardinal Feather   C  0.04695 0.04704     204.0    183.1   89.8    7.68  -21.95  2.0   H 

05032010     NP Baeolophus bicolor   Titmouse Feather   A  0.02332 0.02264    2742.8   2474.2   90.2    7.00  -24.03  2.0   H 

05042010     NP Baeolophus bicolor   Titmouse Feather   B  0.01809 0.01830     378.9    345.1   91.1    7.17  -23.43  2.0   H 

05042010     NP Baeolophus bicolor   Titmouse Feather   C  0.02380 0.02367    1977.9   1786.5   90.3    7.23  -24.01  2.0   H 

05042010     NP Melospiza melodia E Song Sparrow Feather   A  0.01635 0.01668    4198.1   3923.3   93.5    9.58  -23.35  2.0   H 

05122010     NP Melospiza melodia E Song Sparrow Feather   B  0.01724 0.01784     363.3    320.1   88.1    7.05  -14.13  2.0   H 

05122010     NP Melospiza melodia E Song Sparrow Feather   C  0.01625 0.01645     836.5    690.1   82.5    6.46  -21.94  2.0   H 

05032010     NP T ludovicianus     Carolina Wren Feather   A  0.01312 0.01266    6454.6   5851.2   90.7    8.39  -23.16  2.0   H  

05042010     NP T ludovicianus     Carolina Wren Feather   B  0.01118 0.01086    6642.2   6032.8   90.8    8.70  -22.17  2.0   H 

05142010     NP T ludovicianus     Carolina Wren Feather   C  0.01132 0.01102    2083.5   1963.2   94.2    9.66  -22.39  2.0   H 

05032010     NP Otus asio     E Screech Owl Feather   A  0.06559 0.03777    1350.7   1183.4   87.6    8.40  -22.63  2.0   H 

05072010     NP Otus asio         E Screech Owl Feather   B  0.07010 0.08573    8535.9   7673.1   89.9    7.92  -22.96  2.0   H 

05032010     NP D carolinensis    Gray Catbird Feather   A  0.04245 0.04357     671.3    599.1   89.3    9.53  -24.53  2.0   H 

05032010     NP D carolinensis    Gray Catbird Feather   B  0.03846 0.03928     506.6    443.1   87.5    8.98  -23.30  2.0   H 

05032010     NP D carolinensis    Gray Catbird Feather   C  0.04949 0.05049    1527.8   1413.9   92.5    8.36  -24.38  2.0   H 

05032010     NP Turdus migratorius American Robin Feather   A  0.08557 0.09145    1503.5    888.6   59.1    5.81  -24.04  2.0   H 
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05032010     NP Turdus migratorius American Robin Feather   B  0.08634 0.08975     286.7    238.9   83.3    7.61  -22.43  2.0   H 

05042010     NP Turdus migratorius American Robin Feather   C  0.07428 0.07638     456.5    377.8   82.8    5.90  -23.78  2.0   H 

05042010     GC .      Soil  .   A  4.22929 4.72720   15545.8     48.4    0.3    3.80  -27.01 20.0   . 

05042010     GC .           Soil  .   B  6.06232 7.00971    8345.1     24.2    0.3    2.47  -27.52 20.0   . 

05042010     GC .        Soil  .   C  5.03404 5.30362   11001.3     36.0    0.3    4.16  -27.06 20.0   . 

05042010     GC .           Leaf Litter Plant   A  0.47629 0.58441    4603.8     14.7    0.3    2.23  -28.61 20.0   . 

05042010     GC .      Leaf Litter Plant   B  1.98540 3.47033    6826.3     19.1    0.3    5.05  -28.03 20.0   . 

05042010     GC .           Leaf Litter Plant   C  1.52271 1.99862    2853.2     16.5    0.6    1.60  -28.90 20.0   . 

05042010     GC Viola striata      Violet  Leaves   A  0.19016 1.03911     113.1 2.1    1.8    0.71  -32.32 20.0   . 

05042010     GC Viola striata      Violet  Leaves   B  0.16968 1.35650     764.8 3.6    0.5    2.49  -33.21 20.0   . 

05042010     GC Viola striata      Violet  Leaves   C  0.37098 2.55437      96.1      3.7    3.8    0.49  -32.44 20.0   . 

05042010     GC Lonicera japonica  Honeysuckle Leaves   A  0.40122 2.68422      82.6      1.4    1.7    1.03  -30.64 20.0   . 

05042010     GC Lonicera japonica  Honeysuckle Leaves   C  0.20598 0.91284      52.6 2.0    3.8    1.65  -32.63 20.0   . 

05042010     GC Lonicera japonica  Honeysuckle Leaves   B  0.44562 1.99415     238.8 2.0    0.8    0.01  -31.90 20.0   . 

05042010     GC Festuca elatior    Grass  Leaves   A  1.34072 5.85668      43.3 1.2    2.7    1.13  -30.52 20.0   . 

05042010     GC Festuca elatior    Grass  Leaves   B  0.72282 3.65900     152.5      1.4    0.9    1.57  -31.76 20.0   . 

05042010     GC Festuca elatior    Grass  Leaves   C  0.66060 3.12169      28.4 1.4    4.8    0.65  -32.04 20.0   . 

05042010     GC L rubellus (H)     Worm    Whole Body   A  0.77041 3.18731    8850.0    193.4     2.2    3.92  -27.56 20.0   P 

05042010     GC L rubellus (H)     Worm    Whole Body   B  0.35184 1.34143    5192.8    322.4     6.2    5.28  -25.91 20.0   P 

05042010     GC L rubellus (H)     Worm    Whole Body   C  0.20040 1.02553    4696.8    297.1     6.3    4.16  -26.72 20.0   P 

05042010     GC Microcerberidae    Isopod    Whole Body   A  0.05005 0.13008    1870.3    739.9    39.6 6.11  -25.04 20.0  P 

05042010     GC Microcerberidae    Isopod    Whole Body   B  0.07076 0.17640     935.6    408.6    43.7 4.82  -25.40 20.0  P 

05042010     GC Microcerberidae    Isopod    Whole Body   C  0.04995 0.12159     709.9    332.4     46.8 3.21  -25.50 20.0  P 

05042010     GC M americanum    Tent Caterpillar Whole Body   A  0.02540 0.16846      48.2     14.2     29.5 2.75  -25.89 20.0  P 

05062010     GC Harmonia axyridis     Ladybug    Whole Body   A  0.01501 0.04522     114.6     31.4     27.4 2.15  -25.16 20.0  P 

05052010     GC Tenthredinidae(family)Sawflies   Whole Body   A  0.16710 0.61824      14.6 4.5 30.7 0.68  -29.63 20.0  P 

05052010     GC Tenthredinidae(family)Sawflies   Whole Body   B  0.16093 0.59211      30.2 6.3 20.9 0.85  -29.92 20.0  P 

05052010     GC Tenthredinidae(family)Sawflies   Whole Body   C  0.14934 0.56783      83.0 3.3  4.0   0.83  -29.94 20.0  P 

05052010     GC Lepidoptera(Order) Caterpillar   Whole Body   A  0.11698 0.53500     161.5 4.5  2.8   6.89  -24.13 20.0  P 

05052010     GC Lepidoptera(Order) Caterpillar   Whole Body   B  0.02433 0.14259     111.4     11.7     10.5 1.13  -31.45 20.0  P 

05052010     GC Lepidoptera(Order) Caterpillar   Whole Body   C  0.05534 0.26580     254.9 2.8  1.1 1.13  -31.96 20.0  P 

05052010     GC M americanum    Tent Caterpillar Whole Body   B  0.57132 0.82871      68.5 4.2  6.2 8.51  -25.73 20.0  P 

05042010     GC P melanarius    Ground Beetle    Whole Body   A  0.17671 0.41023     374.9    260.5     69.5 5.96  -27.03 20.0  P 

05042010     GC P melanarius   Ground Beetle    Whole Body   B  0.17436 0.42480     565.3    404.6     71.6 6.62  -26.88 20.0  P 

05042010     GC P melanarius   Ground Beetle    Whole Body   C  0.21268 0.48842     584.3    436.6     74.7 6.37  -27.29 20.0  P 

05042010     GC H pensylvanicus Ground Beetle    Whole Body   A  0.44213 1.05566    1035.5    684.0      66.1 6.93  -26.78 20.0  P 

05042010     GC H pensylvanicus Ground Beetle    Whole Body   B  0.44033 1.11076    1279.3   1023.0      80.0 7.11  -26.54 20.0  P 

05042010     GC H pensylvanicus Ground Beetle    Whole Body   C  0.49360 1.17517    1173.6    941.0      80.2 6.85  -26.69 20.0  P 

05042010     GC Lycosidae(family) Wolf Spider    Whole Body   A  0.02480 0.06903     840.6    649.6      77.3 9.01  -24.28 20.0  P 

05042010     GC Lycosidae(family) Wolf Spider    Whole Body   B  0.03078 0.08524    1349.2    947.6      70.2 6.91  -24.23 20.0  P 

05042010     GC Lycosidae(family) Wolf Spider    Whole Body   C  0.09910 0.25291    4526.1   3652.8      80.7  10.73  -25.05 20.0 P 

05052010     GC Trichoptera         Caddisfly  Adult   A  0.01814 0.06890    1369.4    405.6      29.6 9.21  -26.54  20.0 P 

05052010     GC Trichoptera         Caddisfly  Adult   B  0.02560 0.08779    1032.1    462.6      44.8 9.70  -27.66  20.0 P 

05052010     GC Trichoptera         Caddisfly  Adult   C  0.02218 0.07108    1426.8    629.6      44.1 9.84  -25.65  20.0 P 

05052010     GC Ephemeroptera       Mayfly   Adult   A  0.03971 0.10564     828.9    702.5      84.7 7.85  -26.92  20.0 P 

05052010     GC Ephemeroptera       Mayfly   Adult   B  0.03388 0.10476     728.3    558.1      76.6 8.29  -25.55  20.0 P 

05052010     GC Ephemeroptera       Mayfly   Adult   C  0.01683 0.04597     815.0    659.3      80.9 7.72  -26.27  20.0 P 

05052010     GC Diptera         Midge   Adult   A  0.00130 0.00126    3111.3   1151.8      37.0  10.68  -22.34  20.0 P 

05052010     GC Diptera         Midge         Adult   B  0.00215 0.00231    1472.0    564.1      38.3 9.79  -24.03  20.0 P 

05052010     GC Diptera         Midge  Adult   C  0.00201 0.00227    2850.8    520.7      18.3  10.80  -24.12  20.0 P 
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SAMPDATE    SITE   LNAME           CNAME         ORGANISM   REP   DRYWT   WETWT     THG       MHG     PERMHG DELN15 DELC13  RM   THERM  

05082010     GC Microtus pinetorum  Pine Vole Liver   A  0.17770 0.61510      84.2 8.7  10.3 3.48   -29.77 20.0 H 

05082010     GC Microtus pinetorum  Pine Vole Muscle   A  0.02984 0.12457     129.3     13.7      10.6 3.41   -30.04 20.0  H 

05082010     GC Microtus pinetorum  Pine Vole Liver   B  0.25194 0.83145    1338.9   1139.2      85.1 5.01   -24.30 20.0  H 

05082010     GC Microtus pinetorum  Pine Vole Muscle   B  0.05573 0.20562    2095.4   1931.5  92.2 4.66   -26.40  20.0 H 

05092010     GC P maniculatus       Deer Mouse Liver   A  0.23628 0.85579     238.1    126.9  53.3 7.52 -25.93 20.0 H 

05092010     GC P maniculatus       Deer Mouse Muscle   A  0.06781 0.27338     235.3    190.2  80.8 7.38 -25.44 20.0 H 

05082010     GC C cardinalis        N Cardinal Blood   A  0.03467 0.17439     437.2    396.8  90.8 3.79 -24.25 20.0 H 

05082010     GC C cardinalis        N Cardinal Blood   B  0.07152 0.11693     361.4    348.1  96.3 5.24 -24.51 20.0 H 

05082010     GC C cardinalis        N Cardinal Blood   C  0.03208 0.14622     418.3    383.2  91.6 3.40 -24.38 20.0 H 

05042010     GC Baeolophus bicolor    Titmouse Blood   A  0.02146 0.10210    1644.5   1552.3  94.4 3.61 -23.29 20.0 H 

05052010     GC Baeolophus bicolor    Titmouse Blood   B  0.02156 0.10127     943.8    890.5  94.4 4.43 -23.98 20.0 H 

05052010     GC Baeolophus bicolor    Titmouse Blood   C  0.08632 0.11293    1020.8    984.4  96.4 6.65 -23.52 20.0 H 

05042010     GC T ludovicianus    Carolina Wren Blood   A  0.02382 0.09408    5919.5   5612.4  94.8 5.17 -24.17 20.0 H 

05042010     GC T ludovicianus    Carolina Wren Blood   B  0.03480 0.14891    5774.3   5476.4  94.8 6.67 -23.73 20.0 H 

05052010     GC T ludovicianus    Carolina Wren Blood   D  0.01593 0.03789    5377.0   5093.3  94.7 6.48 -24.21 20.0 H 

05042010     GC Melospiza melodia E Song Sparrow Blood   A  0.02976 0.13546    3899.8   3686.8  94.5 9.83 -23.89 20.0 H 

05052010     GC Melospiza melodia E Song Sparrow Blood   B  0.01030 0.05059    2961.8   2828.2  95.5 6.07 -24.35 20.0 H 

05112010     GC Otu asio          E Screech Owl Blood   A  0.05520 0.26232    2873.6   2724.9  94.8 4.57 -22.80 20.0 H 

05062010     GC H mustelina       Wood Thrush Blood   A  0.03814 0.16715    1660.8   1569.0  94.5 6.56 -25.05 20.0 H 

05112010     GC H mustelina       Wood Thrush Blood   B  0.03528 0.13742    1454.2   1371.2  94.3 3.93 -24.74 20.0 H 

05052010     GC H mustelina       Wood Thrush Blood   C  0.02795 0.10881    1478.6   1391.0  94.1 5.22 -24.79 20.0 H 

05062010     GC Vireo olivaceus   Red Eyed Vireo Blood   A  0.01936 0.08020     464.0    429.3  92.5 3.87 -24.24 20.0 H 

05062010     GC Vireo olivaceus   Red Eyed Vireo Blood   B  0.08885 0.12502     713.8    687.9  96.4 5.44 -24.40 20.0 H 

05072010     GC Vireo olivaceus   Red Eyed Vireo Blood   C  0.06420 0.07294     621.6    599.9  96.5 6.10 -24.29 20.0 H 

05052010     GC S carolinensis    Nuthatch  Blood   A  0.01665 0.07687    1377.5   1304.0  94.7 6.96 -22.78 20.0 H 

05062010     GC S carolinensis    Nuthatch  Blood   B  0.01875 0.04948    1382.7   1325.3  95.9 6.31 -23.46 20.0 H 

05072010     GC S carolinensis    Nuthatch  Blood   C  0.00811 0.03534    1413.4   1348.3  95.4 6.61 -22.98 20.0 H 

05062010     GC Contopus virens   E Wood Pewee Blood   A  0.00837 0.03883     696.3    666.8  95.8 6.75 -22.94 20.0 H 

05062010     GC Contopus virens   E Wood Pewee Blood   B  0.00996 0.09456    3213.0   3045.0  94.8 6.96 -23.13 20.0 H 

05072010     GC Sayornis phoebe   Eastern Phoebe Blood   A  0.01687 0.07487    3210.3   3017.7  94.0 9.27 -24.26 20.0 H 

05072010     GC Picoides villosus Downy Wood Pecker Blood   A  0.03647 0.17314     913.6    865.5  94.7 7.36 -22.62 20.0 H 

05112010     GC Turdus migratorius  American Robin Blood   A  0.15669 0.15832     729.6    705.7  96.7 12.09 -20.78 20.0 H 

05112010     GC Piranga olivacea  Scarlet Tanager Blood   A  0.02821 0.11909     418.7    391.4  93.5  3.96 -24.09 20.0 H 

05052010     GC Zenaida macroura  Mourning Dove Blood   A  0.03589 0.14825      14.1     10.3  73.4  6.74 -18.19 20.0 H 

05072010     GC Spinus tristis    American Goldfinch Blood   A  0.01587 0.07358      16.8     11.5  68.8  5.19 -24.95 20.0 H 

05062010     GC M crinitus        Flycatcher        Blood   A  0.02489 0.10897     603.3    561.5  93.1  4.98 -24.43 20.0 H 

05052010     GC C cardinalis      N Cardinal  Feather   A  0.05238 0.05300     431.7    367.6  85.1  3.32 -24.31 20.0 H 

05112010     GC C cardinalis      N Cardinal  Feather   B  0.05881 0.06133     140.4    110.1  78.4 11.18 -22.62 20.0 H 

05112010     GC C cardinalis      N Cardinal  Feather   C  0.05141 0.06467    1173.5   1089.4  92.8  5.23 -22.55 20.0 H 

05042010     GC Baeolophus bicolor     Titmouse Feather   A  0.02055 0.02072    2355.0   2151.8  91.4  5.14 -23.89 20.0 H 

05052010     GC Baeolophus bicolor     Titmouse Feather   B  0.02469 0.02483    1938.9   1704.2  87.9  5.87 -24.29 20.0 H 

05052010     GC Baeolophus bicolor     Titmouse Feather   C  0.02037 0.02056    1948.4   1810.5  92.9  6.34 -23.59 20.0 H 

05042010     GC T ludovicianus    Carolina Wren Feather   A  0.01214 0.01209    6250.0   5908.6  94.5  4.75 -24.26 20.0 H 

05042010     GC T ludovicianus    Carolina Wren Feather   B  0.01359 0.01338    4756.2   4405.8  92.6  9.90 -23.97 20.0 H 

05052010     GC T ludovicianus    Carolina Wren Feather   D  0.01413 0.01850   18537.9  17781.8  95.9  8.52 -23.86 20.0 H 

05042010     GC Melospiza melodia E Song Sparrow Feather   A  0.01823 0.01814     175.6    162.4  92.5  8.25 -17.79 20.0 H 

05052010     GC Melospiza melodia E Song Sparrow Feather   B  0.01671 0.01655     210.1    195.7  93.2 12.70 -16.67 20.0 H 

05112010     GC Otus asio         E Screech Owl Feather   A  0.06762 0.06865     487.6    406.8  83.4  5.60 -21.14 20.0 H 

05062010     GC H mustelina     Wood Thrush Feather   A  0.03614 0.03734    1953.4   1687.5  86.4  7.30 -22.77 20.0 H 

05112010     GC H mustelina     Wood Thrush Feather   B  0.03721 0.03775    1430.1   1334.9  93.3  3.77 -23.11 20.0 H 
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SAMPDATE    SITE   LNAME           CNAME         ORGANISM   REP   DRYWT   WETWT     THG       MHG     PERMHG DELN15 DELC13  RM   THERM  

05052010     GC H mustelina     Wood Thrush Feather   C  0.03771 0.03845    9117.1   8639.4  94.8  5.30 -24.11 20.0 H 

05062010     GC Vireo olivaceus   Red Eyed Vireo Feather   A  0.01513 0.01447     817.5    797.4  97.5 12.77 -24.33 20.0 H 

05062010     GC Vireo olivaceus   Red Eyed Vireo Feather   B  0.01537 0.01523     386.3    369.1  95.5 11.09 -24.45 20.0 H 

05072010     GC Vireo olivaceus   Red Eyed Vireo Feather   C  0.01702 0.01654     335.1    321.2  95.8 11.36 -23.23 20.0 H 

05052010     GC S carolinensis          Nuthatch Feather   A  0.01628 0.01647    1970.9   1886.5  95.7  8.63 -19.98 20.0 H 

05062010     GC S carolinensis         Nuthatch Feather   B  0.01345 0.01349    4551.8   4153.4  91.2  6.59 -22.59 20.0 H 

05072010     GC S carolinensis         Nuthatch Feather   C  0.01462 0.01432    1182.3   1107.1  93.6  3.20 -22.25 20.0 H 

05062010     GC Contopus virens     E Wood Pewee Feather   A  0.02224 0.02399    4730.0   4468.2  94.5 10.42 -23.39 20.0 H 

05062010     GC Contopus virens     E Wood Pewee Feather   B  0.02331 0.02392    2621.1   2491.7  95.1 12.10 -23.53 20.0 H 

05072010     GC Sayornis phoebe   Eastern Phoebe Feather   A  0.03027 0.03082    1041.0    960.4  92.3 10.34 -21.29 20.0 H 

05072010     GC Picoides villosus Downy Woodpecker Feather   A  0.02991 0.03032     565.5    463.9  82.0  6.04 -21.36 20.0 H 

05112010     GC Turdus migratorius  American Robin Feather   A  0.08786 0.09037     416.8    350.2  84.0  6.00 -22.53 20.0 H 

05112010     GC Piranga olivacea   Scarlet Tanager Feather   A  0.02898 0.02940    3081.9   2895.5  94.0  5.17 -23.54 20.0 H 

05052010     GC Zenaida macroura     Mourning Dove Feather   A  0.08028 0.08118      12.1 4.5  37.2  8.49 -19.42 20.0 H 

05072010     GC Spinus tristis   American Goldfinch Feather   A  0.01281 0.01269     109.8    101.2      92.1  6.45 -22.84 20.0 H 

05062010     GC M crinitus          Flycatcher Feather   A  0.05825 0.05885    1416.6   1255.5      88.6  2.24 -23.23 20.0 H 

05052010     GC .         Crayfish  Whole Body   C  1.47475 4.32502    2123.7   1512.7      71.2  9.26 -24.99 20.0 P 

05112010     GC .              Crayfish  Whole Body   D  1.81799 5.45245    1960.1   1539.7      78.6  9.57 -25.43 20.0 P 

05112010     GC .              Crayfish  Whole Body   G  1.62771 5.84276    2041.6   1529.1    74.9  9.40 -25.08 20.0 P 

NOTE  
SAMPLE IDENTIFICATIONS 
L rubellus (H) = Lumbricus rubellus; M americanum = Malacosoma americanum (Eastern Tent Caterpillar); P melanarius 
(Ground Beetle) = Pterostichus melanarius(Common Black Ground Beetle); H pensylvanicus, Ground Beetle = Harpalus 
pensylvanicus, Ground Beetle; Garden Beetle = Asiatic Garden Beetle; P manculatus = Peromyscus maniculatus; T 
ludovicianus = Thryothorus ludovicianus; C cardinalis = Cardinalis cardinalis; S carolinensis Nuthatch = Sitta carolinensis  
(White Breasted Nuthatch); M crinitus Flycatcher = Myiarchus crinitus Great Crested Flycatcher; E Wood Pewee Eastern 
Wood Pewee; H mustelina = Hylocichla mustelina; Pipilo = Pipilo erythrophthalmus (Rufous-sided Towhee); H mustelina = 
Hylocichla mustelina; Titmouse = Eastern Tufted Titmouse; D carolinensis = Dumetella carolinensis; Shrew = Short Tailed 
Shrew; D carolinensis = Dumetella carolinensis(Gray Catbird)  
 
UNITS 
THG and MHG = Total mercury and methylmercury concentrations in ng/g dry wt; PERMHG = percentage of the total 

mercury that is methylmercury (%); DELN15 and DELC13 = δ 15N and δ 13C in per mil units (0/00); RM = relative river mile 
with 0 RM being the Waynesboro plant footbridge; THERM = poikilotherm (P) or Homeotherm (H). 
 
SITE 
NP = North Park; AFC09 = Farm on bank opposite of the Augusta Forestry Center; GC = Grand Caverns; GTP = Grottoes 
Town Park 
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Appendix B. Supplemental Avian Food Samples for Monte Carlo Simulations  
Obs    ORGANISM LABEL        LNAME                     TISSUE    CONCENTRATION (ug Hg/g dw) 

 1    Ailanthus Webworm Mo    Atteva aurea              Whole     0.01617 

 2    Ailanthus Webworm Mo    Atteva aurea              Whole     0.01759 

 3    Ailanthus Webworm Mo    Atteva aurea              Whole     0.01870 

 4    Brown seed              Hydrangea arborescens     Fruit     0.00575 

 5    Brown seed              Hydrangea arborescens     Fruit     0.00623 

 6    Brown seed              Hydrangea arborescens     Fruit     0.00643 

 7    Buckeye                 Junonia coenia            Body      0.00937 

 8    Buckeye                 Junonia coenia            Body      0.01119 

 9    Buckeye                 Junonia coenia            Body      0.01176 

10    Buckeye                 Junonia coenia            Wing      0.07186 

11    Buckeye                 Junonia coenia            Wing      0.07264 

12    Buckeye                 Junonia coenia            Wing      0.10429 

13    Camel Cricket           Ceuthophilus maculatus    Whole     0.02083 

14    Camel Cricket           Ceuthophilus maculatus    Whole     0.35647 

15    Camel Cricket           Ceuthophilus maculatus    Whole     0.36631 

16    Caterpillar 1           Arctiidae                 Whole     0.08504 

17    Caterpillar 2           Apatelodes torrefacta     Whole     0.06745 

18    Caterpillar 4           Notodontidae              Whole     0.08192 

19    Caterpillar 5           Notodontidae              Whole     0.28490 

20    Caterpillar 6           Arctiidae                 Whole     0.06293 

21    Caterpillar 7           Arctiidae                 Whole     0.04591 

22    Common Cricket          Gryllidae                 Whole     0.30992 

23    Common Cricket          Gryllidae                 Whole     1.08290 

24    Crabgrass               Digitaria                 Grain     0.06682 

25    Crabgrass               Digitaria                 Grain     0.06844 

26    Crabgrass               Digitaria                 Grain     0.11125 

27    Grasshopper             Orthoptera                Whole     0.11945 

28    Great Southern White    Ascia monuste             Body      0.02158 

29    Great Southern White    Ascia monuste             Body      0.02163 

30    Great Southern White    Ascia monuste             Body      0.02261 

31    Great Southern White    Ascia monuste             Body      0.02350 

32    Great Southern White    Ascia monuste             Body      0.02446 

33    Great Southern White    Ascia monuste             Body      0.02830 

34    Great Southern White    Ascia monuste             Body      0.03255 

35    Great Southern White    Ascia monuste             Body      0.03259 

36    Great Southern White    Ascia monuste             Body      0.03638 

37    Great Southern White    Ascia monuste             Body      0.04278 

38    Great Southern White    Ascia monuste             Body      0.08609 

39    Great Southern White    Ascia monuste             Body      0.11864 

40    Great Southern White    Ascia monuste             Body      0.12781 

41    Great Southern White    Ascia monuste             Body      0.22702 

42    Great Southern White    Ascia monuste             Wing      0.08900 

43    Great Southern White    Ascia monuste             Wing      0.09299 

44    Great Southern White    Ascia monuste             Wing      0.11051 

45    Great Southern White    Ascia monuste             Wing      0.11772 

46    Great Southern White    Ascia monuste             Wing      0.13913 

47    Great Southern White    Ascia monuste             Wing      0.14787 

48    Great Southern White    Ascia monuste             Wing      0.14891 

49    Great Southern White    Ascia monuste             Wing      0.15658 

50    Great Southern White    Ascia monuste             Wing      0.15658 

51    Great Southern White    Ascia monuste             Wing      0.15788 

52    Great Southern White    Ascia monuste             Wing      0.16843 

53    Great Southern White    Ascia monuste             Wing      0.19269 

54    Great Southern White    Ascia monuste             Wing      0.19930 

55    Great Southern White    Ascia monuste             Wing      0.23239    
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Obs    ORGANISM LABEL        LNAME                     TISSUE    CONCENTRATION (ug Hg/g dw) 

56    Johnson Grass           Sorghum halepense         Grain     0.02028 

57    Johnson Grass           Sorghum halepense         Grain     0.02308 

58    Johnson Grass           Sorghum halepense         Grain     0.10235 

59    Lady Bug                Adalia bipunctata         Whole     0.19606 

60    Leafhopper              Cicadellidae              Whole     0.28554 

61    Nursery-web spider      Pisaurina mira            Whole     3.39096 

62    Poison ivy              Toxicodendron radicans    Fruit     0.00310 

63    Poison ivy              Toxicodendron radicans    Fruit     0.00336 

64    Poison ivy              Toxicodendron radicans    Fruit     0.00407 

65    Pokeberry               Phytolacca americana      Fruit     0.00287 

66    Pokeberry               Phytolacca americana      Fruit     0.00554 

67    Pokeberry               Phytolacca americana      Fruit     0.04138 

68    Silver fish             Lepisma saccharina        Whole     0.44067 

69    Soldier Bug             Podisus maculiventris     Whole     0.05145 

70    Soldier Bug             Podisus maculiventris     Whole     0.05972 

71    Soldier Bug             Podisus maculiventris     Whole     0.06681 

72    Spice Bush              Lindera benzoin           Fruit     0.02364 

73    Spice Bush              Lindera benzoin           Fruit     0.02539 

74    Spice Bush              Lindera benzoin           Fruit     0.02549 

75    Spider                                            Whole     0.70677 

76    Spider                                            Whole     1.04724 

77    Spider                                            Whole     1.11553 

78    Spider                                            Whole     1.45228 

79    Spider                                            Whole     2.03729 

80    Sulphur              Phoebis sennae               Body      0.01478 

81    Sulphur              Phoebis sennae               Body      0.01548 

82    Sulphur              Phoebis sennae               Body      0.02092 

83    Sulphur              Phoebis sennae               Body      0.02539 

84    Sulphur              Phoebis sennae               Wing      0.04437 

85    Sulphur              Phoebis sennae               Wing      0.06859 

86    Sulphur              Phoebis sennae               Wing      0.07596 

87    Sulphur              Phoebis sennae               Wing      0.08925 

88    Twistedstalk         Streptopus lanceolatus       Fruit     0.01216 

89    Twistedstalk         Streptopus lanceolatus       Fruit     0.01306 

90    Twistedstalk         Streptopus lanceolatus       Fruit     0.01435 

91    Virginia Wild Rye    Elymus virginicus            Grain     0.01907 

92    Virginia Wild Rye    Elymus virginicus            Grain     0.03447 

93    Virginia Wild Rye    Elymus virginicus            Grain     0.09900 

94    Winter Grape         Vitis                        Fruit     0.00364 

95    Winter Grape         Vitis                        Fruit     0.00373 

96    Winter Grape         Vitis                        Fruit     0.00428 

97    Wooly Caterpillar    Arctiidae                    Whole     0.05304    

NOTE 
Buckeye, sulphur and great southern white are butterfly species. Dr. Jim Perry (VIMS) 
identified the plant species from photographs, and also branch and leaf samples 
brought from the field. 
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Appendix C. Isotope data for Aquatic Primary Consumers and Their Carbon Sources 
(R= June 1-6, 2010; P = August 23-31, 2010; T = October 25-28, 2010 samplings) 
 

Sample ID   Sample Type  Latin Name     δ 13C δ 15N  RRM DATE 
WSR-N-BAETIS-RRM-3.5-RIFFLE-A    Mayfly       Baetis Sp.    -21.93 9.60 3.5  R 

WSR-N-BAETIS-RRM-3.5-RIFFLE-B    Mayfly       Baetis Sp.    -24.72 9.24 3.5  R 

WSR-N-BAETIS-RRM-3.5-RIFFLE-C    Mayfly       Baetis Sp.    -21.94 9.59 3.5  R 

WSR-N-BAETIS-RRM-3.5-RIFFLE-D    Mayfly       Baetis Sp.    -23.86 9.02 3.5  R 

WSR-N-BAETIS-RRM-3.5-RIFFLE-E    Mayfly       Baetis Sp.    -26.56 8.95 3.5  R 

WSR-N-HEPTA-RRM-3.5-RIFFLE-A    Mayfly       Heptageniidae       -26.06 8.01 3.5  R 

WSR-N-HEPTA-RRM-3.5-RIFFLE-B    Mayfly       Heptageniidae       -26.79 7.22 3.5  R 

WSR-N-HEPTA-RRM-3.5-RIFFLE-C    Mayfly       Heptageniidae       -26.22 7.50 3.5  R 

WSR-N-HEPTA-RRM-3.5-RIFFLE-D    Mayfly       Heptageniidae       -25.23 8.12 3.5  R 

WSR-N-HEPTA-RRM-3.5-RIFFLE-E    Mayfly       Heptageniidae       -26.85 7.93 3.5  R 

WSR-N-EPHEM-RRM-3.5-RIFFLE-A    Mayfly       Ephemerellidae      -27.51 8.00 3.5  R 

WSR-N-EPHEM-RRM-3.5-RIFFLE-B    Mayfly       Ephemerellidae      -27.95 7.85 3.5  R 

WSR-N-EPHEM-RRM-3.5-RIFFLE-C    Mayfly       Ephemerellidae      -27.61 8.04 3.5  R 

WSR-N-EPHEM-RRM-3.5-RIFFLE-D    Mayfly       Ephemerellidae      -27.38 7.68 3.5  R 

WSR-N-EPHEM-RRM-3.5-RIFFLE-E    Mayfly       Ephemerellidae      -26.85 7.78 3.5  R 

WSR-N-CRAY-RRM-3.5-RIFFLE-A    Crayfish       .                   -24.75 10.10 3.5  R 

WSR-N-CRAY-RRM-3.5-RIFFLE-B    Crayfish       .                   -25.44 9.27 3.5  R 

WSR-N-CRAY-RRM-3.5-RIFFLE-C    Crayfish       .                   -24.68 9.62 3.5  R 

WSR-N-CRAY-RRM-3.5-RIFFLE-D    Crayfish       .                   -25.82 11.97 3.5  R 

WSR-N-CRAY-RRM-3.5-RIFFLE-E    Crayfish       .                   -25.55 9.83 3.5  R 

WSR-N-CLAM-RRM-3.5-POOL-A    Asian Clam        Corbicula Sp.    -25.60 7.63 3.5  P 

WSR-N-CLAM-RRM-3.5-POOL-B    Asian Clam       Corbicula Sp.    -25.47 7.85 3.5  P 

WSR-N-CLAM-RRM-3.5-POOL-C    Asian Clam       Corbicula Sp.    -25.64 7.81 3.5  P 

WSR-N-CLAM-RRM-3.5-POOL-D    Asian Clam       Corbicula Sp.    -25.64 7.86 3.5  P 

WSR-N-CLAM-RRM-3.5-POOL-E    Asian Clam       Corbicula Sp.    -25.51 8.01 3.5  P 

WSR-N-BAETIS-RRM-3.5-POOL-A    Mayfly       Baetis Sp.    -25.17 10.04 3.5  P 

WSR-N-BAETIS-RRM-3.5-POOL-B    Mayfly       Baetis Sp.    -26.96 9.57 3.5  P 

WSR-N-BAETIS-RRM-3.5-POOL-C    Mayfly       Baetis Sp.    -26.47 9.85 3.5  P 

WSR-N-BAETIS-RRM-3.5-POOL-D    Mayfly       Baetis Sp.    -26.11 9.00 3.5  P 

WSR-N-BAETIS-RRM-3.5-POOL-E    Mayfly       Baetis Sp.    -25.16 10.01 3.5  P 

WSR-N-CADDIS-RRM-3.5-POOL-A    Caddisfly       Hydropsychidae      -26.24 8.69 3.5  P 

WSR-N-CADDIS-RRM-3.5-POOL-B    Caddisfly       Hydropsychidae      -26.09 8.68 3.5  P 

WSR-N-CADDIS-RRM-3.5-POOL-C    Caddisfly       Hydropsychidae      -26.01 8.47 3.5  P 

WSR-N-CADDIS-RRM-3.5-POOL-D    Caddisfly       Hydropsychidae      -26.12 8.28 3.5  P 

WSR-N-CADDIS-RRM-3.5-POOL-E    Caddisfly       Hydropsychidae      -26.87 8.69 3.5  P 

WSR-N-EPILITH-RRM-3.5-RIFFLE-A   LPeriphyton       .                    -28.19 6.96 3.5  R 

WSR-N-EPILITH-RRM-3.5-RIFFLE-B   LPeriphyton       .                   -29.47 6.80 3.5  R 

WSR-N-EPILITH-RRM-3.5-RIFFLE-C   LPeriphyton       .                   -31.14 7.85 3.5  R 

WSR-N-EPILITH-RRM-3.5-RIFFLE-D   LPeriphyton       .                   -31.57 8.04 3.5  R 

WSR-N-EPILITH-RRM-3.5-RIFFLE-E   LPeriphyton       .                   -30.21 7.84 3.5  R 

WSR-E-RRM-3.5-POOL-A            Sediment       .                   -26.79 4.47 3.5  P 

WSR-E-RRM-3.5-POOL-B            Sediment       .                   -26.88 4.61 3.5  P 

WSR-E-RRM-3.5-POOL-C            Sediment       .                   -26.93 4.43 3.5  P 

WSR-E-RRM-3.5-POOL-D            Sediment       .                   -27.02 4.12 3.5  P 

WSR-E-RRM-3.5-POOL-E            Sediment       .                   -26.92 4.55 3.5  P 

WSR-N-SESTON-RRM-3.5-POOL-A    Seston       .                   -26.90 4.22 3.5  P 

WSR-N-SESTON-RRM-3.5-POOL-B    Seston       .                   -26.90 4.85 3.5  P 

WSR-N-SESTON-RRM-3.5-POOL-C    Seston       .                   -26.87 4.06 3.5  P 

WSR-N-SESTON-RRM-3.5-POOL-D    Seston       .                   -26.84 4.81 3.5  P 

WSR-N-SESTON-RRM-3.5-POOL-E    Seston       .                   -26.90 4.17 3.5  P 

WSR-N-LEAF-RRM-3.5-POOL-A    Leaf Litter       .                   -28.47 4.05 3.5  P 

WSR-N-LEAF-RRM-3.5-POOL-B    Leaf Litter       .                   -27.85 0.45 3.5  P 

WSR-N-LEAF-RRM-3.5-POOL-C    Leaf Litter       .                   -28.88 2.76 3.5  P 

WSR-N-LEAF-RRM-3.5-POOL-D    Leaf Litter       .                   -28.96 5.07 3.5  P 

WSR-N-LEAF-RRM-3.5-POOL-E    Leaf Litter       .                   -27.99 3.36 3.5  P 

WSR-N-SAV-RRM-3.5-POOL-A    SAV              .                   -28.68 9.43 3.5  P 

WSR-N-SAV-RRM-3.5-POOL-B    SAV              .                   -28.38 10.16 3.5  P 

WSR-N-SAV-RRM-3.5-POOL-C    SAV              .                   -27.85 8.78 3.5  P 

WSR-N-SAV-RRM-3.5-POOL-D    SAV              .                   -28.77 9.10 3.5  P 

WSR-N-SAV-RRM-3.5-POOL-E    SAV              .                   -28.74 9.69 3.5  P 

WSR-N-EPILITH-RRM-3.5-POOL-A    LPeriphyton       .                   -25.78 6.57 3.5  P 

WSR-N-EPILITH-RRM-3.5-POOL-B    LPeriphyton       .                   -25.59 7.11 3.5  P 

WSR-N-EPILITH-RRM-3.5-POOL-C    LPeriphyton       .                   -25.01 7.81 3.5  P 

WSR-N-EPILITH-RRM-3.5-POOL-D    LPeriphyton       .                   -26.40 6.78 3.5  P 

WSR-N-EPILITH-RRM-3.5-POOL-E    LPeriphyton       .                   -27.27 7.04 3.5  P 

WSR-N-BAETIS-RRM-11.8-RIFFLE-A   Mayfly       Baetis Sp.    -26.06 11.78 11.8 R 
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Sample ID   Sample Type     Latin Name          δ 13C       δ 15N  RRM DATE 
WSR-N-BAETIS-RRM-11.8-RIFFLE-B   Mayfly       Baetis Sp.    -25.01 11.43 11.8 R 

WSR-N-BAETIS-RRM-11.8-RIFFLE-C   Mayfly       Baetis Sp.    -24.68 11.08 11.8 R 

WSR-N-BAETIS-RRM-11.8-RIFFLE-D   Mayfly       Baetis Sp.    -24.34 11.82 11.8 R 

WSR-N-BAETIS-RRM-11.8-RIFFLE-E   Mayfly       Baetis Sp.    -25.11 11.65 11.8 R 

WSR-N-HEPTA-RRM-11.8-RIFFLE-A    Mayfly       Heptageniidae       -27.00 8.41 11.8 R 

WSR-N-HEPTA-RRM-11.8-RIFFLE-B    Mayfly       Heptageniidae       -26.45 8.19 11.8 R 

WSR-N-HEPTA-RRM-11.8-RIFFLE-C    Mayfly       Heptageniidae       -25.91 8.11 11.8 R 

WSR-N-HEPTA-RRM-11.8-RIFFLE-D    Mayfly       Heptageniidae       -26.10 8.34 11.8 R 

WSR-N-HEPTA-RRM-11.8-RIFFLE-E    Mayfly       Heptageniidae       -25.06 8.44 11.8 R 

WSR-N-ISONYCH-RRM-11.8-RIFFLE-A  Mayfly       Isonychia Sp.    -26.09 8.85 11.8 R 

WSR-N-ISONYCH-RRM-11.8-RIFFLE-B  Mayfly       Isonychia Sp.    -26.15 8.91 11.8 R 

WSR-N-ISONYCH-RRM-11.8-RIFFLE-C  Mayfly       Isonychia Sp.    -26.05 8.79 11.8 R 

WSR-N-ISONYCH-RRM-11.8-RIFFLE-D  Mayfly       Isonychia Sp.    -25.93 8.89 11.8 R 

WSR-N-ISONYCH-RRM-11.8-RIFFLE-E  Mayfly       Isonychia Sp.    -25.95 9.00 11.8 R 

WSR-N-CRAY-RRM-11.8-RIFFLE-A    Crayfish       .                   -25.43 10.20 11.8 R 

WSR-N-CRAY-RRM-11.8-RIFFLE-B    Crayfish       .                   -23.54 10.61 11.8 R 

WSR-N-CRAY-RRM-11.8-RIFFLE-C    Crayfish       .                   -25.84 8.99 11.8 R 

WSR-N-CRAY-RRM-11.8-RIFFLE-D    Crayfish       .                   -24.96 8.82 11.8 R 

WSR-N-CRAY-RRM-11.8-RIFFLE-E    Crayfish       .                   -24.82 9.04 11.8 R 

WSR-N-LEAF-RRM-11.8-POOL-A    Leaf Litter       .                   -27.70 2.41 11.8 P 

WSR-N-LEAF-RRM-11.8-POOL-B    Leaf Litter       .                   -29.71 1.93 11.8 P 

WSR-N-LEAF-RRM-11.8-POOL-C    Leaf Litter       .                   -28.32 3.44 11.8 P 

WSR-N-LEAF-RRM-11.8-POOL-D    Leaf Litter       .                   -29.14 2.12 11.8 P 

WSR-N-LEAF-RRM-11.8-POOL-E    Leaf Litter       .                   -28.19 3.56 11.8 P 

WSR-N-SAV-RRM-11.8-POOL-A    SAV              .                   -25.05 14.54 11.8 P 

WSR-N-SAV-RRM-11.8-POOL-B    SAV              .                   -26.98 12.64 11.8 P 

WSR-N-SAV-RRM-11.8-POOL-C    SAV              .                   -27.62 11.55 11.8 P 

WSR-N-SAV-RRM-11.8-POOL-D    SAV              .                   -26.94 11.80 11.8 P 

WSR-N-SAV-RRM-11.8-POOL-E    SAV              .                   -27.24 12.49 11.8 P 

WSR-N-CLAM-RRM-11.8-POOL-A    Asian Clam       Corbicula Sp.    -26.10 8.39 11.8 P 

WSR-N-CLAM-RRM-11.8-POOL-B    Asian Clam       Corbicula Sp.    -25.88 8.75 11.8 P 

WSR-N-CLAM-RRM-11.8-POOL-C    Asian Clam       Corbicula Sp.    -26.11 8.57 11.8 P 

WSR-N-CLAM-RRM-11.8-POOL-D    Asian Clam       Corbicula Sp.    -25.85 8.66 11.8 P 

WSR-N-CLAM-RRM-11.8-POOL-E    Asian Clam       Corbicula Sp.    -25.54 9.55 11.8 P 

WSR-N-BAETIS-RRM-11.8-POOL-A     Mayfly       Baetis Sp.    -24.97 11.68 11.8 P 

WSR-N-BAETIS-RRM-11.8-POOL-B    Mayfly       Baetis Sp.    -25.43 11.58 11.8 P 

WSR-N-BAETIS-RRM-11.8-POOL-C    Mayfly       Baetis Sp.    -25.44 11.30 11.8 P 

WSR-N-BAETIS-RRM-11.8-POOL-D    Mayfly       Baetis Sp.    -25.74 11.58 11.8 P 

WSR-N-BAETIS-RRM-11.8-POOL-E    Mayfly       Baetis Sp.    -25.45 11.40 11.8 P 

WSR-N-CADDIS-RRM-11.8-POOL-A    Caddisfly         Hydropsychidae      -26.58 9.43 11.8 P 

WSR-N-CADDIS-RRM-11.8-POOL-B    Caddisfly         Hydropsychidae      -26.73 9.83 11.8 P 

WSR-N-CADDIS-RRM-11.8-POOL-C    Caddisfly       Hydropsychidae      -26.49 9.44 11.8 P 

WSR-N-CADDIS-RRM-11.8-POOL-D    Caddisfly       Hydropsychidae      -26.51 9.34 11.8 P 

WSR-N-CADDIS-RRM-11.8-POOL-E    Caddisfly       Hydropsychidae      -27.03 9.12 11.8 P 

WSR-E-RRM-11.8-POOL-A            Sediment       .                   -26.77 5.57 11.8 P 

WSR-E-RRM-11.8-POOL-B            Sediment       .                   -26.84 5.65 11.8 P 

WSR-E-RRM-11.8-POOL-C            Sediment       .                   -26.87 4.64 11.8 P 

WSR-E-RRM-11.8-POOL-D            Sediment       .                   -26.75 5.49 11.8 P 

WSR-E-RRM-11.8-POOL-E            Sediment       .                   -26.86 5.50 11.8 P 

WSR-N-SESTON-RRM-11.8-POOL-A    Seston       .                   -26.94 5.32 11.8 P 

WSR-N-SESTON-RRM-11.8-POOL-B    Seston       .                   -27.02 5.68 11.8 P 

WSR-N-SESTON-RRM-11.8-POOL-C    Seston       .                   -26.90 5.28 11.8 P 

WSR-N-SESTON-RRM-11.8-POOL-D    Seston       .                   -26.96 5.06 11.8 P 

WSR-N-SESTON-RRM-11.8-POOL-E    Seston       .                   -26.82 5.42 11.8 P 

WSR-N-EPILITH-RRM-11.8-RIFFLE-A  LPeriphyton       .                   -26.48 7.18 11.8 R 

WSR-N-EPILITH-RRM-11.8-RIFFLE-B  LPeriphyton       .                   -26.62 6.62 11.8 R 

WSR-N-EPILITH-RRM-11.8-RIFFLE-C  LPeriphyton       .                   -25.45 6.71 11.8 R 

WSR-N-EPILITH-RRM-11.8-RIFFLE-D  LPeriphyton       .                   -25.92 6.90 11.8 R 

WSR-N-EPILITH-RRM-11.8-RIFFLE-E  LPeriphyton       .                   -26.18 6.46 11.8 R 

WSR-N-EPILITH-RRM-11.8-POOL-A    LPeriphyton       .                   -24.58 8.26 11.8 P 

WSR-N-EPILITH-RRM-11.8-POOL-B    LPeriphyton       .                   -25.21 7.74 11.8 P 

WSR-N-EPILITH-RRM-11.8-POOL-C    LPeriphyton       .                   -26.03 7.74 11.8 P 

WSR-N-EPILITH-RRM-11.8-POOL-D    LPeriphyton       .                   -24.87 7.96 11.8 P 

WSR-N-EPILITH-RRM-11.8-POOL-E    LPeriphyton       .                   -25.45 8.47 11.8 P 

WSR-N-EPIPHYT-RRM-11.8-POOL-A    PPeriphyton       .                   -26.81 7.17 11.8 P 

WSR-N-EPIPHYT-RRM-11.8-POOL-B    PPeriphyton       .                   -26.85 7.64 11.8 P 

WSR-N-EPIPHYT-RRM-11.8-POOL-C    PPeriphyton       .                   -26.89 7.42 11.8 P 

WSR-N-EPIPHYT-RRM-11.8-POOL-D    PPeriphyton       .                   -27.29 7.96 11.8 P 

WSR-N-EPIPHYT-RRM-11.8-POOL-E    PPeriphyton       .                   -26.89 7.33 11.8 P 

WSR-N-BAETIS-RRM-0.1-RIFFLE-A    Mayfly       Baetis Sp.    -21.59 7.99 0.1  R 
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Sample ID   Sample Type  Latin Name     δ 13C δ 15N  RRM DATE 
WSR-N-BAETIS-RRM-0.1-RIFFLE-B    Mayfly       Baetis Sp.    -23.34 7.60 0.1  R 

WSR-N-BAETIS-RRM-0.1-RIFFLE-C    Mayfly       Baetis Sp.    -22.93 7.84 0.1  R 

WSR-N-BAETIS-RRM-0.1-RIFFLE-D    Mayfly       Baetis Sp.    -22.51 7.98 0.1  R 

WSR-N-BAETIS-RRM-0.1-RIFFLE-E    Mayfly       Baetis Sp.    -24.02 7.74 0.1  R 

WSR-N-HEPTA-RRM-0.1-RIFFLE-A    Mayfly       Heptageniidae      -26.07 7.08 0.1  R 

WSR-N-HEPTA-RRM-0.1-RIFFLE-B    Mayfly       Heptageniidae      -24.74 7.02 0.1  R 

WSR-N-HEPTA-RRM-0.1-RIFFLE-C    Mayfly       Heptageniidae      -26.23 7.15 0.1  R 

WSR-N-HEPTA-RRM-0.1-RIFFLE-D    Mayfly       Heptageniidae      -25.69 7.20 0.1  R 

WSR-N-HEPTA-RRM-0.1-RIFFLE-E    Mayfly       Heptageniidae      -26.18 6.90 0.1  R 

WSR-N-LEPTO-RRM-0.1-RIFFLE-A    Mayfly       Leptophlebiidae    -26.89 6.73 0.1  R 

WSR-N-LEPTO-RRM-0.1-RIFFLE-B    Mayfly       Leptophlebiidae    -26.79 6.18 0.1  R 

WSR-N-LEPTO-RRM-0.1-RIFFLE-C    Mayfly       Leptophlebiidae    -27.11 6.46 0.1  R 

WSR-N-LEPTO-RRM-0.1-RIFFLE-D    Mayfly       Leptophlebiidae    -27.58 6.65 0.1  R 

WSR-N-LEPTO-RRM-0.1-RIFFLE-E    Mayfly       Leptophlebiidae    -27.39 6.95 0.1  R 

WSR-N-CRAY-RRM-0.1-RIFFLE-A      Crayfish       .                   -25.04 8.27 0.1  R 

WSR-N-CRAY-RRM-0.1-RIFFLE-B    Crayfish       .                   -27.04 7.97 0.1  R 

WSR-N-CRAY-RRM-0.1-RIFFLE-C    Crayfish       .                   -24.64 7.14 0.1  R 

WSR-N-CRAY-RRM-0.1-RIFFLE-D    Crayfish       .                   -24.98 7.74 0.1  R 

WSR-N-CRAY-RRM-0.1-RIFFLE-E    Crayfish       .                   -25.55 8.25 0.1  R 

WSR-N-LEAF-RRM-0.1-POOL-A    Leaf Litter       .                   -28.86 3.70 0.1  P 

WSR-N-LEAF-RRM-0.1-POOL-B    Leaf Litter       .                   -28.87 2.55 0.1  P 

WSR-N-LEAF-RRM-0.1-POOL-C    Leaf Litter       .                   -27.55 2.04 0.1  P 

WSR-N-LEAF-RRM-0.1-POOL-D    Leaf Litter       .                   -29.53 2.86 0.1  P 

WSR-N-LEAF-RRM-0.1-POOL-E    Leaf Litter       .                   -28.91 3.66 0.1  P 

WSR-N-SAV-RRM-0.1-POOL-A    SAV              .                   -25.94 9.46 0.1  P 

WSR-N-SAV-RRM-0.1-POOL-B    SAV              .                   -24.57 9.15 0.1  P 

WSR-N-SAV-RRM-0.1-POOL-C    SAV              .                   -25.47 10.14 0.1  P 

WSR-N-SAV-RRM-0.1-POOL-D    SAV              .                   -25.93 9.35 0.1  P 

WSR-N-SAV-RRM-0.1-POOL-E    SAV              .                   -25.69 9.46 0.1  P 

WSR-N-CLAM-RRM-0.1-POOL-A    Asian Clam       Corbicula Sp.    -26.15 7.42 0.1  P 

WSR-N-CLAM-RRM-0.1-POOL-B    Asian Clam       Corbicula Sp.       -25.98 7.42 0.1  P 

WSR-N-CLAM-RRM-0.1-POOL-C    Asian Clam       Corbicula Sp.    -25.91 7.46 0.1  P 

WSR-N-CLAM-RRM-0.1-POOL-D    Asian Clam       Corbicula Sp.    -25.96 8.04 0.1  P 

WSR-N-CLAM-RRM-0.1-POOL-E    Asian Clam       Corbicula Sp.    -26.04 7.16 0.1  P 

WSR-N-BAETIS-RRM-0.1-POOL-A    Mayfly       Baetis Sp.    -20.75 8.07 0.1  P 

WSR-N-BAETIS-RRM-0.1-POOL-B    Mayfly       Baetis Sp.          -23.85 8.15 0.1  P 

WSR-N-BAETIS-RRM-0.1-POOL-C    Mayfly       Baetis Sp.    -26.28 7.63 0.1  P 

WSR-N-BAETIS-RRM-0.1-POOL-D    Mayfly       Baetis Sp.    -23.93 7.64 0.1  P 

WSR-N-BAETIS-RRM-0.1-POOL-E    Mayfly       Baetis Sp.    -26.38 7.55 0.1  P 

WSR-N-CADDIS-RRM-0.1-POOL-A    Caddisfly       Hydropsychidae      -27.44 6.20 0.1  P 

WSR-N-CADDIS-RRM-0.1-POOL-B    Caddisfly       Hydropsychidae      -27.01 7.47 0.1  P 

WSR-N-CADDIS-RRM-0.1-POOL-C    Caddisfly       Hydropsychidae      -26.69 6.97 0.1  P 

WSR-N-CADDIS-RRM-0.1-POOL-D    Caddisfly       Hydropsychidae      -27.95 7.56 0.1  P 

WSR-N-CADDIS-RRM-0.1-POOL-E    Caddisfly       Hydropsychidae      -27.93 7.32 0.1  P 

WSR-N-EPILITH-RRM-0.1-RIFFLE-A   LPeriphyton       .                   -24.27 6.67 0.1  R 

WSR-N-EPILITH-RRM-0.1-RIFFLE-B   LPeriphyton       .                   -23.65 6.67 0.1  R 

WSR-N-EPILITH-RRM-0.1-RIFFLE-C   LPeriphyton       .                   -23.47 6.29 0.1  R 

WSR-N-EPILITH-RRM-0.1-RIFFLE-D   LPeriphyton       .                   -24.33 6.31 0.1  R 

WSR-N-EPILITH-RRM-0.1-RIFFLE-E   LPeriphyton       .                   -23.18 6.49 0.1  R 

WSR-E-RRM-0.1-POOL-A            Sediment       .                   -26.74 4.78 0.1  P 

WSR-E-RRM-0.1-POOL-B            Sediment       .                   -26.77 5.05 0.1  P 

WSR-E-RRM-0.1-POOL-C            Sediment       .                   -26.69 5.11 0.1  P 

WSR-E-RRM-0.1-POOL-D            Sediment       .                   -26.77 4.86 0.1  P 

WSR-E-RRM-0.1-POOL-E            Sediment       .                   -26.60 4.68 0.1  P 

WSR-N-SESTON-RRM-0.1-POOL-A       Seston       .                   -26.93 4.73 0.1  P 

WSR-N-SESTON-RRM-0.1-POOL-B     Seston       .                   -26.95 4.80 0.1  P 

WSR-N-SESTON-RRM-0.1-POOL-C     Seston       .                   -26.83 5.02 0.1  P 

WSR-N-SESTON-RRM-0.1-POOL-D     Seston       .                   -26.77 4.85 0.1  P 

WSR-N-SESTON-RRM-0.1-POOL-E     Seston       .                   -26.87 4.84 0.1  P 

WSR-N-EPILITH-RRM-0.1-POOL-A      LPeriphyton      .                   -23.54 6.26 0.1  P 

WSR-N-EPILITH-RRM-0.1-POOL-B     LPeriphyton      .                   -23.04 6.21 0.1  P 

WSR-N-EPILITH-RRM-0.1-POOL-C     LPeriphyton      .                   -21.17 5.17 0.1  P 

WSR-N-EPILITH-RRM-0.1-POOL-D     LPeriphyton      .                   -21.91 5.56 0.1  P 

WSR-N-EPILITH-RRM-0.1-POOL-E     LPeriphyton      .                   -22.53 6.18 0.1  P 

WSR-N-EPIPHYT-RRM-0.1-POOL-A     PPeriphyton      .                   -25.90 5.53 0.1  P 

WSR-N-EPIPHYT-RRM-0.1-POOL-B     PPeriphyton      .                   -25.79 5.92 0.1  P 

WSR-N-EPIPHYT-RRM-0.1-POOL-C      PPeriphyton      .                   -24.59 5.15 0.1  P 

WSR-N-EPIPHYT-RRM-0.1-POOL-D     PPeriphyton      .                   -26.48 5.68 0.1  P 

WSR-N-EPIPHYT-RRM-0.1-POOL-E     PPeriphyton      .                   -25.56 5.92 0.1  P 

WSR-N-EPILITH-RRM-23.5-RIFFLE-A   LPeriphyton      .                   -26.66 8.65 23.5 R 
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Sample ID   Sample Type  Latin Name     δ 13C δ 15N  RRM DATE 
WSR-N-EPILITH-RRM-23.5-RIFFLE-B   LPeriphyton      .                   -26.94 8.72 23.5 R 

WSR-N-EPILITH-RRM-23.5-RIFFLE-C   LPeriphyton      .                   -27.09 8.71 23.5 R 

WSR-N-EPILITH-RRM-23.5-RIFFLE-D   LPeriphyton      .                   -26.87 8.52 23.5 R 

WSR-N-EPILITH-RRM-23.5-RIFFLE-E   LPeriphyton      .                   -26.59 8.91 23.5 R 

WSR-N-BAETIS-RRM-23.5-RIFFLE-A    Mayfly       Baetis Sp.    -27.10 10.02 23.5 R 

WSR-N-BAETIS-RRM-23.5-RIFFLE-B   Mayfly       Baetis Sp.    -26.89 9.96 23.5 R 

WSR-N-BAETIS-RRM-23.5-RIFFLE-C   Mayfly       Baetis Sp.    -26.48 9.87 23.5 R 

WSR-N-BAETIS-RRM-23.5-RIFFLE-D   Mayfly       Baetis Sp.    -28.10 9.87 23.5 R 

WSR-N-BAETIS-RRM-23.5-RIFFLE-E   Mayfly       Baetis Sp.         -26.96 10.34 23.5 R 

WSR-N-HEPTA-RRM-23.5-RIFFLE-A    Mayfly       Heptageniidae      -27.94 9.35 23.5 R 

WSR-N-HEPTA-RRM-23.5-RIFFLE-B    Mayfly       Heptageniidae      -28.10 9.55 23.5 R 

WSR-N-HEPTA-RRM-23.5-RIFFLE-C    Mayfly       Heptageniidae      -27.45 9.96 23.5 R 

WSR-N-HEPTA-RRM-23.5-RIFFLE-D    Mayfly       Heptageniidae      -26.55 9.74 23.5 R 

WSR-N-HEPTA-RRM-23.5-RIFFLE-E    Mayfly       Heptageniidae      -27.20 9.54 23.5 R 

WSR-N-ISONYCH-RRM-23.5-RIFFLE-A  Mayfly       Isonychia Sp.    -26.06 9.82 23.5 R 

WSR-N-ISONYCH-RRM-23.5-RIFFLE-B  Mayfly       Isonychia Sp.    -25.95 10.08 23.5 R 

WSR-N-ISONYCH-RRM-23.5-RIFFLE-C  Mayfly       Isonychia Sp.    -25.85 10.01 23.5 R 

WSR-N-ISONYCH-RRM-23.5-RIFFLE-D  Mayfly       Isonychia Sp.    -25.97 10.11 23.5 R 

WSR-N-ISONYCH-RRM-23.5-RIFFLE-E  Mayfly       Isonychia Sp.    -25.89 9.86 23.5 R 

WSR-N-CRAY-RRM-23.5-RIFFLE-A    Crayfish       .                   -25.69 10.48 23.5 R 

WSR-N-CRAY-RRM-23.5-RIFFLE-B    Crayfish       .                   -24.27 9.05 23.5 R 

WSR-N-CRAY-RRM-23.5-RIFFLE-C    Crayfish       .                   -26.14 10.04 23.5 R 

WSR-N-CRAY-RRM-23.5-RIFFLE-D    Crayfish       .                   -24.89 10.05 23.5 R 

WSR-N-CRAY-RRM-23.5-RIFFLE-E    Crayfish       .                   -25.77 10.11 23.5 R 

WSR-E-RRM-23.5-POOL-A            Sediment       .                   -26.94 7.16 23.5 P 

WSR-E-RRM-23.5-POOL-B            Sediment       .                   -26.80 6.51 23.5 P 

WSR-E-RRM-23.5-POOL-C            Sediment       .                   -26.79 6.23 23.5 P 

WSR-E-RRM-23.5-POOL-D            Sediment       .                   -26.98 6.26 23.5 P 

WSR-E-RRM-23.5-POOL-E            Sediment       .                   -26.88 5.99 23.5 P 

WSR-N-SESTON-RRM-23.5-POOL-A     Seston       .                   -26.60 6.35 23.5 P 

WSR-N-SESTON-RRM-23.5-POOL-B    Seston       .                   -26.62 6.46 23.5 P 

WSR-N-SESTON-RRM-23.5-POOL-C    Seston       .                   -26.61 6.02 23.5 P 

WSR-N-SESTON-RRM-23.5-POOL-D    Seston       .                   -26.65 5.95 23.5 P 

WSR-N-SESTON-RRM-23.5-POOL-E    Seston       .                   -26.60 6.85 23.5 P 

WSR-N-LEAF-RRM-23.5-POOL-A    Leaf Litter       .                   -27.90 4.96 23.5 P 

WSR-N-LEAF-RRM-23.5-POOL-B    Leaf Litter       .                   -28.44 6.70 23.5 P 

WSR-N-LEAF-RRM-23.5-POOL-C    Leaf Litter       .                   -28.73 4.52 23.5 P 

WSR-N-LEAF-RRM-23.5-POOL-D    Leaf Litter       .                   -25.94 2.08 23.5 P 

WSR-N-LEAF-RRM-23.5-POOL-E    Leaf Litter       .                   -28.29 5.48 23.5 P 

WSR-N-SAV-RRM-23.5-POOL-A    SAV              .                   -28.92 12.62 23.5 P 

WSR-N-SAV-RRM-23.5-POOL-B    SAV              .                   -28.61 12.40 23.5 P 

WSR-N-SAV-RRM-23.5-POOL-C    SAV              .                   -29.18 11.22 23.5 P 

WSR-N-SAV-RRM-23.5-POOL-D    SAV              .                   -26.96 10.17 23.5 P 

WSR-N-SAV-RRM-23.5-POOL-E    SAV              .                   -26.92 9.27 23.5 P 

WSR-N-EPILITH-RRM-23.5-POOL-A    LPeriphyton       .                   -25.25 7.87 23.5 P 

WSR-N-EPILITH-RRM-23.5-POOL-B    LPeriphyton       .                   -27.58 7.53 23.5 P 

WSR-N-EPILITH-RRM-23.5-POOL-C    LPeriphyton       .                   -26.12 8.16 23.5 P 

WSR-N-EPILITH-RRM-23.5-POOL-D    LPeriphyton       .                   -26.69 8.47 23.5 P 

WSR-N-EPILITH-RRM-23.5-POOL-E    LPeriphyton       .                   -26.20 8.13 23.5 P 

WSR-N-CLAM-RRM-23.5-POOL-A    Asian Clam       Corbicula Sp.    -25.87 9.21 23.5 P 

WSR-N-CLAM-RRM-23.5-POOL-B    Asian Clam       Corbicula Sp.    -25.56 9.44 23.5 P 

WSR-N-CLAM-RRM-23.5-POOL-C    Asian Clam       Corbicula Sp.    -25.90 9.33 23.5 P 

WSR-N-CLAM-RRM-23.5-POOL-D    Asian Clam       Corbicula Sp.    -25.62 9.36 23.5 P 

WSR-N-CLAM-RRM-23.5-POOL-E    Asian Clam       Corbicula Sp.    -25.74 9.15 23.5 P 

WSR-N-BAETIS-RRM-23.5-POOL-A     Mayfly       Baetis Sp.    -26.98 9.47 23.5 P 

WSR-N-BAETIS-RRM-23.5-POOL-B    Mayfly       Baetis Sp.    -26.04 9.93 23.5 P 

WSR-N-BAETIS-RRM-23.5-POOL-C    Mayfly       Baetis Sp.    -25.78 9.48 23.5 P 

WSR-N-BAETIS-RRM-23.5-POOL-D    Mayfly       Baetis Sp.    -27.11 10.31 23.5 P 

WSR-N-BAETIS-RRM-23.5-POOL-E    Mayfly       Baetis Sp.    -25.59 10.07 23.5 P 

WSR-N-CADDIS-RRM-23.5-POOL-A    Caddisfly       Hydropsychidae      -26.69 9.59 23.5 P 

WSR-N-CADDIS-RRM-23.5-POOL-B    Caddisfly       Hydropsychidae      -25.77 10.19 23.5 P 

WSR-N-CADDIS-RRM-23.5-POOL-C    Caddisfly       Hydropsychidae      -25.82 9.83 23.5 P 

WSR-N-CADDIS-RRM-23.5-POOL-D    Caddisfly       Hydropsychidae      -25.49 10.12 23.5 P 

WSR-N-CADDIS-RRM-23.5-POOL-E    Caddisfly       Hydropsychidae      -25.89 10.22 23.5 P 

WSR-N-EPIPHYT-RRM-23.5-POOL-A    PPeriphyton       .                   -26.73 7.45 23.5 P 

WSR-N-EPIPHYT-RRM-23.5-POOL-B    PPeriphyton       .                   -26.56 7.80 23.5 P 

WSR-N-EPIPHYT-RRM-23.5-POOL-C    PPeriphyton       .                   -27.29 6.24 23.5 P 

WSR-N-EPIPHYT-RRM-23.5-POOL-D    PPeriphyton       .                   -26.85 7.84 23.5 P 

WSR-N-EPIPHYT-RRM-23.5-POOL-E    PPeriphyton       .                   -28.74 8.04 23.5 P 
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Sample ID   Sample Type  Latin Name     δ 13C δ 15N  RRM DATE 
WSR-N-HEPTA-RRM-0.1-RIFFLE-A    Mayfly       Heptageniidae     -25.39 7.62 0.1 T 

WSR-N-HEPTA-RRM-0.1-RIFFLE-B    Mayfly       Heptageniidae       -26.02 7.50 0.1 T 

WSR-N-HEPTA-RRM-0.1-RIFFLE-C    Mayfly       Heptageniidae       -25.10 7.99 0.1 T 

WSR-N-HEPTA-RRM-0.1-RIFFLE-D    Mayfly       Heptageniidae       -25.03 7.82 0.1 T 

WSR-N-HEPTA-RRM-0.1-RIFFLE-E    Mayfly       Heptageniidae       -25.34 7.76 0.1 T 

WSR-N-ISONYCH-RRM-0.1-RIFFLE-A   Mayfly       Isonychia Sp.     -25.79 8.24 0.1 T  

WSR-N-ISONYCH-RRM-0.1-RIFFLE-B   Mayfly       Isonychia Sp.     -25.86 8.87 0.1 T 

WSR-N-ISONYCH-RRM-0.1-RIFFLE-C   Mayfly       Isonychia Sp.     -26.11 8.70 0.1 T 

WSR-N-ISONYCH-RRM-0.1-RIFFLE-D   Mayfly       Isonychia Sp.     -26.29 8.52 0.1 T 

WSR-N-ISONYCH-RRM-0.1-RIFFLE-E   Mayfly       Isonychia Sp.     -26.11 8.40 0.1 T 

WSR-N-CRAY-RRM-0.1-RIFFLE-A    Crayfish       .                    -27.57 8.16 0.1 T 

WSR-N-CRAY-RRM-0.1-RIFFLE-B    Crayfish       .                    -24.45 7.85 0.1 T 

WSR-N-CRAY-RRM-0.1-RIFFLE-C    Crayfish       .                    -29.77 7.56 0.1 T 

WSR-N-CRAY-RRM-0.1-RIFFLE-D    Crayfish       .                    -27.18 8.37 0.1 T 

WSR-N-CRAY-RRM-0.1-RIFFLE-E    Crayfish       .                    -23.87 8.12 0.1 T 

WSR-N-LEAF-RRM-0.1-POOL-A    Leaf litter       .                    -30.88 3.92 0.1 T 

WSR-N-LEAF-RRM-0.1-POOL-B    Leaf litter       .                    -28.53 4.27 0.1 T 

WSR-N-LEAF-RRM-0.1-POOL-C    Leaf litter       .                    -29.57 5.40 0.1 T 

WSR-N-LEAF-RRM-0.1-POOL-D    Leaf litter       .                    -32.46    -0.77 0.1 T 

WSR-N-LEAF-RRM-0.1-POOL-E    Leaf litter       .                    -28.02 3.78 0.1 T 

WSR-N-CADDIS-RRM-0.1-POOL-A    Caddisfly       Hydropsychidae      -27.17 7.71 0.1 T 

WSR-N-CADDIS-RRM-0.1-POOL-B    Caddisfly       Hydropsychidae      -27.18 7.83 0.1 T 

WSR-N-CADDIS-RRM-0.1-POOL-C    Caddisfly       Hydropsychidae       -27.29 7.21 0.1 T 

WSR-N-CADDIS-RRM-0.1-POOL-D    Caddisfly       Hydropsychidae       -26.74 8.84 0.1 T 

WSR-N-CADDIS-RRM-0.1-POOL-E    Caddisfly       Hydropsychidae       -26.11 8.05 0.1 T 

WSR-N-CLAM-RRM-0.1-POOL-A    Clam              Corbicula Sp.     -24.53 7.90 0.1 T 

WSR-N-CLAM-RRM-0.1-POOL-B    Clam              Corbicula Sp.     -24.39 8.05 0.1 T 

WSR-N-CLAM-RRM-0.1-POOL-C    Clam              Corbicula Sp.     -24.33 7.99 0.1 T 

WSR-N-CLAM-RRM-0.1-POOL-D    Clam              Corbicula Sp.     -24.28 9.02 0.1 T 

WSR-N-CLAM-RRM-0.1-POOL-E    Clam              Corbicula Sp.     -26.81 8.42 0.1 T 

WSR-R-EPILITH-RRM-0.1-RIFFLE-A   Periphyton       .                    -30.72 3.06 0.1 T 

WSR-R-EPILITH-RRM-0.1-RIFFLE-B   Periphyton       .                    -29.72 3.47 0.1 T 

WSR-R-EPILITH-RRM-0.1-RIFFLE-C   Periphyton       .                    -29.85 3.89 0.1 T 

WSR-R-EPILITH-RRM-0.1-RIFFLE-D   Periphyton       .                    -29.98 3.94 0.1 T 

WSR-R-EPILITH-RRM-0.1-RIFFLE-E   Periphyton       .                    -31.32 2.01 0.1 T 

WSR-E-SED-RRM-0.1-POOL-A    Sediment       .                    -26.62 5.04 0.1 T 

WSR-E-SED-RRM-0.1-POOL-B    Sediment       .                    -26.93 4.78 0.1 T 

WSR-E-SED-RRM-0.1-POOL-C    Sediment       .                    -26.71 4.66 0.1 T 

WSR-E-SED-RRM-0.1-POOL-D    Sediment       .                    -26.82 4.45 0.1 T 

WSR-E-SED-RRM-0.1-POOL-E    Sediment       .                    -27.07 4.91 0.1 T 

WSR-R-SESTON-RRM-0.1-POOL-A    Seston       .                    -23.39 6.42 0.1 T 

WSR-R-SESTON-RRM-0.1-POOL-B    Seston       .                    -26.23 4.31 0.1 T 

WSR-R-SESTON-RRM-0.1-POOL-C    Seston       .                    -27.36 3.48 0.1 T 

WSR-R-SESTON-RRM-0.1-POOL-D    Seston       .                    -26.66 3.99 0.1 T 

WSR-R-SESTON-RRM-0.1-POOL-E    Seston       .                    -27.05 4.67 0.1 T 

WSR-R-EPILITH-RRM-0.1-POOL-A    Periphyton       .                    -23.11 3.55 0.1 T 

WSR-R-EPILITH-RRM-0.1-POOL-B    Periphyton       .                    -23.03 2.40 0.1 T 

WSR-R-EPILITH-RRM-0.1-POOL-C    Periphyton       .                    -23.68 2.65 0.1 T 

WSR-R-EPILITH-RRM-0.1-POOL-D    Periphyton       .                    -23.17 1.81 0.1 T 

WSR-R-EPILITH-RRM-0.1-POOL-E    Periphyton       .                    -23.24 1.89 0.1 T 

WSR-R-EPPHYT-RRM-0.1-POOL-A    Periphyton       .                    -24.97 4.58 0.1 T 

WSR-R-EPPHYT-RRM-0.1-POOL-B    Periphyton       .                    -23.07 4.14 0.1 T 

WSR-R-EPPHYT-RRM-0.1-POOL-C    Periphyton       .                    -26.22 2.84 0.1 T 

WSR-R-EPPHYT-RRM-0.1-POOL-D    Periphyton       .                    -23.41 4.94 0.1 T 

WSR-R-EPPHYT-RRM-0.1-POOL-E    Periphyton       .                    -32.79 5.21 0.1 T 

WSR-R-EPILITH-RRM-3.5-RIFFLE-A   Periphyton       .                    -23.21 4.26 3.5 T 

WSR-R-EPILITH-RRM-3.5-RIFFLE-B   Periphyton       .                    -32.88 5.72 3.5 T 

WSR-R-EPILITH-RRM-3.5-RIFFLE-C   Periphyton       .                    -33.51 5.10 3.5 T 

WSR-R-EPILITH-RRM-3.5-RIFFLE-D   Periphyton       .                    -33.29 5.51 3.5 T 

WSR-R-EPILITH-RRM-3.5-RIFFLE-E   Periphyton       .                    -32.29 4.71 3.5 T 

WSR-N-HEPTA-RRM-3.5-RIFFLE-A    Mayfly       Heptageniidae      -26.91 8.07 3.5 T 

WSR-N-HEPTA-RRM-3.5-RIFFLE-B    Mayfly       Heptageniidae      -26.81 8.19 3.5 T 

WSR-N-HEPTA-RRM-3.5-RIFFLE-C    Mayfly       Heptageniidae      -27.31 7.28 3.5 T 

WSR-N-HEPTA-RRM-3.5-RIFFLE-D    Mayfly       Heptageniidae      -26.77 8.86 3.5 T 

WSR-N-HEPTA-RRM-3.5-RIFFLE-E    Mayfly       Heptageniidae      -27.73 8.97 3.5 T 

WSR-N-ISONYCH-RRM-3.5-RIFFLE-A   Mayfly       Isonychia Sp.     -27.60 8.63 3.5 T 

WSR-N-ISONYCH-RRM-3.5-RIFFLE-B   Mayfly       Isonychia Sp.     -24.26 7.94 3.5 T 

WSR-N-ISONYCH-RRM-3.5-RIFFLE-C   Mayfly       Isonychia Sp.     -27.50 8.15 3.5 T 

WSR-N-ISONYCH-RRM-3.5-RIFFLE-D   Mayfly       Isonychia Sp.     -27.08 8.84 3.5 T 
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Sample ID   Sample Type  Latin Name     δ 13C δ 15N  RRM DATE 
WSR-N-ISONYCH-RRM-3.5-RIFFLE-E Mayfly               Isonychia Sp.    -27.16 8.55   3.5  T 

WSR-N-CRAY-RRM-3.5-RIFFLE-A  Crayfish       .                   -26.39 8.80   3.5  T 

WSR-N-CRAY-RRM-3.5-RIFFLE-B  Crayfish       .                   -27.94 10.12  3.5  T 

WSR-N-CRAY-RRM-3.5-RIFFLE-C  Crayfish       .                   -25.44 11.52  3.5  T 

WSR-N-CRAY-RRM-3.5-RIFFLE-D  Crayfish       .                   -25.27 10.79  3.5  T  

WSR-N-CRAY-RRM-3.5-RIFFLE-E  Crayfish       .                   -26.20 10.73  3.5  T 

WSR-E-SED-RRM-3.5-POOL-A  Sediment       .                   -27.27  5.08  3.5  T 

WSR-E-SED-RRM-3.5-POOL-B  Sediment       .                   -27.25  5.17  3.5  T 

WSR-E-SED-RRM-3.5-POOL-C  Sediment       .                   -27.53  5.12  3.5  T  

WSR-E-SED-RRM-3.5-POOL-D  Sediment       .                   -27.41  5.14  3.5  T 

WSR-E-SED-RRM-3.5-POOL-E  Sediment       .                   -27.25  5.03  3.5  T 

WSR-R-SESTON-RRM-3.5-POOL-A  Seston              .                   -28.55  3.38  3.5  T 

WSR-R-SESTON-RRM-3.5-POOL-B  Seston              .                   -28.55  3.22  3.5  T 

WSR-R-SESTON-RRM-3.5-POOL-C  Seston              .                   -27.80  2.62  3.5  T 

WSR-R-SESTON-RRM-3.5-POOL-D  Seston              .                   -28.10  1.28  3.5  T 

WSR-R-SESTON-RRM-3.5-POOL-E  Seston              .                   -25.66  2.34  3.5  T 

WSR-N-LEAF-RRM-3.5-POOL-A  Leaf litter       .                   -30.20  2.30 3.5  T 

WSR-N-LEAF-RRM-3.5-POOL-B  Leaf litter       .                   -29.81  3.52 3.5  T 

WSR-N-LEAF-RRM-3.5-POOL-C  Leaf litter       .                   -28.67  4.11 3.5  T 

WSR-N-LEAF-RRM-3.5-POOL-D  Leaf litter       .                   -27.56  3.94 3.5  T 

WSR-N-LEAF-RRM-3.5-POOL-E  Leaf litter       .                   -30.12  4.38 3.5  T 

WSR-N-SAV-RRM-3.5-POOL-A  SAV              .                   -34.17  9.55 3.5  T 

WSR-N-SAV-RRM-3.5-POOL-B  SAV              .                   -33.07  9.65 3.5  T 

WSR-N-SAV-RRM-3.5-POOL-C  SAV              .                   -33.51  9.40 3.5  T 

WSR-N-SAV-RRM-3.5-POOL-D  SAV              .                   -33.48  9.15 3.5  T 

WSR-N-SAV-RRM-3.5-POOL-E  SAV              .                   -34.06  9.04 3.5  T 

WSR-R-EPILITH-RRM-3.5-POOL-A  Periphyton       .                   -29.71  4.98 3.5  T   

WSR-R-EPILITH-RRM-3.5-POOL-B  Periphyton       .                   -27.14  3.30 3.5  T 

WSR-R-EPILITH-RRM-3.5-POOL-C  Periphyton       .                   -26.70  3.87 3.5  T 

WSR-R-EPILITH-RRM-3.5-POOL-D  Periphyton       .                   -25.31  4.28 3.5  T 

WSR-R-EPILITH-RRM-3.5-POOL-E  Periphyton       .                   -26.47  4.94 3.5  T 

WSR-N-CLAM-RRM-3.5-POOL-A  Clam              Corbicula Sp.    -24.03  8.87 3.5  T 

WSR-N-CLAM-RRM-3.5-POOL-B  Clam              Corbicula Sp.    -24.27  9.26 3.5  T 

WSR-N-CLAM-RRM-3.5-POOL-C  Clam              Corbicula Sp.    -24.02  9.33 3.5  T  

WSR-N-CLAM-RRM-3.5-POOL-D  Clam              Corbicula Sp.    -23.85  8.81 3.5  T 

WSR-N-CLAM-RRM-3.5-POOL-E  Clam              Corbicula Sp.    -24.77  9.06 3.5  T 

WSR-N-CADDIS-RRM-3.5-POOL-A   Caddisfly      Hydropsychidae    -28.82  7.63 3.5  T 

WSR-N-CADDIS-RRM-3.5-POOL-B   Caddisfly      Hydropsychidae    -28.69  8.24 3.5  T 

WSR-N-CADDIS-RRM-3.5-POOL-C   Caddisfly      Hydropsychidae    -29.47  7.54 3.5  T 

WSR-N-CADDIS-RRM-3.5-POOL-D     Caddisfly      Hydropsychidae    -30.75  7.07 3.5  T 

WSR-N-CADDIS-RRM-3.5-POOL-E   Caddisfly      Hydropsychidae    -29.30  7.34 3.5  T 

WSR-R-EPILITH-RRM-11.8-RIFFLE-A Periphyton       .                   -30.28  7.20 11.8 T 

WSR-R-EPILITH-RRM-11.8-RIFFLE-B Periphyton       .                   -30.45  7.74 11.8 T 

WSR-R-EPILITH-RRM-11.8-RIFFLE-C Periphyton       .                   -30.37  7.26 11.8 T 

WSR-R-EPILITH-RRM-11.8-RIFFLE-D Periphyton       .                   -29.71  7.36 11.8 T 

WSR-R-EPILITH-RRM-11.8-RIFFLE-E Periphyton       .                   -29.96  6.81 11.8 T 

WSR-N-HEPTA-RRM-11.8-RIFFLE-A    Mayfly      Heptageniidae      .  .       11.8 T 

WSR-N-HEPTA-RRM-11.8-RIFFLE-B    Mayfly      Heptageniidae    -25.41 10.18 11.8 T 

WSR-N-HEPTA-RRM-11.8-RIFFLE-C    Mayfly      Heptageniidae     -27.00  9.57 11.8 T 

WSR-N-HEPTA-RRM-11.8-RIFFLE-E    Mayfly      Heptageniidae    -26.56  9.65 11.8 T 

WSR-N-ISONYCH-RRM-11.8-RIFFLE-A  Mayfly      Isonychia Sp.    -27.49 10.33 11.8 T 

WSR-N-ISONYCH-RRM-11.8-RIFFLE-B  Mayfly      Isonychia Sp.    -27.62 10.40 11.8 T 

WSR-N-ISONYCH-RRM-11.8-RIFFLE-C  Mayfly      Isonychia Sp.    -27.30 10.65 11.8 T 

WSR-N-ISONYCH-RRM-11.8-RIFFLE-D  Mayfly      Isonychia Sp.    -27.43 10.29 11.8 T 

WSR-N-ISONYCH-RRM-11.8-RIFFLE-E  Mayfly      Isonychia Sp.    -27.26 10.77 11.8 T 

WSR-N-CRAY-RRM-11.8-RIFFLE-A    Crayfish       .                   -24.20 10.61 11.8 T 

WSR-N-CRAY-RRM-11.8-RIFFLE-B    Crayfish       .                   -28.04 11.50 11.8 T 

WSR-N-CRAY-RRM-11.8-RIFFLE-C    Crayfish       .                   -26.23 11.14 11.8 T 

WSR-N-CRAY-RRM-11.8-RIFFLE-D    Crayfish       .                   -25.33 11.21 11.8 T 

WSR-N-CRAY-RRM-11.8-RIFFLE-E    Crayfish       .                   -27.78 11.07 11.8 T 

WSR-E-SED-RRM-11.8-POOL-A    Sediment       .                   -27.31 5.70 11.8 T 

WSR-E-SED-RRM-11.8-POOL-B    Sediment       .                   -27.49 5.34 11.8 T 

WSR-E-SED-RRM-11.8-POOL-C    Sediment       .                   -26.69 5.40 11.8 T 

WSR-E-SED-RRM-11.8-POOL-D    Sediment       .                   -28.22 5.60 11.8 T 

WSR-E-SED-RRM-11.8-POOL-E    Sediment       .                   -27.08 5.84 11.8 T 

WSR-R-SESTON-RRM-11.8-POOL-A    Seston       .                   -28.12 7.71 11.8 T 

WSR-R-SESTON-RRM-11.8-POOL-B    Seston       .                   -26.95 5.81 11.8 T 

WSR-R-SESTON-RRM-11.8-POOL-C    Seston       .                   -27.17 3.05 11.8 T 

WSR-R-SESTON-RRM-11.8-POOL-D    Seston       .                   -27.23 -2.15 11.8 T 
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Sample ID   Sample Type  Latin Name     δ 13C δ 15N  RRM DATE 
WSR-R-SESTON-RRM-11.8-POOL-E    Seston        .           -26.72 5.05 11.8 T 

WSR-N-LEAF-RRM-11.8-POOL-A    Leaf litter        .           -28.38 5.14 11.8 T 

WSR-N-LEAF-RRM-11.8-POOL-B    Leaf litter        .           -28.79 2.61 11.8 T 

WSR-N-LEAF-RRM-11.8-POOL-C    Leaf litter        .           -28.97 3.89 11.8 T 

WSR-N-LEAF-RRM-11.8-POOL-D    Leaf litter        .           -28.14 2.53 11.8 T 

WSR-N-LEAF-RRM-11.8-POOL-E    Leaf litter        .                 -28.65 5.24 11.8 T 

WSR-N-SAV-RRM-11.8-POOL-A        SAV        .           -20.93      11.77 11.8 T 

WSR-N-SAV-RRM-11.8-POOL-B        SAV        .           -21.72       9.80 11.8 T 

WSR-N-SAV-RRM-11.8-POOL-C        SAV        .           -21.51 10.67 11.8 T 

WSR-N-SAV-RRM-11.8-POOL-D        SAV        .           -21.43 12.69 11.8 T 

WSR-N-SAV-RRM-11.8-POOL-E        SAV        .           -21.28 11.64 11.8 T 

WSR-R-EPILITH-RRM-11.8-POOL-A    Periphyton        .           -25.30  8.26 11.8 T 

WSR-R-EPILITH-RRM-11.8-POOL-B    Periphyton        .           -25.01  7.96 11.8 T 

WSR-R-EPILITH-RRM-11.8-POOL-C    Periphyton        .           -24.95  8.06 11.8 T 

WSR-R-EPILITH-RRM-11.8-POOL-D    Periphyton        .           -25.99  7.04 11.8 T 

WSR-R-EPILITH-RRM-11.8-POOL-E    Periphyton        .           -25.75  7.58 11.8 T 

WSR-N-CLAM-RRM-11.8-POOL-A        Clam        Corbicula Sp.     -25.54  9.52 11.8 T 

WSR-N-CLAM-RRM-11.8-POOL-B        Clam        Corbicula Sp.     -25.27 10.31 11.8 T 

WSR-N-CLAM-RRM-11.8-POOL-C        Clam        Corbicula Sp.     -25.38 10.08 11.8 T 

WSR-N-CLAM-RRM-11.8-POOL-D        Clam        Corbicula Sp.     -24.97 10.63 11.8 T 

WSR-N-CLAM-RRM-11.8-POOL-E        Clam        Corbicula Sp.     -25.96 10.22 11.8 T 

WSR-N-EPIPHYT-RRM-11.8-POOL-A    Periphyton        .           -27.05  4.74 11.8 T 

WSR-N-EPIPHYT-RRM-11.8-POOL-B    Periphyton        .           -28.15 12.70 11.8 T 

WSR-N-EPIPHYT-RRM-11.8-POOL-C    Periphyton        .           -27.71  4.89 11.8 T 

WSR-N-EPIPHYT-RRM-11.8-POOL-D    Periphyton        .           -27.97  6.21 11.8 T 

WSR-N-EPIPHYT-RRM-11.8-POOL-E    Periphyton        .           -27.97  6.58 11.8 T 

WSR-N-CADDIS-RRM-11.8-POOL-A    Caddisfly        Hydropsychidae    -30.13 10.87 11.8 T 

WSR-N-CADDIS-RRM-11.8-POOL-B    Caddisfly        Hydropsychidae   -31.15  9.62 11.8 T 

WSR-N-CADDIS-RRM-11.8-POOL-C    Caddisfly        Hydropsychidae    -29.68  9.88 11.8 T 

WSR-N-CADDIS-RRM-11.8-POOL-D    Caddisfly        Hydropsychidae    -31.25  9.70 11.8 T 

WSR-N-CADDIS-RRM-11.8-POOL-E    Caddisfly        Hydropsychidae    -32.55  8.59 11.8 T 

WSR-R-EPILITH-RRM-23.5-RIFFLE-A  Periphyton        .           -25.31  7.32 23.5 T 

WSR-R-EPILITH-RRM-23.5-RIFFLE-B  Periphyton        .           -25.04  7.50 23.5 T 

WSR-R-EPILITH-RRM-23.5-RIFFLE-C  Periphyton        .           -25.78  7.53 23.5 T 

WSR-R-EPILITH-RRM-23.5-RIFFLE-D  Periphyton        .           -25.29  7.34 23.5 T 

WSR-R-EPILITH-RRM-23.5-RIFFLE-E  Periphyton        .           -25.42  6.83 23.5 T 

WSR-N-HEPTA-RRM-23.5-RIFFLE-A    Mayfly        Heptageniidae    -25.30  8.26 23.5 T 

WSR-N-HEPTA-RRM-23.5-RIFFLE-B    Mayfly        Heptageniidae    -25.39  8.30 23.5 T 

WSR-N-HEPTA-RRM-23.5-RIFFLE-C    Mayfly        Heptageniidae    -25.28  8.01 23.5 T 

WSR-N-HEPTA-RRM-23.5-RIFFLE-D    Mayfly        Heptageniidae    -25.60  7.87 23.5 T 

WSR-N-HEPTA-RRM-23.5-RIFFLE-E    Mayfly        Heptageniidae    -25.54  7.70 23.5 T 

WSR-N-ISONYCH-RRM-23.5-RIFFLE-A  Mayfly        Isonychia Sp.   -26.50  9.90 23.5 T 

WSR-N-ISONYCH-RRM-23.5-RIFFLE-B  Mayfly        Isonychia Sp.   -25.89 10.24 23.5 T 

WSR-N-ISONYCH-RRM-23.5-RIFFLE-C  Mayfly        Isonychia Sp.   -25.81  9.84 23.5 T 

WSR-N-ISONYCH-RRM-23.5-RIFFLE-D  Mayfly        Isonychia Sp.   -25.74 10.07 23.5 T 

WSR-N-ISONYCH-RRM-23.5-RIFFLE-E  Mayfly        Isonychia Sp.   -26.03 10.17 23.5 T 

WSR-N-CRAY-RRM-23.5-RIFFLE-A    Crayfish        .                 -23.73 10.30 23.5 T 

WSR-N-CRAY-RRM-23.5-RIFFLE-B    Crayfish        .                 -24.79  9.51 23.5 T 

WSR-N-CRAY-RRM-23.5-RIFFLE-C    Crayfish        .                 -23.86 11.06 23.5 T 

WSR-N-CRAY-RRM-23.5-RIFFLE-D    Crayfish        .                 -25.13 10.44 23.5 T 

WSR-N-CRAY-RRM-23.5-RIFFLE-E    Crayfish        .                 -23.32  8.67 23.5 T 

WSR-E-SED-RRM-23.5-POOL-A    Sediment        .           -26.41  6.46 23.5 T 

WSR-E-SED-RRM-23.5-POOL-B    Sediment        .           -26.59  6.19 23.5 T 

WSR-E-SED-RRM-23.5-POOL-C    Sediment        .           -26.26  5.95 23.5 T 

WSR-E-SED-RRM-23.5-POOL-D    Sediment        .           -26.42  6.41 23.5 T 

WSR-E-SED-RRM-23.5-POOL-E    Sediment        .           -26.32  6.17 23.5 T 

WSR-R-SESTON-RRM-23.5-POOL-A    Seston        .           -26.72  4.80 23.5 T 

WSR-R-SESTON-RRM-23.5-POOL-B    Seston        .           -27.28  4.68 23.5 T 

WSR-R-SESTON-RRM-23.5-POOL-C    Seston        .           -27.15  5.62 23.5 T 

WSR-R-SESTON-RRM-23.5-POOL-D    Seston        .           -27.50  6.38 23.5 T 

WSR-R-SESTON-RRM-23.5-POOL-E    Seston        .           -27.30  5.30 23.5 T 

WSR-N-LEAF-RRM-23.5-POOL-A    Leaf litter        .           -29.51  1.47 23.5 T 

WSR-N-LEAF-RRM-23.5-POOL-B    Leaf litter        .           -29.00  2.30 23.5 T 

WSR-N-LEAF-RRM-23.5-POOL-C    Leaf litter        .           -29.79  1.66 23.5 T 

WSR-N-LEAF-RRM-23.5-POOL-D    Leaf litter        .           -29.87  1.75 23.5 T 

WSR-N-LEAF-RRM-23.5-POOL-E    Leaf litter        .           -29.61  2.43 23.5 T 

WSR-R-EPILITH-RRM-23.5-POOL-A    Periphyton        .           -22.79  6.65 23.5 T 

WSR-R-EPILITH-RRM-23.5-POOL-B    Periphyton        .           -22.71  5.73 23.5 T 

WSR-R-EPILITH-RRM-23.5-POOL-C    Periphyton        .           -23.25  6.46 23.5 T 

WSR-R-EPILITH-RRM-23.5-POOL-D    Periphyton        .           -22.99  6.47 23.5 T 
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Sample ID   Sample Type  Latin Name     δ 13C δ 15N  RRM DATE 
WSR-R-EPILITH-RRM-23.5-POOL-E    Periphyton        .           -22.86  4.92 23.5 T 

WSR-N-CLAM-RRM-23.5-POOL-A    Clam               Corbicula Sp.    -25.37  9.37 23.5 T 

WSR-N-CLAM-RRM-23.5-POOL-B    Clam               Corbicula Sp.    -24.66  9.35 23.5 T 

WSR-N-CLAM-RRM-23.5-POOL-C    Clam               Corbicula Sp.    -25.29  9.43 23.5 T 

WSR-N-CLAM-RRM-23.5-POOL-D    Clam               Corbicula Sp.    -24.93  9.44 23.5 T 

WSR-N-CLAM-RRM-23.5-POOL-E    Clam               Corbicula Sp.    -25.47  9.23 23.5 T 

WSR-N-CADDIS-RRM-23.5-POOL-A    Caddisfly       Hydropsychidae     -26.44  9.94 23.5 T 

WSR-N-CADDIS-RRM-23.5-POOL-B    Caddisfly       Hydropsychidae     -25.92  9.53 23.5 T 

WSR-N-CADDIS-RRM-23.5-POOL-C    Caddisfly       Hydropsychidae     -25.44 10.15 23.5 T 

WSR-N-CADDIS-RRM-23.5-POOL-D    Caddisfly       Hydropsychidae     -24.98  9.20 23.5 T 

WSR-N-CADDIS-RRM-23.5-POOL-E    Caddisfly       Hydropsychidae     -24.68 10.04 23.5 T 

WSR-N-SHINER-RRM-0.1-POOL-A    Common Shiner     Luxilus cornutus    -28.41 11.16  0.1 T 

WSR-N-SHINER-RRM-0.1-POOL-B    Common Shiner     Luxilus cornutus    -28.33 11.02  0.1 T 

WSR-N-SHINER-RRM-0.1-POOL-C    Common Shiner     Luxilus cornutus    -27.18 11.15  0.1 T 

WSR-N-SHINER-RRM-0.1-POOL-D    Common Shiner     Luxilus cornutus    -27.69 10.48  0.1 T 

WSR-N-SHINER-RRM-0.1-POOL-E    Common Shiner     Luxilus cornutus    -27.90 12.95  0.1 T 

WSR-N-DACE-RRM-0.1-RIFFLE-A    Longnose Dace Rhinichthys cataractae  -28.57 10.76  0.1 T 

WSR-N-DACE-RRM-0.1-RIFFLE-B    Longnose Dace Rhinichthys cataractae  -27.25 11.09  0.1 T 

WSR-N-DACE-RRM-0.1-RIFFLE-C    Longnose Dace Rhinichthys cataractae  -26.82 11.41  0.1 T 

WSR-N-DACE-RRM-0.1-RIFFLE-D    Longnose Dace Rhinichthys cataractae  -27.42 11.14  0.1 T 

WSR-N-DACE-RRM-0.1-RIFFLE-E    Longnose Dace Rhinichthys cataractae  -29.12  9.97  0.1 T 

WSR-N-SHINER-RRM-3.5-POOL-A    Common Shiner     Luxilus cornutus    -25.46 11.98  3.5 T 

WSR-N-SHINER-RRM-3.5-POOL-B    Common Shiner     Luxilus cornutus    -27.44 12.59  3.5 T 

WSR-N-SHINER-RRM-3.5-POOL-C    Common Shiner     Luxilus cornutus    -28.18 11.16  3.5 T 

WSR-N-SHINER-RRM-3.5-POOL-D    Common Shiner     Luxilus cornutus    -25.16 11.70  3.5 T 

WSR-N-SHINER-RRM-3.5-POOL-E    Common Shiner     Luxilus cornutus    -28.34 11.38  3.5 T 

WSR-N-DACE-RRM-3.5-RIFFLE-A    Longnose Dace Rhinichthys cataractae  -27.52 13.30  3.5 T 

WSR-N-DACE-RRM-3.5-RIFFLE-B    Longnose Dace Rhinichthys cataractae  -24.82 12.75  3.5 T 

WSR-N-DACE-RRM-3.5-RIFFLE-C    Longnose Dace Rhinichthys cataractae  -34.11 10.95  3.5 T 

WSR-N-DACE-RRM-3.5-RIFFLE-D    Longnose Dace Rhinichthys cataractae  -28.69 12.11  3.5 T 

WSR-N-DACE-RRM-3.5-RIFFLE-E    Longnose Dace Rhinichthys cataractae  -25.67 12.16  3.5 T 

WSR-N-SHINER-RRM-11.8-POOL-A     Common Shiner     Luxilus cornutus    -26.48 13.55 11.8 T 

WSR-N-SHINER-RRM-11.8-POOL-B     Common Shiner     Luxilus cornutus    -26.43 13.16 11.8 T 

WSR-N-SHINER-RRM-11.8-POOL-C    Common Shiner     Luxilus cornutus    -25.28 13.44 11.8 T 

WSR-N-SHINER-RRM-11.8-POOL-D    Common Shiner     Luxilus cornutus    -25.38 13.59 11.8 T 

WSR-N-SHINER-RRM-11.8-POOL-E    Common Shiner     Luxilus cornutus    -24.28 13.42 11.8 T 

WSR-N-DACE-RRM-11.8-RIFFLE-A    Longnose Dace Rhinichthys cataractae  -25.02 13.97 11.8 T 

WSR-N-DACE-RRM-11.8-RIFFLE-B    Longnose Dace Rhinichthys cataractae  -24.50 13.73 11.8 T 

WSR-N-DACE-RRM-11.8-RIFFLE-C    Longnose Dace Rhinichthys cataractae  -25.58 13.91 11.8 T 

WSR-N-DACE-RRM-11.8-RIFFLE-D    Longnose Dace Rhinichthys cataractae  -24.94 14.23 11.8 T 

WSR-N-DACE-RRM-11.8-RIFFLE-E    Longnose Dace Rhinichthys cataractae  -23.84 14.22 11.8 T 

WSR-N-SHINER-RRM-23.5-POOL-A    Common Shiner     Luxilus cornutus     -27.42 12.99 23.5 T 

WSR-N-SHINER-RRM-23.5-POOL-B    Common Shiner     Luxilus cornutus     -27.08 14.51 23.5 T 

WSR-N-SHINER-RRM-23.5-POOL-C    Common Shiner     Luxilus cornutus     -23.12 11.87 23.5 T 

WSR-N-SHINER-RRM-23.5-POOL-D    Common Shiner     Luxilus cornutus     -24.83 12.44 23.5 T 

WSR-N-SHINER-RRM-23.5-POOL-E    Common Shiner     Luxilus cornutus     -24.41 13.55 23.5 T 

WSR-N-DACE-RRM-23.5-RIFFLE-A    Longnose Dace Rhinichthys cataractae   -23.91 12.69 23.5 T 

WSR-N-DACE-RRM-23.5-RIFFLE-B    Longnose Dace Rhinichthys cataractae   -25.64 13.29 23.5 T 

WSR-N-DACE-RRM-23.5-RIFFLE-C    Longnose Dace Rhinichthys cataractae   -25.26 13.14 23.5 T 

WSR-N-DACE-RRM-23.5-RIFFLE-D    Longnose Dace Rhinichthys cataractae   -25.17 12.76 23.5 T 

WSR-N-DACE-RRM-23.5-RIFFLE-E    Longnose Dace Rhinichthys cataractae   -25.33 13.27 23.5 T 

NOTE: PPeriphyton = periphyton from plant surfaces, LPeriphyton = periphyton from 
rock surfaces, SAV = submerged aquatic vegetation. R/P refers to sample taken from 
pool (P) or riffle (R ) areas.  
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Appendix D. Bass Data for Predicting Mercury Concentration from δ 
15N 

 

SAMPID                               CNAME                  LNAME                 d13C    d15N  LENGTH  MASS     HG     RRM Sample 

WSR-N-LMB-001-RRM-3.5-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -23.10 16.27 400 1017 3110 3.5   F 

WSR-N-LMB-003-RRM-3.5-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -23.99 16.07 310 485 2710 3.5   F 

WSR-N-SMB-004-RRM-3.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.85 15.49 260 231 2760 3.5   F 

WSR-N-SMB-005-RRM-3.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.48 16.94 222 171     2630 3.5   F 

WSR-N-SMB-006-RRM-3.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.10 13.22 145 40  806 3.5   F 

WSR-N-SMB-007-RRM-3.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.83 15.46 140 31 1700 3.5   F 

WSR-N-LMB-008-RRM-3.5-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -24.11 14.10 155 43  364 3.5   F 

WSR-N-SMB-009-RRM-3.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -22.98 16.06 217 151 3200 3.5   F 

WSR-N-SMB-010-RRM-3.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.86 16.37 142 29 1360 3.5   F 

WSR-N-SMB-011-RRM-3.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -22.89 15.51 132 28 1910 3.5   F 

WSR-N-SMB-012-RRM-3.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.71 15.07 140 30 1470 3.5   F 

WSR-N-LMB-037-RRM-3.5-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -23.12 14.05 255 228 1360 3.5   F 

WSR-N-SMB-001-RRM-11.8-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -24.47 13.52 180 90 1710 11.8  F 

WSR-N-SMB-002-RRM-11.8-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -24.10 15.30 208 127 1380 11.8  F 

WSR-N-SMB-003-RRM-11.8-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.84 14.74 191 98 2270 11.8  F 

WSR-N-LMB-004-RRM-11.8-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -23.30 15.20 241 169 5250 11.8  F 

WSR-N-SMB-005-RRM-11.8-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.96 13.97 153 47 4820 11.8  F 

WSR-N-SMB-006-RRM-11.8-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.77 13.39 163 54 1200 11.8  F 

WSR-N-SMB-007-RRM-11.8-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.89 13.50 157 51 1430 11.8  F 

WSR-N-LMB-008-RRM-11.8-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -23.52 13.78 134 34 1960 11.8  F 

WSR-N-SMB-011-RRM-11.8-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.51 13.00 140 36 879 11.8  F 

WSR-N-LMB-013-RRM-11.8-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -22.78 17.39 440 1296 5530 11.8  F 

WSR-N-SMB-015-RRM-11.8-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.15 14.72 274 288 3370 11.8  F 

WSR-N-SMB-016-RRM-11.8-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.00 14.54 179 69 2490 11.8  F 

WSR-N-SMB-017-RRM-11.8-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.39 13.38 156 44 802 11.8  F 

WSR-N-SMB-020-RRM-11.8-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -24.17 15.80 246 192 2590 11.8  F 

WSR-N-LMB-021-RRM-11.8-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -22.86 13.66 220 133 2790 11.8  F 

WSR-N-LMB-023-RRM-11.8-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -23.02 15.15 180 70 1910 11.8  F 

WSR-N-LMB-056-RRM-11.8-RUN-2-0510 LARGEMOUTH BASS Micropterus salmoides -24.06 14.93 147 37 2040 11.8  F 

WSR-N-LMB-058-RRM-11.8-RUN-2-0510 LARGEMOUTH BASS Micropterus salmoides -24.06 14.71 205 108 1820 11.8  F 

WSR-N-LMB-059-RRM-11.8-RUN-2-0510 LARGEMOUTH BASS Micropterus salmoides -24.34 14.89 220 148 1510 11.8  F 

WSR-N-SMB-060-RRM-11.8-RUN-2-0510 SMALLMOUTH BASS Micropterus salmoides -22.63 16.63 293 316 1720 11.8  F 

WSR-N-LMB-062-RRM-11.8-EXTRA-0510 LARGEMOUTH BASS Micropterus salmoides -22.69 17.01 325 524 1040 11.8  F 

WSR-N-LMB-064-RRM-11.8-EXTRA-0510 LARGEMOUTH BASS Micropterus salmoides -24.03 17.37 312 449 3380 11.8  F 

WSR-N-LMB-066-RRM-11.8-EXTRA-0510 LARGEMOUTH BASS Micropterus salmoides -23.85 14.64 139 26 1380 11.8  F 

WSR-N-LMB-001-RRM-0.1-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -24.01 15.69 390 1025 3070 0.1   F 

WSR-N-LMB-003-RRM-0.1-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -22.93 16.65 320 490 3810 0.1   F 

WSR-N-LMB-004-RRM-0.1-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -24.37 14.81 397 848 810 0.1   F 

WSR-N-LMB-005-RRM-0.1-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -22.63 15.54 382 873 1710 0.1   F 

WSR-N-LMB-006-RRM-0.1-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -24.21 14.84 341 553 846 0.1   F 

WSR-N-LMB-007-RRM-0.1-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -23.11 15.39 385 787 1100 0.1   F 

WSR-N-SMB-010-RRM-0.1-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.12 14.50 225 174 705 0.1   F 

WSR-N-SMB-011-RRM-0.1-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -22.11 14.30 290 325 627 0.1   F 

WSR-N-SMB-012-RRM-0.1-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.54 14.84 199 115 1070 0.1   F 

WSR-N-SMB-013-RRM-0.1-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.30 13.86 175 82 330 0.1   F 

WSR-N-SMB-014-RRM-0.1-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.14 14.53 186 95 610 0.1   F 
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SAMPID                               CNAME                  LNAME                 d13C    d15N  LENGTH  MASS     HG     RRM Sample 

WSR-N-SMB-015-RRM-0.1-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -22.96 14.43 230 192 1080 0.1  F 

WSR-N-LMB-016-RRM-0.1-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -23.66 13.84 170 67 401 0.1  F 

WSR-N-LMB-017-RRM-0.1-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -23.86 13.68 212 156 673 0.1  F 

WSR-N-SMB-019-RRM-0.1-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.43 15.28 251 305 1440 0.1  F 

WSR-N-SMB-020-RRM-0.1-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.21 14.60 174 81 327  0.1 F 

WSR-N-SMB-021-RRM-0.1-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -22.99 13.62 165 73 576  0.1 F 

WSR-N-LMB-025-RRM-0.1-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -24.57 14.46 242 220 359  0.1 F 

WSR-N-SMB-028-RRM-0.1-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.86 13.87 174 90 552  0.1 F 

WSR-N-LMB-046-RRM-0.1-RUN-2-0510 LARGEMOUTH BASS Micropterus salmoides -23.98 14.93 224 166 2230  0.1 F 

WSR-N-LMB-048-RRM-0.1-RUN-2-0510 LARGEMOUTH BASS Micropterus salmoides -23.36 14.86 214 132 767  0.1 F 

WSR-N-LMB-050-RRM-0.1-RUN-2-0510 LARGEMOUTH BASS Micropterus salmoides -23.32 13.88 210 140 1760  0.1 F 

WSR-N-SMB-057-RRM-0.1-RUN-2-0510 SMALLMOUTH BASS Micropterus salmoides -23.49 14.26 140 38 785  0.1 F 

WSR-N-SMB-058-RRM-0.1-RUN-2-0510 SMALLMOUTH BASS Micropterus salmoides -22.27 13.28 132 24 852     0.1 F 

WSR-N-LMB-062-RRM-0.1-RUN-2-0510 LARGEMOUTH BASS Micropterus salmoides -25.24 13.76 130 30 126  0.1 F 

WSR-N-SMB-001-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.74 15.03 218 124 3160 23.5 F 

WSR-N-SMB-002-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.58 14.28 210 116 1980 23.5 F 

WSR-N-SMB-003-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.20 16.46 300 346 1830 23.5 F 

WSR-N-SMB-005-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -22.81 14.42 212 129 1850 23.5 F 

WSR-N-SMB-006-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -22.64 16.87 325 476 2440 23.5 F  

WSR-N-SMB-007-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -21.39 16.17 271 194 3430 23.5 F 

WSR-N-SMB-008-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -24.62 14.82 192 96 526 23.5 F 

WSR-N-SMB-009-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.55 13.86 137 34 582 23.5 F 

WSR-N-SMB-011-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -24.16 13.41 138 36 1658 23.5 F 

WSR-N-SMB-012-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -22.72 14.00 156 52 1850 23.5 F 

WSR-N-SMB-013-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.10 13.95 180 89 1770 23.5 F 

WSR-N-SMB-016-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.79 13.64 151 53 1080 23.5 F 

WSR-N-LMB-022-RRM-23.5-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -21.84 16.34 353 542 4050 23.5 F 

WSR-N-LMB-023-RRM-23.5-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -21.40 16.65 437 1323 4100 23.5 F 

WSR-N-SMB-025-RRM-23.5-RUN-1-0510 SMALLMOUTH BASS Micropterus salmoides -23.90 13.94 154 54 1110 23.5 F 

WSR-N-LMB-039-RRM-23.5-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -23.59 17.99 400 921 3590 23.5 F 

WSR-N-LMB-042-RRM-23.5-RUN-1-0510 LARGEMOUTH BASS Micropterus salmoides -23.21 14.60 200 116 1470 23.5 F 

WSR-N-LMB-046-RRM-23.5-RUN-2-0510 LARGEMOUTH BASS Micropterus salmoides -22.73 14.34 233 151 2310 23.5 F 

WSR-N-LMB-048-RRM-23.5-RUN-2-0510 LARGEMOUTH BASS Micropterus salmoides -23.34 15.61 245 167  463 23.5 F  

WSR-N-LMB-001-RRM-23.5-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.47 15.21 315 465   432 23.5 S 

WSR-N-LMB-002-RRM-23.5-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.66 14.85 259 207 1200 23.5 S 

WSR-N-LMB-003-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.20 15.01 260 223  420 23.5 S 

WSR-N-SMB-004-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.33 14.29 231 158   346 23.5 S 

WSR-N-SMB-005-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.51 14.93 186 78  630 23.5 S 

WSR-N-SMB-007-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.21 14.69 234 166 1060 23.5 S 

WSR-N-SMB-008-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.27 15.02 204 112   88 23.5 S 

WSR-N-SMB-009-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.43 14.92 183 81   89 23.5 S 

WSR-N-SMB-010-RRM-23.5-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.77 15.00 308 402 1280 23.5 S 

WSR-N-SMB-013-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.37 15.43 251 218 1790 23.5 S 

WSR-N-SMB-016-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -25.13 14.78 219 140 1530 23.5 S 

WSR-N-SMB-017-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.36 14.28 163 58  179 23.5 S 

WSR-N-SMB-018-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.46 15.06 219 140 1890 23.5 S 

WSR-N-SMB-019-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.10 14.81 171 63 1310 23.5 S 

WSR-N-SMB-020-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.67 14.50 160 52  223 23.5 S 

WSR-N-LMB-024-RRM-23.5-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.38 14.54 153 40  327 23.5 S 
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SAMPID                               CNAME                  LNAME                 d13C    d15N  LENGTH  MASS     HG     RRM  Sample 

WSR-N-LMB-026-RRM-23.5-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -22.48 14.48 155 45  94  23.5 S 

WSR-N-SMB-027-RRM-23.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.52 15.05 172 60     3500  23.5 S 

WSR-N-LMB-031-RRM-23.5-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -22.22 14.07 161 46     3250  23.5 S 

WSR-N-SMB-066-RRM-23.5-RUN-2-0910 SMALLMOUTH BASS Micropterus dolomieui -22.79 15.88 400 922 2790  23.5 S 

WSR-N-SMB-069-RRM-23.5-RUN-2-0910 SMALLMOUTH BASS Micropterus dolomieui -23.46 15.27 342 533 5390  23.5 S 

WSR-N-SMB-071-RRM-23.5-RUN-2-0910 SMALLMOUTH BASS Micropterus dolomieui -23.29 14.58 255 195 3550  23.5 S 

WSR-N-LMB-075-RRM-23.5-RUN-2-0910 LARGEMOUTH BASS Micropterus salmoides -22.98 14.26 290 300 3110  23.5 S 

WSR-N-LMB-093-RRM-23.5-RUN-2-0910 LARGEMOUTH BASS Micropterus salmoides -22.22 14.09 291 318 2720  23.5 S 

WSR-N-LMB-096-RRM-23.5-RUN-2-0910 LARGEMOUTH BASS Micropterus salmoides -22.46 15.73 215 114 2740  23.5 S 

WSR-N-LMB-163-RRM-23.5-RUN-2-0910 LARGEMOUTH BASS Micropterus salmoides -22.86 14.33 148 35 3410  23.5 S 

WSR-N-LMB-001-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.39 13.71 285 370 1090   0.1 S 

WSR-N-LMB-002-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.54 14.53 351 677 3620   0.1 S 

WSR-N-LMB-003-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.88 14.12 322 496 1930   0.1 S 

WSR-N-LMB-004-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -24.45 13.81 250 220  298   0.1 S 

WSR-N-LMB-005-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -22.77 15.47 313 454 2070   0.1 S 

WSR-N-LMB-008-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -24.00 13.26 279 307 1140   0.1 S 

WSR-N-LMB-009-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.38 14.20 258 274  584   0.1 S 

WSR-N-LMB-010-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.75 13.24 224 160  590   0.1 S 

WSR-N-LMB-011-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.50 13.86 246 202  516   0.1 S 

WSR-N-LMB-012-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.44 14.01 232 168  360   0.1 S 

WSR-N-LMB-013-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -25.18 13.71 194 98  196   0.1 S 

WSR-N-LMB-014-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.62 12.90 189 88  251   0.1 S 

WSR-N-LMB-015-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.55 14.64 390 860 1160   0.1 S 

WSR-N-LMB-018-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.10 14.25 259 244  632   0.1 S 

WSR-N-LMB-019-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.82 13.96 263 256 1390   0.1 S 

WSR-N-LMB-020-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.23 13.23 194 94  426   0.1 S 

WSR-N-LMB-021-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.14 14.18 283 238 1140   0.1 S 

WSR-N-LMB-024-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -24.08 13.24 246 196  432   0.1 S 

WSR-N-LMB-028-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -25.87 13.43 241 228 1190   0.1 S 

WSR-N-LMB-029-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.32 13.71 265 266  420   0.1 S 

WSR-N-LMB-031-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -25.39 12.72 238 204  346   0.1 S 

WSR-N-LMB-037-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.32 14.46 250 214  630   0.1 S 

WSR-N-LMB-041-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.65 13.46 173 72 1060   0.1 S 

WSR-N-LMB-042-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -26.16 13.26 139 40 88.2   0.1 S 

WSR-N-LMB-050-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.86 12.92 139 38 89.4   0.1 S 

WSR-N-LMB-100-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.26 13.17 271 308 1310   0.1 S 

WSR-N-LMB-106-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -25.28 12.98 131 32  223   0.1 S 

WSR-N-LMB-133-RRM-0.1-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -24.32 13.09 214 142  327   0.1 S 

WSR-N-LMB-136-RRM-0.1-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -26.38 12.92 137 38 93.7   0.1 S 

WSR-N-LMB-001-RRM-3.5-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.80 14.53 279 292 1090   3.5 S 

WSR-N-LMB-002-RRM-3.5-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -24.69 15.10 261 251 3620   3.5 S 

WSR-N-LMB-003-RRM-3.5-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -24.09 15.06 237 172 1940   3.5 S 

WSR-N-LMB-004-RRM-3.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.26 15.91 246 179  298   3.5 S 

WSR-N-LMB-005-RRM-3.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.20 15.65 272 280    2070   3.5 S 

WSR-N-LMB-006-RRM-3.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.73 14.71 194  96    1900   3.5 S 

WSR-N-LMB-007-RRM-3.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -24.18 16.36 208 132    2040   3.5 S 

WSR-N-LMB-008-RRM-3.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.36 15.76 225 150    1140   3.5 S 

WSR-N-LMB-010-RRM-3.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.37 17.03 180  79  591   3.5 S 

WSR-N-LMB-025-RRM-3.5-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.46 15.24 275 320  632   3.5 S 
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SAMPID                               CNAME                  LNAME                 d13C    d15N  LENGTH  MASS     HG     RRM  Sample 

WSR-N-LMB-030-RRM-3.5-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.09 14.24 241 190 1140 3.5  S 

WSR-N-SMB-001-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.36 15.78 307 392 3500 11.8    S 

WSR-N-SMB-002-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.51 15.28 311 410 3970 11.8    S 

WSR-N-SMB-003-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.17 14.81 360 702 3250 11.8    S 

WSR-N-SMB-006-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.42 15.10 265 278 3560 11.8    S 

WSR-N-SMB-007-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.95 14.38 220 138 2950 11.8    S 

WSR-N-SMB-008-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.13 14.74 263 230 3570 11.8    S 

WSR-N-SMB-014-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.67 14.98 230 140 3020 11.8    S 

WSR-N-SMB-015-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.20 14.96 200  90 2290 11.8    S 

WSR-N-SMB-016-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.61 15.50 195 86 2760 11.8    S 

WSR-N-SMB-017-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.53 15.36 220 128 3830 11.8    S 

WSR-N-SMB-018-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -21.91 15.59 155 44 2590 11.8    S 

WSR-N-SMB-021-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.39 15.03 155 46 2110 11.8    S 

WSR-N-SMB-023-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.12 15.65 145 30 2300 11.8    S 

WSR-N-SMB-024-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.53 14.94 150 40 2790 11.8    S 

WSR-N-SMB-025-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.17 15.81 160 52 1360 11.8    S 

WSR-N-SMB-029-RRM-11.8-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -22.75 14.91 250 250 2810 11.8    S 

WSR-N-SMB-030-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.77 15.97 270 248 5390 11.8    S 

WSR-N-SMB-031-RRM-11.8-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -22.62 15.44 330 538 3550 11.8    S 

WSR-N-SMB-032-RRM-11.8-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -22.43 14.84 240 220 3030 11.8    S 

WSR-N-SMB-033-RRM-11.8-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -21.81 15.16 175 80 3110 11.8    S 

WSR-N-SMB-034-RRM-11.8-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.37 15.37 220 168 2720 11.8    S 

WSR-N-SMB-035-RRM-11.8-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.20 15.35 225 146 2740 11.8    S 

WSR-N-SMB-044-RRM-11.8-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.62 15.21 170 68 3660 11.8    S 

WSR-N-SMB-047-RRM-11.8-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -22.96 14.92 165 56 3410 11.8    S 

WSR-N-SMB-052-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.51 16.29 335 480 4150 11.8    S 

WSR-N-SMB-067-RRM-11.8-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.31 14.90 170 66 3020 11.8    S 

WSR-N-SMB-068-RRM-11.8-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.12 15.47 300 400 3210 11.8    S 

WSR-N-SMB-071-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -23.13 15.11 296 366 4200 11.8    S 

WSR-N-SMB-072-RRM-11.8-RUN-1-0910 LARGEMOUTH BASS Micropterus salmoides -23.31 15.99 385 774 1430 11.8    S 

WSR-N-SMB-073-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.80 15.14 182 76 1860 11.8    S 

WSR-N-SMB-074-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.40 14.15 228 142 4030 11.8    S 

WSR-N-SMB-075-RRM-11.8-RUN-1-0910 SMALLMOUTH BASS Micropterus dolomieui -22.98 15.10 248 202 3050 11.8    S 

 

NOTE: Length units = mm, mass units = g, Hg units = ug/kg wet wgt. Sample: S = sampling period of 5/17-23/210; F = 
sampling period of 9/7-14/2010. 
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Appendix E. Analytical Accuracy and Precision of Analyses 
 
 
CEBAM Total Mercury and Methylmercury Analyses  

     

Method Species 
RPD/Recovery 

(%) SD (%) N 

Sample Splits 

Total Hg -1.21 5.81 36 

MHg -0.1 4.74 36 

Standard Spiked Samples 

Total Hg 100.1 7.87 28 

MHg 101.57 5.48 24 

Certificated Reference Material 

Total Hg 100.56 2.86 9 

MHg 97.99 3.4 9 

     

     

    

   

    
UC Davis Stable Isotope Analysis 
     

Standard Material Isotope Recovery (%) SD (%) N 

G-11 Nylon 

δ
13C 100 0.14 52 

δ
15N 100 1.03 50 

G-12 Glutamic Acid-Enriched 

δ
13C 100.1 0.39 11 

δ
15N 100.1 0.43 8 

G-13 Bovine Liver 

δ
13C 100 0.21 5 

δ
15N 100 2.95 5 

G-7 Peach leaves 

δ
13C 100.2 0.07 4 

δ
15N 103.5 15.7 4 

G-9 Glutamic Acid 

δ
13C 100.1 0.21 13 

δ
15N 93.6 6.58 11 
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Appendix G. Monte Carlo Predicted Mercury Daily Ingestion Rate for Carolina Wren 
                 Units: ng Hg/ g Body Weight (ww) - day 

 Mean Min Max 
Probability of Exceeding 

100 ng/g-day 

Percentiles (%) 

2.5 5 25 50 75 90 97.5 

Expert A 62.5 2.3 700.5 0.16 7.4 9.4 24.0 41.4 80.6 133.1 235.2 

Expert B 82.0 <1 2492.3 0.23 5.8 8.7 20.1 40.8 83.5 163.3 362.8 

Expert C 62.0 <1 550.2 0.17 7.1 10.2 23.2 41.9 75.8 135.6 256.4 

Expert D 180.7 <1 3240.1 0.50 8.6 13.4 47.9 105.1 211.4 388.1 839.7 

Expert E 59.5 <1 1117.6 0.15 1.4 2.2 9.0 26.8 66.6 146.3 275.1 

Expert F 59.4 <1 1647.8 0.15 1.4 2.2 9.1 25.9 62.3 139.8 292.7 

Composite 111.9 <1 2451.1 0.31 2.0 3.5 18.4 52.0 127.7 246.5 578.3 
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Appendix H. Monte Carlo Predicted Mercury Daily Ingestion Rate for Eastern Song Sparrow 
                 Units: ng Hg/ g Body Weight (ww) - day 

 Mean Min Max 
Probability of 

Exceeding 100 ng/g-
day 

Percentiles (%) 

2.5 5 25 50 75 90 97.5 

Expert A 17.1 1.3 103.6 <0.01 3.6 4.5 8.8 13.3 20.0 30.1 50.7 

Expert B 58.4 <1 
1252.

5 
0.15 2.1 3.2 10.3 25.0 58.2 137.5 316.1 

Expert C 34.6 1.2 381.8 0.05 1.8 3.6 16.9 35.5 64.8 113.5 177.3 

Expert D 48.5 <1 489.4 0.11 0.8 1.1 3.2 6.0 12.6 36.4 117.0 

Expert E 21.2 <1 872.6 0.04 0.3 0.5 1.6 3.6 9.7 30.4 100.2 

Expert F 14.0 <1 345.9 0.03 0.8 1.6 5.8 16.0 41.8 107.7 259.0 

Composit
e 

40.1 <1 
1240.

4 
0.08 3.6 4.5 8.8 13.3 20.0 30.1 50.7 
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Appendix I. Monte Carlo Predicted Mercury Daily Ingestion Rate for Eastern Screech Owl 

                 Units: ng Hg/ g Body Weight (ww) – day 

 Mean Min Max 
Probability of Exceeding 

100 ng/g-day 

Percentiles (%) 

2.5 5 25 50 75 90 97.5 

Expert A 44.9 1.4 3934.1 0.29 2.4 3.3 8.6 18.6 54.2 155.6 432.0 

Expert B 53.2 <1 1664.1 0.14 11.2 19.6 62.4 147.3 347.4 721.9 1923.8 

Expert C 214.5 3.6 5460.6 0.49 3.2 4.9 16.3 43.1 109.6 257.9 739.3 

Expert D 30.9 <1 1113.8 0.07 <1 1.1 2.6 6.5 27.6 95.9 219.6 

Expert E 67.1 1.0 1236.7 0.17 <1 1.4 5.4 18.4 59.8 160.5 413.8 

Expert F 296.4 5.8 4379.9 0.58 11.1 14.9 45.6 103.0 237.4 526.6 1167.5 

Composite 78.0 <1 3154.5 0.18 1.2 1.6 5.8 21.3 71.1 225.9 583.6 

 
 
 



 

 

Appendix G 
 

Submerged Aquatic Vegetation Study  



  Memorandum 

URS Corporation | Philadelphia Office | 335 Commerce Drive | Fort Washington, PA 19034-2040 | (215) 367-2500 

Date: May 18, 2012 

To: Nancy Grosso – DuPont 

From: 
 
JR Flanders– URS Corporation 
Ceil Mancini – URS Corporation 
 

 URS Project No.:18986020  

Subject:  
South River Methylation/Demethylation Task Team 
Submerged Aquatic Vegetation Pilot Study 
Scope of Work and Cost Estimate 
 

1.0 BACKGROUND 

Submerged aquatic vegetation (SAV) is hypothesized to play an important role in 
methylmercury (MeHg) cycling and food web dynamics in the South River.  Within the 
South River, SAV beds are frequent in the study area downriver from Waynesboro and 
particularly dense in shallow pools and lower gradient reaches within the river channel.  
Observations indicated that seasonal changes in density may alter water flow within the 
river, directing flow around the SAV beds.  SAV beds also provide food resources and 
habitat refuge for primary consumers within the river (i.e., macroinvertebrate 
communities). 
Literature suggests SAV can account for a large component of the nutrient (carbon, 
nitrogen [N], phosphorous [P]) budget in rivers and streams (Hill and Webster, 1984), 
affect the physical structure of fluvial systems, and represent an important food source and 
habitat for aquatic communities (Power and Dietrich 2002).  Studies of SAV function in 
Appalachian streams indicate it plays an important role in fixing atmospheric carbon and 
converting dissolved N and P to particulate organic forms, which are preferable sources of 
these nutrients for other organisms, including bacteria.  During growth, aquatic plants can 
also release dissolved organic carbon (up to 0.1 to 4% of fixed organic carbon; 
Sondergaard 1990).  These forms (e.g., polysaccharides, phenolic aldehydes, ketones) have 
been shown to affect denitrification rates in some systems (Dodla et al. 2008).   In addition, 
the rapid breakdown of SAV compared with other carbon and nutrient sources (e.g., leaf 
litter; Hill and Webster 1982) provide a potentially important seasonal energy source in 
sediments and detritus within aquatic systems. 
In addition to the effects of SAV on nutrient cycling and carbon availability, SAV causes 
physical changes in riverine systems that may influence MeHg cycling.  Dense beds of 
SAV can alter and restrict flow, which may increase the residence time of water and water 
temperature and decreasing dissolved oxygen (DO) solubility.  This possibility was tested 
through long-term water quality monitoring in 2008.  Water quality instruments were 
deployed at RRM 8.7 in April 2008 when the area was free of vegetation and August 2008 
when heavy SAV growth was observed (Figure 1).  Water temperature, pH, and DO, a 
proxy for photosynthesis, were measured at 15-minute intervals for two weeks.  The data 
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were retrieved and analyzed by multiple regression (MR) used to determine the effect, if 
any, of the presence or absence of SAV had on DO concentrations.  The results of the MR 
indicate that the effect of temperature on the solubility of DO (as indicated by the 
coefficient) was stronger in April (-0.2) than in August (-0.15), when SAV was present, 
suggesting that the presence of SAV influenced DO.  The role of SAV in decreasing DO 
solubility was further suggested by the finding that the effect of pH on DO was twice as 
strong in August (coefficient  = 5.1) than April (coefficient = 2.5).  As plants fix the carbon 
in CO2 during photosynthesis to create sugars, pH increases and DO diffuses from plants.  
However, high SAV density as observed at RRM 8.7 also had the effect of consuming DO 
at night during respiration; the daily DO minima are lower in August than in April (Figure 
1).  
In addition to the effects on water chemistry, SAV beds have strong physical effects.  SAV 
beds appeared to trap solids, presumably entrained under baseline flows, and accumulate 
detritus and sediment in the channel providing potentially favorable conditions for locally 
high MeHg concentrations.  Within the South River, particles transported by surface water 
may contain total mercury (THg) concentrations as high as 10-20 µg/g, providing a source 
of mercury for methylation and a food source for accumulation of MeHg into the base of 
the food web by primary consumers.  MeHg is generally higher in pore water of fine-
grained sediment than in other substrates, so if the presence of SAV is influencing the 
distribution of fine-grained sediment, then it is likely providing habitat favorable for 
methylation.   
It is likely that MeHg concentrations are higher in the water column of SAV, but not 
necessarily due to increased methylation in the water column.  The relatively low water 
velocities may likely favor high MeHg concentrations; for example, it has commonly been 
observed that low flow environments of the South River (e.g., oxbows) have high MeHg 
concentrations, presumably due to the lower cumulative volume of water over time 
available for flux.  However, SAV may support higher concentrations of MeHg in the 
water column because light penetration is lower than in non-SAV areas, so lower rates of 
photodemethylation may occur in SAV beds.  Regardless of whether SAV directly or 
indirectly affects MeHg concentrations, the importance of SAV as habitat may attract 
organisms and facilitate increased trophic transfer of MeHg.  
It is possible that SAV may affect methylation in the hyporheic zone, but there are 
competing hypotheses.  Plant roots likely diffuse oxygen into the hyporheic zone, which 
could increase the depth of redox boundary, which may have the effect of decreasing 
MeHg production.  However, it is possible that DO diffusion from roots may increase the 
surface area of the oxic/anoxic boundary in sediment, as the roots would change the 
stratified topography of the redox boundary to a ‘rougher’ configuration.  In either case, 
determining the effect on the mercury methylation rate is beyond the scope of this study 
and likely not technically feasible.   
Conceptually, SAV beds may affect MeHg cycling within the South River by (1) providing 
an additional source of autochthonous carbon and nutrients to the South River, (2) 
transforming dissolved nutrients into particulate forms preferred by organisms, including 
bacteria, and (3) altering physical habitats that favor methylation, (4) providing food 
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resources and habitat for primary consumers thereby creating alternate pathways for MeHg 
accumulation in the aquatic food web.  
The objective of the study is to determine if the presence of SAV influences the 
concentration of MeHg in physical and biological media. It should be noted that the goal 
of the study was not to determine the effect of SAV on the rate of mercury methylation, 
which is not technically feasible to measure in the environment.  It was hypothesized that 
elevated MeHg concentrations may be observed in physical or biological media, which 
may create conditions favorable for increased trophic transfer of MeHg.   

2.0 STUDY DESIGN 

Sample Locations 
The SAV Study data collections were conducted at Study Areas RRM 8.7 and 11.8. These 
locations were selected based on the likelihood that SAV and SAV-free areas would be 
present (Figure 1). At each Study Area, two identified sampling locations, the “SAV bed” 
and “SAV-free riffle,” were selected based on field observations of SAV presence/density, 
sediment characterization, and stream depth/flow (Figure 3).   
 

Sample Media 
The influence of SAV on MeHg concentration and trophic transfer was tested by the 
collection of both physical and biological media, including: 
 Benthic invertebrate tissue 
 Pore water 
 Sediment 
 Surface water 
 SAV tissue 
 
Sediment, surface water, and pore water were selected as sampling media because they: 
represent the exposure pathway for organisms at the base of the food web, have been 
observed to reflect high MeHg concentrations in certain areas, and can yield information 
regarding nutrient status or other parameters important for methylation or trophic transfer of 
mercury.  SAV tissue is a potential source of food for many ecological receptors in the 
South River.  
Sample sizes were determined using an a priori power analysis based on previously 
collected data in the region around RRM 8.7 and RRM 11.8.  The analysis was performed 
to determine the sample size necessary to detect a statistically significant difference at a 
significance level (α) of 0.05 and a power of 80% via a one-way t-test; it was assumed that 
data were normally distributed.  The power analyses were performed in G*Power 3 (Faul et 
al. 2007). 
Water quality (temperature, dissolved oxygen, ORP, pH, and conductivity) was monitored 
at each sampling location along with the collection of benthic invertebrate tissue, pore 
water, surface water, interstitial sediment and SAV tissue samples. 
 
Benthic Tissue 
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Ten replicate benthic tissue samples were collected from each sampling location, 
transported to the lab in aerated coolers, depurated in aerated distilled water for 24 hours, 
and frozen for analysis of total mercury (THg) and methylmercury (MeHg).  Benthic tissue 
samples were collected in the “SAV bed” sampling locations by rinsing stalks of SAV in 
sorting tubs and removing individuals, and in the “SAV-free riffle” sampling locations by 
physical removal from the substrate. Hydropsychidae (Common Netspinner Caddisfly) was 
selected as the targeted benthic invertebrate taxa based on its’ observed abundance, 
relatively long larval stage (i.e., five instars), and availability at both Study Areas. In the 
adjoining SAV-free area, invertebrates were collected by a combination of physical 
removal from river cobbles and kick seining. Details for aquatic insect tissue collections are 
outlined in Protocol SRBI-2 (URS 2009). Sample sizes and the range of individual sizes in 
each sample were generally similar (Table 1). 
 
Pore Water 
Three replicate pore water samples were collected from each sampling location and 0.45 
µm-filtered to be analyzed for THg and MeHg. Pore water sample methods adhered to 
those described in Protocol SRPW-1 (URS 2009).   
 
Surface Water 
Three replicate surface water samples were collected from each sampling location. Filtered 
(0.45 µm) and unfiltered samples were collected for surface water and analyzed for total 
suspended solids, organic carbon (total and dissolved), specific ultraviolet absorbance 
(SUVA), nutrients (nitrogen, phosphorous in addition to mercury species.  SUVA, which 
measures the structure and degree of aromaticity of organic carbon, was analyzed to 
determine if SAV might have an effect on organic carbon quality.  Nutrients were analyzed 
to determine if SAV is affecting nutrient status.  Surface water samples were collected 
following Protocol SRSW-1 (see Appendix B). 
 
Sediment 
Within each sampling location, three separate interstitial sediment samples were collected 
in 5-gallon HDPE buckets via a Beckson pump.  These three samples were homogenized 
and split into the five replicate aliquots and field-frozen to be analyzed for THg and MeHg. 
Samples were collected using the bilge pump method as described in the Protocol SRSE-1 
(URS 2009). 
 
SAV Mapping and Sample Collection 
SAV beds were visually evaluated for physical characteristics that might influence MeHg 
production, including the presence of fine grained sediment at the base of the SAV bed.  
The SAV bed were delineated as GPS points of a contiguous polygon feature.  The density 
of plant root stock within the bed was characterized based on the following classes: 
 Sparse SAV Density        0 – 25%  
 Minimal SAV Density   25 – 50%  
 Moderate SAV Density   50 – 75%  
 High SAV Density    75 – 100%  
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SAV were identified to the species level, where possible, and notates were taken to describe 
the degree in which fine-grained sediment was adhering to the vegetation or at the 
substrate/water interface.  Average height of the SAV patch were recorded along with any 
observations of velocity changes associated with its presence.  The determination of grain 
size (e.g., clays, silts and fine sands) were assessed by working the sediment between the 
thumb and forefinger and comparing it to grain-size reference samples that were carried in 
the field.  The methodology and results of the mapping are described in Attachment A.  
 
Two replicate samples of SAV root and SAV leaf material were collected from the “SAV 
bed” sampling locations and field-frozen to be analyzed for THg and MeHg.  Heteranthera 
dubia (Water Stargrass) was selected as the targeted SAV taxa based on its’ observed 
abundance and availability at both Study Areas.  SAV was sampled by removing individual 
plants from the substrate and documenting the degree of sediment adherence and total 
length.  The plants were then rinsed free of sediment and epiphytic periphyton; SAV leaf 
material was sampled from the terminal end of the plant leaf and SAV root material was 
sampled from the terminal end of the plant root. 

3.0 RESULTS 
SAV Coverage 
SAV beds are typically sparse in the upstream portion of the study area and become denser 
and more frequent in downstream portions of the study area. SAV beds occupied 21% of 
the area in between RRM 0 and RRM 10. Water stargrass (Heteranthera dubia), Elodea 
(Elodea canadensis) and curly leaf pond weed (Potamogeton crispus) were the most 
dominant taxa, respectively. The area between RRM 0.0 and RRM 2.2 was devoid of SAV 
at the time of the assessment, and the largest continuous bed of aquatic vegetation, which 
contained 8.04 acres of dense beds, was identified from RRM 10.5 to RRM 11.7. 
SAV beds in the study area were present where the channel hydraulics and substrate were 
favorable for root development and light interception. SAV beds were primarily rooted in 
the center of the channel, where bank shading was minimal. Unconsolidated gravel to 
cobble sized material provided the most suitable substrate for establishment and growth of 
aquatic vegetation within the study area. Lower gradient reaches (<0.1% slope) tended to 
have less SAV than moderate gradient reaches. There was no apparent relationship between 
SAV bed density and the distribution of fine-grained substrate.  
Chemical Analysis Results 
To understand the potential role of SAV in MeHg cycling, the concentration of IHg and 
MeHg in physical (surface water, interstitial sediment and pore water) and biological 
(caddisfly tissue) media from SAV beds and adjacent SAV-free areas (riffles) at the two 
study sites were compared. The goal of the study was to determine if large differences in 
MeHg concentrations between SAV beds and riffles are present in the South River.  
The following summarizes the major findings of the mercury analysis: 

 Both MeHg and the percent of THg present as MeHg (%MeHg) were higher in 
interstitial sediment from SAV beds (Figure 4).  
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 Riffles had higher unfiltered and particulate surface water MeHg concentrations, but 
had lower concentrations in filtered samples, at least at RRM 8.7 (Figure 4).  

 In common net-spinner caddisfly (Hydropsychidae) larvae, MeHg, and %MeHg 
were higher in caddisflies from riffle areas. IHg was higher in SAV bed caddisflies 
(Figure 5).  

 Pore water MeHg was slightly higher in SAV beds, but there was no significant 
difference (Figure 5); IHg was significantly lower in the SAV beds.  

 An analysis of IHg and MeHg concentrations in SAV tissue suggests that there are 
differences in concentrations in leaves vs. roots, and that the concentrations are 
relatively high when compared to other media. IHg and MeHg concentrations were 
a factor of 3 to 10 times higher in roots than in leaves at both locations (Table 5-25). 
Sediment was removed from root tissue prior to analysis, so it is assumed that these 
represent internal concentrations and not adsorbed sediment. SAV tissues have 
considerably more MeHg in both leaves and roots than either sediment or particles 
in surface water when compared with other media on a dry weight basis. IHg is 
slightly higher in SAV roots but comparable or lower in leaves. This suggests that 
SAV roots are capable of sequestering IHg and MeHg or that IHg and MeHg are 
diffusing into SAV from sediment.  

 There were no consistent significant differences among ancillary parameters. There was no 
difference in TSS, TOC or DOC (Table 3) or corrected SUVA (Table 4) between areas. 

4.0 DISCUSSION 
This study supports the hypothesis that MeHg concentrations in sediment and pore water 
media is higher in SAV beds than adjacent non-SAV areas. Nonetheless, the lack of any 
observed difference in MeHg concentrations in SAV-residing biota suggests that SAV is 
not a key factor as to why MeHg concentrations in South River biota are relatively high. 
However, the significantly higher MeHg concentrations in sediment and in SAV root tissue 
collected from SAV beds suggest that there may be higher methylation rates in the sediment 
environment below SAV beds. Contrary to the initial hypothesis, that demethylation rates 
would be lower in SAV beds due to lower light penetration, the absence of any difference 
in surface water or biota may reflect higher demethylation rates in SAV beds. This is 
possible given the much higher surface area available in SAV beds for biological, including 
microbial, colonization. Some bacteria oxidize MeHg as part of normal carbon metabolism 
(Marvin-DiPasquale et al. 2000). 
Although SAV beds may not directly influence locally higher MeHg concentrations, it is 
not possible to say that the preponderance of SAV in the South River does not have any 
influence MeHg production. SAV may sequester dissolved atmospheric organic carbon, 
which could contribute additional carbon to the South River and support higher to mercury 
methylation. Estimates of organic carbon input by macrophytes for similar rivers range 
from 13% to 20% (Hill and Webster, 1982a, b, 1984). In addition, it is not currently 
understood if the present day SAV densities are elevated as the result of the modified river 
geomorphology (greater abundance of unconsolidated gravel due to erosion).  
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Figure 1:  Study area at RRM 8.7 in April 2008 (top) and August 2008 (bottom), 
showing the marked increase in SAV density.   
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Figure 2: Results of long term monitoring of surface water temperature, dissolved 
oxygen (DO), and pH at RRM 8.7 in April and August 2008.  This area was 
characterized by heavy SAV growth in August 2007 as observed in Figure 1.  
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Figure 3: The distribution of SAV and substrate conditions at Study Areas 8.6 
(bottom panel) and 11.8 top panel. The approximate location where samples were 
collected is indicated.  
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Figure 4: The concentration of MeHg, IHg, and the percent MeHg in surface water and sediment. FMeHg = filtered MeHg. The 
number above each panel (in the gray box) is the distance in relative river miles (RRM) where samples were collected. Significant 
differences (* = p<0.05, ** = p<0.01, *** = p<0.001). Data were collected August 2011.  
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Figure 5: The concentration of MeHg, IHg, and the percent MeHg in caddisfly tissue and pore water. The number above each 
panel (in the gray box) is the distance in relative river miles (RRM) where samples were collected. Significant differences (* = 
p<0.05, ** = p<0.01, *** = p<0.001). Data were collected August 2011.
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Table 1. Sample and individual sizes of organisms collected for benthic 
invertebrates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. IHg and MeHg concentrations in the leaves and roots SAV as compared to 
concentrations on particles in surface water and sediment. The surface water and 
sediment data were collected monthly or bimonthly between 2006 and 2011 for 
surface water and monthly between 2006 and 2007 for sediment.  
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Table 3. Ancillary parameters for total suspended solids (TSS), total organic carbon 
(TOC) and dissolved organic carbon (DOC). SD = Standard deviation. Riffle areas 
are SAV-free areas to act as controls.  
 
 
 
 
 
 
 
 
 
 
Table 4. Dissolved organic carbon (DOC) and specific ultraviolet absorbance 
(SUVA) for surface water samples collected in riffle (SAV-free) and SAV beds at 
Study Area 11.8.  
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MEMORANDUM  

 

 

 

TO: Nancy Grosso, DuPont CRG 
 

DATE: November 11, 2011 

FROM: Samuel Parker, URS 
 

PROJECT: South River  
URS Project No:18986020 

SUBJECT: SUBSTRATE MAPPING AND SUBMERGED AQUATIC VEGETATION STUDY 
TECHNICAL MEMORANDUM 

CC: Ralph Stahl, DuPont; Mike Liberati, DuPont; Ceil Mancini, URS 

 

This memorandum summarizes the South River Substrate Mapping and Submerged Aquatic Vegetation 

(SAV) Study performed in July and August, 2011 including the following figures, tables, and attachments: 

� Figure 1: Substrate and SAV mapping survey assessment location map 

� Figure 2 – 3: Substrate and SAV class designation photographs 

� Figure 4 – 6: Channel slope and substrate summary figures 

� Table 1: Reach location and substrate mapping summary metrics 

� Table 2: Reach SAV summary metrics 

� Attachment A: Approach to substrate and SAV mapping (July 20, 2011)  

� Attachment B: Published map containing comprehensive substrate and SAV dataset 

� Attachment C: Substrate and SAV survey field assessment summary maps 

 

Eleven miles of the South River, from the footbridge in downtown Waynesboro [Relative River Mile 

(RRM) 0.0], downstream, to the Augusta Forestry Center (RRM 11.7), were assessed in accordance with 

the Scope of Work (SOW) Memorandum dated March 31, 2011.  Within the 11.7 mile study area, 114 

acres of riverbed were mapped (Figure 1).  The primary objectives of this effort were to: 

� Identify and map the spatial extent and physical characteristics of substrates and features which 

influence sediment dynamics within the inundated channel. 

� Identify the spatial extent, density, and species composition of SAV beds. 

� Determine the feasibility of using spatial analyses to predict sediment occurrence in the 

downstream sections of the South River. 

 

The following paragraphs summarize the methodology, results, and provide a summary of findings of the 

effort. 

 

METHODOLOGY 
The approach used to map substrates in the field was detailed in a memo to DuPont dated March 31, 2011 

(Attachment A), and is summarized here.  The substrate mapping process was divided into two phases: 

Phase I, the preliminary geospatial analysis (desktop phase) and Phase II, the field assessment phase.  The 

desktop phase was a preliminary assessment of the study area conducted in ESRI’s ArcGIS (Geographic 

Information Systems).  The Phase I assessment used field observations of fine-grained substrate deposits 

conducted by South River Science Team researchers and GIS photo-interpreted features to identify areas 

with high potential for fine-grained sediment deposits.  
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The Phase II assessment was carried out in a two-tiered approach to maximize field efficiency.  The first 

tier, the Macro-Scale Assessment (MaSA), was a reconnaissance level survey of the study area to 

qualitatively evaluate or confirm preliminary desktop findings.  The second tier, the Micro-Scale 

Assessment (MiSA), was a focused effort where individual substrate types and SAV were mapped with the 

aid of a high-resolution GPS unit.  In both tiers the riverbed was assessed by wading or canoeing in a 

“zigzag” manner downstream, to cover the greatest area of riverbed possible.   

 

Substrate facies were identified by predominance (>50%) of one sediment class. The five sediment classes 

of were defined by the Wentworth Scale (Figure 2; Leeder, 1982):  

� Type 1) Silts and Clays  < 0.063 mm 

� Type 2) Fine Sands  0.064 mm – 0.25 mm 

� Type 3) Medium / Coarse Sand and Granules 0.26 mm – 64.00 mm 

� Type 4) Cobbles and Boulders 64.01 mm – 4,096 mm 

� Type 5) Bedrock >4,096 mm 

Estimations of the percent embeddedness, area of embeddedness, the degree of sorting, and imbrication 

were recorded for Type 3 and Type 4 substrate facies (where possible). These observations provide 

additional insight about sediment dynamics within the system. Bedrock outcrop facies (Type 5) and fine-

grained deposits (Types 1 and 2) typically did not receive observations regarding embeddedness and 

sorting. However, fine-grained deposits did receive qualitative estimates of the proportion of fine sands 

versus silts and clays, sediment odor, and the presence of organic materials (where possible). 

 

An assessment of SAV was conducted concurrently to the substrate mapping. Each SAV bed was 

delineated as a contiguous feature and species compositions and dominance were recorded. The 

approximate density of herbaceous cover relative to the surrounding substrate was used to characterize the 

SAV bed into one of the following four classes (Figure 3):  

� Type 1) Sparse SAV Density 0 – 25% 

� Type 2) Minimal SAV Density 26 – 50% 

� Type 3) Moderate SAV Density 51 – 75%   

� Type 4) High SAV Density 76 – 100% 

 

The complete study approach and methodology is provided in Attachment A of this document.  Deviations 

or modifications to the proposed approach that resulted from unforeseen circumstances are noted below.  

 

Phase I – Preliminary Geospatial Assessment (Desktop Phase).  The Phase I assessment had no major 

deviations from the proposed scope of work.  Overhanging vegetation and shadows created by the angle of 

the sun relative to the flights pattern of the aerial imagery obstructed the view of the bank and channel in 

some locations within the study area.  The inability to clearly discern channel features in these areas created 

some uncertainty in the Phase I spatial analysis.  However, these issues were resolved in the Phase II field 

survey and comparisons between the two are explored further below. 
 
Phase II – Field Assessment of Riverbed Substrate and SAV.  The Phase II assessment methodologies 

had some minor modifications from those outlined in the approach that were necessary to efficiently 

conduct the mapping effort. The MiSA assessment approach originally proposed the high-resolution GPS 

unit to be used to map every substrate facies in the field using ESRI’s ArcPAD 10 program.  The GPS unit 

and software were essential to the analysis, yet limitations were encountered with polygon topology that 
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would have increased the time spent in the field and post-processing the data.  To resolve this, only Type 1 

or Type 2 substrate facies were delineated using the GPS.  The remaining features were drawn on the Phase 

I sketch maps using the real-time positioning data on the GPS unit to accurately scale the field drawings.  

The maps were then georectified in ArcGIS and digitized so the two data sources could be incorporated.  

SAV beds and LWD were recorded in a similar manner to the Type 3 through Type 5 substrate: the GPS-

confirmed field drawings were georectified and digitized in ArcGIS. 

 

RESULTS 
The results of the substrate and SAV mapping efforts and Phase I and Phase II comparison are summarized 

below.  Key findings are discussed regarding the spatial extent and characteristics of substrates, SAV beds, 

and features which may influence sediment dynamics.  Additionally, a published map is provided in the 

attached DVD (Attachment B). The published serves as a comprehensive overview of the existing 

conditions of substrate and aquatic vegetation over the entire study area.   

 

Substrate Mapping 
Within the 11.7-mile study area, 114 acres of riverbed were mapped for substrate composition.  Based on 

the reach breaks defined by intersecting the 2-foot LiDAR contours with the channel centerline, the average 

bed slope of the assessed area was 0.13% (Figure 4).  Substrate of the total surveyed area was comprised of 

4.8% (5.4 ac) silt and clay, and 8.0% (9.1 ac) fine sand substrates.  The combined Type 1 and Type 2 fine-

grained deposits occupied 12.8% of the study area (14.6 ac).  Fine-grained deposits were most commonly 

encountered along the channel margins, especially where large woody debris (LWD) and other bank 

features created changes in velocity due to added roughness.  Coarse sands, granules, and pebbles 

dominated over 48.0 % of the study area (54.7 ac).  Cobbles and boulders along with bedrock were 

subdominant, occupying 31.4% (35.8 ac) and 7.8% (8.9 ac) of the study extent, respectively.  Coarser bed 

materials most commonly occurred in the center of the channel and in the margins that were devoid of any 

obstructions.  Two areas of increased fine-grained deposition are discussed below along with an area of 

limited fine-grained deposition and other study-wide sediment observations.  The comprehensive substrate 

summary maps are included as an appendix to this document (Attachment B).   

 

The results of the survey indicate that the majority of fine-grained deposits occurred in two stretches of the 

river where several reaches had large proportions of Type 1 and Type 2 substrates (Table 1).  The first area 

of increased fine sediment deposition occurred between RRM 2.2 and RRM 4.9 (Reaches R12 – R17).  In 

the 2.7 miles upstream of the breached Doom’s Dam (RRM 4.9), 1.3 acres of silt and clay substrate and 3.1 

acres of fine sand substrate were mapped.  The combined 4.37 acres represents 30.0% of the overall fine-

grained deposits within the study area.  Fine-grained materials were most commonly encountered along the 

channel margins in the presence of LWD or where the banks were scalloped.  The average channel slope 

upstream of the dam is slightly lower than that of the study area (0.08%).  

 

The channel upstream of the breached dam was highly sinuous and had a diverse array of bed features, 

including abundant cobbles, boulders, and bedrock outcrops.  Although there was a large proportion of 

fine-grained material in this section of the assessment area, the dominant substrate in these reaches was 

Type 3 (coarse sands, granules, and pebbles).  

 

The second area with a higher proportion of fine-grained deposits occurred between RRM 7.0 and RRM 

8.6 (Reaches R27 – R29; Table 1).  This low gradient portion of the channel, leading up to the Wertman 

Farm property, has an average channel slope of 0.07%.  The average channel slope is nearly half of the 

average channel slope within the 11.7 mile study area.  The decrease in channel gradient corresponds well 

to an increase in the cumulative accumulation of fine-grained sediment (Figure 5).  In this area, 2.6 acres of 
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Type 1 sediment, and 2.2 acres of Type 2 were recorded.  The combined 4.81 acres represents 33.0% of the 

total fine-grained sediment deposits observed.  The channel was highly sinuous leading up to the RRM 8.6, 

and LWD was abundant.  Wide deposits of fine-grained sediment were observed on both channel margins 

where LWD was frequently present.  Throughout this section the center of the channel was dominated by 

Type 3 substrate.  

 

The remaining 5.4 acres of fine-grained sediments were observed at lower densities at the reach-scale 

survey (Table 1).  As with areas of high deposition, fine-grained sediment was present where surface water 

velocities were impeded due to the presence of woody debris or other partial obstructions.  RRM 10.2 to 

RRM 11.4 (Reaches R35 – R41) had very limited fine-grained deposition; in this segment cobble/boulder 

(Type 4) substrate was observed throughout the channel bed and banks.  This section of the river had a less 

sinuous form and increased slope (0.17%).  The limited deposition of Type 1 and Type 2 substrates 

comprised only 2.3% of the total area of fine-grained deposits in the study area, with 0.11 and 0.22 acres of 

coverage, respectively.  

 

The additional substrate characteristics that were estimated in the field are summarized below to highlight 

their range and variability.  Given the complexity of sediment dynamics, these estimates serve as guides to 

a high-level understanding of processes in the South River.  The embeddedness and area of embeddedness 

estimates noted for all Type 3 and Type 4 substrate facies varied greatly depending on the channel slope 

and the upslope bank and bed conditions.  The mean reach embeddedness for Type 3 substrate facies 

ranged from 10 – 60%, and the mean area of embeddedness ranged from  0 – 40%.  For type 4 substrates, 

the mean reach embeddedness ranged from 0 – 40% and the mean area of embeddedness ranged from 0 – 

10%.  This characteristic embeddedness indicates that both Type 3 and Type 4 substrates were capable of 

holding fine-grained material, but these materials represent a small proportion of the interstices.  Sorting 

was most commonly poor to moderate and imbrication was predominately low.  Well-sorted sediment with 

imbrication was only observed in riffle segments with more mobile bed materials.  The composition 

estimates of fine sand and silt/clay made for fine-grained deposits were highly variable.  Very few deposits 

were exclusively limited to the Type 1 and Type 2 substrates—most deposits had some fraction of coarser 

material present. 

 

SAV Mapping 
SAV bed distribution was mapped in detail and species composition and density recorded.  Each bed was 

grouped by the overall stem density within its specific delineated area.  SAV beds occupied 20.5% (23.4 

ac) of the study area and were encountered in 28 of the 42 reaches assessed.  Water stargrass (Heteranthera 

dubia) dominated the 156 mapped beds in the study area.  Elodea (Elodea canadensis) and curly leaf pond 

weed (Potamogeton crispus) were the second and third most dominant taxa, respectively.  The detailed 

summary maps showing SAV beds in the South River are included in Attachment B.  Some key areas of 

aquatic vegetation and other study-wide observations are discussed below. 

 

SAV beds were typically sparse in the upstream portion of the study area, and became denser and more 

frequent in downstream portions of the study area (Table 2).  The area between RRM 0.0 and RRM 2.2 

(Reaches R01 – R11) was devoid of SAV at the time of the assessment.  Reaches R15, R18, and R19 also 

lacked any SAV beds.  RRM 5.0 to RRM 6.6 (Reaches R20 – R25) had several dense beds of aquatic 

vegetation.  The density of SAV decreased slightly in the middle of the assessment area before increasing 

at the downstream end.  The largest contiguous bed of aquatic vegetation was identified from RRM 10.5 to 

RRM 11.7 (Reaches R38 – R42), which contained 8.04 acres of dense beds; this large area of SAV had 

abundant Eelgrass (Vallisneria Americana) and water stargrass (H. dubia).  
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SAV beds in the study area were present where the channel hydraulics and substrate were favorable for root 

development and light interception.  SAV beds were primarily rooted in the center of the channel, where 

bank shading was minimal.  Unconsolidated granule-to-cobble sized material provided the most suitable 

substrate for establishment and growth of aquatic vegetation within the study area.  Lower gradient reaches 

(<0.1% slope) tended to have less SAV than moderate gradient reaches (Table 2).  There was no apparent 

trend between SAV bed density and the distribution of fine-grained substrate.  Water stargrass was 

observed most densely in the swifter flow riffle sections of the river, whereas Eurasian milfoil 

(Myriophyllum spicatum) and Elodea tended to occur where water velocities were slower. 

 
Phase I and Phase II Comparison 
The spatial analysis and preliminary mapping was compared to the field survey results to determine 

whether or not desktop analyses can effectively predict potential extents of fine-grained deposits.  The 

spatial analysis proved greatly beneficial in locating the general areas where fine-grained deposits would be 

encountered in the field; however, the preliminary deposit estimate over-predicted actual field conditions.  

Calculations associated with the desktop analysis resulted in approximately double the acreage (33.7 ac vs. 

14.6 ac) of fine-grained deposits confirmed in the field. 

 

The ability to predict fine-grained sediment occurrence based on reach slope was also explored.  Although 

stream gradient appears to influence fine-grained deposition cumulatively throughout the study area, many 

of the subtle changes in channel slope were not reflected in these data (Figure 5).  The existing channel 

slope data derived from the 2-foot LiDAR contours averaged slopes across the entire reach length, making 

it difficult to discern whether or not fine-grained substrate deposits were directly influenced by channel 

slope on the reach-scale.  The logistic relationship between channel slope and normalized fine-grained 

substrate deposits was weakly correlated (R
2
 = 0.38; Figure 6).  The limited predictive ability of slope on 

channel substrate composition could potentially be improved with increased resolution to the slope dataset.  

Nevertheless, the existing slope dataset remains beneficial at predicting estimates of gross fine-grained 

substrate deposits throughout the remaining 12.2 miles of the South River.  Although the logistic regression 

does not have a strong enough correlation to be predictive at the reach-scale, it does indicate a general trend 

of decreased fine-grained deposits at higher channel gradients.  Figure 4 indicates the sharp increase in 

channel slope from 0.13% in the study area to 0.24% in the downstream area which was not included in this 

survey.  Given the increase in channel gradient downstream of the study area (RRM 11.7 – 23.9), it is not 

likely that the fine-grained substrate deposits in this area will exceed the 12.8% observed from RRM 0.0 to 

RRM 11.7. 

 

SUMMARY OF FINDINGS 
In conclusion, the spatial distributions of substrate and SAV beds in the assessed portion of the South River 

were complex and highly variable.  The findings highlighted in the results of this technical memorandum 

promote increased understanding to the dynamic, process-driven occurrence of riverbed substrate and SAV.  

The fine-grained deposits that occupied 12.8% (14.6 ac) of the study area typically occurred at lower 

sloped areas of the river where the localized hydraulics promoted deposition.  The SAV beds, which 

occupied 20.5% (23.4 ac) of the study area at varying densities, occurred primarily mid-channel in the 

swifter portions of the river where unconsolidated granular and pebble material was dominant.  There were 

no observable trends between fine-grained substrate deposits and SAV bed occurrence.  Moreover, there 

was a limited predictive ability of reach slope to estimate fine-grained bed occurrence at the reach-scale.  

However, the general trend of fine-grained materials aggrading at lower gradients, and the sharp contrast in 

channel slope between the study area and downstream portion of the river, suggests that the percent 

composition of fine grained substrate in the downstream areas will not exceed 12.8%. 
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1.) Silts and Clays 2.) Fine Sands 3.) Med./Coarse Sand - Pebbles 4.) Cobbles and Boulders 5.) Bedrock 

(<0.063 mm) (0.064 mm - 0.25 mm) (0.26 mm – 64.0 mm) (64.01 mm – 4,096 mm) (>4,096 mm) 

1.)  Sparse SAV Density 2.)  Minimal SAV Density 3.)  Moderate SAV Density 4.)  High SAV Density 

(0 – 25%) (26 – 50%) (51 – 75%)      (76 – 100%) 

Figure 2. Phase II substrate class photographs taken during the field survey (July and August 2011)

Figure 3. Phase II SAV class photographs taken during the field survey (July and August 2011)
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Table 1. Reach location and substrate mapping summary metrics

Reach Reach  RRM*  RRM* Reach Fine Deposit** Total Reach Fine Deposit % Fine Cumulative Fine

ID Upstream Downstream Length (ft) Start End Slope (%) 1 2 3 4 5 Area (ac) Area (ac) Area (ft2) Deposit Dep. Area (ac)

R01 1,272 1,270 902 0.0 0.2 0.22% 0.00 0.02 1.24 0.52 0.00 0.015 1.775 670.22 0.9% 0.02

R02 1,270 1,268 1,393 0.2 0.4 0.14% 0.01 0.17 1.30 1.77 0.00 0.187 3.250 8152.06 5.8% 0.20

R03 1,268 1,266 807 0.4 0.6 0.25% 0.00 0.07 1.03 0.50 0.17 0.069 1.763 2984.56 3.9% 0.27

R04 1,266 1,264 1,241 0.6 0.8 0.16% 0.05 0.13 0.21 1.04 0.94 0.178 2.369 7773.69 7.5% 0.45

R05 1,264 1,262 1,745 0.8 1.1 0.11% 0.00 0.29 0.59 1.73 0.60 0.294 3.203 12824.05 9.2% 0.74

R06 1,262 1,260 374 1.1 1.2 0.53% 0.00 0.00 0.02 0.51 0.01 0.000 0.538 0.00 0.0% 0.74

R07 1,260 1,258 1,888 1.2 1.6 0.11% 0.00 0.31 1.48 1.18 0.48 0.314 3.444 13676.83 9.1% 1.06

R08 1,258 1,256 811 1.6 1.7 0.25% 0.14 0.13 0.50 0.57 0.00 0.264 1.338 11498.29 19.7% 1.32

R09 1,256 1,254 984 1.7 1.9 0.20% 0.19 0.11 0.93 0.68 0.00 0.296 1.908 12883.68 15.5% 1.62

R10 1,254 1,252 701 1.9 2.0 0.29% 0.03 0.09 0.06 0.63 0.14 0.119 0.946 5203.51 12.6% 1.74

R11 1,252 1,250 828 2.0 2.2 0.24% 0.00 0.10 0.63 0.34 0.16 0.104 1.233 4522.28 8.4% 1.84

R12 1,250 1,248 2,574 2.2 2.7 0.08% 0.25 0.83 4.18 0.00 0.00 1.088 5.268 47404.80 20.7% 2.93

R13 1,248 1,246 3,872 2.7 3.4 0.05% 0.23 0.95 3.98 0.61 0.30 1.173 6.066 51117.40 19.3% 4.10

R14 1,246 1,244 842 3.4 3.6 0.24% 0.02 0.20 0.47 0.45 0.00 0.225 1.152 9819.24 19.6% 4.33

R15 1,244 1,242 2,330 3.6 4.0 0.09% 0.08 0.39 1.57 0.99 0.39 0.479 3.431 20855.03 14.0% 4.81

R16 1,242 1,240 1,870 4.0 4.4 0.11% 0.15 0.29 2.24 0.35 0.32 0.438 3.348 19100.34 13.1% 5.25

R17 1,240 1,238 2,788 4.4 4.9 0.07% 0.58 0.39 2.26 1.33 0.50 0.969 5.063 42218.75 19.1% 6.21

R18 1,238 1,236 222 4.9 4.9 0.90% 0.01 0.02 0.38 0.21 0.00 0.028 0.617 1213.87 4.5% 6.24

R19 1,236 1,234 349 4.9 5.0 0.57% 0.00 0.01 0.26 0.39 0.00 0.007 0.656 318.50 1.1% 6.25

R20 1,234 1,232 1,049 5.0 5.2 0.19% 0.00 0.18 0.89 0.55 0.23 0.178 1.839 7763.59 9.7% 6.43

R21 1,232 1,230 1,494 5.2 5.5 0.13% 0.02 0.20 1.06 1.32 0.40 0.219 3.008 9539.87 7.3% 6.65

R22 1,230 1,228 845 5.5 5.7 0.24% 0.00 0.02 0.07 1.17 0.00 0.021 1.261 932.70 1.7% 6.67

R23 1,228 1,226 1,178 5.7 5.9 0.17% 0.02 0.34 1.02 0.92 0.10 0.354 2.392 15411.88 14.8% 7.02

R24 1,226 1,224 3,178 5.9 6.5 0.06% 0.17 0.45 4.82 0.88 0.83 0.619 7.153 26943.38 8.6% 7.64

R25 1,224 1,222 736 6.5 6.6 0.27% 0.00 0.05 1.54 0.00 0.00 0.053 1.597 2300.72 3.3% 7.69

R26 1,222 1,220 1,975 6.6 7.0 0.10% 0.18 0.18 1.86 0.64 0.63 0.360 3.486 15678.86 10.3% 8.05

R27 1,220 1,218 1,185 7.0 7.2 0.17% 0.44 0.19 1.88 0.07 0.08 0.637 2.664 27750.36 23.9% 8.69

R28 1,218 1,216 3,777 7.2 7.9 0.05% 1.32 0.93 4.45 0.09 0.34 2.246 7.121 97847.66 31.5% 10.94

R29 1,216 1,214 3,730 7.9 8.6 0.05% 0.82 1.10 3.58 1.40 0.04 1.922 6.940 83715.18 27.7% 12.86

R30 1,214 1,212 1,302 8.6 8.9 0.15% 0.03 0.10 0.91 1.29 0.00 0.129 2.324 5626.05 5.6% 12.99

R31 1,212 1,210 1,396 8.9 9.1 0.14% 0.10 0.11 1.06 0.57 0.00 0.217 1.854 9448.12 11.7% 13.20

R32 1,210 1,208 516 9.1 9.2 0.39% 0.01 0.00 0.10 0.22 0.28 0.012 0.607 522.11 2.0% 13.22

R33 1,208 1,206 1,983 9.2 9.6 0.10% 0.16 0.11 1.70 1.90 0.14 0.269 4.004 11707.64 6.7% 13.49

R34 1,206 1,204 2,808 9.6 10.2 0.07% 0.18 0.33 2.63 2.37 0.00 0.517 5.521 22508.50 9.4% 14.00

R35 1,204 1,202 459 10.2 10.2 0.44% 0.00 0.00 0.04 0.83 0.00 0.000 0.869 0.00 0.0% 14.00

R36 1,202 1,200 486 10.2 10.3 0.41% 0.00 0.00 0.08 0.84 0.00 0.000 0.927 0.00 0.0% 14.00

R37 1,200 1,198 1,004 10.3 10.5 0.20% 0.01 0.00 0.24 1.47 0.00 0.009 1.727 396.11 0.5% 14.01

R38 1,198 1,196 1,343 10.5 10.8 0.15% 0.04 0.12 0.84 1.53 0.01 0.158 2.538 6879.77 6.2% 14.17

R39 1,196 1,194 878 10.8 10.9 0.23% 0.00 0.00 0.16 1.03 0.22 0.002 1.418 105.68 0.2% 14.17

R40 1,194 1,192 1,759 10.9 11.3 0.11% 0.06 0.03 1.04 1.74 0.55 0.091 3.425 3976.31 2.7% 14.26

R41 1,192 1,190 893 11.3 11.4 0.22% 0.00 0.07 0.55 0.21 0.78 0.068 1.610 2943.29 4.2% 14.33

R42 1,190 1,188.4 1,437 11.4 11.7 0.14% 0.11 0.11 0.89 0.89 0.23 0.228 2.244 9942.11 10.2% 14.56

Notes: Reaches with increased occurrence of fine-grained deposits are shaded blue Totals: 5.43 9.12 54.74 35.75 8.86 14.559 113.896 634177.02 na na

                *RRM = Relative River Mile; **Fine-Grained = Type 1 & 2

Reach Elevation (ft msl) Substrate Area by Class Type (ac)



Table 2. Reach submerged aquatic vegetation (SAV) summary metrics

Total Reach  RRM*  RRM* Sparse Density Minimal Density Moderate Density High  Density

Area (ac) Start End Common Name Scientific Name (0 - 25%) (25 - 50%) (50 - 75%) (75 - 100%)

R12 5.27 0.08% 2.2 2.7 Water Stargrass Heteranthera dubia 0.02 0.44 0 0

R13 6.07 0.05% 2.7 3.4 Elodea Elodea canadensis 0.06 0 0 0

R14 1.15 0.24% 3.4 3.6 Curly Leaf Pond Weed Potamogeton crispus 0.04 0 0 0

R16 3.35 0.11% 4.0 4.4 Elodea E. canadensis 0.02 0 0 0

R17 5.06 0.07% 4.4 4.9 Elodea E. canadensis 0.02 0.02 0 0

R20 1.84 0.19% 5.0 5.2 Curly Leaf Pond Weed P. crispus 0.03 0.20 0.24 0

R21 3.01 0.13% 5.2 5.5 Curly Leaf Pond Weed P. crispus 0.16 0.29 0.10 0.50

R22 1.26 0.24% 5.5 5.7 Water Stargrass H. dubia 0.02 0.39 0 0

R23 2.39 0.17% 5.7 5.9 Curly Leaf Pond Weed P. crispus 0.16 0.51 0.61 0

R24 7.15 0.06% 5.9 6.5 Water Stargrass H. dubia 0.53 0.52 0.49 0

R25 1.60 0.27% 6.5 6.6 Water Stargrass H. dubia 0 0 1.19 0

R26 3.49 0.10% 6.6 7.0 Water Stargrass H. dubia 0.82 0 0.32 0

R27 2.66 0.17% 7.0 7.2 Water Stargrass H. dubia 1.10 0 0 0

R28 7.12 0.05% 7.2 7.9 Water Stargrass H. dubia 0.02 0.31 0 0

R29 6.94 0.05% 7.9 8.6 Water Stargrass H. dubia 0.21 0.65 0.46 0.20

R30 2.32 0.15% 8.6 8.9 Water Stargrass H. dubia 0.24 0.23 0.28 0.17

R31 1.85 0.14% 8.9 9.1 Water Stargrass H. dubia 0.60 0.23 0 0

R32 0.61 0.39% 9.1 9.2 Elodea E. canadensis 0.03 0 0 0

R33 4.00 0.10% 9.2 9.6 Water Stargrass H. dubia 0.62 0.28 0.03 0

R34 5.52 0.07% 9.6 10.2 Water Stargrass H. dubia 1.28 0.38 0.04 0

R35 0.87 0.44% 10.2 10.2 Water Stargrass H. dubia 0.03 0 0 0

R36 0.93 0.41% 10.2 10.3 Water Stargrass H. dubia 0.06 0 0 0

R37 1.73 0.20% 10.3 10.5 Water Stargrass H. dubia 0.25 0 0 0

R38 2.54 0.15% 10.5 10.8 Water Stargrass H. dubia 0.36 0.15 0.50 0.98

R39 1.42 0.23% 10.8 10.9 Water Stargrass H. dubia 0.42 0 0 0

R40 3.42 0.11% 10.9 11.3 Water Stargrass H. dubia 0.17 0.90 1.39 0.36

R41 1.61 0.22% 11.3 11.4 Eelgrass Vallisneria americana 0 0 0.08 1.18

R42 2.24 0.14% 11.4 11.7 Eelgrass V. americana 0 0.35 1.19 0

 Notes: Reaches with increased occurrence of submerged aquatic vegetation beds are shaded blue Totals: 7.27 5.86 6.91 3.40

                  Excluded reaches had no observed SAV at the time of the assessment

                  *RRM = Relative River Mile 
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URS Corporation 
335 Commerce Drive, Suite 300 
Fort Washington, PA 19034-2623 
Telephone: (215) 367-2500 
Facsimile: (215) 367-1000 

 

MEMORANDUM 
 

 

 
 

TO: Nancy R. Grosso, DuPont DATE: July 20, 2011 

FROM: Joshua Collins 
Ceil Mancini, URS  

  

SUBJECT: APPROACH TO SUBSTRATE AND SUBMERGED AQUATIC VEGETATION MAPPING 
South River Program 

  

 

This protocol describes the approach that will be used to identify and map substrate deposits and 
submerged aquatic vegetation (SAV) over eleven-miles of the South River, Virginia.  It details 
the original scope and cost estimate provided to DuPont March 31, 2011. 

The assessment area will extend from the footbridge in downtown Waynesboro [Relative River 
Mile (RRM) 0.0], downstream, to the Augusta Forestry Center (RRM 11.0).  The methodology 
will remain consistent throughout the 11 mile assessment area.  The substrate mapping process is 
divided into two phases: Phase I, the preliminary geospatial analysis (desktop phase) and Phase 
II, the field assessment phase.  The desktop phase is a preliminary geospatial assessment of the 
riverbed study area conducted in ESRI’s ArcGIS (Geographic Information Systems).  Phase I 
assessment efforts will utilize geospatial field observations of fine-grained substrate deposits 
conducted by other South River Science Team researchers and GIS photo-interpreted features 
which influence sediment dynamics to identify areas with high potential for fine-grained 
sediment deposits.  The Phase II assessment will be broken down into a two-tiered field survey 
approach to maximize efficiency in the field.  The first tier will be conducted at the macro-scale 
and the second at the micro-scale.  This protocol is divided by task into the following sections: 

 Equipment List 

 Glossary of Assessment Terminology 

 Phase I – Preliminary Geospatial Analysis (Desktop Phase) 

 Phase II – Field Assessment Phase 

o Macro-Scale Assessment (MaSA) 

o Micro-Scale Assessment (MiSA) 

 Substrate Mapping 

 SAV Mapping 

 Field Log Book and Field Data Sheet 
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Equipment 
The following equipment/supplies may be used to conduct the Phase II site characterization field 
surveys: 

 Field notebook/data sheets 

 Pencils and waterproof/permanent marking pens 

 Desktop phase potential feature location maps (See Phase I Section for Details) 

 Trimble® Geo-XH 6000 global positioning system (GPS) 

 Camera and waterproof dry bags 

 Field sediment grain size and texture guides 

 Flagging materials 

 Graduated sediment probe 

 Ruler and measuring tapes 

 Drift boat or canoe 

 Appropriate health and safety equipment 

Glossary of Key Assessment Terminology 
The following glossary defines key terminology used in this assessment in order to reduce the 
potential for ambiguity in characterizations of the substrate: 

Channel – For this assessment the channel refers to the area bound by the outer shorelines of 
the river’s wetted perimeter when flowing at 350 cfs.  The area bound by this discharge 
accommodates permanent and some transient aquatic habitat communities with an annual 
mean daily flow exceedance of approximately 15%.  

 Constriction – A feature adjacent to or within the channel that is laterally constricting 
flows or has potential to do so.  Types of constrictions:  

o Bridges 

o Culverts 

o Bedrock outcrops 

o Abutments 

 Dams – Three distinct classes of dams will be observed on the river: active, breached, 
and historical.  

o Active dams are fully intact and functioning as impoundments to surface water 
flow. 

o Breached dams still partially span the channel and alter the localized hydraulics of 
the water. 
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o Historical dams have been removed completely and have no physical remnants 
that influence local channel hydraulics.  Historical dams may still have structures 
that appear outside of the assessment area and act as constrictions.  

 Embedded – Any larger-sized particle that is partially or completely surrounded by 
smaller-sized substrates.  Larger-sized particles include boulders, cobbles, and pebbles; 
smaller-sized particles include granules, sands, silts, and clays (See Wentworth Scale). 

 Embeddedness – The proportion of the vertical axis of any larger particle which is 
covered by smaller-sized substrate. 

 Area of Embeddedness – The proportion of the horizontal axis of a facies of larger 
particles which is surrounded by fine-grained substrate.  Only clays, silts and fine sands 
embedding coarser material will be considered for the area of embeddedness 
determination. 

 Facies or patch – A visually distinct area of substrate identified by the predominance of a 
substrate class.  For this study, the Wentworth scale is modified to define the five facies:  

o 1.) Silts and Clays              < 0.063 mm 

o 2.) Fine Sands          0.064 mm –  0.25 mm 

o 3.) Medium / Coarse Sand and Granules    0.26mm – 64.00 mm 

o 4.) Cobbles and Boulders        64.01 mm – 4,096 mm 

o 5.) Bedrock                  >4,096 mm          

 Fine-Grained Sediment – Any substrate with a median axis width which is less than 0.25 
mm; clays, silts, and fine sands.  Determination of clays, silts and fine sands will be 
conducted by working the sediment between the thumb and forefinger and comparing it 
to grain-size reference samples that will be carried in the field. 

 Fine-Grained Sediment Deposit – Any clay, silt, or fine sand clay deposit that exceeds 
100 ft2.  

 Imbrication – A term referring to the packing and distribution of substrate particles in an 
overlapping shingled manner.  For this assessment, imbrication will be grouped into three 
classes: 

o Minimal Imbrication < 5 % of the substrate in a facies are stacked in an 
overlapping direction aligned with the flow 

o Moderate Imbrication 5 - 50 % of the substrate in a facies are stacked in an 
overlapping direction aligned with the flow 

o High Imbrication > 50 % of the substrate in a facies are stacked in an overlapping 
direction aligned with the flow 

 Large Woody Debris (LWD) – Non-rooted tree within the channel that is large enough to 
cause visible disturbance to the water or sediment dynamics.  Estimated LWD 
dimensions will be recorded. 
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 Reach –In this assessment, a reach defined as a variable length of river where the vertical 
grade change from upstream to downstream is equal to two feet.  Reach break points 
were determined using two-foot LiDAR derived contours.  

 SAV Density – The relative coverage of aquatic vegetation as viewed over the total 
spatial extent of the mapped SAV bed.  Density has been broken into four distinct 
classes: 

o 1.) Sparse SAV Density        0 – 25%  

o 2.) Minimal SAV Density    25 – 50%  

o 3.) Moderate SAV Density    50 – 75%  

o 4.) High SAV Density    75 – 100%  

 Sorting – The relative substrate variability, or range of a distribution of sediment, found 
in a particular patch of substrate (Figure 1.0). Sorting assessments will be conducted by 
visual inspection in the field and sorting ranges defined based on the sorting guide below.  

           
Figure 1.0 A visual sorting guide; adapted from Bunte and Steven (2001) 

 Substrate – Any free moving sediment particles located within the channel bed. 

 Wentworth Scale – Sediment gradation scale for classifying substrate (Table 1.0). 

Table 1.0 Size gradation sediment definitions  
using the Wentworth Scale; adapted from Leeder (1982) 

Particle Type Size Range (mm) 

Bedrock  > 4096 
Boulder 256 - 4096 
Cobble 64 - 256 
Pebble 4 - 64 
Granule 2 - 4 
Medium / Coarse Sand 0.25 - 2 
Fine Sand 0.063 - 0.25 
Silt 0.0039 - 0.063 
Clay 0.00024 - 0.0039 

Phase I – Preliminary Geospatial Assessment (Desktop Phase) 
The Preliminary Geospatial Assessment provides the baseline maps for use during the Phase II 
assessment.  Two previous studies of fine-grained substrate deposits were conducted by other 
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South River Science Team researchers in 2002 (Jensen and Turner) and 2006 (Pizzuto et al.).  
These studies account for the likely location of fine-grained deposits in 2002 and 2006, but do 
not fully define the aerial extents of these deposits in the present day.  The desktop phase uses 
these points and GIS photo interpreted features which influence sediment dynamics to identify 
areas with high potential for fine-grained substrate deposits.  The Phase I potential feature 
mapping process is outlined below:    

 Manual evaluation of the entire study area will be conducted at a scale of 1:1,250 using 
three vintages of recent aerial imagery to determine the location of features that influence 
sediment dynamics.  Aerial imagery available: 

o 2005,  ½ ft aerial imagery data from DuPont  

o 2006, ½ ft imagery  from Virginia Base Mapping Program (Waynesboro only) 

o 2007, 1 ft imagery  from Virginia Base Mapping Program 

 GIS point files will be created at 1:1,250 scale by manually scanning the study area from 
upstream down.  Photo-interpreted points will be placed for these features: 

o LWD 

o Bridge and trestle crossings 

o Current, breached, or historical dam locations (evaluated using historical aerials 
and topographic maps) 

 Channel slopes will be calculated for each reach based on the 2-foot contour data created 
in 2005. 

 Previous fine-grained substrate data will also be imported into the maps: 

o Mud mapping and photo survey data (Jensen and Turner, 2002) 

o Fine-grained channel margin deposits and mercury-release age deposit (Pizzuto et 

al., 2006) 

 Together, the photo-interpreted data and previous fine-grained substrate data will be used 
to infer the approximate locations of areas with high potential for fine-grained deposits. 

 Areas of potential riffles and coarse substrate deposits will also be digitized based on the 
aerial imagery. 

Phase II – Macro-Scale Assessment 
The Phase II MaSA is a rapid field survey which will verify the Phase I potential feature location 
maps and determine the areas of increased fine-grained deposits for the MiSA: 

 Prior to assessment all field personnel will take time to ensure in-field interpretation of 
river features are consistent with the glossary of terms. 

 The channel study area will be paddled or walked in its entirety to validate the Phase I 
data. 
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 Each reach will be assessed as a discrete unit and receive a brief description of any 
conditions unique to that area on the provided field sheet. 

 Field Personnel will conduct the survey from the upstream to downstream in a zigzag 
manner in order to observe greatest area of riverbed substrate efficiently.  Current spatial 
locations will be tracked in real time with the Trimble ® GPS unit to ensure proper field 
map scale.  GPS mapping will be accurate to less than 3 feet at all times during the 
assessment. 

 Phase I maps will be reviewed and modified as necessary to document the approximate 
location of the features that were highlighted.  Descriptions and estimated dimensions of 
the features will be taken along with notation determining if fine-grained sediment is 
present or not.  Field maps will include: 

 LWD 

 Channel crossings and constrictions 

 Active, breached, or historical dam locations 

 Bank erosion or channel revetments (e.g. rip-rap, etc.) 

 Channel morphology features (e.g. riffles, pools, etc.) 

 SAV 

 The areas for high potential of fine-grained substrate deposits created in Phase I will be 
reviewed and categorized into potential facies.  If no fine-grained deposit is located in an 
area delineated in Phase I, the feature boundary will be removed completely. 

 A data quality assessment of the previously collected fine-grained sediment locations will 
also be conducted.  Each feature location will be verified on the ground and flagged for 
modification if needed.  These features include: 

 Fine-grained channel margin deposits (Pizzuto et al, 2006) 

 Mud mapping point locations (Jensen and Turner, 2002) 

 Upon completion of the MaSA, the general distribution and density of features 
influencing sediment deposits will be known.  

Phase II – Micro-Scale Assessment 
The Phase II MiSA is a refined mapping exercise that will use the Trimble GPS unit to 
accurately map the spatial extent of fine-grained sediment deposits and SAV located in the 
MaSA.  

Substrate Mapping 

 In each reach, the MiSA will begin at the location of a fine-grained sediment deposit (if 
present) on the channel margin and work inward toward the center of the riverbed in an 
upstream to downstream direction.  Before taking GPS points the facies will be compared 
to the field sketch feature made in the MaSA and positions recorded to create a 
contiguous polygon.  All facies will be identified by predominance (>50%) of one 
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sediment group.  Determination of the predominant sediment type may require the 
measurement of the median axis width of several randomly selected particles within a 
facies.  Finer substrate will be worked between the thumb and forefinger to identify 
particle sizes.  Small patches of fine-grained sediment will be noted by a single GPS 
point if the total area is less than 100 ft2.  If the area is greater than 100 ft2 the fine-
grained sediment deposit must be mapped as a unique feature.  The five facies of 
substrate defined by the Wentworth Scale are:  

o 1.) Silts and Clays              < 0.063 mm 

o 2.) Fine Sands          0.064 mm –  0.25 mm 

o 3.) Medium / Coarse Sand and Granules    0.26mm – 64.00 mm 

o 4.) Cobbles and Boulders         64.01 mm – 4,096 mm 

o 5.) Bedrock                  >4,096 mm          

 Where surface water depths prohibit clear delineation of substrate type, a stadia rod will 
be used to probe the benthic layer and identify substrate type.   

 An assessment of embeddedness and measurement of the area of embeddedness will be 
conducted for the facies if clays, silts, or fine sands are embedded within coarser 
substrate.  A minimum of five representative large substrate particles will be lifted within 
the facies to determine the proportion of the substrate which is embedded.  The area of 
embeddedness will be determined as a proportion of area occupied by clays, silts, and 
fine sands across the entire facies.  If the fine-grained sediment embedded exceeds 50%, 
or is predominant, the facies will be considered fine-grained.  If the facies is 
predominately embedded with coarser sands and granules, a note will be made on the 
field map to describe the proportion of fine-grains observed within the embedded 
substrate. 

 In addition to embeddedness, each patch will receive notation on the degree of sorting 
and imbrication according to the definitions found in the glossary of key terminology.   

 GPS locations of the current water surface edge will also be taken during the MiSA to 
ensure low-flow period inundation extents. 

 Each field data sheet completed in the MaSA will be updated or revised as appropriate 
upon further evaluation of the reach. 

Submerged Aquatic Vegetation Mapping 

 An assessment of SAV will be conducted concurrently to the substrate mapping.  Each 
SAV bed will be delineated as GPS points of a contiguous polygon feature.  A SAV bed 
is defined as a contiguous cluster of aquatic vegetation that exceeds 9.3 m2 (100 ft2) in 
size.  The density of plant root stock within the bed will be characterized based on the 
following classes: 

o 1.) Sparse SAV Density        0 – 25%  

o 2.) Minimal SAV Density    25 – 50%  
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o 3.) Moderate SAV Density    50 – 75%  

o 4.) High SAV Density    75 – 100%  

 SAV will be identified to the species level where possible and notation will be taken to 
describe the degree of which fine-grained sediment is adhering to the vegetation.  
Average height of the SAV patch will be recorded along with any observations of 
velocity changes associated with its presence.   

Field Logbook and Field Data Sheet 
Thorough, organized, and accurate records will be made using field logbooks and data sheets to 
document findings.  Photographs will be taken in the field as necessary to record notable 
features.  All GPS data collected in the field will be backed up nightly onto a field notebook to 
minimize risks associated with digital data loss.  Information pertinent to the investigation will 
be recorded in the field logbook and/or field data sheets.  Entries will include the following, as 
applicable: 

Project name and number 

Name of sampler and field personnel  

Date and time of survey 

Physical characteristics of the substrate 

Photograph log with comments and spatial locations  

Observations at the sampling site (e.g., weather conditions) 

Summary of daily tasks and information concerning sampling changes, scheduling 
modifications, and change orders dictated by field conditions 

Field investigation situations vary widely.  No general rules can include each type of information 
that must be entered in a logbook or data sheet for a particular site.  Site-specific recording will 
include sufficient information so that the sampling activity can be reconstructed without relying 
on the memory of field personnel. 
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Abstract—Mercury is a relatively well-studied pollutant because of its global distribution, toxicity, and ability to bioaccumulate
and biomagnify in food webs; however, little is known about bioaccumulation and toxicity of Hg in turtles. Total Hg (THg)
concentrations in blood were determined for 552 turtles representing four different species (Chelydra serpentina, Sternotherus
odoratus, Chrysemys picta, and Pseudemys rubriventris) from a Hg-contaminated site on the South River (VA, USA) and upstream
reference sites. Methylmercury and Se concentrations also were determined in a subset of samples. Because the feeding ecology
of these species differs drastically, stable isotopes of carbon (�13C) and nitrogen (�15N) were employed to infer the relationship
between relative trophic position and Hg concentrations. Significant differences were found among sites and species, suggesting
that blood can be used as a bioindicator of Hg exposure in turtles. We found differences in THg concentrations in turtles from the
contaminated site that were consistent with their known feeding ecology: C. serpentina � S. odoratus � C. picta � P. rubriventris.
This trend was generally supported by the isotope data, which suggested that individual turtles were feeding at more than one
trophic level. Methylmercury followed similar spatial patterns as THg and was the predominant Hg species in blood for all turtles.
Blood Se concentrations were low in the system, but a marginally positive relationship was found between THg and Se when
species were pooled. The blood THg concentrations for the turtles in the present study are some of the highest reported in reptiles,
necessitating further studies to investigate potential adverse effects of these high concentrations.

Keywords—Turtle Mercury Selenium Trophic position Stable isotopes

INTRODUCTION

Mercury is a concern for fish, wildlife, and human health
because of its toxicity and tendency to bioaccumulate and
biomagnify in food webs, especially in its methylated form
(methylmercury [MMHg]) [1,2]. Mercury loading in aquatic
ecosystems can come from either atmospheric deposition or
point-source emissions. The former results in widespread dis-
tribution of the metal because of long-range airborne transport
[3], and the latter is often associated with high contamination
levels at a localized scale (e.g., within riverine or lacustrine
systems). We examined the South River, Virginia, USA, which
historically has been affected by point-source emissions from
E.I. du Pont de Nemours and Company (Waynesboro, VA,
USA). Mercuric sulfate was used by the company between
1929 and 1950 as a catalyst while manufacturing acetate fiber
[4]. Mercury contamination in the South River was discovered
in the 1970s, and today, Hg levels remain high in the river
despite the use of Hg being terminated in the 1950s. A large
Hg contamination gradient exists in the South River system,
ranging from low concentrations, presumably derived from
atmospheric deposition and geologic sources (upstream from
the point source), to extremely high concentrations down-
stream from the manufacturing plant. Previous studies deter-
mined that Hg concentrations in water and biota increase for
several miles before peaking between 10 to 15 miles down-
stream from the point source [5] (G.W. Murphy, 2004, Master’s

* To whom correspondence may be addressed (hopkinsw@vt.edu).

thesis, Virginia Polytechnic Institute and State University,
Blacksburg, VA, USA).

Turtles are potentially excellent model organisms for con-
taminant studies because of their unique suite of ecological
and life-history attributes. Important characteristics include
their wide distribution, the variation in the habitat types they
occupy, and the range of trophic levels in which they feed
[6,7]. In addition, turtles are long-lived, allowing for long-
term exposure to contaminants. Because of their ectothermic
physiology, turtles often can reach higher biomasses in a sys-
tem compared with endotherms occupying similar trophic lev-
els [8], and their eggs and young often are important as prey
items for other organisms [9,10]. Yet, compared to birds and
mammals, turtles have received little attention in terms of Hg
pollution [11–13].

Turtle life histories, relative trophic positions, and dietary
preferences in aquatic systems are likely important determi-
nants of how much Hg is ingested and bioaccumulated. Four
turtle species inhabit the South River: Red-bellied turtles
(Pseudemys rubriventris), painted turtles (Chrysemys picta),
stinkpots (Sternotherus odoratus), and snapping turtles (Che-
lydra serpentina). These four aquatic species differ drastically
in their feeding ecology, providing an opportunity to assess
the influence of trophic niche on Hg accumulation within a
single turtle assemblage. Pseudemys rubriventris are typically
associated with large, deep bodies of water [9,10]. Young P.
rubriventris are omnivorous, but adults are almost entirely
herbivorous, primarily consuming aquatic vegetation [10].
Chrysemys picta are habitat and dietary generalists. They in-
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Fig. 1. Sampling locations along the South River (SR) and Middle
River (MR) of the Shenandoah Valley (VA, USA). Numbers refer to
river miles downstream from contamination source (river mile 0).
Open symbols represent reference sites, and closed symbols represent
contaminated sites. Note that the river flows from south to north.

habit permanent bodies of water (e.g., ponds, lakes, and rivers)
[10] and consume plant and animal material by foraging along
the bottom, actively searching in algae clumps, or surface-
skimming [9]. Sternotherus odoratus occur in many types of
aquatic habitats but prefer lentic, soft-bottom areas [9]. They
are omnivores but largely scavenge by probing mud and de-
tritus for prey items, such as beetles, crayfish, snails and other
mollusks, leeches, larval insects, tadpoles, and dead fish [9,14].
Chelydra serpentina also inhabit a variety of aquatic habitats
[10]. They consume animal and plant material of many kinds,
but fish, amphibians, and aquatic invertebrates comprise a large
portion of their diet [9,10]. Young C. serpentina actively for-
age for prey items, but adults ambush prey and consume car-
rion in the benthos [9].

In the present study, we sampled blood from the four turtle
species that occur in the South River. Blood collection and
other nonlethal sampling techniques have been recently pro-
moted [15] in studies to understand why reptile populations
are declining worldwide [16]. In addition to not harming tur-
tles, blood sampling permits large sample sizes to be collected
at multiple sites. Blood Hg levels are often considered an
indicator of recent dietary Hg intake. However, correlations
have been found between blood Hg concentrations and Hg
bioaccumulation in other tissues in turtles [7,17], snakes [18],
and alligators [19], suggesting that blood Hg concentrations
reflect a combination of recent and longer term exposure [17],
especially in reptilian species that undergo long periods of
digestive quiescence.

The present study had two objectives. First, we sought to
determine whether total Hg (THg) concentrations in turtle
blood were elevated in the South River compared to upstream
reference sites. Because of the different microhabitat and di-
etary preferences of each turtle species, we hypothesized that
THg concentrations would exhibit the following trend across
species: P. rubriventris � C. picta � S. odoratus � C. ser-
pentina. Blood stable isotope composition of carbon and ni-
trogen (�13C and �15N) was analyzed to examine the relation-
ship between Hg and the relative trophic position among the
turtle species. Within an aquatic ecosystem, stable N isotope
ratios (as �15N values) can provide information concerning
relative trophic position, because � values typically increase
approximately 2 to 5‰ between trophic level as a result of
preferential excretion of the lighter 14N caused by amino acid
metabolism [20,21]. This technique has been successfully em-
ployed using whole-body and muscle tissues in aquatic or-
ganisms (see, e.g., [22,23]) and using blood in birds (see, e.g.,
[24]) to describe relationships between trophic level and Hg
concentrations. In a variety of organisms, MMHg and Se con-
centrations in tissues such as muscle, liver, kidney, and brain
are important for interpreting bioaccumulation and toxicity of
Hg, both because MMHg is the most toxic species of Hg and
because Se has protective effects against Hg toxicity [12]. Of
the few studies that have measured blood Hg levels in turtles
[7,17,25], none have measured MMHg or Se. Hence, our sec-
ond objective was to determine what proportion of blood Hg
was methylated and whether a relationship existed between Se
and Hg in turtle blood.

MATERIALS AND METHODS

Field sampling of turtles

Turtles were collected from multiple sites upstream and
downstream of the source of Hg contamination (river mile 0).
Sites available to trap turtles were dependent on landowner

consent, so we trapped opportunistically along the South River
and the Middle River, Virginia, USA. Downstream from the
Hg source, turtles were sampled at seven subsites between
river miles 2 and 22, hereafter referred as SR 2-22. These
subsites in the contaminated portion of the South River could
not be treated independently of one another in our spatial
comparisons; thus, they are collectively referred to as the con-
taminated site. The reference sites consisted of an area on the
South River (SR Ref ) between 1.5 to 5 miles upstream from
the E.I. du Pont de Nemours and Company plant (Fig. 1).
Turtle movement in the South River between SR Ref and the
contaminated site is restricted by Rife Loth dam in Waynes-
boro, Virginia, USA, upstream from the contamination source.
Additional reference sites were sampled on the Middle River
(MR Ref ), which is northwest of the South River and also
joins the South Fork of the Shenandoah River at Port Republic,
Virginia, USA (Fig. 1).

Turtles were captured during the spring and summer (May–
July) of 2006 by hand, in basking traps, and in baited hoop
nets (Memphis Net and Twine, Memphis, TN, USA). Traps
were placed in sections of the rivers that matched the micro-
habitat requirements of target species (e.g., slow-moving water,
presence of coarse/woody debris, and structured bank) and
then left for one to three nights. Traps were checked daily,
and individual traps were moved if not successful after two
nights. After the third night, traps were removed from the site
or rebaited and moved within a site.

On capture, turtles were measured for carapace length, car-
apace width, and plastron length to the nearest centimeter and
for mass to the nearest 0.5 kg for snapping turtles or the nearest
0.05 kg for the other three species. A 1-ml blood sample was
taken for Hg analysis from the cervical sinus or caudal vein
of each turtle using a 1-ml heparinized syringe. A second 0.3-
ml blood sample was collected for stable isotope analysis from
a subset of individuals using nonheparinized syringes. Samples
were immediately placed on ice, returned to the laboratory,
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Table 1. Individual sample sizes and totals for total mercury (THg)
analyses by combustion–amalgamation–cold-vapor atomic absorption
spectrophotometry in the four turtle species (Chelydra serpentina,
Sternotherus odoratus, Chrysemys picta, and Pseudemys
rubriventris) at the South River (SR) contaminated portion (SR 2-22)
and the South River and Middle River reference sites (SR Ref and

MR Ref, respectively)a

Site
C.

serpentina
S.

odoratus
C.

picta
P.

rubriventris Total

SR subsites
RM 2 30 5 11 13 59
RM 5 8 22 20 0 50
RM 10 14 17 29 2 62
RM 11 24 9 84 11 128
RM 15 9 8 8 4 29
RM 20 4 5 4 2 15
RM 22 10 12 14 4 40

SR 2-22 99 78 170 36 383
SR Ref 14 7 6 0 27
MR Ref 38 4 100 0 142
Total 151 89 276 36 552

a All sites in Virginia (USA). RM � river mile.

Table 2. Individual sample sizes and totals for methylmercury
(MMHg) and selenium (Se) analyses in the four turtle species
(Chelydra serpentina, Sternotherus odoratus, Chrysemys picta, and
Pseudemys rubriventris) at the South River (SR) contaminated portion
(SR 2-22) and the South River and Middle River reference sites (SR

Ref and MR Ref, respectively)a

Site
C.

serpentina
S.

odoratus
C.

picta
P.

rubriventris Total

SR subsites
RM 2 4 4 4 5 17
RM 5 4 4 4 0 12
RM 10 4 4 4 2 14
RM 11 8 7 8 5 28
RM 15 4 4 4 3 15
RM 20 2 4 3 2 11
RM 22 4 4 4 4 16

SR 2-22 30 31 31 21 113
SR Ref 6 5 3 0 14
MR Ref 4 4 3 0 11
Total 40 40 37 21 138

a All sites in Virginia (USA). RM � river mile.

and stored frozen until thawed for analyses. Turtles were each
given permanent individual marks by notching three marginal
scutes of the shell. A Garmin handheld Global Positioning
System unit (Garmin International, Olathe, KS, USA) was used
to obtain geospatial coordinates for each captured turtle. Tur-
tles were then released at their point of capture.

Sample preparation and analyses

Total mercury analysis. Subsamples (50–200 mg) of whole
blood from 552 individual turtles (Table 1) were analyzed for
THg content by combustion–amalgamation–cold-vapor atomic
absorption spectrophotometry (DMA 80; Milestone, Monroe,
CT, USA) according to U.S. Environmental Protection Agency
(EPA) method 7473 [26]. For quality assurance, each group
of 10 to 15 samples included a replicate, blank, and standard
reference material (SRM; TORT-2 lobster hepatopancreas [Na-
tional Research Council of Canada, Ottawa, ON] or SRM 966
[Toxic Metals in Bovine Blood Level 2; National Institute of
Standards and Technology, Gaithersburg, MD, USA]). The
instrument was calibrated using solid SRMs (TORT-2 and
DORM-2, dogfish muscle; National Research Council of Can-
ada). Method detection limits (MDLs; threefold the standard
deviation of procedural blanks) for blood samples depended
on sample mass and were calculated separately for each ob-
servation based on the mass of sample analyzed. Method de-
tection limits ranged from 2.83 to 12.17 ng/g wet mass. Most
THg concentrations exceeded the detection limits, with the
notable exception of 72 observations in MR Ref samples. Av-
erage relative percent difference (RPD) between replicate sam-
ples analyzed was 7.71% � 1.20% (n � 57; mean � standard
error throughout). Mean percent recoveries of THg for the
SRMs TORT-2 and SRM 966 were 97.6% � 1.5% (n � 94)
and 82.9% � 3.8% (n � 13), respectively.

Mercury speciation analysis. A subset of blood samples (n
� 138) from all sites (MR Ref, SR Ref, and SR 2-22) was
analyzed for MMHg and reanalyzed for THg (Table 2). Whole-
blood samples (75–300 mg) were digested in sealed, 15-ml
polypropylene centrifuge tubes containing 2 to 6 ml of 4.5 M
trace metal–grade HNO3 at 60�C overnight. The resulting di-
gests were centrifuged at 1,000 g for 20 min to remove any

insoluble material. Aliquots of the supernatants (25–100 	l)
were then analyzed for MMHg content using aqueous-phase
ethylation with room-temperature precollection, followed by
gas chromatography and cold-vapor atomic fluorescence spec-
trometry according to the methods described by Liang et al.
[27] as modified by Hammerschmidt and Sandheinrich [28].
The SRMs TORT-2 and SRM 966, the blank and duplicate
samples, and the samples spiked with standards were processed
identically and analyzed simultaneously with the blood sam-
ples. Mean recoveries of MMHg for TORT-2 and SRM 966
were 104.8% � 3.3% (n � 24) and 113.5% � 34.2% (n �
8), respectively. Whereas TORT-2 has a certified reference
value for MMHg, SRM 966 only has a reference value. The
estimated MDL for MMHg was 1.54 ng/ml. In general, sample
concentrations exceeded the detection limit with the exception
of 11 observations largely from the reference sites (n � 8) or
from P. rubriventris (n � 3). Average RPD between replicate
samples was 15.3% � 2.6% (n � 25). Spike recovery averaged
94.1% � 2.4% (n � 20).

To determine the percent MMHg (%MMHg) for the subset,
THg concentrations in the digestates were determined using
an Elan DRC Plus inductively coupled plasma–mass spec-
trometer (ICP-MS; PerkinElmer, Norwalk, CT, USA) accord-
ing to U.S. EPA method 6020a [29]. Recoveries of THg in
TORT-2 and SRM 966 by this method were 97.4% � 12.1%
(n � 10) and 79.9% � 14.2% (n � 4), respectively. Average
RPD between replicate samples was 5.0% � 1.5% (n � 5).
Estimated MDL depended on sample mass and ranged from
6.60 to 24.89 ng/g wet mass. As with MMHg, sample con-
centrations generally exceeded the detection limit with the
exception of nine observations. Mean spike recovery was
98.4% � 4.4% (n � 5). The slope of the relationship between
THg analyses by the DMA 80 and by ICP-MS was not sig-
nificantly different from one (t test, p � 0.1).

Selenium analysis. Selenium concentrations in blood were
determined for the same subset of turtles (n � 138) analyzed
for MMHg from all sites (MR Ref, SR Ref, and SR 2-22)
(Table 2). Approximately 250 mg of thawed whole-blood sam-
ples were digested in 5 ml of trace metal–grade HNO3 in
flouropolymer digestion vessels using a microwave digestion
system (MARS-5; CEM, Matthews, NC, USA) according to
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U.S. EPA method 3052 [30]. After digestion, the samples were
brought to a final volume of 15 ml with deionized water (�18
M
). Analytical method blanks and SRM (TORT-2) were in-
cluded in each digestion batch. Selenium analysis was per-
formed on diluted samples according to U.S. EPA method
6020a [29] by ICP-MS in standard mode. Calibration was
performed using the method of standard addition. Mean re-
covery of Se for TORT-2 was 113.0% � 1.6% (n � 9). The
estimated MDL for Se was 0.177 ng/ml. Sample concentrations
generally exceeded the detection limit with the exception of
seven observations from SR 2-22. Average RPD between an-
alytical replicate samples and method replicate samples was
35% � 9% (n � 7) and 24% � 4% (n � 3), respectively.
Spike recovery averaged 98% � 4% (n � 7).

Stable isotope analyses. The isotopic composition of N and
C were determined on a subset of the samples analyzed for
MMHg and Se from river miles 10, 11, 15, and 20 (ntotal �
67, nC. serpentina � 17, nS. odoratus � 19, nC. picta � 19, nP. rubriventris �
12). Lyophilized whole-blood samples of approximately 1.5
mg were weighed to the nearest microgram and placed into
precleaned tin capsules. Stable isotope ratios were then de-
termined using an elemental analyzer (NC2500; Carlo Erba,
Milan, Italy) coupled to a continuous-flow isotope ratio mass
spectrometer (Deltaplus XL; Finnigan, San Jose, CA, USA).
Stable isotope ratios are reported in per mill units (‰) using
� notation (�X � [(Rsample/Rstandard) � 1] � 103), where X � 13C
or 15N and R � the ratio of 13C to 12C or of 15N to 14N in a
sample or SRM [31]. Values were calibrated to atmospheric
nitrogen and Vienna-PeeDee Belemnite through the external
working standard, DORM-2 (dogfish muscle), which has an
assigned �13C value of �16.9‰ and an assigned �15N value
of 14.0‰. Isotopic compositions were reproducible to �0.1‰
(�1 standard deviation; n � 7) for both �13C and �15N.

Statistical analyses

We first determined whether body size significantly affected
THg levels in blood by regressing log-transformed THg con-
centration against log body mass (kg) for each species at each
site except for S. odoratus (SR Ref, n � 4; MR Ref, n � 7)
and C. picta (SR Ref, n � 6) at reference sites because of
small sample sizes. Next, we tested whether sex affected blood
THg levels, because some wildlife species exhibit sexual dif-
ferences in contaminant body burden as a result of sexual
dimorphism or female elimination of contaminants to eggs
(see, e.g., [32,33]). We removed individuals from the data set
that fell below the known threshold body size for sexual ma-
turity in each species [9,10] and tested for a sex effect by
comparing THg concentrations in adult males and females
within the contaminated site. Total Hg levels did not fit the
assumptions of normality, so nonparametric Mann–Whitney
U tests [34] were performed for each species. Neither body
size nor sex consistently influenced Hg accumulation in turtles
(see Results), so neither factor was included in subsequent
statistical models comparing sites and species.

Total Hg concentrations were not normally distributed, so
nonparametric analyses were used to compare species and
sites. We performed a Kruskal–Wallis test followed by non-
parametric multiple comparisons with Tukey–Kramer adjust-
ments [35] to determine how THg concentrations differed in
the four turtle species within the contaminated site. Because
no P. rubriventris were found at the reference sites, we com-
pared C. picta, S. odoratus, and C. serpentina among sites
(MR Ref, SR Ref, and SR 2-22) using the Scheirer–Ray–Hare

extension of a second Kruskal–Wallis test [34] that excluded
P. rubriventris. Almost half the turtles (46%) caught at MR
Ref did not have a detectable level of THg, so we assigned
each of these half the detection limit for statistical compari-
sons.

A subset of blood samples from all sites was analyzed for
THg, MMHg, and %MMHg; however, small sample sizes and
low values (below detection limit [BDL]) precluded statistical
comparisons among reference sites and the contaminated site.
Instead, Kruskal–Wallis nonparametric tests were performed
followed by nonparametric multiple comparisons to examine
differences in THg and MMHg among turtle species within
the contaminated site. Assumptions of normality for %MMHg
were met with an arcsin square root transformation of data,
so differences in %MMHg among the four turtle species within
the contaminated site were compared using a one-way analysis
of variance (ANOVA) followed by Tukey’s pairwise compar-
isons.

The subset of blood samples analyzed for Se concentrations
were log transformed to meet parametric assumptions. Sele-
nium concentrations in the four turtle species in the contam-
inated site were compared using a one-way ANOVA. As be-
fore, additional comparisons among species and sites were
performed using two-way ANOVA for all species except P.
rubriventris, because no individuals of that species were cap-
tured at reference sites. All ANOVAs were followed by Tu-
key’s pairwise comparisons. Spearman rank correlation was
used to assess relationships between Se and THg or MMHg
concentrations.

Finally, we performed a one-way ANOVA followed by
Tukey’s pairwise comparisons to determine if blood stable
isotope compositions (�13C and �15N) differed among the four
turtle species. Ordinary least-squares linear regression was
used to assess relationships between �13C and �15N values and
between �13C or �15N values and THg, MMHg, or Se concen-
trations. All analyses were performed with SAS� 9.1 (SAS
Institute, Cary, NC, USA), and an  value of 0.05 was used
to assess statistical significance.

RESULTS

Turtles

During the course of the present study, we trapped, marked,
and acquired blood samples from 552 turtles of four different
species (C. serpentina, S. odoratus, C. picta, and P. rubri-
ventris) in the South and Middle rivers (Table 1). Except for
P. rubriventris, each species was caught at all sites and sub-
sites along both rivers; however, the relative abundance of
species varied greatly among sites. Pseudemys rubriventris
was not found at the reference sites or in high abundance at
the contaminated site. This is not surprising, because the pres-
ent study represents a significant range expansion for this spe-
cies, with the nearest previous record being at least one ecore-
gion to the east [10].

Total mercury concentrations

A large range in blood THg concentrations was found
among species and sites (Fig. 2A), with concentrations rising
for all species within the contaminated portion of the South
River after river mile 2 (Fig. 2B). Although subsites along SR
2-22 could not be treated independently of one another in our
statistical comparisons, Figure 2B shows the spatial trends
along the contaminated portion of the South River. Pseudemys
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Fig. 2. (A) Total mercury (THg) concentrations (ng/g; mean � stan-
dard error [SE]) in blood of four species of turtles (Chelydra ser-
pentina, Sternotherus odoratus, Chrysemys picta, and Pseudemys
rubriventris) from the Middle River (VA, USA) reference site (MR
Ref ), the South River (VA, USA) reference site (SR Ref ), and the
contaminated portion of the South River (river miles 2–22 [SR 2-
22]). Data for Pseudemys rubriventris are not available (NA), because
this species was not found at the reference sites. (B) Blood THg
concentrations (ng/g; mean � SE) in four species of turtles at the
reference sites and the subsites along SR 2-22 downstream from the
source of contamination (river mile 0). Lines connecting points are
for visual presentation and do not reflect connectivity between means.
Symbols for means are staggered for visual presentation.

Fig. 3. Relationship between log mass (kg) and log total mercury
(THg; ng/g) in Chelydra serpentina in the contaminated portion (SR
2-22) of the South River (VA, USA).

rubriventris was not included in the two-factor model com-
paring species and site, because no individuals were found in
the reference sites. This model revealed significant differences
among species ( p � 0.05) for C. serpentina, S. odoratus, and
C. picta. Significant site differences ( p � 0.001) also were
found among MR Ref, SR Ref, and the contaminated site.
These three species all had THg concentrations that were 20-
to 37-fold and 43- to 108-fold higher in the contaminated site
than in SR Ref or MR Ref, respectively. No interaction was
found between species and site ( p � 0.75), indicating similar
patterns among the species at different sites. The majority of
turtles from the reference sites had THg concentrations of less
than 50 ng/g, but concentrations generally were higher in the
SR Ref than the MR Ref. The THg concentrations were 4.5-
and 3.2-fold higher in C. picta and C. serpentina, respectively,
in SR Ref than in MR Ref. This trend was not apparent in S.
odoratus, likely because of small sample sizes at the reference
sites.

Differences were found in THg concentrations among the
four species within the contaminated site ( p � 0.001), which
supports the two-factor model for species and site described
above. Pairwise comparisons revealed that all species differed
from one another ( p � 0.05) except for C. serpentina and S.
odoratus ( p � 0.05). Pseudemys rubriventris had 85 to 93%
lower THg levels compared to all other species, and C. picta

had THg levels 50 and 52% lower than those in S. odoratus
and C. serpentina, respectively (Fig. 2A).

Body mass did not explain a significant amount of variation
in blood THg concentrations for all species at all sites (r2 �
0.053, p � 0.06) with one exception: A significant effect of
body mass on Hg accumulation was found in C. serpentina
in the contaminated site (r2 � 0.157, p � 0.001) (Fig. 3). Body
sizes of C. serpentina did not differ among sites (F2,148 � 0.47,
p � 0.624; mass [mean � standard error]: MR Ref, 5.8 �
0.52 kg; SR Ref, 4.8 � 0.62 kg; SR 2-22, 5.5 � 0.36 kg), so
any effect of site (Fig. 2A) on Hg concentrations was not
confounded by body size differing among sites. No differences
were found in THg concentrations between sexually mature
male and female C. picta ( p � 0.876), C. serpentina ( p �
0.868), P. rubriventris ( p � 0.852), or S. odoratus ( p � 0.488).

Mercury speciation and selenium

Total Hg concentrations in the subset of samples analyzed
for MMHg (Fig. 4) followed the spatial patterns observed in
the larger THg data set (Fig. 2B) for the four species. Con-
centrations of MMHg tracked THg closely along the river, and
the %MMHg generally ranged between 70 and 100% for all
species and sites. Results from the species comparisons for the
subset within the contaminated site (n � 107) were similar to
statistical comparisons of the complete data set and showed
significant differences in blood concentrations for THg and
MMHg ( p � 0.001 for both) in which all species differed from
one another ( p � 0.05) except for C. serpentina and S. odor-
atus ( p � 0.05). Percent MMHg, however, was similar among
species in the contaminated site (F3,102 � 0.20, p � 0.893).
Twelve samples were BDL for THg and MMHg. Nine of the
BDL individuals were from the reference sites, and the re-
maining three BDL individuals were P. rubriventris in the
contaminated site.

Mean Se concentrations in the blood of the four turtle spe-
cies ranged between 260 to 339 ng/g. The two-way ANOVA
comparing C. serpentina, S. odoratus, and C. picta among
sites (MR Ref, SR Ref, and SR 2-22) was significant for species
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Fig. 4. Total mercury (THg), methylmercury (MMHg), and percent methylmercury (% MMHg) in blood of four species of turtles (Chelydra
serpentina, Sternotherus odoratus, Chrysemys picta, and Pseudemys rubriventris) from the reference sites of the South River (SR Ref ) and
Middle River (MR Ref; both VA, USA) and the subsites along the contaminated portion of the South River (river miles 2-22 [SR 2-22]). Lines
connecting points are for visual presentation and do not reflect connectivity between means. Symbols for means are staggered for visual presentation.
Values are presented as the mean � standard error.

Fig. 5. Relationship between �15N values (‰) and total mercury (THg)
concentrations (ng/g) in blood of four turtle species (Chelydra ser-
pentina, Sternotherus odoratus, Chrysemys picta, and Pseudemys
rubriventris) from the contaminated portion of the South River (VA,
USA; n � 67, river miles 10–20). Open symbols represent values for
individual turtles; dark symbols represent the species means (� stan-
dard errors). Regression is on data for individual turtles (y � 282.85x
� 1,962). The relationship between �15N values and methylmercury
(MMHg) concentrations (ng/g) was nearly identical to that depicted
here (r2 � 0.300, p � 0.001, y � 219.79x � 1,524.5).

(F2,104 � 4.55, p � 0.013) but not site (F2,104 � 0.76, p �
0.468), and no interaction was found between species and site
(F4,104 � 1.08, p � 0.373). Species comparisons within the
contaminated site also identified significant differences in Se
blood concentrations (F3,101 � 2.95, p � 0.036). Examination
of pairwise species comparisons revealed that only S. odoratus
differed from P. rubriventris ( p � 0.026). Seven samples from
the contaminated site were BDL for Se (five samples of P.
rubriventris and one each of C. serpentina and C. picta).

For data pooled across species, a weak but insignificant
trend for Se and Hg to be positively correlated (THg, r �
0.177, p � 0.060; MMHg, r � 0.177, p � 0.056) was observed.
Individually, C. serpentina (THg, r � 0.307, p � 0.087;
MMHg, r � 0.291, p � 0.101) and C. picta (THg, r � 0.258,
p � 0.169; MMHg, r � 0.322, p � 0.077) had weak positive
relationships, but S. odoratus (THg, r � �0.026, p � 0.878;
MMHg, r � �0.065, p � 0.692) and P. rubriventris (THg, r
� 0.042, p � 0.897; MMHg, r � 0.064, p � 0.829) did not.

Stable isotope composition

Significant differences were found among species for �15N
values (F3,63 � 46.14, p � 0.001). All species were statistically
different from one another ( p � 0.001) with the exception of
P. rubriventris and S. odoratus ( p � 0.775). Species differ-
ences (F3,63 � 4.52, p � 0.006) were also found for �13C values.
Examination of pairwise comparisons of C isotope signatures
revealed that only C. picta differed from S. odoratus ( p �
0.022), whereas C. picta and P. rubriventris ( p � 0.051) were
marginally different and C. serpentina and S. odoratus ( p �
0.077) were not significantly different from each other. Chry-
semys picta did not differ from C. serpentina ( p � 0.976),
and P. rubriventris did not differ from either C. serpentina
( p � 0.134) or S. odoratus ( p � 1.00). No relationship was
found between �15N and �13C values ( p � 0.342). With all
species combined, �15N showed a significant positive relation-

ship with THg (r2 � 0.312, p � 0.001) (Fig. 5) and MMHg
(r2 � 0.300, p � 0.001). Individuals within species did not
display relationships between �15N and THg (C. serpentina,
p � 0.096; S. odoratus, p � 0.405; C. picta, p � 0.069; P.
rubriventris, p � 0.118) or MMHg (S. odoratus, p � 0.465;
C. picta, p � 0.075; P. rubriventris, p � 0.086) with the
exception of C. serpentina (r2 � 0.280, p � 0.035). No re-
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Fig. 6. Relationship between individual �13C values (‰) and total
mercury (THg) concentrations (ng/g) in blood of four turtle species
(Chelydra serpentina, Sternotherus odoratus, Chrysemys picta, and
Pseudemys rubriventris) from the contaminated portion of the South
River (VA, USA; n � 67, river miles 10–20). Open symbols represent
values for individual turtles; dark symbols represent the species means
(� standard errors). The groupings are for visual comparison of a
generalist (C. picta; large dotted polygon) and a more specialized
herbivore (P. rubriventris; solid rectangle).

lationship was found between �13C values and either THg ( p
� 0.946) (Fig. 6) or MMHg ( p � 0.728). Selenium was not
correlated with either �15N ( p � 0.301) or �13C ( p � 0.913)
values.

DISCUSSION

Site differences

We found strong differences in blood THg concentrations
among the reference sites and contaminated site (Fig. 2A),
suggesting that blood can be used as a bioindicator of Hg
exposure for turtles. In spite of the known influence of recent
dietary Hg on blood Hg concentrations, studies have shown
that blood concentrations correlate with concentrations in mus-
cle, liver, and kidney in turtles, which suggests that blood also
can be indicative of bioaccumulation in organs [7,17]. Down-
stream from the contamination source (SR 2-22), THg (and
MMHg) concentrations for all species appeared to peak or
plateau between river miles 10 and 15 (Fig. 2B). This phe-
nomenon has been observed previously in water [5], inver-
tebrates, fish (G.W. Murphy, 2004, Master’s thesis), and birds
(R.A. Brasso, 2007, Master’s thesis, College of William and
Mary, Williamsburg, VA, USA) in the South River; however,
the reason for the gradual increase in Hg contamination down-
stream from the point-source remains unclear. The leading
hypothesis for this phenomenon involves continual loading of
Hg into the South River from the floodplain because of erosion,
particularly during high water levels (South River Science
Team Expert Panel Annual Meeting, Harrisonburg, VA, USA,
October 11–12, 2006, unpublished data).

Blood THg concentrations (up to 3,600 ng/g) from some
turtles in contaminated reaches of the South River were higher
than any previously reported values for turtles, but the present
study was the first to focus on known point-source Hg con-
tamination. For example, C. serpentina from five small lakes
in southeastern Connecticut had blood THg concentrations be-
tween 50 and 500 ng/g [7]. Caretta caretta (loggerhead sea
turtle) from coastal waters between South Carolina (USA) and
Florida (USA) had blood THg concentrations from 57 to 141

ng/g [17]. Finally, Lepidochelys kempii (Kemp’s ridley sea
turtle) captured off the coast of Louisiana (USA) and Texas
(USA) had blood THg concentrations between 0.50 and 67.3
ng/g [25]. The blood THg concentrations in turtles from the
present study are within the range of muscle tissue concen-
trations (wet wt) in other omnivorous and carnivorous aquatic
species in the South River, such as white sucker (Catostomus
commersoni, 350–1,700 ng/g), sunfish (Lepomis auritus, 570–
1,300 ng/g), and smallmouth bass (Micropterus dolomieu,
500–3,240 ng/g), and their prey, forage fish (67–398 ng/g) or
aquatic invertebrates (198–595 ng/g) (G.W. Murphy, 2004,
Master’s thesis). Many of these fish and invertebrates likely
are prey for at least three of the species in the present study
(C. serpentina, S. odoratus, and C. picta).

Size and sex differences

Commonly, older (and/or larger) organisms have propor-
tionally higher THg concentrations than younger (and/or
smaller) conspecifics. This pattern probably emerges because
Hg continually bioaccumulates and/or because animals some-
times exhibit different foraging patterns as they increase in
size. For example, THg concentrations often correlate with
body mass in fish [36]. Of the turtles we sampled, C. serpen-
tina in the contaminated site was the only species with a de-
tectable correlation between blood THg concentration and
body mass (Fig. 3). We hypothesize that other turtles also may
show similar patterns; however, our sample population for
these species was confined to a narrow mass range compared
to C. serpentina. Whereas S. odoratus, C. picta, and P. rub-
riventris spanned up to a 45-fold range in mass at the con-
taminated site, we collected C. serpentina that ranged from
0.015 to 17.3 kg (�1,000-fold range). Meyers-Schone et al.
[37] also found significant correlations between muscle and
kidney Hg and body mass in C. serpentina and Trachemys
scripta, and Kenyon et al. [25] found a positive correlation
between blood Hg concentration and body size in C. caretta.
Conversely, others have not found body size correlations in
muscle tissue of C. serpentina [7,38].

Some metal concentrations differ with sex, presumably be-
cause of their elimination by gravid females to eggs or vari-
ation in behavior that leads to differential metal exposure [6].
We found no sex differences in blood THg concentrations
between male and female adults. Again, previous studies have
reported inconsistent results. Kenyon et al. [25] reported that
blood Hg concentrations increased more rapidly with size in
females than in males, suggesting that the sexes forage dif-
ferently. Meyers-Schone et al. [37] found male T. scripta gen-
erally had higher Hg concentrations in kidney and liver than
females, but Albers et al. [39] found no differences in those
tissues between the sexes in C. serpentina.

Species and trophic positions

In general, our stable isotope data support the known feed-
ing ecology of the four turtle species with the exception of P.
rubriventris (Fig. 5), which appeared to have higher �15N val-
ues than expected based on their low Hg concentrations and
known dietary preferences. Adult P. rubriventris are the only
strict herbivores in this turtle assemblage. The literature sug-
gests that C. serpentina, S. odoratus, and C. picta are op-
portunistic feeders, but C. serpentina is by far the most car-
nivorous of the turtle species, followed by S. odoratus and C.
picta [9,10]. The range in individual �15N values (6.6–14.2‰)
and mean species �15N values (8.8–12.6‰) between the lowest
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(C. picta) and highest (C. serpentina) suggests that the dif-
ferent species are feeding at more than one trophic level within
the South River.

With the available data, we can only speculate as to why
�15N values for P. rubriventris were relatively high for such
low blood Hg concentrations. Based on the �13C values, which
can be used to distinguish between different C-based food
sources [40], P. rubriventris appeared to be feeding narrowly
from basal resources (�13C standard deviation, 0.75‰) com-
pared to the other species that fed more broadly (�13C standard
deviation: C. serpentina, 0.93‰; S. odoratus, 1.48‰; C. pic-
ta, 1.90‰) (Fig. 6). Thus, P. rubriventris may be specializing
on a fairly narrow range of resource types compared to the
other three species, and these resources may have a very dif-
ferent N signature compared with other portions of the food
web. Similarly, Monteiro et al. [41] found that seabird species
of the same trophic level had different Hg concentrations when
feeding on different prey items (i.e., mesopelagic vs epipe-
lagic). An alternate explanation is that P. rubriventris may be
more environmentally stressed than the other turtle species in
the present study. The occurrence of P. rubriventris in the
South River represents a significant range expansion for this
species. Thus, it is possible that nontoxicological factors as-
sociated with this habitat may be more physiologically chal-
lenging than conditions within the species’ historical range.
Stress can cause elevated rates of protein degradation and syn-
thesis, which can result in higher �15N values, as seen in tox-
icant-stressed Egretta thula (snowy egret) nestlings [42] and
nutritionally stressed female Chen rossii (Ross’ geese) [43].

Mercury speciation and selenium

Methylmercury is the Hg species of greatest concern be-
cause of its toxicity and tendency to biomagnify [12], but to
our knowledge, no studies have examined the proportion of
MMHg in the blood of turtles. In the present study, Hg in the
blood of all turtles was predominantly MMHg, which is con-
sistent with the results of studies examining %MMHg in bird
blood (see [33] and references therein). Interestingly, the frac-
tion of THg composed of MMHg differed qualitatively among
sites along the contamination gradient (Fig. 4), with the lowest
%MMHg occurring in the areas with the highest THg con-
centrations. This phenomenon is best illustrated with C. ser-
pentina and S. odoratus, which have samples from both the
reference sites and the contaminated site and a large range in
Hg concentrations. Similar relationships have been observed
in several other biotic and abiotic media, such as water [5],
sediment [44], aufwuchs [45], tadpoles [45,46], and fish [47].
Because no differences in %MMHg were found among species
and the spatial trends were consistent among species, differ-
ences in diet among sites most likely do not explain this re-
lationship. The variation in %MMHg may be related to dif-
ferences in net methylation rate along the river, where areas
with high THg concentrations have exceeded the capacity of
the ecosystem to methylate inorganic Hg [44]. Thus, THg
increased at a faster rate than MMHg, resulting in the lowest
%MMHg in areas where THg peaked.

Selenium concentrations in turtle blood were generally low
in the Hg-contaminated site. Whereas Se concentrations dif-
fered among species, all Se concentrations (260–339 ng/g)
were consistent with background blood concentrations of
healthy individuals in other wildlife (100–400 ng/g for birds
and 100–500 ng/g for mammals [48]). No difference was found
among sites, indicating no influence of urbanized areas, such

as Waynesboro (Fig. 1). We found a weak but insignificant
relationship between THg and Se and between MMHg and Se
in blood when all species were combined. The relationship
between Hg and Se is poorly understood in reptiles, but Se is
known to have protective effects in other vertebrates, possibly
by redistributing Hg to less sensitive tissues (e.g., muscle) or
by assisting in sequestration of Hg(II) as HgSe in target organs
(e.g., liver and kidney) [49]. Selenium in blood is not nec-
essarily suggestive of protective effects, but it does signify the
presence of bioavailable Se in the system and a potential re-
lationship between Hg and Se in target organs [50], where
protective effects could occur. The interactions between Se
and Hg are complex, but given that Se appears to be bio-
available in this system, future risk assessments at this site
should consider both Hg and Se concentrations.

CONCLUSION

More than 50 years after the use of mercuric sulfate was
terminated on the South River, Hg concentrations remain high
in the system. In the present study, we detected differences in
THg concentrations in turtle blood among sites with varying
levels of contamination. In addition, THg concentrations in
blood differed among the four turtle species consistent with
their feeding ecology. Further studies are warranted to inves-
tigate adverse effects of this accumulation, such as reproduc-
tive impairment. A description of functional mathematical re-
lationships between blood and egg Hg concentrations, as well
as the identification of egg concentrations capable of affecting
embryonic development, would be of particular value. The
large range in Hg concentrations within the South River pro-
vides a unique opportunity to quantify threshold concentrations
for adverse effects, such as important reproductive outcomes,
that will aid in management decisions for similar species at
other Hg-contaminated sites around the world.
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Abstract—Amphibian population declines have been documented worldwide and environmental contaminants are believed to
contribute to some declines. Maternal transfer of bioaccumulated contaminants to offspring may be an important and overlooked
mechanism of impaired reproductive success that affects amphibian populations. Mercury (Hg) is of particular concern due to its
ubiquity in the environment, known toxicity to other wildlife, and complex relationships with other elements, such as selenium (Se). The
objectives of the present study were to describe the relationships between total Hg (THg), methlymercury (MMHg), and Se in three
amphibian species (Plethodon cinereus, Eurycea bislineata cirrigera, and Bufo americanus) along a Hg-polluted river and floodplain,
and to determine if B. americanus maternally transfers Hg and Se to its eggs in a tissue residue-dependent manner. Total Hg and MMHg
concentrations in all species spanned two orders of magnitude between the reference and contaminated areas, while Se concentrations
were generally low in all species at both sites. Strong positive relationships between THg and MMHg in tissues of all species were
observed throughout. Both Hg and Se were maternally transferred from females to eggs in B. americanus, but the percentage of
the females’ Hg body burden transferred to eggs was low compared with Se. In addition, Hg concentrations appeared to positively
influence the amount of Se transferred from female to eggs. The present study is the first to confirm a correlation between Hg
concentrations in female carcass and eggs in amphibians and among the first to describe co-transference of Se and Hg in an anamniotic
vertebrate. The results suggest future work is needed to determine whether maternal transfer of Hg has transgenerational implications for
amphibian progeny. Environ. Toxicol. Chem. 2010;29:989–997. # 2010 SETAC
Keywords—Amphibians Mercury Methylmercury Selenium Maternal transfer
INTRODUCTION

Amphibian population declines have been documented

worldwide [1] and environmental contaminants are believed

to contribute to some declines [2]. Several studies have

examined the impact of trace element concentrations on larval

amphibians and have found effects on survival [3–5], growth

and development [3–8], energy acquisition and allocation

[9,10], and behavior or performance [3,7,11]. One trace element

that is of particular concern is mercury (Hg), due to its ubiquity

in the environment and known toxicity to other wildlife. How-

ever, the toxic effects of Hg bioaccumulation in amphibians has

received little attention compared with fish, birds, and mammals

[12–15]. In one recent study, Unrine et al. [16] found adverse

effects of environmentally realistic dietary Hg exposure on

survival, development, and growth of amphibian larvae. These

data indicate that Hg pollution, in concentrations associated

with atmospheric deposition only, has the potential to nega-

tively impact amphibian populations, and suggests the impor-

tance of further research in this area.

Trophic uptake of contaminants throughout ontogeny,

ultimately leading to maternal transfer of bioaccumulated con-

taminants to offspring, may be an important mechanism of

impaired reproductive success in amphibians. Maternal transfer
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of Hg in amphibians is a concern because early developmental

stages in aquatic biota are particularly sensitive to Hg [17,18].

In amphibians, most of the information regarding the effects of

contaminants on development is from aqueous exposure of

embryos to contaminants, often in environmentally unrealistic

concentrations [14]. To date, only three studies have docu-

mented maternal transfer of contaminants in amphibians

[19–21], and two of these examined its relationship to develop-

ment and reproductive success [20,21]. In aqueous laboratory

exposures, adult Xenopus laevis (African clawed frog) mater-

nally transferred cadmium (Cd) to their eggs, resulting in a

residue-dependent increase in developmental malformations

[21]. In a field study, Gastrophryne carolinensis (eastern

narrow-mouth toad) from an industrial site maternally trans-

ferred high concentrations of selenium (Se) and strontium (Sr)

to their eggs and exhibited a 19% reduction in offspring

viability [20].

The present study sought to develop a better understanding

of Hg bioaccumulation in amphibians by sampling amphibians

inhabiting the South River (VA, USA). The South River was

historically (1929–1950) contaminated near Waynesboro, VA,

with mercuric sulfate [22] and, despite terminating the use of

Hg at the manufacturing plant in the 1950s, the Hg concen-

trations remain high in the system [23]. Indeed, the highest

whole-body total Hg (THg) concentrations in amphibians (Eur-
ycea bislineata cirrigera) from the contaminated site [24] were

the highest reported for amphibians in the literature [13,14]. The

first objective was to describe the relationships between THg



Fig. 1. Relationship between log total mercury (THg; ng/g, dry wt)
concentrations and log methylmercury (MMHg; ng/g, dry wt)
concentrations in (A) composite body samples from salamanders: adult
Eurycea bislineata (r¼ 0.986; p< 0.0001; y¼ 0.976x – 0.146; n¼ 20), larval
E. bislineata (r¼ 0.993; p< 0.0001; y¼ 0.959x – 0.115; n¼ 19) and adult
Plethodon cinereus (r¼ 0.932; p< 0.001; y¼ 0.797x þ 0.185; n¼ 8) and
(B) Bufo americanus: whole body (dry wt; r¼ 0.932; p< 0.0001; y¼ 1.094x–
0.501; n¼ 26), blood (wet wt; r¼ 0.984; p< 0.0001; y¼ 0.928x þ 0.022;
n¼ 32), and egg (dry wt; r¼ 0.860; p< 0.0001; y¼ 0.786x – 0.091; n¼ 32)
samples in the reference and contaminated portion of the South River
(VA, USA).
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and (mono)methylmercury (MMHg) in three amphibian species

(Plethodon cinereus, Eurycea bislineata cirrigera, and Bufo
americanus) which exhibit different life histories and occupy

different ecological niches within the South River [24].

Describing the speciation of Hg in amphibian tissues is impor-

tant because the bioavailability and toxicity of Hg depends upon

its specific chemical form. The majority of Hg released into the

environment is inorganic, yet the most toxic and bioaccumu-

lative form is MMHg [25]. Production of MMHg is primarily a

biologically mediated reaction by anaerobic sulfate-reducing

bacteria in aquatic sediment [26,27]. Thus, knowledge of the

THg concentration in the environment is inadequate to accu-

rately evaluate its toxicity. In fact, in many cases, even knowing

both the THg and MMHg concentrations in biota is not adequate

to predict toxicity because Hg can interact with other trace

elements in the environment. In particular, Se is known to

have protective effects against Hg toxicity, possibly by redis-

tributing Hg to less sensitive tissues (e.g., muscle) or assisting in

sequestration of Hg as Hg-Se in target organs (e.g., liver and

kidney) [28]. Thus, the second objective of the present study

was to describe the relationships between Hg (THg and

MMHg) and Se in the three amphibian species. Because there

has been little research devoted to the maternal transfer of

contaminants in amphibians, the third and final objective was to

determine if B. americanus maternally transfers Hg (THg and

MMHg) and Se to their eggs in a tissue residue-dependent

manner.

MATERIALS AND METHODS

Three species of amphibians, E. bislineata cirrigera (here-

after E. bislineata; Southern two-lined salamander; adults and

larvae), P. cinereus (red-backed salamander; adults), and

B. americanus (American toad; adults) were collected from

multiple sampling locations upstream and downstream of the

Hg contamination source (river mile [RM] 0) along the South

River in spring 2007 as described in Bergeron et al. [24: see

Fig. 1 and Table 1]. A subset of the individuals (toads) or pooled

samples (salamanders) were analyzed for THg, MMHg, and

Se (Tables 1 and 2).

Breeding and egg collection in Bufo americanus

To determine if B. americanus females maternally transfer

Hg to their eggs, we generally followed the methods of Hopkins

et al. [20]. Adult male and female B. americanus were collected

in amplexus from breeding ponds and transported to the labo-

ratory. They were placed in 8 L plastic bins containing a small

amount of dechlorinated tap water and allowed to breed. Each

bin was slightly slanted to create one end with water while the

other end remained dry. Breeding pairs were frequently moni-

tored (every 2 to 4 h) and egg masses were removed and

enumerated immediately upon completion of oviposition. If

pairs had not oviposted within 24 h, they were injected with

human chorionic gonadotropin (females 200, males 100 IU) to

induce egg laying. After eggs were counted, a subset from each

egg mass was frozen for Hg and Se analyses, the males were

released at their point of capture, and the females were held for

48 h to void gut contents. Before sacrificing the females with an

overdose of buffered tricaine methane sulfonate (MS-222),

approximately 0.6 ml of blood was obtained by cardiac puncture
(or decapitation after sacrifice) using a 1-ml heparinized

syringe. Five females from RM 9 were the exception (Table

1), where approximately 0.25 ml of blood (< 1% body weight)

was collected. Cardiac puncture can be used repeatedly on the

same individuals [29] and these females were not sacrificed, but

instead, released at their point of capture 24 h after the sample

was obtained.

Sample preparation and analyses

Total mercury analysis. Total Hg analysis for B. americanus
whole-body, blood, and egg samples was performed using

combustion-amalgamation-cold vapor atomic absorption spec-

trometry (Direct Mercury Analyzer 80, Milestone) according



Table 1. Individual sample sizes for Bufo americanus whole body, blood,
and eggs from the reference and contaminated portions of the South River

(SR), VA, USAa

Site Body Blood Eggs

Reference Site 13 (10) 13 (10) 13 (8)

Contaminated subsites
SR RM 2 1 (1) 1 (1) 1 (1)
SR RM 5 12 (5) 12 [11] (5) 12 (4)
SR RM 9 12 (1) 17 [13] (6) 17 (5)
SR RM 16 4 (4) 4 (4) 4 (4)
SR RM 20 6 (6) 6 (6) 6 (4)
Contaminated sites (totals) 35 (17) 40 [35] (22) 40 (18)

Total analyzed 48 (27) 53 [48] (32) 53 (26)

a The first number denotes the number of samples analyzed for total mercury
(THg; combustion-amalgamation-cold-vapor atomic absorption spectro-
photometry) and selenium (Se). Where sample sizes differed for Se, the
sample size for Se is indicated in brackets []. Sample sizes for methyl-
mercury (MMHg) analyses are denoted in parentheses (). RM¼ river mile
downstream from contamination source.
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to U.S. Environmental Protection Agency (U.S. EPA) method

7473 [30]. Details of quality control parameters and detection

limits for body and blood are discussed in Bergeron et al. [24].

The method detection limit (MDL; 3 times the standard devia-

tion of procedural blanks) for egg samples was 0.05 ng (n¼ 14).

Mercury speciation analysis. A subset of samples from

Bergeron et al. [24] for all species were analyzed for MMHg

and reanalyzed for THg (Table 1). Because of the limited mass

of salamander tissue available for analyses, two to three indi-

viduals (excluding tails which were used in THg analyses in
Table 2. Composite salamander samples for Eurycea bislineata (adults and
larvae) and Plethodon cinereus (adults) analyzed for total mercury (by
inductively coupled plasma-mass spectrometry), methylmercury, and

selenium from the reference (REF) and contaminated portions of the South
River (SR), Coyner Spring Park (CS), and the South Fork of the Shenandoah

River (SFSR), VA, USAa

Site

E. bislineata E. bislineata P. cinereus

adults larvae adults

Reference subsites
SR REF 2 2 2
CS REF 2 2 NA
Reference (totals) 4 4 2

Contaminated subsites
SR RM 1 NA NA 2
SR RM 2 2 2 NA
SR RM 5 2 (1) 1 (0) NA
SR RM 9 2 2 NA
SR RM 11 2 2 NA
SR RM 13 2 2 NA
SR RM 14 NA NA 2 (1)
SR RM 16 2 2 NA
SR RM 20 2 2 2
SR RM 22 2 2 NA
South River (totals) 16 (15) 15 (14) 6 (5)

South Fork Shenanndoah River
SFSR RM 34 2 2 NA

Species total 20 (19) 19 (18) 8 (7)

a Sample sizes were the same for all analyses, with exceptions for Se
denoted parenthetically (). Sites where species were not found are denoted
as not applicable (NA). RM¼ river mile downstream from contamination
source.
Bergeron et al. [24]) within a site were pooled to create two

composite samples per species per site for MMHg (Table 2).

Lyophilized samples of bodies and eggs and whole-blood

samples (50 to 300 mg) were extracted in sealed 15 ml poly-

propylene centrifuge tubes containing 2 to 8 ml 4.5 M trace

metal grade HNO3 at 608C overnight. The resulting digests

were centrifuged at� 1,000 g for 20 min to remove any insolu-

ble material. Aliquots of the supernatants (10 to 100 ml) were

then analyzed for MMHg content using aqueous phase ethyl-

ation with room temperature precollection followed by gas

chromatography and cold vapor atomic fluorescence spectrom-

etry (GC-CVAFS) according to the methods of Liang et al. [31]

as modified by Hammerschmidt and Sandheinrich [32]. Stand-

ard reference materials (SRM; TORT-2 [lobster hepatopan-

creas; National Research Council of Canada, Ottawa, ON]),

blanks, duplicate samples, and samples spiked with standards

were processed identically and analyzed simultaneously with

the samples. Mean recoveries of MMHg for TORT-2 were

86.97� 2.70% (n¼ 35). The estimated MDL for MMHg was

0.29 ng/ml and all samples had MMHg concentrations above

the MDL. The average relative percent difference (RPD)

between replicate samples analyzed was 12.28� 1.99%

(n¼ 19). Spike recovery averaged 111.82� 4.16% (n¼ 16).

To determine percent MMHg, THg concentrations in the

MMHg digestates were determined using a Sciex Elan DRC

Plus inductively coupled plasma-mass spectrometer (ICP-MS)

(PerkinElmer) according to U.S. EPA method 6020a [33].

Percent recoveries of THg in TORT-2 by this method were

107� 4.40% (n¼ 12). Average RPD between replicate samples

was 2.81� 1.31% (n¼ 13). The estimated MDL depended on

sample mass and ranged from 1.16 to 12.69 ng/g. All samples

had THg concentrations that exceeded the MDL. Mean spike

recovery was 99.07� 1.18% (n¼ 13).

Selenium analysis. Selenium concentrations were deter-

mined for all B. americanus samples (body, blood, and eggs)

and the salamander composite samples analyzed for MMHg

with a few exceptions (Tables 1 and 2). Lyophilized samples of

bodies and eggs and whole-blood samples (approximately

300 mg) were digested in 5 ml trace metal grade HNO3 in

fluoropolymer digestion vessels using a microwave digestion

system (MARS-5, CEM) according to U.S. EPA method 3052

[34]. After digestion, the samples were brought to a final

volume of 15 ml with >18 MV deionized water. Analytical

method blanks and the SRM TORT-2 were included in each

digestion batch. Selenium analysis was performed on diluted

samples according to a modification of U.S. EPA method 6020a

[33]. The method was modified by using an ICP-MS equipped

with a dynamic reaction cell (DRC). The DRC parameters were

optimized to minimize the instrumental detection limit. The cell

was pressurized with 0.4 ml/min of ultra high purity CH4 and

the rejection parameter q (RPq) was set to 0.6. Intensities were

monitored for both m/z¼ 80 and m/z¼ 82 and the net intensities

for both masses were within 10% of each other. Calibration

was performed using the method of standard addition. Mean

recovery of Se for TORT-2 was 102.62� 0.04% (n¼ 17). The

estimated MDL for Se was 1.82 ng/ml for body and eggs and

0.014 ng/ml for blood. All samples had Se concentrations that

exceeded the limit. Average RPD between analytical replicate

samples and method replicate samples was 4.34� 1.03%
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(n¼ 22) and 10.69� 3.38% (n¼ 11), respectively. Spike recov-

ery averaged 114.22� 4.40% (n¼ 23).

Statistical analyses

To compare the analytical techniques for THg (Direct

Mercury Analyzer 80 from Bergeron et al. [24] and ICP-MS

[present study]) used on the same samples, the THg concen-

trations were regressed against one another and the slope of the

relationship was compared, which was not significantly differ-

ent from one (t test; p> 0.2, n¼ 86).

Methylmercury and Se in salamander composite samples

could not be compared statistically between sites due to small

sample sizes in the reference site (see Bergeron et al. [24] for

THg concentrations by site). Pearson correlation coefficients

were used to assess relationships between log-transformed

concentrations of THg and MMHg in salamander samples.

The slopes of these relationships were compared using analyses

of covariance (ANCOVA). Pearson correlation coefficients

were also used to examine the relationships between Se and

THg or MMHg.

For B. americanus, Pearson correlation coefficients were

used to assess relationships between log-transformed concen-

trations of THg and MMHg among tissue samples (whole body,

blood, and eggs). The slopes of these relationships were com-

pared using ANCOVA. Pearson correlation coefficients

were also used to assess several relationships for Se, including

between Se concentrations in different B. americanus tissues

(whole body, eggs, and blood) and between Se and THg or

MMHg for body, eggs, and blood. Subsites could not be treated

independently of one another in the spatial comparisons due to

their close proximity and are collectively referred to as

either the reference or contaminated site for comparisons using

analysis of variance (ANOVA). The assumptions of ANOVA

were verified to compare Se, THg, and MMHg between sites

and among body and egg tissues and appropriate transforma-

tions were performed when needed. For Se (log-transformed)

and MMHg (log-transformed) data, two-way ANOVAs were

performed to compare site and tissue followed by Tukey’s

pairwise comparisons. Because transformations failed to meet

the assumptions of ANOVA for THg concentrations,

the Scheirer-Ray-Hare extension of the Kruskal-Wallis

test [35] was performed to compare sites and tissues. Blood

concentrations were reported on a wet weight basis. Because

blood (wet) and body and eggs (dry) cannot be directly com-

pared with one another, one-way ANOVAs were used

to compare concentrations of Se (log-transformed), THg

(inverse-transformed), and MMHg (inverse-transformed) in

blood between sites. For percent MMHg, two-way ANOVAs

were performed to compare among all tissues (body, egg,

and blood) and between sites followed by Tukey’s pairwise

comparisons.

To further assess whether THg, MMHg, and Se were mater-

nally transferred in B. americanus, total preovipositional body

burdens were constructed using individual tissue (whole

body and eggs) concentrations and tissue dry masses following

the methods of Hopkins et al. [20,36]. The percentages of total

preovipositional body burdens deposited in eggs were then

calculated and compared between sites and metal species using

ANOVA followed by Tukey’s pairwise comparisons.
All analyses were performed with SAS 9.1 (SAS Institute),

and an a value of 0.05 was used to assess statistical significance.
RESULTS

Mercury speciation

Total Hg and MMHg concentrations were positively corre-

lated in the composite body samples for the two salamander

species (Fig. 1A), E. bislineata (adult: r¼ 0.99; p< 0.0001,

n¼ 20 and larvae: r¼ 0.99; p< 0.0001, n¼ 19) and P. cinereus
(r¼ 0.93; p< 0.001, n¼ 8). The slopes of the regressions of

THg and MMHg for P. cinereus and E. bislineata adult and

larvae were similar (ANCOVA, F2,41¼ 1.95; p¼ 0.155). The

average percent MMHg for salamanders in the contaminated

site was 61.2� 3.3% for E. bislineata adults, 56.8� 2.3% for

E. bislineata larvae, and 45.7� 6.6% for P. cinereus. The

small sample sizes at the reference site precluded the statistical

comparison of percent MMHg with the contaminated site

(Table 2). However, overall averages of percent MMHg in

the reference site were similar to the contaminated site, ranging

from 47% for P. cinereus to 62% for E. bislineata larvae.

For B. americanus, THg and MMHg were positively corre-

lated in whole-body (r¼ 0.93; p< 0.0001, n¼ 26), blood

(r¼ 0.98; p< 0.0001, n¼ 32), and egg (r¼ 0.86; p< 0.0001,

n¼ 32) samples (Fig. 1B). The slope of the regressions for the

different tissues were significantly different from one another

(ANCOVA; F2,79¼ 4.01; p¼ 0.022). Visual inspection

revealed that the slope for the relationship between THg and

MMHg in eggs was less than that of body and blood (Fig. 1B).

Mean THg concentrations (Fig. 2A) were 2.9- and 3.5-fold

higher for B. americanus egg and body tissues, respectively, in

the contaminated site compared with the reference site (site:

H¼ 5.73; p< 0.025). Within each site, there were significant

differences in THg concentrations among body and egg tissues

(tissue: H¼ 55.04; p< 0.001), but the pattern was similar at

both sites (tissue X site interaction: H¼ 0.080; p> 0.75).

Specifically, THg concentrations were up to 11-fold higher

in body when compared with egg concentrations. While mean

THg blood concentrations were also 3.5-fold higher in the

contaminated site compared with the reference site, the high

variance in the contaminated site resulted in no statistical

significance between sites ( F1,51¼ 3.17; p¼ 0.081, power¼
0.42). Likewise, MMHg concentrations (Fig. 2B) were three- to

fourfold higher in the contaminated site compared with the

reference site for egg and body tissues (site: F1,49¼ 6.66;

p¼ 0.013). Methylmercury concentrations in body tissues were

11.4- and 13.5-fold higher than egg tissues in the reference site

and contaminated site, respectively (tissue: F1,49¼ 83.85;

p< 0.0001; tissue X site: F1,49¼ 0.06; p¼ 0.805). Similar

to THg, blood MMHg concentrations were not significantly

different between sites ( F1,30¼ 1.03; p¼ 0.318, power¼ 0.17).

Percent MMHg (Fig. 2C) in B. americanus did not differ

between the reference and contaminated site (site:

F1,76¼ 0.73; p¼ 0.396), but did differ among tissues sampled

(tissue: F2,76¼ 24.04; p< 0.0001; tissue X site: F2,76¼ 0.68;

p¼ 0.509). Pairwise comparisons revealed significant differ-

ences in percent MMHg concentrations between all tissues

sampled ( p< 0.002, for all); blood had the highest percent

MMHg and eggs had the lowest where percent MMHg averaged



Fig. 2. (A) Total mercury (THg) concentrations (ng/g; mean� 1 standard
error [SE]), (B) methylmercury (MMHg; ng/g; mean� 1 SE), and (C) percent
methylmercury (% MMHg; mean� 1 SE) in Bufo americanus whole body
(dry wt), eggs (dry wt), and blood (wet wt) from the reference (REF) and
contaminated (SR) portion of the South River, VA, USA. For THg and
MMHg, blood concentrations (wet wt) were handled separately from other
tissue concentrations (dry wt) in statistical models. See Methods section for
details.

Fig. 3. Relationship of log total mercury (THg; ng/g) and log methylmercury
(MMHg; ng/g) between (A) whole-body and egg concentrations (THg:
y¼ 0.871x - 0.696; MMHg: y¼ 0.787x - 0.632) and (B) blood and egg
concentrations (THg: y¼ 0.764x - 0.353; MMHg: y¼ 0.818x - 0.781) in Bufo
americanus from the reference and contaminated portion of the South River
(VA, USA).
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53.3� 2.3% for whole-body, 71.4� 2.8 % for blood, and

47.8� 3.3% for egg samples.

A significant positive relationship between THg concentra-

tions in whole body and blood was reported in Bergeron et al.

[24: see Fig. 6]. Similarly, there was a positive relationship

between whole-body MMHg and blood MMHg in B. ameri-
canus (data not shown; r¼ 0.91; p< 0.0001; n¼ 27). For both

THg and MMHg, body and egg concentrations were positively

correlated (THg; r¼ 0.90; p< 0.0001; n¼ 48 and MMHg;

r¼ 0.91; p< 0.0001; n¼ 21) (Fig. 3A) demonstrating that

maternal transfer of Hg occurs in B. americanus. Similar

positive relationships existed between blood and egg THg

(r¼ 0.88; p< 0.0001; n¼ 53) and MMHg (r¼ 0.88;

p< 0.0001; n¼ 26) concentrations (Fig. 3B). For both of these

relationships (egg and body, egg and blood) the slopes of the
regressions for THg and MMHg were not significantly different

(ANCOVA, F values< 0.71; p values > 0.40 for both).

Selenium concentrations

Selenium concentrations were generally low across all spe-

cies and sites. In salamanders, Se concentrations ranged from

395 to 1,171 ng/g for P. cinereus, 120 to 3,130 ng/g for E.
bislineata adults, and 1,894 to 3,539 ng/g for E. bislineata
larvae. For E. bislineata (adults and larvae) and P. cinereus,

no relationships between THg or MMHg and Se in composite

samples were observed (data not shown; r< 0.33; p> 0.198, for

all relationships).

For B. americanus, Se concentrations in body and egg tissues

differed by site, but this was dependent on the interaction

with tissue (site: F1,97¼ 0.01; p¼ 0.908; tissue: F1,97¼ 0.00;



Fig. 4. Total selenium (Se) concentrations (ng/g; mean� 1 standard error
[SE]) in Bufo americanus whole-body (dry wt), egg (dry wt), and blood (wet
wt) samples from the reference (REF) and contaminated (SR) portion of the
South River, VA, USA. Blood concentrations (wet wt) were handled
separately from other tissue concentrations (dry wt) in statistical models. See
Methods section for details.

Fig. 5. Percent of Bufo americanus maternal body burden (preoviposition)
transferred to eggs for total mercury (THg), methylmercury (MMHg), and
selenium (Se) from the reference (REF) and contaminated (SR) portion of the
South River (VA, USA).

Fig. 6. Relationship between Bufo americanus whole-body log total
mercury (THg; ng/g) concentrations in postoviposition females and the
percent of selenium (Se) concentrations lost to eggs between pre- and
postovipostion (r¼ 0.390; p< 0.007; n¼ 47) in the reference (REF) and
contaminated (SR) portion of the South River (VA, USA).
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p¼ 0.959; tissue X site: F1,97¼ 14.23; p¼ 0.0003) (Fig. 4). In

the reference site, Se concentrations were 25% higher in whole

body than eggs. The reverse pattern was observed in the

contaminated site where Se concentrations in eggs were 42%

higher than whole body. Blood Se concentrations were similar

in the contaminated (309.3� 18.9 ng/g) and reference site

(300.1� 51.8 ng/g; F1,44¼ 0.42; p¼ 0.521). Unlike Hg, there

was no relationship between Se concentrations in female body

and egg (r¼ 0.15; p¼ 0.317; n¼ 48). In contrast, there were

significant positive relationships between Se concentrations in

blood and body (r¼ 0.51; p< 0.001; n¼ 46) and blood and eggs

(r¼ 0.43; p¼ 0.005; n¼ 48). Total Hg and Se concentrations

were negatively correlated with one another in female whole

bodies both preoviposition (r¼ 0.32; p¼ 0.030; n¼ 47) and

postovipostion (r¼ 0.46; p¼ 0.001; n¼ 48). This relationship

was also found between MMHg and Se for postovipostion

females (r¼ 0.51; p¼ 0.022; n¼ 20), but not preoviposition

females (r¼ 0.33; p¼ 0.157; n¼ 20). There was no relationship

between egg Se and THg (r¼ 0.14; p¼ 0.322; n¼ 53) or

MMHg (r¼ 0.04; p¼ 0.864; n¼ 26), nor was there a relation-

ship between blood Se and THg (r¼ 0.03; p¼ 0.508; n¼ 48) or

MMHg (r¼ 0.16; p¼ 0.436; n¼ 28).

Maternal transfer of mercury and selenium

For B. americanus, the percentage of females’ body burden

transferred to her eggs for THg, MMHg, and Se differed by site,

but this was dependent on the element (site X element:

F2,108¼ 14.83; p< 0.0001) (Fig. 5). The interaction was caused

by maternal transfer of a greater percentage of Se in the females

from the contaminated site compared with the reference site

(44.3� 1.7% versus 28.2� 3.1%, respectively). Pairwise com-

parisons revealed differences between the percentage of

females’ Se and THg or Se and MMHg body burden transferred

to her eggs ( p< 0.0001, for both). However, there were no

differences in the percent of females’ body burden transferred

between THg (contaminated 4.96� 0.47% and reference

5.70� 0.70%) and MMHg (contaminated 3.39� 0.31% and

reference 4.88� 1.10%; p¼ 0.184). There was a significant

positive relationship between the percent of Se body burden

lost to eggs at oviposition and the whole-body THg concen-

trations in postoviposition females (r¼ 0.390; p< 0.007;

n¼ 47; Fig. 6). However, the reverse was not true; no relation-
ship was found between the percent of Hg body burden lost to

eggs at oviposition and the whole-body Se concentrations in

postoviposition females (r¼ 0.059; p¼ 0.689; n¼ 47).

DISCUSSION

Mercury bioaccumulation and speciation

Compared with birds, mammals, and fish, there is a paucity

of data for amphibians regarding Hg bioaccumulation [12–15].

The South River is a useful system to investigate Hg relation-

ships in amphibians because both THg and MMHg concen-

trations in all three amphibian species form a wide distribution,

spanning two orders of magnitude between the lowest and

highest concentrations at the reference and contaminated site.

Concentrations of THg were strongly correlated with MMHg in

whole bodies for all species, as well as in all tissues sampled in

B. americanus, suggesting that MMHg concentrations in

amphibians can be predicted from THg concentrations. Similar

correlations have been observed for carcasses and tissues in

other organisms (e.g., [37,38]). While this relationship may

hold true at other locations, the slope is likely to change due to

the differences in THg concentrations in various systems. For
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example, Bank et al. [39] reported a lower THg concentrations,

but higher percent MMHg for larval E. bislineata bislineata
(northern two-lined salamanders: 73 to 97%) from Acadia

National Park, Maine, USA than were found in larval E.
bislineata in the present study (39 to 73%). For B. americanus,

percent MMHg in blood was the highest (73.3� 4.8 %) of the

tissues sampled. The high percent MMHg in blood is presum-

ably due to recent dietary uptake and is similar to the percent

MMHg in blood reported for other organisms (e.g., turtles [40]

and birds [41]).

Selenium concentrations and relationships with mercury

Selenium concentrations were generally low among species

at the contaminated and reference sites. Unlike Hg, Se is

physiologically important to organisms because it is required

for the synthesis of the essential amino acid selenocysteine;

however, there is a narrow range between dietary concentra-

tions that are nutritious and those that are toxic [13,42]. The

whole-body concentrations of Se in salamanders from the

contaminated site (E. bislineata adults 2,318� 156 ng/g;

E. bislineata larvae 2,550� 112 ng/g; P. cinereus 935�
243 ng/g) and preovipostion female B. americanus in both

the reference (3,860� 260 ng/g) and Hg-contaminated

(3,607� 191 ng/g) sites were within or close to the range

considered normal background Se concentrations for amphib-

ians and reptiles (1,000 to 3,000 ng/g, dry weight) [43], indicat-

ing little influence of urbanized areas, such as Waynesboro,VA.

Significant positive relationships were observed between Se

concentrations in B. americanus blood and whole body and

blood and eggs; however, the relationships were considerably

weaker than for Hg (in all cases, r � 0.51). Hopkins et al. [20]

described a functional relationship between Se concentrations

in female amphibian carcasses and their eggs spanning two

orders of magnitude. This relationship was not observed in the

present study, most likely because we encountered a narrower

range in Se concentrations. However, the concentrations of Se

for females and eggs in the present study are comparable to the

values predicted by the functional relationship reported in

Hopkins et al. [20].

In general, the interaction between Hg and Se is believed to

be antagonistic with low levels of Se in the environment

providing some protection against Hg toxicity; however, the

mechanisms for protection are not fully understood [28]. No

correlations were observed between Hg and Se concentrations

in B. americanus blood or eggs. However, a weak, negative

relationship was observed between Hg and Se concentrations

in female whole bodies both pre- and postoviposition. This

relationship may have been strengthened had specific tissues

been targeted for analysis because co-sequestration of these

elements is known to occur in organs such as the liver and

kidney [28,44].

Maternal transfer of mercury and selenium in Bufo americanus

Maternal transfer of contaminants may be an important and

overlooked mechanism of impaired reproductive success in

amphibians [20]. While the transfer of Hg from a female to

her offspring has been confirmed in several fish and bird species

[37,38,45–47], it has only been examined in one other species of

amphibian [19–21]. The present study is the first to describe a

correlative relationship between female and egg Hg concen-
trations. Similar to the functional relationships observed for

several fish species [32,37,45,48], concentrations of THg and

MMHg in eggs were positively correlated with the concen-

trations in the maternal carcass in B. americanus (Fig. 3A),

clearly indicating that Hg transfer to the eggs is related to Hg

exposure of the female. In addition, concentrations of THg and

MMHg in eggs were correlated with maternal blood concen-

trations (Fig. 3B). These relationships suggest that blood can

provide nondestructive predictions of not only whole-body

concentrations [24] but also egg concentrations. Conversely,

Hg concentrations in eggs may be used to estimate female

whole-body Hg concentrations.

In B. americanus, egg laying does not appear to be a major

elimination route for Hg as only approximately 5% of the

maternal Hg body burden was transferred to her eggs

(Fig. 5). This is consistent with studies involving several fish

species [32,37,45,46,49] where generally a small percentage

(<10%) of female Hg body burdens is transferred to the eggs. In

contrast, females transferred considerably more of their body

burden of Se (28 to 44%) than Hg to their eggs (Fig. 5). The

higher transfer of Se compared with Hg is consistent with

Hopkins et al. [20] who found that G. carolinensis transferred

53 to 54% of Se in the maternal carcass to the eggs at both

Se-contaminated and reference sites. These differences in

maternal transfer of Hg and Se were noteworthy. Unlike highly

lipophilic contaminants like organochlorines, Hg and Se do not

partition with tissue lipid, but can be incorporated into amino

acids through their affinity for sulfhydyl groups and molecular

mimicry (Hg) or substitution for sulfur (Se) [50–52]. Selenium

is incorporated into egg proteins before their transport into the

egg, which gives Se an efficient route of entry [50]. In addition,

Hammerschmidt and Sandheinrich [32] found that the maternal

diet during oogenesis, and not the maternal body burden

remobilized from somatic tissues, was the primary source of

Hg in fish eggs. These attributes of Se and Hg may account for

the differences in the proportion of the female’s body burden

passed onto her eggs.

The present study is among the first to describe co-trans-

ference of Se and Hg in an anamniotic vertebrate. Interestingly,

the percentage of Se maternally transferred by females from the

Hg-contaminated site was 60% higher than that transferred by

females at the reference site. These results suggest that the

female’s Hg body burden might positively affect the amount of

Se transferred to her eggs (Fig. 6). However, the dynamic

factors controlling maternal transfer of these two elements

appear to be influenced by whether Hg or Se is elevated in

the environment. In a Se-polluted system where environmental

concentrations of Hg were low (the opposite scenario of the

current study), Hopkins et al. [20] suggested that females

transferring �20 mg/g of Se to their eggs transferred very little

Hg to their eggs. In contrast, the Se concentrations were orders

of magnitude lower in the present study system compared with

Hopkins et al. [20] and Se in the female carcass was not related

to the amount of Hg transferred to the eggs. Heinz and Hoffman

[47] found a similar interaction between Hg and Se in feeding

studies with Anas platyrhynchos (mallard ducks). Adult ducks

were fed either equal concentrations of Hg, Se, or Hg and Se.

The addition of dietary Se had little effect on accumulation of

Hg in eggs and liver, but they found a considerable increase in

Se concentrations in these tissues when Hg was supplemented.
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In addition, Prati et al. [53] used Xenopus laevis embryos in Hg

toxicity bioassays where no Se was added. However, they

observed the Hg-exposed embryos had a significant increase

in Se uptake over control embryos. While the mechanisms of

maternal transfer of contaminants are not clear [54], elevated

Hg at the contaminated site may have facilitated the transfer of a

larger percentage of Se to B. americanus eggs. This enhanced

maternal transfer of Se in the Hg-contaminated site may be due

to formation of equimolar Hg–Se complexes, which bind to

proteins in blood [55]. The toxicological implications of the co-

transference of Hg and Se remain unclear, but future studies

should be designed to examine the interactive effects of these

maternally transferred elements on developing embryos.

CONCLUSIONS

The present study sought to develop a better understanding

of Hg bioaccumulation in amphibians by sampling three

amphibian species occurring across a broad Hg contamination

gradient. It demonstrated that amphibians from the South River

possess some of the highest THg concentrations documented in

amphibians to date, but other factors such as the proportion of

THg that is methylated and whether Se is co-sequestered with

Hg can play a role in the potential toxic effects of Hg. For whole-

body samples of all amphibians in the Hg-contaminated and

reference site, average percent MMHg ranged from 45 to 61%

and Se concentrations were within the range considered normal

background concentrations. Few studies have examined the

maternal transfer of bioaccumulated contaminants to offspring

in amphibians. Maternal transfer of both Hg and Se was

observed in B. americanus, and the first correlation between

Hg concentrations in female carcass and eggs in amphibians

was described. There also appeared to be interactions between

these two elements that influenced the amount of Se transferred

to the egg. Even though contaminated sites often contain

mixtures of contaminants, little information exists regarding

the maternal transfer of both Hg and Se in any organism.

Clearly, additional work is needed to understand the interactive

dynamics of co-transfer of Se and Hg and whether this influ-

ences toxicological outcomes. Together with previous work

[20], the results suggest that maternal transfer of contaminants

in amphibians deserves further study, particularly in relation-

ship to reproductive success of adults and the growth and

development of offspring.
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Abstract—Mercury (Hg) is an important environmental contaminant due to its global distribution, tendency to bioaccumulate, and
toxicity in wildlife. However, Hg has received little attention in amphibians compared to other vertebrates. Amphibians vary widely in
life history strategies and feeding ecologies, which could influence Hg exposure and accumulation. To determine whether species and
life stage affects Hg bioaccumulation, adults from three species (Plethodon cinereus, Eurycea bislineata, and Bufo americanus) and
larvae from the latter two species were collected along a contamination gradient on the South River (VA, USA). Total Hg (THg)
concentrations in the contaminated site were 3.5 to 22 times higher than in the reference site. Differences were found in THg
concentrations in amphibians that were consistent with their habitat requirements and feeding preferences. In general, adults
(3,453� 196 ng/g, dry mass) and larvae (2,479� 171 ng/g) of the most river-associated species, E. bislineata, had the highest THg
concentrations, followed by B. americanus tadpoles (2,132� 602 ng/g), whereas adults of the more terrestrial B. americanus
(598� 117 ng/g) and P. cinereus (583� 178 ng/g) had the lowest concentrations. In addition, nondestructive sampling techniques
were developed. For the salamander species, THg concentrations in tail tissue were strongly correlated (r� 0.97) with the remaining
carcass. A strong positive correlation (r¼ 0.92) also existed between blood and whole-body THg concentrations in B. americanus. These
results suggest that amphibians and their terrestrial predators may be at risk of Hg exposure in this system and that nondestructive
methods may be a viable sampling alternative that reduces impacts to local populations. Environ. Toxicol. Chem. 2010;29:980–988.
# 2010 SETAC
Keywords—Mercury Bioaccumulation Amphibian Nondestructive tissues
INTRODUCTION

Mercury (Hg) is an important environmental contaminant

due to its global ubiquity, tendency to bioaccumulate, and

toxicity in wildlife. Atmospheric deposition results in wide-

spread distribution of Hg due to long-range airborne transport

[1]. Mercury tends to accumulate in wetlands where it readily

bioaccumulates and can biomagnify in aquatic food webs,

especially as (mono)methylmercury (MMHg) [2,3]. Mercury

accumulation in wetlands threatens critical breeding and

foraging habitats for many fish and wildlife species. The

primary route of Hg exposure is through the diet [4,5], and

consumption of diets with environmentally realistic concen-

trations of Hg result in a large range of toxic effects in fish and

wildlife, including behavioral, developmental, neurological,

hormonal, and reproductive changes [6–9].

Mercury accumulation in amphibians has received little

attention compared to fish, birds, and mammals [6,9,10].

Amphibians play a critical role in transferring energy and

nutrients through food webs, and therefore are important com-

ponents of aquatic and terrestrial communities [11,12]. As

ectotherms, amphibians are efficient at converting ingested

energy into biomass [13,14] and as a result, can often occur

in extremely high densities. For example, in Virginia, certain
o whom correspondence may be addressed
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species of amphibians represent the single most abundant

vertebrate in many aquatic and terrestrial communities, exceed-

ing 40,000 individuals per hectare [15]. Due to their abundance

and high conversion efficiencies, amphibians often serve as

vital links for energy and nutrient flow between low and high

trophic levels. These characteristics also suggest that amphib-

ians may have high rates of contaminant bioaccumulation

compared with other animals of similar trophic positions. In

addition, the complex life cycles of many amphibians poten-

tially make them important in transferring contaminants from

aquatic to terrestrial food chains [16,17], especially for Hg,

because evidence suggests that most Hg accumulated by larvae

is retained through metamorphosis [4,18].

Although Hg is ubiquitous due to long-range transport from

atmospheric deposition [1], point source emissions can result in

high localized Hg concentrations. For example, the South River,

VA, USA, was historically (1929–1950) contaminated with

mercuric sulfate used by a plant manufacturing acetate fiber

in Waynesboro, VA, USA [19]. The use of Hg was terminated in

the 1950s, but Hg concentrations currently remain high in the

river [20]. This system contains a wide gradient of contami-

nation between locations upstream and downstream from the

point source. Previous studies reveal orders of magnitude

differences in tissue Hg concentrations from several species

between the upstream (uncontaminated reference) and down-

stream (contaminated) sites (fish [20], G.W. Murphy, 2004,

Master’s thesis, Virginia Polytechnic Institute and State

University, Blackburg, VA, USA; birds [21]; turtles [22]).



Fig. 1. Sampling locations of the three amphibian species studied
(Ba¼Bufo americanus; Eb¼Eurycea bislineata; Pc¼Plethodon
cinereus) along the South River (SR), Coyner Springs Park (CS), and
South Fork of the Shenandoah River (SFSR) of the Shenandoah Valley (VA,
USA). Numbers refer to river miles downstream from contamination source
(river mile 0). Open symbols represent reference sites and closed symbols
represent contaminated sites. Note that the South River flows south to north.
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The first objective of the present study was to determine

whether Hg accumulation and risk of Hg exposure differs

among amphibian species and stages. To accomplish this

objective, three species of adult amphibians, Eurycea bislineata
cirrigera, Plethodon cinereus, and Bufo americanus were

collected, which exhibit different life histories and occupy

different ecological niches within the South River system.

For E. bislineata cirrigera, and B. americanus, larvae were

also collected, because accumulation of contaminants has been

shown to differ among life stages [16]. The second objective

was to determine whether spatial patterns of Hg accumulation in

these amphibian species were similar to other taxa along the

South River. The final objective was to develop nondestructive

methods for assessing Hg bioaccumulation in amphibians,

which will be critical for future studies of amphibians on the

South River, as well as in other localities where Hg contam-

ination is a concern. To meet this objective, Hg concentrations

in tissues sampled nonlethally were correlated with carcass Hg

concentrations. Blood samples were collected from

B. americanus, but the small body size of the salamander

species precluded this technique. Many salamander species,

including E. bislineata cirrigera, and P. cinereus, exhibit tail

autotomy as a natural defensive mechanism to prevent capture

by predators [23] so body and tail tissue were collected and

analyzed separately for these species.

MATERIALS AND METHODS

Species natural history

Mercury bioaccumulation patterns observed in amphibians

should reflect local conditions due to their movement patterns.

In general, terrestrial stages of amphibians are not as mobile

compared to many other vertebrates, and many exhibit high

fidelity to breeding and overwintering habitats [24]. From

several studies, Wells [24] summarizes that routine movement

during their active season averages less than 10 m for terrestrial

salamanders and less than 15 m for anurans. In the present

study, B. americanus is likely the most mobile species as

females have been shown to disperse up to 1 km from their

breeding pond [25].

The three amphibians studied in the South River are com-

mon, widespread species that exhibit ecological and life history

traits encompassing most of the North American amphibian

species. The two salamanders are both from the family Pletho-

dontidae, Eurycea bislineata cirrigera (hereafter E. bislineata;

Southern two-lined salamander) and Plethodon cinereus (red-

backed salamander), and the anuran, Bufo americanus (Amer-

ican toad) is from the Bufonidae family. Eurycea bislineata
inhabit streams from Virginia to the Gulf Coast. Adults can be

found beneath rocks and logs along the margins of rocky

streams, but also in the forest farther from shore. The larval

stage is fully aquatic and lasts one to three years. They reside

beneath cover objects until foraging at night. Both adults and

larvae consume a variety of small invertebrates [23]. The

second salamander species, Plethodon cinereus, inhabits the

forest litter environment in deciduous, northern conifer, or

mixed habitats from North Carolina to the Canadian Maritime

Provinces and west to Minnesota. Many individuals remain

underground, but when surface active, they remain under cover

(i.e., logs, rocks, leaf litter) during the day and emerge at night
to forage. Plethodon cinereus are top predators within detrital

food webs and prey mainly on small invertebrates. Plethodon
cinereus bypasses an aquatic larval stage and reproduces

through direct development [23,26]. Bufo americanus are found

throughout eastern North America to the edge of the coastal

plain. The terrestrial habitat of adult B. americanus is diverse,

but they require cover objects with moist microhabitats, abun-

dant supply of insects and other small invertebrates as prey, and

shallow bodies of water to breed (e.g., ephemeral wetlands,

drainage ditches, shallow portions of streams with low flow).

Bufo americanus tadpoles are omnivorous grazers and will

consume algae, suspended organic matter, detritus, and decom-

posing animal material [26].

Animal collection

Amphibians were collected from multiple sites upstream and

downstream of the Hg contamination source (river mile [RM] 0)

along the South River (Fig. 1) in all available and accessible

habitats for each species. Adult and larval E. bislineata were

captured by turning rocks, logs, and leaf litter along banks

within 3 m of the edge of the water and in shallow margins of the

river while using a mesh dip net to collect individuals. Eurycea
bislineata were sampled at two reference locations, a South

River reference site, 5 river miles upstream from the Hg source

(SR REF; RM �5), and Coyner Springs Park (Parks and

Recreation, Waynesboro, VA, USA; CS REF), an upstream

tributary to the South River. The aquatic portion of the reference

subsites are separated from contaminated subsites by Rife Loth

dam in Waynesboro, VA, USA, upstream from the source of

contamination. In the contaminated portion of the South River,

eight subsites were sampled downstream from the Hg source
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(RM 2, 5, 9, 11, 13, 16, 20, and 22) and are collectively referred

to as the contaminated site. An additional site was sampled

approximately 10 miles after the South River joins the South

Fork of the Shenandoah River (SFSR; RM 34) (Fig. 1, Table 1).

Adult P. cinereus were captured by turning rocks and logs in

the riparian zone along the South River. The distribution of

P. cinereus along the South River was patchy and thus they were

only successfully collected at SR REF (RM �5) and three

subsites within the contaminated reach (RM 1, 14, and 20)

(Fig. 1, Table 1). Collection localities ranged from 5 to 30 m

from the edge of the river.

Both species of salamanders were captured over a two-week

period in May 2007. Upon capture, salamanders were given a

unique identification code and placed in a Ziploc bag with water

and/or a wet paper towel. A Garmin (Olathe) hand-held global

positioning system (GPS) unit was used to obtain geospatial

coordinates for each individual captured. Salamanders were

transported to the laboratory and held for 48 h to void their gut

contents and then sacrificed using an overdose of buffered

tricaine methane sulfonate (MS-222). Mass, total length

(TL), and snout–vent length (SVL) were obtained. To stand-

ardize sampling for this study, the tail of adult salamanders was

removed just posterior to the vent using a sterile blade. In future

studies, where salamanders are to be released, tail autonomy

could be induced by gently restraining the animal by the tail.

Adult bodies and tails and whole-body larvae were frozen

separately until analysis.

Breeding pairs of B. americanus were captured over 4.5

weeks in March and April 2007 from breeding ponds located in

or near the flood plain of the South River. Ponds were located

within 30 to 180 m of the river. Toads were collected from the

reference site encompassing two subsites on the South River

(SR REF; RM �1.7 and �5) and five subsites in the contami-

nated reach (RM 2, 5, 9, 16, and 20) (Fig. 1, Table 1). Females

were given a unique identification code and pairs were placed in
Table 1. Individual sample sizes for total mercury (THg) analyses in the three am
(adult), and Bufo americanus (adult and larvae), at the reference subsites (South Riv

subsites of the South River (SR) and the South Fork

Site
E. bislineata

adult
E. bislineata

larvae

Reference subsites
SR REF 5 5
CS REF 5 5

Reference (totals) 10 10
Contaminated subsites

SR RM 1 NA NA
SR RM 2 5 5
SR RM 5 5 5
SR RM 9 5 5
SR RM 11 1 1
SR RM 13 5 5
SR RM 14 NA NA
SR RM 16 5 5
SR RM 20 5 5
SR RM 22 5 5

South River (totals) 36 36
South Fork Shenandoah River

SFSR RM 34 5 4
Species Total 51 50

a Sites where species were not found are denoted as not applicable (NA).
RM¼ river mile from contamination source.
b Composite samples of four to seven tadpoles each.
individual breeding containers with water. Again, geospatial

coordinates for each pair were acquired. The pairs were trans-

ported to the laboratory and their eggs were obtained for

research on reproductive effects in females (results to be

reported elsewhere). After oviposition, the male was released

at the site of capture and the female was held for 48 h to void her

gut contents. Mass and SVL were recorded. Before sacrificing

the female with an overdose of MS-222, approximately 0.6 ml

of blood was withdrawn by cardiac puncture (or decapitation

after sacrifice) using a 1-ml heparinized syringe. Female toads

and blood samples were frozen until analysis.

In May 2007, B. americanus tadpoles were collected from

the same ponds where breeding pairs were captured. Approx-

imately 20 tadpoles between Gosner stages 28 and 32 (before

forelimb emergence) [27] were collected from each subsite.

Tadpoles were held for 48 h to void their gut contents, sacrificed

with an overdose of MS-222, weighed, and frozen until anal-

ysis. Before analysis, four to seven tadpoles were pooled to

create three to four composite samples per site (Table 1). When

different developmental stages of tadpoles existed within a site,

the stages were distributed among composites as equally as

possible.

Total mercury analysis

Adult bodies, larval bodies, and salamander tails were

lyophilized and homogenized separately and Hg concentrations

are reported on a dry weight basis. Whole blood from adult

B. americanus was homogenized using a vortex mixer and Hg

concentrations are reported on a wet weight basis. Whole-body

percent moisture, calculated from weights before and after

lyophilization, was similar for all species (adult E. bislineata
73.9� 0.5%; larval E. bislineata 76.0� 0.3%; P. cinereus
75.9� 0.4%; B. americanus 77.8� 0.4%). Subsamples (20

to 150 mg) were analyzed for total Hg (THg) content by

combustion–amalgamation–cold vapor atomic absorption
phibian species, Eurycea bislineata (adult and larvae), Plethodon cinereus
er reference [SR REF] and Coyner Springs Park [CS REF]) and contaminated

of the Shenandoah River (SFSR) VA, USAa

P. cinereus
adult

B. americanus
adult

B. americanus
larvaeb

6 13 7
NA NA NA
6 13 7

6 NA NA
NA 1 4
NA 12 4
NA 12 4
NA NA NA
NA NA NA
6 NA NA

NA 4 4
6 6 3

NA NA NA
18 35 19

NA NA NA
24 48 26



Fig. 2. (A) Whole-body total mercury (THg) concentrations (ng/g, dry mass;
mean� 1 standarderror [SE]) in adults and larval Euryceabislineata from the
reference (REF) and contaminated portion of the South River (SR) and the
South Fork of the Shenandoah River (SFSR). (B) Whole-body THg (ng/g, dry
mass; mean� 1 SE) in adult and larval E. bislineata at the reference and
contaminated subsites along SR and SFSR. Numbers represent river miles
downstream from the source of contamination (river mile 0). Lines
connecting points are for visual presentation and do not reflect
connectivity among means. Symbols are staggered for clarity.
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spectrophotometry (DMA 80, Milestone) according to U.S.

Environmental Protection Agency (U.S. EPA) method 7473

[28]. For quality assurance, each group of 10 to 15 samples

included a replicate, blank, and standard reference material

(SRM; TORT-2 lobster hepatopancreas, DOLT-2 dogfish liver

[National Research Council of Canada, Ottawa, ON] or SRM

966 Toxic Metals in Bovine Blood Level 2 [National Institute of

Standards and Technology, Gathersburg, MD, USA]). The

instrument was calibrated using solid SRMs (TORT-2 and

DORM-2, dogfish muscle [National Research Council of

Canada, Ottawa, ON]). Method detection limits (MDLs; three

times standard deviation of procedural blanks) for samples

depended on sample mass and were calculated separately for

each observation based on sample mass. Method detection

limits ranged from 5.80 to 48.04 ng/g, and all samples had

THg concentrations that exceeded the limit. Average relative

percent difference between replicate sample analyses was

3.59� 0.51% (n¼ 46; mean� 1 standard error of the mean

hereafter). Mean percent recoveries of THg for the standard

reference materials TORT-2, DOLT-2, and SRM 966 were

89.66� 0.01% (n¼ 46), 100.99� 0.01% (n¼ 8), and 92.11�
0.04% (n¼ 8), respectively.

Statistical analyses

For spatial comparisons, subsites within the reference and

contaminated reaches of the river could not be treated inde-

pendently of one another and are collectively referred to as the

reference site and contaminated site, respectively. Because

sampling SFSR occurred 10 miles after the confluence (RM

34, Fig. 1), it was also treated as a separate site. In addition,

species could not be compared statistically because each species

occurred at different subsites (Table 1) and Hg accumulation

patterns may have depended upon which subsites were sampled.

To compare THg concentrations among reference and con-

taminated sites and stages within each species, the assumptions

of analysis of variance (ANOVA) were first tested. Data were

log10-transformed to meet ANOVA assumptions or analogous

nonparametric tests were employed. For E. bislineata a two-

way ANOVA was performed to compare sites and stages

followed by Tukey’s pairwise comparisons. A one-way

ANOVA was performed for P. cinereus to compare sites.

Because transformations failed to meet the assumptions of

ANOVA for B. americanus data, a Scheirer–Ray–Hare exten-

sion of the Kruskal–Wallis test was performed [29] to compare

sites and stages. Pearson correlation coefficients were used to

assess relationships between salamander bodies and tails as well

as between B. americanus whole bodies and blood. All analyses

were performed with SAS 9.1 (SAS Institute), and an a value of

0.05 was used to assess statistical significance.

RESULTS

Effects of site and stage on mercury accumulation

A large range in THg concentrations was observed among

species and stages (Figs. 2–4), with greater concentrations for

all species and stages within the South River downstream from

the source of contamination (Figs. 2A, 3A, and 4A). Although

subsites within the reference and contaminated reaches of the

South River could not be treated independently of one another

in the statistical comparisons, Figures 2B, 3B, and 4B illustrate
the spatial trends downstream from the contamination source. In

the contaminated site, E. bislineata adults and larvae had the

highest THg concentrations, followed by B. americanus tad-

poles, whereas terrestrial adult B. americanus and P. cinereus
had the lowest concentrations.

For E. bislineata, THg concentrations were influenced both

by site ( F2,96¼ 23.42, p< 0.001) and stage ( F1,96¼ 410.89,

p< 0.001). No interaction was detected between site and stage

(p¼ 0.270), indicating similar patterns between stages at differ-

ent sites. Indeed, THg concentrations in adult E. bislineata were

1.4- to 2.1-fold higher than larval concentrations at each site.

Pairwise comparisons revealed significant differences in THg

concentrations ( p< 0.001) between all three sites (Fig. 2A).

Total Hg concentrations in adults and larvae at the contaminated

site were 15- and 22-fold higher than the reference site and 2.9-

and 4.3-fold higher than the SFSR site, respectively. Despite

being 34 miles downstream from the original Hg source, THg

concentrations in adult and larval E. bislineata were 5.2- and

fivefold higher in the SFSR than the reference site, respectively.

Total Hg concentrations were 5.4-fold higher in P. cinereus
from the contaminated site compared to the reference site

( F1,22¼ 11.83, p¼ 0.0023) (Fig. 3A). Similarly, THg concen-

trations were 3.5- and 4.0-fold higher in adult and larval



Fig. 3. (A) Whole-body total mercury (THg) concentrations (ng/g, dry mass;
mean� 1 standard error [SE]) in adult Plethodon cinereus from the reference
(REF) and contaminated portion of the South River (SR). (B) Whole-body
THg (ng/g, dry mass; mean� 1 SE) in adult P. cinereus at the reference and
contaminated subsites along SR. Numbers represent river miles downstream
from the source of contamination (river mile 0). Lines connecting points are
for visual presentation and do not reflect connectivity between means.

Fig. 4. (A) Whole-body total mercury (THg) concentrations (ng/g, dry mass;
mean� 1 standard error [SE]) in adults and larval (tadpoles; composite
samples) Bufo americanus from the reference (REF) and contaminated
portion of the South River (SR). (B) Whole-body THg (ng/g; mean� 1 SE) in
adults and tadpoles B. americanus at the reference and contaminated subsites
along SR. Numbers represent river miles downstream from the source of
contamination (river mile 0). Lines connecting points are for visual
presentation and do not reflect connectivity among means. Symbols are
staggered for clarity.
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B. americanus in the contaminated site than the reference site,

respectively ( p< 0.005). Stage also differed (p< 0.005)

between B. americanus adults and larvae (Fig. 4A), but the

influence of stage was opposite of that observed in E. bislineata.

Total Hg concentrations in larval toads were 3.2- and 3.6-fold

higher than adults at the reference and contaminated sites,

respectively. No interaction was detected between site and

stage (p> 0.975) for B. americanus.

Relationships between bodies and nonlethal samples

There was a strong positive relationship between THg

concentrations in salamander bodies and tails for both

E. bislineata (r¼ 0.994, p< 0.0001, y¼ 0.9848x � 0.1191)

(Fig. 5A) and P. cinereus (r¼ 0.973, p< 0.0001, y¼ 0.7825x

þ 0.3413) (Fig. 5B). The slope of the regression for salamander

bodies and tails was significantly steeper for E. bislineata than

P. cinereus (ANCOVA, p< 0.001). A strong positive relation-

ship was also found for THg concentrations between adult

bodies and blood in B. americanus (r¼ 0.916, p< 0.0001,

y¼ 0.9771x � 0.0422) (Fig. 6). The slopes of all relationships

did not differ significantly from 1.0 (t test, p> 0.1 for all).
DISCUSSION

Amphibians inhabiting the contaminated portion of the

South River had elevated Hg concentrations in their tissues

compared to conspecifics from the reference site. Total Hg

concentrations were low in the reference site for all species, and

THg concentrations for both stages of E. bislineata in the

reference site were comparable to concentrations of the closely

related E. bislineata bislineata found in Shenandoah and Acadia

National Parks [30]. In contrast, peak whole-body THg con-

centrations in amphibians from the contaminated site were the

highest reported for amphibians in the literature [6,10]. Adult

THg concentrations ranged up to 5,785 ng/g in E. bislineata,

3,386 ng/g in P. cinereus, and 2,350 ng/g in B. americanus, and

approximately 50% (mean range 46 to 60%) of this was MMHg

[31]. Unfortunately, little research has focused on the effects of

Hg in amphibians, especially through dietary exposure. How-

ever, Unrine et al. [32] found adverse effects on development

and decreased metamorphic success in Rana sphenocephala at

much lower THg tissue concentrations (�240 ng/g) compared

to the THg concentrations found in amphibians from the South

River. On the other hand, several studies have focused on Hg



Fig. 5. Relationship between log body total mercury (THg; ng/g, dry mass)
concentrations and log tail THg concentrations in (A) adult Eurycea
bislineata and (B) adult Plethodon cinereus from the reference (REF) and
contaminated (SR) portion of the South River, and the South Fork of the
Shenandoah River (SFSR) (VA, USA).

Fig. 6. Relationship between log whole-body total mercury (THg; ng/g, dry
mass) concentrations and log blood THg (wet mass) concentrations in adult
Bufo americanus from the reference (REF) and contaminated (SR) portion of
the South River (VA, USA).
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concentrations known to affect reproductive success in fish.

Beckvar et al. [33] used the data from 10 studies to create a

whole-body tissue threshold-effect level of 1,000 ng MMHg/g,

dry weight (assuming 80% moisture) for juvenile and adult fish

based on sublethal endpoints (growth, reproduction, develop-

ment, and behavior). In the present study, 91% of E. bislineata
adults, 11% of B. americanus adults, and <1% of P. cinereus
adults from the contaminated site reached MMHg concentra-

tions above the threshold-effect level for fish [33].

Amphibians are important prey for a variety of organisms

along the South River. Many organisms such as raccoons,

snakes, screech owls, wading birds, turtles, and predatory fish

(e.g., bass and sunfish) are known to eat various lifestages of

these amphibian species [23]. Because of their ability to occur

in high densities and their high conversion efficiencies, amphib-

ians may serve as critical trophic links for energy, nutrient flow,

and Hg to predators. The most well-studied mammalian species

in terms of Hg are the mink and otter, which both include
amphibians as an important component of their diet [34,35].

Several studies on these species indicate that neurotoxicity and

death can occur with the consumption of diets containing Hg (as

MMHg)>1,000 ng/g wet weight [36]. In addition, the U.S. EPA

estimates that the lowest observable adverse effect level

(LOAEL) for mink is 180 ng/g body weight/d or 1,100 ng/g

wet weight MMHg in the diet [37]. Several studies have

observed reduced reproductive success and juvenile survival

in birds with environmentally realistic concentrations of Hg in

their diet. The piscivorous common loon (Gavia immer), which

eats amphibians and fish that eat amphibians [38], had reduced

reproductive success with diets that contained Hg (as MMHg)

>300 ng/g wet weight [39]. More recently, a study by Burgess

and Meyer [40] suggests loon productivity decreases by 50%

when fish THg concentrations in the diet were 210 ng/g wet

weight and failed when THg concentrations were 410 ng/g wet

weight. Bouton et al. [41] fed captive-raised great egret chicks

(Ardea albus), another piscivorous species, diets of 500 ng/g

wet weight MMHg and found the chicks displayed decreased

appetite and strength, altered activity and maintenance behav-

ior, and reduced motivation to hunt live prey. The authors

suggest that these effects may result in reduced juvenile survival

in wild birds. In addition, diets containing MMHg concentra-

tions of 3,000 ng/g dry weight in mallard ducks (Anas platyr-
hynchos) [42] and black ducks (Anas rubripes) [43] impaired

reproductive success by reducing egg production, hatching

success, and embryo and duckling survival. Individual amphib-

ians at the South River with the highest THg concentrations,

mainly E. bislineata, approach the mink LOAEL and Hg

concentrations known to affect reproduction in ducks. How-

ever, 80% of adult and 50% of larval E. bislineata surpassed the

dietary threshold for reproductive success in loons. Thus, the Hg

concentrations in the present study support the notion that

amphibians, as important components of aquatic and terrestrial

communities, potentially transfer Hg within and between these

environments and pose significant health risks to their predators.
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Species and stage differences

The magnitude of Hg accumulation in amphibians appeared

dependent on habitat use and feeding behavior. Within the

contaminated portion of the river, both stages of E. bislineata
were observed to have the highest average THg concentra-

tions in the present study (adults 3,453� 196 ng/g; larvae

2,479� 171 ng/g). Eurycea bislineata is the most river-associ-

ated species and remains carnivorous throughout its complex

life cycle. Like E. bislineata, P. cinereus is carnivorous

throughout its life, but P. cinereus is a direct developer in

the terrestrial environment. Both of the more terrestrial species,

P. cinereus (583� 178 ng/g) and B. americanus (598� 117 ng/

g), had the lowest average THg concentrations in the present

study. Thus, the results of the present study suggest that

individuals of these species encounter reduced amounts of

bioavailable Hg because they may be more closely tied

to terrestrial than aquatic food webs. Future studies using

stable isotopes may disentangle these relationships to better

understand ecological risk in relation to amphibian feeding

ecology [22].

Interesting ontogenetic changes were found in Hg accumu-

lation in both species with complex life cycles, but the opposite

patterns were observed for E. bislineata and B. americanus even

though the larval stages of both species had similar THg

concentrations at the contaminated site (larvae: E. bislineata
2,479� 171 ng/g and B. americanus 2,132� 602 ng/g). For

E. bislineata, adults had higher THg concentrations than larvae

at all sites except RM 22. Because Hg accumulates over time

and is not well eliminated from the body, older and larger

organisms often have proportionally higher THg concentrations

than younger and smaller conspecifics. For example, THg

concentrations often correlate with age, body mass, or length

in fish [6,8]. Adult E. bislineata were significantly larger than

the larvae (p¼ 0.004) in both the contaminated (adults:

0.81� 0.03 g, larvae: 0.66� 0.04 g) and reference (adults:

0.80� 0.06 g, larvae: 0.63� 0.05 g) site. Because the older

and larger adults had higher Hg concentrations than larvae,

adults may have simply been exposed to Hg at similar rates but

for a longer time. This is plausible because all of the adults

sampled were collected within 3 m of the river, where aquatic

prey can remain a significant portion of their diet [23]. Alter-

natively, adults could be ingesting larger prey or prey at higher

trophic levels with higher Hg concentrations, or a larger

proportion of the more bioavilable Hg form, MMHg. Again,

stable isotopes could provide critical insights into whether

accumulation differences between stages were attributable to

ontogenetic shifts in feeding preferences or exposure duration

(e.g., [22]).

The opposite ontogenetic Hg accumulation pattern from

E. bislineata was observed in B. americanus, where the aquatic

tadpoles had higher THg concentrations than the terrestrial

adults. Although tadpoles are omnivorous grazers, this obser-

vation is consistent with the literature that many pond-breeding

larvae are excellent accumulators of trace metals because they

are closely associated with the benthos [16,44]. Although many

metals, including some Hg, may be bound to the gut epithelium

in tadpoles [17,18], evidence suggests that Hg becomes mobi-

lized during metamorphic climax and is retained in amphibian

tissues after metamorphosis is completed [4,18]. After meta-
morphosis, B. americanus juveniles and adults are highly

terrestrial and mobile [25]. Thus, the reduced body concen-

trations of adults are likely caused by a dilution of the Hg body

pool as they consume prey items from the terrestrial environ-

ment. Alternatively, because of their mobility, it is possible that

some of the adults sampled were immigrants from surrounding

uncontaminated habitats that were only recently exposed to Hg.

Spatial differences

Mercury accumulation in amphibians followed the same

spatial pattern as observed in birds, fish, and turtles along

the South River, which generally increased for several miles

downstream from the point source before peaking between

miles 10 and 20 and decreasing or remaining high until the

confluence with the South Fork of the Shenandoah River

([20,22]; G.W. Murphy, 2004, Master’s thesis). Although it

is not currently known why Hg concentrations peak down-

stream from the source, it is theorized that historical deposition

in the cobble bed within the river and/or flood plain, coupled

with current erosion patterns, may provide a continual and

dispersed source of Hg loading to the river. This pattern was

the strongest for E. bislineata, which is most closely associated

with the river. The patchy availability of suitable habitat for P.

cinereus due to deforestation along the South River precludes

descriptions of spatial patterns for this species. A notable

exception to the pattern was at RM 16, where B. americanus
adults and larvae had THg concentrations comparable to the

reference site. The breeding pond at RM 16 was 60 m from the

South River, but was elevated above the 100-year flood plain. In

comparison, the breeding pond at RM 20 had the highest THg

concentrations, was 40 m from the river, and within the two-

year flood plain. These site differences suggest the risk of Hg

exposure in pond-breeding amphibians is strongly influenced

by Hg deposition in the South River floodplain from flood

events. In addition, these observations suggest that larvae in

these breeding ponds may be good bioindicators of localized

Hg contamination and bioavailability because they are

confined to natal wetlands and integrate Hg from the aquatic

environment.

Nondestructive sampling

The present study illustrates the utility of two nondestructive

sampling techniques for determining whether amphibians have

a history of exposure to Hg. Total Hg concentrations between

bodies and tails of both salamanders and between blood

and whole body in B. americanus were highly correlated.

Importantly, the large range in Hg contamination at the South

River allows inferences to be drawn at other Hg-contaminated

sites that fall within this broad range.

A variety of nondestructive sampling techniques have been

developed for reptiles, but not for amphibians. For example,

concentrations of metals and metalloids in skin, tails, and/or

blood are predictive of whole-body or target tissue concen-

trations in snakes and lizards [45–47]. In contrast, amphibians

are typically sacrificed for whole-body contaminant analysis

because nondestructive techniques have not been developed.

This practice is not conservation minded, nor is it convenient for

continued sampling at sites over protracted time scales because

of the impact it could have on local populations. Cardiac
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puncture is a recommended method for blood collection in

anurans [48], and can be used repeatedly on the same individ-

uals [49]. Although tail loss in salamander species can decrease

fitness through several routes such as reduction in courtship

success, locomotive performance, growth rate, or reproductive

success [50], the tail is regenerated over time. Thus, the impact

of tail sampling on local populations is minimized compared to

the lethal alternative. Improved analytical techniques may allow

smaller quantities of tail tissue to be analyzed and decrease the

impact it has on the individuals sampled.

Although the correlations with nondestructive tissues pro-

vide a predictive index of Hg concentrations at the South River,

they should be validated at other Hg contaminated sites for these

three species and closely related species. For example, the

slopes of the correlations between body and tail differed

between the two salamander species indicating one relationship

is not necessarily predictive for all salamander species. In

addition, blood is often correlated with contaminant concen-

trations in whole-body or target organs, and is commonly used

as a nondestructive sampling technique for other vertebrates

(e.g., [45,46,51]). However, blood THg concentrations may

reflect recent dietary intake while muscle and other

tissues represent a more consistent integration of Hg intake

over time [52].

CONCLUSION

A common theory regarding Hg in wildlife is that piscivores

and other top predators feeding in the aquatic food chain have

the greatest risk of Hg exposure and toxicity [6,7]. The present

study demonstrated that amphibians occupying both aquatic and

terrestrial habitats in a contaminated site accumulated Hg in

concentrations that exceed those of the reference site by up to an

order of magnitude. In some cases, Hg concentrations in

amphibians exceeded threshold concentrations for adverse

effects in juvenile and adult fish, indicating amphibians may

be at risk of Hg exposure and toxicity. In addition, Hg con-

centrations in amphibians exceeded dietary levels known to

cause adverse effects in some mammals and birds, indicating

that predators of amphibians may also be at risk. Because the

South River has a large range in Hg concentrations, it affords

the opportunity to quantify threshold concentrations for adverse

effects in the field. The development of thresholds at this model

system may assist in risk assessments and management deci-

sions for other Hg-contaminated sites with concentrations

within this broad range. In addition, the nondestructive sam-

pling techniques developed for the present study will be most

useful if they can ultimately be used to predict health risks to

individuals, such as adverse reproductive effects.
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’ INTRODUCTION

Early development is a critical period in the ontogeny of
vertebrates, and adverse effects of maternally derived contami-
nants during this sensitive stage have been well documented. For
example, in many animals, maternal transfer of contaminants
reduces reproductive success through embryo mortality and
malformations (e.g., ref 1). Due to early disruptions in nervous,
endocrine, or immune system development,2 there is growing
evidence that maternally derived contaminants can also have
effects that are expressed later in ontogeny. These latent adverse
effects may be lethal, as in the case of snapping turtles (Chelydra
serpentina), where maternal transfer of polychlorinated biphenyls
(PCBs) reduced survival over the first 14 months of life.3

Alternatively, latent effects of maternal transfer of contaminants
may be sublethal. The effects of maternally derived contaminants
that occur long after hatching or birth are beyond the scope of
most studies, but these latent adverse effects may have important
implications for both wildlife and human health.

The latent effects of maternal transfer of contaminants may
manifest differently depending on the environment in which
offspring develop. Offspring of organisms that forage in one
location but breed in another, such as migratory birds and many
amphibians,may be exposed tomaternally transferred contaminants

but may or may not be further exposed to contaminants after the
embryonic stage. For example, migratory white-faced ibis
(Plegadis chihi) nesting at Carson Lake, NV, show reduced
reproductive success with elevated egg concentrations of dichlor-
odiphenyldichloroethylene (DDE), but prey on the nesting
grounds contained little DDE.4 However, prey in wintering
habitats had elevated DDE levels, suggesting that the main
source in offspring was maternal transfer from energy stores
gathered at the wintering grounds. Conversely, organisms born
into the same contaminated environment as their parents can be
exposed both maternally and environmentally to contaminants,
potentially placing them at greater risk of adverse effects than
when exposed via the two pathways independently.

There has been little research on the combined effects of
multiple exposure routes through early development. However,
Nye et al.5 recently investigated the effects of maternal and direct
exposure to sediments contaminated with polycyclic aromatic
hydrocarbons (PAHs) from Elizabeth River, VA, in larvae of the
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ABSTRACT: Organisms born into the same contaminated environment as
their parents can be exposed both maternally and environmentally to
contaminants, potentially placing them at greater risk of adverse effects than
when exposed via either of the two pathways independently. We examined
whether embryonic exposure to maternally derived mercury (Hg) interacts
with dietary exposure to negatively influence larval development in American
toads (Bufo americanus). We collected eggs from breeding pairs at reference
and Hg-contaminated sites and monitored performance, development, and
survival of larvae fed three experimental Hg diets (total Hg, 0.01, 2.5, and
10 μg/g). The negative sublethal effects of maternal and/or dietary Hg
manifested differently, but maternal Hg exposure had a greater overall
influence on offspring health than dietary exposure. However, the combina-
tion of sublethal effects of the two exposure routes interacted with lethal
consequences; larvae exposed to maternal Hg and high dietary Hg experi-
enced 50% greater mortality compared to larvae from reference mothers fed
the control diet. This study is the first to demonstrate that the latent effects of maternally transferred contaminants may be
exacerbated by further exposure later in ontogeny, findings thatmay have important implications for both wildlife and human health.
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estuarine fish Fundulus hereroclitus. The effect of maternal
exposure on growth and body condition in larvae (14 days
posthatch) was stronger than direct larval exposure.5 In another
recent study, Eisenreich et al.3 found a strong negative maternal
influence of PCBs on survival of juvenile snapping turtles, but
dietary PCB exposure only reduced metabolic rates. Both studies
observed latent effects of maternal contaminant transfer, but
neither observed interactive effects of the multiple exposure
routes. Additional studies are needed to evaluate the relative
contributions of maternally and environmentally induced varia-
tion in offspring phenotype6 and to ensure that latent and
potential interactive effects are not overlooked.

We investigated the individual and interactive effects of
maternally and trophically derived mercury (Hg) contamination
on larval development in the American toad (Bufo americanus).
Mercury is a contaminant of global concern due to its ubiquity,
toxicity, and ability to bioaccumulate and biomagnify, especially
in the form of (mono)methlymercury (MMHg).7,8 Early life
stages can be particularly sensitive to Hg exposure, and subtle
sublethal effects on behavior and reproduction can occur at
concentrations much lower than lethal effects due to the
neurotoxic and endocrine-disrupting nature of Hg.9,10 Although
there is a paucity of information regarding the effects of Hg on
amphibians compared to other vertebrates,11 amphibian larvae
are highly efficient at accumulating elevated concentrations of
trace elements, including Hg, due to their feeding ecology and
ectothermy.12 In a previous study, we determined female Amer-
ican toads from a historically Hg-contaminated site maternally
transferred Hg to their eggs,13 disrupting early development of
embryos,14 but the effects of maternal transfer of Hg could also
manifest during critical developmental periods weeks to months
after hatching. In an additional field study, we found that larvae
bioaccumulated very high concentrations of Hg in ephemeral
breeding pools,15 suggesting that significant environmental ex-
posure occurs after maternal transfer. However, adult American
toads have the opportunity to oviposit in either contaminated or
uncontaminated pools because they are highly mobile for
amphibians and can travel up to 1 km from their breeding
pool.16 Thus, their offspring have the potential to experience
maternal, environmental (e.g., aqueous or dietary), or both routes
of exposure. Here, we used field-collected adults and an experi-
mental feeding study to test the hypothesis that trophic exposure to
Hg during the larval period has a negative effect on the develop-
ment and performance of larvae from Hg-exposed females.

’MATERIALS AND METHODS

Field Collection. On April 17 and 18, 2009, we collected 27
reproductive pairs of American toads from breeding pools along
the South River (VA) floodplain at three locations [river mile
(RM) �1.7, 9, and 20] upstream and downstream from a Hg
contamination source (RM 0; see ref 15 for additional in-
formation). An analysis of surface water and sediment at the
South River confirmed that Hg was the primary contaminant,
while organochlorine pesticides, polycyclic aromatic hydrocar-
bons, and other trace metals were generally low.17 We trans-
ported amplexing pairs into the laboratory and placed them in a
shallow bin with dechlorinated tap water to allow them to breed.
The next morning, we removed the adult toads from the bins and
counted the eggs. We froze a small portion of each egg mass
(∼500 eggs) for subsequent Hg analysis. Following the methods
of Bergeron et al.,15 we collected∼0.25 mL of whole blood from

each anesthetized mother via cardiocentesis and released them at
their capture location within 24 h.
Experimental Design.We used a 2� 3 factorial design to test

the individual and interactive effects of maternally and trophically
derived Hg on the larval development of American toads.
Experimental diets consisted of a dry feed mix spiked with or
without Hg [inorganic (HgII) and organic (MMHg); Alfa Aesar]
and suspended in an agar�gelatin mixture similar to the diet
formulated by Unrine and Jagoe.18 The resulting diet was in a
semisolid matrix, which allowed the larvae to graze naturally
while preventing the diet from dissolving. We conducted a
preliminary study to determine if Hg was leaching from the food
to the water and found that Hg concentrations in the water were
below the detection limit of 50 ng/L. The target total Hg (THg)
concentration for the low Hg treatment was 2.5 μg/g, dry weight
(dw) (2.75% MMHg). This concentration corresponds to
approximately twice the highest measured THg concentrations
in the guts of larval leopard frogs (Rana sphenocepala) from
ephemeral wetlands in southeastern US receiving Hg solely from
atmospheric deposition.19 The target THg concentration for the
high Hg treatment was 10 μg/g, dw (1.05% MMHg). This
corresponds to the upper limits of Hg concentrations found in
periphyton at the Hg-contaminated South River (K. R. Tom,
Master’s thesis, The College of William and Mary, VA, 2008).
Percent MMHg in periphyton is generally low (<15%) (e.g., refs
18, 20, and 21). Thus, we used the equations in Unrine et al.20 to
determine the MMHg concentrations in this study. See the
Materials and Methods in the Supporting Information for details
of the experimental diet formulation.
To determine which eggs to allocate to our experimental

groups from the 27 collected clutches, we used the known strong
correlation between female blood THg concentrations and those
of eggs.13 The reference and maternally Hg exposed (hereafter:
Hg-exposed) groups included hatchlings from females with
blood THg concentrations <250 and >1000 ng/g, wet weight
(ww), and originated from five and six combined clutches,
respectively. On April 28, 2009, at∼4 days posthatch, we mixed
free swimming hatchlings with normal morphology across
clutches within each maternal Hg group (reference and Hg-
exposed) to homogenize genetic variation. We then randomly
allocated the hatchlings among three diet treatments (control,
low Hg, and high Hg; n = 25/treatment). We placed one larva
into each of the 150 4-L polypropylene aquaria containing 3 L of
dechlorinated tap water. We individually weighed larvae every 9
days to document growth and increase food rations accordingly.
We fed larvae 6% of their body weight per day (wet weight basis),
and raised them under a 12 h light/12 h dark photoperiod. At the
beginning of the experiment, air temperature was 18 �C and was
increased weekly in 0.5 �C increments until 20 �C was reached
and maintained for the remainder of the study. Every third day,
we replaced 50% of the water in each aquarium. At this time, we
siphoned out accumulated feces and uneaten food and provided
fresh food.
After the larvae had fed on the experimental diets for 26�28

days [Gosner stages (GS) 26�30], we conducted a swimming
performance test to determine if speed or responsiveness to
stimuli differed among the six treatment combinations using
methods similar to Hopkins et al.22 We tested 50 larvae per day
for three consecutive days (May 23�25, 2009), ensuring a
representative daily sample of each treatment combination. See
Materials and Methods in the Supporting Information for details
of the larval swimming performance experiment.
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We inspected larvae daily for developmental stage and mor-
tality. As larvae nearedmetamorphosis, they were checked at 12 h
intervals for front limb emergence (GS 42), completion of tail
resorption (GS 46), or mortality. At the time of front limb
emergence, larvae were removed from aquaria, weighed, mea-
sured, and individually placed in 500 mL cups with ∼20 mL
water and a clean unbleached paper towel to allow them to climb
out of the water following complete tail resorption. The first larva
reached metamorphic climax on June 15, 2009, and the last
completed metamorphosis on July 22, 2009. In addition to
quantifying the proportion of individuals that successfully com-
pleted metamorphosis in each treatment, we also measured mass
and size at metamorphosis (GS 46) and the amount of time to
reach metamorphic climax (GS 42) and complete metamorpho-
sis (GS 46). Toads surviving through metamorphosis were
humanely euthanized with buffered tricaine methane sulfonate
(MS-222) 24 h after completion of metamorphosis and then
frozen for analyses of Hg in tissue.
Mercury Analyses. In a previous study,13 percent MMHg of

the total Hg burden in female toad blood and eggs from the same
study site was 71.4( 2.8% and 47.8( 3.3% (mean(1 standard
error hereafter), respectively. Thus, in the present study, we
analyzed only THg for these tissues. We homogenized whole
blood from each female toad and report THg concentrations of
blood on a wet weight basis. We lyophilized and homogenized
eggs and report THg concentrations of eggs on a dry weight
basis. Percent moisture of eggs was 95.4 ( 0.2%. We analyzed
subsamples (∼20 mg) for THg content by combustion�
amalgamation�cold vapor atomic absorption spectrophotome-
try (Direct Mercury Analyzer 80, Milestone, Monroe, CT). See
Materials and Methods in the Supporting Information for
method details and quality assurance.
We measured both Hg(II) and MMHg in the experimental

diet (n = 3 samples/diet level) andmetamorphs (n = 3 composite
samples/treatment). We lyophilized and homogenized the sam-
ples and report Hg concentrations on a dry weight basis. Percent
moisture of the diet and metamorphs was 58.6( 0.4% and 90.4
( 0.3%, respectively. Samples were then analyzed by Quicksilver
Scientific (Lafayette, CO). See Materials and Methods in the
Supporting Information for method details and quality
assurance.
Statistical Analyses.Weused nonparametricMann�Whitney

U tests to compare blood and egg THg concentrations between
reference and Hg-exposed females, because data were non-
normally distributed. We used a multivariate analysis of variance
(MANOVA) to test for effects of diet, maternal Hg exposure, and
their interaction on MMHg and Hg(II) concentrations in
metamorphs.
We used a MANOVA to test the effects of diet, maternal Hg

exposure, and their interaction on the mass (g) of tadpoles at GS
42 and the time (d) to reach GS 42 (larval duration). We log
transformed larval duration to normalize the data to meet
assumptions for analyses of variance. Because several animals
died during metamorphosis before reaching GS 46, we used a
separate MANOVA to test the effects of diet, maternal Hg
exposure, and their interaction on the mass of tadpoles at GS
46 and days required to complete tail resorption (GS 42�46).
We inverse transformed mass at GS 46 and log transformed
days for tail resorption to normalize data and meet statistical
assumptions.
Initial iterations of a repeated measures analysis of covariance

(ANCOVA) model to test for differences in larval swimming

performance among treatments revealed that larvae swam simi-
larly in all three laps and the main effects did not differ over time
(swimming speed, P g 0.094 for all; responsiveness, P g 0.271
for all). Thus, we used ANCOVA to test for effects of maternal
and trophic exposure and their interaction on the average of the
three laps for the performance end points of time and respon-
siveness, using developmental stage and mass as covariates.
We used animals fed control diet from reference mothers to

determine expected survivorship under optimal conditions. We
subsequently examined both metamorphic success (i.e., survivor-
ship to GS 46) and survivorship during metamorphic climax (GS
42�46) in our five experimental crosses using χ2 tests of
independence to determine whether the observed number of
animals surviving in an experimental cross differed from that
expected under optimal conditions. Lastly, we used logistic
regression to examine the relationship between survival and
mass of larvae (GS 42) from Hg-exposed and reference mothers.

’RESULTS

Mercury Concentrations. We allocated eggs to maternal
experimental groups based on the THg concentrations in female
blood, and we found a significant difference in the blood THg
concentrations of reference females (160 ( 18.6 ng/g, ww)
compared to Hg-exposed females (2250 ( 490 ng/g, ww;
Z =�2.74, P = 0.006). We later analyzed eggs from each clutch
for THg concentrations, and the expected significant difference
was confirmed between clutches from reference females (20.6(
1.3 ng/g, dw) and Hg-exposed females (149 ( 17.9 ng/g, dw;
Z =�2.71, P = 0.006). Total Hg concentrations in diets (dw)
were 0.010 ( 0.001 μg/g (56.7 ( 5.5% MMHg), 2.50 ( 0.06
μg/g (3.19 ( 0.03% MMHg), and 10.1 ( 2.27 μg/g (1.05 (
0.01%MMHg) for the control, low Hg, and high Hg treatments.
We found a significant effect of diet on tissue concentrations of
Hg in metamorphic toads in our overall MANOVA (Figure 1;
diet, F4,24 = 184, P < 0.001). However, there was no effect of
maternalHg exposure onHg tissue concentrations ofmetamorphs
(maternal Hg exposure, F2,11 = 1.39, P = 0.29; interaction,

Figure 1. Whole body mercury (Hg) concentrations [ng/g, dry weight;
inorganic mercury (HgII) and methylmercury (MMHg)] and the
percent of the total Hg that is MMHg (% MMHg) in American toad
metamorphs from the 2 � 3 factorial design of maternal Hg exposure
[reference (ref) and Hg-exposed (Hg)] and the three diet treatments
(control, low Hg, and high Hg). Error bars represent the standard error
of the mean.
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F4,24 = 1.08, P = 0.39). Component ANOVAs revealed that diet
had a significant effect on accumulation of bothMMHg (Figure 1;
F2,12 = 494, P < 0.001) and Hg(II) (Figure 1; F2,12 = 318, P <
0.001) in metamorphic toads. As expected, mean percent MMHg
decreased in metamorphic toads with increasing diet concentra-
tion (Figure 1). Posthoc Tukey’s tests revealed that Hg tissue
concentrations in metamorphs differed among all three diets for
both MMHg and Hg(II) (P < 0.001).
Biological Responses to Maternal and Dietary Mercury.

Survival was high in larvae until the onset of metamorphic climax
(n = 20, 23, 24 for larvae from reference mothers fed control, low
Hg, and high Hg diet, respectively, and n = 23, 24, 24 for larvae
fromHg-exposed mothers fed control, low Hg, and high Hg diet,

respectively). Both dietary and maternal Hg exposure signifi-
cantly affected growth and development of larvae until the onset
of metamorphic climax, but there was no interaction effect in the
overall MANOVA (GS 42; diet, F4,264 = 2.97, P = 0.02; maternal
Hg exposure, F2,131 = 3.70, P = 0.027; interaction, F4,264 = 1.56,
P = 0.19). Component ANOVAs revealed that diet had a
significant effect on mass at GS 42 (Figure 2a; F2,132 = 5.77,
P = 0.004) but not on the duration of larval period (Supporting
Information, Figure S1; F2,132 = 0.23, P = 0.79). Posthoc Tukey’s
tests showed that mass at GS 42 differed significantly only
between the control diet and high Hg diet (P = 0.004). On
average, animals fed high Hg diet were 16% smaller than those
fed control diet. Maternal Hg exposure also had a significant
effect on mass at GS 42 (F1,132 = 5.61, P = 0.019) but not on the
duration of the larval period (F1,132 = 1.34, P = 0.25). On average,
animals from contaminated mothers were 10% smaller at GS 42
than those from reference mothers.
Survival decreased during metamorphic climax (n = 12, 11, 13

metamorphs from reference mothers fed control, low Hg, and
high Hg diet, respectively, and n = 14, 10, 6 metamorphs from
Hg-exposed mothers fed control, low Hg, and high Hg diet,
respectively). Both dietary and maternal Hg affected toads at the
completion ofmetamorphosis, but there was no interaction effect
in the overall MANOVA (GS 46; diet, F4,120 = 2.56, P = 0.042;
maternal Hg exposure, F2,59 = 8.28, P = 0.001; interaction,
F4,120 = 1.21, P = 0.31). Component ANOVAs revealed that

Figure 2. Components of the multivariate analysis of variance for
American toad larvae from the 2 � 3 factorial design of maternal
mercury (Hg) exposure (reference females and Hg-exposed females)
and the three diet treatments (control, low Hg, and high Hg). (A) Mass
at Gosner stage (GS) 42, front limb emergence. (B) Mass at GS 46,
completion of metamorphosis. (C) Tail resorption time (GS 42�46).
Error bars represent the standard error of the mean.

Figure 3. Larval swimming performance of American toads from the 2
� 3 factorial design of maternal mercury (Hg) exposure (reference
females andHg-exposed females) and the three diet treatments (control,
low Hg, and high Hg). (A) velocity (m/s) and (B) responsiveness
(prods/m). Error bars represent the standard error of the mean.



3785 dx.doi.org/10.1021/es104210a |Environ. Sci. Technol. 2011, 45, 3781–3787

Environmental Science & Technology ARTICLE

diet had a significant effect on mass at GS 46 (Figure 2b; F2,60 =
4.27, P = 0.018) but not on days to complete tail resorption
(Figure 2c; F2,60 = 1.51, P = 0.23). Posthoc Tukey’s tests showed
that mass at GS 46 differed significantly only between the control
diet and high Hg diet (P = 0.016), with animals fed the high Hg
diet being 21% smaller at GS 46 than those fed the control diet. In
contrast, maternal Hg exposure had a significant effect on days
for tail resorption (Figure 2c; F1,60 = 15.7, P < 0.001) but no
effect on mass at GS 46 (Figure 2b; F1,60 = 0.38, P = 0.54). Larvae
from contaminated mothers took 14% longer to fully resorb their
tails than did those from reference mothers.
We found maternal Hg exposure, but not dietary exposure,

affected average swimming speed of larvae, and we found no
evidence of an interaction between these two modes of exposure
(Figure 3a; maternal Hg exposure, F1,133 = 5.86, P = 0.017; diet,
F2,133 = 1.61, P = 0.203; interaction, F2,133 = 0.769, P = 0.465).
Larvae from contaminatedmothers took 11% longer to traverse 1
m than did those from reference mothers, even after correcting
for size and developmental stage. Likewise, maternal Hg expo-
sure, but not dietary exposure, affected average larval respon-
siveness, and we found no evidence of an interaction between
modes of exposure (Figure 3b;maternalHg exposure, F1,133 = 13.9,
P < 0.001; diet, F2,133 = 0.432, P = 0.650; interaction, F2,133 = 0.835,
P= 0.436). Larvae from contaminatedmothers had to be prompted
to swim 34% more often than those from reference mothers.

Whereas both maternal and dietary Hg exposure indepen-
dently produced sublethal effects, the combination of the two
exposure routes was lethal. The combination of maternal Hg
exposure and high Hg diet led to a 50% reduction in meta-
morphic success (survivorship to GS 46; Figure 4a; χ2 = 5.77, P =
0.016) compared to larvae from reference mothers that were
raised on control diet as an optimal scenario (all other experi-
mental crosses, χ2 < 0.7, P > 0.4). Importantly, larval survival was
high in all treatments (ranging from 80 to 96%) until the onset of
metamorphic climax. However, during the critical period of
metamorphic climax (from GS 42 to GS 46), the combination
of maternal Hg exposure and high Hg diet led to 125% greater
mortality (Figure 4b; χ2 = 12.3, P < 0.001) compared to larvae
from reference mothers that were raised on control diet (all other
experimental crosses, χ2 < 0.3, P > 0.06). Lastly, mortality of
small individuals was higher than large individuals from Hg-
exposed mothers (P = 0.047, β = 6.87) but not from reference
mothers (P = 0.20) during metamorphic climax.

’DISCUSSION

Depending on their life history, organisms may be at risk of
one or more routes of contaminant exposure during early
development. Our study is one of the few to investigate the
individual and interactive effects of maternally and environmen-
tally derived contaminants on early vertebrate development.
Mercury-exposed female American toads transferred ∼14 times
more Hg to their eggs than reference females, and larvae were
efficient at accumulating Hg from their diet regardless of
maternal origin. The whole-body THg concentrations in meta-
morphs at the completion of metamorphosis were ∼800 and
∼1700 ng/g for the low and high diets, respectively, which is
similar to concentrations found in free-ranging American toad
larvae from contaminated portions of our study site (∼2100 ng/g
at GS 28�32).15 We found both maternal and dietary Hg
exposure independently produced negative, but different, sub-
lethal effects on larval development. Most importantly, the latent
effects of maternal exposure to Hg combined with high dietary Hg
exposure later in ontogeny had a lethal effect in larvae.

The transfer of Hg from mother to offspring and resulting
effects have been well documented in several species,11 but less is
known about effects that manifest in offspring later in life. We
found maternal exposure negatively affected growth, duration of
metamorphic climax, and swimming performance in American
toad larvae. Larvae from Hg-exposed mothers were smaller than
larvae from reference mothers at the onset of metamorphic
climax. However, maternal Hg exposure did not affect mass at
the completion of metamorphosis due to the high mortality of
small individuals from Hg-exposed mothers, but not from
reference mothers, during metamorphic climax. In addition,
maternal Hg exposure increased the duration of metamorphic
climax, a period of increased vulnerability for immunological,23

energetic,24 and ecological25 reasons, by ∼1 day compared to
larvae from reference mothers, which may increase mortality risk
in natural settings. Unrine et al.26 also found increased tail
resorption time in leopard frog larvae fed Hg diets and suggested
that Hg may inhibit the thyroid axis, which is known to play an
important role in metamorphic climax.27 Lastly, swimming
performance was negatively affected by maternal Hg exposure,
which could impair foraging efficiency and increase predation
risk in nature. Mercury is known to affect behavior and perfor-
mance in fish,28 but only one study has investigated the effects of

Figure 4. (A) Percent of American toads successfully completing
metamorphosis and (B) the percent of mortalities during metamorphic
climax from the 2 � 3 factorial design of maternal mercury (Hg)
exposure (reference females andHg-exposed females) and the three diet
treatments (control, low Hg, and high Hg). Asterisks (*) denote a
significant difference from the reference females fed control diet.
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maternal transfer of Hg on behavior.29 Our study is one of the
first to investigate the effects of Hg on performance in amphi-
bians (but see ref 30). Here, metamorphs from Hg-exposed
mothers did not have elevated tissue concentrations due to
dilution of maternally transferred Hg during growth. In addition,
effects of maternal Hg exposure on performance were indepen-
dent of larval body size and developmental stage. Because Hg is a
neurotoxicant and suspected endocrine disruptor,9,10 the effects
we observed were likely caused by physiological or neurological
changes during embryonic development but were detectable
during later larval development.

Dietary exposure alone negatively affected larval size at the
onset and completion of metamorphic climax, but did not affect
any other measured traits. Individuals fed the high Hg diet were
smaller than those fed the control diet at GS 42 and 46,
respectively. Reduced amphibian size at metamorphosis is linked
to adverse effects on fitness-related traits, including survival, body
size/age at first reproduction, and fecundity (e.g., ref 31).
Because of the strong influence of size, an important next step
will be to determine whether small body size at metamorphosis in
Hg-exposed individuals affects postmetamorphic growth and
survival in the terrestrial environment. Interestingly, in a similar
study investigating the effects of dietary Hg on leopard frog
larvae,18,26 adverse effects on development and decreased survi-
val were observed at THg concentrations (236 and 412 ng/g)
much lower than the concentrations where effects were observed
in our study. These differences may be due to differences in
sensitivity or length of larval period between species.

We demonstrated that the sublethal, latent effects of maternal
Hg exposure interacted with the sublethal effects of high dietary
Hg exposure to reduce survival in amphibian larvae. The
combination of maternal and dietary exposure to environmen-
tally relevant Hg concentrations had lethal consequences; larvae
experienced a 125% increase in mortality during metamorphic
climax and a 50% decrease in overall metamorphic success
compared to larvae from reference mothers fed the control diet.
Until the onset of metamorphic climax, larval survival in all
treatments was high, but metamorphic climax is a critical and
sensitive stage in the life history of amphibians. Our findings
support the hypothesis that metamorphic climax may be a period
that is sensitive to the remobilization of Hg from tissues into
circulation during tail resorption26 due to the extensive morpho-
logical, physiological, and behavioral changes that occur as
animals prepare for the transition to terrestrial life. Further,
timing of mortality can have important implications for amphi-
bian population dynamics. In some cases, mortality of eggs or
larvae can have slight, or even positive, effects on amphibian
populations because they release surviving larvae from the
detrimental effects of intraspecific competition (e.g., ref 32). In
our study, mortality occurred during metamorphic climax, sug-
gesting larvae in the natural environment may suffer from both
density-dependent effects of competition and density-independent
effects of contaminant exposure.

Although immediate effects of the maternal transfer of con-
taminants on early development are well studied, there are fewer
investigations into potential latent and long-term effects and
even fewer on interactions with environmental exposures
through ontogeny. We found the majority of the significant
sublethal effects in amphibians resulted from maternal Hg
exposure, and the latency of these maternal effects is not
surprising due to the effects of transferred contaminants on
key organizational events that occur early in ontogeny.1

However, these negative maternal effects are of great importance
to the field of ecotoxicology because studies often examine the
effects of environmental contaminants using organisms from
reference sites, ignoring maternal contaminant exposure. Our
findings emphasize the importance of investigating environmen-
tally relevant routes of contaminant exposure over multiple early
life stages because studies based on single routes of exposure or
single life stages may underestimate the severity of adverse
effects, potentially having widespread implications for both
wildlife and human health.33 Futhermore, future studies investi-
gating a greater number of intermediate concentrations of
maternal and dietary Hg exposures in amphibians could help
to identify the lowest exposure concentrations causing interactive
effects and potentially aid in identifying the route of toxicity. In
our study, amphibian larvae were raised individually, but further
studies are necessary to determine whether embryonic exposure
to maternally derived Hg and/or larval dietary exposure have
different effects in more complex environments, such as in the
presence of competitors or predators. Additionally, investigating
how different contaminant exposure routes impact the terrestrial
juvenile stage will ultimately aid in predicting their effects on
amphibian population dynamics.

’ASSOCIATED CONTENT

bS Supporting Information. Further details are provided of
the experimental diet formulation, swimming performance ex-
periment, and methods and quality assurance for THg and
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charge via the Internet at http://pubs.acs.org.
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Abstract An experimental tree swallow population was
established in the headwaters of the Shenandoah River,

Virginia, USA to assess the accumulation and effects of

mercury contamination on birds that eat emergent aquatic
insects. One tributary, the South River, was contaminated

with mercury before 1950. Reproductive success of swal-

lows nesting within 50 m of this river was compared to that
of three uncontaminated reference tributaries in 2005 and

2006. Female swallows on the contaminated stretch of river

had significantly elevated blood and feather total mercury
(blood: 3.56 ± 2.41 ppm ww vs. 0.17 ± 0.15 ppm refer-

ence; feather: 13.55 ± 6.94 ppm vs. 2.34 ± 0.87 ppm

reference), possibly the highest ever reported for an
insectivorous songbird. Insects collected by the swallows

to be fed to nestlings averaged 0.97 ± 1.11 ppm dw total
mercury, significantly higher than on reference sites.

Swallows in the contaminated area produced fewer fledg-

lings than those in reference areas. The effect of mercury
contamination on productivity was detectable only for

young females in the contaminated area that were breeding

for the first time in 2006, a segment of the population that
may already have been stressed by inexperience. Tree

swallows served as practical and effective biomonitors for

mercury levels and effects and have great potential as
proxy biomonitors for more logistically challenging birds

such as loons or eagles.

Keywords Mercury ! Productivity ! Tree swallow !
Tachycineta bicolor ! Reproductive success

Introduction

The tree swallow (Tachycineta bicolor), an insectivorous

passerine, is found across North and Central America
(Robertson et al. 1992). Adults typically forage within

400 m of their nests and remain even closer when feeding

nestlings (McCarty 2001; Mengelkoch et al. 2004). Thus,
most contaminants accumulated by swallows during the

breeding season originate from a small area around the

nest. Tree swallows have been used in many studies of
environmental contaminants, including mercury, PCBs,

and pesticides. As of 2006, there were at least 44 com-

pleted or on-going studies in North America on the uptake
of contaminants and the effects of anthropogenic stressors

in tree swallows (McCarty 2001).
Despite the growing use of this species, many studies

have reported a lack of significant reproductive or survi-

vorship responses to these environmental stressors
(McCarty 2001). Reproduction has been identified as one

of the most sensitive endpoints of mercury toxicity, pri-

marily from captive dosing studies (Wolfe et al. 1998).
Decreases in reproductive success of 35–50% have been

observed in birds with high dietary methylmercury uptake,

even in the absence of impairment in the adults (USDI
1998). In general, effects such as decreased egg weight,

hatchability, and chick survival are seen at egg mercury

levels of 0.5–6.0 ppm ww in laboratory studies (Thompson
1996; Burger and Gochfield 1997). Impairments and

deformities of chicks occur at mercury concentrations as

low as 1.0 ppm ww in laboratory-dosed eggs (Heinz and
Hoffman 2003). Reproductive effects have been more

elusive in field studies, but one recent example is that egg

volumes in common loons (Gavia immer) decreased as
mercury loading of females increased (Evers et al. 2003).

Another study suggests that brain mercury residues
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>2.0 ppm in adult loons may have led to reduced territorial

drive, decreased incubation and abandonment of territories
(Barr 1986). No growth deformities or other reproductive

effects related to mercury contamination have been

reported in tree swallows.
Between 1929 and 1950 mercuric sulfate entered the

South River (a tributary to the South Fork Shenandoah

River) from an acetate fiber manufacturing plant in
Waynesboro, Virginia, USA (Carter 1977). To assess the

amount of mercury recently accumulated by adult and
nestling tree swallows along this polluted tributary, we

sampled blood from adults and nestlings during the nestling

period. To eliminate the influence of atmospheric deposi-
tion or background mercury contamination, we compared

mercury levels of birds nesting along the contaminated

South River to the levels of birds from reference areas on
three nearby uncontaminated rivers in the same watershed.

Reproductive success was monitored throughout two

breeding seasons to compare clutch size and date of initi-

ation, egg volume and hatchability, and offspring survival.

Methods

Study design

This study was carried out on the contaminated portion of

the South River (approximately 40 km). The North and
Middle Rivers, as well as the section of the South River

upstream of Waynesboro, were the uncontaminated refer-

ence areas (Fig. 1). A pilot study was also carried out
downstream of the confluence of the contaminated and

reference rivers on the South Fork Shenandoah River in

2005.
Beginning in February 2005, we erected 102 nest boxes

in the contaminated area on the South and South Fork

Fig. 1 Map of nest box sites
along the South, Middle, North,
and South Fork Shenandoah
Rivers, Augusta and
Rockingham counties, Virginia,
USA. Black circles are nest box
clusters in contaminated areas;
grey circles are nest box clusters
in reference areas. The source of
contamination is labeled with an
asterisk in Waynesboro
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Shenandoah Rivers, and 89 nest boxes in reference areas on

the South, Middle, and North Rivers. All nest boxes along
the South Fork Shenandoah River (n = 42) were removed

before the 2006 breeding season, after it was determined

that mercury levels were intermediate between the con-
taminated and reference areas, and these were not included

in any analyses. We increased the number of nest boxes to

119 in the contaminated area and 167 in the reference areas
prior to the 2006 breeding season. Nest boxes were 25–

50 m apart with the entrance holes oriented towards the
river. We checked them weekly beginning in the first week

of April. We increased checking to every 3–4 days

beginning in the first week of May, and then removed
nesting material from nest boxes after the chicks had

fledged. We did not include data from late females initi-

ating nests after the first round of nesting: 3 June, 2005 or
2 June, 2006. Female tree swallows maintain a brown

plumage until the end of their second summer and thus can

be identified in the field as second-year (hereafter, ‘‘SY’’),
in contrast to blue-plumaged, after-second year (hereafter,

‘‘ASY’’) females.

Mercury sampling

We used a small gauge (26G ! in.) needle to puncture the

cutaneous ulnar vein, and then collected approximately

100 ll of blood in three 75 ll heparinized capillary tubes.
Tubes were sealed with Crito-caps1 and placed into a 10cc

BD1 vacutainer to prevent breakage. Samples were stored

on ice for 3–6 h, after which they were frozen at "25"C
until analysis.

Feather samples in this study were collected from a

subsample of ASY females in 2006 to provide a longer-
term estimate of body-burden during the previous breeding

season. These feathers also provide comparability with

other studies in which feathers, but not blood, have been
sampled. When birds banded in 2005 returned to the

breeding grounds in 2006, we plucked the innermost pri-

mary feather (P1) from each wing. As feather molt
typically begins in July (Stutchbury and Rohwer 1990), the

mercury present in P1 during the 2006 breeding season

would indicate body burden from 2005.

Prey sampling

Because we captured swallows as they entered nest boxes

to feed nestlings, we were usually able to collect the bolus
of food in a glass jar directly from the parent’s beak. These

were weighed as a whole bolus, frozen, identified to orders,

freeze dried, re-weighed, homogenized and analyzed for
mercury.

Laboratory and statistical analysis

Results are reported only for adult females unless other-
wise noted. All mercury analysis took place at the Trace

Element Research Laboratory of Texas A&M University.

Samples were analyzed for total mercury with a Mile-
stone1 DMA 80 using cold vapor atomic absorption

spectroscopy. Because approximately 95% of the mercury

in avian blood and feathers is MeHg (Evers et al. 2005),
total mercury values will accurately reflect the amount of

MeHg present. Prey items, which were primarily insects in

the orders Diptera and Ephemeroptera, were not analyzed
for MeHg. Samples were homogenized to allow a repre-

sentative aliquot to be taken for analysis and typically

weighed 0.01 g.

Reproductive success parameters

We determined the date of clutch initiation by the presence

of a fresh egg during our frequent nest box checks. The
initiation date of the first clutch in the entire study area was

denoted Julian day 1 in analyses (29 April in 2005, 18 April

in 2006). The proportion of eggs that hatched was the
number of hatchlings divided by the maximum clutch size.

The number of nestlings that left the nest (fledglings) was

our primary measure of productivity. This was determined
by counting the number of nestlings alive on the last visit

(day 14–16 post-hatching) and then subtracting any dead

nestlings found on the post-fledging visit. Productivity was
alternately expressed as proportion of hatched nestlings

that fledged, to emphasize any mortality differences during

the nestling period. Finally, to correct for differential
female effort (i.e., clutch size variation) we estimated

productivity as the proportion of eggs that survived to

fledge.
In 2006 we measured 94 eggs from 16 nests in the

contaminated area and 79 eggs from 14 nests from refer-

ence areas. The maximum length and width of each egg
was measured to the nearest 0.1 mm. Egg volume (V) was
determined by the formula,

V # LW2
$ 0:51

where L = length, W = width, and 0.51 is the volume

coefficient constant (Hoyt 1979).
The South River is referred to as the ‘‘contaminated’’

treatment throughout. Statistical analyses were done using

MINITAB statistical software (version 14.2, LEAD Tech-
nologies, State College, PA). Mercury levels and nesting

success were compared using an analysis of variance. We

combined all data from females in both years and used
treatment group, female age, and year as factors with
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treatment group · female age, treatment group · year,

female age · year, and treatment group · female age ·
year as interaction terms. Tukey’s HSD test was used for

multiple post-hoc comparisons. We report only those fac-

tors and interactions that were significant (P < 0.05). All
means are presented ± SD, except in figures where SE is

used. The proportion of eggs hatched, nestlings fledged,

and eggs fledged were normalized by arcsine square-root
transformation before statistical analysis, but untrans-

formed data are shown.

Results

Mercury level

There was a significant effect of treatment on the blood

mercury levels of adult females across both years

(F1,116 = 89.41, P < 0.0001). The blood mercury level of
females nesting in the contaminated area (3.56 ± 2.41 ppm)

was more than an order of magnitude higher than that of

reference females (0.17 ± 0.15 ppm). Mercury level in
females almost doubled from 2005 to 2006 (2005:

2.29 ± 1.48 ppm; 2006: 4.14 ± 2.53 ppm; F1,116 = 4.94,

P = 0.02; Fig. 2). Only in 2006 were there enough ASY
females to compare the age classes. Post-hoc comparison

indicated that mercury level was significantly higher in ASY

than SY females (Tukey’s HSD 95% CI: "3.01, "0.01).
Broods of nestling tree swallows in the contaminated

area had higher mercury levels than broods in reference

areas in 2005 (contaminated: 0.23 ± 0.17 ppm, reference:
0.02 ± 0.04 ppm; F1,37 = 29.26, P < 0.0001). To allow

comparisons with studies in which sexes are not separated,

we also report the mercury level in all males from the

contaminated area (4.22 ± 2.43 ppm), and all adult swal-

lows in the contaminated area (3.69 ± 2.40 ppm).
The total mercury of feathers that grew during the 2005

breeding season was significantly related to the mercury

level in blood sampled from the same birds (F1,24 = 51.50,
r2 = 0.68, P < 0.0001; Fig. 3). There was a significant

effect of treatment on feather mercury level (F1,21 = 23.04,

P < 0.0001); the feather mercury level of females nesting
in the contaminated area (13.55 ± 6.94 ppm) was almost

six fold higher than that of reference females
(2.34 ± 0.87 ppm).

Effects on eggs

There was no detectable difference between contaminated
and reference females in terms of clutch initiation date

(F1,178 = 0.15, P = 0.70) or clutch size (F1,178 = 0.49,

P = 0.48; Table 1). There was a significant effect of female
age on clutch initiation date (F1,178 = 15.35, P = 0.0001),

with ASY females nesting approximately 4 days earlier

than SY females. There was also a significant effect of year
on clutch initiation date (F1,178 = 33.62, P < 0.0001). The

nesting season began an average of five days earlier in the

contaminated and seven days earlier in reference areas in
2006 than it did in 2005. ASY females also had larger

clutches than SY females (F1,178 = 7.29, P = 0.008) across

both years by approximately 0.5 eggs. There was no
detectable effect of treatment (F1,178 = 2.55, P = 0.11;

Table 1) or female age (F1,178 = 2.64, P = 0.11) on the

proportion of eggs that hatched across both years. How-
ever, there was a significant effect of year (F1,178 = 5.48,

P = 0.02); the mean proportion of eggs hatched per clutch

was lower in 2006 than in 2005 (Table 1).
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Fig. 2 Adult female blood mercury levels were significantly higher
in 2006 than in 2005 in contaminated areas (ANOVA, F1,116 = 4.94,
P = 0.02). There was no difference in mercury levels of adult birds in
reference areas between 2005 and 2006. Error bars represent one SE
of the mean. Bars with different letters differed significantly
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Fig. 3 Relationship between feather and blood mercury for individ-
ual female tree swallows (r2 = 0.68, P < 0.0001). Feathers grew at the
end of the breeding season in which the blood was collected. Closed
circles represent individuals from the contaminated area; open circles
represent individuals from reference areas

136 R. L. Brasso and D. A. Cristol

123



The proportion of eggs that survived to produce a

fledgling was significantly lower in the contaminated area
(F1,173 = 8.00, P = 0.005). Post-hoc comparisons indicated

a significant difference between the contaminated and

reference areas in 2006 (Tukey’s HSD 95% CI: 0.15, 0.46;
Table 1); however, no corresponding difference was

detected in 2005. Among females in the contaminated area

in 2006, the proportion of eggs fledged was significantly
higher for ASY females than for the younger SY females

(Tukey’s HSD 95% CI: "0.51, "0.10). ASY females in the
contaminated area did not differ from those in reference

areas in terms of the proportion of eggs producing fledg-

lings, whereas SY females in the contaminated area were
significantly lower than SY reference females (Tukey’s

HSD 95% CI: 0.12, 0.54; Table 2).

In 2006, we measured volume of eggs at a random
subsample of nests in the contaminated and reference areas.

Reference eggs were larger than those from the contami-

nated area (F1,151 = 13.57, P < 0.0001); however, there
was a significant interaction of female age and treatment

group (F1,151 = 14.45, P < 0.0001) such that SY females

laid smaller eggs than ASY females in the contaminated
area, but not the reference areas (Fig. 4). Post-hoc com-

parisons indicate that SY female eggs in the contaminated

area were significantly smaller than both SY (Tukey’s HSD
95% CI: 0.12, 0.51) and ASY (Tukey’s HSD 95% CI: 0.10,

0.45) eggs in reference areas. There was no difference in

egg size between the age classes in the reference areas.

Eggs from ASY females in the contaminated area were not

significantly different in size from SY (Tukey’s HSD 95%
CI: "0.09, 0.16) or ASY (Tukey’s HSD 95% CI: "0.10,

0.09) eggs in reference areas (Fig. 4). It should be noted

that we did not sample an adequate number of SY females
to draw anything but tentative conclusions about egg

volume.

Effects on nestlings

Females in the contaminated area produced fewer fledg-

lings (F1,173 = 9.54, P = 0.002); there was a significant
effect of female age (F1,173 = 6.34, P = 0.01) and a sig-

nificant interaction between year and female age

(F1,173 = 4.34, P = 0.04). In 2006, females nesting in
the contaminated area produced fewer fledglings than

reference females (Tukey’s HSD 95% CI: 0.43, 1.74);

however, no corresponding difference was found in 2005
(Table 1). SY females in the contaminated area produced

significantly fewer fledglings than ASY females in the

contaminated area (Tukey’s HSD 95% CI: "3.05, "0.73)
or either age class in reference areas (Tukey’s HSD 95%

CI ASY: 1.48, 3.58; SY: 0.31, 2.73), but only in 2006

(Fig. 5).
When we measured productivity as proportion of nes-

tlings that survived to fledge, rather than absolute number

of fledglings, the results were similar. Females in the

Table 1 Comparison of nesting
success between treatments and
years

Parameter Year C or R N Mean SD

Clutch size 2005 Contaminated 27 5.56 0.85

2005 Reference 46 5.80 0.83

2006 Contaminated 67 5.76 0.89

2006 Reference 98 5.80 0.92

Proportion eggs hatched 2005 Contaminated 26 0.93 0.09

2005 Reference 45 0.93 0.17

2006 Contaminated 67 0.76 0.28

2006 Reference 98 0.87 0.22

Proportion nestlings fledged 2005 Contaminated 26 0.91 0.17

2005 Reference 44 0.91 0.24

2006 Contaminated 60 0.83 0.31

2006 Reference 93 0.95 0.16

Proportion eggs fledged 2005 Contaminated 26 0.85 0.17

2005 Reference 44 0.86 0.25

2006 Contaminated 60 0.69 0.30

2006 Reference 93 0.86 0.22

Number fledglings produced 2005 Contaminated 26 4.65 1.09

2005 Reference 44 5.05 1.66

2006 Contaminated 60 4.00 1.89

2006 Reference 93 5.06 1.48
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contaminated area fledged a smaller proportion of nestlings

(F1,173 = 4.22, P = 0.04) and there was again a significant
interaction of female age and year (F1,173 = 4.73,

P = 0.03). Post-hoc comparisons indicated only SY

females in 2006 experienced a reduction in the proportion
of nestlings fledged.

Table 2 Comparison of nesting
success between female age
classes in 2006

Parameter C or R Age N Mean SD

Clutch initiation day Contaminated ASY 33 15.61 8.54

Contaminated SY 28 23.86 9.20

Reference ASY 58 15.90 6.29

Reference SY 28 21.75 7.93

Clutch size Contaminated ASY 33 6.03 0.81

Contaminated SY 28 5.57 0.92

Reference ASY 58 6.03 0.72

Reference SY 28 5.43 0.96

Proportion eggs hatched Contaminated ASY 33 0.88 0.18

Contaminated SY 28 0.76 0.19

Reference ASY 58 0.92 0.15

Reference SY 28 0.87 0.17

Proportion nestlings fledged Contaminated ASY 33 0.92 0.17

Contaminated SY 26 0.72 0.40

Reference ASY 57 0.98 0.06

Reference SY 27 0.94 0.12

Proportion eggs fledged Contaminated ASY 33 0.81 0.22

Contaminated SY 26 0.54 0.33

Reference ASY 57 0.90 0.16

Reference SY 27 0.83 0.21

Number fledglings produced Contaminated ASY 33 4.85 1.42

Contaminated SY 26 2.96 1.93

Reference ASY 57 5.49 1.21

Reference SY 27 4.48 1.31

)3^
m

m(
e

mulov
gg

E

ReferenceContaminated
SYASYSYASY

2.0

1.6

1.2

0.8

0.4

0.0

20 (4)47 (8)

10 (2)

78 (13)
a

b
a a

Fig. 4 SY females in the contaminated areas laid smaller eggs than
ASY females in contaminated and reference areas (ANOVA,
F1,151 = 14.45, P < 0.0001). Eggs of SY females in contaminated
areas were smaller than eggs of SY females in reference areas
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Fig. 5 In 2006, SY females in contaminated areas produced signif-
icantly fewer fledglings than all other females. The number of
fledglings produced by ASY females in the contaminated areas did
not differ significantly from SY or ASY females in reference areas.
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differed significantly. See text for statistical analysis
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Effects of individual mercury levels

We used linear regression to test for a relationship between
reproductive success and the level of mercury in an indi-

vidual female’s blood, using all females. The four

measures related to hatching and survivorship of eggs or
nestlings all had significant, negative relationships with

blood mercury concentrations of female swallows

(Table 3); however, the relatively low r2 values indicate
weak relationships with little explanatory power.

Mercury in prey items

Insects brought back to nestlings had significantly
higher total mercury levels on contaminated sites

(0.97 ± 1.11 ppm dw, n = 29 boluses) than those on

reference sites (0.04 ± 0.04 ppm dw, n = 27 boluses;
Mann-Whitney test P < 0.0001). Because prey was deliv-

ered in large boluses containing 1–57 invertebrates, it was

not possible to pinpoint the species of invertebrates deliv-
ering the most mercury. Of the four highest boluses, two

contained only Dipterans (flies, including some, but not all

species with aquatic larvae), and two contained only
Ephemeropterans (mayflies with aquatic larvae). Overall,

60% of the 953 individuals identified were Diptera, and

22% were Ephemeroptera, with the rest coming from at
least eight other invertebrate orders, including terrestrial

Aranae (spiders), Coleoptera (beetles) and Homoptera (true

bugs).

Discussion

A population of tree swallows established in 2005 on a

contaminated headwater tributary of the Shenandoah River
had elevated mercury levels. Adult females in the con-

taminated area averaged more than 3.00 ppm total mercury

in blood, an order of magnitude higher than that in the

nearby reference areas, and perhaps the highest value ever
reported for a songbird population. Mercury levels unex-

pectedly doubled between 2005 and 2006, perhaps due to

increased methylmercury availability resulting from
extreme drought. Other explanations for the increase, such

as greater bioaccumulation by returning individuals,

changes in nest box locations, or increased atmospheric
deposition are not consistent with our findings (Brasso

2007). Mercury in nestling blood, while elevated over that
of nestlings in reference areas, was an order of magnitude

lower than that of adults in the contaminated area. This is

consistent with the literature, as nestling birds apparently
eliminate large amounts of blood mercury into their

growing feathers (Spalding et al. 2000).

Females in the contaminated area produced fewer
fledglings than reference females. This difference was most

pronounced in females nesting for the first time (SY

females) in 2006. SY females in the contaminated area
fledged approximately two fewer nestlings than older

(ASY) females in contaminated or reference areas, and

approximately one less fledgling than SY reference
females. Preliminary evidence suggests that SY females

also produced smaller eggs than other females. In tree

swallows, egg size and quality are directly related to off-
spring survival; clutches of larger eggs produce more and

larger nestlings that grow faster (Ardia et al. 2006). Nesting

in the contaminated area did not detectably affect clutch
size, clutch initiation date or hatchability of eggs. This is

consistent with at least one other study of mercury con-

tamination in a songbird; great tits nesting along a
contamination gradient in Belgium did not vary in terms of

clutch initiation dates and clutch sizes (Janssens et al.

2003).
Contaminated females could suffer reduced reproduc-

tive success if they (1) under-provisioned eggs, (2)

deposited enough mercury into eggs to reduce embryo
viability, or (3) failed to feed nestlings properly due to

behavioral problems. Our results are consistent with the

first explanation, because our preliminary data indicate that
eggs of two SY females in the contaminated areas were

significantly undersized. Hatchability of eggs did not differ

between contaminated and reference areas, suggesting that
embryo viability was not affected. SY females in the

contaminated area may also have been feeding their nes-

tlings less, because survival rate was depressed, but direct
examination of feeding rates is needed to test this

hypothesis. We propose that the combination of inexperi-

ence and mercury contamination may have led to smaller
eggs and subsequent decreased offspring survival. The fact

that this was more evident in 2006 could have been due to

environmental stress such as reduced food availability or to
the higher mercury levels that year. Both nutritional stress

Table 3 Relationship of blood mercury concentration in females tree
swallows to measured reproductive parameters

Parameter n r2 F P

Clutch initiation 118 0.002 0.24 0.62

Clutch size 118 0.009 1.11 0.30

Proportion eggs hatched 118 0.07 8.37 0.005*

Proportion nestlings fledged 114 0.04 4.49 0.04*

Proportion eggs fledged 114 0.12 15.09 <0.001*

Number fledglings produced 114 0.08 9.05 0.003*

Average egg size 13a 0.07 0.88 0.37

* Indicates a significant relationship
a Sample size is number of broods
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and higher methylmercury availability could have resulted

from the complete absence of rain during 2006, but we did

not directly measure mercury or food availability. Though
SY and ASY female tree swallows are easily distinguish-

able from each other, this is the first report of age-related

differences in the effects of mercury on reproduction in this
or other species.

Our finding that blood mercury concentrations among
individual female swallows did not strongly predict their

nesting success was not novel. Bald eagles (Haliaeetus
leucocephalus) nesting at a lake with similar exposure to
mercury as tree swallows in the present study did not show

a strong relationship of eaglet mercury level with produc-

tivity (Weech et al. 2006). As eaglet blood and adult eagle
blood were highly correlated, one can deduce that no

relationship existed between adult mercury and produc-

tivity. The same variability of individual response to
contaminants has been reported for tree swallows nesting

on PCB-contaminated sites (Custer et al. 1998; Custer et al.

2003).

Tree swallows as biomonitors for mercury

A focus on mercury contamination as solely an aquatic

problem (Weiner et al. 2003) has led to the overwhelming
use of piscivores as biomonitors. Mercury accumulation

in tree swallows has been documented in several studies

in Canada and the northeastern United States. However,
the mercury levels reported from the destructive sampling

of nestling birds and eggs in those studies makes direct

comparison with the non-lethal blood mercury levels
reported here difficult. Evers et al. (2005) proposed a ratio

relating mercury levels in different tissues of common

loons. The ratio of feather:blood (6:1) accurately pre-
dicted the 6:1 feather-to-blood ratio derived from data for

bald eagles reported by Weech et al. (2006), and that of

tree swallows in the present study (5.8:1), and thus can be
used cautiously as an approximation to compare blood

mercury concentrations in our tree swallows to other

published mercury data for this species (Table 4). The

levels reported here for adult tree swallows of both sexes
are the highest ever reported for this species. Across both

years of our study only 11% of adult swallows sampled in

the contaminated area had blood mercury under
1.00 ppm; only 3% were below 0.50 ppm. In fact, adult

belted kingfishers (Ceryle alcyon), obligate piscivores,
nesting along the South River in 2005–2006, were no

higher than swallows, with blood mercury averaging

3.35 ± 2.67 ppm (n = 21, unpublished data). In this study
of a riverine mercury point source, tree swallows accu-

mulated mercury from contaminated insects, some of

which had aquatic larvae, to the same level as a pisciv-
orous species. Because we were able to quickly recruit a

large breeding population of swallows to specified refer-

ence and contaminated locations, we detected subtle
reproductive effects that may have been missed in a two-

year study of one of the more popular species used as

biomonitors for mercury. While most studies focus on
piscivorous species (Scheuhammer et al. 2007), tree

swallows should be considered an important part of the

avian biomonitoring tool kit.
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Abstract—When female birds lay eggs, some of their body burden of mercury is eliminated into each egg, potentially leading to
declining mercury across the clutch. However, there was no decline in mercury with laying sequence in clutches of tree swallow
(Tachycineta bicolor) eggs at a mercury-contaminated site, presumably due to daily replenishment of mercury in females during laying.
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INTRODUCTION

The risk of mercury exposure to wildlife has steadily risen
throughout the 20th century due to increased anthropogenic
mercury emissions transported and deposited around the globe
[1]. Determining mercury availability using birds as biomoni-
tors has historically required invasive sampling of internal
organs, however, recent studies have produced comparable
results using less invasive sampling methods [2,3]. Tissues
such as feathers, blood, and eggs are becoming more commonly
used as bioindicators of mercury contamination [2,4]. Egg
mercury levels are significantly correlated with female
blood mercury levels, as well as prey mercury concentrations,
and are therefore equally informative of local contamination
[4]. Because embryonic birds are sensitive to small amounts
of mercury [5], sampling of eggs is often a component of
ecological risk assessment [6].

Egg laying provides a route for elimination of mercury in
female birds through which mercury is deposited into the egg
albumen, shell, and yolk [7]. As a result, females may decrease
the fitness of their offspring [8]. Understanding the way birds
allocate mercury into each egg according to laying sequence is
essential for estimating risk of exposure. Females may deplete
their body burden of a contaminant before the clutch is com-
plete, in which case later eggs would be less contaminated. As
mercury can negatively affect egg size, embryonic growth, and
the hatchability of eggs [4,5], later eggs could be at lower risk of
ill effects at contaminated sites. Most research on intraclutch
variation has focused on large piscivorous birds that lay small
clutches of eggs. These species, such as the common tern
(Sterna hirundo), herring gull (Larus argentatus), and common
loon (Gavia immer) allocate the most mercury into the first egg
laid and significantly less into each successive egg [4,9].
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Significant intraclutch variation was detected in all of these
studies, with the first egg having at least 25% more mercury
than the second or third.

A similar pattern of intraclutch variation was found in wood
ducks (Aix sponsa), with mercury levels in the shell and albu-
men decreasing from the first to fifth egg laid [7]. Wood ducks
are primarily herbivorous, but females also consume insects
during the breeding season [7]. Thus, intraclutch variation in
mercury level does not appear to be specific to piscivorous birds
and occurs in species with large or small clutches of eggs. Only
one study has addressed intraclutch variation of mercury in
songbirds; insectivorous great tits (Parus major) eliminated a
similar amount of mercury into each egg within their clutches of
4 to 11 eggs [2]. However, the authors suggested that the level of
mercury contamination on their study site was too low to draw a
definite conclusion. Indeed, others have proposed that lower
mercury levels could lead to decreased intraclutch variation
[2,4].

Though researchers have long relied on obligate piscivorous
species to monitor environmental mercury availability, recent
studies have indicated similar risk and exposure to mercury in
insectivorous birds [10] leading to an increase in use of these
species as biomonitors [10–12]. In particular, tree swallows
(Tachycineta bicolor) are becoming more commonly used as
biomonitors of environmental contaminants due to their ready
use of nest boxes placed in suitable habitat and their hardiness in
the face of human disturbance [13]. Tree swallows forage
within 400 m of their nests during the breeding season, eating
a mix of terrestrial and emergent aquatic insects and thereby
serving as a means of quantifying local mercury availability
[14]. As insectivorous birds become more commonly used for
biomonitoring, it will be useful to understand how they allocate
mercury across the clutch.

The purpose of the present study was to investigate intra-
clutch variation in insectivorous songbirds using the tree
swallow as a model species. Eggs were collected from an
experimental tree swallow population established along the
mercury-contaminated South River in Virginia, USA. The main
objective of the present study was to determine if intraclutch
variation is large enough to require knowledge of the laying
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sequence when interpreting results of eggs sampled for mer-
cury. If tree swallows exhibit consistent intraclutch variation in
mercury, then monitoring the laying sequence prior to egg
collection, or collecting entire clutches, would be necessary
for interpreting data. On the other hand, if there is little
variation, collecting a single egg may be sufficient.

METHODS

A nest box trail (�600 boxes) was established in the
Shenandoah Valley (VA, USA) (38.068N, �78.888W) in
2005 to study legacy industrial mercury contamination along
a 40-km stretch of the South River. Released from 1929 to 1950,
the source of the mercury was mercuric sulfate used as a catalyst
to produce acetate fibers in a Waynesboro (VA, USA) manu-
facturing plant. Two adjacent tributaries with no known history
of mercury contamination, the Middle and North Rivers, served
as reference sites (see map in Cristol et al. [10]). Tree swallows
arrived on the breeding grounds in mid-March to early April.
Beginning in April 2008, nest boxes were monitored daily for
signs of imminent egg laying. As there was ongoing research on
survivorship of returning, banded birds at this study site, only
nests of females that had not previously nested on the site were
used in the present study. Using a pencil, the shells of the first
and all subsequent eggs were numbered on the day they were
laid. (Tree swallows lay one egg each day in the early morning.)
Clutches were considered complete when no new eggs were
found in the nest for two mornings in a row. Entire clutches
were then collected: 15 contaminated and 15 reference. All eggs
were collected May 4 to May 10, 2008. Upon collection, each
egg was placed in a sterile glass jar, kept on ice for 5 to 7 h,
weighed to the nearest 0.001 g, and measured (length and
breadth) to the nearest 0.01 mm using dial calipers. Egg volume
(V) was calculated using the following formula: V¼LB2 � 0.51,
where L¼ length, B¼ breadth, and 0.51 is the volume coef-
ficient constant [15]. The egg contents (albumen and yolk) were
extracted from the shell using an 11-mm stainless steel sterile
surgical blade and emptied into a sterile glass jar. The egg
contents were weighed to the nearest 0.001 g and were frozen at
�258C for approximately 30 d until analysis.

The adult female was captured and bled on the day of egg
collection at all but three of the nests. Blood was collected using
a small gauge (26G, 1.3 cm) needle to puncture the cutaneous
ulnar vein. A total of 100 ml of blood was collected into three
heparinized capillary tubes, sealed with Crito-caps1 (McCor-
mick Scientific) and placed in a 10-cc vacutainer (Becton
Dickinson1) to prevent breakage. Blood samples were kept
on ice for 5 to 7 h, after which they were frozen for approx-
imately 30 d at �258C until analysis.

Measurement of total mercury was used as a proxy for the
highly bioavailable methylmercury based on the premise that
nearly all mercury in avian egg is methylmercury [16]. To confirm
this for our site, the proportion of total mercury that was meth-
ylmercury in tree swallow eggs was determined from the same
study site. Methylmercury was analyzed by Quicksilver Scientific
using acidic thiourea leaching and mercury-thiourea liquid
chromatography coupled to cold vapor atomic fluorescence
spectrometry, which separates monomethyl (CH3Hgþ) from
mercuric (HgII) mercury by the charges on their respective
thiourea complexes. Online cold-vapor generation follows sepa-
ration with an absolute instrument detection limit of 0.40 pg for
CH3Hgþ. It was previously demonstrated that methylmercury
constitutes >95% of total mercury in swallow blood at this site
(see Wada et al. [17]).
Total mercury analysis took place at the College of William
and Mary (Williamsburg, VA, USA) using cold vapor atomic
absorption spectroscopy performed on a Milestone DMA 80.
Prior to mercury analysis, each egg was freeze-dried for 24 h
and then re-weighed. The yolk and albumen were homogenized
using a glass stirring rod. A duplicate aliquot (�0.02 g) of each
egg was analyzed to assess repeatability. Each set of 20 samples
was preceded and followed by two method blanks, a sample
blank, and two samples of each standard reference material
(DORM-3, DOLT-3, fish protein and dogfish liver certified
reference materials, respectively, provided by National
Research Council Canada). All mercury levels have been
reported on a wet weight basis to be comparable with the
literature, and all results are means�SD. The wet weight
concentration of egg samples was calculated from the dry
weight results using the following formula: wet weight¼ dry
weight Hg � (1�[% moisture/100]) [4]. Mean percent recoveries
of the standard reference materials were 100.14� 1.14%
(DORM-3) and 100.62� 1.30% (DOLT-3). Relative percent
difference between 174 pairs of duplicate samples was
1.72� 1.81%. Detection limit of the assay was 0.003 to
0.006 mg.

SPSS software (SPSS, Version 16.0) was used to perform the
statistical analyses. Though all eggs were analyzed for mercury,
clutches ranged from five to seven eggs, with only a limited
number of sixth and seventh eggs. Thus, all analyses were
carried out only on the first five eggs in a clutch, although means
for the sixth and seventh eggs are shown in the appropriate
figure. The relationship between laying order and egg volume
was determined for eggs within a clutch using a one-way
analysis of variance (ANOVA). Intraclutch comparisons of
mercury levels were conducted using nonparametric Friedman
ANOVA and Wilcoxon signed rank tests. The relationship
between a female’s blood mercury level and the mercury level
in her clutch was determined using linear regression analysis.
Statistical significance was defined as p< 0.05.

RESULTS

Average mercury level in the first five eggs of clutches from
contaminated sites (0.34� 0.12 ppm, n¼ 75) was significantly
higher than those from reference areas (0.04� 0.01 ppm,
n¼ 75; F1,149¼ 440.32, p< 0.0001). Methylmercury com-
prised 96.5� 1.1% (n¼ 19 eggs from different nests) of total
mercury in eggs from these study sites. Eggs in the contami-
nated and reference areas did not differ in volume
( F1,144¼ 0.44, p¼ 0.51), nor was there a relationship between
laying sequence and egg volume ( F4,144¼ 1.26, p¼ 0.29). A
female’s blood mercury level was significantly, positively
correlated with the average mercury of the eggs in her clutch
(r2¼ 0.87, p< 0.0001; Fig. 1). Despite elevated mercury levels
in the eggs from contaminated sites, there was little intraclutch
variation (Friedman ANOVA, X2¼ 4.693, p¼ 0.32); more
specifically there was no difference in the mercury level of
the first egg laid and the fifth (W¼ 55.0, p¼ 0.78; Fig. 2).
Clutches in reference areas exhibited a decrease in mercury
from the first laid egg to the fifth (Friedman ANOVA, X2¼
20.37, p< 0.0001). However, though the difference between
egg 1 and 5 was statistically significant (W¼ 5.0, p¼ 0.002),
the difference in mercury concentrations was<2% and may not
have been biologically significant.

To determine whether sampling fewer eggs from each clutch
would have provided an adequate estimate of mercury level for
the entire clutch, a re-sampling procedure (using only the first



Fig. 1. A female swallow’s blood mercury level was significantly, positively correlated with the average mercury level of eggs in her clutch (linear regression
y¼ 0.20xþ 0.019, r 2¼ 0.87, p< 0.0001). Closed circles¼ contaminated (n¼ 13), open circles¼ reference (n¼ 14). Mercury levels reported as parts per million
(ppm), wet weight.
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five eggs as in other analyses) was carried out in which the
mercury level of one randomly selected egg from each clutch
was used instead of the whole clutch. This was repeated 1,000
times and the average mercury level was calculated and com-
pared to the mercury level calculated from all five eggs. On
Fig. 2. There was little intraclutch variation among the first five eggs in
contaminated nests (closed circles; Friedman analysis of variance [ANOVA],
X2¼ 4.693, p¼ 0.32). Among the first five eggs in reference nests (open
circles), mercury levels were slightly, though significantly, lower in later eggs
(Friedman ANOVA, X2¼ 20.37, p< 0.0001). Error bars indicate standard
deviation; sample size was 15 for each point for eggs 1 to 5, sample sizes for
eggs 6 and 7 given above data points. Mercury levels reported as parts per
million (ppm), wet weight.
contaminated sites, sampling one randomly selected egg
from each nest would have provided an estimate that was
within 10% of the true mean 100% of the time, within 5%
of the true mean 87% of the time, or within 1% of the true mean
27% of the time. The results from re-sampling reference
clutches were within a percentage point of those for contami-
nated clutches.

DISCUSSION

Previous studies on piscivorous birds have reported that
mercury levels are lower in eggs laid later in the clutch
[4,9,18]. At the contaminated site along the South River
(VA, USA), tree swallow eggs did not differ in mercury
concentration whether they were laid first or fifth and there
was no apparent trend of decreasing mercury in consecutively
laid eggs. The present study is the first to report a lack of
intraclutch variation in free-living songbirds with exposure to
high levels of dietary mercury (average female blood mercury,
contaminated: 1.23� 0.40 ppm, reference: 0.14� 0.03 ppm).
The only other study addressing intraclutch variation of mer-
cury in a songbird, the great tit, also found similar mercury
levels across the eggs in a clutch [2], though the eggs sampled
for that study had low levels of mercury (median concentration
0.26 ppm, dry wt) comparable to the reference clutches in the
present study. There was a slight (<2%) decrease in mercury
from the first to fifth egg on the reference sites, which may
represent elimination of mercury accumulated on the tree
swallows’ wintering grounds. In studies of piscivorous birds
with significant intraclutch variation, the difference in mercury
between first and later (usually second or third) eggs
has exceeded 25% [4,9,18], an order of magnitude greater
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than the effect on reference sites in the present study. It has been
suggested that the contribution of methylmercury stored
in muscle and other tissues is minimal compared to the con-
tributions from dietary uptake during egg development [4].
In the present study, the result of no laying sequence effect
on egg mercury at contaminated sites suggests that dietary
mercury can offset any depuration of body burden mercury
into songbird eggs. If the slight laying sequence effect found at
reference sites is robust, this would suggest that depuration of
body burden mercury occurs in songbirds, but is not an impor-
tant route.

Laboratory dosing studies on mallards (Anas platyrhyn-
chos), chickens (Gallus gallus), and Japanese quail (Coturnix
coturnix) have demonstrated that egg mercury concentrations
increase in a dose-dependent manner in response to increasing
dietary methylmercury [8,19,20]. Mercury has been detected
in eggs within 2 d of a single oral dose of methylmercury in
chickens [19]. These studies also reported significant declines in
egg mercury within days of the cessation of dietary mercury
administration. Heinz and Hoffman [8] reported similar patterns
of mercury loss among clutches of mallard eggs after 15 d of
dietary mercury exposure. Laboratory dosing studies such as
these are important in understanding depuration rates and the
toxicodynamics of mercury elimination through egg laying after
short-term dietary exposure. However, free-living birds, such as
the swallows in the present study, may experience continuous
dietary exposure to mercury and their ability to reduce body
burden through egg laying may be negated.

In species that lay small clutches of one to three eggs, such as
gulls and loons, the difference in mercury between the first and
last egg laid can exceed 25% [4,9,18]. Therefore, laying
sequence would represent a serious confounding factor in
predicting the effect of mercury on young and in a researcher’s
ability to estimate local mercury availability through sampling
less than complete clutches. The onset of dietary mercury
uptake in relation to the beginning of egg production must also
be considered, particularly when comparing resident to migra-
tory species on a contaminated site [7]. Swallows nesting along
the South River (VA, USA) experienced continuous exposure to
mercury for several weeks or more prior to egg laying, but spent
most of the year at less contaminated sites at the other end of
their migratory route.

As this is only the second study to have addressed the effect
of laying sequence on mercury concentrations in songbird
eggs, it is worth looking for similar patterns with other
pollutants. Van den Steen et al. [21] published an overview
of the literature on studies addressing laying sequence effects
on the concentration of a variety of organic pollutants (includ-
ing dichlorodiphenyltrichloroethane [DDT], dichlorodiphe-
nyldichloroethylene [DDE], polybrominated diphenyl ether
[PBDE], organochlorines pesticide [OCP], and polychlori-
nated biphenyl [PCB]) and found no clear pattern of diminish-
ment across the clutch. Songbirds used as biomonitors in the
reviewed studies included great tits, European starlings (Stur-
nus vulgaris), prothonotary warblers (Protonotaria citrea), and
blue tits (Cyanistes caeruleus) with clutch sizes ranging from 5
to 12 eggs. One recent study using blue tits reported a significant
effect of laying sequence on PBDE, OCP, and PCB concen-
trations in which the average difference between the first laid
eggs (eggs 1 and 2) and later laid eggs (eggs 9 to 12) was>30%,
but other studies have failed to find patterns of contaminant
decline across clutches of songbird eggs [21].

The findings of the present study suggest that the manner in
which songbirds eliminate mercury into their eggs could be
different than that of other birds. Further investigation into
the disparities between groups associated with egg formation,
the metabolism of dietary mercury, and the maternal tissue
source of egg mercury would be beneficial. Clutch size, relative
egg size, and home range size might also be factors influencing
the homogeneity of intraclutch contaminant concentrations.
Regardless of the mechanism, the present study has demon-
strated through a simple re-sampling procedure that for tree
swallows at contaminated or reference sites, any one egg within
the clutch can provide an accurate assessment of mercury
contamination for the whole clutch. Collecting one egg at
random from each nest is faster, less expensive, and less
disruptive to the population than determining laying sequence
or analyzing entire clutches.
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a b s t r a c t

Mercury (Hg) causes a range of deleterious effects in wildlife, but little is known about its effects on
amphibians. Our objective was to determine whether Hg affects performance and behavior in two-lined
salamanders (Eurycea bislineata). We collected salamanders from Hg-contaminated and reference sites
and assessed speed, responsiveness, and prey capture ability. Mercury concentrations were >17� higher
in salamanders from the contaminated sites and were among the highest documented in amphibians. In
the first, but not in the second, locomotion trial, we found a significant effect of Hg on speed and
responsiveness. In the prey capture experiment, reference salamanders ate approximately twice as many
prey items as the contaminated salamanders. Together, our results suggest that sublethal Hg concen-
trations may negatively affect salamanders by reducing their ability to successfully execute tasks critical
to survival. Future work is warranted to determine whether Hg has other sublethal effects on sala-
manders and whether other amphibians are similarly affected.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is a widespread contaminant of considerable
ecological concern due to its toxicity to fish and wildlife
(e.g., Scheuhammer et al., 2007;Wolfe et al., 1998) and its tendency
to biomagnify in ecosystems (e.g., Hall et al., 1998). Although Hg
occurs naturally, environmental occurrence and concentrations
have increased due to redistribution associated with industrial
processes (Fitzgerald et al., 1998). Mercury occurs in both inorganic
and organic forms, but it is the highly toxic methylmercury (MeHg)
that efficiently bioaccumulates in organisms (Hill et al., 1996;
Watras and Bloom, 1992) and biomagnifies in food webs (Hall
et al., 1998). Methylmercury is primarily synthesized by anaerobic
sulfate-reducing bacteria in marine and freshwater sediments
(Gilmour et al., 1992; Benoit et al., 1998), which make fauna asso-
ciated with these environments particularly susceptible to
contamination. The adverse effects of Hg exposure are often asso-
ciated with its neurotoxicity; however, Hg has also been linked to
immune suppression, endocrine disruption, physical malforma-
tions, andmortality in organisms (Eisler, 2006; Scheuhammer et al.,
.
Department of Wildlife, Fish,
95616, USA.

All rights reserved.
2007; Tan et al., 2009; Wada et al., 2009; Weiner and Spry, 1996;
Wolfe et al., 1998).

Behavior is the action exhibited by an organism in response to
stimuli, and it is the direct manner by which an organism interacts
with its environment. Behavioral changes result from interactions
of environmental, chemical, and neurological variables between
the organism and its surroundings and can be advantageous,
deleterious, or have no effect on the individual’s well-being.
Exposure to certain environmental contaminants, especially neu-
rotoxicants such as Hg, can promote the expression or suppression
of behaviors and affect performance (Henry and Atchison, 1991),
the proficiency with which an organism executes a behavior. The
neuron degeneration caused by Hg (Sakamoto et al., 1998) suggests
that the metal could potentially disrupt the brain’s ability to
effectively control motor functions. The resulting behavioral effects
may inhibit an organism’s ability to capture prey, avoid predators,
or successfully competewith others (Little et al., 1990;Walker et al.,
2005). For example, a study of mosquitofish (Gambusia affinis)
aqueously exposed to mercurial chloride demonstrated altered
swimming activity and decreased swimming speed (Jakka et al.,
2007). Similarly, Alvarez et al. (2006) noted concentration-depen-
dent effects of maternally-transferred MeHg in larval Atlantic
croaker (Micropogonias undulatus), including decreased response
speed and increased response time to a vibratory stimulus. Thus,
functional impairments, such as altered prey capture ability and
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reduced performance in individuals, could theoretically reduce
fitness, lower recruitment, and even cause population declines.

Many studies regarding the effects of Hg have focused on fish,
birds, and mammals (Eisler, 2006; Scheuhammer et al., 2007;
Wolfe et al., 1998), but amphibians have received little attention
apart frommeasuring and reporting Hg-tissue concentrations (e.g.,
Bank et al., 2007; Bergeron et al., 2010a; Eisler, 2006; Linder and
Grillitsch, 2000). However, the life history traits and ecological
strategies of many amphibian species, such as a complex lifecycle
with an aquatic larval stage, omnivorous and carnivorous diets, and
use of a wide range of habitats, make them particularly appropriate
for studying the effects of Hg contamination on wildlife (Hopkins,
2007). Amphibians can also have important roles in many ecosys-
tems. In certain areas, amphibians represent a critical energy
source to predators due to their high biomass, especially in eastern
forests of the United States (Burton and Likens, 1975). Due to their
abundance and life history, amphibians with complex lifecycles
often link trophic levels and facilitate the transfer of nutrients and
energy between aquatic and terrestrial habitats (Beard et al., 2002;
Regester et al., 2006; Wyman, 1998). Additionally, amphibians are
capable of using more of their energy intake for tissue production
than endotherms at similar trophic levels (Burton and Likens, 1975;
Grayson et al., 2005), increasing their potential to accumulate high
Hg concentrations in their tissue (Unrine et al., 2007). Finally, in the
last 30 years, biologists have observed marked declines in
amphibian populations, putting many of them at greater risk of
extinction than birds or mammals (Stuart et al., 2004). While past
research indicates that habitat loss and disease are causing many
declines, anthropogenic contaminants, like Hg, may also contribute
(Beebee and Griffiths, 2005).

Our objective in this study was to determine the effects of Hg
contamination along the South River, VA, USA on the performance
and behavior of northern two-lined salamanders (Eurycea bislineata).
We chose northern two-lined salamanders for this study because
they have been shown to have the highest total Hg (THg) concen-
trations of the three amphibian species studied on the South River,
andalsohave someof thehighest THg concentrations (up to5,785ng/
g, drywt prior to this study) reported in the literature for amphibians
(Bergeron et al., 2010a). To accomplish our objective, we used two
experiments to determine whether northern two-lined salamanders
from the Hg-contaminated portion of the South River would exhibit
reduced locomotor performance and reduced prey capture ability
when compared with conspecifics from an upstream, reference
portion of the river.

2. Materials and methods

2.1. Site description

The South River, VA, USA is a tributary of the Shenandoah River and has a history
of anthropogenic Hg contamination from an acetate fiber manufacturing plant in
Waynesboro, VA that used Hg in its manufacturing processes from 1929 to 1950
(Carter, 1977). Mercury concentrations in the river currently remain elevated
(Southworth et al., 2004) and continue to contaminate wildlife species (Bergeron
et al., 2007; Bergeron et al., 2010a; Brasso and Cristol, 2008; Cristol et al., 2008;
Wada et al., 2009). Salamanders used in the experiments were collected from
reference sections of the river upstream (river mile [RM] �1.7 and �5) and from
impacted sections downstream (RM 16 and 20) from the historic source of Hg
contamination (RM 0; see Fig. 1 in Bergeron et al., 2010a).

2.2. Animal collection and husbandry

We collected adult northern two-lined salamanders by turning cover objects
within 1 m of the streamside from both the reference (n ¼ 19) and contaminated
(n ¼ 15) portions of the South River, VA from 23e25 May 2009. We then transferred
the salamanders from the field sites to a temperature-controlled environmental
chamber in Blacksburg, VA. We housed all salamanders separately in w400 mL
plastic containers with a substrate of paper towels moistened with dechlorinated
tap water. The containers were kept under controlled environmental conditions
with an ambient air temperature of 18 �C and 12L:12D photoperiod. Salamanders
were not fed prior to experiments. We assigned each northern two-lined sala-
mander a random number and all observers involved in data analysis and experi-
mentation were blind to animal origin. We subjected the salamanders to
experiments quantifying locomotor performance and prey capture ability beginning
on 27 May and ending on 15 June 2009. Upon completion of the experiments
described below, all salamanders were humanely euthanized on 15 June 2009 in
a buffered solution of 1% tricaine methanesulfonate (MS-222) and analyzed for THg.
We measured and recorded mass, total length, and snout-vent length of all sala-
manders at the time of euthanasia.

2.3. Locomotor performance

We conducted a terrestrial locomotion test to determine whether northern two-
lined salamanders from contaminated sites exhibited reduced responsiveness to
a stimulus and crawling speed compared to those from upstream reference sites. We
conducted a preliminary acclimation trial and two recorded locomotion trials over
three days from 27e29 May 2009 using a 3-m long racetrack constructed of 3.6 cm
wide polyurethane with 1 cm demarcations down its length. Each salamander was
prompted to flee down the raceway once per day over three consecutive days. The
first race was used as a training and acclimation period for salamanders to become
conditioned to the performance environment (DuRant et al., 2007). Each experi-
mental trial was recorded with a digital video camera (Sony HD Handycam SR85
Cybershot) at 9 Mb/sec (30 frames/sec). We viewed and analyzed all trials to
quantify an individual’s distance and rate of travel using Adobe� Premiere Pro CS3.
To begin the experiment, one test subject was lowered into the racetrack corridor
and allowed to take shelter under a moistened paper towel saturated with 5 mL of
dechlorinated tap water. After 5 min of acclimation, we lifted the paper towel and
gently prodded the individual by tapping the base of its tail. The individual was only
tapped when it ceased forward motion and was completely stationary. Each subject
was gently prodded at 1-s intervals when stopped. The stimulus was repeated
continuously until the salamander reached 1m or until the animal rested and would
not resume progress after 30 prods (Alvarez et al., 2006; Hopkins et al., 2000). One
person recorded each trial while another personworkedwith the test subject. When
reviewing videos, we determined the time it took each salamander to travel 1 m and
the number of prods it took each salamander to reach 1 m (i.e., responsiveness)
(Hopkins et al., 2000). Time to 1 m was calculated as net movement and included
only portions of the trial during which the salamander was in motion down the
track. In other words, stoppage time during which individuals were prodded to
resume forward movement was excluded from the final times.

2.4. Prey capture analysis

We conducted a prey capture experiment to determine whether salamanders
from contaminated sites had altered predatory behavior. Prey capture trials were
recorded and analyzed using the same equipment and software described in the
locomotor performance experiment. At the start of each trial, we placed a single
individual into a 14-cm plastic Petri dish lined with a sheet of coarse filter paper
saturated with 5 mL of dechlorinated tap water to prevent evaporative water loss.
We allowed each individual to acclimate for 5 min after introduction to the dish.
Following the acclimation period, we introduced 8 flightless fruit flies (Drosophila
melanogaster) into the Petri dish from behind a blind. We recorded the entire trial
using a video camera mounted overhead. Each Petri dish was visually isolated by
a ring of paper and the researcher remained behind a blind during the entirety of
each trial (Placyk and Graves, 2002). For this analysis, similar to the locomotion
experiment, each of the 34 salamanders underwent an initial conditioning trial on 3
June 2009 to acclimate the salamanders to the testing environment and to allow
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them to develop a search image for the test prey. A week later, on 10 June 2009,
salamanders underwent the actual recorded experimental trial. We reviewed each
videotape to determine the total number of strikes each salamander made and the
total number of flies they consumed during the 5 min period (Arnold, 1976; Placyk
and Graves, 2002; Watson et al., 2003).

2.5. Mercury tissue analysis

Salamander carcasses were individually lyophilized and homogenized. Whole-
body percent moisture, calculated fromweights before and after lyophilization, was
73.6 � 4.2%. Subsamples (w20 mg) of each homogenized carcass were analyzed for
THg content by combustion-amalgamation-cold vapor atomic absorption spectro-
photometry (Direct Mercury Analyzer 80, Milestone, Monroe, CT USA) according to
U.S. Environmental Protection Agency method 7473. For quality assurance, each
group of 10 to 15 samples included a replicate, blank, and standard reference
material (SRM; DOLT-4 dogfish liver or DORM-3 fish protein [National Research
Council of Canada (NRCC), Ottawa, ON]). We calibrated the instrument using solid
SRMs (DOLT-4 and DORM-3). Method detection limits (MDLs; 3 times the standard
deviation of procedural blanks) for samples were 0.33 ng, and all samples had THg
concentrations that exceeded the limit. Average relative percent differences
between replicate sample analyses were 4.47 � 1.06% (n ¼ 14). Mean percent
recoveries of THg for the SRMs, DOLT-4 and DORM-3, were 96.68 � 0.30% (n ¼ 20)
and 99.22 � 1.57% (n ¼ 20), respectively.

2.6. Statistical analyses

Prior to analyses, we verified whether data met the assumptions for parametric
statisticalmodels.Where assumptions could not bemet via data transformations, we
usednon-parametric tests as describedbelow.Weuseda¼0.05 todefine significance
but we report unaltered P-values. We used an analysis of variance (ANOVA) to
determine whether total length of the salamanders differed between the two sites
(reference versus contaminated). We used a non-parametric ManneWhitney test to
determine whether THg concentrations differed between salamanders collected
from reference and contaminated sites.

For the locomotor performance trials, our response variables were the number
of prods to 1 m (responsiveness) and the total moving time for an animal to reach
1m, calculated in both Trial 1 and Trial 2. Any animals that did not reach 1m (Trial 1:
n ¼ 2; Trial 2: n ¼ 5) were excluded from locomotor analyses. The resulting data
were highly non-normal and had heterogeneous variances so we were restricted to
using more conservative non-parametric analyses in all cases. We determined
whether total length in salamanders was correlated with any of our response
variables using Spearman correlations. In all cases, therewas no correlation between
an animal’s total length and its locomotor performance (P-values > 0.2). Conse-
quently, we omitted total length as a covariate in the final analyses. We used non-
parametric ManneWhitney tests to determine whether locomotor performance in
each of the two experimental trials differed between animals from reference or
contaminated sites.

As with the locomotor performance trials, data from the feeding trials were non-
normal. Thus, we used non-parametric Spearman correlations to determine
whether total length of salamanders was correlated with the total number of strikes
or with the total number of flies eaten by each individual. Because we found no
correlations between total length of salamanders and their feeding performance
(P-values > 0.6), body size was omitted as a covariate from subsequent analyses. We
used non-parametric ManneWhitney tests to determine whether the total number
of strikes or total number of flies eaten differed between animals from contaminated
or reference sites. Lastly, we use a non-parametric Spearman correlation to deter-
mine whether the number of flies eaten by a salamander was correlated with the
total number of strikes it made.

3. Results

Average THg tissue concentrations (Fig. 1) for northern two-
lined salamanders collected from contaminated sites were w17.5
times higher than those from reference sites (4,519 � 348 and
256 � 26 ng/g, respectively) (Z ¼ �4.88, P < 0.001). Using the
percent MeHg (61.2%) found by Bergeron et al. (2010b) for northern
two-lined salamanders in a previous study at the South River, the
average THg concentrations are equivalent to 2,766 and 157 ng/g
MeHg (Fig. 1) at the contaminated and reference sites, respectively.

We found no significant difference in total length of salaman-
ders collected from the contaminated (74.44 � 2.64 mm) and
reference (73.84 � 1.84 mm) sites (F1,31 ¼ 0.04, P ¼ 0.85). We found
a significant difference in responsiveness of salamanders collected
from the contaminated versus those collected from reference sites
in the first locomotor performance trial (Z ¼ �2.09, P ¼ 0.037). On
average, it took contaminated salamanders w5 times as many
prods to reach 1 m than for reference salamanders to traverse the
same distance (Fig. 2). In addition, salamanders from contaminated
sites took w3 times longer to reach 1 m than those from uncon-
taminated sites in the first locomotor performance trial (Fig. 3;
Z ¼ �1.9, P ¼ 0.057). However, we did not find significant differ-
ences in either responsiveness (Fig. 2; Z¼�0.399, P¼ 0.69) or time
to reach 1 m (Fig. 3; Z ¼ �0.38, P ¼ 0.71) in the second locomotor
performance trial. For both response variables during the second
trial, salamanders from the contaminated sites tended to improve
their performance whereas reference salamanders declined in
performance.

There was a tendency for contaminated salamanders to both
consume and strike at fewer flies compared to the reference sala-
manders. Reference salamanders ate twice as many flies as
contaminated salamanders (3.74 � 0.79 versus 1.67 � 0.69,
respectively) (Fig. 4A; Z ¼ �1.754, P ¼ 0.079). Additionally, refer-
ence salamanders made, on average, twice as many strikes as did
salamanders from contaminated sites (2.0 � 0.9 versus 5.1 � 1.1,
respectively) (Fig. 4B; Z ¼ �1.825, P ¼ 0.068). There was a signifi-
cant correlation between the number of strikes made by a sala-
mander and the number of flies consumed (Spearman’s r ¼ 0.98,
P < 0.001), suggesting that animal motivation, rather than strike
efficiency, was responsible for the observed feeding trend. In fact,
strike efficiency, the number of prey caught per strike, was similar
between the groups and averaged 0.73 for reference salamander
salamanders and 0.83 for contaminated salamanders.

4. Discussion

Anthropogenic contaminants are suspected contributors to
global amphibian declines but the ways in which they may
contribute to these declines is poorly understood (Beebee and
Griffiths, 2005). The purpose of our study was to examine the
potential impacts of Hg contamination on amphibians in light of
these declines. While other studies have identified the tendency for
Hg to accumulate in amphibian tissues (e.g., Bank et al., 2007;
Bergeron et al., 2010a; Eisler, 2006; Linder and Grillitsch, 2000;
Unrine et al., 2007), and have demonstrated detrimental health
effects in other wildlife (Eisler, 2006; Scheuhammer et al., 2007;
Wolfe et al., 1998), there has been little focus on the possible
effects of sublethal contaminant exposure on post-metamorphic
amphibians (Linder and Grillitsch, 2000). Despite this lack of
attention, a previous study found that Hg concentrations (as MeHg)
in northern two-lined salamanders from the South River (Bergeron
et al., 2010a) exceeded threshold concentrations for sublethal
adverse effects (i.e., growth, reproduction, development, and
behavior) in juvenile and adult fish (Beckvar et al., 2005). Similarly,
our results suggest that salamanders that exceed the estimated
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threshold effect levels for fish may also exhibit sublethal adverse
effects in terms of altered locomotor performance and prey capture
behavior.

There was an order of magnitude difference between THg
concentrations in northern two-lined salamanders inhabiting the
contaminated versus the reference sites on the South River. Total
Hg concentrations in northern two-lined salamanders from the
reference sites were similar to those reported in Bergeron et al.
(2010a) for reference areas along the South River and in studies
at Shenandoah and Acadia National Parks (Bank et al., 2005).
Conversely, THg concentrations for northern two-lined salaman-
ders downstream from the source of Hg contamination on the
South River were extremely high. In fact, two salamanders from
contaminated sites had whole-body THg concentrations of 7,507
and 7,377 ng/g, which is among the highest Hg concentrations out
of at least 12 previous studies on amphibians (Bank et al., 2005;
Bank et al., 2007; Bergeron et al., 2010a; Eisler, 2006;
Gerstenberger and Pearson, 2002; Rimmer et al., 2010; Unrine
et al., 2005; Unrine et al., 2007; Weir et al., 2010), with the
exception of bullfrogs (Rana catesbeiana) from a Hg-contaminated
watershed in northern CA, USA (Hothem et al., 2010). Mercury
uptake in wildlife is affected by numerous variables including
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dietary composition and feeding niche (Eisler, 2006). This rela-
tionship between THg and feeding niche was made apparent at the
South River where both American toads (Bufo americanus) and red-
backed salamanders (Plethodon cinereus), amphibians associated
with terrestrial habitats, were sampled for THg levels by Bergeron
et al. (2010a) and yielded values lower than those of the more
riparian northern two-lined salamanders. The elevated Hg
concentrations in northern two-lined salamanders were presum-
ably due to their dependence on prey closely associated with the
contaminated river (Bergeron et al., 2010a). Taken together, it is
clear that northern two-lined salamanders are likely more
susceptible to Hg exposure and accumulation than more terrestri-
ally associated species.

Behavior and performance are important for an animal’s
survival because they facilitate activities such as foraging, predator
avoidance, and reproduction. Reduced ability to successfully
execute these tasks may negatively affect an individual’s survival.
For example, reduced escape speed in guppies (Poecilia reticulata)
and bullfrogs (Rana catesbeiana) has been linked to susceptibility to
predators (Raimondo et al., 1998; Walker et al., 2005). Because Hg,
as a neurotoxicant, has been shown to affect behavior and perfor-
mance in many species (e.g., Alvarez et al., 2006; Jakka et al., 2007;
Samson et al., 2001), we predicted Hg would reduce speed and
responsiveness in northern two-lined salamanders. However, our
locomotor performance study yielded mixed results. The results of
the first performance trial indicated that speed and responsiveness
were significantly inhibited in the salamanders from the contami-
nated sites, suggesting Hg may affect locomotor performance.
However, the second trial did not support this trend, making it
difficult to determine whether the result from the first trial actually
represents an effect of Hg or may be an artifact of some other
variable, such as sample size. Alternatively, because reference
salamanders were faster in the first recorded trail, it is possible
their decline in performance in the second recorded trial was due to
fatigue. Conversely, it may have taken the contaminated salaman-
ders an additional day to acclimate to the performance trial,
allowing them to improve in the second recorded trial. Because we
observed a seemingly strong effect in the first trial and changes in
performance due to Hg contamination is a common response in
studies involving other ectotherms, this response in amphibians
warrants further investigation. We acknowledge that our animals
were drawn from only two contaminated sites and two reference
sites along a single river. If limited gene flow occurs among
collection sites, it may lead to variations in the quality of individuals
from the contaminated and reference sites as a result of the effects
of Hg or other unquantified environmental factors. Future studies
could sample more thoroughly across the South River contamina-
tion gradient (Bergeron et al., 2010a) to minimize potential varia-
tion attributed to genetic or environmental factors other than Hg.

As predicted, Hg contamination in northern two-lined salaman-
ders was associated with changes in feeding activity and behavior. In
our study, reference salamanders ate twice the number of flies rela-
tive to contaminated salamanders. Reference salamanders alsomade
nearly twice as many attempts to capture prey, suggesting that the
effects of Hg exposure led to a reduced motivation to feed. These
results are consistent with similar work involving other vertebrates.
For example, Rodgers and Beamish (1982) observed reduced appetite
andmotivation to feed in rainbow trout (Salmo gairdneri) exposed to
MeHg, andZhou et al. (2001) observed reducedpreycapture ability in
larval mummichogs (Fundulus heteroclitus) after aqueous MeHg
exposure. Other anthropogenic contaminants have also been shown
to alter feeding behavior. For example, Little et al. (1990) found that
static exposure to several agricultural chemicals (carbaryl, chlordane,
dimethylamine salt of 2,4-dichlorophenoxyacetic acid (2,4-DMA),
tributyl phosphorotrithioate (DEF1), methyl parathion, and
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pentachlorophenol) significantly impaired the ability of rainbow
trout to capture prey. Additionally, glyphosate herbicides and
cadmium have been linked to reduced prey capture in fish (Morgan
and Kiceniuk, 1992; Scherer et al., 1997). Notably, Scherer et al.
(1997) found that over a 96 hr period, reference lake trout (Salveli-
nus namaycush) consumed eight timesmore fingerling rainbow trout
than their counterparts exposed to aqueous cadmium.Whileourprey
capture findings were only marginally significant, the magnitude of
difference between study groups suggests Hg may have biologically
significant effects on feeding efficiency in this species. In order to
more closely emulate natural conditions, future research involving
prey capture experiments could present prey in a more physically
complex environment that would challenge the salamanders to
locate and pursue prey in a semi-natural feeding environment.

Behavior and physiological performance are mechanisms
through which chemical changes in organisms can produce pop-
ulation level consequences (Weis et al., 2001). However, the subtle
sublethal effects of contaminants on behavior and performance can
occur at concentrations much lower than would cause morpho-
logical abnormalities, thus making it difficult to draw conclusions
on the large ecological scale of impacts of contaminants
(Scheuhammer et al., 2007; Weis et al., 2001). The present study is
important because it is one of the few to consider the effects of Hg
exposure in amphibians, one of the first to address Hg-induced
changes in behavior and performance in post-metamorphic
amphibians, and reports some of the highest amphibian THg
concentrations to date. Based on our results, salamanders exposed
to sublethal Hg concentrations may suffer from altered prey
capture behavior and terrestrial performance. While the goal of this
study was to evaluate ecologically relevant tasks, future research
should determine how variations in these behaviors influence the
survival of northern two-lined salamanders. Despite the inconclu-
siveness of our locomotor trials, our research adds to the extremely
limited data focusing on amphibian behavior and physiology in
relation to environmental contaminants, and serves as a useful
starting point for future research on this topic.
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YOUNG SONGBIRDS

ANNE M. CONDON* and DANIEL A. CRISTOL
Institute for Integrative Bird Behavior Studies, Department of Biology, The College of William and Mary, P.O. Box 8795,

Williamsburg, Virginia 23187-8795, USA

(Received 2 March 2008; Accepted 20 August 2008)

Abstract—Dynamics of mercury in feathers and blood of free-living songbirds is poorly understood. Nestling eastern bluebirds
(Sialia sialis) living along the mercury-contaminated South River (Virginia, USA) had blood mercury levels an order of magnitude
lower than their parents (nestling: 0.09 � 0.06 mg/kg [mean � standard deviation], n � 156; adult: 1.21 � 0.57 mg/kg, n � 86).
To test whether this low blood mercury was the result of mercury sequestration in rapidly growing feathers, we repeatedly sampled
free-living juveniles throughout the period of feather growth and molt. Mean blood mercury concentrations increased to 0.52 �
0.36 mg/kg (n � 44) after the completion of feather growth. Some individuals had reached adult blood mercury levels within three
months of leaving the nest, but levels dropped to 0.20 � 0.09 mg/kg (n � 11) once the autumn molt had begun. Most studies of
mercury contamination in juvenile birds have focused on recently hatched young with thousands of rapidly growing feathers.
However, the highest risk period for mercury intoxication in young birds may be during the vulnerable period after fledging, when
feathers no longer serve as a buffer against dietary mercury. We found that nestling blood mercury levels were not indicative of
the extent of contamination because a large portion of the ingested mercury ended up in feathers. The present study demonstrates
unequivocally that in songbirds blood mercury level is influenced strongly by the growth and molt of feathers.

Keywords—Bird Feather Fledgling Mercury Molt

INTRODUCTION

Mercury from anthropogenic sources has contaminated wa-
ter bodies worldwide. Bioavailable methylmercury can enter
aquatic food chains and biomagnify to levels of concern in
top predators [1]. Methylmercury contamination can have del-
eterious effects in fish-eating birds, including on behavior, re-
productive success, and survival [2,3]. Elevated levels of mer-
cury have also been found in terrestrial-feeding songbirds [4–
6], though few studies have demonstrated adverse effects lev-
els of mercury in free-living birds of any species (but see
Brasso and Cristol [7] and Evers et al. [8]). Research is needed
to determine if mercury is negatively impacting populations
of birds, including songbirds, as well as to identify the life
stages of highest risk.

Birds appear to reduce their body burden of mercury and
mitigate toxicity through several mechanisms, including feath-
er growth. Methylmercury has a high affinity for free thiol
groups (-SH) that are abundant in feather keratin [9,10]. When
feathers grow they are connected to the body by a blood vessel;
circulating mercury can then be transported to the feather and
incorporated into the keratin structure [10]. When feather
growth is complete, shortly after fledging in young songbirds
or after each molt in adults, the feather is no longer supplied
with blood and the mercury remains physically and chemically
stable within the feather [10,11].

The common assumption that growing feathers serve as an
elimination route for mercury has been supported primarily
by indirect evidence and entirely with data from fish-eating
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and aquatic birds. It is widely stated in the literature that a
large proportion (50–93%) of the body burden of mercury is
found in feathers [12–15]. Typically, researchers have sampled
dead seabirds or wading birds at different ages or molt stages
to describe the changing body burden of mercury. One of the
first studies [16] reported lower mercury levels in later-grown
feathers, suggesting that mercury body burden had been re-
duced by earlier feather growth. Others have reported increas-
ing body tissue mercury level with age of nestlings, coincident
with the completion of feather growth [12]. Further, tissue
mercury levels decreased during the growth of feathers in
molting adults of several species [13,17]. Laboratory dosing
studies have corroborated these findings by documenting faster
turnover of blood mercury during feather growth [18–20]. The
few existing field studies on free-living birds have shown an
increase in blood mercury levels in later growth stages of
nestling birds ([21,22]; but see Caldwell et al. [23]), although
none have examined the period after young birds leave the
nest, when feather growth ceases altogether.

Our objective was to examine mercury levels directly in
the blood of free-living young songbirds on a mercury-con-
taminated site that were receiving a mercury dose in their
natural diet. We predicted that blood mercury levels would be
related to the degree of feather growth and would rise to adult
levels soon after feather growth ceased. We used radio telem-
etry to locate eastern bluebirds (Sialia sialis) after they fledged
from nests. Individual birds were retrapped repeatedly and
blood and feather mercury was measured with each capture.
We assumed that the dose of mercury was relatively constant
in the diet across the period of the study. To test this assumption
we collected and examined mercury levels of prey items fed
to nestlings at the site throughout the season. As an alternative
test of whether changes in blood mercury level might reflect
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shifts in diet, we estimated fledglings’ trophic levels through
analysis of stable isotopes of nitrogen.

The partitioning of contaminants to different wildlife tis-
sues is of interest both in designing effective monitoring re-
gimes and predicting injury. Nestling blood has been used as
a biomarker because it contains contaminants that are localized
spatially and temporally, and nestlings are relatively easy to
sample compared to other life stages [24]. The present study
examined the appropriateness of nestling blood as a monitoring
tissue. In addition, by tracking post-fledging birds we inves-
tigated whether they experience a surge in blood mercury at
a time of great vulnerability, as they become independent and
face heightened mortality from predation, disease, and star-
vation [25].

MATERIALS AND METHODS

Study site

Mercuric sulfate, a catalyst in the manufacture of synthetic
fibers, entered the South River from an industrial plant in
Waynesboro, Virginia, USA, between 1929 and 1950 [26].
More than a half century later, mercury is elevated in fish
(http://www.deq.virginia.gov/fishtissue/mercury.html) and
birds compared with natural background levels [6]. The con-
taminated study area encompassed a 38.6-km portion of the
South River from the contamination source (38�3�49�N,
78�53�5�W) downstream to the confluence with the North Riv-
er (38�17�45�N, 78�48�29�W, Fig. 1). Fledglings were moni-
tored at and around five locations in Virginia: Waynesboro’s
water treatment facility; Basic Park, a developed recreational
park; hay fields near the former Genicom Corporation indus-
trial site; Augusta Forestry Center, a state forestry nursery;
and Grottoes City Park, a mixed-use town park in Grottoes
(Fig. 1). Fewer samples were required in 2007, therefore only
Augusta Forestry Center, the site with the highest concentra-
tion of nesting bluebirds, was used as a monitoring location.
Sites for monitoring fledglings were chosen based on acces-
sibility for radio tracking and mist-netting, including on ad-
jacent properties.

Field methods

Over 200 nest boxes were monitored in grassland and for-
ested habitat within 50 m of the river as part of related studies
[6,7]. In 2006, bluebird nestlings were banded when they were
between 15 and 17 d old with a U.S. Geological Survey num-
bered leg band and a unique combination of three colored
plastic bands. To assist in locating birds after they had fledged
from the nest box, radio transmitters (n � 46; 0.9-g model
BD-2 transmitters, Holohil Systems, Ottawa, ON, Canada)
were attached to two to five nestlings within each brood. In
2007, nestlings were again banded, but transmitters were not
needed to locate them as fledglings.

Transmitters were attached using a Rappole harness con-
structed of a combination of 1-mm elastic bead cord glued in
a figure-eight shape to the transmitter with cyanoacrylate glue,
as well as loops of 0.5-mm elastic cord threaded through the
existing hollow tubing at the front and back end of the trans-
mitter [27]. The weight of the transmitter plus harness was
1.1 g, which was below a published guideline for small birds
of 5% of body weight (nestling mass ranged from 23.5 to 32.6
g) [28]. We tracked birds on foot at each site using handheld
receivers (model R-1000, 149–152 MHz, Communications
Specialists, Orange, CA, USA) and handheld folding Yagi

three-element directional antennas (model F 151-3FB, AF An-
tronics, Urbana, IL, USA).

Once relocated, fledglings were observed until a typical
pattern of movement was identified. Trapping attempts began
approximately two weeks after fledging. Mist nets were set up
in the area where fledglings were located, always �400 m
from the river. Bluebird broods typically fledge synchronously
and juveniles form cohesive flocks with other families, often
remaining together in the natal area throughout the summer
and into the fall [29]. This social behavior facilitated trapping
and also increased the likelihood that fledglings continued to
feed in the contaminated area.

Morphological measurements (weight, wing chord, and tail
length) were taken on nestlings and with each recapture of
fledglings. Individual growing feathers, both flight and body,
were counted or classified as 	100. Before analysis, we de-
fined four sequential feather growth categories as follows:
nestling, when thousands of feathers were growing simulta-
neously (�17 d); waning, just after fledging when feather
growth was decreasing but 	10 feathers were still growing
(27–41 d); none, when feather growth had ceased (32–80 d);
and molt, when 	10 body feathers were growing to replace
juvenile plumage (43–106 d).

Blood and feather samples were taken from nestlings and
fledglings in both years. A 26-gauge needle was used to punc-
ture the cutaneous ulnar (or brachial) vein, and two half-filled
75-
l heparinized capillary tubes of blood were collected from
each individual. Feathers were sampled from the belly (n �
6–9) and back/rump (n � 6–9). Blood and feather samples
were placed on ice in the field and then stored in a freezer
(�25�C) until analysis.

Prey items were collected from several songbird species
breeding on site throughout the season in 2006 using the lig-
ature method [30]. A small cable tie was placed around the
necks of each nestling in broods of eastern bluebirds, Carolina
wrens (Thryothorus ludovicianus), or house wrens (Troglo-
dytes aedon) and left in place during parental feeding. The
ligature was tight enough to prevent prey items from being
swallowed, but loose enough to allow breathing. After 1 h,
prey items were collected from the mouths of the nestlings
and stored in a freezer prior to analysis.

Laboratory analysis—mercury

To remove external particulate contamination before anal-
ysis, feathers were washed with deionized water and dried in
a low-humidity chamber for approximately 48 h. Prey items
were freeze-dried using a Labconco� Benchtop Freeze Dry
System (Kansas City, MO, USA) for 24 to 48 h, then ho-
mogenized prior to analysis. In 2006, samples were analyzed
for total mercury at the Trace Element Research Laboratory
(Texas A&M University, College Station, TX, USA). In 2007,
all samples were analyzed at the College of William & Mary,
including a few remaining samples from 2006. Samples were
analyzed for total mercury, which approximates the amount
of methylmercury; 90 to 100% of mercury in avian blood and
feathers is methylmercury [5].

At both labs, blood, feathers, and prey items were analyzed
by cold vapor atomic absorption spectroscopy using a Mile-
stone� DMA-80 direct mercury analyzer (Shelton, CT, USA).
Minimum detection limit was 0.0051 to 0.0055 mg/kg. A sam-
ple blank, methods blank, duplicate sample, and two of three
standard reference materials (DORM-2, DORM-3, or DOLT-
3) were run every 20 samples. Recovery of total mercury was
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Fig. 1. Study sites along the South River, Virginia, USA, are represented by black dots. Striped box represents location of the river within
Virginia. Star indicates the location of the original source of contamination on the South River.

96 to 99% for all three standards. Duplicate samples were
obtained by splitting the total number of feathers in half, di-
viding a homogenized invertebrate, or analyzing two capillary
tubes of blood from the same collection of the same bird.
Interlaboratory duplicates were also run, to ensure compara-
bility between the two labs. The relative percent difference
not used again between interlaboratory duplicates was 15.73
� 27.53% for samples greater than 10 times the minimum
detection limit, less than the generally accepted 20%. Mercury
levels are reported as milligrams per kilogram wet weight for
blood and prey items or fresh weight for feathers.

Laboratory analysis—stable isotopes

Blood for isotope analysis was collected simultaneous with
mercury samples, but stored in a nonheparinized capillary
tube. Samples were then freeze-dried and shipped to the Uni-
versity of California-Davis Stable Isotope Facility (Davis, CA,
USA) for analysis. Ratios of stable isotopes of nitrogen were
measured by continuous-flow isotope ratio mass spectrometry
(20-20 mass spectrometer, Sercon, Crewe, UK). The samples
were combusted to N2 at 1,000�C in an on-line elemental an-
alyzer (PDZEuropa, Sandbach, UK; ANCA-GSL, Cheshire,
UK). Sample ratios were compared to those of pure cylinder
gases injected into the spectrometer before and after the sample
peaks. Stable isotope ratios are reported in parts per thousand
(‰), in the standard delta (�) notation, of the standard for

nitrogen (atmospheric nitrogen, AIR). The equation, �X �
[(Rsample/Rstandard) � 1] ·100, was used to calculate values, X is
the heavier isotope, 15N; Rsample is the isotopic ratio in the
sample; and Rstandard is the ratio in the standard [31]. Measure-
ment errors averaged � 0.1‰.

Statistical analyses

Statistical tests were performed using Minitab� 15 (Mini-
tab� version 15, State College, PA, USA) or R 2.5.1 (version
2.5.1, R Development Core Team, Vienna, Austria). Nonnor-
mal data were log-transformed, or nonparametric tests were
used as noted. A significance level of  �0.05 was used for
all tests. If an individual was caught twice during the same
feather growth stage, values were averaged (for mercury level,
date, age, and morphological measurements). We used repeated
measurements of the same individuals over time to directly
monitor changes in mercury and �15N using a linear mixed-
effects model fit by maximum likelihood estimates. Factors in
the model included: distance from the source of contamination
and feather growth stage or age. Distance from the source of
contamination was included as a factor to ensure that mercury
levels were not driven by environmental mercury availability.
Factors used in earlier versions of the model for blood mercury
(distance between point of capture and the river, sex, and ni-
trogen isotope ratio) were all nonsignificant and thus elimi-
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Fig. 2. Fledgling bluebird blood mercury (log-transformed, mg/kg)
in the four chronological feather growth stages. Samples sizes are
above the bars. Dashed line indicates mean adult blood mercury level.

Fig. 4. Blood mercury levels (a; log-transformed, mg/kg), feather
mercury levels (b; log-transformed, mg/kg), and prey mercury levels
(c; log-transformed, mg/kg) over the season in 2006 only. In panels
a and b, closed circles represent birds from the first clutch and open
circles represent birds from the second clutch.

Fig. 3. Blood mercury (log-transformed, mg/kg) plotted against age
of fledgling. Colors represent different feather growth stages: Green
represents nestling; blue represents waning; red represents none; black
represents molt. Black circles (n � 5) �65 d old represent birds from
the second clutch that began molt at a younger age than birds from
the first clutch. Dashed line represents mean adult blood mercury
level.

nated. To test for changes in prey mercury level across the
season in 2006, we used regression analysis.

RESULTS

In 2006, 46 individuals banded as nestlings were caught
after fledging, of which 20 did not have transmitters attached
in the nest box. Individuals were caught from the first (n �
31) and second (n � 15) broods, belonging to 12 families. In
2007, 12 banded fledglings were caught, nine individuals orig-
inating from the first brood, and three from the second. Com-
bining years, a total of 56 birds were sampled during the nest-
ling period, 28 as feather growth was waning, 44 with feather
growth classified as none, and 11 during molt.

Blood mercury levels

On the contaminated site, mean nestling blood mercury
levels were 0.09 � 0.06 mg/kg (n � 156), significantly lower
than adult levels (mean � 1.21 � 0.57 mg/kg; n � 86; T �
34.29, df � 195, p � 0.001). Feather growth stage had a
significant effect on fledgling blood mercury, which increased
until the none growth stage and then decreased during molt
(y � �1.24 � 0.59x � 1.12x2, p � 0.001; Fig. 2). There was
no significant effect of distance from the source (river km) on

blood mercury (linear slope [lin]: �0.026, p � 0.06). The
relationship of feather growth to blood mercury was alternately
examined in the context of age as opposed to growth stage.
Log-transformed blood mercury had a similarly significant
quadratic relationship with age (y � �1.32 � 6.91x � 5.24x2,
p � 0.001; Fig. 3) and no significant relationship with river
km (lin: �0.026, p � 0.10).

Because bluebirds bred twice during each season, we con-
ducted separate analyses for the blood from the first and second
clutches (Fig. 4a). Birds from the first clutch exhibited a sig-
nificant relationship between blood mercury level and both
feather growth stage (y � �1.04 � 0.76x � 1.15x2, p � 0.001)
and river km (lin: �0.021, p � 0.03). Blood mercury from
second clutch birds also had a significant relationship with
feather growth stage (y � �2.16 � 0.35x � 0.92x2, p � 0.001),
but not with river km (lin: �0.01, p � 0.71).
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Fig. 5. �15N and blood mercury levels (log-transformed, mg/kg) in
each stage of feather growth: (a) nestling, (b) waning (F1,16 � 0.26,
p � 0.63, R2 � 0.01), (c) none (F1,31 � 0.39, p � 0.54, R2 � 0.012),
(d) molt (F1,6 � 0.72, p � 0.43, R2 � 0.10).

Feather mercury levels

The same terms (river km and feather growth stage) were
used in analyzing feather mercury (Fig. 4b). Feather growth
stage had a weak positive effect on feather mercury (y � 1.64
� 0.18x, p � 0.002), while river km had a negative effect
(lin: �0.316, p � 0.002). Alternately, feather mercury also
had a significant weak positive relationship with age (y � 1.61
� 0.76x � 0.75x2, p � 0.001; Fig. 4b) and negative relationship
with river km (lin: �0.032, p � 0.0015).

Prey mercury across the season

Mercury levels of prey items (Fig. 4c) in 2006 did not
change over time (p � 0.362, R2 � 0.03) or with river km (p
� 0.454; R2 � 0.02). Prey groups represented included Ara-
neae (spiders; n � 20), Coleoptera (beetles; n � 12), Lepi-
doptera (moths and butterflies; n � 25), Orthoptera (crickets
and grasshoppers; n � 11), and unidentified invertebrates and
fruits (n � 25).

Stable isotopes of nitrogen

Isotopic ratios of nitrogen sampled from a subset of nest-
lings and fledglings (n � 68) were significantly positively
related to feather growth stage (y � 8.49 � 1.54x, p � 0.001).
River km had a negative linear effect on �15N values (lin:
�0.06, p � 0.046).

Blood mercury levels and �15N were analyzed separately
because they each have independent relationships with feather
growth. To examine the relationship of blood mercury to �15N
signature, regression analysis was used within each feather
growth category (so no individuals were repeated). Within
each feather growth category �15N did not correlate with blood
mercury except during the nestling stage (F1,12 � 6.36, p �
0.027, R2 � 0.35; Fig. 5).

DISCUSSION

Fledgling blood mercury

As predicted, a window of mercury elimination was pro-
vided when young nestlings grew thousands of feathers in less
than three weeks. Shortly after fledging, however, this route
of elimination was no longer available and blood mercury
levels rose nearly to adult levels (see Fig. 3). Blood mercury
levels fell once molt began and this elimination route reopened,
confirming the influence of feather growth on blood mercury.

Blood mercury levels exhibited a similar pattern when ana-
lyzed by age because feather growth stage corresponded close-
ly with age (see Fig. 3). That feather growth stage is a better
predictor of blood mercury than age is evident when comparing
patterns of change in mercury level between the two clutches,
which had different timing of molt (see Fig. 4a). Birds from
both broods exhibited the same decline in blood mercury with
the onset of molt, despite the fact that birds from the second
brood molted at a younger age (see Fig. 3).

Existing research on mercury levels and plumage over-
whelmingly agrees with our findings, despite differences in
approach. Past studies on fish-eating, wading, and oceanic
birds have documented that 50 to 93% of body mercury burden
and 42 to 60% of ingested mercury is incorporated into the
feathers [12,14,15,18–20]. However, these studies did not ac-
count for wide feeding ranges and differences in mercury in-
take among species sampled. They also did not track changes
within individuals or examine the relationship between blood
and feathers throughout the vulnerable post-fledging period.

Young bluebirds, which remained on or near a natal con-
taminated site throughout the late summer and fall, are likely
receiving repeated small doses of mercury on a regular basis.
In past dosing studies, mercury levels were monitored after a
single dose was administered, relying on the assumption that
the kinetics would be the same as for constant dietary intake
[18–20]. Although the present study provided no information
on excretion rate or half-life of mercury in the blood, blood
mercury levels decreased during periods of maximum feather
growth, consistent with laboratory studies; a phenomenon al-
ready documented under controlled circumstances has now
been found to occur in free-living populations.

One objective of the present study was to determine whether
findings from previous studies of large, aquatic, fish-eating
birds may be generalized to songbirds. Songbirds comprise the
majority of all bird species, but until recently they have been
largely overlooked by toxicologists because few eat fish. How-
ever, there is increasing concern that these species may be
exposed to harmful mercury levels [6]. Previously studied spe-
cies may differ from songbirds in molting patterns, metabo-
lism, and possibly kinetics of mercury in the body. In fact,
they may have been under selective pressure for millennia to
eliminate dietary mercury, which has always been present in
marine or piscivorous food webs. This is the first demonstra-
tion that the oft-cited phenomenon of elimination into plumage
occurs in small birds, in terrestrial birds, and in free-living
birds that were followed as individuals.

Other factors could have influenced blood mercury levels.
Location (referred to as river km) was sometimes a significant
effect in analyses of blood mercury level; however, this merely
reflected the highly variable mercury exposure at different sites
and did not affect changes in blood mercury within sedentary
individuals across the study period. There may also be vari-
ation between individuals or the sexes in kinetics of mercury
in the body (see Bearhop et al. [32]). However, sex was not
a significant factor in the variation of mercury levels of fledg-
ling bluebirds, and any genetic (familial) differences were also
accounted for in the analysis. Another possible mechanism for
changing mercury in the body is growth and protein turnover;
as muscles grow, mercury concentrations are diluted [33].
Growth dilution may have been partly responsible for keeping
blood mercury levels low in growing nestlings; however, this
does not diminish the importance of feather growth in mercury
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elimination because molting fledglings that were no longer
growing experienced a similar reduction in mercury.

Another consideration is that fledglings with the lowest
blood mercury might have been present later in the season not
because of feather molt, but because those with higher mercury
had already died from mercury intoxication. However, there
was no obvious pattern of mortality related to initial mercury
level, suggesting that probability of survival to the end of the
study was not affected by nestling mercury level. Of the 11
birds that were caught as molting fledglings, approximately
half (n � 5) had started as nestlings with blood mercury levels
above the mean. In fact, the direction of change in mercury
level between feather growth stages within individuals was as
predicted 97% of the time (76/78), regardless of an individual’s
initial mercury level.

Fledgling feather mercury

There was a statistically significant increase in feather mer-
cury with both feather growth stage and age but it was bio-
logically insignificant, perhaps driven by the sample of birds
from the second clutch (see Fig. 4b). Even this small increase
was unexpected, however, as mercury in feathers is stable after
growth is complete, and only fully grown feathers were sam-
pled from fledgling birds [11]. The increase was likely due to
the fact that nestling feathers were still growing when sampled
and thus additional mercury may have been deposited until
growth was complete. Mercury may have been added to the
outside of feathers, via the preen gland oil or contaminated
dust, as birds aged [34]. Because feathers were washed only
in deionized water, some exogenous mercury may have ad-
hered to feathers. Regardless of the explanation, feathers in-
creased very little in mercury content, as expected, during the
same time period in which blood mercury rose and then fell.

Did change in diet influence change in blood mercury?

We assumed that dietary intake of mercury was constant
across the season, and thus did not explain changes in mercury
level. Our most direct test of this assumption supported it; prey
mercury content did not change throughout the season. How-
ever, the prey we sampled were gathered by adult birds of
three songbird species and fed to nestlings, and thus may not
have been identical to the diet of fledgling bluebirds.

To test for a seasonal shift in fledgling diet we sampled
stable isotopes of nitrogen from fledgling bluebird blood and
found a seasonal increase. This change in ratio of nitrogen
isotopes could indicate a shift in diet towards prey higher in
the food chain, which could have contributed to the increase
in fledgling blood mercury during the waning period. However,
the increase in ratio of �15N continued through the molt period,
while blood mercury levels dropped. It is possible that the
increase in �15N indicated a true diet shift, but if so, the diet
shift was not closely tied to blood mercury levels. Individual
diets were not related to individual mercury levels, as docu-
mented by the lack of correspondence between mercury level
and isotopic signature within each stage of feather develop-
ment. Apparently there was a decoupling of mercury level and
stable isotope ratio, and individuals with the highest mercury
were not generally those with the highest �15N (see Fig. 5).
Even if the dietary shift was towards prey items higher in the
food chain, and thus presumably with more methylmercury
content, young bluebirds still substantially reduced blood mer-
cury levels through growth of feathers.

The reason for the increase in �15N with age is unclear and

could be the result of a seasonal change in isotopic signature
of the prey base. Bluebird prey (fed to nestlings) on the South
River consisted primarily (	75% of biomass) of Aranea, Lep-
idoptera, Orthoptera, and Coleoptera (S. Friedman, Master’s
thesis, The College of William and Mary, Williamsburg, VA,
USA). The availability of certain insects may have changed
throughout the summer; anecdotally, there were short-term in-
creases of abundance of June bugs (Phyllophaga spp.) and
grasshoppers (family: Acridinae). Bluebirds may have shifted
their diets depending on what was available, thus changing
their nitrogen signature, but this did not correspond with tem-
poral changes in blood mercury.

Other speculative explanations exist for why �15N might
increase without an actual change in trophic level. Past studies
present conflicting evidence on whether nitrogen isotopes in-
crease with age or body size [35–37] or with nutritional stress
[38] (but see Kempster et al. [39]). It will require a controlled
laboratory study monitoring �15N over time in birds on a known
diet to untangle the relationship of isotopic signature with age
and growth.

Implications

Although young birds may be more sensitive to contami-
nants—for example intestinal absorption of heavy metals is
enhanced in very young organisms [40]—it is likely that they
are buffered from mercury toxicity by growing feathers. Only
after feather growth is completed, usually shortly before be-
coming independent, are they susceptible to accumulating high
concentrations of mercury. Feather growth predicting blood
mercury level should be included in any risk analysis for a
bird species with a known molt schedule.

Risk of predation in some species is high during the first
week after fledging, and again when juveniles are no longer
attended by the parents [25]. For songbirds living on mercury-
contaminated sites, this high-risk period will usually corre-
spond with increases in blood mercury. Rapid increases in
accumulation of mercury in internal tissues may have neu-
rological and behavioral effects, possibly causing birds to be
more susceptible to predation or less likely to acquire impor-
tant survival skills. Juvenile survival is one of the main factors
considered in population demographic studies, and the pos-
sibility of a surge in contaminants in recently fledged birds
should be considered.

In the present study, the duration of the surge in blood
mercury was greater for birds originating from the first clutch.
Second clutch fledglings began molting at an earlier age to
catch up before the onset of winter. Therefore, fledglings from
the first clutch had a longer period of no feather growth, by
approximately 20 d, than fledglings from the second clutch,
and experienced elevated mercury in blood for approximately
twice as long before being rescued temporarily by feather molt.
Fledglings from the first clutches at mercury-contaminated
sites could experience higher mortality than birds from second
clutches due to this temporal difference in molt schedule, but
further study will be needed to test this hypothesis.

Past studies have established a strong foundation of evi-
dence that mercury in the body is preferentially bound into
feathers as they grow. Recent studies show increasing evidence
that methylmercury accumulation is occurring in terrestrial
systems and affecting insectivorous passerines [4–7]. The
present study has important implications for experimental de-
sign of mercury studies and the use of nestlings as bioindi-
cators. If only blood in nestling birds is monitored, the pres-
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ence of mercury and evaluation of risk may be severely un-
derestimated. Eventual effects of mercury on growth or sur-
vival of young birds might be delayed until they are no longer
buffered from toxicity by feather growth. It is important to
continue monitoring birds during the post-fledgling period and
outside of molts to comprehensively assess the risks to sur-
vival.
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1. CONCISE SUMMARY 
 
1.1. Objective: Mercury contamination in the South and South Fork Shenandoah 
Rivers has been the subject of intense study for several years by the South River 
Science Team.  Prior to the results reported here, however, there was no 
information available to answer the question: What effect has mercury 
contamination had on the birds using this river corridor?  This report details the 
first year of a study designed to answer that question. 
 
1.2. Scope: Beginning in March 2005, the avifauna of the South River and 
adjacent waterways was studied to determine mercury bioavailability and 
individual fitness and population effects among birds in contaminated areas.  The 
contaminated portion of the South River and adjacent South Fork Shenandoah 
River (Port Republic to Elkton) were compared to the uncontaminated portion of 
the South, Middle (Swoope to Lewis Creek in Verona) and North (Spring Creek 
near Bridgewater to Port Republic) Rivers.   
 
1.3. Mercury levels: Mercury levels in blood of three target species (belted 
kingfisher, tree swallow, eastern screech-owl, Otus asio, see Table 6 for all 
scientific names) were significantly higher in contaminated than reference areas, 
and were well above the currently hypothesized (but unpublished) benchmark for 
observable adverse effects for medium-sized birds (~1 ppm).  Opportunistic 
sampling of 23 other species of birds indicated that several additional species 
had levels exceeding 1.0 ppm, including terrestrial songbirds such as Carolina 
wren (~3 ppm) and eastern bluebird (~2 ppm).  Other species of songbirds were 
found to have levels of mercury in blood below 1.0 ppm (e.g. northern cardinal, 
gray catbird), but sample size was too small to make a confident judgment for 
most species. 
 
1.4. Individual effects: Nesting success in both tree swallows and belted 
kingfishers was compared between reference and contaminated areas.  No 
significant differences were found in clutch initiation date, clutch size, egg 
hatchability, nestling growth rate, fledging success or fledging condition for 
swallows.  Kingfisher nests are difficult to access repeatedly, so rigorous 
comparisons were limited to clutch initiation date and clutch size, and again no 
differences were detected.  This indicates that either there are no reproductive 
effects on these two species, or any effects probably occur before egg laying or 
after fledging, such as during mate attraction, early independence of young, 
migration, or overwintering.  
 
1.5. Population effects: The avian communities of 20 reference and 20 
contaminated sites were compared using replicated surveys of territorial birds.  
There were no differences detected in the number of species or density of birds, 
which indicates either that there has been no recent mortality or reproductive 
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effects, or that they are masked by immigration of replacement birds from 
uncontaminated areas such as the nearby Shenandoah National Park. 
 
 
 

 
 
 

Sean Koebley holds 12-day old eastern bluebird at Augusta Forestry Center 
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2. OVERVIEW OF RESULTS 
 
2.1. Mercury levels in target species: Because no information was available, the 
first step was to determine the bioavailability of mercury to the river's birdlife by 
measuring the amount of mercury in blood of potentially impacted species.  This 
measurement is widely used to indicate recent dietary uptake of mercury, 
whereas levels in feather provide a longer-term average (Evers 2005).  I selected 
three target predatory species that represent 1) piscivorous birds, 2) aquatic 
insectivores and 3) terrestrial carnivores.  The total mercury in blood of belted 
kingfishers (piscivore), tree swallows (insectivore) and eastern screech-owls 
(terrestrial carnivore) at contaminated sites was significantly higher than at 
reference sites.  Because >90% of the mercury present in bird blood is 
methylmercury (Evers 2005), it was not necessary to assay methylmercury 
directly.  Mean levels in adults of each target species were approximately an 
order of magnitude higher at contaminated sites than at reference sites (i.e., 
approximately 2 ppm versus 0.2 ppm wet weight).  For swallows and kingfishers, 
it was clear that mercury levels declined sharply at sites downstream from the 
confluence at Port Republic.  Because mean values for contaminated birds 
included numerous individuals from the Shenandoah River downstream of the 
confluence, data are also presented separately for birds in the contaminated 
portion of the South River between Waynesboro and Port Republic.  Although 
sample sizes are smaller, these latter values are more representative of the 
conditions in the South River corridor, the area most intensively studied by the 
South River Science Team. 
 
Kingfishers eat fish and this is likely the route of mercury bioavailability for this 
species.  Fresh prey fish were collected directly from 12 of the 31 adult 
kingfishers captured.  These will be identified and analyzed for whole body 
mercury content to determine levels in prey fish from contaminated and reference 
sites, but those data are not yet available.  Swallows consume flying insects, 
many of which probably have aquatic larval stages.  Because the swallow 
nestboxes were located within 50 m of the river channel, usually much closer, 
and swallows forage primarily close to their nestboxes (Robertson et al. 1992), a 
high proportion of the insects they consume probably are associated directly with 
the aquatic food web.  This may explain their elevated mercury levels, but it is not 
clear why a diet of aquatic insects would produce blood mercury levels as high 
as that of some of the kingfishers, which eat larger prey that is higher on the 
aquatic food web.  The source of mercury in the eastern-screech owl diet is 
entirely unknown.  The literature suggests that during the nesting season owls 
eat primarily small mammals and birds, with some large insects and 
invertebrates and even fish (Gelbach 1995, Ritchison and Cavanagh 1992).  The 
high levels of mercury in the blood of owls is consistent with their elevated 
position on the food web, but it remains to be determined if this contamination is 
coming directly from the river or via the terrestrial food chain that comprises most 
of their diet. 
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2.2. Mercury levels in young birds: Preliminary analysis of a small sample of 
nestling blood of several species indicated that chick levels were at least an 
order of magnitude lower than adults at the same sites.  Further analysis of a 
larger number of blood samples and feathers is underway to allow interpretation 
of this result, because rapidly growing young birds transfer mercury out of blood 
and into growing feathers.  I predict that nestlings with low blood mercury will 
have high feather mercury and will experience increased levels of blood mercury  
when feathers stop growing and cease to buffer them (1-3 weeks after leaving 
the nest).  Results are not yet available to resolve this issue, but the necessary 
feather samples to determine if nestling feathers are high in mercury are in hand 
for tree swallows, kingfishers and bluebirds. 
 
2.3. Mercury levels in non-target species: An effort was made to sample a variety 
of other bird species living in the riparian zone within 50 m of the contaminated 
portion of the river.  One species with little or no apparent direct connection to the 
aquatic food web, Carolina wren, had comparable or higher levels when 
compared to the target species, despite small size and terrestrial habitat, 
suggesting that methylmercury could be biomagnifying in the terrestrial food 
chain.  Several other terrestrial species had levels approaching or exceeding the 
currently hypothesized lowest observable adverse effects level of 1.0 ppm (pers. 
comm. David Evers Biodiversity Research Institute, Gary Heinz US Geological 
Survey), but further sampling will be necessary to fully describe the range of 
species accumulating mercury to levels of concern.  Some terrestrial songbirds 
(e.g. northern cardinal, gray catbird) were sampled thoroughly enough to 
conclude that they had lower levels, but nearly all species were elevated above 
what would be expected in an uncontaminated area.  Relative mercury levels 
pooled across members of feeding guilds were consistent with the predicted 
pattern that birds higher in the food web and more directly linked to the aquatic 
food web had higher levels in the contaminated area (data presented in mid-year 
report), but isotopic studies of bird tissue and diet items will be necessary to 
confirm this finding in a more rigorous manner.  Among bird species observed 
breeding on the river corridor and feeding in the contaminated aquatic food web 
in 2005, only mallard, woodduck, Canada goose and green heron remain 
completely unsampled.  Louisiana waterthrush should also be sampled more 
extensively because of a possible diet of snails. 
 
2.4. Nesting success: No differences have been detected thus far in success of 
swallow nests or kingfisher nests on contaminated and uncontaminated sites, in 
terms of clutch initiation date, clutch size, hatching success, nesting development 
or fledging success.  The abundance of nests exceeded my expectations and 
hatching and fledging success were extraordinarily high (>90%) for both species 
on contaminated and reference sites (conclusions about kingfishers are tentative 
at this point).  Predation was rendered nearly non-existent due to predator 
guards on the swallow nests, so egg and chick survival rates cannot be 
compared to data from natural nest sites, but there was no evidence of failure-to-
thrive in nestlings on the contaminated sites.  Almost every kingfisher egg 
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hatched and led to a probable fledgling, with the exception of two nests that were 
disturbed by researchers before hatching and one that was abandoned after 
hatching by two parents with extraordinarily high mercury levels (~10 ppm).  
Further analysis of the data may still reveal subtle differences, because there are 
many components to reproductive success (e.g. rate of development, quality of 
offspring, etc.) and it would be premature to make even tentative conclusions 
about impacts on lifetime reproductive success or survivorship of birds raised on 
contaminated sites. 
 
2.5. Population density and diversity: No detectable differences were found in the 
number of species surveyed at contaminated and reference sites (65 species at 
each), or in the densities of each species or all birds combined.  Further analysis 
in which birds are lumped into feeding guilds could reveal subtle differences, but 
it appears that there are no obvious community-level effects of the mercury 
contamination in the floodplain.  Such differences were not expected, except in a 
worst-case-scenario, because immigration from surrounding areas (for example 
Shenandoah National Park) would erase any detectable effects of mortality as 
immigrants settled on vacant territories. 
 
2.6. Conclusion: Overall, mercury availability was high for birds using either 
aquatic or terrestrial food chains for the length of the South River, but 
reproductive failure or population effects were not detected in preliminary 
analyses.  Laboratory analysis of feathers, kingfisher prey and non-target species 
blood samples continue.  Further fieldwork is necessary. 
 

 
 
Dan Cristol with eastern screech-owl at Grand Caverns Regional Park
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3. BACKGROUND 
 
3.1. Birds as biomonitors: Mercury contamination has been detected in aquatic 
fauna in the South River and South Fork Shenandoah River (e.g., Carter 1977, 
www.deq.virginia.gov/fishtissue/).  Mercury biomagnifies in aquatic food webs, 
and can adversely affect wildlife through well-documented effects on fecundity 
and survivorship (see references in Wolfe et al., 1998).  Birds, particularly high 
trophic-level feeders such as piscivores (a.k.a. fish-eaters) have exhibited a wide 
range of behavioral and physiological abnormalities after experiencing chronic or 
acute mercury exposures.  The readily absorbed methylmercury is the form most 
often associated with deleterious effects on birds.  Bird species vary widely in 
their response to contamination.  Classic signs of mercury poisoning in birds 
include lethargy, weight loss, lack of coordination and other nervous system 
symptoms, and eventual death (see references in Scheuhammer, 1987).  
Chronic exposure to sub-lethal levels can result in reproductive problems such as 
small clutches, lowered survivorship of nestlings and birth defects.  Other sub-
lethal health problems may also result.  Because inorganic mercury is far less 
toxic or available to wildlife, measurement of sediment contamination does not 
reflect the risk to biota of its organic and toxic form, methylmercury.  Therefore, 
birds and other biomonitors are required to assess potential ecological risk.  Two 
of my target species, belted kingfisher and tree swallow, have been used 
previously as biomonitors for mercury and other pollutants (e.g., Gerrard and St. 
Louis, 2001, Baron et al., 1997), but little is known with regard to bioavailability 
or effects of mercury on the other species studied. 
 
3.2. Objectives: The original objectives proposed for this study were: 
 

• Mercury levels: Provide a robust quantification of the current levels of 
mercury availability in the watershed's avifauna. 

 
• Nesting success: To compare the reproductive success and 

physiological (health) condition of individual birds of several target avian 
species between mercury contaminated sites and uncontaminated sites 
in the South River watershed. 

 
• Population density and diversity: Compare the species richness of the 

avian communities in contaminated and uncontaminated sites to identify 
species potentially impacted by mercury.   

 
The proposed plan of work for 2005 follows, with italicized summaries of 
whether objective was achieved: 
 
 
1) erect 200 Tree Swallow and 100 owl nestboxes along the river’s edge to 
create a study population; locate all of the kingfisher nests in the study area 
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200 swallow and 100 owl nestboxes were erected in Febrary and March 2005.  
Swallow occupancy was over 50%, far surpassing the predicted 20% and 
provided a large study population.  Only one pair of owls nested in 2005, but in 
January 2006 there were already 10 owls using the nestboxes for roosts, so 
occupancy should be higher in the 160 nestboxes to be available in 2006.  
Kingfisher nests were more abundant than expected, so focus was shifted 
from owls to kingfishers, and 27 nests were located, exceeding the proposed 
sample size for three years of study. 
 
2) monitor swallow and owl nests to allow a comparison of basic reproductive 
parameters  
 
The full range of reproductive success and nestling health parameters was 
measured at many of the 125 swallow nests, surpassing the predicted sample 
size of 40.  No owl reproductive data were gathered because only one nest 
was found and it was unsuccessful.  Instead, kingfisher reproductive data 
proposed for future years was gathered from 16 nests. 
 
3a) measure mercury accumulation in adults and young at each swallow nest 
by sampling blood and feathers from the incubating female and blood from one 
young per brood 
 
Blood and feather samples were collected from 74 female adults and 108 
entire broods of nestlings (typically 5-6 nestlings per brood), far exceeding 
sample size projections for the proposed multi-year study.  In many cases only 
the female parent was captured, but 23 adult males were also sampled. 
 
3b) access 2-3 kingfisher nests for training purposes and pilot data; make 
kingfishers top priority in future years and collect reproductive performance 
data 
 
The proposed pilot study proved unnecessary as 31 adults and 96 nestlings 
were successfully sampled for blood, feathers and condition parameters.  In 
addition, data on clutch initiation date, clutch size and hatching rate was 
collected from 16 nests. 
 
3c) determining reproductive success of owls, sampling feathers and blood 
from females and young, and collecting food items from nestboxes for analysis 
 
This objective was not achieved, due to failure of the owls to nest in the 
nestboxes.  However, mercury levels in blood and feathers were obtained from 
16 adult and 1 fledgling owl using an alternative capture technique.  
Reproductive and diet data will be collected in 2006 if the owls use the 
nestboxes. 
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4) Collect feathers from adult swallows for comparison with same bird in 
following year when feathers will be from contaminated site  
 
Tail feathers were collected from all adult swallows and are in frozen storage 
until some of these birds are recaptured in 2006, at which point the feathers 
grown on contaminated sites at the end of the 2005 nesting season will be 
collected for simultaneous comparison. 
 
5) Sample re-nesting attempts by swallows whenever possible 
 
Considerable effort was expended in capturing all swallows building nests in 
nestboxes that had recently fledged young.  Only two of the females in these 
late nests had been parents at the previous nests.  Thus, renesting is 
extremely rare in Virginia tree swallows, as has been reported for the northern 
parts of this species' range.  It had been speculated in the literature 
(Robertson et al. 1992) that tree swallows might renest more frequently at the 
southern edge of their breeding range (because of a longer growing season), 
but clearly this objective is not achievable given such low renesting rates.  
 
6) Kingfisher prey will be identified through a spotting scope, allowing us to 
pinpoint the genus, size and numbers of fish fed to the young to focus further 
sampling of mercury availability in prey  
 
Instead of visually identifying the size and species of prey and capturing 
samples for mercury analysis, it was possible to directly sample the prey 
brought back by the adults when they were netted.  Thus, 16 fish of 
approximately 10 species were weighed and measured when fresh, and are 
now in frozen storage awaiting identification and mercury analysis. 
 
7) Measure mercury in several wetland-nesting, insectivorous birds (common 
yellowthroat, red-winged blackbird, song sparrow, or others, e.g., Mallard or 
Louisiana waterthrush) as appropriate 
 
This objective was not achieved because no emergent wetland habitat (i.e. 
cattail marsh) is present along the entire length of the South River, and thus 
no wetland-nesting birds.  Instead, mist nets and other methods were used to 
capture 293 birds of 23 species nesting in the riparian forests found along the 
river.  No birds were sampled in reference sites, as this is inefficient until it is 
determined which non-target species have mercury levels of concern.  No 
eggs were collected because, unlike the proposed wetland-nesting species, 
forest-nesting birds build inaccessible nests. 
 
8) Preliminary screening of the entire avian community to identify major effects 
such as extirpation of species from the contaminated sites or extreme 
reduction in density  
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This objective was achieved as a comparison of 20 surveys from contaminated 
sites and 20 from uncontaminated sites allowed a comparison of density of 
birds and number of species.  It should be noted that dramatic population 
changes could occur and not have been detected on these surveys if 
replacement birds are recruiting into vacancies created in contaminated sites. 
 
9) Enlisting local birdwatchers will also provide valuable community outreach 
 
The outreach component was very successful, as two leaders in the local 
birdwatching community, one from Augusta and one from Rockingham 
counties, joined the survey efforts.  Hundreds of landowners were contacted 
over the course of the field season, and several assisted with logistics 
(storage, canoe loans, field assistance).  Local administrators were also drawn 
into the study as we contacted them about permission to use parks, frequently 
requiring a hearing by the town council, which then became more aware of the 
SRST's research.  Already I have received invitations to speak to the Augusta, 
Rockingham, and Williamsburg Bird Clubs, Cape Henry and Northern 
Shenandoah Valley Audubon Societies, DelMarva Ornithological Society, 
Virginia Living Museum, Friends of Shenandoah River, Virginia Polytechnic 
University, and University of Virginia’s Ecological Research Station at Blandy 
Farm, and new invitations arrive each week.  Numerous reporters have 
contacted me for information, but I have spoken only with the Shenandoah 
Journal, which was interested in a non-controversial local story about using the 
Bridgewater City Parks, and a freelance journalist who is planning a story for 
Virginia Wildlife, a glossy magazine for sportsmen published by the Division of 
Game and Inland Fisheries.   
 
10) Determine what species, size and numbers of invertebrates are being 
eaten by swallows and owls 
 
This objective was not attempted in 2005 due to limited manpower, but will be 
undertaken in 2006, along with additional species. 
 
11) Measure mercury in the first egg of each clutch of swallows and owls and 
5 nests of each of three non-target species 
 
This objective was not attempted in 2005 because all nests were left 
undisturbed to increase sample size of reproductive success data.  Ten eggs 
from both reference and contaminated nests of each target species and 
Carolina wrens will be collected in 2006.  
 
12) Focal-individual observations on kingfisher feeding behavior and hunting 
success rates 
 
This objective was not achieved in 2005 due to lack of manpower. 
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3.3. Summary of progress at meeting objectives 
I achieved most of my objectives during the first field season, and far exceeded 
them in several cases.  Where objectives were not achieved it was due to 
absence of birds (owls and wetland birds) or lack of manpower for studying 
contemporaneous phenomena (several low-priority objectives).  Major objectives 
were all exceeded: 
 
1) The primary goal was to compare levels of total mercury at contaminated and 
reference sites in swallows and owls.  By erecting 200 swallow nestboxes I was 
able to collect blood and feather samples from 97 adult and 108 nestling 
swallows.  The 100 screech-owl boxes were not used, however by changing the 
strategy I was able to net 16 owls.  Canoeing the entire navigable portion of the 
North, Middle, South and South Fork Shenandoah Rivers (north to Shenandoah) 
provided 27 kingfisher nests, of which 19 were accessed, leading to the 
unexpected sampling of 31 adults and 96 chicks. 
 
2) The secondary goal was to assess reproductive success of swallows and owls 
nesting in contaminated and reference sites.  Extensive reproductive success 
data were collected on 125 swallow and 16 kingfisher nests.  No active owl nests 
were found. 
 
3) The third goal was to census breeding bird diversity and density at 
contaminated and reference sites.  By repeat sampling 40 sites I exceeded the 
sample size objective and have completed this portion of the fieldwork. 
 
4) A lower priority goal was to determine levels of total mercury in blood of three 
other species nesting along the contaminated portion of the river and potentially 
facing exposure risk.  Although the expected species were not found, I captured 
and sampled 293 birds of 23 non-target songbird species occupying territories 
within 50 m of the shoreline in floodplain forest. 
 
 
 
 
4. METHODS 
  
4.1. Study area: The "contaminated" study area was the entire corridor within 50 
m of the shoreline of the South and South Fork Shenandoah Rivers from the 
Waynesboro water treatment plant downstream to the VDGIF boat launch at 
Shenandoah (referred to as “Wayne-Shen” in the tables of results).  A subset of 
this section, from the water treatment plant to the confluence at Port Republic, 
comprises the contaminated portion of the South River (referred to as “South 
River in results tables).  The reference area consisted of the 50 m corridor along 
three tributaries: the South River from Cowbane Natural Prairie Preserve in 
Stuart's Draft to Ridgeview Park in Waynesboro, the Middle River from the 
intersection of 703 and 786 in Swoope to Lewis Creek in Verona, and the North 
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River from the intersection of 613 and 727 in Spring Creek northwest of 
Bridgewater to the confluence at Port Republic.  All samples were identified as to 
treatment type (contaminated or reference), local site name (e.g. "Ridgeview 
Park"), and latitude/longitude using GPS. 
 
4.2. Fitness and reproductive success:   
 
4.2.1. Swallows: Female tree swallows generally do most of the incubation.  Both 
females and males feed the young.  Capture of females occurred only after 
hatching to avoid disturbance of incubating birds that might have induced nest 
abandonment.  Male and female swallows were captured during chick feeding 
with the use of a simple drop-down trap door made from a square piece of tin 
temporarily taped over the nest hole from the inside and propped up with a stiff 
blade of grass.  Adults entered the hole to feed young and dislodged the blade of 
grass, causing the tin square to cover the entrance hole.  The birds were then 
removed by hand through the side door of the nestbox.  The entire procedure 
took several minutes at most and caused no apparent harm to the parents or the 
offspring.   During this time period, chicks were weighed (at ages 4, 8 and 15 
days or as close as possible to these ages) and blood and feathers were also 
collected during the final weighing (which was within 3-4 days of fledging).  In 
addition, the tarsus (foot  bone) of each nestling’s leg was photographed using a 
digital camera and a custom photo stand to determine the length and symmetry 
of the bone (to be measured precisely from the digital photograph using a 
computer image analysis system at a later date).  This will provide a further size 
measurement for each nestling and possibly information on developmental 
stability (differences in size of bilateral traits). After processing, all swallows were 
returned to their nest boxes. The sampling process took approximately 5 minutes 
per individual. 
 
4.2.2. Kingfishers: Birds were caught in mist nets (2.6 x 12 m with 60 mm mesh 
or shorter length if required by location of nest) when entering their burrows to 
feed young.  Both males and females (and in a few cases both) were caught.  
Other techniques were occasionally used as necessary, such as playing tapes of 
intruding kingfishers, using wooden decoys, or extracting birds from nest 
chamber if they were brooding young when nest was accessed (Davis, 1982; 
Albano, 2000). 
 
The following physiological measurements were recorded:  

 sex based on plumage 
 weight (to nearest g) 
 wing chord length (to nearest mm) 
 culmen length (both exposed portion and nare-tip, to nearest mm) 

 
In addition, the tarsus of each leg was photographed using a digital camera and 
a custom photo stand to determine the length and symmetry of the bone.  A 
photograph was taken of the size of the chest band and blue-and-white pattern 
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on the face.  All individuals were banded with a USGS aluminum band and band 
number recorded.  All birds were released after processing, within 20 minutes of 
capture, with no injuries observed.  One fatality occurred when a male kingfisher 
entered the net unbeknowst to me and was exposed to midday sun for 40 
minutes while I hid in nearby bushes waiting for the female to enter the net. 
 
In addition to collecting blood and feathers active nests were carefully excavated 
from above the location of the nesting cavity to determine the status of the nest.  
At nests discovered during the nestling period, nestlings’ ages were determined 
by weight and stage of feather development (Hamas, 1975 and 1994; Albano, 
2000).  If the chicks were younger than two weeks, the nest was visited at a later 
date to band them and to collect blood samples for mercury analysis.  Attempts 
were made to access nests for the first time and collect blood from chicks as 
close to fledging as possible (4 weeks).  The morphometric information collected 
for adults was also collected for nestlings with the exception of feather collection 
for plumage coloration assessment.  I attempted to assign sex if young were >3 
weeks old, based on extent of reddish plumage.  Nests were then fitted with a 
plywood support to prevent collapse, and reburied with original soil.  The former 
hole was covered with flat rocks to prevent digging predators.  If the nest was in 
the incubation stage, the eggs were counted and the nest re-buried.  In the two 
cases where this occurred, nests were abandoned.  In future years, a fiber-optic 
probe will be used to assess nest status without requiring excavation, and nests 
will not be entered until after hatching unless it is for collection of complete 
clutches for mercury analysis.  
 
4.2.3. Owls: Screech-owl nestboxes (n=100) were placed in suitable habitats in 
February and March 2005.  This was at the onset of the nesting season and it 
was hoped that some birds would switch from natural cavities to the provided 
nestboxes or that some unmated males would attract females to the newly-
provided nest sites.  Unpainted, untreated pine lumber nestboxes were 
constructed in the woodshop at the College of William & Mary and mounted at 
16-22’ on large tree trunks using a 24’ ladder.  All nestboxes were mounted 
within 50 m of the shoreline (usually immediately adjacent in sycamores).  
Screech-owl nestboxes were placed 50-100 m apart in an effort to provide 
separate nestboxes for the male and female of the same territory.  Because the 
owls did not adopt the nestboxes we lured territorial owls to mist nets by playing 
audiotaped calls in floodplain habitat within 50 m of the shoreline at night.  Owls 
investigating the tape player on the ground at the center of the invisible net often 
got caught as they flew back and forth over the perceived intruder.  
 
4.3. Sampling tissue:  
 
4.3.1 Blood: For swallows, a small gauge (#25 or 27) needle was used for 
venipuncture in the cutaneous ulnar (i.e., a wing vein).  Researcher wore 
protective latex gloves and used field sharps containers for immediate disposal of 
all sharp or blood-contaminated supplies.  Blood was collected with 3, 75 µL 
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capillary tubes (up to 150 µL total, usually half that amount).  The tubes were 
then sealed with caps at both ends and placed in a 10 cc vacutainer to prevent 
breakage.  Blood from each chick in a brood was pooled for a single assay of the 
entire brood in most cases.  For kingfishers, 25 gauge needles were used to 
puncture the cutaneous ulnar vein in the wing.  Most kingfisher broods included 7 
young and blood samples were taken from each young and archived separately.  
Blood samples were then analyzed individually for later statistical combination as 
a brood average. Collection of blood from owls was similar to that for kingfishers. 
 
Blood samples were placed in a locked freezer at the field station (132 Link 
Road, Massanutten, VA) and kept at approximately -25°C until transported on dry 
ice to the campus of College of William & Mary and stored in a locked freezer 
until shipping.  I personally packed and transported all samples from the field 
station to College of William & Mary so that chain-of-custody was never broken.  
All blood samples submitted for analysis have been or will be analyzed only for 
total mercury. 
 
4.3.2. Feathers: Eight feathers were be plucked from the back of each bird and 
placed in a zipping plastic bag for mercury analysis.  While not a target tissue for 
this investigation, the second-outermost rectrice (tail feather) on the right side of 
the tail was pulled from each adult swallow and placed in a clean, labeled, plastic 
bag, and frozen to allow later measurement of daily feather growth rates 
(ptilochronology) or overall size.  
 
If a swallow nestbox had fledged when visited, the nest was collected, frozen to 
kill adult parasites, and air-dried, to allow later analysis of the number and mass 
of feathers provisioned to the nest by the male swallow.  The nestbox was swept 
clean by hand and left in place for the following season or later nesting attempts.  
(Kingfisher nests were re-excavated after fledging to examine nest contents, e.g. 
dead babies, but no collections were made.) 
 
4.3.3. Non-target species: Approximately 70 species of landbirds nested in the 
floodplain of the South and Shenandoah Rivers.  A few of these species feed 
directly from the river channel, and could bioaccumulate directly from the aquatic 
food web (e.g. Louisiana waterthrush, Mallard).  Other species eat flying insects 
that have emerged from the river channel (e.g., several flycatcher species, family 
Tyrannidae and northern rough-winged swallows).  Others eat predatory 
arthropods such as spiders and myriapods (millipedes and centipedes) that may 
bioaccumulate directly from the aquatic food web via emergent insects (e.g. 
Carolina wren).  A large number of floodplain-inhabiting bird species eat 
invertebrates that emerge from floodplain soils or eat plants growing in floodplain 
soils, and there is a possibility that these bioaccumulate mercury originating in 
river sediments deposited on the floodplain (e.g. eastern bluebird).  For these 
reasons we screened non-target species to assess which avian feeding guilds 
are potentially at risk.  
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Catching birds away from their nests involved placing a nearly invisible nylon 
mist net across natural flight lines.  An audiolure of a screech-owl was sometimes 
used to attract adult birds from adjacent territories intent on investigating the 
perceived predator.  Non-target species were be sampled initially from The 
Waynesboro Water Treatment Plant, Genicom, Dooms Crossing, Grottoes City 
Park, and the Harrisonburg Water Intake near Island Ford, but not from reference 
sites.   
 
Song sparrows were banded with a USFWS band because they are non-
migratory and likely to be used as a comparison species in future studies.  Other 
non-target species were not banded, but sex was determined through plumage 
(adults), weights were obtained with a digital balance (Ohaus, good to 0.01 g) 
and other morphometric measurements were recorded in waterproof “Rite in the 
Rain” notebooks (unflattened wing chord, age by skull condition and plumage).  
The central tail feather on the right side was removed to allow identification of the 
individual (to exclude duplicate sampling) for the duration of the field season. All 
other procedures were identical to sampling for target species. 
 
4.4. Surveying avian communities:  From 8 June to 5 July, after migration but 
before singing activity had diminished, I sampled points in the contaminated 
and uncontaminated study sites (20 points in each).  Points were located 100 
m from the river channel, on a randomly selected side of the river, at a river 
crossing that was accessible by automobile.  I recorded all birds seen or heard 
for 10-minutes within a circular plot with 100 m radius.  I had previously 
marked with flagging tape a location 50 m from the point to allow determination 
of whether each bird recorded was within 50 or 100 m of me.  Such distance-
sampled data allow calculation of accurate densities by correcting for 
difference in detectability between species (i.e. quiet species are detected in 
the inner circle more often and an adjustment can be made after-the-fact).  
Each count was then repeated on a different day by either Charles Ziegenfus 
or John Spahr, skilled local birdwatchers.  This kind of survey data depends on 
the ability of the observer to recognize every vocalization made by 70 species 
of birds.  I have been doing such counts for decades and can recognize the 
sounds of over 500 species of birds.  My colleagues are also very skilled; one 
has been teaching Ornithology at James Madison University for 30 years, and 
the other is president of the Virginia Society of Ornithology.  The two counts 
from each point were combined and the maximum count of each species used.  
The maximum count is a more meaningful number than the average count 
because birds may go undetected when present, but will never be detected 
when absent.  These surveys provide estimates of density for each species, 
overall density of all species, and richness (number of species). 
 
4.5. Analyzing mercury levels: Atomic absorption (AA) is an atomic spectroscopy 
method that determines free elements in the vapor phase.  Since the work of 
Hatch and Ott (1968), most mercury (Hg) analyses have followed a “cold vapor 
atomic absorption” (CVAA) method, in which Hg2+ is reduced to Hg0 with a strong 
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reductant, exchanged into the gas phase, and swept into an absorption cell for 
analysis.   For both liquid and solid samples, this method first requires a digestion 
step that releases particle-bound Hg to solution and converts it to free Hg2+.  
Recently, a method had been developed that eliminates the digestion step by 
combusting samples, trapping the released Hg onto a gold surface, and then 
releasing the trapped Hg as a concentrated slug for analysis via AA.   

While this method is particularly well-suited for samples of small mass, it is 
also limited to a finite mass range.  While the digestion/CVAA method can 
accommodate sediment and tissue samples of several grams, the 
combustion/trapping/AA method is limited to ~0.1 – 0.2 g at most.  For this 
reason, homogenization of larger samples is critical in order to achieve accurate 
and precise results.  Although this method is theoretically capable of determining 
Hg in aqueous samples, the volume limitation makes this capability useless 
because of Hg’s low concentration in this sample matrix.  Thus, the method 
described in this document is primarily for the analysis of tissue or sediments.  
Use of this method is restricted to analysts who are knowledgeable in the 
recognition of physical sample problems (e.g., heterogeneity) as well as potential 
for poisoning catalyst surfaces.   
 
4.5.1.  Background: This approach has been incorporated by EPA in a method 
for analyzing solid waste and leachate (EPA SW-846 Method 7473).  Prior to 
analysis, samples must be homogenized so that a representative aliquot can be 
taken for analysis, considering that typical weights are ~0.1 g.  Samples are 
weighed into pre-combusted boats and placed on an autosampler carousel.    
The boats are then inserted into the instrument by a pneumatic arm and 
subjected to a sequence of heating steps while under a constant flow of O2(g).  
Time intervals and temperatures are set so that the samples are first dried and 
then combusted.  Combustion gasses are passed through a heated catalyst and 
then through a gold trap which removes Hg(g) from the gas stream.  After the 
sample has been combusted and the Hg collected for a sufficient time, the gold 
trap is heated in order to release the trapped Hg as a concentrated slug into the 
gas stream.  The released Hg is swept into a two-stage absorption cell where 
free Hg0 atoms absorb light from a Hg vapor lamp.  This results in two absorption 
peaks, the first from a sensitive, long path length cell and the second from a less 
sensitive, short cell.  Mercury concentrations in samples are quantitatively 
measured by comparing peak absorption with that of known calibration 
standards.  
 
4.5.2. Interferences: Spectral interferences are caused by absorption of light at 
the Hg wavelength (254 nm) by species present in the sample. Because organic 
species are combusted in the catalyst tube and Hg is trapped on the gold column 
prior to analysis, spectral interferences are not expected to occur with this 
method.  One spectral problem that may develop is poor peak resolution and/or 
shape, which can be indicative of leaks or a spent gold trap.  Physical 
interferences are effects associated with sample drying and combustion.  Drying 
times must be adequate to remove water in order to prevent rapid boiling and 
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splattering of sample on the wall of the combustion tube.  Chemical interferences 
include species that absorb at the wavelength of Hg0 (254.7 nm) and species that 
might poison the catalyst surface.  Although volatile organic species can absorb 
light at the Hg wavelength, the combustion and trapping steps insure that these 
species are not present in the cell when Hg is measured.  Poisoning of catalyst 
surfaces can be avoided by not analyzing samples with high concentrations of 
elements known to cause such problems (e.g., Pb).  The DMA 80’s catalyst tube 
does not have an infinite lifetime, even when samples having catalyst-poisoning 
potential are not analyzed.  Similarly, the gold trap may eventually be unusable 
as its active surface is compromised by sample- and trap-related material.  
These problems will show such symptoms as low recovery of CRMs and spikes, 
and high carryover following samples containing moderate amounts of Hg.  An 
example of a typical absorbance trace is shown in Fig. 1; poorly-separated peaks 
may be indicative of a spent gold trap. 
 
4.5.3. Materials:  
Direct Mercury Analyzer: 

• Mercury analyzer.  TERL uses a Milestone DMA 80 direct mercury 
analyzer equipped with a 40 position autosampler and a dual cell detector. 

• Oxygen gas supply: Welding grade or better; available as compressed gas 
in cylinders. 

Operating conditions:  The analyst should follow the instructions provided by the 
instrument manufacturer.  All measurements must be within one of the 
instrument’s two calibration ranges.  The analyst must (1) verify that the 
instrument configuration and operating conditions satisfy the analytical 
requirements and (2) obtain quality control data confirming instrument 
performance and analytical results.  This generally consists of verifying accuracy 
by analyzing a blank and a certified reference material.  Precision is evaluated by 
analyzing replicate samples. 
 
Balance: 

• Samples are weighed on a Sartorius BP221S analytical balance to the 
nearest 0.0001 g.  Balance calibration is evaluated on a daily basis using 
a set of weights.  If necessary, the balance is calibrated and rechecked for 
accuracy. 

• The balance is connected to the computer operating the DMA 80 to allow 
direct transfer of sample weights into the instrument software.   

 
4.5.4.  Reagents:  Because of the principle of its operation, the DMA 80 uses a 
minimum of reagents.  Aside from the O2 used as a combustion gas, no reagents 
or consumable materials are used other than for calibration purposes and on 
occasion to aid in preparing certain samples (e.g., addition of mineral acid to 
blood samples).  Acids used in sample preparation must be shown to have low 
Hg blanks.   

• Concentrated hydrochloric acid (HCl). 
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• Nitric acid (1:1): Add 25 ml concentrated HNO3 to 25 ml of reagent water 
in a disposable plastic centrifuge tube.   

 
4.5.5.  Calibration standards: The DMA 80 is calibrated using certified reference 
materials having known Hg concentrations.  Because the calibration range 
extends from ~1ng to ~700 ng, it is necessary to run a wide range of 
concentrations in order to calibrate both absorbance cells.  Reference materials 
used in this laboratory include both tissues and sediments, and are obtained from 
NIST and NRCC.  Materials presently in use and typical sample weights are 
listed in Table 1. 
 
Although it is theoretically possible to use either solid or liquid calibration 
standards, our experience has been that aqueous standards do not provide 
results that are consistent with those of solid samples.   Milestone has referred to 
this as a “sample matrix effect”, but until it is resolved we prefer to use solid 
calibration samples. 
 
 
 
 
 
Calibration Standards for DMA 80 Hg Analysis 
CRM Certified Value 

(ppb) 
Sample Mass (g) ng Hg 

Blank 0 1 0 
NIST 2976 61 0.0200 1.22 
NRCC DOLT-2 2140 0.0100 21.4 
NRCC DOLT-2 2140 0.0120 27.8 
NRCC DORM-2 4640 0.0100 46.4 
NRCC DORM-2 4640 0.0350 162 
NIST 2710 32,600 0.0100 326 
NIST 2710 32,600 0.0200 652 
 
4.5.6.  Sample handling: Samples to be analyzed for Hg by this method must be 
kept frozen (tissues) or refrigerated (sediments) until they have been analyzed or 
freeze dried.  Because the method determines total Hg, speciation is not an 
issue.  Samples may be analyzed wet, or dry following freeze drying.  Oven 
drying has been found to result in Hg loss and thus is not an acceptable means 
of sample preparation.  Freeze dried samples may be stored at room 
temperature.  Whether analyzed wet or dry, sample homogeneity is critical 
because of the small sample masses utilized in this method.  If samples are not 
analyzed in their entirety, they must be homogenized to a fine paste (wet) or 
powder (dry) in order to insure that a representative sample is taken for analysis.   
 
4.5.7. Procedure:  Set up the instrument with proper operating parameters, as 
recommended by the manufacturer.  The instrument must be allowed to become 
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thermally stable before beginning (usually requiring at least 15 min of operation 
prior to running standards).   
 
Using boats that have either been previously run through the DMA 80, or that 
have been combusted overnight at 450°C in a muffle furnace, prepare a 
calibration blank and standards according to Table 1.  A new calibration curve 
should be created, and should be given a recognizable file name (e.g., one that 
includes the date).  The instrument will run any samples in the sequence file that 
have weights greater than “0.0000”.  Calibration samples should be so 
designated, and should have their weights and certified concentrations entered 
on the “Documentation” page of the DMA 80 software.  The calibration blank 
should be entered with a concentration of 0 and a sample weight of 1.0 g.  
Depending upon project requirements, it may be possible to verify a recent 
calibration rather than performing a complete instrument calibration each day 
analyses are performed. 
 
Following the calibration standards, the analysis sequence includes a blank 
check standard and a calibration check standard.  An empty boat is used for the 
blank check standard, and a CRM is used for the calibration check standard 
(e.g., DOLT-2 for tissue samples, MESS-3 for sediment samples).  Because 
these are functionally equivalent to a sample batch’s method blank and SRM, 
these results serve double duty.  Acceptance criteria are less than twice the MDL 
for the blank and ±20% of the certified value or within the certified limits for the 
CRM, whichever is larger.  If these criteria are not met, the run should not be 
continued until the problem has been resolved and satisfactory blank and CRM 
check results have been obtained. 
 
After the instrument has been calibrated and the “blank check” and CRM check 
have been run, the results are evaluated to determine whether the calibration is 
acceptable.  Once the check standards are acceptable, the autosampler tray is 
loaded with samples, with weights entered into the “Documentation” page and 
drying times into the “Program” page.  
 
Calculations are performed by the DMA software.  Subsequent calculations in the 
LIMS require the raw mass of Hg observed, expressed in micrograms, along with 
the sample weight in grams.  The LIMS will calculate the final Hg concentration 
for reporting, along with the detection limit for each sample. Final results are 
reported in parts per million (ppm, ug/g), on a wet or dry basis depending upon 
whether the samples are analyzed wet or dry. 
 
Instrument QC samples are functionally equivalent to batch QC samples.  
Additionally, a CCV and CCB are analyzed at the end of the run. 
 
Analyze batch QC samples (method blank, CRM, duplicate samples, matrix spike 
samples) at the frequency required by the particular project.  Typically, this is 5-
10% of samples, or one per batch, whichever is higher. 
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4.5.8. Quality control: 
 
All quality control data should be maintained and available for easy reference or 
inspection.  Because samples analyzed with this method are solids, dilution is not 
an option.  If the Hg concentrations are so high that the absorption peak exceeds 
0.8 Abs on both cells, the sample analysis must be repeated with a lower sample 
mass.  If concentrations are so high that the requisite mass is less than 0.01 g, 
the sample should be weighed on a more sensitive balance in order to achieve 
the goal of 3 significant figures. 
 
Blanks. Several types of blanks are required for the analysis.  The calibration 
blank is used in establishing the analytical curve, and the method blank is used 
to identify possible contamination in analyzing each batch of samples.  
Continuing blanks are used to evaluate the calibration line through the analytical 
run.  The calibration blank is obtained by running an empty, combusted boat.  
The method blank is obtained by running an empty, combusted boat along with 
samples in each analytical batch. A minimum of one method blank per sample 
batch is included to determine if contamination or any memory effects are 
occurring.  Continuing Calibration Blanks (CCB) are analyzed to verify the 
intercept of the calibration curve through the course of the run.  Because these 
are also empty, combusted boats and thus are effectively the same as method 
blanks, they are only run when method blanks do not meet project-specific 
frequency criteria. 
 
Calibration check standards.  An aliquot of a certified reference material, run 
separately from the calibration curve, is used as a calibration check standard 
(Initial Calibration Verification standard, ICV).  Continuing Calibration Verification 
(CCV) standards consist of aliquots of certified reference material.  As is the case 
with CCBs, CCVs are run when batch SRMs do not meet project-specific criteria 
for monitoring instrumental stability.   Duplicate samples are to be analyzed at 
the project-required frequency, typically 5-10%.  The relative percent difference 
between duplicate determinations is to be calculated as follows: 
   RPD  = (D1-D2)/((D1 + D2)/2) x 100 
where: RPD = relative percent difference, D1 = first sample value, and D2 = 
second sample value (duplicate). The analysis is in control when 95% of the 
duplicate analyses (for values greater than 10 times the instrument detection 
limit) result in RPD’s £ 20. 
 
Matrix spike samples are to be analyzed at the project-required frequency, 
typically 5-10%. Recovery is calculated as follows: 
Rec. (%) = (Spiked value – Unspiked value) / (Spike amount) x 100 
The analysis is in control when 95% of the matrix spike analyses (for samples 
where the spike amount is at least as high as the unspiked value) have 
recoveries ranging from 80 – 120%.  For matrix consistency, samples are spiked 
with known masses of certified reference material standards. 
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It is recommended that whenever a new or unusual sample matrix is 
encountered, a series of tests be performed prior to reporting concentration data.  
These tests will ensure the analyst that neither positive nor negative 
interferences are operating to distort the accuracy of the reported values.   
 
Check the instrument standardization by analyzing appropriate quality control 
check standards as follows. 
 
Check instrument calibration using a calibration blank and an independent 
calibration verification standard.   
 
Verify calibration every 20 samples and at the end of the analytical run, using a 
calibration check blank (8.3.3) and a calibration check standard (8.4.2).   
 
The results of the check standard must agree within 10% of the expected value; 
if not, terminate the analysis, correct the problem, and recalibrate the instrument.   
 
The results of the blank checks should be less than two times the method 
detection limit.  Higher blank levels are acceptable as long as they are less than 
10% of the lowest observed sample concentration.  If blanks exceed these 
criteria, they should be rerun one time.  If the second blank analysis also fails, 
analysis should be terminated and the source of the problem identified.  Likely 
causes are contaminated boats and spent catalyst and trap tubes.  Once the 
problem has been solved, the calibration should be rechecked (recalibrating, if 
necessary) and samples following the last successful calibration check should be 
reanalyzed. 
 
4.5.9. Method performance: Method performance is a function of analyte, matrix, 
and concentration.  The analysis is only as good as the weighing step, so care 
must be taken to ensure that all sample material is in the analytical boat and not 
on the balance pan.  Wet samples must be allowed to dry prior to the combustion 
step, so it is important to adjust the drying time accordingly.  For both wet and dry 
samples, the small mass of sample analyzed requires extreme sample 
homogeneity in order to produce results that are representative of original 
sample. The method detection limit has been determined to be 0.0051 ppm Hg 
on a dry weight basis when analyzing a tissue sample having a mean 
concentration of 0.0166 ppm.  Precision calculated as RPD on 95 duplicate 
samples ranging in weight from 0.004 to 0.329 g averaged 5.8%.  Accuracy as 
determined by recovery of Hg added to 62 spiked samples averaged 96.8%.  
Recovery of Hg in 83 CRM analyses averaged 98.6%. 
 

4.6. Field duplicates: Whenever possible, for each sampling program, three 
duplicate samples were collected for every bird. These duplicate samples were 
collected concurrent with one another. They were intended to duplicate the 
routine sample collected and to provide repeat samples in the case of shipping 
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loss or equipment failure at the laboratory, In other words, when sufficient sample 
volume could be collected, duplicate blood samples were collected from the 
same organism as part of the original sample (i.e. from the same drop of blood in 
a new capillary tube). 

Feather duplicates were of two types: different feathers from the same part of the 
bird’s body and gathered at the same time (small body or contour feathers), or 
different portions of the same homogenized feather (large wing and tail feathers). 
 
Duplicate blood and feather samples were not identified on the chain-of-custody 
form to allow an assessment of lab performance under routine conditions.  
Approximately 1 in 10 samples sent to the laboratory was duplicated.  These 
samples are blind field duplicates.  Unused duplicates remain in my custody for 
use in additional studies. 
 
4.7. Chain-of-Custody: Chain-of-custody records provide documentation of the 
handling of each sample. Chain-of-custody forms were used for recording 
pertinent information about the types and numbers of samples collected and 
shipped for analysis. Sample identification numbers provided before shipping by 
the analytic lab (TERL) were included on the chain-of-custody form.  To ensure 
that no error in identification was made during transfer to the analytical 
laboratory, the TERL identification code and the unique sample identification 
number were always written directly on the paper label of the vacutainer holding 
each sample.  
 
Chain-of-custody procedures provide clear documentation of the handling and 
custody of each sample from the sampling event through the laboratory analysis. 
Chain-of-custody procedures are implemented so that a record of sample 
collection, transfer of samples between personnel, sample shipping, and receipt 
by the laboratory that analyzes the sample is maintained. The chain-of-custody 
(COC) record serves as a record of possession of the sample. The COC record 
is initiated with the acquisition of the sample. The COC record remains with the 
sample at all times. The field investigator is tasked with ensuring secure and 
appropriate handling of the bottles and samples. To simplify the COC record, as 
few people as possible handled the samples. So far, not a single sample has 
been out of my custody before shipping.  A sample is considered to be under my 
custody if one or more of the following criteria were met: 
 

 The sample was in my  possession.  

 The sample was in my view after being in possession.  

 The sample was in my possession and then was locked up to prevent 
tampering.  I have the only keys to the locked freezers. 

 The sample was maintained in a designated secure area such as the 
freezer in my lab for brief periods, such as on the day of shipping.   
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All sample sets from a particular sampling incident (i.e. all tubes of blood plus 
feathers and egg taken simultaneously from one nest) are accompanied by a 
COC record placed in the freezer bag with the sample.  When transferring 
possession of samples, the individual responsible for sample receipt should sign, 
date, and note the time the samples were received on the COC record.  Because 
only a portion of a sample is shipped, while the rest remains in my custody, a 
new COC form is drafted at the time of shipping, while the original form remains 
sealed in the bag containing the frozen sample set.  The new COC records 
shipment and receipt by the analytical laboratory (in this case, TERL) and will be 
maintained by the receiver indefinitely.   The original COC remains with the 
sample set in case additional portions of the sample are shipped or transferred to 
another investigator (e.g., if a sample is destroyed during shipment a duplicate 
may be sent, or at a future date it may be decided that methylmercury analysis is 
required for particular samples, a portion of which has already been sent for total 
mercury analysis). 
 
Samples sent off-site for analysis were properly packaged for shipment, and 
delivered or shipped to the designated laboratory for analyses.  All samples were 
accompanied by the COC form.  The original form was placed in a plastic bag at 
the top of the inside of the secured shipping container.  One copy of the form was 
retained. 
 
Every sample was be labeled with both the TERL sample identification number 
and a portion of the unique identification number.  The latter always included the 
unique USGS Bird Banding Lab band number or, in the case of an unbanded 
non-target species, the 4-letter American Ornithologists’ Union designating 
species (e.g. CARW for Carolina wren) plus the location code (e.g. GENI for 
Genicom property in Waynesboro), the date of sampling (day month year) and 
the sample number (e.g. 2 for the second wren sampled at Genicom on a 
particular date).  This code is unique and corresponds to more complete 
information in the original field notebooks (such as time of sampling, time of 
placement in freezer, age and sex of sampled individual, etc.).  The bag 
containing a sample was marked with the species, number, date and location at 
the time the sample is placed in the freezer at the field site, and this provides 
back-up documentation linking a sample to original notebook in case a label falls 
off or becomes illegible. 

 
All original data recorded in sample labels and chain-of-custody records was 
written in waterproof ink.  Field notebooks, however, were written in pencil 
because this is the only medium that will always perform in rain or on a notebook 
that has become wet during boat work.  If an error was made, a single line was 
drawn through the entry in a different color of ink, and the entry initialed and 
dated. The erroneous information was not obliterated.  Any errors found in 
documentation will be corrected by the person who made the entry, and with my 
knowledge.  Field notebooks were scanned and saved on CD at the end of the 
field season and are included in the electronic version of this final report.  During 
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analysis and proofing of data entered into databases, inconsistencies and errors 
found in the field notebooks were corrected, and such corrections will not be 
present on the scanned version of the field notebooks.  The original notebooks 
will be retained indefinitely and made available for inspection upon request. 
 
4.8. Shipping samples: Tissue samples were shipped on dry ice by overnight 
delivery service (next morning delivery) to: Attn: Robert Taylor, Trace Element 
Research Laboratory, Dept. of Veterinary Anatomy and Public Health, College of 
Veterinary Medicine, Texas A&M University, Highway 60, VMA Building, Room 
107, College Station, TX 77843-4458.  I always notified TERL Laboratory of the 
intent to ship a particular number of samples.  TERL provided in-house tracking 
codes for each sample, and these were written directly on the labeled vacutainer 
containing each sample (along with sample ID number).  I always notified TERL 
that samples were being sent for next-morning delivery by email with shipping 
tracking number. I personally shipped all samples.  
 
 
 
 

 
 

Ariel White excavating a belted kingfisher nest near Basic Park, Waynesboro 
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5. RESULTS: 
 
All data in tables are presented as means ± standard deviation and followed by 
samples size in parenthesis.  The statistical test is always a non-parametric 
comparison of the South River samples and the reference samples.  The 
additional category, Wayne-Shen, includes the South River and the South Fork 
Shenandoah from Waynesboro downstream to the VGDIF boat ramp in 
Shenandoah, but is not compared statistically. 
 
5.1. Mercury levels in target species:  The primary finding of this study was that 
total mercury levels in adult blood of all three target species was dramatically 
higher in the contaminated portion of the South River than in the reference sites.  
Kingfishers had the highest level (~6 ppm), as expected, but this mean was 
based on only four birds, two of which were mated to one another and had 
approximately 10 ppm.  The high degree of variance and low sample size from 
the contaminated portion of the South River leaves some doubt as to the typical 
level for kingfishers, but there is no question that kingfishers are elevated above 
reference levels and that some kingfishers have truly alarming mercury loads 
(Table 1).  The low number of nests found in the most contaminated portion, 
between Crimora and Port Republic (2 nests, both probably failed), raises an 
important question for further investigation.  Are there few kingfishers nesting in 
this section because of the high mercury level, or is there a dearth of suitable 
nesting habitat?  This question will be answered in 2006, as well as increasing 
sample size for adult blood levels, adult feather levels, and egg levels. 
 
Tree swallow mercury levels (Table 1) were also elevated in the contaminated 
portion of the South River (~3 ppm).  The larger sample of this species provides 
an assessment of where mercury availability in the insectivorous food web is 
greatest along the entire South River (Fig. 1).  It is clear that levels begin to rise 
at the Invista site, but do not peak until approximately 20 miles downstream near 
Grottoes.  This dataset clearly shows the utility of nesting tree swallows as 
bioindicators for mercury in the Shenandoah Valley and elsewhere, as this result 
corresponds very closely to data on fish tissue mercury loads (Figure 2).  Another 
important conclusion is that including data from birds downstream of the 
confluence at Port Republic in a linear regression, as originally proposed, is not 
biologically appropriate, because levels do not change linearly downstream from 
the former Dupont plant, rather they rise gradually and then fall abruptly at Port 
Republic due to the influx of uncontaminated water.  In 2006, nestboxes will be 
moved from Shenandoah River sites below the confluence to new sites on the 
South River to provide a finer-grained analysis of the peak in mercury availability.  
 
 
 
 
 



 29

Table 1. Mean ± SD (and sample size) total mercury level (ppm wet weight) in 
blood collected from adult birds on the contaminated South River, the South and 
South Fork Shenandoah Rivers from Waynesboro to Shenandoah, and reference 
sites in the South, Middle, and North Rivers.   
 
Species South (ppm) Wayne-Shen Reference Wilcoxon(P)
tree swallow 2.64 ± 1.16 (22) 2.06 ± 1.12 (38) 0.18 ± 0.12 (33) < 0.001 
belted kingfisher 6.30 ± 4.7 (4) 2.47 ± 3.75 (10) 0.28 ± 0.23 (10) 0.018 
screech-owl 2.94 ± 1.1 (8) 2.85 ± 1.1 (9) 0.28 ± 0.20 (5) 0.004 
eastern bluebird 1.91 ± 0.64 (6) 1.62  ± 0.69 (9) 0.12  ± 0.02 (3) 0.028 
American goldfinch 0.02 ± 0.15 (2) No sampling No sampling n/a 
American robin 0.43 ± 0.45 (2) No sampling No sampling n/a 
blue jay 0.11 (1) No sampling No sampling n/a 
black-and-white 
warbler 

0.19  (1) No sampling No sampling n/a 

Carolina chickadee 0.42 ± 0.18 (5) No sampling No sampling n/a 
Carolina wren 3.08 ± 1.70 (11) No sampling No sampling n/a 
eastern phoebe 1.62 ± 0.38  (2) No sampling No sampling n/a 
field sparrow 0.47 (1) No sampling No sampling n/a 
great-crested 
flycatcher 

0.53 (1) No sampling No sampling n/a 

gray catbird 0.53 ± 0.36 (9) No sampling No sampling n/a 
house sparrow 0.06 (1) No sampling No sampling n/a 

indigo bunting 1.53 ± 2.68 (4) No sampling No sampling n/a 
northern cardinal 0.60 ± 0.63 (6) No sampling No sampling n/a 
n. rough-winged 
swallow 

1.60 (1) No sampling No sampling n/a 

orchard oriole 0.70 ± 0.37 (2) No sampling No sampling n/a 
song sparrow 1.03  ± 0.82 (7) No sampling No sampling n/a 
tufted titmouse 1.16  ± 0.49 (3) No sampling No sampling n/a 
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Figure  1. Total mercury level (ppm wet weight) in blood collected from adult tree 
swallows on the South and South Fork Shenandoah Rivers from Waynesboro to 
Elkton.  
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Figure 2. Comparison of total mercury level (ppm wet weight) in tree swallow 
blood and fish tissue on the South and South Fork Shenandoah Rivers from 
Waynesboro to Elkton. Fish tissue data were provided courtesy of Billy Van Wart 
of VDEQ and include all gamefish collected in 1999 and 2002, excluding trout. 
Red dots are swallows and black dots are fish. 
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Eastern screech-owls sampled on the South River had elevated mercury 
(~3 ppm) despite the fact that they are not known to eat prey directly from 
the river (although it is possible that they eat minnows or crayfish, Gelbach 
1995).  The fact that their levels were higher than that of tree swallows is 
surprising, on the one hand, because tree swallows eat insects with 
aquatic larval stages whereas the owls hunt primarily songbirds, small 
mammals and terrestrial invertebrates.  However, the larger prey, longer 
lifespan, and larger body size of the owls would lead to the prediction of 
higher mercury levels.  The primary question with owls is whether the 
mercury in their diet is from their terrestrial prey, or whether they are 
eating enough aquatic invertebrates and fish to elevate their mercury.  If 
owls use nestboxes in 2006 in large numbers, collection of pellets and 
discarded prey will shine light on this question. 
 
5.2. Mercury levels in young birds: Preliminary analysis of a small sample 
of nestling blood indicates that nestling levels are approximately an order 
of magnitude lower than adults at the same sites, but still higher than 
reference nestlings.  A large number of samples from kingfisher and tree 
swallow nestlings, as well as a smaller sample of non-target nestlings 
(northern rough-winged swallow, eastern phoebe, eastern bluebird, 
Carolina chickadee) are currently awaiting analysis at TERL.  It is possible 
that nestlings with low blood mercury have high feather mercury and will 
experience increased blood levels when feathers stop growing (1-3 weeks 
after leaving the nest).  Alternatively, young birds may be receiving less 
methylmercury in their diets than adults, or otherwise ridding themselves 
of it without transferring it to growing feathers.  Analysis of nestling 
feathers in coming months, and recapture of nestlings several weeks after 
they have fledged in 2006 will provide an answer to this question. 
 
Table 2.  Mean ± SD (and sample size) total mercury level (ppm wet 
weight) in blood collected from young birds on the contaminated South 
River, the South and South Fork Shenandoah Rivers from Waynesboro to 
Shenandoah, and reference sites in the South, Middle, and North Rivers. 
 
Species South (ppm) Wayne-Shen 

(ppm) 
Reference 
(ppm) 

Wilcoxon 
test (P) 

tree swallow 0.17 ± 0.05 (2) 0.12 ± 0.05 (5) 0.01 ± 0.001 (5)  0.08 
belted kingfisher 0.27 ± 0.15 (7) 0.23± 0.17 (13) 0.09 ± 0.07 (7) 0.017 
eastern phoebe 0.15 ± 0.05 (2) No data No sampling n/a 
eastern bluebird 0.12± 0.07 (5) 0.10± 0.07 (8) 0.23 (1) n/a 
Carolina chickadee 0.14  ± 0.01 (2) 0.14± 0.04 (2) No sampling n/a 
n. rough-winged 
swallow 

0.07 ± 0.01 (2) No data No sampling n/a 

song sparrow 0.15 (1) No data No sampling n/a 
L. waterthrush No data 0.30 (1) No sampling n/a 
 
 
 



  

   

32
5.3. Mercury levels in non-target species:  Of the 23 species of non-
target birds collected, the most striking finding was that Carolina wrens 
had mercury levels as high as screech-owls (~3 ppm).  Because wrens 
are small, non-migratory birds that do not eat aquatic prey or flying insects 
with aquatic larval stages, they must be acquiring their mercury through 
terrestrial invertebrates.  It is possible that they are eating spiders and 
other predatory arthropods, which in turn eat emerging aquatic insects.  
An alternative explanation is that mercury from floodplain sediments is 
bioavailable and moves up the terrestrial food web to the wrens.  In either 
case, the Carolina wren dataset clearly indicates that terrestrial birds in 
riparian habitat can be at risk from riverine mercury contamination.  This 
finding, while not necessarily surprising, has important global implications 
and is new to science. 
 
5.4. Nesting success: Much of my effort was directed towards measuring 
nesting success, one component of reproductive fitness, in kingfishers and 
swallows.  Owl reproductive data were not obtained because owls did not 
nest in the nestboxes.  The clutch initiation date, clutch size, hatching 
success, growth rate, fledging success and fledging mass were measured 
in 125 tree swallow nests (Table 4), and clutch initiation date and clutch 
size were measured in 16 kingfisher nests (Table 5).  Growth rates for tree 
swallow nestlings are based on three measurements for each nestling, 
with each brood pooled (Figure 3).  None of these measures differed 
between the South River and reference sites.  Because of the difficulty in 
accessing kingfisher nests without causing abandonment, nestling mass 
data was acquired only once, at variable ages, and so is presented as a 
curve of development through time for all nestlings (Fig 4).  It is clear from 
visual inspection of this curve that nestlings in contaminated areas were 
not underweight for their age relative to reference nestlings.  Again, 
because of the difficulty in accessing kingfisher nests repeatedly, neither 
mass at time of fledging, hatching success nor fledging success could be 
accurately measured on a large enough sample of birds to provide 
meaningful results.  In the three nests that I know were 
abandoned/predated, there was no trace of nestlings or predator sign, so 
my strategy of inspecting the empty kingfisher nests just after the 
expected fledging date did not provide as reliable an indicator of fledging 
success as I had hoped.  Other attributes of nesting performance were 
also measured but have not been analyzed yet due to the painstaking 
nature of the measurements (e.g. asymmetry of nestling legs, number of 
feathers provisioned to each swallow nest, depth of each kingfisher 
nesting tunnel).   
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Table 4.  Nesting performance parameters for tree swallows at the 
contaminated South River, the South and South Fork Shenandoah Rivers 
from Waynesboro to Shenandoah, and reference sites in the South, 
Middle, and North Rivers.  Only early (<June 9) nesting attempts were 
included as later nests are often second attempts or less successful birds. 
 
 South (ppm) Wayne-Shen 

(ppm) 
Reference 
(ppm) 

Wil-
coxon 
test (P) 

Clutch initiation day 13.3 ± 7.8 (27) 11.9 ± 6.9 (50) 13.8 ± 9.0 (45) 0.14 
Clutch size (eggs) 5.5 ± 0.9 (27) 5.7 ± 0.9 (50) 5.8 ± 0.83 (45) 0.20 
% hatching 0.93  ± 0.09 (26) 0.92 ± 0.11 (49) 0.93 ± 0.17 (44) 0.54 
% fledging 0.90 ± 0.18 (26) 0.94 ± 0.14 (47) 0.95 ± 0.14 (42) 0.16 
fledging mass (g) 22.0 ± 2.3 (27) 21.8 ± 2.0 (47) 21.5 ± 2.1 (39) 0.73 
 
 
Table 5.  Nesting performance parameters for belted kingfisher at the 
contaminated South River, the South and South Fork Shenandoah Rivers 
from Waynesboro to Shenandoah, and reference sites in the South, 
Middle, and North Rivers. 
 
 South (ppm) Wayne-Shen 

(ppm) 
Reference 
(ppm) 

Wilcoxon 
test (P) 

Clutch initiation (day) 6.2 ± 10.2 (4) 7.7 ± 6.8 (9) 967 ± 4.1 (7) 0.70 
Clutch size (eggs) 6.7 ± 0.5 (4) 6.77 ± 0.53 (9) 6.33 ± 0.98 (6) 0.46 
 

 
Nestbox containing Carolina chickadee nest usurped by tree swallow 
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Figure  3. Growth trajectory of nestling tree swallows as measured by weight relative to 
age. Each point is a whole brood.  Points above the line indicate broods that are heavy 
for their age.  Red points are nestlings from the South and Shenandoah Rivers between 
Waynesboro and Shenandoah, while green dots are from reference sites on the South, 
middle and North Rivers. 
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Figure  4. Condition of nestling belted kingfishers as measured by weight relative to bill 
length.  Because bill length is an indicator of age, points above the line indicate 
individuals that are in good condition for their age.  Red points are nestlings from the 
South and Shenandoah Rivers between Waynesboro and Shenandoah, while green dots 
are from reference sites on the South, middle and North Rivers. 
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Table 6 (part 1 of 2).  Species densities (birds/hectare) for 20 
contaminated survey points along the South and Shenandoah Rivers 
between Waynesboro and Shenandoah, and 20 reference points on the 
South, Middle and North Rivers. 
 
Species Scientific name Reference Waynesboro-

Shenandoah 
Green Heron Butorides virescens 0.032 0.016 
Great Blue Heron Ardea herodias 0.000 0.000 
Black Vulture Coragyps atratus 0.032 0.016 
Turkey Vulture Cathartes aura 0.080 0.064 
Canada Goose Branta canadensis 0.016 0.016 
Wood Duck Aix sponsa 0.016 0.032 
Mallard Anas platyrhynchos 0.032 0.016 
Osprey Pandion haliaetus 0.016 0.000 
Sharp-shinned Hawk Accipiter striatus 0.000 0.000 
Northern Bobwhite Colinus virginianus 0.016 0.000 
Killdeer Charadrius vociferus 0.016 0.032 
Rock Dove Columba livia 0.095 0.016 
Mourning Dove Zenaida macroura 0.430 0.366 
Yellow-billed Cuckoo Coccyzus americanus 0.080 0.095 
Chimney Swift Chaetura pelagica 0.111 0.143 
Ruby-throated Hummingbird Archilochus colubris 0.016 0.032 
Belted Kingfisher Ceryle alcyon 0.016 0.032 
Red-bellied Woodpecker Melanerpes carolinus 0.127 0.143 
Downy Woodpecker Picoides pubescens 0.127 0.080 
Hairy Woodpecker Picoides villosus 0.000 0.016 
Northern Flicker Colaptes auratus 0.111 0.048 
Pileated Woodpecker Dryocopus pileatus 0.000 0.000 
Eastern Wood-Pewee Contopus virens 0.080 0.095 
Acadian Flycatcher Empidonax virescens 0.000 0.000 
Willow Flycatcher Empidonax traillii 0.032 0.000 
Eastern Phoebe Sayornis phoebe 0.048 0.016 
Great Crested Flycatcher Myiarchus crinitus 0.016 0.032 
Eastern Kingbird Tyrannus tyrannus 0.048 0.080 
White-eyed Vireo Vireo griseus 0.016 0.000 
Warbling Vireo Vireo gilvus 0.080 0.143 
Red-eyed Vireo Vireo olivaceus 0.032 0.080 
Blue Jay Cyanocitta cristata 0.159 0.143 
American Crow Corvus brachyrhynchos 0.159 0.159 
Fish Crow Corvus ossifragus 0.032 0.111 
Tree Swallow Tachycineta bicolor 0.191 0.286 
Cliff Swallow Petrochelidon pyrrhonota 0.000 0.032 
N. Rough-winged Swallow Stelgidopteryx serripennis 0.048 0.064 
Barn Swallow Hirundo rustica 0.223 0.111 
Carolina Chickadee Poecile carolinensis 0.159 0.239 
Tufted Titmouse Baeolophus bicolor 0.064 0.095 
White-breasted Nuthatch Sitta carolinensis 0.080 0.016 
Carolina Wren Thryothorus ludovicianus 0.239 0.366 
House Wren Troglodytes aedon 0.048 0.048 
Blue-gray Gnatcatcher Polioptila caerulea 0.032 0.080 
Eastern Bluebird Sialia sialis 0.032 0.032 
Wood Thrush Catharus mustelinus 0.016 0.032 
American Robin Turdus migratorius 0.350 0.430 
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Table 6 continued.  Species densities (birds/hectare) for 20 
contaminated survey points along the South and Shenandoah Rivers 
between Waynesboro and Shenandoah, and 20 reference points on the 
South, Middle and North Rivers. 
 
Species Scientific name Reference Waynesboro-

Shenandoah 
Gray Catbird Dumetella carolinensis 0.271 0.175 
Northern Mockingbird Mimus polyglottos 0.159 0.048 
Brown Thrasher Toxostoma rufum 0.000 0.016 
European Starling Sturnus vulgaris 0.318 0.159 
Cedar Waxwing Bombycilla cedrorum 0.175 0.095 
Yellow Warbler Dendroica petechia 0.016 0.016 
Pine Warbler Dendroica pinus 0.000 0.000 
Common Yellowthroat Geothlypis trichas 0.000 0.000 
Yellow-breasted Chat Icteria virens 0.016 0.016 
Scarlet Tanager Piranga olivacea 0.000 0.016 
Eastern Towhee Pipilo erythrophthalmus 0.048 0.127 
Chipping Sparrow Spizella passerina 0.064 0.016 
Field Sparrow Spizella pusilla 0.143 0.032 
Grasshopper Sparrow Ammodramus savannarum 0.048 0.016 
Song Sparrow Melospiza melodia 0.589 0.446 
Vesper Sparrow Pooecetes gramineus 0.000 0.000 
Northern Cardinal Cardinalis cardinalis 0.509 0.302 
Dickcissel Spiza americana 0.016 0.000 
Blue Grosbeak Guiraca caerulea 0.000 0.016 
Indigo Bunting Passerina cyanea 0.334 0.318 
Bobolink Dolichonyx oryzivorous 0.016 0.000 
Red-winged Blackbird Agelaius phoeniceus 0.271 0.080 
Eastern Meadowlark Sturnella magna 0.175 0.048 
Common Grackle Quiscalus quiscula 0.366 0.462 
Brown-headed Cowbird Molothrus ater 0.223 0.239 
Orchard Oriole Icterus spurius 0.111 0.111 
Baltimore Oriole Icterus galbula 0.080 0.095 
House Finch Carpodacus mexicanus 0.175 0.095 
American Goldfinch Carduelis tristis 0.223 0.175 
House Sparrow Passer domesticus 0.064 0.048 
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Table 7.  Latitude and Longitude of survey points used for community 
surveys. 
 
Name Type Latitude Longitude 
Wilda Bridge (B.) Ref 38.01.308 79.05.635 
656 B. Ref 38.01.583 79.03.838 
634 B. Ref 38.00.773 78.59.329 
Lipscomb Rd Ref 38.01.281 78.58.820 
664 Lyndhurst Rd Ref TBA TBA 
632 / J&B Lane Ref TBA TBA 
Shore Rd Ref 38.03.748 78.54.743 
Country Club Ref 38.03.915 78.51.807 
Locust St Ref 38.03.769 78.54.170 
Ridgeview Park Ref 38.03.878 78.54.464 
616 B. Ref 38.12.516 78.55.549 
778 B. Ref 38.13.753 78.55.567 
774 B. Ref 38.13.865 78.53.887 
Mid. R. 775 Ref 38.14.507 78.52.872 
Mid. R. C769 B. Ref 38.15.704 78.51.660 
Scott's Ford B. Ref 38.16.955 78.51.146 
N. R. Port Repub. B. Ref 38.17.933 78.48.590 
Cowbane Central Ref 38.01.398 79.03.647 
Cowbane East Ref 38.01.042 79.02.844 
Cowbane West Ref 38.01.458 79.03.869 
Constitution Park Contam 38.04.121 78.53.139 
North Park Contam 38.04.698 78.52.717 
Basic Park Contam 38.05.076 78.52.509 
Genicom Contam 38.05.548 78.52.541 
Dooms Crossing Contam 38.06.459 78.51.830 
Crimora Crossing Contam 38.09.333 78.51.206 
Augusta Forestry Club Contam 38.16.882 78.86.255 
Harriston Contam 38.13.137 78.50.151 
Grand Caverns Contam 38.15.664 78.49.915 
Grottoes Town Park Contam 38.16.908 78.50.127 
Melvin Bradburn Park Contam 38.17.681 78.48.740 
Port Repub. Boat Landing Contam 38.17.717 78.48.452 
Sheetz Farm Contam 38.20.317 78.43.918 
Power Dam Road Contam TBA TBA 
Island Ford Boat Launch Contam 38.21.248 78.41.721 
Lynwood B. Contam 38.18.658 78.46.268 
Merck Gate Contam 38.23.220 78.39.561 
Hawksbill Creek Contam TBA TBA 
Stonewall Riverside Park Contam 38.23.805 78.37.417 
Elkton Landing Park Contam 38.24.508 78.38.067 
 
5.5. Population density and diversity:  No detectable differences were 
found in the number of species detected at contaminated and reference 
sites (65 species at each), or in the densities of each species or all 
species combined (Table 6).  Further analysis in which birds are lumped 
into feeding guilds could reveal subtle differences, but it appears that there 
are no obvious community-level effects of the mercury contamination in 
the floodplain.  Such differences were not expected, except in a worst-
case-scenario, because immigration from surrounding areas would erase 
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any detectable effects of mortality as immigrants settled on vacant 
territories.  Further analysis of distance-corrected data (to correct for 
differences in detectability between species) is necessary before statistical 
comparisons of absolute densities can be made. 
 
 
6. CONCLUSIONS 

 
Despite the fact that this was the first year of bird study on the South 
River, I already have enough data to answer several important questions.  
It is clear that mercury is bioavailable to many bird species throughout the 
contaminated portion of the South River and adjacent riparian habitat.  It is 
clear that bioaccumulation is occurring in both piscivorous and 
insectivorous birds, including terrestrial species that do not obtain food 
with an aquatic life stage (e.g. Carolina wren).  It is clear that some 
species (e.g., kingfisher, bluebird, screech-owl, tree swallow, Carolina 
wren, screech-owl) are bioaccumulating levels of mercury that are of 
concern based on studies elsewhere (Pers. Comm. David Evers, Gary 
Heinz).  On the other hand, it is also clear that mercury is not causing 
species extirpation or widespread nesting failure on the South River.  If 
fitness effects are occurring in tree swallows or kingfishers, they manifest 
after fledging.  If reproduction depression is occurring, it is being masked 
by immigration from surrounding areas, as community-level surveys did 
not reveal any differences in density or species richness. 

 
Further research, in 2006, will attempt to answer additional questions: 
 

• Has reproductive success of screech-owls been compromised? 
• What are the methymercury levels during the vulnerable egg 

stage? 
• Why are there so few kingfishers in the most contaminated stretch 

of the South River? 
• What is the route of dietary uptake for non-piscivores with high 

mercury levels? 
• What happens to mercury levels in young birds after feather growth 

ceases? 
• Did exposure to mercury during 2005 effect survival of tree 

swallows to 2006? 
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1. CONCISE SUMMARY 
 
1.1. Objectives: As detailed in the 2005 annual report, mercury levels in avian 
blood were significantly elevated in several species of adult birds sampled along 
the South River, including tree swallow, belted kingfisher, Carolina wren, eastern 
bluebird and eastern screech-owl (see Appendix 1 for scientific names of all 
species observed within 50 m of river channel during this study).  These birds 
represent several different trophic levels and both the aquatic and terrestrial food 
chains, indicating that mercury has moved beyond the piscivorous food chain. 
One objective of Year 2 was to identify the route of mercury accumulation in non-
piscivorous birds by collecting prey items to reconstruct diets of nestlings and 
adults.  Nestling birds had uniformly low levels of mercury relative to adults in 
2005, although nestlings on contaminated sites were significantly elevated above 
reference nestlings.  Thus, the second objective was to determine whether nestling 
blood mercury levels were low because their prolific feather growth buffered the 
blood from mercury accumulation.  We detected no obvious reproductive failure 
among the tree swallows, which was the only species for which sample size was 
adequate in 2005.  The third major objective was increase the sample size of 
reproductive success data in this species and to compare estimated annual survival 
rates of adult swallows banded in 2005 on contaminated and reference sites.  Data 
were also gathered from every kingfisher nest on the South River to complete an 
objective from 2005, when most of the data were from the reference rivers and 
South Fork Shenandoah.  In addition, we collected eggs from a number of species 
to determine exposure at this critical stage of the life cycle, and we sampled blood 
from additional songbird species. 
 
1.2. Scope: Beginning in February 2006, a nest box trail was established for wrens 
and bluebirds to allow sampling of food items and radio-tracking of fledglings. 
Food items were collected from two species of wrens and bluebirds on the 
contaminated sites only.  Fledgling bluebirds were radio-tracked and re-captured 
for more than 3 months after fledging on contaminated sites to track blood 
mercury levels after the cessation of feather growth.   

The tree swallow nest box trail was expanded to increase the likelihood of 
detecting returning birds.  The screech-owl nest box trail was also expanded in an 
attempt to increase sample size.  All of these nest boxes were monitored through 
the spring and summer on both reference and contaminated sites.  The entire study 
site was searched for kingfisher nests in April and all nests were monitored until 
fledging.   

Finally, mist nets were used to capture adults of these species, particularly 
screech-owls, which failed to nest in our boxes again.  When other species were 
opportunistically captured, they were sampled as well, providing what is almost 
certainly the biggest sample of non-piscivorous birds ever from a mercury-
contaminated site.   
 
1.2.1. Mercury levels: Mercury levels in tree swallow blood were twice as high as 
in 2005, an unexpected finding that has not yet been fully explained. Initial 
concern about the Carolina wren proved to be valid, as this insectivorous species 
continued to have the highest level of any species.  Of 17 species that were 
sampled, blood mercury was significantly higher on contaminated sites for 13 
species, and approximately an order of magnitude higher for all species but one.  
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Most of these species are songbirds with little or no direct dietary link to the 
river, so it is clear that mercury is available in multiple terrestrial food webs.  
Kingfishers were sampled more thoroughly on the South River in 2006, and levels 
were similar to 2005; approximately the same as for tree swallows.  Eggs were 
collected from kingfishers, bluebirds, wrens, swallows and chickadees but have 
not yet been analyzed.  Feathers have been collected from all birds in 2005 and 
2006 but have not yet been analyzed. 
 The level of mercury in nestling birds has been consistently low in all 
species, relative to adults of the same species at the same locations 
(approximately one order of magnitude less).  Following the end of feather 
growth, mercury level in bluebird climbed steadily, but did not reach adult levels 
before dropping during the first molt in late summer. 
 
1.2.2. Effects: Tree swallow reproductive success was significantly reduced on 
contaminated sites, such that contaminated swallows produced approximately one 
less fledgiling, but there was no difference in terms of date of clutch initiation 
date, rate of double clutching, clutch size or hatching success, and the reduction in 
fledglings was significant only for inexperienced swallows breeding for the first 
time.  A preliminary sample of eggs suggests that there was a reduction in egg 
size for inexperienced females on contaminated sites, but more data are needed 
before this can be determined to be the cause of reduced reproductive success.  
The level of mercury in an individual females blood was significantly related to 
her reproductive success, but the relationship was weak.   

There was no difference in return rates of 2005 adult tree swallows to 
contaminated or reference sites, with approximately 50% of banded birds 
returning to both types of sites.  Less than 3% of the nestlings from 2005 returned, 
but this is typical for tree swallows and more nestlings and adults may return to 
breed in future years. 
 
 

 
 

Adrian Monroe measures an experienced female tree swallow 
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2. RESULTS AND DISCUSSION 
 
2.1. Mercury levels  
2.1.1.  Adult Blood:  Combining 2005 and 2006 data provides a clear picture of 
the extent of mercury contamination in the birds of the South River corridor 
(Table 1).  All 22 species sampled on contaminated and reference sites had a 
higher average level on the contaminated site.  Of these, 17 species provided 
adequate samples for statistical comparison (5 or more individuals on both 
reference and contaminated sites), and only four comparisons were not 
significant.  Of all 17 differences, 15 were over an order of magnitude (e.g., 
contaminated = 2 ppm versus reference = 0.2 ppm).  The exceptions were 
Carolina chickadee and northern rough-winged swallow, which were 2-4 times 
higher on contaminated than reference sites.  The species sampled adequately 
included a duck, a fish-eater, a raptor, a worm specialist, forest, edge and field 
foraging songbirds, ground and canopy specialists, aerial foragers over land and 
water, a woodpecker and bark gleaners.  As in 2005, the highest blood mercury 
level belonged not to a fish-eater, but to the Carolina wren, an insectivore with 
little direct contact with the river.  There is no question that the avifauna of the 
South River corridor has elevated mercury, regardless of ecological niche.  
 
 
 

 
 

Anne Condon processes a fledgling bluebird that has been recaptured 
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Table 1. Mean ± SD (sample size) total mercury level (ppm wet weight) in blood from adult 
birds on the contaminated South River and reference sites.  Species with fewer than 5 
individuals on each type of site were not compared statistically.  P value for a 2-tailed t-test. 
 
Species South ppm Reference ppm P 
American goldfinch 0.04 ± 0.09 (16) No sample  
American redstart 0.86 (1) No sample  
American robin 0.65 ± 0.88 (6) 0.05 ± 0.03 (5) 0.1664 (NS) 
barn swallow 0.99 (10 No sample  
blk. & wht. warbler 0.19  (1) No sample  
belted kingfisher 3.35 ± 2.67 (21) 0.25 ± 0.14 (27) < 0.0001 
bl.-gr. gnatcatcher 7.27 (2) No sample  
blue jay 0.12 ± 0.06 (4) No sample  
brown thrasher 0.45 (1) No sample  
Carolina chickadee 0.45 ± 0.16 (7) 0.23 ± 0.44 (5) 0.2521 (NS) 
Carolina wren 4.69 ± 2.46 (52) 0.41 ± 0.45 (10) < 0.0001 
chipping sparrow 0.13 (1) 0.03 (1)  
common grackle 0.35 ± 0.27 (4) No sample  
com. yellowthroat 1.3 (2) No sample  
eastern bluebird 1.38 ± 0.95 (60) 0.12 ± 0.08 (27) < 0.0001 
eastern kingbird 2.55 (3) 0.04 (1)  
eastern phoebe 3.24 ± 3.04 (7) 0.09 ± 0.01 (4)  
eastern scr.-owl 2.13 ± 1.25 (16) 0.18 ± 0.14 (14) < 0.0001 
eastern towhee 0.47 ± 0.15  (3) 0.05 (1)  
east. tuft. titmouse 2.07  ± 1.41 (9) 0.15 ± 0.15 (5) 0.0059 
field sparrow 0.62 ± 0.47 (9) No sample  
grt.-crst. flycatcher 0.59 (1) 0.12 (1)  
gray catbird 0.97 ± 1.68 (18) 0.10 ± 0.05 (10) 0.1151 (NS) 
grasshop. sparrow 0.26 (1) No sample  

house sparrow 0.06 (1) No sample  

house wren 2.47 ± 1.25 (31) 0.14 ± 0.07 (8) < 0.0001 
indigo bunting 0.90 ± 1.5 (10) 0.08 ± 0.13 (5) 0.2978 (NS) 
mallard 1.21± 0.85 (10) 0.02 ± 0.01 (5) 0.0091 
northern cardinal 0.66 ± 0.51 (15) 0.06 ± 0.04 (12) 0.0005 
northern flicker 1.22 (1) No sample  
n. r.-wing. swallow 2.66 ± 2.10 (10) 0.57 ± 1.00 (6) 0.039 
orchard oriole 0.57 ± 0.35 (3) No sample  
red-bel. wdpecker 1.27 ± 0.65 (10) 0.09 ± 0.06 (8) 0.0001 
red-eyed vireo 6.72 ± 4.60 (5) 0.36 ± 0.36 (8) 0.008 
song sparrow 2.69  ± 2.40 (18) 0.11 ± 0.05 (8) 0.006 
tree swallow 3.66 ± 2.41 (79) 0.17 ± 0.13 (94) < 0.0001 
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The important question is not, however, if there is elevated mercury, but if the 
exposure level is elevated enough to be of concern.  There is little basis for setting 
a “level of concern” because no directly comparable data are available from 
laboratory dosing studies or field studies.  Informally, avian mercury specialists 
such as David Evers of Biodiversity Research Institute and Gary Heinz of US 
Fish and Wildlife Service will agree that individuals with under 0.5-0.8 ppm in 
blood are unlikely to show detectable effects.  Field studies frequently fail to 
document any effect of mercury levels that are higher than these, but this may be 
due to small sample size, failure to measure the correct response variables, or 
natural variation in mercury tolerance across individuals.  For example, a study on 
eagles nesting near a mercury mine found no effects of levels 5-10 times this high 
(Weech et al.  2006).  On the other hand, laboratory studies on birds ranging from 
songbirds to gulls have indicated LD33 levels to be 2-8 ppm (USDI 1998), with 
effects on reproduction, behavior and other variables occurring at lower levels.   

To generalize about the exposure level of South River birds, I have 
classified species into four groups: Concern (> 2ppm), Possible Concern (1-2 
ppm), Not of Concern (<1 ppm), Further Data Desireable (> 0.5 ppm but sample 
size inadequate).  These are intended only to be guidelines for further research, 
rather than management recommendations (Table 2).  In addition to these, several 
species with niches that make them vulnerable to mercury exposure were 
observed in the South River corridor but have not yet been sampled, including 
green and great blue herons, osprey and bald eagle, Cooper’s and sharp-shinned 
hawks, Louisiana waterthrush, wood thrush, warbling vireo, red-winged 
blackbird, solitary and spotted sandpipers (migratory) and mergansers (non-
breeding). 

 

 
 
Maryse Leandre, undergraduate field assistant, prepares eastern screech-owl for release 
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Table 2. Classification of exposure level for species of birds for which adequate (>4 samples) 
were collected along the South River corridor. Concern (> 2 ppm), Possible Concern (1-2 
ppm), Further Data Desirable (> 0.5 ppm but sample size inadequate), Not of Concern (<1 
ppm). 
 
Species Classification Niche 
belted kingfisher Concern fish eater 
Carolina wren Concern ground insectivore 
eastern phoebe Concern aquatic insectivore 
eastern scr.-owl Concern vertebrate predator 
east. tuft. titmouse Concern mid-canopy insectivore 
house wren Concern ground insectivore 
n. r.-wing. swallow Concern aquatic insectivore 
red-eyed vireo Concern canopy insectivore 
song sparrow Concern ground insectivore 
tree swallow Concern aquatic insectivore 
eastern bluebird Possible Concern field insectivore 
mallard Possible Concern aquatic generalist 
red-bel. wdpecker Possible Concern forest generalist 
American redstart Further Data Desirable canopy insectivore 
barn swallow Further Data Desirable aerial insectivore 
bl.-gr. gnatcatcher Further Data Desirable canopy insectivore 
com. yellowthroat Further Data Desirable edge insectivore 
eastern kingbird Further Data Desirable aerial insectivore 
field sparrow Further Data Desirable field insectivore 
grt.-crst. flycatcher Further Data Desirable forest insectivore 
northern flicker Further Data Desirable ant specialist 
orchard oriole Further Data Desirable mid-canopy insectivore 
American goldfinch Not of Concern herbivore 
American robin Not of Concern worm specialist 
Carolina chickadee Not of Concern mid-canopy insectivore 
gray catbird Not of Concern ground insectivore 
indigo bunting Not of Concern edge insectivore 
northern cardinal Not of Concern forest insectivore 
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The level of mercury blood was best documented for tree swallows in both 

2005 and 2006.  We were surprised to find significantly higher levels in 2006 on 
contaminated sites (but not reference sites).  This increase was detectable whether 
examining the population as a whole (Fig.1, Tukey’s posthoc comparison t = 
6.18, p < 0.001) or only those 8 females that were sampled in both 2005 and 2006 
(Fig. 2, ANOVA F = 6.37, p = 0.02).  The explanation for the increase from 2005 
to 2006 is not yet certain.  Several possibilities can be ruled out, however.  The 
increase was not due to increased regional airborne deposition, the addition of 
new study sites, or bioaccumulation by older returning birds (see Rebecka 
Brasso’s thesis for detailed analysis).  This leaves an increase in methylation due 
to lower water levels, increased water temperature, or other factors in 2006 as the 
one possible explanation, but other data from the South River Science Team will 
be required to test this hypothesis.  
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Fig. 1.  Adult swallow blood mercury levels were significantly higher in 2006 than in 2005 in 
contaminated areas. 
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Fig. 2.  Blood mercury levels of returning females rose significantly from 2005 to 2006.  Each 
line connects the mercury level of an individual in 2005 and 2006. 
 
 
2.1.2. Mercury Levels in Young Birds’ Blood: Nestlings had lower blood mercury 
levels than adults, usually by an order of magnitude, on both contaminated and 
reference sites.  Comparisons between contaminated and reference sites were 
possible only for three species due to a paucity of samples from reference sites.  
Nestlings in contaminated sites had significantly higher mercury for kingfishers, 
bluebirds and tree swallows (Table 3).  Nestling tree swallows from 2006 have 
not yet been analyzed, so it is not known whether levels rose in 2006 among 
nestlings as they did in adults. 
 
Table 3.  Mean ± SD (and sample size) total mercury level (ppm wet weight) in blood 
collected from nestling birds on the contaminated South River and reference sites in the 
South, Middle, and North Rivers. 
 
Species South (ppm) Reference (ppm) P 
tree swallow 0.23 ± 0.19 (70) 0.02 ± 0.03 (84) <0.0001 
belted kingfisher 0.26 ± 0.16 (48) 0.09 ± 0.16 (59) <0.0001 
eastern bluebird 0.09± 0.05 (101) 0.02 ± 0.05 (19) <0.0001 
house wren 0.23  ± 0.09 (46) 0.02 ± 0.01 (3)  
Carolina chickadee 0.10  ± 0.08 (3) 0.13  ± 0.29 (7)  
eastern phoebe 0.13 ± 0.02 (11) No sampling  
Carolina wren 0.55 ± 0.21 (25) No sampling  
n. r.-wing. swallow 0.09 ± 0.04 (7) No sampling  
 
 
 Independent fledglings were sampled for the first time to determine how 
quickly mercury levels in blood rises to adult levels after fledging, but the only 
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adequate sample was for bluebirds.  We were very successful in sampling the 
fledgling bluebirds to track changes in mercury level after feather growth ceases, 
collecting 125 blood samples up to 3+ months after fledging.  The mean for 79 
independent bluebirds that had been sampled as nestlings was 0.38 ± 0.29 ppm.  
As expected this is intermediate between the nestling level of 0.09 ppm and the 
adult level of 1.38 ppm.  Nearly every individual that was repeatedly sampled 
showed an increase, with the few sampled after the “autumn” molt showing the 
expected drops (Fig. 3).   
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Fig 3. Mercury levels in blood of repeatedly-sampled individual bluebirds during their first 
three months of life. 
 
 Feather values in fledglings remained constant across the season, as 
predicted by the fact that feathers are no longer connected to the blood stream 
after they cease growing.  Most interesting was the rise and fall evident in these 
levels (Fig. 4) when expressed as a percentage of the adult value expected for 
each site.  A detailed analysis of feather growth and mercury levels will be 
provided in Anne Condon’s thesis (expected August 2007), but the implication of 
this finding is that nestling values are held low during the feather growth period, 
when the ratio of feather mercury to blood mercury was 40:1.  After feathers stop 
growing, their mercury content remained constant, but blood mercury rose to near 
the more typical ratio of 6:1.  This confirms an untested assumption from the 
ecotoxicological literature (Spalding et al. 2000a), and suggests that nestling 
blood values must be interpreted with caution because they are not representative 
of the level of mercury exposure if interpreted the same way as adult blood levels.  
The other relevance of our findings is that the young bluebirds did not reach adult 
levels found at the same sites in their first summer, even after losing the buffering 
effect of growing feathers.  Only three fledglings reached the average adult 
mercury level during the first summer, and, notably, all of these were siblings at 
one site (Basic Park in Waynesboro).  Because this period of a bird’s life is the 
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one with the greatest risk of mortality, a surge in mercury level at or above the 
adult level might have been particularly harmful. 
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Fig. 4. Mercury levels of independent juvenile bluebirds fitted to a polynomial regression 
curve. 
 
2.2. Other tissues: Eggs were collected from kingfisher, bluebird, swallow, wren, 
and chickadee but these have not yet been analyzed because sample sizes do not 
yet allow statistically rigorous comparisions.  Feathers were also collected from 
all birds and most of these have not been analyzed yet. 
 
2.3. Spatial pattern of mercury availability: As in 2005, the highest levels of 
mercury in swallow blood were found along the reach of river between 12 and 22 
river miles downstream of the Invista plant.  When the swallow data are 
superimposed on the sediment of predatory fish data from the same locations the 
concordance of patterns is striking (Fig. 5-6).   
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Fig. 5.  Adult tree swallow blood mercury with river mile in 2005 and 2006 (N=116 
individuals, many points are overlapped). 
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Fig. 6.  Mercury levels with river mile for tree swallows (mean for each site), bass, and 
sediment along the South River.  Closed circles, solid line = adult swallows (average 
2005/2006); open squares, long-dashed line = fish (2005); and open triangles, short-dashed 
line = sediment (2006).  Fish and sediment data provided by the SRST. 
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Unfortunately, data sets from other species, such as kingfishers, owls, 

bluebirds wrens, are not complete enough to allow meaningful statistical 
comparison, but preliminary analyses (for examples see Fig. 7-10) indicate that 
the patterns of mercury availability to bird species other than kingfishers is not 
consistent with that of swallows.  Thus, the hypothesis that mercury 
bioaccumulation in birds is limited to a particular stretch of river does not seem 
likely at this point. 

 
Fig. 7.  Spatial pattern of mercury accumulation in belted kingfishers for 2005-2006 
combined. 

 
 

 
 
Fig 8. Spatial pattern of mercury accumulation in adult bluebirds for 2005-2006 combined. 
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Fig. 9. Spatial pattern of mercury accumulation in eastern screech-owls for 2005-2006 
combined. 
 
 

 
Fig. 10. Spatial pattern of mercury accumulation in Carolina wrens for 2005-2006. 
 
2.4. Nesting success  
2.4.1: Tree swallows: After detecting no statistical differences in measures of 
reproductive success for kingfishers or swallows in 2005, the question remained 
as to whether there was genuinely no effect of elevated mercury, or simply 
inadequate statistical power to detect such an effect.  Therefore, we focused 
intense effort on tree swallow reproduction in 2006 because they were the one 
species for which it was practical to obtain a statistically powerful sample size.  
The number of nest boxes was increased by approximately 60% at each site to a 
total of 286, and every female swallow was captured and monitored, not just for 
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the first round of nesting, but through the rarely-studied second round of 
breeding (Robertson et al 1992).  The sites used were the same as in 2005 with the 
addition of two sites on each the reference and the contaminated areas (Fig. 11).   
 

 
 
Fig. 11. Sites used for sampling tree swallow mercury levels and reproductive success. Black 
circles are contaminated sites.  Red arrows indicate new sites in 2006.  South Fork 
Shenandoah River sites, north of Port Republic, were not sampled in 2006. 
 
 

 

 
 

A rare brood of eight nestling belted kingfishers  
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Table 4. Number of nest boxes provided at all sites in 2005 and 2006. 

 

Site River Status
# boxes 

2005 
# boxes 

2006 
Basic Park South C 5 9 
Water Treatment Plant South C 8 10 
Genicom South C 8 13 
Dooms river crossing South C 5 9 
Crimora river crossing South C 2 3 
Augusta Forestry Center South C 20 31 
Wampler property South C 0 6 
Harriston river crossing South C 0 3 
Rankin property South C 0 8 
Grand Caverns South C 2 7 
Grottoes City Park South C 10 16 
Bradburn Park South C 0 4 
SUBTOTAL   60 119 
Port Republic South Fork C 9 0 
Sheets Farm South Fork C 5 0 
Merck Plant South Fork C 28 0 
SUBTOTAL   42 0 
Cowbane Nature Preserve South R 12 16 
P Buckley Moss Barn South R 0 11 
Ridgeview Park South R 6 11 
Locust Street  South R 7 7 
Whitescarver Farm  Middle R 15 37 
Godfrey Farm  Middle R 8 14 
Smith's Pond Middle R 10 17 
Fort River Road Middle R 4 4 
Dories /Middle River Rd  Middle R 6 14 
Shapcot property  Middle R 3 5 
Crawford annex North R 14 20 
Flora property  North R 4 0 
Sandy Bottom Park North R 0 4 
Rt. 276 river crossing North R 0 7 
SUBTOTAL   89 167 
TOTAL AVAILABLE 
BOXES   191 286 
 
There are many ways to measure reproductive success, but the single most telling 
is the number of offspring that leave the nest.  Tree swallows on contaminated 
sites produced significantly fewer offspring than those on reference sites in 2006 
(ANOVA, F = 4.28, p = 0.0002).  This is in contrast to a non-significant 
difference in the same direction observed in 2005 (F = 1.5, p = 0.44).  Other 
reproductive success metrics, such as clutch size, date of first egg, or proportion 
of eggs hatching, did not differ (ANOVA, clutch: F = 0.49, p = 0.48, date: F = 
0.15, p – 0.70, hatchability: F = 2.55, p = 0.11).  Another interesting finding in 
2006 was that the breeding season began 5 days earlier than in 2005 on the 
contaminated sites and 7 days earlier on the reference sites, for the earliest 
recorded breeding of tree swallows since such records began (Clapp 1997). 
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Closer scrutiny revealed that it was primarily the first-time, inexperienced 
breeders, recognized by their brown second-year (SY) plumage that produced 
fewer offspring on contaminated sites (Tukey’s posthoc test between 
contaminated and reference SY birds: t = 3.84, p = 0.004).  Older, experienced 
birds (ASY), recognized by their blue plumage (and in many cases their band 
from 2005) did not differ from their counterparts on the reference sites.  One 
hypothesis to explain this result is that the effect of mercury is only detectable 
when a bird is already stressed, in this case because of inexperience.  Examining 
the two stages of the nesting period more closely can sometimes determine 
whether it was poor incubation of eggs or inability to feed nestlings that caused 
reproductive problems.  In this case, SY females had a significantly lower 
proportion of both unhatched eggs and hatched nestlings reach the fledging stage 
than their counterparts on reference sites (Fig. 12, Tukey’s posthoc tests, 
proportion eggs fledging: t = 4.6, p = 0.0002, proportion nestlings fledging: t = 
3.66, p = 0.008), suggesting that neither incubation nor feeding can be singled out 
as the period of increased mortality.  
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Figure 12.  In 2006, inexperienced (SY) females in contaminated areas produced 
significantly fewer fledglings than experienced (ASY) females. Error bars represent the 95% 
CI of the mean and sample sizes are given above each bar. 

 
To test the hypothesis that inexperienced (SY) females, when living on 

contaminated sites, laid eggs that were less well provisioned for the future, we 
measured the length and width of eggs from tree swallow nests without collecting 
them, and calculated their volume.  Although our sample of SY female clutches 
was too small for a rigorous statistical comparison (10 eggs but from only two 
broods), the apparently lower average volume suggests that the combination of 
inexperience and mercury caused females to lay smaller eggs than expected for 
their age (Fig. 13). 
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Fig. 13.  Inexperienced (SY) females in the contaminated areas (grey bars) fledged a 
significantly smaller proportion of their nestlings or eggs compared to experienced (ASY) 
females.  In the reference areas (white bars), ASY and SY females had similar proportions of 
nestlings and eggs fledge.  Error bars represent the 95% CI of the mean and samples sizes 
are given above each bar. 

E
gg

 v
ol

um
e 

(m
m

3̂)

ReferenceContaminated

SYASYSYASY

2.0

1.9

1.8

1.7

1.6

1.5

1.4

20 (4)
47 (8)

10 (2)

78 (13)

Fig. 14.  Inexperienced (SY) females in the contaminated area laid smaller eggs than ASY 
females in contaminated and reference areas.  Eggs of SY females in contaminated areas 
may have been smaller than eggs of experienced birds (ASY) or SY birds on reference sites. 
Closed circle indicates the mean; error bars represent the 95% CI of the mean.  Total 
number of eggs measured, (and number of clutches), is shown above each bar. 
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Because we detected an effect of mercury on some measures of 

reproductive effect, it is natural to assume that an individual female’s mercury 
level would correlate with her reproductive success.  This was the case, because 
we detected significant relationships between individual mercury level and 
proportion of eggs hatched and fledged, as well as proportion of hatchlings that 
fledged and number of fledglings (Table 5).  However, the relationships, albeit 
statistically significant, were weak, as indicated by the low r-squared values in 
Table 5.  In other words, most of the variation in these reproductive variables is 
not explained by individual mercury level. 
 

Table 5.  Relationship between female mercury level and  seven reproductive parameters.   
 

 N R2 F p 
Clutch initiation 118 0.002 0.24 0.62 
Clutch size 118 0.009 1.11 0.30 
Proportion eggs hatched 118 0.07 8.37 0.005* 
Proportion nestlings fledged 114 0.04 4.49 0.04* 
Proportion eggs fledged 114 0.12 15.09 <0.001* 
Number fledglings produced 114 0.08 9.05 0.003* 
Average egg size 13† 0.07 0.88 0.37 

* indicates a significant relationship was found.  
 † sample size is number of broods. 
 
2.5. Diets of terrestrial songbirds: As a result of the finding in 2005 that some 
terrestrial songbirds had comparable blood mercury levels to a piscivore 
(kingfisher) and aquatic insectivore (swallow), we initiated an investigation into 
the route of mercury exposure for terrestrial songbirds.  We tested the hypothesis 
that large spiders were an important route of mercury that would explain the 
differences between songbird species.  Because spiders prey on other species of 
invertebrates, including other predatory spiders and emergent aquatic insects 
carrying mercury directly from the river, we assumed that they would have higher 
methylmercury content than other terrestrial invertebrates.  To test the hypothesis, 
populations of three bird species (house and Carolina wren and eastern bluebird) 
were attracted to nest boxes where they raised young.  During three one-hour 
periods over the nestling period we intercepted all food items delivered to the 
chicks using a harmless technique known as the ligature method (Mellott and 
Woods 1993).  A cable tie was placed around the neck of each chick that allowed 
breathing and swallowing, but prevented the passage of prey items.  These prey 
items were collected, weighed, frozen, identified to Order, and then freeze-dried 
for stable isotope and total/methyl mercury analysis. The objective was to 
generate a database that would allow identification of the major mercury 
contributors in the diet, and estimation of the daily intake.  The data set was much 
larger than expected, so this objective is realistic; however, we have not yet 
received results of the stable isotope or mercury analysis.  

Some important conclusions can be made already.  Two main invertebrate 
groups provide the majority of the diet for all three species of songbirds, spiders 
(Araneae) and moths/butterflies (Lepidoptera).  Bluebirds also have a large 
proportion of grasshoppers (Orthoptera) in their diets (Fig. 15).  The data in hand 
may not adequate to generate a reliable daily mercury intake model, but they will 
provide variance estimates and power calculations that will ensure that such a 
model can be built from 2007 data. 
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Fig. 15.  Proportion of biomass comprised of each prey type for Carolina wrens (CARW), 
house wrens (HOWR) and eastern bluebirds (EABL).  Sample size of insects collected from 
each species of bird is shown. 
 
 

 

 
Fig. 16.  Percentage of diet comprised of adult (small moths) and larval lepidopterans (moth 

and butterfly caterpillar s) and Araneae (mostly “wolf” spiders).  Red bars are Carolina 
wrens, cream bars are house wrens and blue bars are bluebirds. 



  

   

23
 

The reason we chose these three bird species is because they represent a 
range of blood mercury levels, which we had predicted would be explained by the 
size or percentage of spiders in their diets.  Carolina wrens have the highest 
mercury levels of any species and a large bill that we predicted would allow them 
to eat larger spiders.  Bluebirds have lower blood mercury than either wren, and 
their bill size and preference for disturbed, open habitat suggested to us that they 
would be eating fewer large spiders.  House wrens are intermediate in terms of 
habitat, bill size and mercury level.  Focusing on the two most important groups, 
spiders and moths/butterflies, it is clear that there are not dramatic differences in 
proportion of spiders in the diet, or in proportion of lepidopterans, which should 
have low methylmercury because they are herbivores (Fig. 16).  In particular, 
Carolina wrens are not eating a higher proportion of spiders than the other two 
species.  If Carolina wrens were eating more large spiders, these might provide 
more methylmercury than smaller spiders, even if the total amount of spiders was 
the same.  However, this does not seem to be the case, at least when comparing 
Carolina wrens with bluebirds (Fig. 17). 

 
 
Fig. 17.  Mass of average prey item for three most important prey types for Carolina wrens 
(red), house wrens (cream) and bluebirds (blue). 
 
 
2.6. Update on South River kingfishers: 2005 provided an incomplete picture of 
kingfisher levels because only four adults were sampled from the contaminated 
portion of the South River, and variance was extremely high.  After two field 
seasons we are in a position to report the kingfisher levels with confidence after 
two years of sampling.  This is probably the best single-location data set on this 
important bioindicator species ever reported.  Overall, belted kingfishers were 
banded from 44 nesting sites.  This includes 21 adults from 13 nests on the South 
River, 9 adults from 7 nests on the South Fork of the Shenandoah River, and 27 
adults from 19 nests on the Middle and North Rivers.   In total, 178 nestlings were 
measured from 28 nesting sites.  This includes 65 young from 10 nests on the 
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South River, 32 young from 5 nests on the South Fork of the Shenandoah, and 
82 young from 15 nests on the Middle and North Rivers.   
 
2.6.1. Kingfisher Levels: In adult kingfishers, there was a significant main effect 
of sampling site, F2,54 = 22.989,  p < 0.01 (Fig. 18).  This indicates that levels 
differed between reference and contaminated sites.  Specifically, adults sampled 
across all contaminated sites (combining above and below the confluence) had 
higher levels of mercury than those on the reference rivers ( x⎯   = 0.25 ± 0.14, n = 
27).  Mercury in blood was higher between Waynesboro and Port Republic ( x⎯   = 
3.35 ± 2.67, n = 21) than downstream of the confluence, on the South Fork of the 
Shenandoah River ( x⎯   = 0.51 ± 0.38, n=9). 
 Mercury levels in adult kingfishers increased with increasing distance 
from the source of mercury contamination in Waynesboro, and then dropped near 
the confluence of the reference and contaminated rivers.  If both parents were 
sampled from a nest site their mercury values were averaged.  Levels of mercury 
in blood peaked near mile 15 and dropped to near reference levels after the 
confluence (see Fig. 7 above).  Due to a paucity of birds nesting on the final 10 
miles of the South River, it is still not clear if the level of mercury falls before the 
confluence or as a result of the confluence.  These data were best modeled by the 
cubed polynomial equation (y=2.3119 - 4.0136x - 3.6722x2 + 5.3129x3, p<0.05, r2 
= 0.48), however they also fit a squared polynomial equation like the one used for 
tree swallows, which may be more biologically realistic. 
 

 
Fig. 18. Mercury levels in adult kingfishers sampled on the South River (n=21), on the South 
Fork of the Shenandoah (n=9), and on the Middle and North Rivers (n=29).  Bars represent 
standard error. 
 
 To compare mercury levels in young kingfishers without risk of 
psuedoreplication, samples from individuals were averaged by brood.  There was 
a significant main effect of sampling site, F2,20 = 10.17, p < 0.01 (Fig. 19).   This 
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resulted from higher levels of mercury in broods in contaminated than reference 
sites ( x⎯   = 0.07 ± 0.07, n=10).  Broods sampled on the South River had higher 
blood mercury ( x⎯   = 0.26 ± 0.12, n=8) than nests beyond the confluence on the 
South Fork of the Shenandoah River ( x⎯   = 0.11 ± 0.07, n=5).  Mercury levels in 
young kingfishers decreased with increasing distances from the source of 
contamination in Waynesboro.  Samples from young kingfishers were not taken 
on a large portion of the South River between mile 10 and mile 24 because there 
were only three nests here and they were all used for egg and adult sampling.  
After mile 40, levels in young kingfishers dropped to near background levels.  

 
Fig. 19. Mercury levels in broods of young kingfishers sampled on the South River (n=8), on 
the South Fork of the Shenandoah River (n=5), and on the Middle and North Rivers (n=10).  
Bars represent standard error. 
  
2.6.2. Kingfisher Reproductive Parameters: The number of fledglings per nest 
was estimated by the number of nestlings in the nest upon the last visit (n=23 
nests).  Nests that were depredated were not included in this analysis (n=2); both 
of these nests were located on the contaminated South River.  The number of 
fledglings per nest was similar on the South River ( x⎯   = 6.37 ± 0.74, n=8), the 
South Fork of the Shenandoah River ( x⎯   = 6.40 ± 0.55, n=5), and reference rivers 
( x⎯   = 6.20 ± 1.23, n=10), and this difference was not significant F2,20 = 0.14, 
p<0.05 (Fig. 20). 
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Fig. 20. The average number of chicks fledged per brood on the South River, the South Fork 
of the Shenandoah River, and on the Middle and North Rivers. 
 

Measurements were taken from 177 nestlings from 28 nests.  This 
included 10 nests on the South River, 5 nests below the confluence on the South 
Fork Shenandoah River, and 13 nests from reference sites.  There was no obvious 
evidence of nesting failure or reduced condition of chicks.  When measurements 
on the contaminated and reference rivers were combined, it is apparent that chicks 
grew rapidly during the first two and half weeks, before their weight peaked at 
levels above the mean adult weight.  During the last week in the nest, the weight 
of the chicks dropped back to near adult levels (Fig. 21).  It appears that the 
nestlings on the contaminated sites were heavier than expected for their skeletal 
size (estimated by upper beak length, a.k.a. culmen), when compared to reference 
chicks.  Chicks in better condition are typically expected to have higher body 
mass, for their skeletal size, similar to comparing an anorexic and a healthy 
person using their Body Mass Index.  The greater relative mass of the 
contaminated chicks is unexpected, and does not necessarily indicate “better” 
condition.  It could result from altered behavior of the adults or nestlings (e.g. 
more begging), differences in prey availability between reference and 
contaminated sites (e.g. contaminated fish may be easier to catch), or other 
factors.  Any interpretation will require further research.   Further details on 
kingfisher levels and effects will be provided in Ariel White’s thesis (expected 
Feb. 2007).   
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Figure 21.  Weight of the chick by the length of the culmen, separated by location.  The 
residual of mass on skeletal size is traditionally used as a measure of fitness, with points 
above the regression line indicating individuals in better condition. 
 
3. CONCLUSIONS 
3.1. Birds as biomonitors for mercury: As in 2005, birds proved to be economical 
and practical biomonitors for mercury.  Kingfishers and swallows provided 
information that was consistent with data on predatory fish and sediment.  
Swallows offer the advantage that they spend nearly all of their time within 200 m 
of their nests, so provide spatially precise information.  Kingfishers have larger 
home ranges (Davis 1982), but eat nothing from outside of the aquatic food chain, 
so provide a more accurate picture of aquatic bioaccumulation.  Terrestrial 
songbirds indicated that the spatial pattern of mercury availability may not be the 
same in the terrestrial and aquatic foodwebs.  Wrens, owls, and bluebirds, for 
example, did not exhibit a peak in mercury availability 15 miles downstream of 
the contamination source.  These species provide spatially precise data on 
bioaccumulation in the floodplain, particularly the non-migratory Carolina wren.  
Our use of blood mercury data, as opposed to kidney, liver or other tissue, means 
that our findings reflect conditions during the breeding season and should be 
independent of conditions elsewhere or at other times of year.  In addition to the 
logistical advantage of working with birds, they provide an excellent outreach 
tool, because they are charismatic and of interest to the general public.  We 
continued to have great interest and a warm reception from the public, in the form 
of landowner cooperation, offers of assistance, invitations to give public talks (all 
which have been declined this year due to lack of time), and inquiries from the 
press.  If we were working with diatoms or crickets as biomonitors, public interest 
would certainly have been more muted. 
 
3.2. The State of Avian Mercury Exposure on the South River:  It is important to 
keep in mind that although the situation on the South River has been well-known 
for three decades (Carter 1977), prior to 2005 there was no information available 
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on mercury in birds on the South River.  Noone, least of all us, knew what to 
expect when we started the study.   In under two years we have learned a great 
deal.  After sampling 1000s of individuals of over 25 species we can confidently 
conclude that virtually every species living within 50 m of the South River has 
elevated mercury.  Adults have an order of magnitude more mercury in their 
blood than nestlings, and this is because the rapidly growing feathers on nestlings 
act as a harmless reservoir for methylmercury.  Mercury availability for some 
species is highest 10-20 miles downstream of the contaminatuioin site, but this is 
not universal across species.  Most surprising is the finding that some terrestrial 
songbirds with no direct link to the river are accumulating mercury at the same 
level as birds that eat only fish or primarily aquatic insects.  Thus, there must be 
one or more pathways for methylmercury into the terrestrial food chain.  Another 
important result is that the effects of mercury exposure on the South River are not 
dramatic.  We have detected a reduction in productivity among young tree 
swallows, but in general, the kingfishers, swallows and bluebirds nesting along 
the South River are producing offspring that leave the nest successfully and in 
numbers similar to reference sites.  Because the literature on reproductive effects 
of mercury on wild birds is so sparse and inconsistent it is not possible to 
determine whether we should have expected to see effects from the levels of 
mercury that we found, given our sampling effort (Scheuhammer 1987).  What is 
clear is that birds living near the South river accumulate mercury to levels that 
have been shown to have effects on some species, under some conditions.  Thus, 
further research is certainly warranted on effects, and on the remaining species for 
which we do not know levels. 
 
3.3. Success at achieving objectives:  The 2005 final report listed the following 
five questions to be answered in the next year: 
 
“1. Has reproductive success of screech-owls been compromised? 
2. What are the methymercury levels during the vulnerable egg stage? 
3. Why are there so few kingfishers in the most contaminated stretch of River? 
4. What is the route of dietary uptake for non-piscivores with high Hg levels? 
5. What happens to mercury levels in young birds after feather growth ceases?” 
 
These were modified after discussions with stakeholders and formalized as the 
objectives of the 2006 proposal: 
 
1. Reproductive success was to be recorded at 15 eastern screech-owl nests. 
 
2. Eggs were to be collected from 10 contaminated and 10 reference nests of 
Carolina wren, kingfisher, screech-owl and tree swallow nests to assess mercury 
level.  
 
3. Kingfisher nests were to be mapped and intensively sampled on the 
contaminated portion of the south river to determine abundance and mercury 
levels. 
 
4. Diet samples were to be taken from 10 nests each on contaminated sites of 
Carolina wren, tree swallow, bluebird, northern rough-winged swallow and 
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screech-owl.  In addition, observations on mallards were to be used to 
determine diet. 
 
5. Radio-transmitters were to be used to follow and repeatedly sample 15-30 
bluebirds and 5-20 screech-owls. 
 
Additional objectives were: 
6. to determine the return rate of tree swallows and sample 40 returning birds, and 
7. to collect blood samples from 15 Mallards and 5 Louisiana waterthrushes. 
 
We far exceeded expectations for some objectives, and failed to meet others due 
to unexpected limitations on the fieldwork. 
 
1. All objectives involving screech-owls were abandoned because all roosting 
screech-owls abandoned the nestboxes when nesting began, and only one pair 
bred in our nestboxes – at the same site as in 2005. 
 
2. Approximately the proposed number of eggs was collected, but we shifted 
which species we used based on new information about levels.  Thus, Carolina 
chickadee and bluebird were added, to provide eggs from birds with levels below, 
and at, the currently used threshold for concern in adult birds (~1 ppm).  Owls 
were not collected because they were not available.  Only 6 kingfisher nests were 
collected because collecting more would have reduced our sample size for 
reproductive success to below that necessary for valid statistical comparisons.  
None of the eggs has been analyzed, but results are expected in approximately 
April 2007. 
 
3. We were more successful at finding and accessing kingfisher nests on the South 
River, to the point that it is exceedingly unlikely that a nest was missed in 2006.  
Less attention was paid to the reference areas, which had provided a bigger 
sample in 2005.   We also improved our capture technique so that most adults 
were captured and their prey, blood and feathers sampled.  Our kingfisher data 
now represent a more complete picture than has ever been obtained from a 
contaminated site.  In addition, every potential nest site on the contaminated 
portion of the South River was identified and a GPS coordinate obtained.  The 
first cliff downstream of each active nest site was measured, along with the nest 
site, to allow a comparison of selected and unselected cliffs.  These data have not 
been fully analyzed, but they will provide an answer to the question of whether 
the low density of kingfishers between Crimora and Port Republic is below that 
expected from the availability of nest sites. 
 
4. Our collection of diet samples exceeded objectives for Carolina wren and 
bluebird.  In addition, we added the house wren because mercury levels are 
intermediate between Carolina wrens and bluebirds.  Samples were also collected 
in numbers exceeding objectives for tree swallows.  Limited samples were 
collected from rough-winged swallows.  None were collected from screech-owls, 
and the objective of observing mallard feeding was abandoned after it became 
apparent that they do not feed as actively during the daylight hours. 
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5. We far exceeded objectives for the bluebird fledgling study, both in terms of 
sample size and number of repeated collections on the same bird.  Screech-owl 
young were not available for sampling. 
 
6. Adult tree swallows returned in very high numbers and we captured 100% of 
the nesting females.  A high percentage of males was also captured, confirming 
that only 3% of 2005 nestlings returned in 2006.  We were able to get 
reproductive success on all nests, and continued monitoring through the little-
known second breeding season of this species. 
 
7. We were successful in obtaining >10 mallards from both the contaminated and 
reference sites.  We did not catch, or even observe breeding by, Louisiana 
waterthrushes in 2006 on the contaminated sites. 
 
In summary, we met most objectives, and greatly exceeded sample size for the 
two most important ones (swallow returns and wren/bluebird diets).  Screech-
owls are apparently not going to nest in the boxes we have provided, so any work 
with reproduction in this species will require a change of strategy.  Kingfisher 
data now paint a clear picture and little is to be gained by further data collection 
unless new questions are asked.  Egg collection was at odds with our other 
objectives, so sample sizes are not yet adequate, as we gave precedence to 
objectives requiring survival of the eggs.  In addition to the proposed research we 
used other funding sources for preliminary studies of non-target species and sub-
lethal biomarkers, and these studies will shed additional light on the work 
outlined in the original proposal. 
 
4. METHODS 
4.1. Study area: The "contaminated" study area was the entire corridor within 50 
m of the shoreline of the South River from the Waynesboro water treatment plant 
downstream to the VDGIF boat launch at Port Republic.  When data are presented 
for 2005 and 2006 combined, 2005 data from the South Fork Shenandoah from 
Port Republic to the VDGIF boat launch at Shenandoah was sometimes included, 
as noted.  The reference area consisted of the 50 m corridor along three 
tributaries: the South River from Cowbane Natural Prairie Preserve in Stuart's 
Draft to Ridgeview Park in Waynesboro, the Middle River from the intersection 
of 703 and 786 in Swoope to Lewis Creek in Verona, and the North River from 
the intersection of 613 and 727 in Spring Creek northwest of Bridgewater to the 
confluence at Port Republic.  All samples were identified as to treatment type 
(contaminated or reference), local site name (e.g. "Ridgeview Park"), and 
latitude/longitude of the site midpoint using GPS. 
 
4.2. Field Sampling:   
 
4.2.1. Swallows: Female tree swallows generally do most of the incubation.  Both 
females and males feed the young.  Capture of females occurred only after 
hatching to avoid disturbance of incubating birds that might have induced nest 
abandonment.  Male and female swallows were captured during chick feeding 
with the use of a simple drop-down trap door made from a square piece of tin 
temporarily taped over the nest hole from the inside and propped up with a stiff 
blade of grass.  (For individuals that had grown wary of the grass door prop an 



  

   

31
alternate method was developed in which the tin trap door was suspended from 
a plastic drink straw attached to a 40 m piece of monofilament activated by an 
observer.)  Adults entered the hole to feed young and dislodged the blade of grass 
(or the observer dislodged the straw), causing the tin square to cover the entrance 
hole.  The birds were then removed by hand through the side door of the nestbox.  
The entire procedure took several minutes at most and caused no apparent harm to 
the parents or the offspring.  If adults were not trapped within one hour the trap 
was dismantled and a second attempt was made the following week.  Once adults 
were captured and banded, chicks were weighed (at ages 4, 8 and 15 days or as 
close as possible to these ages) and blood and feathers were also collected during 
the final weighing (which was within 3-4 days of fledging).  In addition, the tarsus 
(foot  bone) of each nestling’s leg was photographed using a digital camera and a 
custom photo stand to determine the length and symmetry of the bone (to be 
measured precisely from the digital photograph using a computer image analysis 
system at a later date).  This provide a further size measurement for each nestling 
and possibly information on developmental stability (differences in size of 
bilateral traits).  After processing, all swallows were returned to their nest boxes.  
The sampling process took approximately 5 minutes per nestling.  Female adults 
were always caught on the first or second attempt.  If males were not caught, no 
further attempts were made unless the male was a returning bird with a band, in 
which case a third attempt was made. 
 
4.2.2. Kingfishers: Birds were caught in mist nets (2.6 x 12 m with 60 mm mesh, 
shorter length if required by location of nest) when entering their burrows to feed 
young.  Both males and females were caught in many cases. 
 
The following physiological measurements were recorded:  

� sex based on plumage 
� weight (to nearest g) 
� wing chord length (to nearest mm) 
� culmen length (both exposed portion and nare-tip, to nearest mm) 

 
In addition, the tarsus of each leg was photographed using a digital camera and a 
custom photo stand to determine the length and symmetry of the bone.  A 
photograph was taken of the size of the chest band and blue-and-white pattern on 
the face.  All individuals were banded with a USGS aluminum band and band 
number recorded.  All birds were released after processing, within 20 minutes of 
capture, with no injuries observed.  One fatality occurred in 2006 during banding 
and nest sampling of kingfishers (2 adults and one nestling died in 2005).  A 
female killed one of her nestlings by spearing it with her bill in a panic.  No nests 
were abandoned after our sampling visits (2 were abandoned in 2005). 
 
In addition to collecting blood and feathers from adults, active nests were 
carefully excavated from above the location of the nesting cavity to determine the 
status of the nest.  At nests discovered during the nestling period, nestlings’ ages 
were determined by weight and stage of feather development (Hamas, 1975 and 
1994; Albano, 2000).  If the chicks were younger than two weeks, the nest was 
visited at a later date to band them and to collect blood samples for mercury 
analysis.  Attempts were made to access nests for the first time around 2-3 weeks 
to collect blood from chicks and then to revisit as close to fledging as possible (4 
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weeks) to get a second measurement for the growth curve.  The morphometric 
information collected for adults was also collected for nestlings with the 
exception of feather collection for plumage coloration assessment.  We assigned 
sex if young were >2 weeks old, based on extent of reddish plumage under the 
“armpits”.  Nests were then fitted with a plywood support to prevent collapse, and 
reburied with original soil.  The former hole was covered with flat rocks to 
prevent digging predators.  If the nest was in the incubation stage, the eggs were 
collected, because previous experience indicated that abandonment would occur.  
The fiber-optic probe was used to assess nest status without requiring excavation, 
which allowed more accurate scheduling of nest excavation, but this was still not 
an exact science because the 6’ probe was not always long enough and failed on 
occasion. 
 
4.2.3. Owls: New screech-owl nestboxes (n = 60 for a total of 160 available) were 
placed in suitable habitats in February 2006.  This was before the nesting season 
and we were encouraged to find at least 10 birds roosting in the boxes.  As in 
2005, they were unpainted, untreated pine lumber nestboxes constructed in the 
woodshop at the College of William & Mary and mounted at 18-22’ on large tree 
trunks using a 24’ ladder or a rope ascension system, always with helmets and 
other safety precautions.  All nestboxes were mounted within 50 m of the 
shoreline (usually immediately adjacent in sycamores).  They were placed 50-100 
m apart in an effort to provide separate nestboxes for the male and female of the 
same territory.  To reduce disturbance of this sensitive species we inspected the 
boxes with a miniaturized video camera mounted on top of a 20 foot telescoping 
pole. The camera was inserted into the opening of the nest box and provided a 
clear image of the contents on a miniaturized television held by the observer on 
the ground.  In short, we took numerous steps to ensure that the nest boxes offered 
attractive opportunities for owl beeding, and consulted with several experts 
(Gehlbach 1995).  Only one pair nested in a box, on the same reference site that 
was used in 2005.  Despite our efforts not to disturb the owls, all ceased to use the 
boxes during March and nested elsewhere.  During February and March we 
removed squirrels and their nesting material from all boxes, but once baby 
squirrels were born we left them undisturbed.  This reduced the number of 
available boxes by 50-75% by the end of March.  Because the owls did not adopt 
the nestboxes we lured territorial owls to mist nets by playing audiotaped calls in 
floodplain habitat within 50 m of the shoreline at night.  Owls investigating the 
tape player on the ground at the center of the invisible net often got caught as they 
flew back and forth over the perceived intruder.  We used telescoping net poles to 
greatly increase our capture efficiency over 2005, and stopped sampling when we 
reached the original goal of 15 owls from each of contaminated and reference 
sites. 
 
4.2.4. Wren and Bluebird Diets:  The goal of this effort was to determine what the 
birds are eating and how much mercury is in the diet.  One essential assumption is 
that adults eat the same food as they select for their young.  This will be tested 
after-the-fact by comparing ratios of heavy to light stable isotopes of C and N in 
the blood of adults and young.  Food collection involves intercepting food from 
the parents as they arrive to feed the nestlings.  The only way to collect the food 
the adults themselves are eating is through destructive sampling or administering 
acids that cause regurgitation, but these techniques result in a high rate of 
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mortality.  For kingfishers, the whole fish brought back were collected in the 
mist nets as part of capturing the adults.  For swallows, the parents retain a bolus 
of 10-30 living and dead insects in their bill after capture, so this was simply 
removed with a forceps and placed in a jar immediately following capture.  The 
ligature method (Mellott and Woods 1993) was used for bluebirds and wrens, 
because they swallow any food items that they are carrying when disturbed.  The 
method is conceptually simple, but requires great care in practice.  A plastic cable 
tie is placed around the neck of each nestling in a brood.  The cable tie is 
tightened to the point where the young bird is not having any trouble breathing, 
but food items can no longer pass down the esophagus.  The nestlings are then 
placed back in the nest and an observer records the number of items delivered to 
the babies while seated approximately 40 m away with binoculars.  Bluebirds 
usually deliver one item per trip, while wrens deliver 1-3 items depending on size.  
The observer either removed items as soon as the parent left the nestbox to collect 
another item, or waited one hour and remove all prey.  This was done with a 
forceps after gently massaging the throat above the ligature with a finger until the 
blocked food appeared in the back of the oral cavity.  Each item was placed 
separately in a jar and placed on ice.  Upon return to the field station each item 
was weighed to 0.001 g and identified to order before freezing at -25°C in a 
locked freezer.  Later, each item was reweighed on an analytic balance to 0.0001 
g and freeze dried.  After freeze drying the item was crushed and homogenized so 
a portion could be used for stable isotopes analysis, a different portion for total 
mercury, and a third portion, if necessary, for methylmercury analysis.  Adults 
were captured and banded for individual identification before the ligature 
sampling period and nestlings were banded before fledging. 
 

Data have not yet been fully analyzed, but will be used to model daily 
methylmercury intake rate to test whether diets can explain differences in blood 
levels of adult birds, or, if not sufficient, to plan additional data sampling. 
 
4.2.5. Sampling Independent Juvenile Bluebirds:  There are very few studies of 
any aspect of the biology of independent fledgling songbirds.  Most studies are 
terminated at fledging because of the extreme difficulty of finding or observing 
independent fledgling birds.  Some studies have been carried out on large fish-
eating birds after fledging (e.g., Spalding et al 2000b), but these have been in very 
different biological circumstances.  Although it is frequently stated that nestlings’ 
feathers reduce the level of mercury in blood, this is based on indirect evidence, 
mostly from laboratory studies (Bearhop et al. 2000, Kenow et al. 2003, Honda et 
al. 1986, Monteiro and Furness 2001, Spalding et al. 2000a).  To correctly 
interpret the levels of mercury found in nestling blood, and to determine the slope 
of the trajectory at which fledglings reach adult mercury levels, we followed 
juvenile bluebirds from fledging for as long as possible.  We placed 
radiotransmitters (Holohil, BD2, 0.9 g, range = 800 m) on the birds using 
backpack-style straps of 0.5-1 mm mm elastic beading cord attached to the 
transmitters with “super glue”.  The transmitters weighed less than 5% of the 
mass of the nestling.  An antenna extended approximately 3 cm beyond the tip of 
the tail.  Once the transmittered birds fledged, we checked on their location every 
1-3 days, and recaptured them at approximately 2 week intervals.  At each 
recapture (and prior to fledging) a blood sample was taken and the number of 
feathers growing on the entire plumage was counted.  Some nestlings were found 
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dead, after predation events (n = 5) or natural accidents such as a tornado-
induced treefall (n = 4), because the transmitters continued to work.  When birds 
were recaptured near the time the transmitter was scheduled to fail (approximately 
40 days after the battery was turned on), we removed the transmitter and replaced 
it with a fresh one.  Beginning in July we removed transmitters from birds.  Of 45 
transmitters, 25 were recovered and can be reused, while the majority of those 
remaining unaccounted for are believed to be on birds that died shortly after 
fledging but were not recovered.  For those birds still living with transmitters, the 
backpack straps will eventually degrade and the transmitters will fall from the 
bird.  Attempts to find transmittered birds continued into September.  These data 
will allow a test of the correlation between feather growth, feather mercury level, 
and blood mercury level.  They also provide a clear picture of changes in mercury 
level after fledging, during the difficult first summer of life. 
 
4.3. Sampling tissue  
4.3.1. Blood: For small birds, a small gauge (#27) needle was used for 
venipuncture in the cutaneous ulnar (i.e., a wing vein).  Researchers wore 
protective latex gloves and used field sharps containers for immediate disposal of 
all sharp or blood-contaminated supplies.  The site to be punctured was washed 
with drinking-grade bottled water, and 2-5 small feathers were plucked from the 
site to expose the vein.  Blood was collected with 3, 75 µL capillary tubes (up to 
150 µL total, usually half that amount).  It is important to note that the blood 
initially pools on the surface during the first second after puncture, before the 
capillary tube is placed in contact.  However, after the initial pool is collected the  
blood enters the tube directly from the vein.  Thus, 80% or more of the sample has 
little or no opportunity for contamination with dust or gas on the surface.  The 
tubes were sealed with plastic caps at both ends and placed in a 10 cc vacutainer 
to prevent breakage.  For kingfishers, mallards and owls, #25 gauge needles were 
used to puncture the cutaneous ulnar vein in the wing.  

Blood samples were placed in a locked freezer at the field station and kept 
at approximately -25°C until the freezer was full, whereupon it was transported 
intact by minivan to the campus of College of William & Mary and stored in a 
locked facility until shipping.  Dan Cristol oversaw all blood samples from the 
field station to College of William & Mary so that chain-of-custody was not 
broken. 
 
4.3.2. Feathers: Eight feathers were plucked from the back of each bird and placed 
in a zipping plastic bag for mercury analysis.  In swallows, the innermost primary 
feather was pulled from both wings because this feather grew on the study site in 
the previous year and could be compared to 2005 mercury values.  A few 
additional feathers were pulled from some birds for a study on color brightness. 
 
4.4. Songbird sampling: Approximately 75 species of landbirds nested in the 
floodplain of the South and Shenandoah Rivers (Appendix 1).  A few of these 
species feed directly from the river channel, and could bioaccumulate directly 
from the aquatic food web (e.g. Louisiana waterthrush).  Other species eat flying 
insects that have emerged from the river channel (e.g., several flycatcher species, 
family Tyrannidae and northern rough-winged swallows).  Others eat predatory 
arthropods such as spiders and myriapods (millipedes and centipedes) that may 
bioaccumulate directly from the aquatic food web via emergent insects.  A large 
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number of floodplain-inhabiting bird species eat invertebrates that emerge from 
floodplain soils or eat plants growing in floodplain soils, and there is a possibility 
that these bioaccumulate mercury originating in river sediments deposited on the 
floodplain (e.g. red-eyed vireo).  For these reasons we opportunistically sampled 
all species of birds captured during our netting operations to assess which avian 
feeding guilds are potentially at risk.  This was done at both contaminated and 
reference sites. 
 

Catching birds away from their nests involved placing a nearly invisible 
nylon mist net across natural flight lines.  An audiolure of a screech-owl or 
conspecific song (i.e. bluebird song when trying to catch a bluebird) was 
sometimes used to attract adult birds from adjacent territories intent on 
investigating the perceived predator. 
 

Song sparrows, Carolina and house wrens, northern rough-winged 
swallows, Carolina chickadees, tree swallows, screech-owls, bluebirds, and 
kingfishers were banded before release, because of the expectation that these 
species will be used in future studies.  Other species were not banded with a 
USFWS band, but the right outer tail feather was plucked to ensure that the same 
individual would not be resampled for the duration of the field season.  It takes a 
long time for tail feathers to completely regrow, and even then the fresh feather 
would stand out against the worn feathers and allow an observer to avoid 
duplicate sampling over the course of one season.  For all sampled birds the 
weight was obtained with a digital balance (Ohaus, good to 0.01 g) and other 
morphometric measurements were recorded in waterproof “Rite in the Rain” 
notebooks (unflattened wing chord, age by skull condition and plumage) to allow 
determination of age. 
 
4.5. Analyzing mercury levels: Atomic absorption (AA) is an atomic spectroscopy 
method that determines free elements in the vapor phase.  Since the work of 
Hatch and Ott (1968), most mercury (Hg) analyses have followed a “cold vapor 
atomic absorption” (CVAA) method, in which Hg2+ is reduced to Hg0 with a 
strong reductant, exchanged into the gas phase, and swept into an absorption cell 
for analysis.   For both liquid and solid samples, this method first requires a 
digestion step that releases particle-bound Hg to solution and converts it to free 
Hg2+.  Recently, a method has been developed that eliminates the digestion step 
by combusting samples, trapping the released Hg onto a gold surface, and then 
releasing the trapped Hg as a concentrated slug for analysis via AA.   

While this method is particularly well-suited for samples of small mass, it 
is also limited to a finite mass range.  While the digestion/CVAA method can 
accommodate sediment and tissue samples of several grams, the 
combustion/trapping/AA method is limited to ~0.1 – 0.2 g at most.  For this 
reason, homogenization of larger samples is critical in order to achieve accurate 
and precise results.  Although this method is theoretically capable of determining 
Hg in aqueous samples, the volume limitation makes this capability useless 
because of Hg’s low concentration in this sample matrix.  Thus, the method 
described in this document is primarily for the analysis of tissue or sediments.  
Use of this method is restricted to analysts who are knowledgeable in the 
recognition of physical sample problems (e.g., heterogeneity) as well as potential 
for poisoning catalyst surfaces.   
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4.5.1.  Background: This approach has been incorporated by EPA in a method for 
analyzing solid waste and leachate (EPA SW-846 Method 7473).  Prior to 
analysis, samples must be homogenized so that a representative aliquot can be 
taken for analysis, considering that typical weights are ~0.1 g.  Samples are 
weighed into pre-combusted boats and placed on an autosampler carousel.    The 
boats are then inserted into the instrument by a pneumatic arm and subjected to a 
sequence of heating steps while under a constant flow of O2(g).  Time intervals and 
temperatures are set so that the samples are first dried and then combusted.  
Combustion gasses are passed through a heated catalyst and then through a gold 
trap which removes Hg(g) from the gas stream.  After the sample has been 
combusted and the Hg collected for a sufficient time, the gold trap is heated in 
order to release the trapped Hg as a concentrated slug into the gas stream.  The 
released Hg is swept into a two-stage absorption cell where free Hg0 atoms absorb 
light from a Hg vapor lamp.  This results in two absorption peaks, the first from a 
sensitive, long path length cell and the second from a less sensitive, short cell.  
Mercury concentrations in samples are quantitatively measured by comparing 
peak absorption with that of known calibration standards.  
 
4.5.2. Interferences: Spectral interferences are caused by absorption of light at the 
Hg wavelength (254 nm) by species present in the sample. Because organic 
species are combusted in the catalyst tube and Hg is trapped on the gold column 
prior to analysis, spectral interferences are not expected to occur with this method.  
One spectral problem that may develop is poor peak resolution and/or shape, 
which can be indicative of leaks or a spent gold trap.  Physical interferences are 
effects associated with sample drying and combustion.  Drying times must be 
adequate to remove water in order to prevent rapid boiling and splattering of 
sample on the wall of the combustion tube.  Chemical interferences include 
species that absorb at the wavelength of Hg0 (254.7 nm) and species that might 
poison the catalyst surface.  Although volatile organic species can absorb light at 
the Hg wavelength, the combustion and trapping steps insure that these species 
are not present in the cell when Hg is measured.  Poisoning of catalyst surfaces 
can be avoided by not analyzing samples with high concentrations of elements 
known to cause such problems (e.g., Pb).  The DMA 80’s catalyst tube does not 
have an infinite lifetime, even when samples having catalyst-poisoning potential 
are not analyzed.  Similarly, the gold trap may eventually be unusable as its active 
surface is compromised by sample- and trap-related material.  These problems 
will show such symptoms as low recovery of CRMs and spikes, and high 
carryover following samples containing moderate amounts of Hg. 
 
4.5.3. Materials:  
Direct Mercury Analyzer: 

• Mercury analyzer.  TERL uses a Milestone DMA 80 direct mercury 
analyzer equipped with a 40 position autosampler and a dual cell detector. 

• Oxygen gas supply: Welding grade or better; available as compressed gas 
in cylinders. 

Operating conditions:  The analyst should follow the instructions provided by the 
instrument manufacturer.  All measurements must be within one of the 
instrument’s two calibration ranges.  The analyst must (1) verify that the 
instrument configuration and operating conditions satisfy the analytical 
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requirements and (2) obtain quality control data confirming instrument 
performance and analytical results.  This generally consists of verifying accuracy 
by analyzing a blank and a certified reference material.  Precision is evaluated by 
analyzing replicate samples. 
 
Balance: 

• Samples are weighed on a Sartorius BP221S analytical balance to the 
nearest 0.0001 g.  Balance calibration is evaluated on a daily basis using a 
set of weights.  If necessary, the balance is calibrated and rechecked for 
accuracy. 

• The balance is connected to the computer operating the DMA 80 to allow 
direct transfer of sample weights into the instrument software.   

 
4.5.4.  Reagents:  Because of the principle of its operation, the DMA 80 uses a 
minimum of reagents.  Aside from the O2 used as a combustion gas, no reagents 
or consumable materials are used other than for calibration purposes and on 
occasion to aid in preparing certain samples (e.g., addition of mineral acid to 
blood samples).  Acids used in sample preparation must be shown to have low Hg 
blanks.   

• Concentrated hydrochloric acid (HCl). 
• Nitric acid (1:1): Add 25 ml concentrated HNO3 to 25 ml of reagent water 

in a disposable plastic centrifuge tube.   
 
4.5.5.  Calibration standards: The DMA 80 is calibrated using certified reference 
materials having known Hg concentrations.  Because the calibration range 
extends from ~1ng to ~700 ng, it is necessary to run a wide range of 
concentrations in order to calibrate both absorbance cells.  Reference materials 
used in this laboratory include both tissues and sediments, and are obtained from 
NIST and NRCC.  Materials presently in use and typical sample weights are listed 
in Table 6. 

Although it is theoretically possible to use either solid or liquid calibration 
standards, our experience has been that aqueous standards do not provide results 
that are consistent with those of solid samples.   Milestone has referred to this as a 
“sample matrix effect”, but until it is resolved we prefer to use solid calibration 
samples. 
 
Table 6. Calibration Standards for DMA 80 Hg Analysis 
CRM Certified Value 

(ppb) 
Sample Mass (g) ng Hg 

Blank 0 1 0 
NIST 2976 61 0.0200 1.22 
NRCC DOLT-2 2140 0.0100 21.4 
NRCC DOLT-2 2140 0.0120 27.8 
NRCC DORM-2 4640 0.0100 46.4 
NRCC DORM-2 4640 0.0350 162 
NIST 2710 32,600 0.0100 326 
NIST 2710 32,600 0.0200 652 
 
4.5.6.  Sample handling: Samples to be analyzed for Hg by this method must be 
kept frozen (tissues) or refrigerated (sediments) until they have been analyzed or 
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freeze dried.  Because the method determines total Hg, speciation is not an 
issue.  Samples may be analyzed wet, or dry following freeze drying.  Oven 
drying has been found to result in Hg loss and thus is not an acceptable means of 
sample preparation.  Freeze dried samples may be stored at room temperature.  
Whether analyzed wet or dry, sample homogeneity is critical because of the small 
sample masses utilized in this method.  If samples are not analyzed in their 
entirety, they must be homogenized to a fine paste (wet) or powder (dry) in order 
to insure that a representative sample is taken for analysis.   
 
4.5.7. Procedure:  Set up the instrument with proper operating parameters, as 
recommended by the manufacturer.  The instrument must be allowed to become 
thermally stable before beginning (usually requiring at least 15 min of operation 
prior to running standards).   
 Using boats that have either been previously run through the DMA 80, or that 
have been combusted overnight at 450°C in a muffle furnace, prepare a 
calibration blank and standards according to Table 1.  A new calibration curve 
should be created, and should be given a recognizable file name (e.g., one that 
includes the date).  The instrument will run any samples in the sequence file that 
have weights greater than “0.0000”.  Calibration samples should be so designated, 
and should have their weights and certified concentrations entered on the 
“Documentation” page of the DMA 80 software.  The calibration blank should be 
entered with a concentration of 0 and a sample weight of 1.0 g.  Depending upon 
project requirements, it may be possible to verify a recent calibration rather than 
performing a complete instrument calibration each day analyses are performed. 
 Following the calibration standards, the analysis sequence includes a blank 
check standard and a calibration check standard.  An empty boat is used for the 
blank check standard, and a CRM is used for the calibration check standard (e.g., 
DOLT-2 for tissue samples, MESS-3 for sediment samples).  Because these are 
functionally equivalent to a sample batch’s method blank and SRM, these results 
serve double duty.  Acceptance criteria are less than twice the MDL for the blank 
and ±20% of the certified value or within the certified limits for the CRM, 
whichever is larger.  If these criteria are not met, the run should not be continued 
until the problem has been resolved and satisfactory blank and CRM check results 
have been obtained. 
 After the instrument has been calibrated and the “blank check” and CRM 
check have been run, the results are evaluated to determine whether the 
calibration is acceptable.  Once the check standards are acceptable, the 
autosampler tray is loaded with samples, with weights entered into the 
“Documentation” page and drying times into the “Program” page.  
 Calculations are performed by the DMA software.  Subsequent calculations 
in the LIMS require the raw mass of Hg observed, expressed in micrograms, 
along with the sample weight in grams.  The LIMS will calculate the final Hg 
concentration for reporting, along with the detection limit for each sample. Final 
results are reported in parts per million (ppm, ug/g), on a wet or dry basis 
depending upon whether the samples are analyzed wet or dry.  Instrument QC 
samples are functionally equivalent to batch QC samples.  Additionally, a CCV 
and CCB are analyzed at the end of the run. Analyze batch QC samples (method 
blank, CRM, duplicate samples, matrix spike samples) at the frequency required 
by the particular project.  Typically, this is 5-10% of samples, or one per batch, 
whichever is higher. 
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4.5.8. Quality control: 
All quality control data should be maintained and available for easy reference or 
inspection.  Because samples analyzed with this method are solids, dilution is not 
an option.  If the Hg concentrations are so high that the absorption peak exceeds 
0.8 Abs on both cells, the sample analysis must be repeated with a lower sample 
mass.  If concentrations are so high that the requisite mass is less than 0.01 g, the 
sample should be weighed on a more sensitive balance in order to achieve the 
goal of 3 significant figures. 
 
Blanks. Several types of blanks are required for the analysis.  The calibration 
blank is used in establishing the analytical curve, and the method blank is used to 
identify possible contamination in analyzing each batch of samples.  Continuing 
blanks are used to evaluate the calibration line through the analytical run.  The 
calibration blank is obtained by running an empty, combusted boat.  The method 
blank is obtained by running an empty, combusted boat along with samples in 
each analytical batch. A minimum of one method blank per sample batch is 
included to determine if contamination or any memory effects are occurring.  
Continuing Calibration Blanks (CCB) are analyzed to verify the intercept of the 
calibration curve through the course of the run.  Because these are also empty, 
combusted boats and thus are effectively the same as method blanks, they are only 
run when method blanks do not meet project-specific frequency criteria. 
 
Calibration check standards.  An aliquot of a certified reference material, run 
separately from the calibration curve, is used as a calibration check standard 
(Initial Calibration Verification standard, ICV).  Continuing Calibration 
Verification (CCV) standards consist of aliquots of certified reference material.  
As is the case with CCBs, CCVs are run when batch SRMs do not meet project-
specific criteria for monitoring instrumental stability.   Duplicate samples are to 
be analyzed at the project-required frequency, typically 5-10%.  The relative 
percent difference between duplicate determinations is to be calculated as follows: 
   RPD  = (D1-D2)/((D1 + D2)/2) x 100 
where: RPD = relative percent difference, D1 = first sample value, and D2 = 
second sample value (duplicate). The analysis is in control when 95% of the 
duplicate analyses (for values greater than 10 times the instrument detection limit) 
result in RPD’s £ 20. 

Matrix spike samples are to be analyzed at the project-required frequency, 
typically 5-10%. Recovery is calculated as follows: 
Rec. (%) = (Spiked value – Unspiked value) / (Spike amount) x 100 
The analysis is in control when 95% of the matrix spike analyses (for samples 
where the spike amount is at least as high as the unspiked value) have recoveries 
ranging from 80 – 120%.  For matrix consistency, samples are spiked with known 
masses of certified reference material standards. 

It is recommended that whenever a new or unusual sample matrix is 
encountered, a series of tests be performed prior to reporting concentration data.  
These tests will ensure the analyst that neither positive nor negative interferences 
are operating to distort the accuracy of the reported values.  Check the instrument 
standardization by analyzing appropriate quality control check standards as 
follows.  Check instrument calibration using a calibration blank and an 
independent calibration verification standard.  Verify calibration every 20 samples 
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and at the end of the analytical run, using a calibration check blank (8.3.3) and a 
calibration check standard (8.4.2).  The results of the check standard must agree 
within 10% of the expected value; if not, terminate the analysis, correct the 
problem, and recalibrate the instrument.  The results of the blank checks should 
be less than two times the method detection limit.  Higher blank levels are 
acceptable as long as they are less than 10% of the lowest observed sample 
concentration.  If blanks exceed these criteria, they should be rerun one time.  If 
the second blank analysis also fails, analysis should be terminated and the source 
of the problem identified.  Likely causes are contaminated boats and spent 
catalyst and trap tubes.  Once the problem has been solved, the calibration should 
be rechecked (recalibrating, if necessary) and samples following the last 
successful calibration check should be reanalyzed. 
 
4.5.9. Method performance: Method performance is a function of analyte, matrix, 
and concentration.  The analysis is only as good as the weighing step, so care 
must be taken to ensure that all sample material is in the analytical boat and not 
on the balance pan.  Wet samples must be allowed to dry prior to the combustion 
step, so it is important to adjust the drying time accordingly.  For both wet and dry 
samples, the small mass of sample analyzed requires extreme sample 
homogeneity in order to produce results that are representative of original sample. 
The method detection limit has been determined to be 0.0051 ppm Hg on a dry 
weight basis when analyzing a tissue sample having a mean concentration of 
0.0166 ppm.  Precision calculated as RPD on 95 duplicate samples ranging in 
weight from 0.004 to 0.329 g averaged 5.8%.  Accuracy as determined by 
recovery of Hg added to 62 spiked samples averaged 96.8%.  Recovery of Hg in 
83 CRM analyses averaged 98.6%. 
 

4.6. Field duplicates: Whenever possible, for each sampling program, three 
duplicate samples were collected for every bird. These duplicate samples were 
collected concurrent with one another. They were intended to duplicate the 
routine sample collected and to provide repeat samples in the case of shipping 
loss or equipment failure at the laboratory, In other words, when sufficient sample 
volume could be collected, duplicate blood samples were collected from the same 
organism as part of the original sample (i.e. from the same drop of blood in a new 
capillary tube).  Feather duplicates were of two types: different feathers from the 
same part of the bird’s body and gathered at the same time (small body or contour 
feathers), or different portions of the same homogenized feather (large wing and 
tail feathers).  Duplicate blood and feather samples were not identified on the 
chain-of-custody form to allow an assessment of lab performance under routine 
conditions.  Approximately 1 in 20 samples sent to the laboratory was duplicated.  
These samples are blind field duplicates.  Unused duplicates remain in my 
custody for use in additional studies. 

 
4.7. Chain-of-Custody: Chain-of-custody records provide documentation of the 
handling of each sample. Chain-of-custody forms were used for recording 
pertinent information about the types and numbers of samples collected and 
shipped for analysis. Sample identification numbers provided before shipping by 
the analytic lab (TERL) were included on the chain-of-custody form.  To ensure 
that no error in identification was made during transfer to the analytical 
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laboratory, the TERL identification code and the unique sample identification 
number were always written directly on the paper label of the vacutainer holding 
each sample.  

Chain-of-custody procedures provide clear documentation of the handling 
and custody of each sample from the sampling event through the laboratory 
analysis. Chain-of-custody procedures are implemented so that a record of sample 
collection, transfer of samples between personnel, sample shipping, and receipt by 
the laboratory that analyzes the sample is maintained. The chain-of-custody 
(COC) record serves as a record of possession of the sample. The COC record is 
initiated with the acquisition of the sample. The COC record remains with the 
sample at all times. The field investigator is tasked with ensuring secure and 
appropriate handling of the bottles and samples. To simplify the COC record, as 
few people as possible handled the samples. So far, less than 10 samples have 
been out of Dan Cristol’s custody before shipping.  A sample was considered to 
be under his custody if one or more of the following criteria were met: 
 

� The sample was in Dan Cristol’s possession.  

� The sample was in his view after being in possession.  

� The sample was in his possession and then was locked up to prevent 
tampering. 

� The sample was maintained in a designated secure area such as the 
freezer in his lab for brief periods, such as on the day of shipping, or 
when keying out difficult-to-identify prey items. 

All sample sets from a particular sampling incident (i.e. all tubes of blood 
plus feathers and egg taken simultaneously from one nest) are accompanied by a 
COC record placed in the freezer bag with the sample.  When transferring 
possession of samples, the individual responsible for sample receipt should sign, 
date, and note the time the samples were received on the COC record.  Because 
only a portion of a sample is shipped, while the rest remains in my custody, a new 
COC form is drafted at the time of shipping, while the original form remains 
sealed in the bag containing the frozen sample set.  The new COC records 
shipment and receipt by the analytical laboratory (in this case, TERL) and will be 
maintained by the receiver indefinitely.   The original COC remains with the 
sample set in case additional portions of the sample are shipped or transferred to 
another investigator (e.g., if a sample is destroyed during shipment a duplicate 
may be sent, or at a future date it may be decided that methylmercury analysis is 
required for particular samples, a portion of which has already been sent for total 
mercury analysis). 

Samples sent off-site for analysis were properly packaged for shipment, 
and delivered or shipped to the designated laboratory for analyses.  All samples 
were accompanied by the COC form.  The original form was placed in a plastic 
bag at the top of the inside of the secured shipping container.  One copy of the 
form was retained. 

Every sample was be labeled with both the TERL sample identification 
number and a portion of the unique identification number.  The latter always 
included the unique USGS Bird Banding Lab band number or, in the case of an 
nonbanded species, the 4-letter American Ornithologists’ Union designating 
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species (e.g. CARW for Carolina wren) plus the location code (e.g. GENI for 
Genicom property in Waynesboro), the date of sampling (day month year) and the 
sample number (e.g. 2 for the second wren sampled at Genicom on a particular 
date).  This code is unique and corresponds to more complete information in the 
original field notebooks (such as time of sampling, time of placement in freezer, 
age and sex of sampled individual, etc.).  The bag containing a sample was 
marked with the species, number, date and location at the time the sample is 
placed in the freezer at the field site, and this provides back-up documentation 
linking a sample to original notebook in case a label falls off or becomes illegible. 

All original data recorded in sample labels and chain-of-custody records 
was written in waterproof ink.  Field notebooks, however, were written in pencil 
because this is the only medium that will always perform in rain or on a notebook 
that has become wet during boat work.  If an error was made, a single line was 
drawn through the entry in a different color of ink, and the entry initialed and 
dated. The erroneous information was not obliterated.  Any errors found in 
documentation will be corrected by the person who made the entry, and with Dan 
Cristol’s knowledge.  Field notebooks were scanned and saved on CD at the end 
of the field season and are included in the electronic version of this final report.  
During analysis and proofing of data entered into databases, inconsistencies and 
errors found in the field notebooks were corrected, and such corrections will not 
be present on the scanned version of the field notebooks.  The original notebooks 
will be retained indefinitely and made available for inspection upon request. 
 
4.8. Shipping samples: Tissue samples were shipped on dry ice by overnight 
delivery service (next morning delivery) to: Attn: Robert Taylor, Trace Element 
Research Laboratory, Dept. of Veterinary Anatomy and Public Health, College of 
Veterinary Medicine, Texas A&M University, Highway 60, VMA Building, Room 
107, College Station, TX 77843-4458.  Dan Cristol always notified TERL 
Laboratory of the intent to ship a particular number of samples.  TERL provided 
in-house tracking codes for each sample, and these were written directly on the 
labeled vacutainer containing each sample (along with sample ID number).  Dan 
Cristol always notified TERL that samples were being sent for next-morning 
delivery by email with shipping tracking number.  Dan Cristol personally packed 
and shipped all samples.  

 
Eastern bluebird suspended in mist net 
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Anne Condon radio-tracking bluebirds at Genicom property 
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Appendix 1  (part 1 of 2).  Native bird species observed within 50 m of river channel 
during the May-July breeding season along the South, Middle and North Rivers in 2005-
2006. 
 * indicates late migrants. 
 
Species Scientific name 
Green Heron Butorides virescens 
Great Blue Heron Ardea herodias 
Black-crowned Night-heron Nycticorax nycticorax 
Black Vulture Coragyps atratus 
Turkey Vulture Cathartes aura 
Canada Goose Branta canadensis 
Pied-billed Grebe* Podilymbus podiceps 
Double-crested Cormorant* Phalacrocorax auritus 
Wood Duck Aix sponsa 
Mallard Anas platyrhynchos 
Blue-winged Teal* Anas discors 
Common Merganser* Mergus merganser 
Hooded Merganser* Lophodytes cucullatus 
Osprey Pandion haliaetus 
Sharp-shinned Hawk Accipiter striatus 
American Kestrel Falco sparverius 
Cooper’s Hawk Accipter cooperi 
Bald Eagle Haliaeetus leucocephalus 
Northern Bobwhite Colinus virginianus 
Killdeer Charadrius vociferus 
Wilson’s Snipe* Gallinago gallinago 
American Woodcock Philohela minor 
Solitary Sandpiper* Tringa solitaria 
Spotted Sandpiper Actitis macularia 
Mourning Dove Zenaida macroura 
Yellow-billed Cuckoo Coccyzus americanus 
Chimney Swift Chaetura pelagica 
Great-horned Owl Bubo virginianus 
Eastern Screech-owl Otus asio 
Ruby-throated Hummingbird Archilochus colubris 
Belted Kingfisher Ceryle alcyon 
Common Nighthawk Chordeiles minor 
Red-bellied Woodpecker Melanerpes carolinus 
Downy Woodpecker Picoides pubescens 
Hairy Woodpecker Picoides villosus 
Northern Flicker Colaptes auratus 
Pileated Woodpecker Dryocopus pileatus 
Red-headed Woodpecker Melanerpes formicivorus 
Eastern Wood-Pewee Contopus virens 
Acadian Flycatcher Empidonax virescens 
Willow Flycatcher Empidonax traillii 
Eastern Phoebe Sayornis phoebe 
Great Crested Flycatcher Myiarchus crinitus 
Eastern Kingbird Tyrannus tyrannus 
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Appendix 1 continued.   
Species Scientific name 
Loggerhead Shrike Lanius ludovicianus 
Horned Lark Eremophila alpestris 
Ceder Waxwing Bombycilla cedrorum 
White-eyed Vireo Vireo griseus 
Warbling Vireo Vireo gilvus 
Red-eyed Vireo Vireo olivaceus 
Blue Jay Cyanocitta cristata 
American Crow Corvus brachyrhynchos 
Fish Crow Corvus ossifragus 
Tree Swallow Tachycineta bicolor 
Cliff Swallow Petrochelidon pyrrhonota 
N. Rough-winged Swallow Stelgidopteryx serripennis 
Barn Swallow Hirundo rustica 
Bank Swallow Riparia riparia 
Purple Martin Progne subis 
Carolina Chickadee Poecile carolinensis 
Tufted Titmouse Baeolophus bicolor 
White-breasted Nuthatch Sitta carolinensis 
Carolina Wren Thryothorus ludovicianus 
House Wren Troglodytes aedon 
Blue-gray Gnatcatcher Polioptila caerulea 
Eastern Bluebird Sialia sialis 
Wood Thrush Catharus mustelinus 
American Robin Turdus migratorius 
Gray Catbird Dumetella carolinensis 
Northern Mockingbird Mimus polyglottos 
Brown Thrasher Toxostoma rufum 
Yellow Warbler Dendroica petechia 
Black-and-White Warbler Mniotilta varia 
American Redstart Setophaga ruticilla 
Pine Warbler Dendroica pinus 
Common Yellowthroat Geothlypis trichas 
Yellow-breasted Chat Icteria virens 
Louisiana Waterthrush Seiurus motacilla 
Scarlet Tanager Piranga olivacea 
Eastern Towhee Pipilo erythrophthalmus 
Chipping Sparrow Spizella passerina 
Field Sparrow Spizella pusilla 
Grasshopper Sparrow Ammodramus savannarum 
Savannah Sparrow Passerculus sandwichensis 
Song Sparrow Melospiza melodia 
Vesper Sparrow Pooecetes gramineus 
Northern Cardinal Cardinalis cardinalis 
Dickcissel Spiza americana 
Blue Grosbeak Guiraca caerulea 
Indigo Bunting Passerina cyanea 
Bobolink Dolichonyx oryzivorous 
Red-winged Blackbird Agelaius phoeniceus 
Eastern Meadowlark Sturnella magna 
Common Grackle Quiscalus quiscula 
Brown-headed Cowbird Molothrus ater 
Orchard Oriole Icterus spurius 
Baltimore Oriole Icterus galbula 
House Finch Carpodacus mexicanus 
American Goldfinch Carduelis tristis 

 



The Movement of Aquatic Mercury
Through Terrestrial Food Webs
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Mercury is a persistent contaminant that
biomagnifies up the food web, caus-
ing mortality, reproductive failure, and

other health effects in predatory wildlife and
humans (1, 2). From 1930 to 1950, industrial mer-
curic sulfate entered the South River, a tributary of
the Shenandoah River in Virginia (United States)
(3). To determine whether this mercury contamina-
tion had moved into the adjacent terrestrial food
web, we analyzed total mercury concentrations in
blood from adults of 13 terrestrial-feeding bird
species breeding within 50 m of the river (4). We
compared these to breeding adults of the same
species at uncontaminated reference sites (Fig. 1A).
Twelve species had significantly higher mercury
than that found in individuals from reference sites
(Fig. 1B and table S1).We simultaneously sampled
adults of five bird species with direct dietary con-
nections to the aquatic mercury; their mercury con-
centrations were also significantly elevated relative
to reference birds (Fig. 1B and table S1). With the
exception of a duck species, all aquatic birds had
bloodmercury ranging from 2 to 4 parts permillion
(ppm) (wet weight), about the level of adverse ef-
fects (5). Two terrestrial songbirds species, a wren
and a vireo, had the highest bloodmercury levels of
any species, and amajority of terrestrial-feeding birds
were in the same range as aquatic-feeding species.

We simultaneously sampled feathers of three non-
migratory terrestrial species that hadmolted locally
about a year earlier.Whereas bloodmercury reflects
recent dietary intake, feathers indicate cumulative ex-

posure;mercury canonly enter featherswhile they are
growing and connected to the blood supply.Wrens
(Thyrothorus ludovicianus) averaged 8.76 ± 6.46
(SD) ppm (n= 6), comparedwith 5.63 ± 2.12 ppm
forowls (n=5)and2.38±1.31ppmforwoodpeckers
(n = 10), all about twice the level of bloodmercury.

We collected prey delivered to nestlings of three
songbird species at all of the contaminated study
sites. None of the diet items was aquatic in origin.
The most prevalent items in all three bird species’
dietsweremembers of the ordersAraneae (spiders),
Lepidoptera (moths or caterpillars), andOrthopterae
(grasshoppers). Together these comprised >80% of
the biomass (freshweight) delivered to nestlings (Fig.
1C). All three terrestrial birds ate diets of ~20 to 30%
spider biomass. Average total mercury concentration
in spiders (n=101)was 1.24 ± 1.47 ppmdryweight,
compared with only 0.38 ± 2.08 ppm for lepidop-
terans (n=137) and0.31±1.22ppmfor orthopterans
(n=50). Invertebrates collected similarly on reference
sites contained negligible mercury (spiders, 0.05 ±
0.03 ppm, n = 25; lepidopterans, 0.02 ± 0.64 ppm,
n=20; orthopterans, all belowdetection limit,n=6).

Much of the mercury in the spiders was in the
form of highly bioavailable methylmercury (49 ±
21%, n = 30), whereas invertebrates lower in the
food web had less methylmercury (lepidopterans
24 ± 20%, n = 22; orthopterans 38 ± 24%, n = 35),
consistent with other reports (6). The spiders at our
study site had higher total mercury than fish col-
lected from kingfishers at the site (contaminated
fish 0.73 ± 1.76 ppm dry weight, n = 21; reference

fish, 0.15 ± 0.09 ppm, n = 18), consistent with our
observation that some terrestrial songbirds had
higher mercury levels than fish-eating kingfishers.

These results show that any risk from mercury
faced by the river’s aquatic birds exists for birds in
adjacent terrestrial habitats as well. By preying on
predatory invertebrates such as spiders, songbirds
increased the length of their food chains, increasing
the opportunity for biomagnification. To assess the
potential risk of aquatic mercurymoving into terres-
trial foodwebs, it is imperative to determinewhether
the methylmercury we observed in predatory in-
vertebrates was transported directly to the terrestrial
food web by emergent aquatic insects or had been
deposited on the floodplain during historical floods.
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1.0 EXECUTIVE SUMMARY 
 

 Between 1929 and 1950, the South River in the Shenandoah Valley of Virginia was 

contaminated by a waterborne point source of mercury when mercuric sulfate entered the 

river from an acetate fiber manufacturing plant in Waynesboro, Virginia.  While there have 

been several studies regarding mercury exposure and effects in bird species along the 

contaminated subreach of the South River, little research has examined the full extent of 

the mercury footprint far downstream of the point source.  The goal of this study is to 

determine whether mercury remains a threat to terrestrial songbird populations along the 

South Fork Shenandoah River, up to 107 miles downstream of the Waynesboro 

contamination site.  

During the summer of 2009, the BioDiversity Research Institute conducted a study 

to better determine spatial trends of mercury in songbirds downstream of the South River 

point source.  Birds were sampled at approximately 20 mile intervals starting at the 

confluence of the South River and South Fork Shenandoah River.  We found that although 

mercury concentrations in songbird blood decreased at some sites past the confluence, 

mercury concentrations increased again the farthest downstream sites.  These sites, further 

than 80 miles downstream of the contamination, exhibited blood mercury concentrations 

comparable to those along the South River.  In general, all species sampled showed 

elevated blood mercury concentrations, including more omnivorous songbird species, such 

as song sparrows.  We compared blood mercury levels to the current working lowest 

observed adverse effects level (LOAEL), which is our best approximation of the lowest 

mercury level where we see negative effects.  This value is based on field data collected at 

many mercury sites, and is subject to change.  On South Fork Shenandoah River sites, 

terrestrial bird species from diverse foraging guilds and life histories exhibited blood 

mercury concentrations higher than the working LOAEL of 1 ppm, including: Acadian 

flycatcher, blue jay, Carolina chickadee, Carolina wren, common grackle, eastern wood-

peewee, gray catbird, hairy woodpecker, Louisiana waterthrush, red-bellied woodpecker, 

red-eyed vireo, song sparrow, and warbling vireo (scientific names found in Appendix II).  
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For the songbird with the most robust sample size, the Carolina wren, we were able 

to determine that mercury levels in this passerine remain statistically significantly (p < 

0.05) elevated above reference levels even at the most downstream site, 107 miles from the 

original source of the contamination.  

2.0 INTRODUCTION 
 

 Mercury contamination of natural environments has long been considered a 

problem for aquatic feeding wildlife species.  Numerous studies have noted the 

susceptibility of high trophic level piscivorous wildlife species to accumulate harmful 

concentrations of mercury (Hg) (Evers et al. 2008, Meyer et al. 1998, Ben-David et al. 

2001).  Some species including a piscivorous bird species, the common loon (Gavia immer), 

accumulate Hg at concentrations far above reference levels and are experiencing negative 

neurological, behavioral, physiological, immunological, and reproductive effects from Hg 

accumulation (Evers et al. 2008, Meyer et al. 1998).  While aquatic environments and the 

species inhabiting these environments are particularly vulnerable to Hg contamination 

from waterborne point sources, recent research suggests that terrestrial environments and 

species adjacent to contaminated water bodies are experiencing similar, if not greater 

exposure and accumulation of Hg (Cristol et al. 2008; Folsom and Evers 2008). 

 The South River (SR), Virginia was contaminated by a waterborne point source of 

mercury between 1929 and 1950, when mercuric sulfate entered the South River (a 

tributary to the South Fork Shenandoah River) from an acetate fiber manufacturing plant in 

Waynesboro, Virginia (Carter 1977).  Mercury contamination along the riverine floodplain 

is still a problem 60 years later.  There have been several studies on the SR concerning Hg 

accumulation and effects in passerine birds.  Cristol et al. (2008) confirmed that terrestrial 

insectivorous passerines that occupy the terrestrial floodplain habitat adjacent to the SR 

were accumulating Hg in their blood and feathers at elevated concentrations.  The mercury 

levels observed in blood and feathers of these terrestrial-feeding bird species were greater 

than or equal to the mercury concentrations found in aquatic-feeding bird species.  Second-

year tree swallows along contaminated subreaches produced one less fledgling per nest 
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than those in reference areas (Brasso and Cristol 2008).  Additionally, there is evidence 

that adult tree swallows suffer reduced yearly survival on contaminated sites (Hallinger et 

al. 2010).  From these findings, it is apparent that the mercury contamination is affecting 

birds living along the contaminated stretch of the SR, but little is known about how far 

downriver birds continue to be exposed to elevated levels of mercury. 

 Past research has focused primarily on the SR, in areas closer to the original source 

of contamination (< 25 miles downstream of the source).  However, the SR is a tributary to 

much larger riverine corridor, the South Fork Shenandoah River (SFSR).  This riverine 

corridor starts with the confluence at Port Republic, Virginia and stretches approximately 

100 miles before it merges with the North Fork Shenandoah River, in Front Royal, Virginia, 

becoming the Shenandoah River.  It is possible that the mercury footprint may extend 

beyond the 25 miles of the South River into the South Fork Shenandoah River.  

 In the summer of 2009, the BioDiversity Research Institute conducted a study to 

determine the extent of the Hg footprint along the South Fork Shenandoah River, Virginia. 

Starting near the confluence of the South River and South Fork Shenandoah River, several 

study sites were selected 10 to 20 miles apart along the South Fork Shenandoah River.  

Sites ranged from river mile seven (nearest the confluence) to river mile 83 (10 miles 

upstream of Front Royal, Virginia).  For comparative purposes we also sampled a site on 

the South River (GRCP) that was researched in past years, as well as two reference sites.  

Songbird blood and feathers were collected from all captured songbirds at each study site. 

The objective of the study was (1) to better characterize exposure and (2) to identify the 

geographic extent of Hg contamination along the South River and South Fork Shenandoah 

River, Virginia. 

3.0 STUDY AREA   
  

 We sampled birds at Grottoes City Park along the SR, to confirm that Hg levels on 

the SR in 2009 were similar and thus comparable to previous years.  Birds were also 

sampled at downstream locations along the SFSR: the farthest site occurring at Shenandoah 

River State Park, 10 miles upstream of Front Royal, Virginia.  Sites were selected to 
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represent 10-20 mile intervals along an 80 mile stretch of river from the confluence of the 

South River and South Fork Shenandoah River (Appendix I).  Site selection was dependent 

on the availability of suitable bird habitat, including mature forested floodplain, and 

accessibility.  Table 1 presents each of the study locations, approximate river mile from the 

point source (SR) or from the confluence (SFSR), as well as approximate overall river mile 

from the contamination site.  

Table 1. Study sites sampled during 2009 field season. 

Site 
Site 

Code Treatment Latitude Longitude 

River 
Mile 

(RM)a 

Overall 
RMb 

South River       SR  

Ridgeview Park SRDG Reference 38.06513 -78.91169 -1.5 -1.5 

Waynesboro 
Nursery 

WNUS Reference 38.02353 -78.97844 -6 -6 

Grottoes City Park GRCP Contaminated 38.27917 -78.83427 22 22 

       

South Fork 
Shenandoah 
River     

  

SFSR  

 

Power Dam PODA Contaminated 38.33807 -78.73049 7 31 

Shuller Island SHIS Contaminated 38.49832 -78.62959 20 44 

Longs Bend Farm LBFA Contaminated 38.61277 -78.57468 30 54 

Bealers Ferry BEFE Contaminated 38.750427 -78.426223 63 87 

Shenandoah River 
State Park 

SRSP Contaminated 38.862491 -78.308343 83 107 

a River mile from point source (SR) or confluence (SFSR).  Negative numbers 
denote an upstream location. 
b Overall river mile is the approximate distance from the point source on the 
South River. (confluence occurs at approximately SR RM 24) 
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4.0 METHODS 
 

4.1 Species sampled 

We selected two target species, the Carolina wren (Thryothorus ludovicianus) and 

red-eyed vireo (Vireo olivaceus), as representatives of the forest floodplain invertivore 

feeding guild that regularly forage along the South Fork of the Shenandoah River (SFSR) 

(Haggerty and Morton 1995, Cimprich et al. 2000).  Song sparrow (Melospiza melodia) and 

indigo bunting (Passerina cyanea) were also targeted because they are representative of a 

more omnivorous foraging guild.  The diet of each of these species becomes more based on 

insect matter during their breeding seasons (Payne 2006, Arcese et al. 2002).  Louisiana 

waterthrush (Seiurus motacilla) was also targeted, as this was the only aquatic-feeding, 

breeding songbird in the study area (Mattsson et al. 2009).  All of these species feed on 

insects, spiders, and other arthropods during the breeding season, were widely distributed 

along the SFSR and have been shown to have elevated blood Hg levels in previous studies 

along the South River (Cristol et al. 2008).  

Blood samples were also opportunistically collected from several other 

insectivorous species, many with potentially high Hg body burdens and of conservation 

concern (see Appendix II for PIF birds of regional and continental concern).  Additional 

species included: warbling vireo (Vireo gilvus), eastern wood-pewee (Contopus virens), 

eastern phoebe (Sayornis nigricans), gray catbird (Dumetella carolinensis), Acadian 

flycatcher (Empidonax virescens), wood thrush (Hylocichla mustelina), as well as several 

species in the woodpecker (Picidae) family.  A complete list of all species sampled is 

provided in Appendix II.  

4.2 Capture and sampling methods 

Sampling efforts occurred from May - August 2009.  Birds were captured in 10-13, 

12-meter, 36- millimeter mesh mist nets that were checked every 20-40 minutes.  Nets 

were distributed opportunistically within each site.  Playback recordings were used in 

some cases to attract certain target species.  Captured birds were extracted and placed in 

cotton holding bags; all individuals were released approximately 15-40 minutes after 
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capture.  Standard banding data were recorded following procedures described in Pyle 

(1997), including age (AHY and HY) and sex, when possible.  All birds were banded with a 

USGS band. 

Blood and feather samples were collected from each captured individual, using 26-

28 gauge needles to puncture the cutaneous ulnar vein in the wing.  No more than 1% of 

the bird’s body weight in blood was collected in heparinized capillary tubes  sealed on both 

ends with Critocaps® and placed in a labeled 10 cc plastic vacutainer.  Blood samples were 

placed on ice in a cooler, and frozen within 6 hours of collection.  On adults of the target 

species, two retrix feathers were pulled or clipped.  Collected feathers were placed in clean 

plastic bags and refrigerated.  All samples were labeled with collection date, species, age, 

sex, USGS band number, and capture location. 

4.3 Laboratory analysis 
Laboratory analysis was conducted by Dr. Dan Cristol at the College of William and 

Mary.  Blood and feather samples were analyzed by cold vapor atomic absorption 

spectroscopy using a Milestone® DMA-80 direct mercury analyzer (Shelton, CT, USA). 

Minimum detection limit was 0.0051 to 0.0055 mg/kg.  A sample blank, methods blank, 

duplicate sample, and two of three standard reference materials (DORM-2, DORM-3, or 

DOLT-3) were run every 20 samples.  Recovery of total mercury was 96 to 99% for all 

three standards.  Feathers were washed in deionized water and allowed to dry at room 

temperature for 2-3 days.  Duplicate samples were obtained by cutting all feathers into 

1mm segments, homogenizing the pieces and dividing the result equally.  Blood duplicates 

were analyzed by running two capillary tubes of blood from the same collection of the 

same bird.  

4.4 Tissue Interpretation 
 Two standard biological matrices that could be non-lethally collected (blood and 

feathers) were used to develop an Hg exposure profile for passerine birds.  Blood is the 

primary matrix for evaluating recent dietary uptake and there is strong evidence that adult 

blood Hg levels reflect prey Hg levels in the breeding territory (Evers et al. 2004; Burgess 

and Hobson 2006; Burgess and Meyer 2008; Evers et al. 2008).  Over 95% of the Hg in 

blood is in the methyl form so we report only total Hg values (Rimmer et al. 2005).    
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 Feather Hg can represent 70-93% of the total body burden of Hg (Burger and 

Gochfeld 1993).  Feathers reflect a chronic bioaccumulation of Hg because the entire Hg 

body burden is not depurated each year, particularly for high risk individuals.  Feather Hg 

reflects blood Hg levels at the time of feather growth (Bearhop et al. 2000); however, if Hg 

is sequestered in the muscle tissue (as is the case for birds with a high dietary Hg uptake), 

then additional Hg is available through the remobilization at a later time.  Individual 

variation in physiological response to Hg (Bearhop et al. 2000), as well as the broad 

differences of the pharmacokinetics among species, complicates the interpretation of adult 

feather Hg levels.  Mercury concentrations in nestling bird feathers are typically highly 

correlated to those found in blood.  However, because we specifically focus on adult Hg 

concentrations in this study, and adult feathers were most likely grown off-site, especially 

in Neotropical migrant species, we base our exposure analysis on songbird blood.   

 Mercury results in tissues are reported as parts per million (μg/g) wet weight (ww) 

in blood and fresh weight (fw) in feathers. 

4.5 Statistical Analysis 
 Total Hg concentrations in all tissues were log10-transformed to improve normality 

and stabilize variance for analysis.  Quantitative analyses were performed using SPSS 

version 17.0 (SPSS, Inc. 2009).  We compared log-transformed blood mercury data using an 

Analysis of Variance (ANOVA), followed by a Tukey’s post hoc comparison test.  For 

analysis with smaller, non-normal sample sizes, we compared blood mercury values using 

a non-parametric Kruskal-Wallis test.  Hypothesis tests were considered significant at α = 

0.05.  Summary statistics were back-transformed for presentation.  If sample sizes were too 

small for statistical analysis data were summarized and presented graphically.   

4.6 Determination of lowest observed adverse effects levels (LOAELs) 
The working lowest observed adverse effects levels (LOAELs) described in this report were 

determined using the most updated BRI database on paired blood and egg relationships 

(unpublished data).  Using information retrieved from Heinz et al. (2009) we determined 

the current working LOAEL based on an egg mercury level of 0.32ppm (LC50 for tree 

swallows in Heinz et al. 2009).  We use a LOAEL of 1 ppm as a “working” LOAEL throughout 

the report for comparative purposes.  This value is subject to change as more information 
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becomes available about Hg toxicity in songbirds or the regression equation is updated to 

include more blood-egg pairs.  

5.0 RESULTS AND DISCUSSION 
 

5.1 Sampling effort 
 

   A total of 41 different species were captured, banded, and sampled for blood and/or 

feathers along the SFSR in 2009.  The most common species sampled for blood Hg included: 

Carolina wren, red-eyed vireo, warbling vireo, song sparrow, indigo bunting, northern 

cardinal and Carolina chickadee.  There are blood Hg results for 515 individual birds 

including 117 upstream-reference birds and 498 downstream- contaminated birds (Table 

2).  A total of 454 adult birds, 58 juvenile birds, and 3 unknown aged birds were sampled 

during the field season.  

 A smaller subset of songbird feathers was run for total Hg in 2009.  In total, we have 

Hg results for 91 feathers, representing 26 species along the SFSR.  The most common 

species sampled for feather Hg included: Carolina wren, red-eyed vireo, song sparrow, 

warbling vireo, Carolina chickadee, and indigo bunting.   
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Table 2. Blood sampling effort along the South River and South Fork Shenandoah River -2009. 

Site AHY HY U Total 

Downstream 
 

  
 

  

GRCP 61 4 0 65 

PODA 78 1 0 79 

SHIS 57 3 0 60 

LBFA 78 24 1 103 

BEFE 60 4 1 65 

SRSP 9 17 0 26 

Total 343 53 2 398 

Reference 
 

  
 

  

WNUS 91 4 1 96 

SRDG 20 1 0 21 

Total 111 5 1 117 

Grand Total 454 58 3 515 
 
 
 
5.2. Overall trends by study site 
    

 We examined overall blood Hg trends in adult birds by study site starting with the 

reference and continuing downstream along the South Fork Shenandoah River (Figure 1). 

All sites downstream of the original source of the contamination show elevated blood 

mercury levels compared to reference levels (ANOVA F =37.077, P < 0.001, Fig. 1).  All 

downstream sites showed mean Hg concentrations at least four times greater than the 

reference site (Table 3).  Of the downstream SFSR sites, only SHIS and LBFA have 

statistically lower blood mercury concentrations than the South River GRCP site (Tukey’s 

HSD, P<0.05).  Mean blood Hg concentrations decrease immediately beyond the confluence 

of the SR and SFSR.  However, there was not a continual decrease in mean blood Hg 

concentrations as we sampled further from the point source.  In fact, the BEFE site, 

approximately 80 miles downstream, had a mean blood Hg concentration higher than all 

the other downstream sites.  Mean blood Hg concentrations at BEFE were 0.91 µg/g (ww) 

compared to 1.04 µg/g (ww) at GRCP.  Birds at BEFE had blood mercury levels statistically 

higher than birds at the three sites closer to the confluence (PODA, SHIS, LBFA). 
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Both BEFE and GRCP showed 40% of sampled individuals above the working LOAEL 

of 1ppm in the blood (Table 4).  All of the sites had over 10% of the individuals sampled 

over the 1ppm threshold.  We show individual blood mercury levels for each species at 

each site in Appendix I.  

 

 

Figure 1. Mean blood Hg trends by site (all AHY birds). Error bars represent 95% confidence interval.  
Stars represent a significant difference from the reference blood Hg level (ANOVA F = 37.077, P < 
0.001).  
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Table 3. Mean blood mercury concentration in AHY birds at each site.   

Site 
Mean Blood Hg 

(ppm, ww) N 
Maximum 
Blood Hg 

Minimum 
Blood Hg 

Standard 
Error 

Reference 0.121 111 1.571 0.003 0.017 

GRCP 1.040 61 5.622 0.046 0.147 

PODA 0.649 78 2.290 0.004 0.065 

SHIS 0.487 57 1.751 0.008 0.060 

LBFA 0.521 78 1.827 0.007 0.055 

BEFE 0.908 60 2.876 0.060 0.081 

SRSP 0.321 9 0.817 0.111 0.073 

 

Table 4 Proportion of all individuals at each downstream study site over 1.0 µg/g (ww) in blood. 

Site N 
% of Birds 
over 1ppm 

GRCP 65 40% 

PODA 79 23% 

SHIS 60 12% 

LBFA 103 19% 

BEFE 65 40% 

SRSP 28 18% 

 
 
5.3 Species Analysis 
 We also compared the blood mercury levels at each site for four of our target 

species (CARW, REVI, INBU, and SOSP).  We did not obtain a large enough sample size for 

Louisiana waterthrush (LOWA) to conduct this analysis.  

5.3.1 Carolina wren 

Carolina wren blood Hg spatial trends along the river mimic the overall trends (see Fig. 1), 

with a general decline after the confluence (compared with levels at GRCP) and then 

increase again in the far-downstream reaches of the SFSR (Figure 2).  Because we obtained 

a large enough sample size for this species, we also compared Carolina wren blood mercury 

levels at each site to the reference population, and found that blood mercury remained 

significantly elevated even at the most downstream site (SRSP) (Kruskal-Wallis, χ2=49.2, p 

< 0.001, Fig. 2). 
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Figure 2.  Mean blood Hg concentrations of Carolina wrens along the study area. Sample size (N) is shown 
above each error bar.  Star indicates a significant difference from the reference level.  

 

5.3.2 Red-eyed vireo 

 Red-eyed vireo (REVI) blood Hg concentrations show elevated blood mercury at all 

downstream sites (Fig. 3).  All downstream sites except SRSP had means over the 1.0 ug/g 

LOAEL (SRSP was sampled later in the season by USFWS).  BEFE had the highest mean 

vireo blood Hg concentration at 1.52 µg/g (ww) while GRCP on the South River had a mean 

blood mercury concentration of 1.47 µg/g (ww).  Therefore, red-eyed vireos sample further 

downstream are showing higher blood Hg concentrations than those sampled along the 

South River.  

*

  

* 

*

  

* 

*

  

* 

*

  

* 

*

  

* 

*

  

* 
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Figure 3.  Mean blood Hg concentrations of red-eyed vireos along the study area.  Sample size (N) is shown 
above each error bar.  

 

5.3.3. Song sparrow  

Non-obligate insectivorous songbird species show similar trends to the above obligate 

insectivorous species, however their blood Hg concentrations are lower, as expected based 

on the results on previous studies.  Song sparrow mean blood Hg concentrations are 

presented in Figure 4.  No SOSP were sampled at SRSP, so we show that the farthest 

downstream sampled site, BEFE, had the highest mean blood Hg concentrations.  
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Figure 4.  Mean blood Hg concentrations in song sparrows along the study area. Sample size (N) is shown 
above each error bar.  No SOSP were sampled at the most downstream site (SRSP).  

  

5.3.4 Indigo bunting  

The indigo bunting has the lowest mean Hg blood concentrations along the study area.  

However, mean concentrations in the downstream areas are still over three times greater 

than mean reference concentrations at every site.  Bunting Hg levels decrease at SHIS and 

increase again in the farther downstream study sites (Figure 5).   
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Figure 5.  Mean blood Hg concentrations in indigo bunting along the study area. Sample size (N) is shown 
above each error bar.  No INBU were sampled at the furthest downstream site (SRSP).  

 

5.4 Mercury in songbird feathers 
 

 A small subset of songbird feathers was run for total Hg from the 2009 study. In 

total we ran 91 feathers from 26 species of songbirds on the SR and SFSR (Appendix IV).  

Seven feathers were run from the reference area and 84 run from the downstream 

contaminated areas of the SFSR.  Sample sizes are still too small to use feathers to 

determine spatial trends.  However, feathers in the reference were consistently lower 

compared to birds sampled downstream.  The species with the highest mean feather Hg 
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concentrations were Carolina wrens with an adult mean feather Hg concentration of 9.68 

µg/g (ww)(Table 3).  One hatch- year Carolina wren showed a feather Hg concentration of 

13.66 µg/g (ww), which is comparable with adult wren feather Hg concentrations.   A 

downy woodpecker and warbling vireo followed the wrens with adult mean feather Hg 

concentrations of 5.66 µg/g (ww) and 5.56 µg/g (ww) respectively.  Red-eyed vireos, a 

species with highly elevated blood Hg concentrations, showed some of the lower feather Hg 

concentrations with a mean of 0.52 µg/g (ww) compared with warbling vireos at 5.56 µg/g 

(ww).  
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Table 5.  Mean feather Hg concentrations in songbirds sample in downstream contaminated study sites. If blank species was not sampled. 

  Contaminated Reference 

Species Age N Mean Std Dev Min Max Age N Mean Std Dev Min Max 

Red-bellied woodpecker AHY 1 1.49                

Downy woodpecker AHY 1 5.66                

Hairy Woodpecker HY 1 3.44                

Eastern wood-pewee AHY 2 3.34 3.35 0.98 5.71             

Acadian flycatcher AHY 2 4.10 0.34 3.86 4.34             

Great-crested flycatcher       AHY 1 0.61    

Warbling vireo AHY 3 5.56 4.28 1.34 9.89          

Red-eyed vireo AHY 19 0.52 0.33 0.18 1.40          

Blue jay       AHY 1 0.29    

Carolina chickadee AHY 8 2.81 1.74 0.64 5.88          

Eastern tufted titmouse AHY 1 1.93                

Carolina wren AHY 8 9.68 15.79 0.91 47.70 AHY 2 1.95 1.31 1.03 2.88 

  HY 1 1.37    HY 1 0.64    

Gray catbird AHY 1 0.74                

Brown thrasher AHY 1 2.34                

Northern parula AHY 1 0.26                

Black-and-white Warbler AHY 1 0.20                

Worm-eating warbler AHY 4 0.73 0.25 0.45 1.00             

  HY 2 0.57 0.05 0.53 0.61             

Louisiana waterthrush AHY 1 1.87                

  HY 1 13.66                

Ovenbird AHY 1 2.20                

Indigo bunting AHY 8 0.92 2.43 0.03 6.92 AHY 1 0.18    

Northern cardinal AHY 2 0.43 0.07 0.37 0.48             

Eastern towhee AHY 1 1.45                

Song sparrow AHY 9 0.64 0.41 0.25 1.57             

  HY 1 4.21                

Baltimore oriole AHY 1 0.21                

Common grackle AHY 2 4.09 5.37 0.29 7.88             

American goldfinch AHY 1 0.05                
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6.0 DISCUSSION 
 

This study confirms that terrestrial songbird species are accumulating elevated 

blood and feather Hg concentrations within a larger geographic extent than previously 

thought.  The Hg footprint extends into far-downstream areas of the South Fork 

Shenandoah River, near Front Royal, with all downstream sites having over 10% of 

individuals sampled above our working LOAEL of 1 μg/g.  We originally hypothesized that 

songbird blood Hg would show a continually decline as we sample further from the 

confluence.  This is not the case, however, as blood Hg concentrations seem to fluctuate, 

decreasing at our middle study site about 44 miles downstream of the contamination and 

then increasing again between river miles 54 and 87.  We found individual songbirds with 

blood Hg concentrations over 1.0 ug/g (ww) as far as 107 miles downstream of the 

confluence and all species sampled downstream showed elevated blood and feather Hg 

concentrations compared with reference birds of the same species.  While the species at 

greatest risk of elevated blood Hg concentrations are obligate insectivores, other more 

omnivorous species including indigo buntings and Carolina chickadees, are accumulating 

elevated Hg concentrations in blood and feathers.  

Carolina wrens and species of the Vireonidae (vireo) family consistently show 

higher blood Hg concentrations than other species sampled.  Other species with individuals 

shown to have high blood mercury levels include: woodpeckers (Picidae), eastern wood-

pewee, Acadian flycatcher, Louisiana waterthrush, and blue-gray gnatcatcher.  All of these 

species tend to be obligate insectivores on their breeding grounds.  However, other 

omnivorous (eating more vegetative matter, berries, seeds, including insects) species are 

also accumulating Hg in the far-downstream reaches of the SFSR and show similar trends 

to the obligate insectivores.  These species include: song sparrow, indigo bunting, and 

Carolina chickadee.  During the breeding season when these birds were sampled, these the 

diet of these species can include more insect matter than the rest of the year.  
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Carolina wrens are of special interest, as this forest invertivore species may be used 

as an indicator for the effect of mercury on the reproductive success of the songbird 

community (Folsom and Evers 2009).  CARW are resident species that defend their 

territory year-round, making them good indicators of mercury exposure in a relatively 

restricted range (as opposed to migrants that spend winter off-site).  Carolina wren blood 

mercury levels remain significantly elevated above reference levels even at the site 107 

miles downstream of the original source of the contamination (SRSP). 

 Several species sampled in the far-downstream sites on the SFSR showed an 

increase in blood Hg concentrations including both obligate insectivores and more 

omnivorous species.  This may suggest that the methylation of Hg is occurring to a greater 

extent at these far-downstream sites.  Currently, there are no known point sources 

downstream on the SFSR.  Increased Hg availability at far-downstream locations may be 

due to the river structure and hydrology.  The SFSR remains a fast-flowing relatively 

straight immediately after the confluence through river mile 20.  However, further 

downstream it meanders dramatically back and forth possibly slowing down and 

depositing more Hg, or providing a better environment for methylation.  More study would 

be needed to confirm this hypothesis.    
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Appendix I. Study Area Map.  
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Appendix II. Songbird species sampled.  
Species designated as continental concern or regional concern for the Appalachian Mountains (Bird 

Conservation Region 28) by Partners in Flight (PIF 2005). 

Common Name Latin Name 
AOU 
Code 

PIF Regional 
Concern? 

PIF Continental 
Concern? 

Acadian flycatcher Empidonax virescens ACFL Y  

American goldfinch Carduelis tristis AMGO   

American redstart Setophaga ruticilla AMRE   

American robin Turdus migratorius AMRO   

Baltimore oriole Icterus galbula BAOR   

Black-and-white 
warbler Mniotilta varia BAWW 

Y  

Blue jay Cyanocitta cristata BLJA   

Blue-gray gnatcatcher Poliopyila caerulea BGGN   

Brown thrasher Toxostoma rufum BRTH Y  

Brown-headed 
cowbird Molothrus ater BHCO 

  

Carolina chickadee Poecile carolinensis CACH   

Carolina wren 
Thryithorus 
ludovicianus CAWR 

  

Common grackle Quiscalus quiscula COGR   

Common yellowthroat Geothypis trichas COYE   

Downy woodpecker Picoides pubescens DOWO   

Eastern phoebe Sayornis phoebe EAPH   

Eastern towhee Pipilo erythrophthalmus EATO Y  

Eastern tufted 
titmouse Baeolophus bicolor ETTI 

  

Eastern wood-pewee Contopus virens EAWP Y  

Field sparrow Spizella pusilla FISP Y  

Gray catbird Dumetella carolinensis GRCA   

Great-crested 
flycatcher Myiarchus crinitus GCFL 

  

Hairy woodpecker Picoides villosus HAWO   

House wren Troglodytes aedon HOWR   

Indigo bunting Passerina cyanea INBU   

Louisiana waterthrush Seiurus motacilla LOWA Y  

Northern cardinal Cardinalis cardinalis NOCA   

Northern parula Parula americana NOPA   

Northern waterthrush Seiurus noveboracensis NOWA   

Orchard oriole Icterus spurius OROR   

Ovenbird Seiurus aurocapillus OVEN   

Pileated woodpecker Dryocopus pileatus PIWO   

Red-bellied 
woodpecker Melanerpes carolinus RBWO 
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Red-eyed vireo Viro olivaceus REVI   

Song sparrow Melospiza melodia SOSP   

Veery Catharus fuscescens VEER   

Warbling vireo Vireo gilvus WAVI   

White-breasted 
nuthatch Sitta carolinensis WBNU 

  

Willow flycatcher Empindonax traillii WIFL  Y 

Wood thrush Hylocichla mustelina WOTH Y Y 

Worm-eating warbler Helmitheros vermivora WEWA Y Y 

Yellow-billed cuckoo Coccyzus americanus YBCU   
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Appendix III. Individual blood mercury levels for all species sampled at each study site.  

 

Figure III- 1. Individual blood mercury concentrations at GRCP (RM 22). Solid red line represents working LOAEL of 1.0µg/g (ww). 
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Figure III- 2. Individual blood mercury concentrations at PODA (RM 31). Solid red line represents working LOAEL of 1.0µg/g (ww). 
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Figure III- 3. Individual blood mercury concentrations at SHIS (RM 44). Solid red line represents working LOAEL of 1.0µg/g (ww). 
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Figure III- 4. Individual blood mercury concentrations at LBFA (RM 54). Solid red line represents working LOAEL of 1.0µg/g (ww). 
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Figure III- 5. Individual blood mercury concentrations at BEFE (RM 87). Solid red line represents working LOAEL of 1.0µg/g (ww). 
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Figure III- 6. Individual blood mercury concentrations at SRSP (RM 107). Solid red line represents working LOAEL of 1.0µg/g (ww). 
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Appendix IV. Individual blood and feather Hg concentrations for all birds analyzed.  
Band Species Date Site RM Age Sex Blood ID Blood Hg Feather ID Feather Hg 

231038863 ACFL 23-Jun-09 BEFE 87 AHY U 8030 1.591 8110 4.3383 

231038867 ACFL 30-Jun-09 BEFE 87 AHY M 8017 1.406 8008 3.8594 

244009492 AMGO 1-Jun-09 WNUS -6 AHY U 8339 0.010 
  

259090209 AMGO 7-Jun-09 PODA 31 AHY M 8269 0.011 
  

259090210 AMGO 8-Jun-09 PODA 31 AHY U 8252 0.004 
  

259090216 AMGO 12-Jun-09 SHIS 44 AHY M 8302 0.008 
  

231038864 AMGO 25-Jun-09 LBFA 54 AHY M 8511 0.014 
  

231038865 AMGO 25-Jun-09 LBFA 54 AHY M 8348 0.015 
  

259090234 AMGO 25-Jun-09 LBFA 54 AHY M 8488 0.007 
  

259090235 AMGO 25-Jun-09 LBFA 54 AHY F 8438 0.013 8176 0.0534 

259090236 AMGO 25-Jun-09 LBFA 54 AHY F 8527 0.013 
  

259090238 AMGO 25-Jun-09 LBFA 54 AHY F 8223 0.008 
  

231038859 AMRE 1-Jun-09 WNUS -6 AHY F 8441 0.055 
  

231038857 AMRE 28-May-09 GRCP 22 AHY F 8790 0.527 
  

129269106 AMRO 6-Jun-09 PODA 31 AHY M 8133 0.297 
  

241150914 BAOR 6-Jun-09 PODA 31 AHY F 8089 0.184 
  

241150918 BAOR 7-Jun-09 PODA 31 AHY F 8254 0.285 
  

241150922 BAOR 8-Jun-09 PODA 31 AHY F 8391 0.310 
  

241150938 BAOR 19-Jun-09 BEFE 87 AHY M 8075 0.294 8116 0.2085 

259090232 BAWW 22-Jun-09 BEFE 87 AHY F 7980 0.173 8093 0.1983 

231038814 BGGN 9-Jul-09 SRDG -1.5 AHY F 8373 0.247 
  

231038856 BGGN 26-May-09 GRCP 22 AHY M 8796 4.628 
  

241150923 BHCO 8-Jun-09 PODA 31 AHY F 8218 0.111 
  

241150944 BHCO 24-Jun-09 LBFA 54 AHY F 8144 0.084 
  

160365425 BLJA 1-Jun-09 WNUS -6 AHY U 8448 0.096 8682 0.2854 

129269113 BLJA 25-Jun-09 LBFA 54 AHY U 8324 1.145 
  

129269108 BRTH 7-Jun-09 PODA 31 AHY F 8451 0.092 
  

160365405 BRTH 25-Jun-09 LBFA 54 AHY M 8542 0.332 
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Band Species Date Site RM Age Sex Blood ID Blood Hg Feather ID Feather Hg 

160365406 BRTH 25-Jun-09 LBFA 54 AHY U 8559 0.416 8180 2.3357 

160365407 BRTH 25-Jun-09 LBFA 54 AHY F 8290 0.085 
  

231038870 CACH 8-Jul-09 SRDG -1.5 AHY U 8370 0.040 
  

231038871 CACH 8-Jul-09 SRDG -1.5 AHY U 8523 0.047 
  

244009493 CACH 1-Jun-09 WNUS -6 AHY F 8513 0.076 
  

231038858 CACH 29-May-09 GRCP 22 AHY M 8774 0.382 
  

244009485 CACH 25-May-09 GRCP 22 AHY U 8807 1.228 
  

244009487 CACH 26-May-09 GRCP 22 AHY U 8581 0.699 
  

244009488 CACH 29-May-09 GRCP 22 AHY U 8784 0.612 
  

244009489 CACH 29-May-09 GRCP 22 AHY F 8791 0.479 
  

259090207 CACH 7-Jun-09 PODA 31 AHY M 8273 0.367 
  

259090215 CACH 8-Jun-09 PODA 31 AHY M 8555 0.338 8171 2.1623 

259090218 CACH 16-Jun-09 SHIS 44 AHY U 8327 0.581 
  

231038866 CACH 25-Jun-09 LBFA 54 AHY U 8154 0.194 
  

259090239 CACH 25-Jun-09 LBFA 54 AHY F 8495 0.281 8179 2.0243 

259090246 CACH 29-Jun-09 LBFA 54 AHY U 8233 0.147 
  

259090247 CACH 29-Jun-09 LBFA 54 AHY U 8393 0.102 
  

259090248 CACH 29-Jun-09 LBFA 54 AHY M 8158 0.199 
  

259090249 CACH 29-Jun-09 LBFA 54 U U 8235 0.427 
  

259090221 CACH 18-Jun-09 BEFE 87 AHY M 8057 0.156 8049 1.8321 

259090223 CACH 19-Jun-09 BEFE 87 AHY U 8070 0.765 8118 4.5765 

259090225 CACH 22-Jun-09 BEFE 87 AHY F 8019 0.303 8092 1.6927 

259090226 CACH 22-Jun-09 BEFE 87 AHY F 8020 0.241 8042 0.6364 

259090227 CACH 22-Jun-09 BEFE 87 AHY U 8025 0.745 8091 5.8826 

259090228 CACH 22-Jun-09 BEFE 87 AHY M 7987 1.053 8676 3.6253 

259058409 CACH 8/20/2009 SRSP 107 HY U 8867 0.127 
  

244122043 CARW 8-Jul-09 SRDG -1.5 AHY F 8326 0.456 8175 1.0313 

225171486 CARW 1-Jun-09 WNUS -6 AHY M 8461 0.703 
  

225171487 CARW 1-Jun-09 WNUS -6 AHY U 8162 0.300 8825 2.877562012 

225171487 CARW 7-Jul-09 WNUS -6 AHY U 8322 0.277 
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Band Species Date Site RM Age Sex Blood ID Blood Hg Feather ID Feather Hg 

225171492 CARW 2-Jun-09 WNUS -6 AHY U 8380 0.227 
  

225170942 CARW 15-Jun-09 GRCP 22 AHY F 8839 1.592 
  

225171465 CARW 26-May-09 GRCP 22 AHY U 8585 3.229 
  

225171472 CARW 25-May-09 GRCP 22 AHY U 8823 2.124 
  

225171474 CARW 25-May-09 GRCP 22 AHY U 8580 2.046 
  

225171476 CARW 28-May-09 GRCP 22 AHY U 8782 2.357 
  

225171478 CARW 28-May-09 GRCP 22 AHY M 8789 3.297 
  

225171479 CARW 29-May-09 GRCP 22 AHY U 8809 2.622 
  

244122111 CARW 6-Jun-09 PODA 31 AHY U 8212 1.049 
  

244122112 CARW 6-Jun-09 PODA 31 AHY U 8298 0.776 
  

244122142 CARW 10-Jun-09 PODA 31 AHY F 8220 1.736 
  

244122144 CARW 12-Jun-09 SHIS 44 AHY M 8522 0.928 
  

244122148 CARW 12-Jun-09 SHIS 44 AHY U 8200 0.920 
  

244122152 CARW 15-Jun-09 SHIS 44 AHY M 8399 0.621 
  

244122005 CARW 25-Jun-09 LBFA 54 AHY U 8546 1.060 
  

244122011 CARW 29-Jun-09 LBFA 54 AHY M 8535 0.603 
  

244122027 CARW 1-Jul-09 LBFA 54 AHY F 8563 0.997 
  

244122196 CARW 24-Jun-09 LBFA 54 AHY F 8846 1.647 
  

244122199 CARW 24-Jun-09 LBFA 54 AHY F 8518 1.426 
  

244122184 CARW 22-Jun-09 BEFE 87 AHY U 7996 0.807 8102 3.2812 

244122193 CARW 23-Jun-09 BEFE 87 AHY F 8843 0.958 
  

244102447 CARW 8/6/2009 SRSP 107 AHY M 8424 0.817 
  

244102458 CARW 8/20/2009 SRSP 107 AHY U 8869 0.432 
  

244102454 CARW 8/19/2009 SRSP 107 AHY U 8871 0.413 
  

193194329 CARW 8-Jul-09 SRDG -1.5 AHY U 8328 0.254 
  

244102401 CARW 22-Jun-09 SRDG -1.5 AHY F 8844 0.227 
  

244122185 CARW 19-Jun-09 SRDG -1.5 AHY M 8849 0.263 
  

225171488 CARW 1-Jun-09 WNUS -6 AHY M 8336 0.299 
  

244122102 CARW 3-Jun-09 WNUS -6 AHY F 8842 0.250 
  

225171475 CARW 6-Jul-09 GRCP 22 AHY M 8806 5.622 8174 47.698 
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Band Species Date Site RM Age Sex Blood ID Blood Hg Feather ID Feather Hg 

244122034 CARW 3-Jul-09 GRCP 22 AHY U 9224 2.806 
  

244122041 CARW 6-Jul-09 GRCP 22 AHY M 8792 1.978 
  

244122113 CARW 7-Jun-09 PODA 31 AHY F 8840 2.290 
  

244122124 CARW 8-Jun-09 PODA 31 AHY M 8119 0.996 
  

244122137 CARW 10-Jun-09 PODA 31 AHY M 8558 0.831 8827 4.254265137 

244122141 CARW 10-Jun-09 PODA 31 AHY M 8210 1.544 
  

244122143 CARW 12-Jun-09 SHIS 44 AHY M 8163 0.919 
  

244122155 CARW 15-Jun-09 SHIS 44 AHY F 8836 0.369 
  

244122015 CARW 29-Jun-09 LBFA 54 AHY U 8313 1.336 
  

244122017 CARW 29-Jun-09 LBFA 54 AHY M 8562 0.393 
  

244122029 CARW 1-Jul-09 LBFA 54 AHY M 8358 1.262 
  

244122023 CARW 30-Jun-09 BEFE 87 AHY M 7979 0.985 8007 6.1604 

244122186 CARW 22-Jun-09 BEFE 87 AHY U 8051 0.536 8098 1.9389 

244122187 CARW 22-Jun-09 BEFE 87 AHY U 8082 0.679 8101 0.9133 

229151265 CARW 6-Jul-09 GRCP 22 HY U 8787 1.390 
  

244122035 CARW 3-Jul-09 GRCP 22 HY U 9223 1.658 
  

244122040 CARW 6-Jul-09 GRCP 22 HY U 8822 1.401 
  

244122042 CARW 6-Jul-09 GRCP 22 HY U 8820 1.879 8173 1.3665 

244122123 CARW 8-Jun-09 PODA 31 HY U 8544 0.451 
  

244122004 CARW 25-Jun-09 LBFA 54 HY U 8352 1.099 
  

244122006 CARW 25-Jun-09 LBFA 54 HY U 8512 0.361 
  

244122010 CARW 26-Jun-09 LBFA 54 HY U 8240 1.128 
  

244122013 CARW 29-Jun-09 LBFA 54 HY U 8489 0.811 
  

244122014 CARW 29-Jun-09 LBFA 54 HY U 8197 0.495 
  

244122016 CARW 29-Jun-09 LBFA 54 HY U 8403 0.850 
  

244122021 CARW 29-Jun-09 LBFA 54 HY U 8509 0.929 
  

244122025 CARW 1-Jul-09 LBFA 54 HY U 8500 1.013 
  

244122026 CARW 1-Jul-09 LBFA 54 HY U 8444 0.909 
  

244102448 CARW 8/7/2009 SRSP 107 HY U 8422 1.057 
  

244102455 CARW 8/20/2009 SRSP 107 HY U 8873 1.103 
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Band Species Date Site RM Age Sex Blood ID Blood Hg Feather ID Feather Hg 

244102457 CARW 8/19/2009 SRSP 107 HY U 8870 0.421 
  

244102449 CARW 8/7/2009 SRSP 107 HY U 8421 1.758 
  

244102450 CARW 8/7/2009 SRSP 107 HY U 8423 1.531 
  

244102451 CARW 8/7/2009 SRSP 107 HY U 8425 1.561 
  

225171484 CARW 1-Jun-09 WNUS -6 HY U 8150 0.056 8182 0.6405 

225171491 CARW 1-Jun-09 WNUS -6 HY U 8458 0.084 
  

225171485 CARW 1-Jun-09 WNUS -6 AHY F 8848 0.309 
  

225171489 CARW 1-Jun-09 WNUS -6 AHY F 8847 0.371 
  

244122140 CARW 10-Jun-09 PODA 31 AHY U 8556 0.210 
  

244122177 CARW 18-Jun-09 BEFE 87 AHY U 8074 1.413 8046 12.2026 

244122194 CARW 23-Jun-09 BEFE 87 U U 8084 1.105 7999 1.2346 

244102421 CARW 27-May-09 WNUS -6 U U 8853 0.391 
  

159393355 COGA 6-Jun-09 PODA 31 AHY M 8274 0.085 
  

159393356 COGA 7-Jun-09 PODA 31 AHY M 8225 0.015 
  

160365402 COGA 6-Jun-09 PODA 31 AHY F 8268 0.532 8833 7.88151709 

160365413 COGA 8-Jun-09 PODA 31 AHY F 8192 0.326 
  

159393353 COGR 26-May-09 GRCP 22 AHY U 8775 0.209 
  

160365404 COGR 8-Jun-09 PODA 31 AHY M 8280 0.215 
  

159393358 COGR 24-Jun-09 LBFA 54 AHY M 8360 0.190 
  

159393359 COGR 24-Jun-09 LBFA 54 AHY M 8248 0.340 
  

159393360 COGR 24-Jun-09 LBFA 54 HY U 8149 0.084 
  

160365424 COGR 24-Jun-09 LBFA 54 AHY F 8359 0.190 
  

159393357 COGR 23-Jun-09 BEFE 87 AHY F 7985 1.108 8106 0.2928 

231038861 COYE 3-Jun-09 WNUS -6 AHY M 8292 0.106 
  

244122165 DOWO 16-Jun-09 SHIS 44 AHY F 8446 0.114 
  

244122200 DOWO 24-Jun-09 LBFA 54 AHY F 8450 0.534 8829 5.66212793 

231155895 EAPH 6-Jun-09 PODA 31 AHY U 8206 0.224 
  

259090208 EAPH 7-Jun-09 PODA 31 AHY U 8161 0.552 
  

244150964 EATO 8-Jul-09 SRDG -1.5 AHY F 8432 0.129 
  

129269111 EATO 24-Jun-09 LBFA 54 AHY F 8454 0.536 
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Band Species Date Site RM Age Sex Blood ID Blood Hg Feather ID Feather Hg 

241150956 EATO 29-Jun-09 LBFA 54 AHY F 8203 0.258 
  

129269110 EATO 22-Jun-09 BEFE 87 AHY M 8083 0.211 8678 1.0323 

259090205 EAWP 7-Jun-09 PODA 31 AHY U 8231 1.639 
  

231038862 EAWP 12-Jun-09 SHIS 44 AHY M 8464 1.049 
  

259090224 EAWP 18-Jun-09 BEFE 87 AHY M 8029 0.990 8117 0.9759 

259090253 EAWP 30-Jun-09 BEFE 87 AHY U 7990 0.597 8016 5.7081 

244122044 ETTI 8-Jul-09 SRDG -1.5 HY U 8430 0.077 
  

244122045 ETTI 8-Jul-09 SRDG -1.5 AHY U 8510 0.059 
  

244122046 ETTI 8-Jul-09 SRDG -1.5 AHY U 8434 0.069 
  

225171477 ETTI 28-May-09 GRCP 22 AHY F 8568 0.833 
  

225171481 ETTI 29-May-09 GRCP 22 AHY M 8798 1.050 
  

225171482 ETTI 29-May-09 GRCP 22 AHY M 8567 0.362 
  

244122126 ETTI 8-Jun-09 PODA 31 AHY U 8135 0.441 
  

244122127 ETTI 8-Jun-09 PODA 31 AHY U 8538 0.734 
  

244122128 ETTI 8-Jun-09 PODA 31 AHY U 8186 0.346 
  

244122153 ETTI 15-Jun-09 SHIS 44 AHY M 8193 0.436 
  

244122009 ETTI 26-Jun-09 LBFA 54 AHY U 8249 0.365 
  

244122018 ETTI 29-Jun-09 LBFA 54 AHY F 8330 0.340 
  

244122019 ETTI 29-Jun-09 LBFA 54 HY U 8234 0.180 
  

244122197 ETTI 24-Jun-09 LBFA 54 AHY F 9218 0.200 
  

244122198 ETTI 24-Jun-09 LBFA 54 AHY U 8431 0.237 
  

244122173 ETTI 18-Jun-09 BEFE 87 AHY F 8066 0.680 8033 1.9344 

244102452 ETTI 8/7/2009 SRSP 107 HY U 8429 0.301 
  

244102453 ETTI 8/7/2009 SRSP 107 HY U 8427 0.135 
  

244009498 FISP 2-Jun-09 WNUS -6 AHY M 8221 0.030 
  

259090201 FISP 3-Jun-09 WNUS -6 AHY M 8334 0.017 
  

259090203 FISP 4-Jun-09 WNUS -6 AHY M 8439 0.017 
  

259090240 FISP 25-Jun-09 LBFA 54 AHY M 8394 0.059 
  

999999999 FISP 1-Jul-09 LBFA 54 AHY M 8155 0.146 
  

189188085 GCFL 1-Jun-09 WNUS -6 AHY U 8433 0.130 8185 0.6076 
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Band Species Date Site RM Age Sex Blood ID Blood Hg Feather ID Feather Hg 

241150929 GCFL 12-Jun-09 SHIS 44 AHY M 8318 0.636 
  

241150942 GCFL 24-Jun-09 LBFA 54 AHY U 8239 0.499 
  

244122001 GCFL 24-Jun-09 LBFA 54 AHY U 8442 0.623 
  

244122002 GCFL 24-Jun-09 LBFA 54 AHY U 8237 0.415 
  

244122028 GCFL 1-Jul-09 LBFA 54 AHY U 8297 0.162 
  

241150965 GRCA 8-Jul-09 SRDG -1.5 AHY M 8504 0.048 
  

241150966 GRCA 8-Jul-09 SRDG -1.5 AHY M 8505 0.103 
  

241150967 GRCA 8-Jul-09 SRDG -1.5 AHY M 8308 0.031 
  

241150968 GRCA 8-Jul-09 SRDG -1.5 AHY M 8314 0.049 
  

241150969 GRCA 8-Jul-09 SRDG -1.5 AHY F 8310 0.134 
  

189188061 GRCA 1-Jun-09 WNUS -6 AHY M 8295 0.130 
  

189188063 GRCA 1-Jun-09 WNUS -6 AHY M 8379 0.071 
  

189188065 GRCA 1-Jun-09 WNUS -6 AHY U 8289 0.398 
  

189188067 GRCA 1-Jun-09 WNUS -6 AHY F 8463 0.112 
  

189188068 GRCA 1-Jun-09 WNUS -6 AHY M 8349 0.138 
  

189188069 GRCA 1-Jun-09 WNUS -6 AHY U 8490 0.042 8181 0.6719 

189188072 GRCA 1-Jun-09 WNUS -6 AHY F 8320 0.083 
  

189188073 GRCA 1-Jun-09 WNUS -6 AHY U 8440 0.119 
  

189188074 GRCA 1-Jun-09 WNUS -6 AHY U 8134 0.057 
  

189188075 GRCA 1-Jun-09 WNUS -6 AHY F 8496 0.132 
  

189188076 GRCA 1-Jun-09 WNUS -6 AHY U 8347 0.087 
  

189188077 GRCA 1-Jun-09 WNUS -6 AHY M 8521 0.095 
  

189188078 GRCA 1-Jun-09 WNUS -6 AHY F 8129 0.071 
  

189188079 GRCA 1-Jun-09 WNUS -6 AHY U 8388 0.107 
  

189188080 GRCA 1-Jun-09 WNUS -6 AHY M 8137 0.091 
  

189188081 GRCA 1-Jun-09 WNUS -6 AHY U 8160 0.112 
  

189188082 GRCA 1-Jun-09 WNUS -6 AHY M 8148 0.147 
  

189188083 GRCA 1-Jun-09 WNUS -6 AHY F 8357 0.148 
  

189188084 GRCA 1-Jun-09 WNUS -6 AHY U 8229 0.174 
  

189188086 GRCA 2-Jun-09 WNUS -6 AHY F 8353 0.103 
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189188089 GRCA 2-Jun-09 WNUS -6 AHY M 8355 0.078 
  

189188090 GRCA 2-Jun-09 WNUS -6 AHY F 8260 0.113 
  

189188091 GRCA 2-Jun-09 WNUS -6 AHY U 8491 0.257 
  

189188092 GRCA 2-Jun-09 WNUS -6 AHY U 8540 0.123 
  

189188093 GRCA 2-Jun-09 WNUS -6 AHY F 8549 0.179 
  

189188094 GRCA 2-Jun-09 WNUS -6 AHY U 8136 0.191 
  

189188095 GRCA 2-Jun-09 WNUS -6 AHY F 8194 0.093 
  

189188096 GRCA 2-Jun-09 WNUS -6 AHY M 8519 0.112 
  

189188098 GRCA 3-Jun-09 WNUS -6 AHY U 8222 0.066 
  

189188099 GRCA 3-Jun-09 WNUS -6 AHY F 8396 0.072 
  

189188100 GRCA 3-Jun-09 WNUS -6 AHY M 8499 0.082 
  

241150902 GRCA 3-Jun-09 WNUS -6 AHY M 8531 0.063 
  

241150903 GRCA 3-Jun-09 WNUS -6 AHY F 8385 0.074 
  

241150905 GRCA 3-Jun-09 WNUS -6 AHY M 8230 0.109 
  

241150907 GRCA 3-Jun-09 WNUS -6 AHY F 8365 1.571 
  

241150908 GRCA 4-Jun-09 WNUS -6 AHY M 8251 0.116 
  

241150909 GRCA 4-Jun-09 WNUS -6 AHY F 8317 0.034 
  

241150910 GRCA 4-Jun-09 WNUS -6 AHY M 8199 0.095 
  

241150961 GRCA 7-Jul-09 WNUS -6 AHY M 8514 0.056 
  

241150962 GRCA 7-Jul-09 WNUS -6 AHY M 8383 0.065 
  

241150963 GRCA 7-Jul-09 WNUS -6 HY U 8367 0.009 
  

189188057 GRCA 29-May-09 GRCP 22 AHY U 8810 0.046 
  

241150924 GRCA 12-Jun-09 SHIS 44 AHY M 8565 0.164 
  

241150925 GRCA 12-Jun-09 SHIS 44 AHY F 8307 1.485 
  

241150926 GRCA 12-Jun-09 SHIS 44 AHY M 8561 0.342 
  

241150927 GRCA 12-Jun-09 SHIS 44 AHY M 8377 1.139 
  

241150930 GRCA 15-Jun-09 SHIS 44 AHY M 8301 0.461 
  

241150933 GRCA 15-Jun-09 SHIS 44 AHY M 8242 0.188 
  

241150937 GRCA 16-Jun-09 SHIS 44 AHY M 8362 0.064 
  

241150960 GRCA 30-Jun-09 BEFE 87 AHY F 8080 0.684 8674 0.5567 
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241150945 HAWO 24-Jun-09 LBFA 54 HY M 8554 0.739 8177 3.4445 

241150947 HAWO 24-Jun-09 LBFA 54 AHY M 8309 1.150 
  

244009490 HOWR 1-Jun-09 WNUS -6 AHY U 8372 0.110 
  

244009491 HOWR 1-Jun-09 WNUS -6 AHY F 8232 0.061 
  

244009497 HOWR 2-Jun-09 WNUS -6 AHY M 8445 0.084 
  

231155877 INBU 1-Jun-09 WNUS -6 AHY M 8515 0.022 
  

231155879 INBU 1-Jun-09 WNUS -6 AHY F 8398 0.003 8184 0.1835 

231155881 INBU 2-Jun-09 WNUS -6 AHY M 8157 0.037 
  

231155883 INBU 2-Jun-09 WNUS -6 AHY F 8321 0.016 
  

231155884 INBU 3-Jun-09 WNUS -6 AHY F 8390 0.019 
  

231155885 INBU 3-Jun-09 WNUS -6 AHY F 8146 0.023 
  

231155889 INBU 3-Jun-09 WNUS -6 AHY F 8566 0.026 
  

231155851 INBU 25-May-09 GRCP 22 AHY F 8776 0.115 
  

231155852 INBU 25-May-09 GRCP 22 AHY M 8812 0.172 
  

231155853 INBU 25-May-09 GRCP 22 AHY M 8803 0.353 
  

231155856 INBU 25-May-09 GRCP 22 AHY M 8781 0.176 
  

231155857 INBU 26-May-09 GRCP 22 AHY M 8576 0.155 
  

231155858 INBU 26-May-09 GRCP 22 AHY M 8800 0.119 
  

231155859 INBU 26-May-09 GRCP 22 AHY M 8793 0.252 
  

231155861 INBU 27-May-09 GRCP 22 AHY F 8788 0.292 
  

231155864 INBU 28-May-09 GRCP 22 AHY F 8786 0.148 
  

231155866 INBU 28-May-09 GRCP 22 AHY M 8815 0.172 
  

231155868 INBU 28-May-09 GRCP 22 AHY F 8582 0.353 
  

231155869 INBU 28-May-09 GRCP 22 AHY M 8578 0.145 
  

231155871 INBU 29-May-09 GRCP 22 AHY F 8795 0.248 
  

231155872 INBU 29-May-09 GRCP 22 AHY M 8780 0.567 
  

231155873 INBU 29-May-09 GRCP 22 AHY M 8802 0.370 
  

231155874 INBU 29-May-09 GRCP 22 AHY F 8574 0.505 
  

231155876 INBU 29-May-09 GRCP 22 AHY F 8586 0.423 
  

231155892 INBU 6-Jun-09 PODA 31 AHY M 8468 0.375 
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231155893 INBU 6-Jun-09 PODA 31 AHY F 8257 0.162 
  

231155894 INBU 6-Jun-09 PODA 31 AHY F 8389 0.258 
  

239176803 INBU 7-Jun-09 PODA 31 AHY M 8086 0.103 
  

239176805 INBU 8-Jun-09 PODA 31 AHY M 8543 0.122 
  

239176806 INBU 8-Jun-09 PODA 31 AHY F 8282 0.088 8170 0.0612 

239176807 INBU 8-Jun-09 PODA 31 AHY M 8553 0.111 
  

239176808 INBU 8-Jun-09 PODA 31 AHY M 8227 0.049 
  

239176814 INBU 12-Jun-09 SHIS 44 AHY M 8541 0.067 
  

239176816 INBU 12-Jun-09 SHIS 44 AHY M 8537 0.181 
  

239176820 INBU 16-Jun-09 SHIS 44 AHY F 8381 0.091 
  

239176821 INBU 16-Jun-09 SHIS 44 AHY F 8165 0.030 8168 0.0479 

239176823 INBU 16-Jun-09 SHIS 44 AHY M 8303 0.036 
  

239176824 INBU 16-Jun-09 SHIS 44 AHY M 8545 0.084 
  

239176825 INBU 16-Jun-09 SHIS 44 AHY M 8145 0.040 
  

239176826 INBU 16-Jun-09 SHIS 44 AHY F 8564 0.031 
  

239176848 INBU 24-Jun-09 LBFA 54 AHY M 8294 0.156 
  

239176849 INBU 24-Jun-09 LBFA 54 HY U 8139 0.243 
  

239176850 INBU 24-Jun-09 LBFA 54 AHY M 8138 0.450 
  

239176851 INBU 24-Jun-09 LBFA 54 AHY M 9217 0.357 
  

239176852 INBU 25-Jun-09 LBFA 54 AHY F 8532 0.245 8178 0.1219 

239176858 INBU 29-Jun-09 LBFA 54 AHY M 8247 0.093 
  

239176860 INBU 29-Jun-09 LBFA 54 AHY M 8131 0.234 
  

239176829 INBU 18-Jun-09 BEFE 87 AHY M 8079 0.075 8044 0.0332 

239176830 INBU 18-Jun-09 BEFE 87 AHY M 8068 0.317 8045 6.9233 

239176840 INBU 22-Jun-09 BEFE 87 AHY M 7998 0.637 8095 0.0694 

239176844 INBU 23-Jun-09 BEFE 87 AHY M 7986 0.395 8004 0.044 

239176846 INBU 23-Jun-09 BEFE 87 AHY M 7982 0.078 8111 0.0452 

239176853 LOWA 25-Jun-09 LBFA 54 HY U 8331 0.400 
  

239176854 LOWA 25-Jun-09 LBFA 54 AHY M 8548 1.160 
  

239176856 LOWA 26-Jun-09 LBFA 54 HY U 8198 0.637 
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239176869 LOWA 1-Jul-09 LBFA 54 HY U 8188 0.176 
  

239176870 LOWA 2-Jul-09 LBFA 54 HY U 8455 0.846 
  

239176834 LOWA 19-Jun-09 BEFE 87 AHY M 8081 0.579 8114 1.8687 

239176867 LOWA 30-Jun-09 BEFE 87 HY U 7997 1.040 8003 13.6551 

129269117 NOCA 8-Jul-09 SRDG -1.5 AHY M 8382 0.035 
  

189188064 NOCA 1-Jun-09 WNUS -6 AHY F 8311 0.018 
  

189188066 NOCA 1-Jun-09 WNUS -6 AHY F 8344 0.035 
  

189188087 NOCA 2-Jun-09 WNUS -6 AHY F 8287 0.018 
  

189188088 NOCA 2-Jun-09 WNUS -6 AHY M 8340 0.037 
  

189188097 NOCA 3-Jun-09 WNUS -6 AHY F 8536 0.028 
  

241150906 NOCA 3-Jun-09 WNUS -6 AHY M 8238 0.019 
  

244150901 NOCA 3-Jun-09 WNUS -6 AHY M 8296 0.017 
  

129269105 NOCA 29-May-09 GRCP 22 AHY M 8778 0.387 
  

189188056 NOCA 28-May-09 GRCP 22 AHY F 8583 0.187 
  

189188058 NOCA 29-May-09 GRCP 22 AHY F 8785 0.269 
  

189188059 NOCA 29-May-09 GRCP 22 AHY F 8804 0.263 
  

189188060 NOCA 29-May-09 GRCP 22 AHY F 8821 0.094 
  

129269107 NOCA 7-Jun-09 PODA 31 AHY M 8120 0.145 
  

241150911 NOCA 6-Jun-09 PODA 31 AHY M 8285 0.038 
  

241150912 NOCA 6-Jun-09 PODA 31 AHY M 8126 0.178 
  

241150920 NOCA 7-Jun-09 PODA 31 AHY M 8278 0.158 
  

241150921 NOCA 8-Jun-09 PODA 31 AHY F 8275 0.034 
  

129269109 NOCA 15-Jun-09 SHIS 44 AHY M 8378 0.074 
  

241150928 NOCA 12-Jun-09 SHIS 44 AHY M 8338 0.017 
  

241150931 NOCA 15-Jun-09 SHIS 44 AHY F 8323 0.150 
  

241150932 NOCA 5-Jun-09 SHIS 44 AHY F 8147 0.134 
  

241150936 NOCA 15-Jun-09 SHIS 44 AHY F 8526 0.227 
  

129269112 NOCA 24-Jun-09 LBFA 54 AHY F 8167 0.101 
  

129269114 NOCA 25-Jun-09 LBFA 54 AHY M 8466 0.268 
  

241150940 NOCA 24-Jun-09 LBFA 54 AHY M 8219 0.234 
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241150941 NOCA 24-Jun-09 LBFA 54 AHY M 8384 0.395 
  

241150943 NOCA 24-Jun-09 LBFA 54 HY M 8503 0.123 
  

241150946 NOCA 24-Jun-09 LBFA 54 HY F 8258 0.300 
  

241150948 NOCA 25-Jun-09 LBFA 54 AHY F 8299 0.225 
  

241150949 NOCA 25-Jun-09 LBFA 54 HY M 8376 0.238 
  

241150950 NOCA 25-Jun-09 LBFA 54 AHY F 8436 0.235 
  

241150952 NOCA 26-Jun-09 LBFA 54 HY U 8286 0.102 
  

241150957 NOCA 29-Jun-09 LBFA 54 AHY F 8202 0.190 
  

241150958 NOCA 29-Jun-09 LBFA 54 AHY M 8156 0.220 
  

241150959 NOCA 29-Jun-09 LBFA 54 AHY F 8253 0.167 
  

241150939 NOCA 22-Jun-09 BEFE 87 AHY M 7983 0.060 8043 0.4761 

239038868 NOPA 6-Jul-09 GRCP 22 AHY M 8811 0.822 8172 0.2587 

231155863 NOWA 27-May-09 GRCP 22 AHY U 8797 0.234 
  

231155867 NOWA 28-May-09 GRCP 22 AHY U 8777 0.219 
  

244009486 NOWA 25-May-09 GRCP 22 AHY U 8794 0.336 
  

244122159 OROR 15-Jun-09 SHIS 44 AHY M 8467 0.209 
  

239176873 OVEN 8-Jul-09 SRDG -1.5 AHY M 8332 0.093 
  

259090233 OVEN 24-Jun-09 LBFA 54 AHY M 8319 0.091 
  

239176838 OVEN 22-Jun-09 BEFE 87 AHY F 8058 0.201 8100 2.2029 

129269102 RBWO 28-May-09 GRCP 22 AHY F 8813 0.880 
  

129269115 RBWO 1-Jul-09 LBFA 54 AHY M 8256 1.065 8824 1.485621948 

239076872 REVI 8-Jul-09 SRDG -1.5 AHY M 8493 0.230 
  

239176874 REVI 8-Jul-09 SRDG -1.5 AHY F 8369 0.247 
  

231155850 REVI 25-May-09 GRCP 22 AHY U 8819 1.951 
  

231155854 REVI 25-May-09 GRCP 22 AHY U 8817 1.537 
  

231155855 REVI 25-May-09 GRCP 22 AHY U 8779 0.680 
  

231155860 REVI 26-May-09 GRCP 22 AHY U 8569 2.466 
  

231155862 REVI 27-May-09 GRCP 22 AHY U 8783 1.384 
  

231155870 REVI 28-May-09 GRCP 22 AHY M 8805 1.591 
  

231155875 REVI 29-May-09 GRCP 22 AHY F 8584 1.053 
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239176871 REVI 6-Jul-09 GRCP 22 AHY M 8579 2.015 
  

259090254 REVI 6-Jul-09 GRCP 22 AHY M 8814 0.592 
  

231155896 REVI 6-Jun-09 PODA 31 AHY M 8130 1.804 
  

231155897 REVI 6-Jun-09 PODA 31 AHY M 8270 1.427 
  

231155898 REVI 6-Jun-09 PODA 31 AHY M 8207 1.514 
  

231155900 REVI 6-Jun-09 PODA 31 AHY M 8201 1.742 
  

239176801 REVI 6-Jun-09 PODA 31 AHY M 8208 1.635 
  

239176802 REVI 6-Jun-09 PODA 31 AHY U 8291 0.670 
  

239176810 REVI 10-Jun-09 PODA 31 AHY M 8346 0.923 
  

239176811 REVI 10-Jun-09 PODA 31 AHY M 8386 1.143 8832 0.450259674 

239176812 REVI 10-Jun-09 PODA 31 AHY M 8190 0.941 
  

239176813 REVI 10-Jun-09 PODA 31 AHY M 8228 1.336 
  

239076817 REVI 15-Jun-09 SHIS 44 AHY M 8166 1.047 
  

239176815 REVI 12-Jun-09 SHIS 44 AHY M 8255 1.370 
  

239176818 REVI 15-Jun-09 SHIS 44 AHY M 8211 0.879 
  

239176819 REVI 15-Jun-09 SHIS 44 AHY F 8437 1.516 
  

239176822 REVI 16-Jun-09 SHIS 44 AHY M 8363 1.267 
  

259050217 REVI 12-Jun-09 SHIS 44 AHY M 8283 0.944 
  

239176855 REVI 26-Jun-09 LBFA 54 AHY F 8400 1.076 
  

239176857 REVI 29-Jun-09 LBFA 54 AHY M 8128 1.302 
  

239176859 REVI 29-Jun-09 LBFA 54 AHY M 8263 1.827 8826 1.135355103 

239176868 REVI 1-Jul-09 LBFA 54 AHY F 8189 0.574 8828 0.558196228 

259090244 REVI 29-Jun-09 LBFA 54 AHY M 8452 0.966 
  

259090245 REVI 29-Jun-09 LBFA 54 AHY M 8315 1.357 
  

259090252 REVI 1-Jul-09 LBFA 54 AHY M 8143 1.406 
  

239176828 REVI 18-Jun-09 BEFE 87 AHY M 8078 0.573 8035 0.3052 

239176831 REVI 18-Jun-09 BEFE 87 AHY M 8053 1.865 8113 0.5694 

239176832 REVI 18-Jun-09 BEFE 87 AHY M 8056 1.261 8112 0.6551 

239176833 REVI 18-Jun-09 BEFE 87 AHY M 8064 0.633 8047 0.608 

239176835 REVI 19-Jun-09 BEFE 87 AHY M 8054 1.458 8115 0.3406 
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239176836 REVI 22-Jun-09 BEFE 87 AHY M 8027 1.726 8099 0.3731 

239176837 REVI 22-Jun-09 BEFE 87 AHY F 8026 1.079 8094 0.3617 

239176845 REVI 23-Jun-09 BEFE 87 AHY M 8073 1.595 8000 0.2606 

239176847 REVI 23-Jun-09 BEFE 87 AHY M 7991 1.344 8005 0.192 

239176861 REVI 30-Jun-09 BEFE 87 AHY M 8063 1.547 8010 1.4021 

239176862 REVI 30-Jun-09 BEFE 87 AHY M 7988 2.134 8009 0.8962 

239176863 REVI 30-Jun-09 BEFE 87 AHY M 8031 1.485 8012 0.2632 

239176864 REVI 30-Jun-09 BEFE 87 AHY M 7993 0.807 8013 0.1808 

239176865 REVI 30-Jun-09 BEFE 87 AHY M 8061 2.876 8015 0.581 

239176866 REVI 30-Jun-09 BEFE 87 AHY M 8023 1.098 8002 0.1966 

259090250 REVI 30-Jun-09 BEFE 87 AHY M 8024 2.788 8011 0.605 

239161601 REVI 8/7/2009 SRSP 107 HY U 8416 0.193 
  

239161602 REVI 8/7/2009 SRSP 107 HY U 8415 0.225 
  

239161603 REVI 8/7/2009 SRSP 107 AHY U 8420 0.177 
  

239161604 REVI 8/7/2009 SRSP 107 HY U 8417 0.337 
  

239161605 REVI 8/7/2009 SRSP 107 AHY U 8418 0.340 
  

239161607 REVI 8/7/2009 SRSP 107 AHY M 8413 0.250 
  

239161608 REVI 8/20/2009 SRSP 107 AHY U 8866 0.172 
  

224122101 SOSP 3-Jun-09 WNUS -6 AHY F 8492 0.081 
  

225171483 SOSP 1-Jun-09 WNUS -6 AHY U 8406 0.040 
  

225171493 SOSP 3-Jun-09 WNUS -6 AHY M 8316 0.020 
  

225171495 SOSP 3-Jun-09 WNUS -6 AHY M 8395 0.041 
  

225171496 SOSP 3-Jun-09 WNUS -6 AHY F 8460 0.077 
  

225171497 SOSP 3-Jun-09 WNUS -6 AHY F 8516 0.029 
  

225171498 SOSP 3-Jun-09 WNUS -6 AHY M 8246 0.053 
  

225171499 SOSP 3-Jun-09 WNUS -6 HY U 8457 0.022 
  

225171500 SOSP 3-Jun-09 WNUS -6 AHY M 8141 0.044 
  

231155880 SOSP 2-Jun-09 WNUS -6 AHY M 8462 0.078 
  

231155882 SOSP 2-Jun-09 WNUS -6 AHY M 8552 0.050 
  

231155886 SOSP 3-Jun-09 WNUS -6 AHY F 8196 0.041 
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244122103 SOSP 3-Jun-09 WNUS -6 AHY F 8226 0.065 
  

244122104 SOSP 4-Jun-09 WNUS -6 AHY M 8153 0.028 
  

244122106 SOSP 4-Jun-09 WNUS -6 AHY M 8216 0.034 
  

244122107 SOSP 4-Jun-09 WNUS -6 AHY M 8293 0.067 
  

244122108 SOSP 4-Jun-09 WNUS -6 AHY M 8337 0.019 
  

225171480 SOSP 29-May-09 GRCP 22 AHY F 8575 1.629 
  

239176804 SOSP 8-Jun-09 PODA 31 AHY M 8250 0.173 
  

244122109 SOSP 6-Jun-09 PODA 31 AHY M 8266 1.100 
  

244122110 SOSP 6-Jun-09 PODA 31 AHY F 8529 0.669 
  

244122116 SOSP 7-Jun-09 PODA 31 AHY M 8271 0.824 
  

244122117 SOSP 8-Jun-09 PODA 31 AHY M 8215 0.189 
  

244122118 SOSP 8-Jun-09 PODA 31 AHY F 8088 1.147 
  

244122119 SOSP 8-Jun-09 PODA 31 AHY M 8551 1.352 
  

244122120 SOSP 8-Jun-09 PODA 31 AHY M 8267 0.578 
  

244122121 SOSP 8-Jun-09 PODA 31 AHY M 8191 0.243 
  

244122122 SOSP 8-Jun-09 PODA 31 AHY M 8164 0.730 
  

244122125 SOSP 8-Jun-09 PODA 31 AHY F 8453 0.525 
  

244122133 SOSP 10-Jun-09 PODA 31 AHY M 8125 0.293 
  

244122134 SOSP 10-Jun-09 PODA 31 AHY M 8528 0.414 
  

244122135 SOSP 10-Jun-09 PODA 31 AHY F 8087 0.950 
  

244122136 SOSP 10-Jun-09 PODA 31 AHY M 8351 0.399 
  

244122138 SOSP 10-Jun-09 PODA 31 AHY M 8560 1.270 
  

244122139 SOSP 10-Jun-09 PODA 31 AHY M 8284 0.650 
  

241150147 SOSP 12-Jun-09 SHIS 44 AHY F 8140 0.248 
  

244122145 SOSP 12-Jun-09 SHIS 44 AHY M 8281 0.752 
  

244122146 SOSP 12-Jun-09 SHIS 44 AHY M 8498 0.238 
  

244122149 SOSP 12-Jun-09 SHIS 44 AHY M 8224 0.684 
  

244122150 SOSP 12-Jun-09 SHIS 44 AHY M 8195 0.774 
  

244122151 SOSP 15-Jun-09 SHIS 44 AHY M 8243 0.624 
  

244122154 SOSP 15-Jun-09 SHIS 44 AHY M 8209 0.465 
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244122156 SOSP 15-Jun-09 SHIS 44 AHY M 8506 0.553 
  

244122157 SOSP 15-Jun-09 SHIS 44 HY U 8335 0.437 
  

244122158 SOSP 15-Jun-09 SHIS 44 AHY M 8213 0.951 
  

244122161 SOSP 16-Jun-09 SHIS 44 AHY M 8241 0.304 8169 1.5651 

244122162 SOSP 16-Jun-09 SHIS 44 AHY M 8402 0.206 
  

244122163 SOSP 16-Jun-09 SHIS 44 AHY F 8261 0.200 
  

244122164 SOSP 16-Jun-09 SHIS 44 AHY M 8262 0.105 
  

244122166 SOSP 16-Jun-09 SHIS 44 AHY M 8259 0.145 
  

244122167 SOSP 16-Jun-09 SHIS 44 HY U 8449 0.091 
  

244122168 SOSP 16-Jun-09 SHIS 44 HY U 8469 0.059 
  

244122169 SOSP 16-Jun-09 SHIS 44 AHY M 8401 0.149 
  

244122170 SOSP 16-Jun-09 SHIS 44 AHY M 8502 0.298 
  

244122003 SOSP 25-Jun-09 LBFA 54 HY U 8343 0.145 
  

244122012 SOSP 29-Jun-09 LBFA 54 AHY M 8375 1.172 
  

244122024 SOSP 1-Jul-09 LBFA 54 AHY M 8342 0.825 
  

244122030 SOSP 2-Jul-09 LBFA 54 AHY M 8366 0.099 
  

244122031 SOSP 2-Jul-09 LBFA 54 AHY M 8533 0.554 
  

244122032 SOSP 2-Jul-09 LBFA 54 AHY M 8333 0.925 
  

244122033 SOSP 2-Jul-09 LBFA 54 AHY F 8312 1.342 
  

239176827 SOSP 18-Jun-09 BEFE 87 AHY M 8028 1.044 8038 0.3073 

244122171 SOSP 18-Jun-09 BEFE 87 AHY M 
  

8034 0.7548 

244122172 SOSP 18-Jun-09 BEFE 87 AHY U 8077 0.904 8680 0.1863 

244122174 SOSP 18-Jun-09 BEFE 87 AHY M 8018 0.611 8037 0.518 

244122175 SOSP 18-Jun-09 BEFE 87 AHY M 7994 0.710 8036 0.6697 

244122176 SOSP 18-Jun-09 BEFE 87 AHY M 8067 1.238 8032 0.2478 

244122178 SOSP 18-Jun-09 BEFE 87 AHY M 8072 1.000 8108 0.8063 

244122192 SOSP 23-Jun-09 BEFE 87 AHY M 8050 1.346 8109 0.6344 

244122195 SOSP 23-Jun-09 BEFE 87 HY U 7989 0.635 8006 4.2095 

225171490 VEER 1-Jun-09 WNUS -6 AHY M 8236 0.047 
  

239176809 WAVI 8-Jun-09 PODA 31 AHY M 8127 2.234 
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259090206 WAVI 7-Jun-09 PODA 31 AHY U 8123 1.659 
  

259090220 WAVI 16-Jun-09 SHIS 44 AHY F 8276 1.751 
  

259090237 WAVI 25-Jun-09 LBFA 54 AHY F 8494 1.766 
  

239176841 WAVI 22-Jun-09 BEFE 87 AHY M 8069 1.817 8103 9.8948 

259090229 WAVI 22-Jun-09 BEFE 87 AHY U 8060 0.752 8105 5.436 

259090251 WAVI 30-Jun-09 BEFE 87 AHY M 7981 1.047 8014 1.3426 

259058401 WAVI 8/7/2009 SRSP 107 HY U 8409 0.440 
  

259058402 WAVI 8/7/2009 SRSP 107 AHY U, F? 8412 0.111 
  

259058403 WAVI 8/7/2009 SRSP 107 HY U 8407 0.742 
  

259058404 WAVI 8/7/2009 SRSP 107 AHY M 8408 0.178 
  

259058405 WAVI 8/7/2009 SRSP 107 HY U 8410 0.386 
  

259058407 WAVI 8/7/2009 SRSP 107 HY U 8428 0.393 
  

244122047 WBNU 9-Jul-09 SRDG -1.5 AHY M 8507 0.098 
  

244122114 WBNU 7-Jun-09 PODA 31 AHY M 8151 0.804 
  

244122115 WBNU 7-Jun-09 PODA 31 AHY F 8354 0.193 
  

244122007 WBNU 26-Jun-09 LBFA 54 AHY M 8550 0.528 
  

244122008 WBNU 25-Jun-09 LBFA 54 AHY M 8341 0.265 
  

259090255 WEWA 6-Jul-09 GRCP 22 AHY F 8808 0.249 
  

259090241 WEWA 26-Jun-09 LBFA 54 HY U 8459 0.079 
  

259090242 WEWA 26-Jun-09 LBFA 54 HY U 8300 0.077 
  

259090243 WEWA 26-Jun-09 LBFA 54 AHY F 8397 0.303 
  

239176839 WEWA 22-Jun-09 BEFE 87 AHY U 7995 0.283 8096 0.8681 

239176842 WEWA 22-Jun-09 BEFE 87 HY U 8059 0.059 8104 0.6064 

239176843 WEWA 22-Jun-09 BEFE 87 HY U 8052 0.059 8090 0.5315 

259090222 WEWA 18-Jun-09 BEFE 87 AHY M 8062 0.243 8048 0.5869 

259090230 WEWA 22-Jun-09 BEFE 87 AHY M 8022 0.298 8040 0.9991 

259090231 WEWA 22-Jun-09 BEFE 87 AHY F 8071 0.207 8041 0.4468 

259158410 WEWA 8/20/2009 SRSP 107 HY U 8874 0.432 
  

259090219 WIFL 16-Jun-09 SHIS 44 AHY U 8361 0.182 
  

241150913 WOTH 6-Jun-09 PODA 31 AHY M 8124 0.384 
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241150915 WOTH 6-Jun-09 PODA 31 AHY M 8288 0.609 
  

241150916 WOTH 7-Jun-09 PODA 31 AHY M 8530 0.781 
  

241150917 WOTH 7-Jun-09 PODA 31 AHY F 8122 0.404 
  

241150919 WOTH 7-Jun-09 PODA 31 AHY M 8187 0.533 
  

241150934 WOTH 15-Jun-09 SHIS 44 AHY M 8279 0.320 
  

241150951 WOTH 26-Jun-09 LBFA 54 AHY F 8524 0.231 
  

241150953 WOTH 26-Jun-09 LBFA 54 AHY M 8356 0.236 
  

129269116 YBCU 6-Jul-09 GRCP 22 AHY U 8816 1.328 
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In many species of birds, a non-breeding portion of the population spends the breeding season on or 
near the nesting grounds. This floating subset of the population is often comprised of young or low-
quality individuals that can subsequently recruit into the breeding population. However, floaters are 
difficult to study and most documentation has been the result of nest site manipulation or 
experimental removal of residents. Here, using a contaminant as a tracer, we show unequivocal 
recruitment of floater Tree Swallows (Tachycineta bicolor) into a breeding population without 
experimental manipulation. In 2005, a nest box trail was established along the South River 
(Virginia, USA) to monitor breeding Tree Swallows exposed to aquatic mercury. Because feather 
mercury levels reflect exposure during the previous breeding season, we were able to use mercury to 
detect prior occupancy among new recruits in the population. Through this technique, we estimated 
that 58% of 79 new breeders had been present in our contaminated study area during the previous 
breeding season. Future studies could profit from incorporating floater abundance and behavior 
into evaluations of contaminant impact because floaters at contaminated sites receive more exposure 
than would be estimated based only on their longevity in the breeding population.  
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Introduction 
A floater is a member of a population that lacks a territory but lives among residents, moving 

transiently over an area encompassing several territories. Most research concerning floater behavior 
has been conducted on breeding grounds, but floaters also occur in systems that are territorial during 
the non-breeding season (Brown and Long 2007). In fact, floaters have been detected in nearly all 
populations of territorial birds that have been studied appropriately (reviewed in Winker 1998). 
Previous research has described the behavior of floaters to better understand the specific roles that 
these individuals hold within populations (e.g. Smith 1978). However, because of the difficulty in 
identifying and following floaters, many gaps remain in our understanding of the maintenance and 
evolution of this ubiquitous life history strategy, and floaters have rarely, if ever, been incorporated 
into ecotoxicological studies. 

Floaters are, by definition, reproductively capable individuals, and although they are unable 
to defend a breeding territory, they are sometimes able to reproduce in other ways. As a 
consequence, floaters of some species may gain varying degrees of fitness through either brood 
parasitism (e.g. Sandell and Diemer 1999) or extra-pair copulations with resident females (e.g. 
Kempenaers et al. 2001). Even in the absence of immediate reproductive benefits, floating may 
allow individuals to gain familiarity with territories that will become available in the future. Several 
studies have indicated that floaters achieve an advantage in social dominance during competition for 
new vacancies (reviewed in Zack and Stutchbury 1992).  

Although floaters may play a significant role in many populations, both in terms of direct 
reproductive output and as a source of new recruits, most aspects of floater behavior remain poorly 
understood due to the practical difficulties inherent in studying them. In fact, their mobility and 
cryptic nature have earned floaters a reputation for being an invisible portion of populations. 
Traditional methods of detecting avian floaters have included 1) supplementing a limiting resource, 
such as nest sites, in order to lure floaters into view (e.g. Stutchbury and Robertson 1985); or 2) 
removing one or both members of breeding pairs in order to determine whether there is a pool of 
floaters available to replace them (e.g. Bruinzeel and van de Pol 2004). These methods have been 
effective in documenting the existence of floaters in a number of species (reviewed in Winker 1998); 
however, as a result, there have been few comprehensive accounts of floater abundance or behavior 
under unmanipulated conditions (but see Smith 1978, Heg et al. 2000).     

The use of chemical tracers may offer new insights. Chemical tracers are compounds that are 
specific to a particular location or sector of a population and that can be used to infer characteristics 
of individuals. For example, much recent work has demonstrated the efficacy of stable isotope 
analysis in uncovering information about avian migration and space use (reviewed in Inger and 
Bearhop 2008). Localized contaminants in the environment may prove of similar value and we 
demonstrate here that mercury pollution can be used as a tracer to detect prior use of a contaminated 
area by cryptic floaters. In its organic form, mercury has a high affinity for the disulfide bonds 
present in keratins, and is deposited in developing feathers during growth (Condon and Cristol 
2009). Thus, feather mercury levels reflect exposure during the period prior to the most recent molt. 
Most species of migratory songbirds undergo a full (“pre-basic”) molt at the end of the breeding 
season before departing for fall migration. If this molt occurs on a breeding ground contaminated 
with mercury, then mercury levels in the feathers of birds captured during one breeding season will 
reflect exposure during the previous one. If an adult bird on a contaminated site has high feather 
mercury levels, but was not breeding on that site in the previous year, then it can be deduced that this 
bird was a floater that spent substantial time on the breeding site and has subsequently been recruited 
into the breeding population. Our objectives were to determine whether feather mercury levels could 
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be used as a tracer to detect floaters and whether such a technique could be applied to more closely 
examine important characteristics associated with this cryptic portion of many bird populations.  

 
Methods 
 
Study Species 

The Tree Swallow (Tachycineta bicolor) is an insectivorous, migratory songbird that breeds 
throughout the northern half of North America (Robertson et al. 1992). Tree Swallows are obligate 
secondary cavity nesters (Robertson et al. 1992) and are thus nest-site limited. At our study site in 
Virginia (see Study Area), their breeding season consists of two discrete periods, an early nesting 
period from late April through early May and a late nesting period from late May through June. 
Traditionally, it has been assumed that females nesting in the late period are floaters who were 
excluded from breeding early (Stutchbury and Robertson 1985, but see Monroe et al. 2008). In an 
unmanipulated population, 11% of all breeders were reported to be late-nesting floaters (Stutchbury 
and Robertson 1985). When the number of available nest sites was experimentally increased late in 
the season in that same population, floaters comprised approximately 25% of all breeders 
(Stutchbury and Robertson 1985). This estimate of 25% is still widely cited as the best 
approximation of floater abundance in Tree Swallows (e.g. Rosvall 2008).   

In order to make inferences concerning the efficacy of a mercury tracer, it is necessary to 
establish that feathers collected during one breeding season actually reflect behavior during the 
previous one. In Tree Swallows, several lines of evidence suggest this to be the case. First, in 
contrast to many other birds, Tree Swallows undergo a single molt each year that begins in late July 
and continues well into migration (Robertson et al. 1992). Among the flight feathers, primaries are 
molted in sequence beginning with the innermost (P1) and continuing outward (Robertson et al. 
1992). Thus, the majority of swallows molt their first primaries on the breeding grounds (see Sellick 
et al. 2009). Brasso and Cristol (2008) tested this assumption by correlating feather mercury levels 
of returning breeders with blood levels in the previous year. As expected, blood mercury in one 
breeding season was highly predictive of feather mercury in the subsequent year (see Statistical 
Analyses). 
 
Study Area 

The South River in Virginia, USA was contaminated with mercury from an industrial source 
between 1929 and 1950 (Carter 1977). In 2005, a nest box trail was established at 26 sites along the 
South River and two nearby uncontaminated tributaries, the North and Middle Rivers (described in 
Cristol et al. 2008). Nest boxes were placed in cropland or pasture approximately 25 m apart and 
within 300 m of river shoreline. In 2005, 146 nest boxes were provided. This number was increased, 
prior to the breeding season, to 296 in 2006, 361 in 2007, and 504 in 2008. Nest boxes were 
constructed using a popular bluebird nest box design (Eastern/Western Bluebird, North American 
Bluebird Society 2009) and each was fitted with a “stovepipe” predator guard (Erva Tool, Chicago, 
Illinois) that almost entirely eliminated snake and mammalian predation (e.g. nest failure due to 
predation, abandonment, and disruption by House Sparrows (Passer domesticus) was < 10% in 
2005-2007). There is no natural wetland habitat suitable for Tree Swallow nesting in the study area 
and prior to the establishment of our nest box trail, few, if any, Tree Swallows were nesting on or 
near the study sites. 
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Capture and Sampling 
Adult female Tree Swallows were captured in their nest boxes during incubation or the 

nestling period using one of two trapping methods (Stutchbury and Robertson 1986, Friedman et al. 
2008) or by hand. Tree Swallows are a rarity among birds in that age can be determined by plumage 
in females, but not males. Second year (SY, hatched in the previous breeding season) females have a 
predominantly brown plumage while after-second-year (ASY) females exhibit an iridescent blue 
plumage similar to all ages of males (Robertson et al. 1992). Upon capture, each female was 
uniquely banded with a USGS metal band. In addition, a small blood sample (< 100 ul) was 
collected and one primary (P1) was removed from each wing for mercury analysis (as described in 
Brasso and Cristol 2008). During 2005-2006, it was demonstrated that feather mercury level in one 
breeding season correlated with blood mercury level sampled during the previous breeding season, 
validating a fundamental assumption of our study - swallows in this population grow their first 
primary feather (P1) on the breeding grounds (Figure 3 in Brasso and Cristol 2008). Because a 
substantial proportion of breeding females evaded capture in 2005 (captured 66.7%; 20 of 30 
contaminated breeders), we did not attempt to analyze prevalence of returning floaters in 2006. 
However, from 2006-2008 we captured nearly every breeding female, and thus could be almost 
certain that an unbanded ASY breeder in 2007 or 2008 had not been breeding on or near one of these 
study sites in the previous season. In 2006, we captured at least 92% of adult female Tree Swallows 
(58 of 63) breeding on contaminated sites in the early nesting period. In addition, we captured eight 
of 12 late-breeding females. All nine of the females that evaded capture had abandoned their nests 
before the eggs hatched and thus some may have renested and, unbeknownst to us, been caught and 
banded later in the season. In 2007, we captured at least 93% (100 of 107) of early-breeding females 
and three of six late-nesters. Of the 10 unbanded females, 9 failed in their nesting attempts and 
abandoned their eggs before capture, while one nested successfully but evaded capture. 

 
Mercury Analysis 

Following collection, blood and feathers were kept on ice for approximately 3-6 hours, after 
which time they were stored at -25° C. Feathers were washed with deionized water and air dried at 
low humidity prior to analysis in order to remove particulate surface mercury residues. Samples 
were analyzed for total mercury at the College of William and Mary on a Milestone® DMA 80 (as 
in Cristol et al. 2008). All results are presented as wet/fresh weight (ug/g) concentrations.  

 
Statistical Analyses 

Unbanded females represented new breeders in our population that were either formerfloaters 
on the site in the previous breeding season or breeders/floaters at other, presumably uncontaminated 
sites. Because the levels of mercury in birds at this study site greatly exceed those found at nearby 
uncontaminated sites, or previously reported contaminated sites elsewhere in North America (Brasso 
and Cristol 2008), it is unlikely that a female swallow could have obtained comparable levels of 
mercury without having been present on these contaminated study sites during a substantial portion 
of the previous breeding season. All SY females were dropped from the analysis since they had been 
nestlings in the previous year, and therefore could not have been floaters.  

Earlier work on this Tree Swallow population had documented a significant and strong 
correlation between blood mercury level in one year and feather mercury level in the following year 
(Brasso and Cristol 2008). Using those data, we created discrete criteria for classifying newly-
arriving, unbanded ASY females as either former floaters or non-floaters based on the presence of 
mercury in their feathers. In order to provide a conservative estimate of floater prevalence, we used 
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the highest blood mercury level of all reference birds breeding on the nearby North or Middle Rivers 
as an upper estimate of mercury exposure possible for birds not present on the contaminated sites. 
We then applied this diagnostic blood mercury value to the regression equation presented in Brasso 
and Cristol (2008) to generate the expected corresponding feather mercury level. In order to reduce 
the possibility of falsely classifying birds as floaters, we created a 95% confidence interval around 
the diagnostic feather mercury value. All females that could potentially have been former floaters 
were then assigned to one of three categories: Females with levels below the lower limit of the 
confidence interval were designated as ‘non-floaters,’ while those above the upper limit were 
designated as ‘floaters.’  Females with feather mercury levels falling within the 95% confidence 
interval were classified as ‘undetermined’.  These same criteria were applied separately for each of 
the two years in which floater prevalence was estimated because of annual variation in mercury 
exposure. From these classifications, we estimated the minimum proportion of new breeders that had 
been floaters on our contaminated sites in the previous year. In 2006, the highest blood mercury 
level of all Tree Swallows breeding on uncontaminated reference sites (n = 51) was 0.227 ug/g. In 
2007, this level was 0.310 ug/g (n = 68). The corresponding confidence intervals yielded the 
following criteria for assignment of floaters to three categories: In 2007, unbanded ASY breeding 
females with feather mercury levels below1.34 ug/g were designated as non-floaters and those above 
5.32 ug/g were classified as floaters. Females with feather mercury levels between these levels were 
classified as undetermined (Fig. 1).  In 2008, the relevant levels were 1.73 and 5.61 ug/g. Finally, we 
analyzed feather mercury levels for a subset of unbanded ASY females breeding on reference sites 
several kilometers away from contaminated sites (n = 11 sites, mean nearest distance to 
contaminated site 16.7 km, range 3.6-30.8 km). All analyses were performed using MINITAB 
Statistical Software Version 15 (Minitab Inc., State College, Pennsylvania). All means are presented 
± SD. 

 
Results 

In 2007, 34 unbanded ASY females nested in boxes on mercury-contaminated sites and thus 
could have been detected as potential floaters from the year before. Of these, 70.6% (n = 24) had 
feather mercury levels above 5.32 ug/g and were classified as floaters (Fig. 2). The remaining 10 
females were classified as undetermined. In 2008, 48.9% of the 45 unbanded ASY breeding females 
(n = 22) were classified as floaters, while 42.2% (n = 19) fell within the undetermined interval and 
8.9% (n = 4) were non-floaters (Fig. 2). There was a marginally significant difference in floater 
prevalence between years (chi-square test: χ2 = 3.75, P = 0.05, df = 1). The average feather mercury 
level of females designated as floaters was 23.4 ± 16.6 ug/g in 2007 (n = 24) and 16.1 ± 9.8 ug/g in 
2008 (n = 22). Between-year comparison of average feather mercury level of floaters yielded a non-
significant trend toward higher feather mercury levels in 2007 than in 2008 (2-sample t-test: t = 1.84, 
P = 0.07, df = 37), consistent with the difference in blood mercury levels found in breeders in the 
previous two years (2006: 3.88 ± 2.40 ug/g; 2007: 2.42 ± 1.12 ug/g; 2-sample t-test: t = 3.90, P 
<0.001, df = 52). 

Of the 50 females sampled from nests on reference sites in 2007-2008, only 4% (n = 2) were 
classified as having previously floated on a contaminated site. Of the remaining 48 females, 20 were 
classified as non-floaters and 28 as undetermined. 
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Figure 1: Criteria for classification of female Tree Swallows in 2007 as either “non-floaters,” “undetermined,” or 
“floaters,” based on feather mercury level. Categories were created using the data presented in Figure 3 of Brasso and 
Cristol (2008). These same criteria were applied separately to both years; however, for clarity, only the categories for 
2007 feather mercury levels are shown. See text for details. 
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Figure 2: Interval plots of feather mercury levels of new ASY breeders present on contaminated sites in 2007 and 2008 
with floater criteria for each year indicated. 
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Discussion 
We were successfully able to employ mercury in feathers as a tracer to detect former floaters 

that had subsequently recruited into our breeding population of Tree Swallows. Of all new breeders 
on contaminated sites (excluding those hatched the previous year), we estimate that 58% (46 of 79 
for 2007-2008 combined) had been floaters on one of the contaminated sites in the prior year. This is 
a minimum value because most other new breeders fell in the range classified as undetermined.  
Because our criteria were conservative, many of these undetermined birds may have been former 
floaters as well. None had been identified in the prior breeding season as a late-nesting bird, the 
method employed previously to detect floaters in this species (Stutchbury and Robertson 1985).  
Thus, the 46 floaters that we detected using a mercury tracer were in addition to the late-nesting 
floaters identified by traditional methods.  On our study sites, late-nesting floaters made up 
approximately 10% (18 of 188 in 2006-2007) of all females present, concurring with the 11% value 
for an unmanipulated site reported by Stutchbury and Robertson (1985). In that study, nest box 
supplementation increased the estimate of floater abundance to 25% of all reproductively mature 
females present in the breeding population (Stutchbury and Robertson 1985). 

Using the tracer described here we detected more former floaters than would have been 
expected if 25% of the previous year’s population had been floaters. In 2006 there were 63 breeding 
females in the early round. Assuming, as has been done previously, that floaters comprised 25% of 
all females provides a total population estimate of 84 females, of which 21 would have been floaters.  
Of these, approximately 50% (~10 females) would have been expected to survive and return to the 
study site in 2007, based on typical survival rates for small songbirds, and for swallows at this site 
(K. K. Hallinger, unpublished data). We identified 24 former floaters in 2007 based on feather 
mercury levels, and an additional two recruits were identified as former floaters because they had 
entered the population as late breeders in 2006.  These 26 former floaters represent approximately 
150% more than would have been expected if floaters indeed comprised 25% of the overall 
population. A similar analysis for 2008 revealed 25 former floaters, approximately 40% more than 
expected.  These results suggest either that the actual proportion of floaters within our breeding 
population is significantly greater than the previously reported 25%, or that floating conveys 
exceptionally large benefits to future cavity acquisition.  

In either case, care must be taken in interpreting these data, as high rates of floater 
recruitment could be a direct or indirect consequence of mercury poisoning in the wider population. 
For example, if survival of adult breeders on contaminated sites was impaired relative to floaters, 
this could have led to an unusually high rate of breeder turnover and floater recruitment. Mercury 
has been documented to have a number of deleterious effects on wildlife (Wolfe et al. 1998), and 
both reproductive and immune system consequences have been reported in this population (Brasso 
and Cristol 2008, Hawley et al. 2009). Further investigations are currently underway to determine 
survivorship of contaminated and reference populations (K. K. Hallinger, unpublished data). 

One possibility that we did not investigate is that Tree Swallows identified as former floaters 
were actually transient birds that bred or floated elsewhere before moving into our study area at the 
end of the breeding season to molt. It is theoretically possible that Tree Swallows from other areas 
were attracted to the large numbers of breeding adults at our sites and spent the period of time 
between reproduction and migration molting on contaminated South River sites. If this occurred, and 
transients acquired enough mercury to mimic true floaters, then we would have misclassified such 
individuals as former floaters. However, this is unlikely as there is very little suitable breeding 
habitat in the region other than our nest box trail. Even on nearby reference sites, only 4% of new 
ASY recruits bore evidence of exposure to mercury-contaminated sites, suggesting that space use by 
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floaters is fairly localized around sites of eventual breeding. Additionally, there is a lag of several 
weeks between the onset of mercury exposure and high levels in feathers (Bearhop et al. 2000), 
further decreasing the possibility that we misclassified many transients as floaters. 

Documenting degree of contaminant exposure is one of the primary goals of ecotoxicological 
research. An additional season of mercury exposure in a short-lived bird such as a swallow could 
significantly affect fitness in former floaters relative to birds arriving on a contaminated site for the 
first time. Additionally, floating represents a unique life history stage, and one that, at least among 
Tree Swallows, is not employed by all members of a population. For researchers interested in the 
effects of contaminants on fundamental life history and demographic parameters such as 
reproductive success or survival, it is critical to understand the individual histories of the birds being 
studied.  

It is important to note that our estimates of floater abundance exceed those reported in other 
studies (Stutchbury and Robertson 1985). If our findings are robust, then the population of Tree 
Swallows living along the contaminated South River and thus, the number of individuals at risk of 
mercury exposure, is greater than would have been estimated by simply counting the number of 
breeding adults and sampling their exposure.  If the population size is indeed significantly larger 
than previous estimates of floater abundance have implied, then traditionally performed ecological 
risk assessments may have underestimated the number of impacted individuals.       

We successfully employed a mercury tracer to document the recruitment of many floaters 
into a breeding population of Tree Swallows. Little is known about the local recruitment of floaters, 
and the use of chemical tracers could open new avenues for their study. It is important to understand 
recruitment mechanisms, as these have the potential to significantly impact demographic trends and 
life history characteristics. In fact, there are some cases in which floaters have proven to be a 
“missing link” in demographic models (Penteriani et al. 2006, 2008). It has not escaped our attention 
that mercury is a toxic metal with potentially harmful effects on wildlife (Wolfe et al. 1998); 
mercury could confound results by reducing survival, making caution necessary in interpretation. 
However, applied conservatively, such a tracer has great potential to illuminate little known aspects 
of floater behavior, including the localization of movements around eventual sites of recruitment. 
Many regions across the world have endemic and localized compounds (either natural isotopes or 
contaminants); thus, a number of tracers could theoretically be applied in a similar manner to more 
effectively study this significant, but often invisible portion of bird populations. 
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Abstract Mercury is a heavy metal that has contaminated

countless ecosystems throughout the world. A large body of

literature has documented reproductive, physiological, and

behavioral impairments associated with mercury exposure

in laboratory settings, but whether and how such effects are

manifest in free-living populations remains poorly under-

stood. The purpose of this study was to evaluate whether

tree swallow (Tachycineta bicolor) breeding success at a

site with high mercury exposure varied with ambient tem-

perature or precipitation at various points in the breeding

cycle. Tree swallows nesting along the South River had

significantly elevated blood total mercury (mean ± SE:

3.03 ± 0.15 lg/g) compared to swallows breeding on ref-

erence sites (mean ± SE: 0.16 ± 0.005 lg/g). These high

levels of mercury were associated with reduced hatching

and fledging success, and contaminated birds produced

approximately one less fledgling per nest than their refer-

ence counterparts. The magnitude of this difference was

weather-dependent: unusually high ambient temperatures

encountered early in the nestling period were associated

with reduced reproductive output in contaminated, but not

in reference, birds. In contrast, little effect of mercury on

success of nestlings was observed when temperatures were

cooler, and precipitation also had no detectable interaction

with mercury. These results provide insight into mecha-

nisms underlying reproductive effects of mercury. In

addition, these findings underscore the importance of con-

sidering variable environmental conditions when assessing

effects of contaminants on free-living wildlife. In particular,

projections about the effects of global climate change on

ecotoxicological impacts must take into account the kinds

of weather-mediated effect demonstrated here.

Keywords Climate � Heavy metal � Mercury �
Tachycineta bicolor � Tree swallow � Weather

Introduction

Mercury is a heavy metal that has contaminated many

ecosystems worldwide (United Nations Environment Pro-

gramme 2002). Although mercury is a naturally occurring

element, human activities have increased its availability to

wildlife. Upon initial release into the environment, most

mercury is in an inorganic form. However, biological and

chemical processes readily transform inorganic mercury

into organic methylmercury, which can bioaccumulate and

biomagnify within food webs. Because methylation pro-

cesses frequently occur in aquatic environments (Wiener

et al. 2003), terrestrial food webs were long thought

impervious to mercury exposure. Only recently has this

paradigm begun to shift, with a growing number of studies

now reporting bioaccumulation in non-piscivorous wildlife

with no direct link to aquatic mercury point sources

(Cristol et al. 2008; Rimmer et al. 2010).

Dosing studies on captive aquatic birds have repeatedly

demonstrated the potential for mercury to impair avian

reproduction (Heinz 1979; Hoffman and Moore 1979;

Frederick and Jayasena 2010), but the extent to which

adverse effects occur in free-living populations remains

poorly understood. Evidence is now mounting for indi-

vidual fitness effects, with a number of field studies

reporting abnormalities in immune competence (Hawley

et al. 2009), endocrine functioning (Franceschini et al. 2009;
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Wada et al. 2009), and behavior (Hallinger et al. 2010) in

mercury-contaminated songbirds. Such effects have the

potential to alter reproductive success (Brasso and Cristol

2008); however, demonstrating that mercury is the specific

cause of these individual fitness effects, and that these

individual fitness effects result in reproductive impairment,

has proven difficult.

Identifying mechanisms through which mercury might

impair nesting success is complicated by the large number

of environmental variables that influence reproduction in

birds. Habitat structure and food availability have been

linked to reproductive performance in several species

(Zanette et al. 2006; Cornell and Donovan 2010; Martin

et al. 2010), and climatic variables, such as temperature

and precipitation, likely contribute an additional layer of

complexity (McCarty and Winkler 1999; Nooker et al.

2005; Dawson 2008). For example, Saino et al. (2004)

found that low temperatures in the period prior to laying

were correlated with lower mass and quality of barn

swallow (Hirundo rustica) eggs. Similarly, Ludwig et al.

(2006) observed reduced survival among black grouse

(Tetrao tetrix) nestlings when post-hatching temperatures

were unseasonably cold.

To better understand the impact of mercury on free-

living songbird populations, it is necessary to examine and

interpret contaminant effects within the appropriate envi-

ronmental context. Previous research has demonstrated the

efficacy of such an approach. Gentes et al. (2006) found

that reproductive effects among tree swallows (Tachycineta

bicolor) nesting on reclaimed oil sands wetlands were more

apparent in years with harsh weather. Conversely, Custer

et al. (2003) found that the reproductive advantage enjoyed

by reference tree swallows over those at PCB-contaminated

sites disappeared in a season with several spells of cold and

rainy weather; hatching success in that year was uniformly

poor at all sites, irrespective of contamination (Custer et al.

2003).

Our objective was to build on an earlier study of tree

swallows nesting along the mercury-contaminated South

River (Virginia, USA). In that study, Brasso and Cristol

(2008) documented reduced nesting success in first-time-

breeding females in one (2006) of two breeding seasons

studied (2005–2006; Brasso and Cristol 2008). We used a

larger data set to test our hypotheses that (1) reproductive

success would be negatively impacted on mercury-con-

taminated sites over two breeding seasons (2006–2007);

and (2) any effect of mercury exposure on reproductive

success would be modulated by weather conditions, spe-

cifically ambient temperature and precipitation. By exam-

ining simultaneously the effects of contamination level and

weather on reproductive performance at each stage of

nesting, we hoped to gain insight into potential mecha-

nisms through which mercury impairs breeding.

Methods

Study species

The tree swallow is an insectivorous migratory songbird

that breeds throughout much of North America (Robertson

et al. 1992). Like many cavity nesting birds, tree

swallows readily occupy artificial nest cavities, and can

thus be recruited in large numbers to sites of a researcher’s

choosing. Adults consume a diet that is both terrestrial and

aquatic in origin (Robertson et al. 1992; Mengelkoch et al.

2004; Brasso and Cristol 2008), and as the breeding season

progresses, their foraging activities become increasingly

restricted to the area immediately surrounding their nests

(Mengelkoch et al. 2004). Thus, tree swallows provide an

excellent window into contaminant availability at a local

scale. For these reasons, and many others, the tree swallow

is emerging as a model organism in ecotoxicology

(McCarty 2002; Jones 2003).

Study sites

The South River is a tributary of the South Fork Shenandoah

River that was contaminated with industrial mercury

between 1929 and 1950 (Carter 1977). Despite the passage of

60 years, contaminant levels in fish and sediment have

remained elevated (Carter 1977; Cocking et al. 1991;

Virginia Department of Environmental Quality 2008).

Recently, Cristol et al. (2008) documented high blood mer-

cury levels in nearly all songbird species breeding within

50 m of river shoreline. The levels of mercury observed in

many of these species rank among the highest ever reported in

free-living songbird populations (Brasso and Cristol 2008).

Beginning in 2005, a nest box trail was established at 19

sites along the contaminated South River, as well as at 17

reference sites upstream of the point source or along two

adjacent tributaries, the North and Middle Rivers, with no

history of mercury contamination (centroid of study area:

38�100 N, 78�590 W; Fig. 1 in Cristol et al. 2008). Boxes

were constructed following a popular bluebird nest box

design (North American Bluebird Society 2010) and each

was fitted with a ‘‘stovepipe’’ predator guard that reduced

snake and mammalian predation. Boxes were placed

approximately 25 m apart in cropland or pasture, within

50 m of river shoreline in 2005–2006, and up to 350 m into

the floodplain in 2007. In 2005, 146 nest boxes were

available. This number was increased to 296 and 361

before the breeding seasons of 2006 and 2007, respectively.

Nest monitoring

Boxes were monitored weekly beginning in early April of

each year. At each visit, an observer recorded the amount
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and type of nesting material present, number of eggs laid,

or number and age of nestlings. Tree swallows lay one egg

per day until clutch completion (Robertson et al. 1992).

Thus, it was possible to estimate a precise date of clutch

initiation for nests observed during the laying cycle. If

observation occurred following clutch completion, clutch

initiation date was back-approximated using known hatch-

ing dates and an estimated incubation period of 14 days,

beginning with the penultimate egg (Robertson et al. 1992).

Nestlings were banded between 10 and 16 days of age, and

were considered to have fledged if they were present in the

nest until at least 18 days, and if the empty nest contained

fecal remains typical of fledging tree swallows (Robertson

et al. 1992).

Egg measurement

Eggs were measured in a subset of nests in both 2006 and

2007. For every nest, all eggs were measured; however,

because eggs were not marked, we were unable to make

inferences about laying order. Eggs were measured length-

and width-wise to the nearest 0.1 mm using a pair of

manual calipers. Egg volume (V) was then calculated

according to the formula:

V ¼ L�W2 � 0:51

where L is the length, W is the width, and 0.51 is the

volume coefficient constant (Hoyt 1979).

Capture and sampling

Adult tree swallows were captured inside their nest boxes

during incubation or the nestling period either by hand or

using one of two trapping methods (Stutchbury and

Robertson 1986; Friedman et al. 2008). Sex was deter-

mined by the presence of a brood patch (in females) or

cloacal protuberance (in males). Adult females exhibit

delayed plumage maturation, enabling us to further classify

them as either second-year (i.e., one year old, hereafter SY)

or after-second-year (i.e., at least two years old, hereafter

ASY). Upon capture, each adult was banded with a single

United States Geological Survey aluminum band and a

small blood sample was taken following methods described

in Brasso and Cristol (2008).

Mercury analysis

Mercury analysis was performed at either the Trace Element

Research Laboratory of Texas A&M University or at the

College of William and Mary. Blood samples were analyzed

for total mercury concentration on a Milestone� DMA-80

(see methods in Cristol et al. 2008). Approximately 95% of

the mercury present in avian blood and feather is in the

organic form (Evers et al. 2005; Wada et al. 2009); thus, total

mercury concentration should provide a reasonable

approximation of methylmercury. All mercury values are

presented as wet/fresh weight (lg/g) concentrations. Quality

assurances have been described elsewhere for the same set of

mercury data (Hallinger et al. 2011).

Environmental variables

Weather data were acquired on-line from the National

Climatic Data Center website (http://www.ncdc.noaa.gov).

Specifically, we obtained daily maximum temperature,

minimum temperature, and precipitation from the Staunton

Water Treatment Plant weather station (38�110 N,

79�050 W; coop id: 448062), which was located in close

proximity (*9 km) to the center of our study area (see

‘‘Study sites’’ section).

Statistical analyses

Mercury levels and effects on reproduction

To determine whether mercury exposure was associated

with reduced reproductive success in breeding female

swallows, we performed a series of General Linear

Models (GLMs) using blood mercury level, clutch initi-

ation date, clutch size, egg volume (pooled by clutch),

proportion of eggs hatched, proportion of nestlings

fledged, or number of fledglings produced as the response

variable. In every analysis, year (2006 or 2007), age (SY

or ASY), site type (contaminated or reference), and all

two-way interaction terms were included as fixed factors.

Only nests that were first attempts for the season and for

which female identity was known were included in the

analysis. Because, in 2005, our newly established popu-

lation was heavily biased towards SY females (Brasso

and Cristol 2008), and because relatively few females

(*60%) were captured in the first year of study, we

chose to exclude data collected in 2005 from further

analysis, electing instead to focus solely on 2006 and

2007, for which population age structure was more stable

and a larger proportion of breeding females ([80%) had

been captured.

Interactions with environmental conditions

To further explore how environmental conditions experi-

enced during the breeding cycle might have mediated the

relationship between mercury and reproduction, we per-

formed a second series of GLMs integrating local climatic

variables into the analyses. For each nest, we constructed a
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history consisting of the average maximum and minimum

temperatures and precipitation encountered during (1) the

5 days prior to clutch initiation; (2) the first 10 days of

incubation (beginning on day of clutch completion); (3)

the first 7 days after hatching (nestling days 0–6); and (4)

the next 7 days after hatching (nestling days 7–13). These

time periods were chosen to reflect biologically mean-

ingful periods in the nesting cycle. For example, in tree

swallows, the period of rapid yolk synthesis is thought to

be 4 or 5 days (Ardia et al. 2006a). Because subsequent

egg formation takes approximately 24 h, a 5-day window

prior to laying should enable us to examine the effects of

weather conditions on egg quality. Additionally, we chose

to examine only the first 10 days of incubation to ensure

that all females would be included in a highly variable

process that ordinarily lasts 11–14 days (Nooker et al.

2005). Finally, we divided the nestling period into two

phases, each of which represents a different stage of

nestling need. Nestling tree swallows have little ability to

thermoregulate during the first 7–8 days of life (Robertson

et al. 1992); thus, temperature might be expected to be a

major factor influencing nestling survival during this

period. As thermoregulatory abilities develop, nestlings

enter a period of rapid growth, reaching a maximum mass

of 22–24 g between days 12 and 14 (Robertson et al.

1992). During this stage, starvation, rather than hypo or

hyperthermia, likely poses a greater threat to nestling

survival.

In order to control for the potentially confounding effect

of time of breeding on reproductive success (i.e., repro-

ductive success tends to decline as season progresses; see

Stutchbury and Robertson 1988), linear regressions of

temperature and precipitation on date were conducted

separately for each year. The standardized residuals of

these regressions were used in all statistical tests, such that

positive residuals represented conditions that were unsea-

sonably warm or wet, and negative residuals represented

conditions that were unusually cold or dry.

Because the reproductive success GLMs without

weather information indicated no interactive effects of

mercury with year or age, these two variables were not

included in subsequent analyses. Each GLM included total

number of fledglings produced as the response variable and

site type as a fixed term. Additionally, a single weather

variable (maximum temperature, minimum temperature, or

precipitation for a given breeding stage) and its two-way

interaction were included as fixed covariates. Thus, a total

of 12 GLMs were performed, one for each possible

breeding stage-weather variable combination. Of all of the

reproductive endpoints measured (see above), number of

fledglings was chosen to provide a single, holistic metric of

reproductive success. For all analyses, data were pooled by

date. Results are reported as mean ± SE.

Results

Mercury levels

There was a significant effect of site type on blood mercury

concentration in breeding female tree swallows

(F = 523.49, p \ 0.001, df = 1,371). A post-hoc analysis

revealed that blood mercury was significantly elevated on

contaminated sites (Tukey HSD: t = 22.88, p \ 0.0001),

and was, on average, an order of magnitude higher than on

reference sites (Table 1). This GLM also revealed a sig-

nificant effect of year (F = 30.02, p \ 0.001, df = 1,371),

with mercury levels being significantly higher in 2006 than

in 2007 (Tukey HSD: t = 5.48, p \ 0.0001). This annual

difference was only apparent, however, on contaminated

sites; on reference sites, mercury levels were uniformly and

similarly low in both years (year*site type interaction:

F = 36.79, p \ 0.001, df = 1,371; Fig. 1).

Effects on reproduction

Tree swallows breeding on contaminated sites initiated

clutches approximately two days earlier than conspecifics

breeding on reference sites (F = 8.89, p = 0.003,

df = 1,360; Tukey HSD: t = 2.98, p = 0.003). Clutch size

was similar across sites in both years of study (F = 0.50,

p = 0.48, df = 1,375; Table 1). In fact, the only significant

predictor of clutch size was age class; ASY females laid, on

average, 0.61 more eggs than SY birds (F = 29.75,

p \ 0.001, df = 1,375; Tukey HSD: t = 5.46, p \ 0.0001).

Similarly, there was no effect of site type on egg volume

(F = 1.53, p = 0.22, df = 1,83; Table 1). Hatching

Table 1 Average blood mercury and reproductive parameters for

adult female Tree Swallows

Contaminated n Reference n p

Blood mercury

(lg/g)

3.03 ± 0.15 171 0.16 ± 0.005 207 \0.0001

Clutch initiation

(days)

9

May ± 0.83

166 11

May ± 1.00

201 0.003

Clutch size 5.65 ± 0.08 170 5.71 ± 0.07 206 0.48

Egg volume

(cm3)a
1.77 ± 0.29 33 1.77 ± 0.22 57 0.22

% Eggs hatched 81 ± 2 155 91 ± 1 193 \0.0001

% Nestlings

fledgedb
80 ± 2 148 90 ± 2 191 0.0004

Number fledged 3.66 ± 0.15 154 4.66 ± 0.13 193 \0.0001

All nests (successful and unsuccessful) included in analyses unless

stated otherwise. Data reported as mean ± SE. See text for details
a Eggs pooled by clutch
b Includes only nests in which C1 egg hatched
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success, however, differed significantly between reference

and contaminated sites (F = 18.50, p \ 0.001, df = 1,341;

Table 1). On reference sites, 91 ± 1% of eggs hatched; on

contaminated sites, this percentage was reduced to

81 ± 2% (Tukey HSD: t = 4.30, p \ 0.0001; Table 1).

Although the proportion of eggs hatching also varied by

female age (F = 5.09, p = 0.03, df = 1,341), neither the

year*site type nor the age*site type terms were significant

(year*site type: F = 0.02, p = 0.88; age*site type:

F = 2.09, p = 0.15), indicating that the effect of mercury

on hatching success was similar across both years and age

classes. Finally, we observed a significant effect of site type

on the proportion of nestlings that fledged (F = 12.38,

p \ 0.001, df = 1,332; Table 1). While females breeding

on reference sites successfully fledged 90 ± 2% of their

nestlings, only 80 ± 2% of nestlings hatched on contami-

nated sites survived to age of fledging (Tukey HSD:

t = 3.52, p = 0.0004; Table 1). Together, the independent

effects of site type on hatching success and fledging success

amounted to a reduction in reproductive output of one

fledgling per nest (F = 19.84, p \ 0.001, df = 1,340;

Tukey HSD: t = 4.46, p \ 0.0001; Table 1).

Mediating role of weather

To examine whether the apparent effect of mercury on

reproductive success (i.e., reduced number of fledglings)

was modulated by environmental conditions experienced

during the breeding cycle, we performed a second set of

analyses in which we incorporated weather data from four

different stages of nesting and examined their relationship

to fledgling production (Fig. 2). As expected from the first

analysis, all GLMs indicated a strong effect of site type on

number of fledglings produced, with contaminated birds

producing significantly fewer fledglings than conspecifics

breeding on reference sites (all p \ 0.03; Table 2).

Neither temperature nor precipitation during pre-laying

or incubation exerted any detectable effect on number of

fledglings produced (all p [ 0.07; Table 2). However,

during the early nestling period (nestling days 0–6), we

observed a significant interaction between site type and

daily maximum temperature (F = 6.15, p = 0.02,

df = 1,105; Table 2). On contaminated sites, there was a

negative relationship between daily maximum temperature

and fledgling production (coef = -0.41 ± 0.18, t = 2.32,

p = 0.02, df = 1,52). On reference sites, this relationship

was positive (coef = 0.19 ± 0.17), though the association

was weak (t = 1.15, p = 0.26, df = 1,53). A similar,

albeit non-significant, pattern of interaction was observed

when daily minimum temperature was substituted into the

model (F = 2.29, p = 0.13, df = 1,105; Table 2). Thus,

ambient temperatures interacted with mercury contamina-

tion such that high temperatures were detrimental to young

nestlings on contaminated, but not on reference, sites.

Precipitation during the early nestling period was not an

important predictor of reproductive success in either con-

taminated or reference swallows (all p [ 0.42; Table 2).

No interactions between mercury and any of the climatic

variables were observed during the late nestling period

(nestling days 7–13; Table 2). However, there was a

strong, positive relationship between both daily maximum

and minimum temperature and fledgling production that

existed independent of the effects of mercury contamina-

tion (daily maximum temperature: F = 5.64, p = 0.02,

coef = 0.30 ± 0.13, df = 1,105; daily minimum temper-

ature: F = 6.34, p = 0.01, coef = 0.32 ± 0.13, df =

1,105; Table 2). Thus, as temperatures in the late nestling

period increased, so did reproductive output on both con-

taminated and reference sites.

Discussion

Female tree swallows breeding along the mercury-con-

taminated South River in Virginia, USA were exposed to

significantly elevated mercury. In fact, the levels of

Fig. 1 Female blood mercury and number of fledglings produced in

each year of study. Data from 2005 extracted from Brasso and Cristol

(2008)
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mercury found in this population rank among the highest

ever reported in a free-living songbird (Brasso and Cristol

2008). Our data suggest that this high exposure was asso-

ciated with lower reproductive success, as both hatching

and fledging success were depressed on contaminated sites.

As a result, swallows nesting on contaminated sites pro-

duced, on average, one less fledgling than those on refer-

ence sites, despite nesting 2 days earlier and producing

eggs of normal volume and number.

Incorporating weather data into the analyses revealed a

strong effect of daily maximum temperature during the

early stage of the nestling period. Tree swallows, like all

altricial songbirds, are born devoid of feathers or the

capacity for thermoregulation, an ability that is likely not

acquired until at least 8–9 days after hatching (Robertson

et al. 1992). Thus, the task of temperature regulation during

this critical period of nestling development falls largely on

the adult female, usually in the form of brooding

Fig. 2 Effects of weather and mercury on eventual number of

fledglings produced. Three different weather variables (maximum

temperature, minimum temperature, and precipitation) were evaluated

during four different stages of breeding (pre-laying, incubation, early

nestling, late nestling). Each weather variable was regressed on total

fledgling production. Weather variables (horizontal axes) are coded as

standardized residuals of seasonal averages, where negative values

represent conditions that were either cooler or drier than average, and

positive values represent conditions that were warmer or wetter than

average. Models for which there was a significant effect of weather are

surrounded by solid boxes. Significant site type*weather interactions

are indicated by dashed boxes. Fledgling production was lower on

contaminated sites (solid lines) in all cases
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(Robertson et al. 1992). On contaminated sites, we

observed a steady reduction in fledgling production as daily

maximum temperatures in the early nestling period

increased. In contrast, reference birds appeared to experi-

ence little, if any, variation in reproductive performance

with temperature. Taken together, these patterns suggest

that contaminated nestlings may have been particularly

susceptible to stress during periods of unseasonable

warmth. The fact that these trends disappeared during the

late nestling period, at the peak of nestling growth, sug-

gests that food was not a factor limiting reproductive

success on contaminated sites.

High temperatures during the early nestling period

might have been detrimental if they resulted in heat stress

to contaminated nestlings. There are several mechanisms

through which this could have occurred. First, it is possible

that nest architecture differed such that contaminated nests

were more insulated than nests on reference sites. If mer-

cury altered nest-building behavior in such a way that the

insulative properties of the nest were improved, i.e.,

through increased provisioning of feathers (Stephenson

et al. 2009) or smaller nest cup size (Lombardo 1994),

reproductive success might have been enhanced when

temperatures were cool, but hindered when temperatures

were warm. It would not be surprising to find that hor-

monally-mediated behavioral processes are affected by

mercury. Mercury can act as an endocrine disrupter (Wada

et al. 2009; Frederick and Jayasena 2010), and it is likely

that nest-building behavior is hormonally-mediated in this

species. In fact, nest-building behavior has been shown to

be altered in tree swallows that were exposed to poly-

chlorinated biphenyls, a well-documented endocrine dis-

rupter (McCarty and Secord 1999).

Another possibility is that females nesting on contami-

nated sites exhibited irregular brooding behavior, such that

they over-brooded their nestlings, or brooded at inappro-

priate times. As with nest-building, there is likely a strong

endocrine basis for broodiness (Angelier and Chastel

2010), and the pathways controlling this suite of behaviors

might have been disrupted by mercury. However, it is not

immediately clear why brooding would be affected when

incubation appeared effective, given that the underlying

physiological processes appear similar, and that the risk of

hyperthermia to eggs may be high (Ardia et al. 2006b).

Finally, it is possible that susceptibility to heat stress

among contaminated nestlings arose as a direct result of

altered nestling physiology, rather than as an indirect effect

of altered parental behavior. Previous research on tree

swallow nestlings raised on the South River has docu-

mented suppression of both adrenocortical response and

thyroid hormone levels (Wada et al. 2009). Given that both

endocrine axes are at least peripherally involved in the

development of thermoregulation (Debonne et al. 2008), it

seems quite plausible that their disruption might result in a

reduced ability to regulate temperature.

Even mild hyperthermia could have hindered the sur-

vival of young nestlings on contaminated sites. In the

absence of thermoregulatory capabilities, the metabolism

of young swallows tends to rise and fall passively in tan-

dem with the thermal gradient to which the nestlings are

exposed (McCarty 1995), Thus, at low temperatures, young

nestlings expend very little energy; indeed, this has even

been posited as an adaptive strategy for conserving energy

during periods of food stress (McCarty 1995). As temper-

atures rise, so does the metabolism of poikilothermic nes-

tlings (McCarty 1995). It is easy to hypothesize a scenario

wherein a chronically high body temperature inadvertently

leads to depletion of resources and ultimately, starvation.

Such an effect could be exacerbated if rates of parasitism

are also higher on contaminated sites (see Gentes et al.

2007).

Variation in temperature and precipitation did not help

explain observed differences in hatching success between

contaminated and reference birds. However, mercury is

Table 2 Summary of 12 models investigating the combined effects

of mercury and weather on female Tree Swallow reproduction

Modela Site type Weather Interaction df r2

F p F p F p

Egg T(max) 8.65 0.004 0.14 0.71 3.29 0.07 1,116 0.08

Egg T(min) 8.71 0.004 0.15 0.70 1.70 0.19 1,116 0.07

Egg P 9.58 0.002 1.11 0.29 0.27 0.61 1,116 0.07

Inc T(max) 4.95 0.03 2.64 0.11 0.57 0.45 1,111 0.05

Inc T(min) 5.49 0.02 1.32 0.25 0.63 0.43 1,111 0.04

Inc P 5.82 0.02 0.09 0.77 1.02 0.32 1,111 0.04

N1 T(max) 13.98 <0.001 0.85 0.36 6.15 0.02 1,105 0.16

N1 T(min) 15.11 <0.001 0.07 0.80 2.29 0.13 1,105 0.13

N1 P 16.53 <0.001 0.13 0.72 0.66 0.42 1,105 0.12

N2 T(max) 15.89 <0.001 5.64 0.02 0.14 0.71 1,105 0.15

N2 T(min) 16.62 <0.001 6.34 0.01 0.41 0.52 1,105 0.16

N2 P 15.25 <0.001 0.99 0.32 0.00 0.97 1,105 0.12

Each GLM was constructed as follows: number of fledglings pro-

duced * site type ? weather variable ? site type*weather variable,

where ‘site type’ was either contaminated or reference, and ‘weather

variable’ represented either maximum daily temperature, minimum

daily temperature, or precipitation measured over the appropriate

stage of breeding (pre-laying, incubation, early nestling, late nest-

ling). For each model, all data were pooled by date. Significant terms

are highlighted in bold
a For each model, Egg = weather recorded during pre-laying period,

Inc = weather recorded during incubation, N1 = weather recorded

during early nestling period, N2 = weather recorded during late

nestling period. T(max) = daily maximum temperature, T(min) =

daily minimum temperature, P = precipitation. For example, model,

Egg T(max) represents the GLM: number of fledglings produced *
site type ? daily maximum temperature recorded during pre-laying

period ? two-way interaction. Other models coded accordingly
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known to exert direct embryotoxic effects in a number of

bird species, including tree swallows (Heinz et al. 2009).

Thus, it is possible that contaminated females deposited

large enough quantities of mercury into their eggs to reduce

hatching success appreciably, irrespective of weather

conditions encountered prior to laying or during incuba-

tion. In fact, elevated egg mercury levels have already been

described in this population (Brasso et al. 2010).

It is important to consider that a number of differences

exist between our study and an earlier one conducted by

Brasso and Cristol (2008). Most notably, the latter reported

a reduction in fledgling production on contaminated sites,

but only among SY females and only in one breeding

season (2006) of a two-year study (2005–2006). To

account for these results, the authors suggested that a

severe drought in 2006 led to increases in both mercury

burden and physiological stress. The combination of these

stressors may have resulted in a perfect storm whereby the

youngest and least experienced breeders in the population

were unable to cope (Brasso and Cristol 2008). In support

of this hypothesis, the authors observed that SY females on

contaminated sites had laid significantly smaller eggs than

their reference counterparts, suggesting one possible

mechanism through which their reproductive success might

have been compromised (Brasso and Cristol 2008). In our

study, we re-examined this hypothesis using a larger data

set collected from the same population after it had been

established for 2–3 breeding seasons. We found that

reproductive impairments were more pervasive than pre-

viously reported (Brasso and Cristol 2008), with mercury

affecting hatching, as well as fledging, success across both

female age classes, and in both years of study (2006 and

2007).

It is instructive to consider why the differences between

these two studies occurred and how they may be reconciled

to provide an accurate portrait of mercury’s effects on

reproductive success in this population:

(1) Sample size: It is possible that differences resulted

from variation in sample sizes between the two

studies. Sample sizes in the present study were at least

twice as large as in Brasso and Cristol (2008).

Admittedly, a lack of statistical power is unlikely to

account for all of the observed differences—a visual

examination of mean reproductive rates reported in

Brasso and Cristol (2008) suggests that no reduction

in reproductive success occurred in 2005. However,

low sample size may help to explain the earlier

finding that smaller eggs were laid by SY females on

contaminated sites, as Brasso and Cristol (2008)

measured only six clutches. For the present study, 16

clutches were examined and no such difference was

found.

(2) Cumulative effect of mercury: The effects of mercury

on reproduction may increase in each subsequent

breeding season. This could explain the observation

that reproductive abnormalities were largely absent in

2005, the first year in which tree swallows were

exposed to mercury at this site. Examining each

season in isolation suggests support for this hypoth-

esis, as the apparent extent of reproductive effects in

contaminated birds increased from 2005 to 2006 to

2007; however, detailed multi-year studies of indi-

vidual females will be required before any conclusion

can be drawn about cumulative effects.

(3) Annual differences in mercury exposure: Average

blood mercury level was significantly higher in 2006

than in 2005, and this was hypothesized as a cause for

worse reproductive success in 2006 (Brasso and

Cristol 2008). However, we observed no obvious

correspondence between average annual mercury

level and reproductive success—mercury levels in

2007 dropped back to those reported in 2005, yet

fledgling production remained depressed in contam-

inated birds (Fig. 1). Clearly, the relationship

between mercury exposure and reproductive success

is more complex, a fact further highlighted by the

lack of a strong dose–response among individual

females (see Brasso and Cristol 2008).

(4) Annual differences in weather: One of the most

intriguing insights gained from our analysis of

weather-mercury interactions was that females

responded differently to daily maximum temperatures

during the early nestling period depending on whether

they were breeding on contaminated or reference

sites. In general, it appears that unusually warm

temperatures in the first week after hatching seemed

to accentuate differences in reproductive success,

while cooler temperatures tended to mask them. If

such a pattern exists within a season, then it also

stands to reason that interannual differences in

temperature might exert a similar effect. In fact,

mean daily maximum temperatures during the early

nestling period were lower in 2005 (23.0�C), when no

effect of mercury was detected, than in either 2006

(24.1�C) or 2007 (26.8�C; One-way ANOVA:

F = 60.94, p \ 0.001, df = 2,391), consistent with

the hypothesis that reproductive effects of mercury

are larger when young nestlings face heat stress.

It is also worth noting that we detected no effect of

variation in precipitation on the relationship between

mercury and reproduction, in contrast to the putative

effects of drought previously reported for this population

(Brasso and Cristol 2008; see also Hill et al. 2008).

However, the amount of variation in precipitation was
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limited during this study, allowing the possibility that we

would have detected mediating effects if more birds had

nested during extreme heavy rain conditions. In addition to

the amount of precipitation, it is likely that the duration of

rainy weather and its coincidence with cold temperatures is

important, because of the depressive effect on flying

insects. Future studies should examine precipitation in

more detail than was attempted here.

Our data do not allow us to link mercury contamination

unequivocally to specific mechanisms of reproductive

impairment. However, the analyses presented here do offer

potential insight into the underlying causes of the deficits in

hatching and fledging success that we observed. In partic-

ular, young nestlings appear most susceptible to the effects

of mercury during periods of heat stress. Knowledge of

conditions under which reproductive effects are manifest

may enable wildlife managers to better predict which

populations may be at the greatest risk of suffering

impairments. If, for example, contaminant effects on nes-

tlings are manifest only during extreme temperature events,

sites at the edges of the range might be given priority for

remediation. In addition, when undertaking risk assessment

for the effects of contaminants during predicted warmer

climates in the future, it will be important to take the key

finding of the present study into account—contaminants

that cause little or no injury under moderate temperatures

might exert greater effects at higher ambient temperatures.

Finally, although we observed an overall effect of

mercury contamination on both hatching and fledging

success, the magnitude of this difference was susceptible to

variation in ambient temperature. Had we performed this

study during average conditions, or during extreme weather

at either end of the temperature spectrum, we might have

observed an effect of mercury that was larger or smaller

than that observed here. This raises the possibility that

contaminant effects may often be masked by unusually

favorable (or poor) weather conditions (see also Custer

et al. 2003; Gentes et al. 2006; Hill et al. 2008). Likewise,

studies reporting a large effect of mercury on individual

fitness metrics may, in some cases, simply have observed

subjects under unusually discriminating conditions. This is

especially worth considering when interpreting the results

of laboratory studies, in which most environmental varia-

tion has been intentionally removed. A better understand-

ing is required of the mechanisms by which mercury

impacts avian reproduction, but this study shows that

progress can be made by examining the interactive effects

of weather conditions.

Acknowledgments We thank the South River Science Team, Alena

Arkhipov, Rebecka Brasso, Kjärstin Carlson-Drexler, Anne Condon,

Ollie Ehlinger, Rachel Fovargue, Scott Friedman, Dana Hawley,

Mikaela Howie, Ravi Jefferson-George, Sean Koebley, Elizabeth

Langer, Maryse Leandre, Kevin Lonabaugh, Tom Meier, Adrian

Monroe, Roshan Patel, John Schmerfeld, Haruka Wada, Ariel White

and the many cooperative landowners of the Shenandoah Valley for

support during this extensive field study. Funding was provided by

E. I. DuPont de Nemours and Company, The Virginia Society of

Ornithology, The Association of Field Ornithologists, The American

Ornithologists’ Union, The Office of Vice Provost for Research at the

College of William and Mary, National Science Foundation Grant

UBM 0436318, and the William and Mary Undergraduate Science

Education and Research Program sponsored by the Howard Hughes

Medical Institute. Two anonymous reviewers greatly improved an

earlier version of this manuscript.

References

Angelier F, Chastel O (2010) Stress, prolactin, and parental invest-

ment in birds: a review. Gen Comp Endocrinol 163:142–148.

doi:10.1016/j.ygcen.2009.03.028

Ardia DR, Wasson MF, Winkler DW (2006a) Individual quality and

food availability determine yolk and egg composition in tree

swallows Tachycineta bicolor. J Avian Biol 37:252–259. doi:

10.1111/j.2006.0908-8857.03624.x

Ardia DR, Cooper CB, Dhondt AD (2006b) Warm temperatures lead to

early onset of incubation, shorter incubation periods and greater

hatching asynchrony in tree swallows Tachycineta bicolor at

the extremes of their range. J Avian Biol 37:137–142. doi:

10.1111/j.0908-8857.2006.03747.x

Brasso RL, Cristol DA (2008) Effects of mercury exposure on the

reproductive success of tree swallows (Tachycineta bicolor).

Ecotoxicology 17:133–141. doi:10.1007/s10646-007-0163-z

Brasso RL, Abdel Latif MK, Cristol DA (2010) Relationship between

laying sequence and mercury concentration in tree swallow eggs.

Environ Toxicol Chem 29:1155–1159. doi:10.1002/etc.144

Carter LJ (1977) Chemical plants leave unexpected legacy for two

Virginia rivers. Science 198:1015–1020. doi:10.1126/science.

198.4321.1015

Cocking D, Hayes R, King ML, Rohrer MJ, Thomas R, Ward D

(1991) Compartmentalization of mercury in biotic components

of terrestrial flood plain ecosystems adjacent to the South River

at Waynesboro, VA. Water Air Soil Pollut 57:159–170. doi:

10.1007/BF00282879

Cornell KL, Donovan TM (2010) Effects of spatial habitat heterogeneity

on habitat selection and annual fecundity for a migratory forest

songbird. Landscape Ecol 25:109–122. doi:10.1007/s10980-009-

9405-1

Cristol DA, Brasso RL, Condon AM, Fovargue RE, Friedman SL,

Hallinger KK, Monroe AP, White AE (2008) The movement of

aquatic mercury through terrestrial food webs. Science 320:335.

doi:10.1126/science.1154082

Custer CM, Custer TW, Dummer PM, Munney KL (2003) Exposure

and effects of chemical contaminants on tree swallows nesting

along the Housatonic River, Berkshire County, Massachusetts,

USA, 1998–2000. Environ Toxicol Chem 22:1605–1621. doi:

10.1002/etc.5620220725

Dawson RD (2008) Timing of breeding and environmental factors as

determinants of reproductive performance of tree swallows. Can

J Zool 86:843–850. doi:10.1139/Z08-065

Debonne M, Baarendse PJJ, Van den Brand H, Kemp B, Bruggeman

V, Decuypere E (2008) Involvement of the hypothalamic-

pituitary-thyroid axis and its interaction with the hypothalamic-

pituitary-adrenal axis in the ontogeny of avian thermoregulation:

a review. World’s Poult Sci J 64:309–321. doi:10.1017/S004393

3908000056

Evers DC, Burgess NM, Champoux L, Hoskins B, Major A, Goodale

WM, Taylor RJ, Poppenga R, Daigle T (2005) Patterns and

1376 K. K. Hallinger, D. A. Cristol

123

http://dx.doi.org/10.1016/j.ygcen.2009.03.028
http://dx.doi.org/10.1111/j.2006.0908-8857.03624.x
http://dx.doi.org/10.1111/j.0908-8857.2006.03747.x
http://dx.doi.org/10.1007/s10646-007-0163-z
http://dx.doi.org/10.1002/etc.144
http://dx.doi.org/10.1126/science.198.4321.1015
http://dx.doi.org/10.1126/science.198.4321.1015
http://dx.doi.org/10.1007/BF00282879
http://dx.doi.org/10.1007/s10980-009-9405-1
http://dx.doi.org/10.1007/s10980-009-9405-1
http://dx.doi.org/10.1126/science.1154082
http://dx.doi.org/10.1002/etc.5620220725
http://dx.doi.org/10.1139/Z08-065
http://dx.doi.org/10.1017/S0043933908000056
http://dx.doi.org/10.1017/S0043933908000056


interpretation of mercury exposure in freshwater avian commu-

nities in northeastern North America. Ecotoxicology 14:193–221.

doi:10.1007/s10646-004-6269-7

Franceschini MD, Lane OP, Evers DC, Reed JM, Hoskins B, Romero

LM (2009) The corticosterone stress response and mercury

contamination in free-living tree swallows, Tachycineta bicolor.

Ecotoxicology 18:514–521. doi:10.1007/s10646-009-0309-2

Frederick P, Jayasena N (2010) Altered pairing behaviour and

reproductive success in white ibises exposed to environmentally

relevant concentrations of methylmercury. Proc Roy Soc Lond

B. doi:10.1098/rspb.2010.2189

Friedman SL, Brasso RL, Condon AM (2008) An improved simple

nest-box trap. J Field Ornithol 79:99–101. doi:10.1111/j.1557-

9263.2008.00150.x

Gentes M, Waldner C, Papp Z, Smits JEG (2006) Effects of oil sands

tailings compounds and harsh weather on mortality rates, growth

and detoxification efforts in nestling tree swallows (Tachycineta
bicolor). Environ Pollut 142:24–33. doi:10.1016/j.envpol.2005.

09.013

Gentes M, Whitworth TL, Waldner C, Fenton H, Smits JEG (2007)

Tree swallows (Tachycineta bicolor) nesting on wetlands

impacted by oil sands mining are highly parasitized by the bird

blow fly Protocalliphora spp. J Wildl Dis 43:167–178

Hallinger KK, Zabransky DJ, Kazmer KA, Cristol DA (2010)

Birdsong differs between mercury-polluted and reference sites.

Auk 127:156–161. doi:10.1525/auk.2009.09058

Hallinger KK, Cornell KL, Brasso RL, Cristol DA (2011) Mercury

exposure and survival in free-living tree swallows (Tachycineta
bicolor). Ecotoxicology 20:39–46. doi:10.1007/s10646-010-

0554-4

Hawley DM, Hallinger KK, Cristol DA (2009) Compromised

immune competence in free-living tree swallows exposed to

mercury. Ecotoxicology 18:499–503. doi:10.1007/s10646-009-

0307-4

Heinz G (1979) Methylmercury: reproductive and behavioral effects

on three generations of mallard ducks. J Wildl Manag

43:394–401

Heinz GH, Hoffman DJ, Klimstra JD, Stebbins KR, Kondrad SL,

Erwin CA (2009) Species differences in the sensitivity of avian

embryos to methylmercury. Arch Environ Contam Toxicol

56:129–138. doi:10.1007/s00244-008-9160

Hill EF, Henney CJ, Grove RA (2008) Mercury and drought along the

lower Carson River, Nevada: II. Snowy egret and black-crowned

night-heron reproduction on Lahontan Reservoir, 1997–2006.

Ecotoxicology 17:117–131. doi:10.1007/s10646-007-0180-y

Hoffman D, Moore J (1979) Teratogenic effects of external egg

applications of methylmercury in the mallard, Anas platyrhyn-
chos. Teratology 20:453–462. doi:10.1002/tera.1420200315

Hoyt DF (1979) Practical methods of estimating volume and fresh

weight of bird eggs. Auk 96:73–77

Jones J (2003) Tree swallows (Tachycineta bicolor): a new model

organism? Auk 120:591–599. doi:10.1642/0004-8038(2003)

120[0591:TSTBAN]2.0.CO;2

Lombardo MP (1994) Nest architecture and reproductive performance

in tree swallows (Tachycineta bicolor). Auk 111:814–824

Ludwig GX, Alatalo RV, Helle P, Lindén H, Lindström J, Siitari H

(2006) Short- and long-term population dynamical consequences

of asymmetric climate change in black grouse. Proc R Soc B

273:2009–2016. doi:10.1098/rspb.2006.3538

Martin JM, Branch LC, Raid RN, Beyeler SC (2010) Temporal

instability of agricultural habitat reduces reproductive success of

barn owls (Tyto alba). Auk 127:909–916. doi:10.1525/auk.2010.

09211

McCarty JP (1995) Effects of short-term changes in environmental

conditions on the foraging ecology and reproductive success of

tree swallows, Tachycineta bicolor. Dissertation, Cornell

University

McCarty JP (2002) Use of tree swallows in studies of environmental

stress. Rev Toxicol 4:61–104

McCarty JP, Secord AL (1999) Nest-building behavior in PCB-

contaminated tree swallows. Auk 116:55–63
McCarty JP, Winkler DW (1999) Relative importance of environ-

mental variables in determining the growth of nestling tree

swallows Tachycineta bicolor. Ibis 141:286–296. doi:10.1111/

j.1474-919X.1999.tb07551.x

Mengelkoch JM, Niemi GJ, Regal RR (2004) Diet of the nestling tree

swallow. Condor 106:423–429. doi:10.1650/7341

Nooker JK, Dunn PO, Whittingham LA (2005) Effects of food

abundance, weather, and female condition on reproduction in

tree swallows (Tachycineta bicolor). Auk 122:1225–1238. doi:

10.1642/0004-8038(2005)122[1225:EOFAWA]2.0.CO;2

North American Bluebird Society (2010) NABS nest box specifications.

http://www.nabluebirdsociety.org/nestboxspecs.htm. Accessed 26

Aug 2010

Rimmer CC, Miller EK, McFarland KP, Taylor RJ, Faccio SD (2010)

Mercury bioaccumulation and trophic transfer in the terrestrial

food web of a montane forest. Ecotoxicology 19:697–709. doi:

10.1007/s10646-009-0443-x

Robertson RJ, Stutchbury BJ, Cohen RR (1992) Tree swallow

(Tachycineta bicolor). In Poole A, Stettenheim P, Gill F (eds)

The birds of North America, No. 11. The Academy of Natural

Sciences, Philadelphia, and the American Ornithologists’ Union,

Washington. doi:10.2173/bna.11

Saino N, Romano M, Ambronsini R, Ferrari RP, Møller AP (2004)

Timing of reproduction and egg quality covary with temperature

in the insectivorous barn swallow, Hirundo rustica. Funct Ecol

18:50–57. doi:10.1046/j.0269-8463.2004.00808.x

Stephenson S, Hannon S, Proctor H (2009) The function of feathers in

tree swallow nests: insulation or ectoparasite barrier? Condor

111:479–487. doi:10.1525/cond.2009.090074

Stutchbury BJ, Robertson RJ (1986) A simple trap for catching birds

in nest boxes. J Field Ornithol 57:64–65

Stutchbury BJ, Robertson RJ (1988) Within-season and age-related

patterns of reproductive performance in female tree swallows

(Tachycineta bicolor). Can J Zool 66:827–834. doi:10.1139/

z88-122

United Nations Environment Programme (2002) Global Mercury

Assessment. United Nations Environment Programme Chemi-

cals, Geneva

Virginia Department of Environmental Quality (2008) South River/

South Fork Shenandoah River mercury monitoring update for fish

tissue. http://www.deq.state.va.us/export/sites/default/fishtissue/

documents/2007_Fish_Hg_Results.pdf. Accessed 26 Aug 2010

Wada H, Cristol DA, McNabb FMA, Hopkins WA (2009) Suppressed

adrenocortical responses and thyroid hormone levels in birds

near a mercury-contaminated river. Environ Sci Technol

43:6031–6038. doi:10.1021/es803707f

Wiener JG, Krabbenhoft DP, Heinz GH, Scheuhammer AM (2003)

Ecotoxicology of mercury. In: Hoffman DJ, Rattner BA, Burton

GA Jr, Cairns J Jr (eds) Handbook of ecotoxicology, 2nd edn.

Lewis, Boca Raton, pp 409–463

Zanette L, Clinchy M, Smith JNM (2006) Combined food and

predator effects on songbird nest survival and annual reproduc-

tive success: results from a bi-factorial experiment. Oecologia

147:632–640. doi:10.1007/s00442-005-0330-y

Mercury exposure on reproductive success in tree swallows 1377

123

http://dx.doi.org/10.1007/s10646-004-6269-7
http://dx.doi.org/10.1007/s10646-009-0309-2
http://dx.doi.org/10.1098/rspb.2010.2189
http://dx.doi.org/10.1111/j.1557-9263.2008.00150.x
http://dx.doi.org/10.1111/j.1557-9263.2008.00150.x
http://dx.doi.org/10.1016/j.envpol.2005.09.013
http://dx.doi.org/10.1016/j.envpol.2005.09.013
http://dx.doi.org/10.1525/auk.2009.09058
http://dx.doi.org/10.1007/s10646-010-0554-4
http://dx.doi.org/10.1007/s10646-010-0554-4
http://dx.doi.org/10.1007/s10646-009-0307-4
http://dx.doi.org/10.1007/s10646-009-0307-4
http://dx.doi.org/10.1007/s00244-008-9160
http://dx.doi.org/10.1007/s10646-007-0180-y
http://dx.doi.org/10.1002/tera.1420200315
http://dx.doi.org/10.1642/0004-8038(2003)120[0591:TSTBAN]2.0.CO;2
http://dx.doi.org/10.1642/0004-8038(2003)120[0591:TSTBAN]2.0.CO;2
http://dx.doi.org/10.1098/rspb.2006.3538
http://dx.doi.org/10.1525/auk.2010.09211
http://dx.doi.org/10.1525/auk.2010.09211
http://dx.doi.org/10.1111/j.1474-919X.1999.tb07551.x
http://dx.doi.org/10.1111/j.1474-919X.1999.tb07551.x
http://dx.doi.org/10.1650/7341
http://dx.doi.org/10.1642/0004-8038(2005)122[1225:EOFAWA]2.0.CO;2
http://www.nabluebirdsociety.org/nestboxspecs.htm
http://dx.doi.org/10.1007/s10646-009-0443-x
http://dx.doi.org/10.2173/bna.11
http://dx.doi.org/10.1046/j.0269-8463.2004.00808.x
http://dx.doi.org/10.1525/cond.2009.090074
http://dx.doi.org/10.1139/z88-122
http://dx.doi.org/10.1139/z88-122
http://www.deq.state.va.us/export/sites/default/fishtissue/documents/2007_Fish_Hg_Results.pdf
http://www.deq.state.va.us/export/sites/default/fishtissue/documents/2007_Fish_Hg_Results.pdf
http://dx.doi.org/10.1021/es803707f
http://dx.doi.org/10.1007/s00442-005-0330-y


Birdsong differs Between Mercury-polluted and reference sites

Resumen.—El mercurio es un metal pesado tóxico que puede causar obvios problemas fisiológicos y reproductivos en los animales. 
Sin embargo, se conoce muy poco acerca de sus efectos sutiles sobre el comportamiento. Examinamos si aves que habitaban sitios 
contaminados con mercurio exhibían diferencias en el comportamiento de canto en comparación con aves de lugares cercanos no 
contaminados de referencia. Grabamos los cantos de tres oscinos (Thryothorus ludovicianus, Troglodytes aedon y Melospiza melodia) y de 
un suboscino (Sayornis phoebe). Análisis espectrográficos indicaron que los cantos de los oscinos de los sitios contaminados presentaban 
una menor diversidad de tipos de notas y eran emitidos a frecuencias tonales más bajas que los cantos de los sitios de referencia. Además, 
T. ludovicianus y T. aedon tendieron a presentar cantos más cortos. En contraste, los cantos de S. phoebe no difirieron entre los sitios 
contaminados y los de referencia, lo que sugiere que el mercurio podría afectar el comportamiento de canto sólo en las especies que 
aprenden sus vocalizaciones. Estas alteraciones en el canto podrían tener implicaciones importantes para la adecuación de las aves que 
viven en ambientes contaminados. Nuestros resultados resaltan la importancia de considerar los comportamientos en las evaluaciones 
de los efectos de los contaminantes.

— 156 —

The Auk 127(1):156−161, 2010
 The American Ornithologists’ Union, 2010.
Printed in USA.

The Auk, Vol. 127, Number 1, pages 156−161. ISSN 0004-8038, electronic ISSN 1938-4254.  2010 by The American Ornithologists’ Union. All rights reserved. Please direct all 
requests for permission to photocopy or reproduce article content through the University of California Press’s Rights and Permissions website, http://www.ucpressjournals.
com/reprintInfo.asp. DOI: 10.1525/auk.2009.09058

Los Cantos de Aves Difieren entre Sitios Contaminados con Mercurio y Sitios de Referencia
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Abstract.—Mercury is a toxic heavy metal that can cause obvious physiological and reproductive problems in animals. Very little 
is known, however, about its subtle behavioral effects. We examined whether birds that inhabited mercury-contaminated sites exhibited 
differences in singing behavior compared with birds at uncontaminated reference sites nearby. We recorded the songs of 3 oscines, the 
Carolina Wren (Thryothorus ludovicianus), House Wren (Troglodytes aedon), and Song Sparrow (Melospiza melodia), and 1 suboscine, 
the Eastern Phoebe (Sayornis phoebe). Spectrographic analysis revealed that songs of oscines living on contaminated sites contained a 
lower diversity of note types and were sung at lower tonal frequencies than songs of birds on reference sites. Additionally, both species 
of wren tended to sing shorter songs. By contrast, the songs of Eastern Phoebes did not differ between contaminated and reference sites, 
suggesting that mercury may affect singing behavior only in species that learn their songs. Such alterations in song could have important 
implications for the fitness of songbirds in polluted areas. Our results highlight the importance of considering behaviors in evaluations of 
contaminant effects. Received 25 November 2008, accepted 19 August 2009.

Key words: communication, developmental stress, heavy metal, mercury, song.

Mercury is a toxic metal that accumulates in animal tissue and 
biomagnifies as it moves up food chains. The most bioavailable 
form, methylmercury, concentrates at the top of food webs and can 
cause severe damage to the nervous system in animals (Wolfe et 
al. 1998). Although physiological problems caused by exposure to 
mercury are well documented in birds, subtle behavioral changes 
have largely been neglected (but see Heinz 1979, Nocera and Tay-
lor 1998, Bouton et al. 1999). However, behavioral abnormalities 
may be more indicative of toxicological problems than chemical, 
physical, or morphological parameters because behaviors depend 
on the integration of complex developmental and physiological 
pathways for proper expression (Gorissen et al. 2005).

Research on the mechanisms of singing has revealed that 
subtle alterations can result from stressors such as food limita-
tion (Spencer et al. 2003), disease (Garamszegi et al. 2004), and 
environmental pollutants (Markman et al. 2008). Such stressors 
may undermine developmental processes important for success-
ful song acquisition (e.g., Nowicki et al. 2002) or directly alter song 
production in adults (e.g., Garamszegi et al. 2004). To our knowl-
edge, only one study has explicitly examined song in relation to 
heavy-metal exposure (Gorissen et al. 2005). In that study, male 
Great Tits (Parus major) near a metal smelter exhibited reduc-
tions in both total amount of song and repertoire size (Gorissen et 
al. 2005). Because song plays a critical role in both mate attraction 
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and territory defense, contaminant-induced changes such as those 
reported by Gorissen et al. (2005) could severely depress male re-
productive success. Song is therefore a potent mechanism through 
which contaminants such as mercury could affect fitness.

The South River in Virginia was contaminated with industrial 
mercury between 1929 and 1950 (Carter 1977). Elevated levels of 
mercury occur in the blood and feathers of resident birds, includ-
ing a majority of the terrestrial songbird species breeding within 
50 m of the river (Cristol et al. 2008). We studied 4 species of song-
birds that had blood mercury levels similar to those reported to 
cause behavioral abnormalities in a well-studied waterbird, the 
Common Loon (Gavia immer; 3.0 ppm threshold; Evers et al. 
2008). Mean levels of contamination in our study species in 2005–
2006 were as follows: Carolina Wren (Thryothorus ludovicianus), 
4.69 μg g−1 (n = 49); Eastern Phoebe (Sayornis phoebe), 3.24 μg g−1 
(n = 7); Song Sparrow (Melospiza melodia), 2.69 μg g−1 (n = 18); and 
House Wren (Troglodytes aedon), 2.47 μg g−1 (n = 26). In every spe-
cies, blood mercury levels on contaminated sites were, on average, 
an order of magnitude higher than those of birds on reference sites 
(Cristol et al. 2008).

Most research on song has been conducted with oscine pas-
serines, the majority of which show a substantial dependence on 
learning for proper song acquisition (reviewed in Saranathan et 
al. 2007). Three of our study species, the Carolina Wren, House 
Wren, and Song Sparrow, are oscines. By contrast, the few subos-
cine species with well-studied songs have revealed little evidence 
of learning. Instead, such birds, including the Eastern Phoebe, 
seem predisposed to a developmentally fixed pattern of song ac-
quisition (reviewed in Saranathan et al. 2007). By including a sub-
oscine in our study, we hoped to gain insight into whether mercury 
might disrupt processes involved in song learning.

We tested the hypothesis that the songs of birds living on 
mercury-contaminated sites would differ from those on uncon-
taminated reference areas. We did not make specific predictions 
about which elements would be affected or in which direction they 
would differ, because it is not yet possible to identify which com-
ponents of song are the most vital to reproductive success or the 
most difficult to perform in our study species. Instead, we exam-
ined parameters of song that have proved to be of biological inter-
est in other studies.

Methods

Song recordings.—From 7 June to 12 July, 2006, we recorded sing-
ing male Carolina Wrens (n = 11), House Wrens (n = 10), and Song 
Sparrows (n = 9) at 11 sites along the contaminated South River, a 
tributary of the Shenandoah River that flows through Augusta and 
Rockingham counties, Virginia (centroid of study sites: 38°10′N, 
78°59′W). Eleven additional Song Sparrows were recorded from 
6 April to 14 June, 2007, at 8 contaminated sites (13 total sites for 
both years). During the same periods, we recorded reference songs 
of 10 Carolina Wrens, 8 House Wrens, and 20 Song Sparrows  
(n = 12 in 2006, n = 8 in 2007) on 9 sites with no history of mercury 
contamination (on the South River above the point of contami-
nation and on 2 nearby tributaries, the North and Middle rivers; 
as in Cristol et al. 2008). Eastern Phoebes were recorded the fol-
lowing year, from 13 May to 19 June, 2008 (10 from 7 contami-
nated sites and 7 from 6 reference sites). Although males were not  

color-banded, every effort was made to ensure that only 1 indi-
vidual in a given area was sampled. Each of our individual sites 
was several kilometers away from any others. Multiple individu-
als were recorded at the same site only when each could be heard 
singing simultaneously (thus confirming the existence of >1 indi-
vidual) or when recordings were made sufficiently far apart that 
we could safely assume 2 distinct territories. We pooled record-
ings from different years because we found no significant varia-
tion in mercury level between years in the wren species studied  
(D. A. Cristol unpubl. data).

Recordings were made using a portable cassette recorder 
(Marantz PMD 201; Marantz America, Itasca, Illinois) with a shot-
gun microphone (AKG SE 300 B; AKG Acoustics, Vienna). Each 
bird was located by sight within 50 m of the river and recorded for 
2–10 min. All 3 of our oscine study species typically alternate be-
tween multiple song types; thus, it is unlikely that we recorded any 
individual’s entire repertoire. By contrast, Eastern Phoebes sing 
only 2 discrete song types, both of which were recorded for 16 of 
the 17 individuals sampled.

Song analysis.—Songs were analyzed with the RAVEN 
bioacoustics program, version 1.2 (Cornell Lab of Ornithology, 
Ithaca, New York), using the default combination of settings 
(smoothed spectrogram, bandwidth = 93.8 Hz, hop size = 0.005 s).  
For all species, we first determined the number and distribu-
tion of strophes within the longest continuous bout of singing 
for each individual. We defined a strophe as a single burst of song 
lasting several seconds and followed by a gap of approximately 
the same length. A continuous series of strophes constituted a bout 
of singing. We analyzed spectrograms for a number of discrete  
song characteristics that fell into two categories: macro- and micro-
parameters.

Macroparameters involved multiple strophes and did not 
require examination of individual notes. We quantified the rate 
of singing as a measure of total song output, and average strophe 
length as a measure of investment in song production and quality. 
Rates of singing have been linked to male quality in several stud-
ies (reviewed in Podos et al. 2004). Additionally, song output and 
strophe length are two parameters that have previously been mea-
sured in relation to heavy metal contamination (Gorissen et al. 
2005), allowing for ease of comparison with the present study.

We also measured several microparameters involving the 
individual notes within strophes. For the 3 oscine species, mea-
surements were made with respect to the most-repeated element 
of each song type because this represented the single note type 
in which the bird invested the most time. We defined the most- 
repeated element as the note type that was repeated the most 
times within a strophe, excluding entrance notes (see Fig. 1). We 
also measured peak frequency (defined as the tonal frequency at 
which the maximum amplitude occurred), number of repeats, and 
internal rate (defined as the amount of time between 2 successive 
notes) of the most-repeated element in each song. The number of 
different note types within each song type served as an estimate 
of overall complexity. For Song Sparrows, which have more var-
ied song structure, we measured additional parameters associ-
ated with the buzz note because this consistent element is readily 
comparable across individuals. For the buzz note, we measured 
the dominant frequency, bandwidth, and duration, which have 
all been measured in a number of other studies (e.g., Wood and 
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Yezerinac 2006). The simple structure of the Eastern Phoebe song 
precluded analyses involving particular elements or quantifica-
tion of complexity. Instead, we measured the dominant frequency 
and bandwidth of 2 entire strophes.

Mercury levels.—We did not take tissue samples from our 
study subjects, but Tree Swallows (Tachycineta bicolor) were well 
sampled at nearly all sites as part of another study. Because Tree 
Swallows exhibited mercury levels of comparable magnitude to 
those in the focal species (mean contamination = 3.66 μg g−1; n = 
79; Cristol et al. 2008), we used Tree Swallow mercury levels as a 
proxy for the relative contamination of each study site. Blood of 
adult Tree Swallows was sampled and analyzed for total mercury 
concentration following the methods of Brasso and Cristol (2008). 
In 2006, 267 adult Tree Swallows were sampled at 24 of the 29 
sites at which recordings were made during 2006–2008. The mean 
number (± SD) of Tree Swallows sampled at each site was 11.2 ± 
8.5 on contaminated sites (n = 10) and 11.1 ± 9.1 on reference sites  
(n = 14). The mean blood mercury level for all Tree Swallows at 
each site was used to characterize that site.

Land cover analysis.—Because differences in acoustic envi-
ronment have been linked to differences in singing behavior (Patri-
celli and Blickley 2006), we used geographic information systems 
software (ARCVIEW, version 9.2; ESRI, Redlands, California) 

to analyze habitat structure across the 29 sites at which record-
ings were made. We examined digital orthophoto quarter-quad 
images and delineated study sites by creating circular buffers 
around the midpoint of each site with a variable radius that en-
compassed the upstream and downstream boundaries. Relative 
proportions of each major habitat type (developed, forest, field) 
were then determined using the National Land Cover Database 
(see Acknowledgments).

Statistical analyses.—We measured multiple song traits 
across Carolina Wrens (n = 6 song traits), House Wrens (n = 6 song 
traits), Song Sparrows (n = 9 song traits), and Eastern Phoebes  
(n = 4 song traits) to examine potential differences between  
mercury-contaminated and reference birds. We then performed 
principal component analysis (PCA) on each set of variables com-
mon to a particular species. Because we measured the same suite 
of parameters for both species of wrens, these 2 species were ex-
amined in a single analysis. By contrast, for Song Sparrows and 
Eastern Phoebes, for which different variables were measured, we 
ran 2 additional PCAs. We then used linear models, with mer-
cury status (contaminated or reference), species (wrens only), and 
a mercury status × species interaction (wrens only) as factors, to 
determine whether any of the principal components (PCs) were 
associated with mercury contamination.

Fig. 1. Examples of spectrograms representing 1 strophe of (A) Carolina Wren, (B) House Wren, (C) Song Sparrow, and (D) Eastern Phoebe songs. The 
major components of the song, as well as the specific notes measured, are highlighted.
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We regressed tonal frequency for all oscine individuals re-
corded at a given site against the average mercury level at the same 
site (based on Tree Swallow blood samples; see above). Frequency 
was normalized separately for each oscine by calculating z scores 
using each species’ mean frequency and standard deviation. To 
reduce the effect of aberrant individuals, we included only those 
sites with ≥2 recordings from a species.

We grouped land-cover classifications as either developed 
(developed open, low-, medium-, high-intensity), forest (decidu-
ous, evergreen, mixed), or field (pasture–hay, cultivated crops). 
We then compared the percentages of each habitat type between 
contaminated and reference sites using two-sample t-tests. All 
statistical analyses were performed using R (R Development Core 
Team, Vienna; see Acknowledgments) or MINITAB, version 15 
(Minitab, State College, Pennsylvania).

Results

When the songs of both wren species were included in a PCA  
(Table 1), the first component, which explained 44% of the vari-
ance, partitioned the variation attributable to species differences, 
as indicated by a significant species effect (PC1: F = 57.67, df = 1 and 
33, P < 0.001). Mercury status (contaminated or reference) and the 
mercury status × species interaction were not significant. By con-
trast, PC2 (Table 1), which accounted for 23.6% of the variance and 
loaded positively for the number of note types per song, average 
strophe length, and peak frequency of the most-repeated element, 
resulted in a significant effect of mercury status (F = 15.35, df = 1 
and 33, P < 0.001), which indicates that it captured the variance re-
lated to site contamination. The lack of significance of the species ×  
mercury status interaction indicates that songs of the 2 wren spe-
cies did not respond differently to living on a contaminated site. 
Post hoc tests revealed that wren songs on contaminated sites 
had lower PC2 scores than those on reference sites (Tukey’s HSD,  
P < 0.001), which indicates that contaminated wrens sang shorter 
songs with fewer note types and lower tonal frequencies.

The PCA conducted on 9 parameters measured in Song Spar-
rows (Table 2) produced a component (PC3) that loaded positively 
for the peak frequency and bandwidth of the buzz note, as well as 
the number of note types per song. This PC revealed a significant 

effect of mercury status, such that birds on contaminated sites 
produced songs that contained fewer note types and lower- 
frequency, shorter-bandwidth buzz notes (F = 8.36, df = 1 and 37, 
P = 0.006). By contrast, neither PC1 nor PC2 reflected variation 
that was significantly associated with a site’s mercury status (PC1: F = 
0.30, df = 1 and 37, P = 0.59; PC2: F = 0.90, df = 1 and 37, P = 0.35).

The PCA conducted on Eastern Phoebe songs produced 
2 components that, together, accounted for 71% of the variance 
in the data (Table 3). PC1 loaded for longer strophes with higher 
bandwidth that were sung at a higher rate, whereas PC2 loaded 
positively for peak frequency. However, linear models revealed no 
effect of mercury contamination on either PC1 (F = 0.61, df = 1 and 
14, P = 0.45) or PC2 (F = 1.06, df = 1 and 14, P = 0.32).

Tonal frequency was related to mercury status in all 3 oscine 
species. We therefore used analysis of covariance to further test 
for species-level differences in the response to mercury contami-
nation. Neither the elevation (F = 0.42, df = 1 and 3, P = 0.74) nor 
the slopes (F = 0.52, df = 1 and 2, P = 0.60) differed among species, 
but tonal frequency declined significantly with increasing mercury table 1. (A) Eigenvalues and variances explained for principal component 

analysis on song characteristics measured for Carolina and House wrens.

Component Eigenvalue
Proportion of  

variance
Cumulative  
proportion

PC1 2.647 0.441 0.441
PC2 1.418 0.236 0.677

(B) Factor loadings for each variable on principal components 1 and 2.

PC1 PC2

Rate −0.528 0.159
Number of repeats 0.555 −0.064
Number of note types −0.316 0.653
Peak frequency of most-repeated element 0.289 0.490
Strophe length 0.362 0.549
Strophe rate −0.314 0.046

table 2. (A) Eigenvalues and variances explained for principal compo-
nent analysis on song parameters measured for the Song Sparrow.

Component Eigenvalue
Proportion of  

variance
Cumulative  
proportion

PC1 2.323 0.258 0.258
PC2 1.707 0.190 0.448
PC3 1.386 0.154 0.602

(B) Factor loadings for each variable on principal components 1, 2, and 3.

PC1 PC2 PC3

Rate 0.543 −0.072 −0.280
Number of repeats −0.578 −0.008 0.079
Number of note types 0.322 0.335 0.466
Peak frequency of most-repeated  
 element

−0.027 −0.441 −0.087

Strophe length −0.127 −0.526 0.290
Strophe rate 0.367 −0.074 −0.341
Peak frequency of buzz note 0.166 −0.128 0.514
Buzz note bandwidth 0.216 0.098 0.462
Buzz note duration 0.203 −0.616 0.108

table 3. (A) Eigenvalues and variances explained for principal compo-
nent analysis on song characteristics of Eastern Phoebes.

Component Eigenvalue
Proportion of  

variance
Cumulative  
proportion

PC1 1.656 0.414 0.414
PC2 1.198 0.300 0.714

(B) Factor loadings for each variable on principal components 1 and 2.

PC1 PC2

Strophe length 0.581 −0.389
Strophe rate 0.616 −0.121
Peak frequency of strophe 0.105 0.815
Frequency bandwidth of strophe 0.522 0.412
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contamination at a site (t = −3.31, df = 18, P = 0.004, r 2 = 0.272; Fig. 
2), which indicates that birds living at sites with higher mercury 
levels sang their songs at lower tonal frequencies. A comparable 
analysis that related number of note types to a site’s mercury level 
resulted in a similar but nonsignificant trend (data not shown).

Land cover.—The land-cover analysis revealed no significant 
differences between contaminated and reference sites for the 3 
predominant characteristics of habitat structure (percent devel-
oped: t = 0.30, df = 11, P = 0.77; percent forested: t = 1.76, df = 11,  
P = 0.10; percent fields: t = −1.37, df = 11, P = 0.20).

discussion

In 3 of the 4 species examined, songs of birds living on mercury-
contaminated sites differed from those on reference sites. Prin-
cipal component analyses revealed that Carolina Wrens, House 
Wrens, and Song Sparrows breeding on contaminated sites all ex-
hibited a lowered diversity of note types and sang at lower tonal 
frequencies than conspecifics breeding on reference sites. Addi-
tionally, the 2 wren species sang shorter strophes in polluted areas. 
By contrast, Eastern Phoebe song did not differ between mercury-
contaminated and reference sites.

Our results suggest that living on a mercury-contaminated 
site affected several characteristics of oscine song. One potential 
explanation for these results is incidental differences in habitat 
structure between polluted and unpolluted areas, because the fine 
structure of songs often matches the acoustic environment (Patri-
celli and Blickley 2006). However, there were numerous contami-
nated and reference sites, and they did not differ significantly in 
their proportions of human development, forest, and fields, which 
suggests that our results did not arise from a systematic bias in 
habitat structure.

We did not measure mercury levels of the individual birds 
that we recorded, so we made the assumption that the degree of 

contamination at each site could be approximated by data from 
another insectivorous bird for which we have ample mercury data. 
Because tonal frequency differed consistently between contam-
inated and reference birds of all 3 oscine species, we tested the 
hypothesis that the tonal frequency of a bird’s song was related 
to the relative degree of site contamination. The resulting signifi-
cant negative relationship suggests that tonal song frequency var-
ies with mercury level in a dose-dependent manner.

The analysis also revealed that contaminated oscines of all 3 
species tended to sing a lower diversity of notes than reference con-
specifics. Such results are consistent with Gorissen’s (2005) finding 
that birds living near a metal smelter produced smaller repertoires 
than birds living farther from the contamination source. The co-
occurrence of low tonal frequency and lowered note diversity in 
contaminated songbirds may not be mere coincidence. Sensory 
perception could be impaired in young birds on contaminated 
sites, causing them to hear and learn lower-frequency notes pref-
erentially. In fact, mercury exposure has been linked to auditory 
impairment in the laboratory: monkeys exposed to mercury from 
birth exhibited an inability to perceive high-frequency sounds as 
adults (Rice and Gilbert 1992). Thus, it is possible that juveniles 
living on contaminated sites suffered from high-frequency hear-
ing impairment, which caused them to acquire and preferentially 
sing lower-frequency notes. If this were the case, one might also 
expect a resultant decrease in overall note diversity caused by the 
selective discrimination of notes in the lower range of frequen-
cies. However, other mechanistic explanations are certainly pos-
sible. For example, male Zebra Finches (Taeniopygia guttata) that 
were experimentally stressed during song learning tended to pro-
duce songs that were both lower in frequency and shorter (Spen-
cer et al. 2003). This result is equally consistent with our findings 
and suggests that more generalized stress during song learning, 
caused directly or indirectly by mercury, could produce the ob-
served changes in the songs of mercury-contaminated birds. A 
third possibility, and one that does not require that juveniles settle 
near their natal sites, is that mercury-contaminated adults were in 
poorer condition and therefore substituted lower-frequency notes, 
which might be easier to perform. Such physiological impairment 
would also provide an explanation for why contaminated male 
wrens sang shorter strophes, given that shorter songs may reduce 
metabolic costs (Eberhardt 1994; but see discussion in Podos et 
al. 2004).

Our analysis of Eastern Phoebe song provided an opportu-
nity to examine the possible role of learning in the relationship 
between mercury and song. Kroodsma and Konishi (1991) showed 
that experimentally deafened nestling Eastern Phoebes produced 
normal songs despite the absence of auditory feedback. This sug-
gests that environmental perturbations are unlikely to affect de-
velopment of the relatively inflexible song of this species. Indeed, 
we found that the Eastern Phoebe, the only species of the 4 that 
we studied that does not learn its song, was also the only species 
whose song characteristics were not associated with living on a 
mercury-contaminated site. Although not conclusive, this result 
suggests that future studies could profitably address the hypothe-
sis that mercury alters song through effects on learning. Of partic-
ular value would be experimental work aimed at pinpointing the 
specific developmental or physiological pathways through which 
mercury may alter singing behavior.

Fig. 2. Regression of site contamination level (Tree Swallow blood mercury 
level) plotted against normalized peak frequencies of Carolina Wren, House 
Wren, and Song Sparrow (buzz note). Each data point represents a site at 
which songs of ≥ 2 individuals of a particular species were recorded.
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Regardless of the mechanisms underlying these differences in 
song, the fact that they exist at all demonstrates the potential use-
fulness of subtle behavioral cues in ecotoxicological studies. Song 
may be a more sensitive indicator of environmental stress than tis-
sue samples, which are traditionally used to evaluate contaminant 
effects, because song is the result of a combination of complex be-
havioral and physiological pathways (Gorissen et al. 2005). Thus, 
future ecotoxicological studies may be able to use song to more 
realistically evaluate the fitness costs associated with heavy-metal 
contamination.
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Abstract Mercury has become a ubiquitous contaminant

in food chains worldwide. A large body of literature

detailing bioaccumulation and effects on birds has revealed

the potential for mercury to adversely impact avian physi-

ology and reproduction. However, the extent to which these

effects impair survival remains poorly understood. The

objective of this study was to determine whether mercury

exposure was associated with reduced annual survivorship

in tree swallows (Tachycineta bicolor) breeding at a site

with legacy industrial contamination. From 2005 to 2008,

we captured and marked 932 adult swallows. We used

Cormack-Jolly-Seber models and an information-theoretic

approach to test our hypotheses that adult survival varied by

sex, breeding location, and cumulative individual mercury

exposure. Blood mercury was significantly elevated on

contaminated sites (2005–2007 combined mean ± SE:

2.84 ± 0.09 lg/g; reference: 0.17 ± 0.01 lg/g). Model-

averaged estimates of female apparent survival ranged from

0.483 to 0.488 on reference sites and 0.473 to 0.477 on

contaminated sites. For males, apparent survival ranged

from 0.451 to 0.457 on reference sites and 0.444 to 0.448 on

contaminated sites. Thus, we observed approximately a 1%

difference in survival between mercury-contaminated and

reference sites. Such a small difference is unlikely to impact

population viability in this short-lived species; however,

some songbirds accumulate mercury to a greater degree than

tree swallows and do not possess the migratory behavior that

removes swallows to less contaminated areas for the

majority of the year. Identifying whether such species are at

risk of suffering biologically significant reductions in sur-

vival should become a focus of future research.

Keywords Heavy metal � Mercury � Survival �
Tachycineta bicolor � Tree swallow

Introduction

Mercury is a heavy metal that has contaminated countless

ecosystems throughout the world (UNEP 2002). In its

methylated form, mercury accumulates in animal tissue

and concentrates at the top of food webs. Because meth-

ylation processes are largely restricted to aquatic environ-

ments (Wiener et al. 2003), piscivorous birds have long

been considered most at risk of exposure and adverse

effects (Wolfe et al. 1998; Scheuhammer et al. 2007).

However, recent studies have concluded that both atmo-

spheric and aquatic mercury can accumulate in non-

piscivorous birds, including songbirds, with no direct link

to mercury point sources (Rimmer et al. 2005; Shriver et al.

2006; Cristol et al. 2008).

While dosing studies on captive aquatic birds long ago

established that mercury accumulation can affect avian

survival and reproduction (e.g. Heinz and Locke 1976;

Heinz 1979; Hoffman and Moore 1979), the extent to which

such effects may occur in free-living populations remains

unclear. Evidence is now mounting for individual fitness

effects among free-living songbirds, particularly with regard

to endocrine and immune physiology (Franceschini et al.

2009; Hawley et al. 2009; Wada et al. 2009). For example,

Hawley et al. (2009) observed a reduction in humoral

immune response among female tree swallows (Tachycineta

bicolor) breeding at a contaminated site in Virginia, USA.
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Similarly, Wada et al. (2009) noted abnormal expression

patterns for both corticosterone and thyroid hormone in

contaminated tree swallow nestlings at the same location.

Such physiological pathways directly underlie many of the

processes important for reproduction, providing an abun-

dance of potential mechanisms through which mercury

might impact reproductive success. In fact, some progress

has been made in identifying reproductive effects of mer-

cury exposure in free-living birds (tree swallows: Brasso

and Cristol 2008; common loons (Gavia immer): Evers et al.

2008).

Interruption of these same physiological pathways might

also result in higher mortality among contaminated birds.

However, evaluating the impact of mercury on survival is

difficult because large, long-term data sets are required to

produce accurate estimates. Additionally, many environ-

mental variables likely influence survival in free-living

populations, confounding analyses and making interpreta-

tion of results difficult. As a result, few attempts have been

made to evaluate the impact of mercury on avian survi-

vorship (Seewagen 2010). Thompson et al. (1991) found

no effect of mercury on the return rate of great skuas

(Catharacta skua) to their breeding colony in the following

year. Likewise, Meyer et al. (1998) reported no relationship

between mercury level and inter-annual survival in breed-

ing common loons, a result that was later corroborated by a

longer-term mark-recapture study (Mitro et al. 2008). To

our knowledge, there exist no published studies examining

the effect of mercury on annual adult survival in a free-

living songbird population.

The objective of this study was to determine whether

mercury exposure was associated with reduced survivor-

ship in tree swallows breeding at a site with legacy

industrial point source contamination. We used four years

of mark-recapture data to test our hypotheses that (1) adult

survival varied by sex, (2) adult survival varied by breeding

site type (contaminated or reference), and (3) adult survival

was related to cumulative individual mercury exposure.

Methods

Study species

The tree swallow is an insectivorous, migratory songbird

that breeds throughout much of North America (Robertson

et al. 1992). Tree swallows consume a diet that is both

terrestrial and aquatic in origin (Robertson et al. 1992;

Mengelkoch et al. 2004; Brasso and Cristol 2008), and as

the breeding season progresses, their foraging activities

become increasingly restricted to the area immediately sur-

rounding their nests (Mengelkoch et al. 2004). Thus, tree

swallows provide an excellent window into contaminant

availability at a highly localized scale. Additionally, tree

swallows are unable to excavate their own cavities and so

will readily adopt artificial nest boxes erected at sites of a

researcher’s choosing. Of further value is the fact that

adults display a high degree of breeding site fidelity

(Winkler et al. 2004), facilitating long-term studies of

marked individuals. For these reasons, and many others,

the tree swallow is quickly emerging as a model organism

in ecotoxicology (McCarty 2002; Jones 2003).

Study area

The South River, a tributary of the South Fork Shenandoah

River in Virginia, USA, was contaminated with industrial

mercury between 1929 and 1950 (Carter 1977). Cristol

et al. (2008) documented significantly elevated mercury

levels in the blood and feathers of nearly all songbird

species breeding within 50 m of the contaminated river,

including tree swallows. In 2005, a nest box trail was

established at 19 contaminated sites along the South River

as well as at 17 reference sites located upstream of the

contamination source, and along the nearby North and

Middle Rivers (centroid of study area: 38�100 N,

78�590 W; Fig. 1 in Cristol et al. 2008). Boxes were con-

structed following a popular bluebird nest box design

(North American Bluebird Society 2009) and each was

fitted with a ‘‘stovepipe’’ predator guard which reduced

snake and mammalian predation (i.e. nest failure was

\10% in 2005–2007). Boxes were placed approximately

25 m apart in cropland or pasture, within 50 m of river

shoreline in 2005–2006, and up to 450 m into the flood-

plain thereafter. In 2005, 146 nest boxes were available.

This number was increased to 296, 361, and 504 before the

breeding seasons of 2006, 2007, and 2008, respectively.

There is no natural wetland habitat suitable for tree swal-

low nesting in the study area, and prior to the establishment

of our nest box trail, few, if any, tree swallows were nesting

on or near any of our sites (D. A. Cristol, personal

observation).

Capture and sampling

During the breeding seasons of 2005–2008, we captured

adult tree swallows in their nest boxes during incubation or

the nestling period either by hand or using one of two trap-

ping methods (Stutchbury and Robertson 1986; Friedman

et al. 2008). Sex was determined by the presence of a brood

patch in females or cloacal protuberance in males. Tree

swallows are a rarity among birds in that females, but not

males, exhibit delayed plumage maturation (Robertson et al.

1992). Thus, we were able to age adult females as either

‘second-year’ (hatched during the previous breeding season,

hereafter ‘SY’) or ‘after-second-year’ (hereafter ‘ASY’) on
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the basis of plumage. In contrast, all adult males have a

similar plumage and were therefore classified as after-hatch-

year (hereafter ‘AHY’). Upon capture, individuals were

banded with a unique USGS aluminum band. Additionally, a

small blood sample (*100 ll) was collected from the bra-

chial vein of each bird following the methods of Brasso and

Cristol (2008).

Mercury analysis

Mercury analysis was conducted at either the Trace

Element Research Laboratory of Texas A&M University or

at the College of William and Mary. Blood samples were

analyzed for total mercury concentration on a Milestone�
DMA-80 (see methods in Cristol et al. 2008). Approxi-

mately 95% of the mercury present in avian blood is in the

organic form (Evers et al. 2005; Wada et al. 2009); thus,

total mercury concentration should provide a reasonable

approximation of methylmercury present in tissues. All

mercury values are presented as wet/fresh weight (lg/g)

concentrations.

Quality control/quality assurance data are reported only

for samples run at the College of William & Mary, as those

for samples run at the Trace Element Research Laboratory,

as well as an inter-lab comparison, have been reported

elsewhere (Hawley et al. 2009). Every 20 samples included

two samples of each of two standard reference materi-

als (DORM-3, DOLT-3, or DOLT-4, National Research

Council, Canada), a method blank, a sample blank, and a

sample replicate (i.e., second capillary tube of blood from

the same bird collected at the same time). Mean (weighted)

percent recovery of the 3160 samples of standard refer-

ence materials used during the running of these samples

was 98.96% (DORM-3 jar 1 = 100.75%, DORM-3 jar

2 = 98.79%, DOLT-3 = 98.71%, DOLT-4 = 98.94%).

Relative percent difference between the duplicate samples

was 5 ± 18% (n = 199 pairs of samples). Minimum

detection limit ranged from 0.003 to 0.006 lg during the

period of analysis.

Statistical analyses

We used Cormack-Jolly-Seber (CJS) models in Program

MARK (White and Burnham 1999) to evaluate whether

mercury exposure was associated with survival in adult tree

swallows. CJS models are employed in studies involving

live recaptures of marked individuals and can be used to

estimate two parameters: apparent survival (U)—the

probability that an individual sampled at time t survives

and returns to the study area at time t ? 1 (equal to one

minus the probability of death or permanent emigration),

and recapture rate (p)—the probability that an individual

that is alive and present in the study area at time t is

actually detected during this same period. For each swal-

low banded during the course of the study, we created an

encounter history consisting of a series of ‘1’s and ‘0’s,

where a ‘1’ signified that the individual was captured in a

particular year, and a ‘0’ signified that it was not. Thus, the

encounter history ‘1010’ would represent an adult bird that

was captured in the first and third years of the study, but

that remained undetected during the second and fourth

years. As demonstrated in this example, detection is often

imperfect. The usefulness of mark-recapture analysis lies in

its ability to account for this imprecision by assessing how

frequently individuals are, in effect, ‘missed.’ The end

result is an estimate of apparent survival that is corrected

for recapture rate.

We evaluated 11 a priori candidate models representing

our hypotheses that sex, site type (contaminated or refer-

ence), and mercury exposure (individual cumulative blood

mercury level) affected apparent survival and recapture of

adult swallows across four annual sampling occasions

(2005–2008).

First, we predicted that the effect of mercury on annual

survival might vary according to sex. Sex differences in

survivorship are common across many bird species, and

likely reflect differences in life history (reviewed in Stut-

chbury et al. 2009). Given the unique set of stressors placed

on each sex, we predicted that the additional impact of

mercury on survival might differ between males and

females.

We also evaluated whether exposure to elevated mer-

cury may have influenced survival independent of dose.

Such a relationship could be indicative of an ‘all-or-noth-

ing’ response (Custer et al. 2007) or could reflect the

potential for mercury to indirectly affect survival proba-

bility by altering large-scale components of the environ-

ment (e.g. food availability, see Gerrard and St. Louis

2001). To test for this relationship, we examined site type

(contaminated or reference) as a variable in several models.

Finally, survival probability might covary with mercury

exposure in a dose-dependent manner. To investigate this

possibility, we created an index of individual exposure

designed to reflect the potentially additive nature of mer-

cury accumulation (e.g. Evers et al. 2008). Individual

cumulative blood mercury level was calculated as the sum

of all previous and current blood mercury levels recorded

for each individual at a given point in time (i.e. 2007

cumulative Hg = 2005 Hg ? 2006 Hg ? 2007 Hg). When

no mercury level was available, we either assigned a blood

concentration that represented the average of all other years

of exposure for that individual (for individuals captured

multiple times, n = 18), or we eliminated the individual

from analysis (for individuals captured once, n = 11).

There was very little movement between contaminated and

reference sites during the course of our study (n = 3 birds,
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all eliminated from analysis); therefore, we assumed that

an individual’s average mercury level would provide a

reasonable measure of exposure in a single year. Survival

was confirmed upon initial recapture in each year; we did

not consider mercury levels in 2008, the final year of our

study, as these were heavily influenced by mercury accu-

mulated after the birds had successfully migrated back to

the study site, and would not have influenced survival as

determined at the beginning of that year.

We evaluated all additive (?) and two-way interaction

(*) models of sex, site type, and mercury exposure, and a

null model where survival was held constant across all time

intervals and groups. Because a greater emphasis was

placed on capturing females in all four years of study, we

allowed p to vary by sex in all 11 candidate models.

Banded nestlings that returned to breed in our study area

(n = 83) were incorporated into the data set beginning in

their first adult year.

We used numerical likelihood to estimate parameters

and information theory to evaluate the relative support

for each candidate model (Burnham and Anderson

2004). We assessed goodness-of-fit of the full model

(Usex?site?time?sex*site?sex*time?site*time psex) with the med-

ian ĉ procedure. We used quasi Akaike’s Information

Criterion corrected for small sample size and overdisper-

sion (QAICc) and Akaike weights to assess the relative

support in the data for each candidate model. The model

with the lowest QAICc score (DQAICc = 0) was consid-

ered the best fit to the observed data. Models with DQAICc

scores\2 were considered well-supported and models with

DQAICc \ 5 were considered to be moderately supported.

We report model-averaged estimates of apparent survival

and recapture probability by year, sex, and site type. In

addition, we report differences in apparent survival

between reference and contaminated sites (effect sizes)

with standard errors calculated using the Delta method.

Results

Blood mercury levels

We used a general linear model to investigate three factors

affecting blood mercury levels in tree swallows: year, site

type, and sex (Table 1). Blood mercury levels differed by

site type, and were, on average, an order of magnitude

higher on contaminated than on reference sites (2005–2007

combined mean ± SE: contaminated: 2.84 ± 0.09 lg/g,

reference: 0.17 ± 0.01 lg/g; Fig. 1). Annual variation on

contaminated sites was considerable, while mercury levels

on reference sites remained uniformly low throughout the

duration of the study (Fig. 1). We observed no effect of sex

on exposure, indicating that males and females exhibited a

similar tendency to accumulate mercury (Table 1).

Adult survival

We obtained 1233 captures and recaptures, representing

932 individuals (444 from contaminated sites and 488

from reference sites; 130 recaptures on contaminated

sites and 171 on reference sites). The full model

(Usex?site?time?sex*site?sex*time?site*time psex) fit the data well

(goodness-of-fit: P [ 0.05). We used the ĉ adjustment of

1.28 in our analysis to make the parameter estimates as

robust and valid as possible.

Table 1 Summary statistics for general linear model investigating

mercury accumulation in breeding adult Tree Swallows

Factor df F P

Site type 1 577.16 \0.001

Sex 1 0.10 0.75

Year 2 23.46 \0.001

Site type*sex 1 0.10 0.76

Site type*year 2 28.27 \0.001

Sex*year 2 0.23 0.79

Error 737

Total 746

R2 = 60.7%

Individual blood mercury level was the response variable, while site

type (contaminated or reference), sex (male or female), year (2005,

2006, or 2007), and all two-way interactions were included as fixed

factors in the model

Fig. 1 Mean (±SE) blood mercury in adult tree swallows breeding

on either contaminated (C) or reference (R) sites in each of the first

three years of the study (2005–2007). Sample sizes are represented as

numbers above intervals
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The model in which survival was constant across all

groups and time intervals was the most parsimonious and

had a 25% chance of being the best fit to the data (Table 2).

Three univariate models in which survival varied according

to sex, individual mercury exposure, and site type were

also well-supported (DQAICc scores \2; Table 2); several

additive and interaction models received weaker support.

Model-averaged estimates of apparent survival were higher

for females than for males; female survival ranged from

0.473 to 0.488 and male survival ranged from 0.444 to

0.457 (Table 3). For both sexes, survival estimates varied

little from year to year. As expected, model-averaged

recapture probability was greater for females (0.889 ±

0.047 SE) than for males (0.723 ± 0.100 SE), reflecting

observed difference in ease of capture.

There is some evidence from the model selection anal-

ysis suggesting that individual mercury exposure and

breeding site type were important for determining apparent

survival; however, the effect is weak. Model-averaged

survival probability for females and males breeding on

reference sites was on average 1% (±0.04 SE) higher than

for individuals breeding on contaminated sites (Table 3).

The difference in survival probability between reference

and contaminated sites increased to as high as 2% (±0.05

SE) when models that did not include either site type or

individual mercury exposure (models #1 and #2, Table 2)

were excluded from model averaging (i.e. estimates of

apparent survival were computed by averaging over the

remaining nine models; Table 3).

Discussion

Adult tree swallows breeding at contaminated sites along

the South River were exposed to significantly elevated levels

of mercury. In fact, the levels of mercury observed in indi-

viduals at this site rank among the highest ever reported in a

free-living songbird (Brasso and Cristol 2008). Our results

indicate that some variation in annual adult survival for this

species may be attributable to mercury exposure. Contami-

nated birds suffered a 1% reduction in survivorship

compared with conspecifics breeding on reference sites.

However, error surrounding this estimate is high, making

biological interpretation difficult.

For any organism, survival necessarily represents the

culmination of physiological stamina and endurance. Thus,

any accumulation of stressors that undermine physiological

performance could potentially hinder survival. Previous

Table 2 Models of apparent survival (U) and recapture probability

(p) for adult tree swallows in Virginia

Model # Modela Kb DQAICc
c,d wi

e

1 U�ps 3 0.000 0.252

2 Us ps 4 0.887 0.162

3 UHg ps 4 1.343 0.129

4 Ust ps 4 1.392 0.126

5 Us?Hg ps 5 2.260 0.081

6 Us?st ps 5 2.355 0.078

7 Ust?Hg ps 5 3.273 0.049

8 Us?st?s*st ps 6 3.796 0.038

9 Us?Hg?s*Hg ps 6 3.827 0.037

10 Us?st?Hg ps 6 4.225 0.030

11 Ust?Hg?st*Hg ps 6 5.159 0.019

a Model structure: U probability of apparent survival, p probability of

recapture, � time-constant survival, s sex, Hg cumulative mercury

exposure, st site type (contaminated or reference). Recapture proba-

bility (p) varied by sex in every model
b K = number of estimable parameters
c QAICc = quasi Akaike Information Criterion corrected for small

sample size
dDQAICc = difference between QAICc of the current model and the

best supported model. Thus, the best supported model has DQAICc = 0
e wi = Relative likelihood of a model among the 11 tested

Table 3 Model-averaged estimates of apparent survival and standard errors for adult tree swallows breeding on reference (UR) and contami-

nated (UC) sites in 2005–2008

Yeara Sex Reference Contaminated Full model set Reduced model set

UR SE UC SE UR - UC SE UR - UC SE

2005 Female 0.488 0.035 0.477 0.041 0.011 0.035 0.020 0.044

2006 Female 0.486 0.036 0.475 0.039 0.011 0.036 0.018 0.045

2007 Female 0.483 0.046 0.473 0.038 0.010 0.046 0.017 0.059

2005 Male 0.457 0.054 0.448 0.056 0.009 0.052 0.015 0.045

2006 Male 0.455 0.054 0.447 0.055 0.008 0.029 0.014 0.046

2007 Male 0.451 0.060 0.444 0.054 0.007 0.030 0.013 0.050

Differences in apparent survival were calculated based on model-averaged estimates from (1) all 11 models, and (2) a reduced set of nine models

that excluded models that did not contain either an effect of site type or individual cumulative mercury exposure
a Refers to year t in survival interval from t to t ? 1 (e. g. 2005 = interval from 2005–2006)
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work on the South River has documented impairments in

reproduction (Brasso and Cristol 2008), singing behavior

(Hallinger et al. 2010), humoral immunocompetence

(Hawley et al. 2009), and endocrine functioning (Wada

et al. 2009) in contaminated songbirds. Given these find-

ings, and the relatively high mercury levels at this site, it

may seem surprising that contaminated swallows did not

exhibit a more severe depression in annual survival.

One possible explanation is that a larger difference in

survival may have existed, but been unintentionally

obscured by limitations of our analysis. Mark-recapture

analyses are notoriously data-intensive, and our study,

involving 932 individuals followed over four sampling

intervals, is relatively sparse when one considers that many

comparable analyses involve thousands of birds sampled

over several decades (e.g. Brown and Brown 2009). Small

sample size and variation in responses of individuals to

toxins can inflate error terms and reduce precision of sur-

vival estimates. Thus, statistical uncertainty may have

hindered our ability to detect differences in survival.

It is also important to acknowledge the potential short-

comings of our index of individual cumulative mercury

exposure. For this index, we assumed no mercury exposure

prior to each individual’s first capture. In the case of

newly-caught SY females, this assumption should be valid,

given that we can be sure that such females are in their first

adult year (see Capture and Sampling). However, in the

case of ASY females and all males, we cannot be similarly

certain of past exposure history. Among newly-caught

ASY females (of whose adult status in the previous year we

can be sure), there is evidence to suggest that many spent a

substantial portion of the prior breeding season as non-

territorial floaters on the same sites on which they would

later breed (Hallinger and Cristol 2010). Furthermore,

floaters have been shown to accumulate levels of mercury

comparable to those of resident breeders (Hallinger and

Cristol 2010). Therefore, we very likely underestimated

cumulative mercury exposure for many individuals on

contaminated sites. Whether and how such bias could have

influenced our results remains unclear. However, we per-

formed a mark-recapture analysis involving only SY

females (of whose exposure history we could be certain),

and obtained parameter estimates very similar to those

involving all birds (data not shown). Thus, it seems unli-

kely that this bias substantially impacted our results beyond

adding unexplained variance.

Finally, it is possible that the 1% reduction in survival

that we observed, although small, accurately reflects the

impact of mercury on this important demographic rate.

Although much progress has been made in identifying

physiological and reproductive correlates of survival

(e.g. Stearns 1992; Ardia et al. 2003; Ardia 2005), the

complex interplay among many life history components

remains poorly understood. Thus, there may be real bio-

logical reasons why, for example, a reduction in immune

system functioning (Hawley et al. 2009) is not reflected by

a similar decrease in survival probability, and such findings

underscore the need for further research into the physio-

logical mechanisms governing survivorship.

Despite the vast literature detailing mercury exposure

and effects on wildlife, few attempts have been made to

measure the impact of mercury on avian survivorship

(Seewagen 2010). To our knowledge, no study has yet been

able to demonstrate an unambiguous link between con-

tamination level and subsequent survival in free-living

birds (see Thompson et al. 1991; Meyer et al. 1998;

Ackerman et al. 2008; Mitro et al. 2008). This raises the

interesting possibility that survival rates in general may be

less sensitive to mercury exposure than a number of other

commonly measured biological indices, such as reproduc-

tive success or immunocompetence. The reasons for this

are not entirely clear, but several possibilities come to

mind.

First, it may be a simple issue of scaling, whereby the

factors governing lower levels of biological organization,

such as intracellular processes, are more readily perturbed

by short-term fluctuations in environmental conditions than

are large-scale demographic processes such as survival.

Essentially, this would amount to a ‘‘trickle up effect’’ of

mercury, with disruption of many cellular and physiolog-

ical systems being required before any impact on survival

would become apparent.

Alternatively, it is possible that important effects on

survival might manifest as changes in population structure

and function rather than as differences in absolute survival

probability. For example, selection pressures may vary as a

result of mercury exposure, leading to differential survival

of birds bearing different attributes than would be favored

in uncontaminated areas; such differences may persist even

though, in absolute terms, the number of birds surviving on

each site is similar. Future work could benefit from con-

sidering the complex interactions between individual traits

and survivorship of birds living in polluted areas.

Finally, it is important to note that the swallows in this

study spent approximately five months at their contami-

nated or reference breeding sites and the rest of the year

migrating or on their wintering grounds in Central America

and southern North America. Judging from the low levels

of mercury found in returning swallows on reference sites,

there was little exposure to mercury when away from the

breeding site. Additionally, because these swallows molt

almost their entire plumage each fall (Robertson et al.

1992), and molt offers an opportunity to reduce load of

mercury in vital tissues (Condon and Cristol 2009), it is

possible that the effects of mercury on survival were

blunted as a result of this annual recovery period. A similar
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study on a non-migratory species might reveal a greater

impact of mercury on survival.

In their study of common loons, Mitro et al. (2008) point

out that even small decreases in survival rate (\3%) could

have potentially serious consequences for viability of loon

populations, members of which may live more than

30 years. In contrast, the average lifespan of tree swallows

has been estimated to be 2.7 years (Robertson et al. 1992).

Thus, it seems unlikely that the small depression in sur-

vival that we observed would disrupt population dynamics

of this short-lived songbird. Even so, the results of our

study may offer important insight into conservation of

other bird species contending with mercury contamination,

especially those exposed to elevated mercury year-round.

Tree swallows are quickly becoming a model organism in

many branches of ecology (Jones 2003), and are an

excellent sentinel for investigating the effects of contami-

nants in free-living avian populations. However, at our

study site, a number of songbird species, including several

residents, have accumulated levels of mercury that equal or

exceed those found in tree swallows (Cristol et al. 2008).

Although tree swallows are not currently a species of

conservation concern, it is our hope that this study will

contribute to establishing a framework from which

researchers can begin to understand the influence of mer-

cury on complex demographic processes in a wide array of

impacted wildlife.
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Abstract Mercury is a pervasive environmental con-

taminant and a well-documented immunosuppressor.

However, little is known about the effects of mercury

contamination on health of free-living vertebrate popula-

tions. The South River in Virginia, USA was heavily

contaminated with industrial mercury from 1929 to 1950,

and recent studies have documented high levels of circu-

lating mercury in riparian songbirds breeding below the

site of contamination. Here we used two standardized

immune assays, mitogen-induced swelling in response to

phytohaemagglutinin (PHA) and antibody response to

sheep red blood cells (SRBCs), to test for effects of mer-

cury toxicity on the immune system of female tree

swallows (Tachycineta bicolor) which feed on terrestrial

and aquatic insects along the contaminated waterway. We

found that females breeding at mercury-contaminated sites

mounted significantly weaker PHA-induced swelling

responses than those at reference sites in both years of

study. However, among females on the contaminated sites,

individual bloodstream mercury concentration did not

predict the extent of mitogen-induced swelling. We did not

detect any differences between reference and contaminated

females in the strength of antibody responses to SRBCs,

but sample sizes for this assay were significantly smaller.

Overall, our results suggest that mercury toxicity can exert

sub-lethal immunosuppression in free-living, insectivorous

songbirds. The potential fitness consequences of the

detected differences in immunocompetence caused by

mercury toxicity warrant further study.

Keywords Mercury � Songbird � Immune competence �
Tree swallow � Tachycineta bicolor

Introduction

The health implications of mercury toxicity in wildlife are

widely documented (Wiener et al. 2003; Scheuhammer

et al. 2007). In vivo and in vitro, mercury is a potent

immune suppressor and/or modulator across a range of

vertebrate taxa (Zelikoff et al. 1994; Day et al. 2007). The

effects of mercury on avian health have been particularly

well studied in poultry (Kumar et al. 1999) and a range of

piscivorous, or fish-eating, bird species due to their sus-

ceptibility to bioaccumulation. In studies with captive birds,

both low (0.5 mg/kg) and high (5 mg/kg) doses of meth-

ylmercury chloride caused severe immune lesions in

captive great egrets (Ardea alba; Spalding et al. 2000).

Similarly, in juvenile common loons (Gavia immer),

Kenow et al. (2007) documented significant effects of

experimental methylmercury doses on antibody responses

to sheep red blood cells, but no effects on swelling response

to phytohaemagglutinin (PHA). However, the effect of

methylmercury on antibody responses was only present at

low dose levels, making the results difficult to interpret

(Kenow et al. 2007). Finally, chickens fed mercury at low

doses showed significantly suppressed humoral immune

responses (Kumar et al. 1999). Overall, immune suppres-

sion from mercury toxicity appears to be universal in the

avian species studied to date, but the effect of mercury

contamination on songbird immunity remains unknown, as

does the likelihood of effects in free-living birds.
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Understanding the effects of mercury toxicity on song-

bird health, including immune competence, is of increasing

conservation value and concern. Songbirds comprise the

majority of all bird species, but they have been largely

overlooked by toxicologists to date because few are

piscivorous (Scheuhammer et al. 2007). However, recent

studies indicate that a diversity of songbirds bioaccumulate

mercury in montane (Rimmer et al. 2005), freshwater

(Evers et al. 2005), estuarine (Shriver et al. 2006) and

riparian systems (Cristol et al. 2008). Insectivorous song-

birds appear to be particularly susceptible to mercury

bioaccumulation (terrestrial: Rimmer et al. 2005; aquatic:

O’Halloran et al. 2003; Henny et al. 2005), in some cases

harboring blood mercury levels at or above those of sym-

patric piscivorous birds (Cristol et al. 2008). Therefore,

studies of the health impacts of mercury toxicity are rele-

vant and sorely needed in non-piscivorous taxa subject to

high levels of mercury contamination. Furthermore, studies

of mercury effects on health in free-living populations are

critical (Day et al. 2007) in order to understand the effects

of mercury toxicity in an ecological context.

Here we examine the effects of mercury toxicity on

immune competence in free-living insectivorous songbirds

(tree swallows, Tachycineta bicolor) breeding along the

South River in Virginia, USA, where bloodstream mercury

levels are among the highest ever documented in terrestrial

birds (Cristol et al. 2008). The South River was heavily

contaminated with industrial mercury from 1929 to 1950

(Carter 1977), and more than a half-century later, mercury

levels remain elevated in both fish and birds compared with

sympatric reference rivers (Cristol et al. 2008). Tree

swallows breeding along the contaminated South River eat

a variety of mercury-containing terrestrial and aquatic

insects, resulting in significantly elevated blood-stream

mercury levels (Cristol et al. 2008) and reduced fledging

success compared to conspecifics breeding at nearby ref-

erence sites (Brasso and Cristol 2008). The effects of

mercury toxicity in tree swallows on other components of

fitness, such as immune competence, remain unknown.

Here we use two standardized immune assays that broadly

target both arms (e.g. cell-mediated and humoral) of the

vertebrate immune response (but see Martin et al. 2006).

Our study was designed to investigate whether mercury

toxicity causes detectable immune suppression in a free-

living songbird, the tree swallow.

Methods

Study area

The tree swallow is an insectivorous, migratory songbird

that breeds in the northern half of North America

(Robertson et al. 1992). In 2005, nest boxes were erected at

36 sites along the South River, VA, USA and two nearby

rivers with no history of mercury contamination, the North

and Middle Rivers (described in Cristol et al. 2008). Nest

boxes were placed in hayfield or pasture approximately

25 m apart and within 300 m of river shoreline. In 2005,

233 nest boxes were provided. This number was increased

prior to the breeding season to 286 in 2006 and 347 in

2007. There is no natural wetland habitat suitable for tree

swallow nesting in the study area and prior to the estab-

lishment of our nest box trail, few, if any, tree swallows

were nesting on or near the study sites.

Capture and sampling

Adult female tree swallows were captured in their nest boxes

during incubation or the nestling period using one of two

trapping methods (Stutchbury and Robertson 1986; Fried-

man et al. 2008) or by hand. Upon capture, each female was

uniquely banded with a USGS metal band and aged via

plumage. In addition, a small blood sample (\100 ll) was

collected via brachial venipuncture for mercury analysis (as

described in Brasso and Cristol 2008). All procedures for

wild bird handling were approved by the College of William

and Mary’s Institutional Animal Care and Use and Biosafety

Committees and performed under US Geological Survey

Bird Banding permit 22792 to Daniel Cristol.

Mercury analysis

Following collection, blood was kept on ice for approxi-

mately 3–6 h, after which time it was stored at -25�C.

Samples of whole blood were analyzed for total mercury on a

Milestone� DMA 80 using cold vapor atomic absorption

spectroscopy at the College of William and Mary (W&M,

n = 51 blood samples) or at the Trace Elements Research

Laboratory at Texas A&M University (TERL, n = 40 blood

samples). Method detection limit was 0.003–0.006 lg at

W&M and 0.001–0.018 lg at TERL. A sample blank,

methods blank, duplicate sample and two of three standard

reference materials (DORM-2, DORM-3 or DOLT-3) were

included with every 20 samples. Recovery of total Hg was

97.7–98.3% at W&M and 98.4–103.8% at TERL. Duplicate

samples were obtained at W&M by comparing two capillary

tubes of blood from the same collection of the same bird run

in the same batch. At TERL, blood samples with larger

volumes, not collected for this study, were split and run in the

same batch as samples from this study. Relative percent

differences were 10.26 ± 18.20% for W&M (n = 10) and

6.19 ± 5.99% for TERL (n = 37).

In both 2006 and 2007, a portion of blood samples from

the current study were analyzed by each facility. Inter-

laboratory duplicates were run to ensure comparability
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between the two labs. The relative percent difference

between inter-laboratory duplicates for the period when

these samples were run was 15.73 ± 27.53%, less than the

generally accepted 20%, for samples greater than 10 times

the MDL. All results are presented as wet/fresh weight (lg/g)

concentrations. We did not obtain mercury blood concen-

trations for two of the 92 individuals for which we measured

PHA response.

PHA assay

We performed all immune assays when females were

feeding 2–5 day old nestlings due to the ease of capture

during this high provisioning period. In 2006 and 2007, we

quantified T-cell proliferation in response to phytohae-

magglutinin (PHA) for 92 female tree swallows using a

protocol described by Smits et al. (1999). We injected the

right patagium (‘‘wing web’’) of each individual with

0.15 mg of PHA (Sigma–Aldrich, St. Louis, MO, USA)

suspended in 30 ll of phosphate-buffered saline (PBS). We

captured each subject and measured patagial width at the

site of injection to 0.01 mm using a micrometer, 5–10 min

prior to and 24–26 h after injection. In order to control for

variation inherent in this small measurement (wing web

width is *1 mm), we made five independent measure-

ments each time, discarded the smallest and largest

measurement and averaged the remaining three measure-

ments to obtain a single pre- and post-injection value.

Measurements were made blind to previous measurements

on the same bird by having a second observer record each

value measured by Dana M. Hawley, who could not see the

instrument dial while measuring. In 2006, measurements

were made blind to female status (reference or contami-

nated), because Dana M. Hawley was unfamiliar with

layout of the study site with respect to source of contam-

ination. We divided change in width (mm) by pre-injection

width (mm) to obtain a measure of PHA response, thus

standardizing for initial patagial size.

SRBC assay

In 2006 only, we injected a subset of females (n = 25) with

sheep red blood cells (SRBCs) as an assay of humoral

immune function. Following the final PHA measurement,

we intra-abdominally injected individuals with 5 9 107

SRBCs (MP Biomedicals, Irvine, CA, USA) suspended in

50 ll PBS (as per Deerenberg et al. 1997). We took blood

samples 10–15 min prior to and 8 days following injection

and kept the blood at 4�C for 2–4 h until centrifugation.

We quantified antibody titer as the reciprocal of the highest

log2 dilution at which an individual’s plasma showed

positive haemagglutination, subtracting pre-injection titers

from post-injection titers.

Statistics

We performed all statistical analyses in JMP 5.0 (SAS

Institute, Cary, NC). In order to test for the effects of

mercury contamination on immune response, we used

mixed linear models including fixed effects of year, female

age, status (contaminated vs. reference), and their two-way

interactions. We included site (within contaminated or

reference status) as a random effect for all models. For the

SRBC assay, which was only conducted in 2006, we did

not include year in our analyses. We removed all non-

significant interactions from the final model.

Results

Mercury levels

As detected in previous studies (e.g. Brasso and Cristol

2008), female tree swallows breeding at contaminated sites

had significantly higher blood mercury levels than females

breeding at reference sites (Table 1; Fig. 1a; n = 90,

F1,20.5 = 42.8, P \ 0.0001). Year of study (F1,75.0 = 31.1,

P \ 0.0001) but not female age (F3,65.98 = 1.75,

P = 0.16) significantly predicted mercury concentrations

(Table 1).

PHA assay

Tree swallows breeding at contaminated sites mounted

significantly reduced swelling responses to PHA injection

in both years (Fig. 1b; n = 92; F1,13.6 = 15.5, P = 0.002).

Year of study also significantly influenced PHA response:

swelling responses were significantly higher in 2007

(F1,53.2 = 12.8, P = 0.0007). Female age did not influence

PHA response (F3,82.7 = 0.35, P = 0.79) and none of the

two-way interactions were significant. Within contami-

nated sites, variation in blood mercury levels of females

Table 1 Bloodstream mercury concentrations (lg/g) of female tree

swallows (Tachycineta bicolor) varied across the 2 years of study at

contaminated sites, but were significantly higher than reference sites

in both years

Study year Bloodstream mercury concentration

Reference Contaminated

2006 (n = 40) Range 0.09–0.40

Mean 0.16 ± 0.02

Range 0.80–7.36

Mean 3.25 ± 0.37

2007 (n = 50) Range 0.11–0.33

Mean 0.16 ± 0.01

Range 1.12–4.52

Mean 2.51 ± 0.16

Error values represent one standard error around the mean
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did not predict the extent of swelling in response to PHA

injection (F1,30.0 = 0.28, P = 0.60).

SRBC assay

Antibody titer in response to SRBC injection did not vary

with contamination status (Fig. 1b; n = 25; F1,12.34 = 0.43,

P = 0.55) or female age (F3,20.47 = 0.35, P = 0.71).

Discussion

Our results indicate that tree swallows breeding at mer-

cury-contaminated sites incur sub-lethal fitness effects in

the form of reduced immune competence: in both years,

females breeding at contaminated sites showed signifi-

cantly lower mitogen-induced swelling in response to PHA

injection. Mercury levels were significantly higher in 2006

(Table 1), likely as the result of a severe drought that

affected dietary mercury exposure, and this corresponded

with reduced responses to PHA injection in that year.

However, although blood mercury concentrations among

females breeding at contaminated sites varied by almost ten

fold (Table 1), this variation did not directly predict female

immune response to PHA. This lack of direct correlation

between individual blood mercury concentration and

immune response has several possible interpretations: first,

blood-level of mercury may not have a direct effect on

immunity in breeding tree swallows, but may act indirectly

on female immunity at contaminated sites via changes in

individual condition or health. Second, nearly all mercury

levels at these highly contaminated sites may be above the

minimum threshold necessary for immune effects to be

detected. We cannot distinguish between these possibilities

with our current data set, but future studies in captivity may

reveal the extent to which mercury effects on immunity are

dose-dependent in tree swallows.

Our sample sizes for the humoral immune assay used in

this study were insufficient to reject the null hypothesis that

mercury had no effect on the strength of antibody

responses to sheep red blood cells. Although mercury is

known to affect both arms of the vertebrate immune

response (Wiener et al. 2003; Scheuhammer et al. 2007),

studies of mammals indicate that B-cells (the primary cell

type for the humoral immune response) may be more

sensitive to mercury toxicity than T-cells (the primary cell

type for cell-mediated immunity). In humans, B-cells were

suppressed at significantly lower doses of mercury than

mitogen-induced T-cell proliferation (Shenker et al. 1992).

Furthermore, in mice, equivalent mercury doses caused a

significantly larger reduction in B-cells (47%) than T-cells

(9%) (Haggqvist et al. 2005). Taken together, these studies

suggest that mercury has the potential to negatively impact

both arms of vertebrate immunity, but differential respon-

ses may exist for humoral versus cell-mediated

components. Although the patterns for PHA and SRBC

response appeared broadly similar in our study (Fig. 1b),

our sample sizes for the humoral immune assay were not

sufficiently large to detect significant effects. Furthermore,

the PHA assay used in this study is likely an integrated

measure of both innate and cell-mediated immune com-

ponents (Martin et al. 2006), rendering it difficult to

interpret as an assay of cell-mediated immunity per se

(Kennedy and Nager 2006). Further study is needed on

potential differences between vertebrate immune arms in

the effects of mercury toxicity.

To our knowledge, this is the first study to demonstrate

effects of mercury toxicity on immune competence in a

free-living bird species, and more specifically, a songbird.

These results add to an accumulating set of evidence that

heavy metal toxicity causes detectable sub-lethal effects in

free-living songbirds. Nestling great tits (Parus major) at

sites heavily contaminated with a suite of heavy metals,

including mercury, had significantly lower body mass and

condition than those at uncontaminated sites (Janssens et al.

2003). Furthermore, adult male great tits breeding at

(a)

(b)

Fig. 1 a Blood mercury concentrations b the strength of response to

two standardized immune assays in female tree swallows (Tachycineta
bicolor) breeding along contaminated and reference waterways.

Values are averaged across the 2 years of study. Error bars represent

one standard error around the mean
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contaminated sites showed significantly smaller song rep-

ertoire size (Gorissen et al. 2005). The additive

consequences of these sub-lethal effects on songbird pop-

ulations remain unknown. In particular, understanding how

the detected effects of mercury toxicity on tree swallow

immune competence translate into differences in pathogen

susceptibility and/or survival is critical. An experimental

link between mercury toxicity and resistance to Salmonella

infection has been made in poultry (Hill 1979), but studies

on free-living birds are lacking. The large suite of insec-

tivorous songbird species now known to be impacted by

mercury contamination (Rimmer et al. 2005; Cristol et al.

2008) underscore the critical need to understand the impacts

of mercury toxicity on songbird health more broadly.
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EXECUTIVE	  SUMMARY	  

Our	  work	  in	  2011-‐12	  was	  comprised	  of	  two	  phases,	  the	  first	  of	  which	  focused	  on	  

monitoring	  mercury	  (Hg)	  bioaccumulation,	  maternal	  transfer,	  and	  nondestructive	  

sampling	  methods	  in	  snapping	  turtles.	  	  Currently,	  most	  studies	  euthanize	  animals	  to	  

quantify	  the	  concentrations	  of	  Hg	  bioaccumulated	  in	  tissues.	  The	  development	  of	  non-‐

destructive	  sampling	  techniques	  is	  a	  critical	  step	  for	  sustainable	  spatial	  and	  temporal	  

monitoring	  of	  Hg	  accumulation	  because	  it	  eliminates	  adult	  harvest,	  enables	  repeated	  

sampling	  of	  the	  same	  individual	  over	  time,	  and	  allows	  the	  collection	  of	  larger	  sample	  

sizes.	  In	  Phase	  I	  of	  our	  work,	  we	  collected	  blood,	  nail,	  muscle,	  and	  egg	  tissues	  from	  

snapping	  turtles	  (Chelydra	  serpentina)	  inhabiting	  an	  Hg	  contaminated	  gradient	  along	  the	  

South	  River	  and	  formulated	  mathematical	  models	  describing	  relationships	  between	  

tissues.	  From	  these	  tissues,	  we	  also	  describe	  important	  demographic,	  spatial,	  and	  

temporal	  factors	  that	  influence	  Hg	  bioaccumulation	  in	  turtles.	  Additionally,	  in	  order	  to	  

validate	  our	  mathematical	  models,	  we	  sampled	  two	  additional	  Hg	  contaminated	  

locations	  in	  Virginia	  (South	  Fork	  of	  the	  Shenandoah	  River	  [SFSR]	  and	  the	  North	  Fork	  

Holston	  River	  [NFHR]).	  As	  predicted,	  turtles	  inhabiting	  contaminated	  areas	  accumulated	  

higher	  levels	  of	  Hg	  in	  their	  tissues	  than	  reference	  individuals.	  All	  Hg	  tissue	  

concentrations	  were	  strongly	  and	  positively	  correlated	  with	  each	  other	  (in	  all	  cases:	  p	  <	  

0.001).	  Body	  size	  significantly	  influenced	  bioaccumulation	  of	  total	  Hg	  (THg)	  in	  muscle	  

but	  the	  nature	  of	  this	  effect	  was	  dependent	  upon	  site,	  with	  muscle	  THg	  concentrations	  

increasing	  with	  body	  size	  within	  contaminated	  individuals	  but	  did	  not	  change	  with	  size	  

within	  the	  two	  reference	  sites.	  After	  correcting	  for	  body	  size,	  females	  had	  higher	  Hg	  in	  
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muscle	  than	  males	  from	  the	  two	  reference	  sites	  along	  the	  Middle	  and	  South	  River	  and	  

the	  contaminated	  site.	  Additionally,	  we	  found	  that	  tissue	  relationships	  developed	  from	  

the	  two	  other	  validation	  sites	  (SFSR	  and	  NFHR)	  did	  not	  significantly	  differ	  from	  those	  

generated	  from	  the	  South	  River	  contaminated	  sites.	  The	  models	  provided	  herein	  will	  be	  

useful	  for	  a	  wide	  array	  of	  systems	  including	  the	  South	  River	  where	  long	  term	  

biomonitoring	  of	  turtles	  needs	  to	  be	  accomplished	  in	  a	  sustainable	  and	  conservation-‐

minded	  fashion.	  We	  are	  currently	  relating	  these	  tissue	  concentrations	  to	  a	  

comprehensive	  assessment	  of	  reproductive	  outcomes	  including	  hatching	  success,	  

infertility,	  and	  malformation	  frequency,	  which	  will	  provide	  clarity	  into	  tissue	  

concentration-‐response	  relationships.	  

Phase	  II	  of	  this	  study	  built	  upon	  our	  past	  work	  on	  amphibians	  along	  the	  South	  

River.	  	  Over	  the	  last	  four	  years	  we	  executed	  a	  series	  of	  field	  surveys,	  lab	  experiments,	  

outdoor	  mesocosm	  experiments,	  and	  theoretical	  modeling	  exercises	  to	  determine	  

whether	  Hg	  in	  the	  South	  River,	  VA	  is	  influencing	  the	  health	  of	  amphibians	  and	  local	  

population	  dynamics.	  	  	  We	  used	  the	  American	  toad	  (Bufo	  americanus)	  as	  a	  model	  for	  

our	  studies	  because	  it	  is	  a	  widely	  distributed	  species,	  has	  a	  complex	  life	  cycle	  similar	  to	  

many	  amphibian	  species,	  and	  is	  among	  the	  best-‐studied	  amphibians	  in	  North	  America.	  	  

After	  completing	  extensive	  descriptive	  and	  experimental	  investigations,	  we	  then	  

translated	  individual-‐level	  responses	  at	  various	  lifestages	  to	  population-‐level	  processes.	  

We	  previously	  used	  a	  demographic	  population	  model	  to	  mechanistically	  evaluate	  the	  

consequences	  of	  Hg	  exposure	  on	  population	  dynamics	  in	  the	  context	  of	  larval	  density-‐

dependence	  and	  environmental	  stochasticity.	  We	  demonstrated	  that	  simultaneous	  
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maternal	  and	  dietary	  exposure	  resulted	  in	  a	  53%	  reduction	  in	  population	  size	  and	  a	  

nearly	  five-‐fold	  increase	  in	  extinction	  probability.	  Our	  results	  were	  the	  first	  to	  translate	  

individual-‐level	  effects	  of	  any	  environmental	  contaminant	  to	  potential	  changes	  in	  

amphibian	  population	  dynamics.	  	  Building	  upon	  this	  foundation,	  in	  2011-‐12	  we	  began	  to	  

examine	  metapopulation	  dynamics	  of	  B.	  americanus	  in	  the	  South	  River	  floodplain	  with	  

the	  explicit	  goal	  of	  informing	  forthcoming	  restoration	  and	  remediation	  strategies	  at	  the	  

landscape	  scale.	  Although	  inter-‐wetland	  dispersal	  is	  thought	  to	  play	  an	  important	  role	  in	  

regional	  persistence	  of	  pond-‐breeding	  amphibians,	  few	  studies	  have	  modeled	  

amphibian	  metapopulation	  or	  source-‐sink	  dynamics.	  Presumably	  our	  previously	  

predicted	  Hg-‐induced	  population	  declines	  also	  result	  in	  reduced	  dispersal	  to	  

surrounding	  (often	  uncontaminated)	  habitats	  in	  the	  South	  River,	  potentially	  influencing	  

dynamics	  of	  nearby	  populations.	  We	  used	  a	  structured	  metapopulation	  model	  to	  

investigate	  regional	  dynamics	  of	  B.	  americanus	  and	  evaluate	  the	  degree	  to	  which	  

detrimental	  effects	  of	  environmental	  Hg	  contamination	  on	  individual	  populations	  can	  

disrupt	  inter-‐population	  dynamics.	  Our	  study	  revealed	  that	  dispersal	  from	  healthy	  B.	  

americanus	  populations	  can	  support	  nearby	  sink	  populations	  that	  would	  otherwise	  

decline	  to	  extinction.	  	  Moreover,	  allowing	  dispersal	  between	  wetland-‐associated	  sub-‐

populations	  substantially	  increased	  overall	  productivity	  of	  the	  wetland	  network.	  

However,	  both	  the	  ability	  of	  source	  populations	  to	  support	  nearby	  sinks	  and	  the	  

increase	  in	  overall	  productivity	  were	  dependent	  on	  wetland	  size	  and	  inter-‐wetland	  

distance.	  	  Contamination	  with	  Hg	  substantially	  reduced	  productivity	  of	  wetland-‐

associated	  sub-‐populations	  and	  impaired	  their	  ability	  to	  support	  nearby	  sinks	  within	  
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relevant	  spatial	  scales.	  Our	  results	  have	  implications	  for	  understanding	  regional	  

dynamics	  of	  pond-‐breeding	  amphibians,	  the	  wide-‐reaching	  negative	  effects	  of	  

environmental	  contaminants,	  and	  the	  potential	  for	  restoration	  or	  remediation	  of	  

contaminated	  habitats.	  	  For	  specific	  restoration	  efforts	  along	  the	  South	  River,	  our	  

models	  can	  be	  used	  to	  formulate	  landscape-‐level	  planning	  for	  the	  optimal	  sizes,	  

orientations,	  and	  hydroperiods	  of	  wetlands	  within	  a	  wetland	  matrix	  that	  will	  maximize	  

amphibian	  productivity	  and	  provide	  quantifiable	  net	  ecological	  benefits	  to	  the	  restored	  

system.	  
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ABSTRACT	  
	  

	  	  	  	  	  	  	  Mercury	  (Hg)	  is	  a	  global	  pollutant	  that	  has	  received	  much	  attention	  due	  to	  its	  ability	  

to	  persist	  within	  the	  environment	  and	  biota.	  Currently,	  most	  ecotoxicology	  studies	  

euthanize	  animals	  to	  quantify	  the	  concentrations	  of	  Hg	  bioaccumulation.	  The	  

development	  of	  non-‐destructive	  sampling	  techniques	  is	  a	  critical	  step	  for	  sustainable	  

spatial	  and	  temporal	  monitoring	  of	  Hg	  accumulation	  because	  it	  eliminates	  adult	  harvest,	  

enables	  repeated	  sampling	  of	  the	  same	  individual	  over	  time,	  and	  allows	  the	  collection	  of	  

larger	  sample	  sizes.	  In	  this	  study,	  we	  collected	  blood,	  nail,	  muscle,	  and	  egg	  tissues	  from	  

snapping	  turtles	  (Chelydra	  serpentina)	  inhabiting	  an	  Hg	  contaminated	  gradient	  at	  a	  

historically	  contaminated	  river	  located	  in	  central	  Virginia	  and	  formulated	  mathematical	  

models	  describing	  relationships	  between	  tissues.	  From	  these	  tissues,	  we	  also	  describe	  

important	  demographic,	  spatial,	  and	  temporal	  factors	  that	  influence	  Hg	  

bioaccumulation	  in	  turtles.	  Additionally,	  in	  order	  to	  validate	  our	  mathematical	  models,	  

we	  sampled	  two	  additional	  Hg	  contaminated	  locations	  in	  Virginia.	  As	  predicted,	  turtles	  

inhabiting	  contaminated	  areas	  accumulated	  higher	  levels	  of	  Hg	  in	  their	  tissues	  than	  

reference	  individuals.	  However,	  all	  Hg	  tissue	  concentrations	  were	  strongly	  and	  positively	  

correlated	  with	  each	  other	  (in	  all	  cases:	  p	  <	  0.001).	  Body	  size	  significantly	  influenced	  

bioaccumulation	  of	  THg	  in	  muscle	  but	  the	  nature	  of	  this	  effect	  was	  dependent	  upon	  site,	  

with	  muscle	  THg	  concentrations	  increasing	  with	  body	  size	  within	  contaminated	  

individuals	  but	  did	  not	  change	  with	  size	  within	  the	  two	  reference	  sites.	  After	  correcting	  

for	  body	  size,	  females	  had	  on	  average	  93.9%,	  6.3%,	  and	  15.3%	  higher	  in	  muscle	  than	  
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males	  from	  the	  two	  reference	  sites	  along	  the	  Middle	  and	  South	  River	  and	  the	  

contaminated	  site,	  respectively.	  Additionally,	  we	  found	  that	  tissue	  relationships	  

developed	  from	  the	  two	  other	  validation	  sites	  did	  not	  significantly	  differ	  from	  those	  

generated	  from	  the	  historically	  contaminated	  site.	  The	  models	  provided	  herein	  will	  be	  

useful	  for	  a	  wide	  array	  of	  systems	  where	  biomonitoring	  of	  turtles	  need	  to	  be	  

accomplished	  in	  a	  sustainable	  and	  conservation-‐minded	  fashion.	   

	  

INTRODUCTION	  

Despite	  the	  variety	  and	  quantity	  of	  contaminants	  that	  continue	  to	  be	  released	  

into	  the	  environment	  (Joyce	  and	  MacDonald	  2010;	  USEPA	  2011),	  pollution	  remains	  one	  

of	  the	  most	  understudied	  anthropogenic	  stressors	  threatening	  biodiversity	  (Lawler	  et	  al.	  

2006).	  Industrial	  point	  sources,	  improper	  waste	  disposal,	  and	  atmospheric	  transport	  

have	  facilitated	  the	  global	  distribution	  of	  harmful	  toxicants	  (Lorey	  and	  Driscoll	  1999;	  

Carlsen	  et	  al.	  2006;	  Hageman	  et	  al.	  2006;	  Muller	  et	  al.	  2002).	  The	  heavy	  metal	  mercury	  

(Hg)	  is	  of	  particular	  concern	  due	  to	  its	  widespread	  prevalence	  and	  deleterious	  effects	  on	  

humans	  and	  wildlife	  (Schuster	  et	  al.	  2002;	  Scheuhammer	  et	  al.	  2007).	  Within	  the	  U.S.,	  Hg	  

is	  released	  into	  the	  environment	  by	  various	  anthropogenic	  sources,	  with	  coal	  burning	  

power	  plants	  contributing	  to	  the	  majority	  of	  emissions	  (Schmeltz	  et	  al.	  2011).	  Ultimately,	  

Hg	  is	  deposited	  into	  aquatic	  ecosystems	  such	  as	  lakes,	  rivers,	  and	  estuaries	  where	  

sedimentary	  sulfate-‐reducing	  bacteria	  mediate	  methylation	  of	  Hg	  into	  its	  more	  toxic	  

form,	  methylmercury	  (MeHg)	  (Lindqvist	  et	  al.	  1991;	  Watras	  and	  Bloom	  1992).	  
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Methylmercury	  is	  of	  particular	  ecological	  concern	  because	  it	  bioaccumulates	  over	  an	  

individual’s	  lifetime	  and	  biomagnifies	  within	  food	  webs	  (Lindqvist	  et	  al.	  1991;	  Watras	  and	  

Bloom	  1992).	  	  	  

The	  toxic	  effects	  of	  Hg	  have	  been	  well	  documented	  in	  vertebrates.	  Due	  to	  the	  

ability	  of	  Hg	  to	  be	  transferred	  and	  magnified	  through	  trophic	  interactions,	  severe	  

physiological	  impairments	  have	  been	  documented	  in	  several	  invertivorous	  and	  

piscivorous	  species	  (reviewed	  in	  Scheuhammer	  et	  al.	  2007).	  In	  fish,	  Hg	  exposure	  can	  

impair	  growth,	  behavior,	  gonad	  development,	  and	  sex	  hormone	  production	  (Friedmann	  

et	  al.	  1996;	  Drevnick	  et	  al.	  2003;	  Weber	  et	  al.	  2003;	  Crump	  &	  Trudeau	  2009).	  In	  birds,	  

high	  concentrations	  of	  Hg	  are	  associated	  with	  decreased	  yearly	  survival,	  inhibited	  

immunocompetence,	  altered	  hormone	  profiles,	  and	  reduced	  reproductive	  success	  

(Hallinger	  et	  al.	  2011,	  Hawley	  et	  al.	  2009,	  Wada	  et	  al.	  2009,	  Brasso	  &	  Cristol	  2008,	  Barr	  

1986).	  For	  apex	  aquatic	  mammal	  species,	  exposure	  to	  Hg	  is	  linked	  to	  adverse	  

neurological	  effects	  such	  as	  seizures,	  limb	  paralysis	  and	  death	  (Wiener	  2003;	  Sleeman	  et	  

al.	  2010).	  Additionally,	  Hg	  can	  be	  maternally	  transferred	  from	  female	  to	  offspring	  

(Bergeron	  et	  al.	  2010a)	  and	  several	  studies	  have	  demonstrated	  the	  negative	  influence	  of	  

Hg	  on	  reproduction	  in	  oviparous	  vertebrates	  through	  reducing	  female	  egg	  laying	  (Barr	  

1986;	  Hammerschmidt	  et	  al.	  2002)	  and	  decreasing	  hatching	  success	  (Wiener	  2003;	  

Bergeron	  et	  al.	  2011).	  	  	  	  

Turtles	  have	  been	  proposed	  as	  excellent	  model	  species	  for	  monitoring	  Hg	  

contamination	  in	  aquatic	  ecosystems	  because	  of	  their	  ecological	  and	  life-‐history	  

attributes	  (Meyers-‐Schone	  &	  Walton	  1994;	  Golet	  &	  Haines	  2001).	  	  Many	  turtle	  species	  



  

13 
 

are	  long-‐lived,	  occupy	  a	  wide-‐range	  of	  habitats,	  occur	  in	  high	  densities	  in	  a	  variety	  of	  

aquatic	  habitats,	  and	  feed	  at	  high	  trophic	  levels	  (Iverson	  1982).	  Additionally,	  turtles	  and	  

their	  eggs	  are	  common	  food	  items	  for	  predatory	  wildlife	  (Mitchell	  1994,	  Ernst	  et	  al.	  

1994),	  and	  are	  utilized	  as	  a	  human	  food	  source	  in	  many	  regions	  (Klemens	  et	  al.	  1995;	  

Green	  et	  al.	  2010),	  extending	  the	  threat	  of	  Hg	  exposure	  to	  organisms	  that	  eat	  turtles.	  

The	  development	  of	  non-‐destructive	  sampling	  methods	  would	  facilitate	  

sustainable	  monitoring	  of	  spatial	  and	  temporal	  Hg	  patterns	  within	  turtles	  inhabiting	  

polluted	  areas.	  Because	  many	  turtle	  populations	  are	  limited	  in	  their	  capacity	  to	  

withstand	  declines	  in	  adult	  survivorship	  (Congdon	  et	  al.	  1987,	  1994),	  euthanizing	  adult	  

turtles	  for	  monitoring	  Hg	  exposure	  and	  accumulation	  is	  not	  a	  sustainable	  sampling	  

option	  and	  efforts	  must	  be	  made	  to	  develop	  new	  nondestructive	  methods	  while	  still	  

providing	  accurate	  toxicant	  exposure	  data.	  Non-‐destructive	  sampling	  also	  enables	  

repeated	  sampling	  of	  the	  same	  individual	  over	  time,	  critical	  for	  understanding	  temporal	  

changes	  in	  Hg	  accumulation	  and	  exposure	  (Hopkins	  et	  al.	  2005,	  2007).	  In	  addition,	  

developing	  mathematical	  correlations	  between	  less	  invasive	  tissues	  and	  target	  tissues	  

that	  are	  often	  relevant	  to	  overall	  health,	  reproductive	  success,	  and	  transgenerational	  

effects	  (i.e.	  maternal	  transfer;	  Hopkins	  2006)	  may	  eliminate	  the	  need	  for	  sacrifice	  of	  

adults	  and	  eggs.	  	  

Although	  previous	  studies	  have	  describe	  correlations	  between	  Hg	  tissues	  

concentrations	  in	  turtles	  (Golet	  &	  Haines	  2001;	  Blanvillain	  et	  al.	  2007;	  Turnquist	  et	  al.	  

2011)	  no	  study	  has	  yet	  described	  the	  relationship	  between	  easily	  obtained	  tissues	  and	  

those	  relevant	  to	  trangenerational	  effects	  and	  consumption	  risks.	  Additionally,	  no	  
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previous	  study	  has	  validated	  their	  tissue	  relationships	  to	  other	  Hg	  contaminated	  sites,	  an	  

important	  step	  towards	  understanding	  whether	  relationships	  developed	  at	  one	  site	  are	  

broadly	  applicable.	  Therefore,	  our	  study	  sought	  to	  address	  two	  main	  objectives.	  First,	  we	  

sought	  to	  develop	  and	  validate	  non-‐destructive	  sampling	  techniques	  for	  assessing	  Hg	  

bioaccumulation,	  maternal	  transfer,	  and	  consumption	  risks	  in	  turtles	  so	  that	  future	  

monitoring	  studies	  can	  be	  performed	  sustainably.	  Second,	  we	  aimed	  to	  describe	  

demographic,	  spatial,	  and	  temporal	  factors	  that	  influence	  Hg	  bioaccumulation	  in	  turtle	  

tissues	  along	  a	  wide	  gradient	  of	  contamination.	  	  

	  
METHODS	  
	  

Study	  species	  

	   	  	   The	  common	  snapping	  turtle	  (Chelydra	  serpentina)	  is	  widely	  distributed	  across	  

eastern	  and	  central	  North	  America	  and	  inhabits	  a	  wide	  array	  of	  freshwater	  habitats.	  

These	  reptiles	  possess	  several	  traits,	  including	  longevity,	  large	  body-‐size,	  and	  high	  trophic	  

level	  feeding	  habits,	  that	  make	  them	  susceptible	  to	  bioaccumulation	  and	  

biomagnification	  of	  contaminants	  such	  as	  Hg	  (Ernst	  2008).	  Within	  snapping	  turtles,	  adult	  

males	  asymptote	  at	  a	  larger	  body	  size	  than	  most	  females,	  creating	  a	  distinct	  body	  size	  

dimorphism	  between	  the	  sexes	  (Gibbons	  and	  Lovich	  1990).	  	  Female	  snapping	  turtles	  lay	  a	  

single	  large	  clutch	  (averaging	  26	  –	  55	  eggs)	  per	  year	  (Miller	  et	  al.	  1989).	  	  Gravid	  females	  

migrate	  to	  open	  terrestrial	  areas	  with	  soft	  soils	  and	  minimal	  vegetation	  in	  order	  to	  

construct	  nest	  chambers	  into	  which	  they	  deposit	  their	  entire	  clutch	  before	  returning	  to	  
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the	  aquatic	  habitat.	  	  In	  Virginia,	  nesting	  typically	  occurs	  between	  mid-‐May	  and	  the	  end	  of	  

June	  (Mitchell	  1994).	  	  

Study	  Site	  

We	  studied	  Hg	  bioaccumulation	  in	  snapping	  turtles	  inhabiting	  the	  South	  River,	  

located	  near	  Waynesboro,	  VA,	  USA.	  From	  1929-‐1950,	  Hg	  was	  released	  into	  the	  South	  

River	  from	  an	  industrial	  plant	  manufacturing	  acetate	  fiber	  using	  a	  mercuric	  sulfate	  

catalyst	  (Carter	  1977).	  An	  extensive	  gradient	  of	  Hg	  contamination	  has	  been	  documented	  

along	  the	  South	  River,	  with	  water,	  sediment	  and	  animal	  tissue	  concentrations	  increasing	  

downstream	  from	  the	  contamination	  source	  (Murphy	  2004;	  Southworth	  et	  al.	  2004;	  

Bergeron	  et	  al.	  2007;	  Brasso	  &	  Cristol	  2008,	  Bergeron	  et	  al.	  2010).	  A	  previous	  study	  

found	  that	  blood	  Hg	  concentrations	  in	  turtles	  downstream	  of	  the	  contamination	  source	  

were	  up	  to	  108-‐fold	  higher	  than	  those	  collected	  upstream	  of	  the	  source	  as	  well	  as	  those	  

collected	  from	  a	  nearby	  reference	  river	  (Bergeron	  et	  al.	  2007).	  	  	  

From	  April-‐July	  in	  2010	  and	  2011,	  we	  collected	  snapping	  turtles	  at	  various	  

locations	  upstream	  and	  downstream	  of	  the	  industrial	  plant	  located	  on	  the	  South	  River	  

and	  at	  several	  sites	  along	  the	  nearby	  Middle	  River	  (Figure	  1).	  Some	  of	  these	  sites	  had	  

been	  sampled	  in	  a	  previous	  study	  on	  turtles	  (Bergeron	  et	  al.	  2007),	  but	  additional	  sites	  

were	  added	  in	  this	  study	  due	  to	  increased	  accessibility	  to	  properties	  and	  identification	  

of	  additional	  areas	  of	  suitable	  turtle	  habitat.	  In	  order	  to	  include	  the	  extensive	  Hg	  

contamination	  gradient	  present	  at	  the	  river,	  we	  sampled	  a	  total	  of	  eleven	  sites	  on	  the	  

South	  River	  located	  between	  2	  and	  22	  (SR	  2-‐22)	  river	  miles	  downstream	  of	  the	  
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contamination	  source	  (SR	  0).	  Multiple	  sites	  ranging	  from	  1.5-‐4	  miles	  upstream	  of	  SR	  0	  

were	  used	  as	  a	  reference	  (SR-‐ref)	  along	  with	  additional	  reference	  sites	  located	  on	  the	  

Middle	  River	  (MR-‐ref),	  a	  nearby	  tributary	  of	  the	  South	  Fork	  of	  the	  Shenandoah	  River	  

that	  joins	  the	  South	  River	  at	  Port	  Republic,	  Virginia,	  USA.	  Turtle	  movement	  between	  

contaminated	  and	  reference	  sites	  along	  the	  South	  River	  is	  limited	  by	  Rife	  Loth	  dam	  

located	  approximately	  one	  mile	  upstream	  of	  SR	  0.	  	  

Additionally,	  in	  order	  to	  understand	  the	  extent	  of	  Hg	  migration	  into	  other	  rivers	  

and	  provide	  validation	  for	  our	  non-‐destructive	  tissue	  models,	  we	  sampled	  at	  two	  

locations	  downstream	  (approximately	  30	  and	  45	  miles	  downstream	  of	  the	  source)	  of	  the	  

confluence	  of	  the	  South	  River	  and	  the	  South	  Fork	  of	  the	  Shenandoah.	  Blood	  and	  muscle	  

tissues	  were	  the	  only	  tissues	  analyzed	  for	  THg	  concentrations	  from	  this	  sampling	  area.	  In	  

order	  to	  further	  validate	  the	  mathematical	  relationships	  generated	  from	  tissues	  

sampled	  from	  turtles	  inhabiting	  the	  South	  and	  Middle	  Rivers,	  we	  collected	  turtles	  from	  

another	  population	  inhabiting	  an	  Hg	  contaminated	  site	  in	  Southwestern	  Virginia,	  the	  

North	  Fork	  Holston	  River.	  From	  1950	  to	  1972,	  a	  chloralkali	  plant,	  created	  a	  30	  hectare	  

disposal	  pond	  filled	  approximately	  24	  meters	  deep	  with	  wastes	  containing	  Hg.	  This	  

disposal	  area	  has	  since	  been	  identified	  by	  the	  Environmental	  Protection	  Agency	  (EPA)	  as	  

a	  superfund	  site	  and	  is	  the	  primary	  point-‐source	  of	  Hg	  to	  the	  North	  Fork	  Holston	  River.	  	  

In	  late	  July	  2011,	  we	  collected	  turtles	  at	  various	  sites	  located	  both	  upstream	  (reference)	  

and	  downstream	  of	  the	  source	  (contaminated)	  along	  the	  North	  Fork	  Holston	  River.	  

Because	  sampling	  at	  the	  North	  Fork	  Holston	  River	  occurred	  after	  turtle	  reproduction	  

had	  ceased,	  we	  were	  unable	  to	  sample	  eggs	  from	  that	  location.	  	  
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Turtle	  collection	  and	  tissue	  sampling	  

We	  collected	  snapping	  turtles	  using	  baited	  hoop	  traps	  (Memphis	  Net	  and	  Twine,	  

Memphis,	  TN,	  USA)	  set	  in	  suitable	  microhabitats	  along	  the	  river	  banks	  and	  baited	  with	  a	  

mixture	  of	  sardines,	  corn,	  and/or	  chicken	  livers.	  Typically,	  8-‐20	  traps	  were	  set	  at	  a	  given	  

site	  depending	  on	  habitat	  and	  the	  size	  of	  the	  sampling	  reach.	  We	  checked	  traps	  daily	  

until	  a	  site	  failed	  to	  produce	  new	  captures	  (typically	  within	  3-‐4	  days),	  at	  which	  time	  

traps	  were	  removed	  and	  reset	  at	  a	  different	  site.	  All	  turtles	  were	  transported	  to	  the	  field	  

station	  where	  they	  were	  measured	  to	  the	  nearest	  cm	  (carapace	  length,	  carapace	  width,	  

and	  plastron	  length),	  weighed,	  sexed	  by	  visual	  examination	  of	  cloacal	  position,	  and	  

permanently	  marked	  along	  their	  marginal	  scutes	  according	  to	  a	  three	  scute	  code,	  

previously	  used	  by	  Bergeron	  et	  al.	  (2007),	  for	  future	  identification.	  We	  removed	  2-‐4	  

small	  (2-‐3	  mm)	  nail	  samples	  from	  the	  tips	  of	  the	  left	  and	  right	  hind	  claws	  of	  each	  turtle	  

using	  canine	  nail	  clippers	  and	  drew	  a	  1-‐mL	  blood	  sample	  from	  either	  the	  caudal	  vein	  or	  

the	  cervical	  sinus.	  Nail	  and	  blood	  samples	  were	  placed	  separately	  in	  1.5	  mL	  eppendorf	  

tubes	  and	  stored	  at	  -‐20˚C	  prior	  to	  Hg	  analyses.	  In	  order	  to	  determine	  accumulated	  Hg	  in	  

turtle	  muscle	  tissue,	  we	  removed	  a	  small	  biopsy	  from	  the	  ventral-‐lateral	  aspect	  of	  the	  

tail	  following	  administration	  of	  a	  local	  anesthetic	  (Lidocane).	  The	  biopsy	  site	  was	  then	  

sutured	  with	  2-‐3	  stitches	  using	  clear	  Polydioxanone	  monofilament	  material	  (3/8cm)	  and	  

a	  topical	  antibiotic	  was	  applied	  to	  reduce	  risk	  of	  infection.	  Gravid	  female	  turtles	  were	  

weighed	  prior	  to	  induction	  of	  egg	  laying	  (see	  below),	  but	  all	  other	  procedures	  were	  

delayed	  until	  after	  oviposition	  to	  reduce	  handling	  stress.	  After	  all	  samples	  were	  

collected,	  turtles	  were	  released	  at	  their	  point	  of	  capture.	  	  
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Egg	  Collection	  

Upon	  capture,	  we	  physically	  palpated	  female	  turtles	  for	  the	  presence	  of	  shelled	  

eggs.	  We	  weighed	  gravid	  females	  and	  placed	  them	  individually	  within	  100	  gal	  plastic	  

cattle	  tanks	  inside	  the	  field	  house.	  Each	  tank	  was	  filled	  with	  ~20	  gal	  of	  dechloraminated	  

water.	  We	  injected	  gravid	  females	  intraperitoneally	  with	  40	  mg/kg	  of	  oxytocin	  solution	  

every	  24	  hrs	  for	  three	  consecutive	  days	  to	  induce	  oviposition.	  We	  removed	  deposited	  

eggs	  within	  3	  hrs	  and	  marked	  and	  measured	  (length,	  width,	  and	  mass)	  each	  egg.	  

Completion	  of	  oviposition	  was	  confirmed	  by	  radiographs	  taken	  by	  qualified	  technicians	  

at	  the	  Wildlife	  Center	  of	  Virginia,	  Waynesboro,	  VA.	  	  Once	  oviposition	  was	  complete,	  3	  

eggs	  per	  clutch	  were	  frozen	  at	  -‐20°C	  to	  determine	  egg	  THg	  concentration	  and	  account	  

for	  any	  intra-‐clutch	  differences.	  	  

Mercury	  Analysis	  

We	  lyophilized	  and	  homogenized	  muscle	  and	  eggs	  and	  report	  their	  THg	  

concentrations	  on	  a	  dry	  weight	  (dwt)	  basis.	  We	  homogenized	  whole	  blood	  using	  a	  

vortex	  mixer	  and	  we	  report	  THg	  concentrations	  in	  blood	  on	  a	  wet	  weight	  (wwt)	  basis.	  

We	  washed	  nail	  clippings	  by	  placing	  them	  in	  a	  sterilized	  tube	  with	  10mL	  solution	  of	  15:1	  

deionzied	  water	  to	  ethanol	  and	  sonicated	  for	  20	  minutes.	  After	  sonication	  we	  discarded	  

the	  solution	  and	  allowed	  nails	  to	  air	  dry	  on	  a	  clean	  laboratory	  bench	  and	  report	  THg	  

concentrations	  on	  a	  fresh	  weight	  basis	  (fwt).	  A	  homogenized	  sample	  of	  three	  randomly	  

selected	  eggs	  per	  clutch	  was	  used	  to	  determine	  egg	  Hg	  concentrations	  (Bishop	  et	  al.	  

1995).	  	  Percent	  moisture	  was	  77.3	  ±	  0.24%	  (mean	  ±	  1	  standard	  error	  of	  the	  mean	  

hereafter)	  for	  muscle	  and	  75.5	  ±	  0.18%	  for	  eggs.	  Samples	  were	  analyzed	  for	  THg	  by	  Dr.	  
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Dan	  Cristol	  (College	  of	  William	  and	  Mary,	  Williamsburg,	  Va)	  by	  combustion-‐

amalgamation-‐cold	  vapor	  atomic	  absorption	  spectrophotometry	  (Direct	  Mercury	  

Analyzer	  80,	  Milestone,	  Monroe,	  CT,	  USA)	  according	  to	  U.S.	  Environmental	  Protection	  

Agency	  (U.S.	  EPA)	  method	  7473	  (USEPA	  1998).	  For	  quality	  assurance,	  each	  group	  of	  20	  

samples	  included	  a	  replicate,	  blank,	  and	  standard	  reference	  material	  (SRM;	  DOLT-‐4	  

dogfish	  liver,	  DORM-‐3	  fish	  protein	  (National	  Research	  Council	  of	  Canada	  (NRCC),	  

Ottawa,	  ON).	  Method	  detection	  limits	  (MDLs;	  3	  times	  the	  standard	  deviation	  of	  

procedural	  blanks)	  for	  samples	  were	  0.0042	  mg	  kg-‐1	  (ppm),	  and	  all	  samples	  had	  THg	  

concentrations	  that	  exceeded	  the	  limit.	  Average	  relative	  percent	  differences	  (RPD)	  

between	  replicate	  sample	  analyses	  were	  8.38%	  ±	  1.25%	  (n=60).	  Mean	  percent	  

recoveries	  of	  THg	  for	  the	  DOLT-‐4	  and	  DORM-‐3	  ranged	  from	  99.77	  ±	  0.26	  %	  to	  102.08	  ±	  

0.36	  %,	  respectively.	  	  

Nail	  clippings	  were	  analyzed	  by	  the	  Center	  for	  Environmental	  Sciences	  and	  

Engineering,	  University	  of	  Connecticut.	  Samples	  were	  digested	  and	  analyzed	  using	  cold	  

vapor	  atomic	  absorption	  spectrophotometry	  (Direct	  Mercury	  Analyzer	  80)	  according	  to	  

U.S	  Environmental	  Protection	  Agency	  (U.S.	  EPA)	  method	  245.6	  (USEPA	  1991).	  For	  quality	  

assurance,	  we	  used	  control	  samples	  consisting	  of	  calibration	  verifications	  and	  blanks,	  

spikes,	  duplicates,	  and	  standard	  reference	  material	  (SRM;	  DOLT-‐4	  dogfish	  liver,	  DORM-‐3	  

fish	  protein).	  Limit	  of	  detection	  averaged	  0.083	  ppm	  and	  all	  samples	  had	  THg	  

concentrations	  that	  exceeded	  these	  limits.	  Average	  RPD	  between	  replicate	  sample	  

analyses	  were	  0.5%	  ±	  2.4%	  (n=13).	  Mean	  percent	  recoveries	  of	  THg	  for	  the	  DOLT-‐4	  and	  

DORM-‐3	  were	  95.0	  ±	  1.6	  %	  to	  94.2	  ±	  2.3%,	  respectively.	  Calibration	  verification	  and	  
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laboratory	  control	  sample	  recoveries	  of	  THg	  averaged	  104.7±	  0.6%	  and	  103.7±	  1.2%,	  

respectively.	  Matrix	  spike	  recovery	  averaged	  108.2±	  4.4%.	  

A	  subset	  of	  12	  homogenate	  muscle	  and	  egg	  samples	  were	  analyzed	  for	  Hg	  

speciation	  (MeHg/HgII)	  by	  Quicksilver	  Scientific	  using	  high	  pressure	  liquid	  

chromatography	  (Method	  QS–LC/CVAF–001).	  To	  account	  for	  any	  intra-‐clutch	  differences	  

in	  Hg,	  homogenate	  samples	  comprised	  of	  three	  randomly	  selected	  eggs	  per	  clutch	  were	  

used	  for	  egg	  MeHg	  analysis.	  Due	  to	  small	  sample	  mass,	  homogenate	  samples	  of	  three	  

individual	  muscle	  samples	  (pooled	  by	  site,	  body	  size,	  and	  sex)	  were	  used	  for	  muscle	  

MeHg	  analysis.	  A	  combination	  of	  blanks	  (3),	  SRM’s	  (2:TORT-‐2,	  and	  DOLT-‐4),	  laboratory	  

control	  samples	  (1),	  matrix	  spikes	  (2)	  and	  sample	  duplicates	  (2)	  were	  used	  for	  quality	  

control.	  Limit	  of	  detection	  for	  HgII	  and	  MeHg	  was	  2.10E-‐7	  mg	  mL-‐1	  for	  egg	  and	  3.0	  E-‐4	  mg	  

kg-‐1	  for	  muscle	  and	  all	  samples	  had	  Hg	  concentrations	  that	  exceeded	  these	  limits.	  

Average	  RPD	  between	  replicate	  sample	  analyses	  were	  9.55	  ±	  3.65%	  for	  Hg	  II	  and	  3.05	  ±	  

2.85%	  for	  MeHg.	  Percent	  recovery	  for	  HgII/MeHg	  for	  the	  TORT-‐2,	  DOLT-‐4,	  and	  

laboratory	  control	  samples	  were	  106.6/109.8%,	  96.0/91.3%,	  and	  112.6/111.5%	  

respectively.	  Average	  matrix	  spike	  recoveries	  of	  HgII	  and	  MeHg	  were	  111.8±	  0.8%	  and	  

107.9±	  1.9%,	  respectively.	  	  

Statistical	  Analyses	  

	  	   All	  analyses	  were	  performed	  using	  SAS	  9.1	  (SAS	  Institute,	  Inc,	  Cary,	  NC,	  USA)	  or	  

Microsoft	  Excel	  with	  significance	  assessed	  at	  α	  ≤	  0.05.	  	  We	  detected	  no	  difference	  in	  THg	  

concentrations	  in	  blood,	  muscle,	  or	  egg	  between	  2010	  and	  2011	  captures	  and	  therefore	  
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these	  years	  were	  pooled	  for	  all	  subsequent	  analyses	  (in	  all	  cases	  p	  ≥	  0.13).	  When	  

appropriate,	  THg	  concentrations	  were	  log10-‐transformed	  to	  improve	  normality	  and	  

homoscedasticity	  of	  variance.	  Initial	  models	  included	  all	  interactions	  between	  

independent	  variables	  and	  covariates,	  but	  non-‐significant	  interactions	  (p	  ≥	  0.10)	  were	  

dropped	  from	  final	  models.	  	  

	  	  	  	  	  	   We	  used	  Pearson	  correlation	  coefficients	  and	  linear	  regressions	  to	  assess	  

relationships	  between	  blood,	  nail,	  egg,	  and	  muscle	  tissues	  from	  individual	  turtles	  

collected	  from	  the	  South	  and	  Middle	  Rivers	  and	  our	  two	  validation	  sites,	  the	  North	  Fork	  

Holston	  River	  and	  the	  South	  Fork	  Shenandoah	  River.	  We	  then	  used	  an	  analysis	  of	  

covariance	  (ANCOVA)	  to	  verify	  that	  the	  slope	  and	  y-‐intercept	  of	  the	  tissue	  models	  

generated	  from	  the	  South	  and	  Middle	  River	  were	  similar	  at	  the	  two	  validation	  sites.	  In	  

addition,	  we	  replicated	  the	  analysis	  using	  a	  truncated	  South/Middle	  River	  data	  set	  to	  

only	  include	  Hg	  values	  that	  correspond	  with	  range	  observed	  at	  the	  two	  validation	  sites.	  	  

Subsites	  sampled	  along	  the	  Middle	  River,	  in	  addition	  to	  those	  sampled	  up	  and	  

downstream	  of	  the	  source	  on	  the	  South	  River,	  are	  not	  independent	  of	  one	  another	  and	  

are	  collectively	  referred	  to	  as	  SR-‐Ref	  (South	  River	  reference),	  MR-‐Ref	  (Middle	  River	  

reference),	  and	  SR-‐Cont	  (South	  River	  contaminated)	  for	  all	  statistical	  comparisons	  of	  

total	  Hg	  in	  turtle	  tissues	  among	  sites.	  In	  order	  to	  understand	  the	  spatial	  and	  temporal	  

variation	  in	  Hg	  exposure,	  we	  evaluated	  differences	  in	  blood	  THg	  concentrations	  

between	  turtles	  collected	  in	  our	  earlier	  survey	  in	  2006	  (Bergeron	  et	  al.	  2007)	  and	  2010-‐

11	  (this	  study)	  using	  a	  two-‐way	  ANCOVA	  on	  rank-‐transformed	  data	  (Conover	  &	  Iman	  

1982)	  with	  year	  and	  site	  as	  main	  effects	  and	  carapace	  length	  as	  a	  covariate.	  Since	  blood	  
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was	  the	  only	  tissue	  sampled	  in	  our	  previous	  study	  in	  2006	  (Bergeron	  et	  al.	  2007),	  we	  

were	  only	  able	  to	  test	  for	  temporal	  differences	  using	  THg	  concentrations	  in	  blood.	  We	  

report	  mean	  THg	  blood	  values	  in	  Figure	  2	  for	  visual	  representation	  of	  spatial	  and	  

temporal	  variation	  that	  exist	  between	  our	  study	  and	  those	  collected	  by	  Bergeron	  et	  al.	  

(2007)	  in	  2006.	  Additionally,	  we	  used	  a	  Tukey-‐Kramer	  method	  to	  determine	  differences	  

in	  mean	  blood	  THg	  between	  years	  within	  each	  of	  the	  three	  sites.	  

In	  order	  to	  determine	  if	  demographic	  factors	  should	  be	  considered	  when	  

assessing	  consumption	  risk,	  we	  tested	  for	  effects	  of	  body	  size	  and	  sex	  on	  THg	  

bioaccumulation	  in	  muscle	  tissue	  using	  a	  two-‐way	  ANCOVA	  with	  site	  and	  sex	  as	  the	  

main	  effect	  and	  carapace	  length	  as	  a	  covariate.	  	  

	  

RESULTS	  

Mercury	  concentrations	  and	  non-‐invasive	  sampling	  

	  	   Total	  Hg	  concentrations	  in	  tissues	  of	  turtles	  collected	  from	  the	  Middle	  and	  South	  

Rivers	  ranged	  from	  0.008-‐	  4.992	  ppm	  (wwt)	  in	  blood,	  0.037-‐32.288	  ppm	  (dwt)	  in	  muscle,	  

0.151-‐166.109	  ppm	  (fwt)	  in	  nail	  and	  0.009-‐6.065	  ppm	  (dwt)	  in	  eggs.	  A	  smaller	  range	  in	  

Hg	  concentrations	  was	  observed	  for	  tissues	  sampled	  from	  turtles	  collected	  from	  the	  two	  

validations	  sites.	  Total	  Hg	  concentrations	  in	  tissues	  of	  turtles	  collected	  from	  the	  North	  

Fork	  Holston	  River	  ranged	  from	  0.033-‐1.011	  ppm	  (wwt)	  in	  blood,	  0.185-‐7.334	  ppm	  (dwt)	  

in	  muscle,	  and	  0.814-‐32.333	  ppm	  (fwt)	  in	  nail.	  Turtles	  collected	  from	  the	  South	  Fork	  of	  

the	  Shenanadoah	  (10-‐23	  miles	  downstream	  of	  the	  South	  River	  confluence)	  exhibited	  
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THg	  tissue	  concentrations	  ranging	  from	  0.162-‐1.77	  ppm	  (wwt)	  in	  blood	  and	  0.123-‐

12.199	  ppm	  (dwt)	  in	  muscle.	  In	  all	  cases,	  tissues	  sampled	  from	  turtles	  were	  strongly	  and	  

positively	  correlated	  with	  one	  another	  (Table	  1;	  all	  p	  <	  0.001).	  Models	  describing	  

relationships	  between	  tissues	  generated	  from	  turtles	  sampled	  from	  the	  North	  Fork	  

Holston	  and	  the	  South	  Fork	  Shenandoah	  Rivers	  did	  not	  differ	  significantly	  from	  those	  of	  

the	  South	  and	  Middle	  Rivers	  (Figure	  2;	  in	  all	  cases	  p	  >	  0.13).	  	  

Methylmercury	  concentrations	  of	  egg	  and	  muscle	  tissues	  collected	  from	  turtles	  

inhabiting	  portions	  of	  the	  South	  and	  Middle	  Rivers	  ranged	  from	  25.8-‐77.7%	  and	  86.6-‐

96.3%	  respectively.	  As	  egg	  THg	  concentrations	  increased	  so	  did	  %MeHg	  in	  eggs	  (Table	  1;	  

r2=	  0.52,	  p	  =	  0.007).	  However,	  there	  was	  not	  a	  significant	  correlation	  between	  THg	  and	  

%MeHg	  for	  muscle	  tissue	  sampled	  (Table	  1:	  p	  =	  0.13).	  	  

Spatial	  and	  Temporal	  Patterns	  

Blood	  THg	  concentrations	  differed	  greatly	  among	  the	  Middle	  River	  reference,	  

South	  River	  reference,	  and	  South	  River	  contaminated	  sites	  (Figure	  3a,	  site:	  F2,460	  =	  48.81,	  

p	  <	  0.001),	  with	  the	  contaminated	  site	  (SR-‐Cont)	  having	  the	  highest	  mean	  THg	  

concentrations	  (1.723	  ±	  0.061	  ppm,	  wwt)	  followed	  by	  South	  River	  reference	  site	  (	  0.123	  

±	  0.151	  ppm,	  wwt)	  then	  Middle	  River	  reference	  site	  (0.026	  ±	  0.117	  ppm,	  wwt).	  A	  broad	  

range	  of	  THg	  concentrations	  were	  detected	  with	  levels	  being	  lowest	  in	  the	  Middle	  River	  

and	  upstream	  of	  the	  source	  then	  gradually	  increasing	  after	  the	  source	  and	  later	  peaking	  

downstream	  (Figure	  3b).	  In	  general,	  blood	  THg	  increased	  from	  2006	  to	  2010-‐2011	  (year:	  

F1,420	  =17.12,	  p	  <	  0.001)	  but	  this	  effect	  was	  dependent	  upon	  site	  (site	  x	  year:	  F2,	  420=	  3.64,	  

p	  =	  0.027)	  (Figure	  3a).	  Post-‐hoc	  analysis	  revealed	  no	  differences	  in	  mean	  blood	  THg	  
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concentrations	  between	  those	  published	  by	  Bergeron	  et	  al.	  (2007)	  and	  current	  

concentrations	  for	  the	  Middle	  and	  South	  River	  reference	  sites	  (in	  both	  cases	  p	  ≥	  0.993)	  

but	  significant	  differences	  were	  detected	  between	  the	  two	  sampling	  time	  frames	  within	  

the	  contaminated	  site	  (p	  <	  0.001).	  	  Within	  the	  contaminated	  site,	  blood	  THg	  

concentrations	  increased	  from	  16.0	  to	  219.4%	  from	  2006	  to	  2010-‐11,	  depending	  on	  

river	  mile	  (Figure	  3b).	  

Consumption	  Risks	  

Body	  size	  (carapace	  length)	  significantly	  influenced	  THg	  concentrations	  in	  muscle	  

(two-‐way	  ANCOVA,	  carapace	  length:	  F1,	  169	  =	  9.11,	  p	  =	  0.003,	  Figure	  4),	  but	  the	  nature	  of	  

this	  effect	  was	  dependent	  upon	  site	  (carapace	  length	  x	  site	  F2,169	  =	  5.87,	  p	  =	  0.003).	  

Muscle	  THg	  concentrations	  increased	  with	  body	  size	  for	  individuals	  collected	  from	  the	  

contaminated	  site	  (SR-‐Cont;	  p	  <	  0.001)	  but	  did	  not	  change	  with	  size	  within	  the	  two	  

reference	  sites	  (MR-‐Ref	  or	  SR-‐Ref;	  in	  both	  cases	  p	  ≥	  0.16).	  Additionally,	  muscle	  THg	  

concentrations	  differed	  significantly	  between	  sexes	  after	  correcting	  for	  body	  size	  (two-‐

way	  ANCOVA,	  sex:	  F1,169	  =	  12.21,	  p	  <	  0.001).	  Total	  Hg	  values	  for	  females	  were	  93.9%,	  

6.3%,	  and	  15.3%	  higher	  in	  muscle	  than	  males	  from	  the	  two	  reference	  sites	  along	  the	  

Middle	  and	  South	  River	  and	  the	  contaminated	  site,	  respectively	  (Figure	  5).	  

	  

DISCUSSION	  

Our	  results	  demonstrate	  that	  minimally	  invasive	  tissues	  can	  be	  used	  to	  

sustainably	  monitor	  Hg	  bioaccumulation	  and	  predict	  Hg	  concentrations	  maternally	  
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transferred	  to	  eggs,	  which	  has	  implications	  for	  turtle	  health	  and	  reproduction.	  Total	  Hg	  

concentrations	  in	  all	  turtle	  tissues	  were	  strongly	  and	  positively	  correlated	  with	  each	  

other.	  This	  is	  consistent	  with	  previous	  studies	  that	  showed	  similar	  correlations	  between	  

tissues	  sampled	  in	  both	  snapping	  turtles	  and	  other	  herpetofauna	  (Golet	  &	  Haines	  2001;	  

Bergeron	  et	  al.	  2010a,	  2010b;	  Turnquist	  et	  al.	  2011).	  However,	  the	  models	  presented	  

here	  are	  the	  first	  to	  be	  validated	  by	  sampling	  individuals	  inhabiting	  other	  Hg	  

contaminated	  sites.	  We	  demonstrate	  that	  our	  mathematical	  models	  describing	  the	  

relationships	  between	  tissues	  sampled	  from	  turtles	  inhabiting	  the	  South	  River	  are	  

applicable	  to	  those	  from	  other	  Hg	  contaminated	  sites,	  providing	  a	  strong	  foundation	  for	  

future	  sustainable	  monitoring	  programs.	  Our	  results	  also	  reveal	  several	  important	  

spatial,	  temporal,	  and	  demographic	  patterns	  in	  bioaccumulation	  that	  may	  be	  important	  

factors	  to	  consider	  when	  evaluating	  consumption	  risks,	  and	  developing	  future	  

monitoring,	  restoration,	  and	  mitigation	  programs	  for	  Hg	  contaminated	  systems.	  

Turtles	  collected	  from	  the	  contaminated	  portion	  of	  the	  South	  River	  had	  

significantly	  higher	  THg	  tissue	  concentrations	  than	  individuals	  collected	  from	  reference	  

sites.	  Total	  Hg	  concentrations	  in	  blood,	  muscle	  and	  nail	  of	  adult	  turtles	  collected	  from	  

the	  contaminated	  portion	  of	  the	  South	  River	  are	  the	  highest	  ever	  reported	  in	  turtles	  and	  

surpass	  tissue	  concentrations	  that	  are	  associated	  with	  severe	  neurological,	  physiological,	  

and	  reproductive	  effects	  observed	  in	  other	  aquatic	  animals	  (reviewed	  in	  Scheuhammer	  

et	  al.	  2007).	  For	  example,	  blood	  THg	  concentrations	  in	  turtles	  inhabiting	  contaminated	  

areas	  of	  the	  South	  River	  ranged	  from	  0.012-‐4.992	  ppm	  (wwt).	  Comparatively,	  common	  

loons	  (Gavia	  immer)	  with	  blood	  THg	  concentrations	  above	  3.0	  ppm	  (wwt)	  were	  reported	  
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to	  have	  reduce	  fledging	  success	  and	  those	  exceeding	  4.0	  ppm	  (wwt)	  were	  associated	  

with	  reduced	  reproductive	  effort,	  elevated	  stress	  hormones,	  asymmetry	  in	  flight	  

feathers,	  and	  altered	  breeding	  behaviors	  (reviewed	  in	  Scheuhammer	  et	  al.	  2007).	  Muscle	  

THg	  concentrations	  in	  turtles	  inhabiting	  contaminated	  areas	  of	  the	  South	  River	  ranged	  

from	  0.10-‐32.29	  ppm	  (dry),	  with	  86.6-‐96.3%	  being	  in	  the	  more	  toxic	  form	  of	  MeHg.	  In	  

fish,	  muscle	  THg	  concentrations	  reaching	  ~30	  ppm	  (dwt),	  which	  falls	  within	  the	  upper	  

end	  of	  the	  THg	  in	  reported	  here	  in	  turtle	  muscle,	  is	  associated	  with	  reduced	  growth	  and	  

survival	  (Wiener	  1996).	  	  

Our	  study	  is	  the	  first	  to	  rigorously	  demonstrate	  Hg	  can	  maternally	  transfer	  from	  

female	  to	  eggs	  in	  turtles.	  Maternally	  transferred	  THg	  concentrations	  in	  egg	  were	  found	  

to	  range	  from	  0.04-‐6.06	  ppm	  (dwt),	  with	  MeHg	  comprising	  29.5-‐77.7%	  of	  the	  THg	  within	  

the	  egg.	  Although	  the	  effects	  of	  maternally	  transferred	  Hg	  on	  turtle	  reproduction	  are	  still	  

unknown,	  a	  recent	  study	  in	  Carolina	  wrens	  (Thryothorus	  ludovicianus)	  showed	  a	  50%	  

reduction	  in	  nest	  success	  when	  egg	  THg	  concentrations	  reached	  ~2.15	  ppm	  (dwt)	  

(Jackson	  et	  al.	  2011a).	  In	  free-‐living	  common	  loons,	  egg	  THg	  concentrations	  of	  ~2.5	  ppm	  

(dwt)	  are	  associated	  with	  impaired	  hatchability	  and	  embryotoxicity	  (Barr	  1986).	  	  In	  

amphibians,	  Bergeron	  et	  al.	  (2011)	  showed	  that	  maternally	  transferred	  egg	  THg	  

concentrations	  of	  ~1.7	  ppm	  (dwt)	  were	  associated	  with	  a	  25%	  reduction	  in	  hatching	  

success	  of	  American	  toads	  (Bufo	  americanus).	  Based	  on	  these	  studies,	  it	  is	  possible	  that	  

the	  concentrations	  of	  Hg	  we	  document	  in	  eggs	  may	  lead	  to	  deleterious	  consequences	  on	  

hatching	  success	  or	  other	  aspects	  of	  reproduction	  (e.g.,	  malformation	  frequency).	  
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We	  identified	  several	  important	  spatial	  and	  temporal	  patterns	  in	  Hg	  

bioaccumulation	  within	  tissues	  sampled	  from	  turtles	  inhabiting	  the	  South	  and	  Middle	  

Rivers.	  Total	  Hg	  concentrations	  in	  turtle	  blood	  slowly	  increased	  downstream	  of	  the	  Hg	  

source,	  finally	  peaking	  ~20	  miles	  downstream	  and	  then	  declining.	  In	  addition,	  THg	  

concentrations	  in	  blood	  collected	  from	  contaminated	  turtles	  have	  significantly	  increased	  

since	  2006,	  while	  Hg	  concentrations	  in	  reference	  turtles	  have	  remained	  relatively	  low	  

and	  unchanged.	  Similar	  spatial	  and	  temporal	  trends	  have	  been	  reported	  within	  other	  

South	  River	  biota	  in	  recent	  years	  (e.g.,	  fish,	  amphibians,	  birds,	  invertebrates:	  Southworth	  

et	  al.	  2004;	  Murphy	  2004;	  Bergeron	  et	  al.	  2007;	  Brasso	  &	  Cristol	  2008;	  Bergeron	  et	  al.	  

2010b;	  Jackson	  et	  al.	  2011b).	  Although	  there	  is	  no	  evidence	  that	  additional	  Hg	  has	  been	  

emitted	  from	  the	  original	  point	  source	  in	  recent	  decades,	  increases	  in	  Hg	  within	  biota	  

may	  be	  due	  to	  several	  factors	  that	  influence	  the	  fate	  of	  Hg	  within	  this	  systems.	  For	  

example,	  Hg	  has	  been	  found	  to	  persist	  within	  the	  South	  River	  floodplain	  and	  therefore	  be	  

may	  be	  re-‐circulated	  by	  the	  combination	  of	  flood	  events,	  bank	  erosion,	  and	  

anthropogenic	  and	  agricultural	  disturbances	  (Rhoades	  et	  al.	  2009;	  Newman	  et	  al.	  2011;	  

Eggleston	  2009).	  Gradual	  reintroduction	  of	  Hg	  from	  large	  expanses	  of	  the	  floodplain	  may	  

also	  help	  explain	  why	  Hg	  levels	  peak	  in	  turtles	  ~	  20	  miles	  downstream	  of	  the	  point	  

source.	  	  

Body	  size	  significantly	  influenced	  THg	  concentration	  in	  muscle	  but	  this	  effect	  was	  

dependent	  upon	  site,	  with	  Hg	  concentrations	  increasing	  with	  carapace	  length	  for	  

individuals	  collected	  within	  the	  contaminated	  site	  but	  not	  within	  the	  two	  reference	  sites.	  

Previous	  studies	  have	  found	  a	  similar	  pattern,	  with	  Hg	  concentrations	  increasing	  with	  
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respect	  to	  body	  size	  in	  turtles	  and	  other	  aquatic	  species	  (Driscoll	  et	  al.	  1994;	  Kenyon	  et	  

al.	  2001;	  Bergeron	  et	  al.	  2007;	  Turnquist	  et	  al.	  2011).	  	  In	  turtles,	  the	  pattern	  of	  increasing	  

Hg	  concentrations	  within	  larger	  individuals	  is	  most	  likely	  a	  consequence	  of	  age,	  as	  larger	  

turtles	  are	  more	  likely	  to	  be	  older,	  and	  therefore	  have	  had	  more	  time	  to	  bioaccumulate	  

Hg	  than	  those	  of	  smaller	  size	  classes.	  In	  contrast,	  two	  previous	  studies	  found	  no	  

relationship	  between	  body	  size	  (mass)	  and	  Hg	  concentrations	  (Helwig	  et	  al.	  1983;	  Golet	  

&	  Haines	  2001).	  We	  believe	  this	  discrepancy	  is	  a	  result	  of	  extensive	  range	  of	  Hg	  

concentrations	  in	  the	  South	  River.	  Mercury	  concentrations	  reported	  in	  these	  two	  studies	  

were	  fairly	  low	  and	  fell	  with	  the	  range	  of	  concentrations	  we	  observed	  at	  the	  South	  River	  

reference	  site,	  where	  body	  size	  did	  not	  influence	  Hg	  concentration.	  	  

We	  found	  that	  female	  snapping	  turtles	  had	  higher	  tissue	  Hg	  concentrations	  than	  

males	  at	  a	  given	  size.	  This	  pattern	  is	  counter	  to	  some	  studies	  that	  suggest	  females	  should	  

have	  lower	  Hg	  body	  burdens	  since	  they	  maternally	  transfer	  Hg	  to	  their	  eggs,	  thus	  

providing	  females	  with	  an	  additional	  excretion	  pathway	  (Meyers-‐Shone	  &	  Walton	  1994).	  

Instead,	  we	  believe	  higher	  Hg	  concentrations	  present	  in	  female	  tissue	  may	  be	  due	  sexual	  

dimorphism	  in	  size	  and	  growth	  (Christiansen	  &	  Burken	  1979).	  Snapping	  turtles	  exhibit	  a	  

strong	  body	  size	  dimorphism,	  in	  which	  adult	  females	  grow	  not	  only	  at	  a	  slower	  rate	  but	  

also	  asymptote	  at	  a	  smaller	  size	  compared	  to	  males	  which	  rely	  on	  their	  size	  to	  fight	  and	  

defend	  territories	  (Christiansen	  &	  Burken	  1979;	  Galbraith	  1987).	  Given	  this	  growth	  

pattern,	  it	  is	  likely	  that	  females,	  although	  smaller,	  may	  be	  older	  and	  therefore	  have	  

accumulated	  more	  Hg	  than	  males	  of	  similar	  size.	  	  Alternatively,	  the	  sexes	  may	  differ	  in	  
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feeding	  rates	  and/or	  feeding	  ecology,	  but	  little	  is	  known	  about	  sex-‐specific	  differences	  in	  

feeding	  ecology	  of	  snapping	  turtles.	  

	   Our	  study	  provides	  a	  foundation	  for	  future	  studies	  intending	  to	  use	  snapping	  

turtles	  to	  monitor	  exposure,	  bioaccumulation,	  and	  maternal	  transfer	  of	  contaminants.	  

Future	  research	  is	  needed	  to	  thoroughly	  understand	  the	  effects	  that	  Hg	  is	  having	  on	  

turtles	  and	  the	  risk	  that	  Hg	  bioaccumulation	  is	  posing	  to	  wildlife	  and	  humans	  that	  

consume	  turtles.	  Although	  Hg	  concentrations	  observed	  in	  turtle	  muscle	  and	  egg	  in	  some	  

cases	  exceed	  those	  associated	  with	  negative	  effects	  in	  other	  species,	  our	  comparisons	  

remain	  speculative	  because	  the	  actual	  Hg	  concentrations	  associated	  with	  adverse	  

effects	  in	  turtles	  remain	  unknown.	  Taken	  together,	  all	  previous	  studies	  linking	  Hg	  

exposure	  to	  effects	  demonstrate	  a	  large	  range	  in	  Hg	  sensitivity	  among	  different	  species,	  

reinforcing	  the	  need	  for	  future	  research	  to	  determine	  the	  sensitivity	  of	  snapping	  turtles	  

to	  Hg	  (Bergeron	  et	  al.	  2011;	  Jackson	  et	  al.	  2011a;	  Barr	  1986;	  Scheuhammer	  et	  al.	  2007;	  

Crump	  &	  Trudeau	  2009).	  	  Additionally,	  the	  rate	  at	  which	  turtles	  are	  harvested	  and	  

consumed	  by	  wildlife	  predators	  and	  humans	  from	  the	  South	  River	  remains	  unknown.	  In	  

order	  understand	  the	  health	  risks	  of	  consuming	  contaminated	  turtles,	  future	  research	  is	  

needed	  to	  determine	  human	  and	  wildlife	  consumption	  patterns	  of	  adult	  turtles	  and	  

eggs.	  	  	  
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FIGURE	  LEGENDS	  

Table	  1. Relationships	  in	  total	  mercury	  (THg)	  concentrations	  among	  tissues	  in	  Chelydra	  
serpentina	  collected	  from	  the	  South	  River	  (SR),	  Middle	  River	  (MR),	  North	  Fork	  Holston	  River	  
(NFHR),	  	  and	  South	  Fork	  Shenandoah	  River,	  VA,	  USA.	  All	  regressions	  were	  calculated	  from	  raw	  
data	  reported	  in	  ppm	  (mg	  kg-‐1).	  Egg	  and	  muscle	  THg	  values	  are	  reported	  on	  a	  dry	  weight	  basis	  
whereas	  nails	  and	  blood	  are	  reported	  on	  a	  fresh	  and	  wet	  weight	  basis,	  respectively.	  	  	  
 

 

 

Site	   Regression	   Slope	   Intercept	   r	   p-‐value	   n	  

SR/MR	  
THg	  Blood	  v.	  	  	  
THg	  Muscle	  

5.723	   0.573	   0.96	   <	  0.001	   170	  

NFHR	  
THg	  Blood	  v.	  	  
THg	  Muscle	  

6.347	   0.019	   0.96	   <	  0.001	   23	  

SFSR	  
THg	  Blood	  v.	  	  	  	  	  	  	  	  	  
THg	  Muscle	  

5.430	   0.293	   0.86	   <	  0.001	   12	  

SR/MR	  
THg	  Blood	  v.	  	  

THg	  Nail	  
26.50	   1.769	   0.89	   <	  0.001	   131	  

NFHR	  
THg	  Blood	  v.	  	  	  	  	  	  
THg	  Nail	  

29.38	   0.067	   0.94	   <	  0.001	   23	  

SR/MR	  
THg	  Nail	  v.	  	  	  	  	  
THg	  Muscle	  

0.178	   1.113	   0.92	   <	  0.001	   112	  

NFHR	  
THg	  Nail	  v.	  	  	  	  	  	  

THg	  Muscle	  
0.201	   0.196	   0.95	   <	  0.001	   23	  

SR/MR	  
THg	  Nail	  v.	  	  	  	  	  	  
THg	  Egg	  

0.035	   0.391	   0.92	   <	  0.001	   95	  

SR/MR	  
THg	  Blood	  v.	  	  
THg	  Egg	  

1.129	   0.311	   0.92	   <	  0.001	   95	  

SR/MR	  
THg	  Muscle	  v.	  

%MeHg	  Muscle	  
0.172	   92.241	   0.21*	   0.133	   12	  

SR/MR	  
THg	  Egg	  v.	  
%MeHg	  Egg	  

6.975	   37.517	   0.52*	   0.008	   12	  

*denotes	  an	  r2	  value	  
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Figure	  1:	  	  Turtle	  collection	  locations	  along	  the	  South	  River	  (SR)	  and	  Middle	  River	  (MR),	  

located	  in	  central	  VA,	  USA.	  Subsites	  sampled	  along	  the	  contaminated	  portion	  of	  the	  South	  

River	  are	  by	  closed	  symbols	  and	  labeled	  by	  river	  mile	  downstream	  of	  the	  contamination	  

source.	  Open	  symbols	  represent	  reference	  sites	  that	  were	  sampled	  upstream	  of	  the	  

source	  along	  the	  SR	  and	  at	  additional	  locations	  along	  the	  MR.	  Note	  that	  the	  river	  flows	  

from	  south	  to	  north.	  
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A.)	  
	  

	  
	  
	  
	  
	  
	  
	  

Figure	  2.	  Validations	  of	  the	  mathematical	  relationship	  observed	  between	  blood	  (wet	  

weight)	  total	  mercury	  (THg)	  and	  muscle	  (dry	  weight)	  THg	  of	  Chelydra	  serpentina	  

collected	  from:	  A.)	  the	  South	  and	  Middle	  Rivers	  (SR-‐MR;	  y=5.723x	  +0.573,	  r	  =	  0.96,	  p	  <	  

0.001,	  n=	  170)	  and	  the	  North	  Fork	  Holston	  River	  (NFHR;	  y	  =	  6.347x	  +	  0.019,	  r	  =	  0.96,	  	  p	  <	  

0.001,	  n=	  23),	  VA,	  USA,	  B.)	  truncated	  blood	  THg	  values	  for	  South	  and	  Middle	  Rivers	  (SR-‐

MR;	  y=6.881x	  +0.058,	  r	  =0.97,	  p	  <	  0.001,	  n=88)	  that	  fall	  within	  the	  range	  of	  

concentrations	  observed	  on	  the	  North	  Fork	  Holston	  River	  (NFHR;	  y	  =	  6.347x	  +	  0.019,	  r	  =	  

0.96,	  	  p	  <	  0.001,	  n=	  23)	  	  C.)	  the	  South	  and	  Middle	  Rivers	  (SR-‐MR;	  y=5.723x	  +0.573,	  r	  =	  

0.96,	  p	  <	  0.001,	  n=	  170)	  and	  the	  South	  Fork	  Shenandoah	  River	  (SFS;	  y	  =	  5.4301x	  +	  0.2927,	  

r	  =	  0.86,	  	  	  p	  <	  0.001,	  n=	  12),	  VA,	  USA,	  and	  D.)	  truncated	  blood	  THg	  values	  for	  the	  South	  

and	  Middle	  Rivers	  (SR-‐MR;	  y=5.912x	  +	  0.281,	  r	  =	  0.93,	  p	  <	  0.001,	  n=127)	  	  that	  fall	  within	  

the	  range	  of	  concentrations	  observed	  on	  the	  South	  Fork	  Shenandoah	  River	  (y	  =	  5.4301x	  +	  

0.2927,	  r	  =	  0.86,	  	  	  p	  <	  0.001,	  n=	  12).	  
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D.)	  
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A.)	  
	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  
B.)	  	  	  	  

	  

Figure	  3.	  Average	  total	  mercury	  (THg)	  concentrations	  in	  blood	  of	  Chelydra	  serpentina	  collected	  

from	  2006	  and	  2010/11	  sampling	  periods	  inhabiting	  A.)	  areas	  of	  the	  Middle	  River	  reference	  site	  

(MR-‐Ref),	  upstream	  of	  the	  Hg	  source	  on	  the	  South	  River	  (SR-‐Ref),	  and	  	  downstream	  of	  the	  Hg	  

source	  on	  the	  South	  River	  (SR	  Cont).	  B.)	  Spatial	  representation	  of	  average	  THg	  concentrations	  

at	  the	  two	  reference	  sites	  (MR	  Ref	  &	  SR	  Ref)	  and	  the	  various	  sub-‐sites	  downstream	  of	  the	  Hg	  

source	  (RM	  0)	  along	  the	  South	  River	  (River	  Mile	  2-‐22),	  VA,	  USA,	  from	  the	  2006	  and	  the	  2010-‐11	  

sampling	  periods.	  All	  values	  shown	  are	  least-‐square	  means	  corrected	  for	  body	  size	  (carapace	  

length)	  ±	  1	  S.E.	  
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Figure	  4.	  Relationships	  between	  carapace	  length	  and	  total	  mercury	  (THg)	  in	  muscle	  (dry	  

weight)	  tissue	  of	  Chelydra	  serpentina	  collected	  from	  two	  reference	  sites	  on	  Middle	  

River	  (MR	  Ref;	  n=	  41)	  and	  the	  South	  River	  (SR-‐Ref;	  n=22),	  and	  the	  contaminated	  	  

portion	  of	  the	  South	  River	  (SR-‐Cont;	  y=	  0.0201x	  +0.4869,	  R2=	  0.17,	  p	  <	  0.001	  ,	  n=	  108),	  

VA,	  USA.	  Total	  Hg	  in	  turtle	  muscle	  did	  not	  increase	  with	  increasing	  body	  size	  with	  the	  

two	  reference	  sites	  (p	  >	  0.16),	  but	  did	  for	  individuals	  collected	  within	  the	  contaminated	  

site	  (p	  <	  0.001).	  
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Figure	  5.	  Total	  mercury	  (THg)	  concentrations	  in	  male	  and	  female	  Chelydra	  serpentina	  	  

muscle	  tissue	  (dry	  weight)	  collected	  from	  the	  two	  reference	  sites	  along	  the	  Middle	  River	  

(MR-‐Ref)	  and	  upstream	  of	  the	  source	  on	  the	  South	  River	  (SR-‐Ref),	  and	  the	  contaminated	  

site	  (SR-‐Cont),	  located	  downstream	  of	  the	  Hg	  source,	  VA,	  USA.	  Values	  shown	  are	  least-‐

squares	  means	  (±1	  standard	  error)	  corrected	  for	  body	  size	  (carapace	  length).	  	  
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ABSTRACT	  	  

Although	  inter-‐wetland	  dispersal	  is	  thought	  to	  play	  an	  important	  role	  in	  regional	  

persistence	  of	  pond-‐breeding	  amphibians,	  few	  studies	  have	  modeled	  amphibian	  

metapopulation	  or	  source-‐sink	  dynamics.	  Recent	  modeling	  studies	  have	  suggested	  that	  

environmental	  contaminants,	  such	  as	  mercury	  (Hg),	  can	  negatively	  affect	  density	  and	  

population	  viability	  of	  amphibians	  breeding	  in	  isolated	  wetlands.	  Presumably	  

contaminant-‐induced	  population	  declines	  also	  result	  in	  reduced	  dispersal	  to	  surrounding	  

(often	  uncontaminated)	  habitats,	  potentially	  influencing	  dynamics	  of	  nearby	  

populations.	  We	  used	  a	  structured	  metapopulation	  model	  to	  investigate	  regional	  

dynamics	  of	  the	  American	  toad	  (Bufo	  americanus)	  and	  evaluate	  the	  degree	  to	  which	  

detrimental	  effects	  of	  environmental	  Hg	  contamination	  on	  individual	  populations	  can	  

disrupt	  inter-‐population	  dynamics.	  Our	  study	  revealed	  that	  dispersal	  from	  healthy	  B.	  

americanus	  populations	  can	  support	  nearby	  sink	  populations	  that	  would	  otherwise	  

decline	  to	  extinction.	  	  Moreover,	  allowing	  dispersal	  between	  wetland-‐associated	  sub-‐

populations	  substantially	  increased	  overall	  productivity	  of	  the	  wetland	  network.	  

However,	  both	  the	  ability	  of	  source	  populations	  to	  support	  nearby	  sinks	  and	  the	  

increase	  in	  overall	  productivity	  were	  dependent	  on	  wetland	  size	  and	  inter-‐wetland	  

distance.	  	  Contamination	  with	  Hg	  substantially	  reduced	  productivity	  of	  wetland-‐

associated	  sub-‐populations	  and	  impaired	  their	  ability	  to	  support	  nearby	  sinks	  within	  

relevant	  spatial	  scales.	  Our	  results	  have	  implications	  for	  understanding	  regional	  

dynamics	  of	  pond-‐breeding	  amphibians,	  the	  wide-‐reaching	  negative	  effects	  of	  
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environmental	  contaminants,	  and	  the	  potential	  for	  restoration	  or	  remediation	  of	  

contaminated	  habitats.	  

	  

INTRODUCTION	  

Metapopulation	  theory	  has	  revolutionized	  the	  way	  in	  which	  conservation	  

biologists	  view	  species	  and	  habitat	  management	  at	  regional	  scales.	  Classically,	  the	  

metapopulation	  concept	  recognized	  the	  potential	  for	  stochastic	  processes	  to	  cause	  

extinction	  of	  local	  populations	  in	  patches	  of	  otherwise	  suitable	  habitat	  and	  highlighted	  

the	  essential	  role	  of	  dispersal	  in	  maintaining	  viability	  of	  species	  in	  heterogeneous	  

landscapes	  (Levins	  1969,	  1970,	  Hanski	  1999).	  Subsequent	  outgrowths	  of	  the	  

metapopulation	  concept	  have	  stressed	  other	  ways	  in	  which	  dispersal	  may	  be	  critical	  for	  

population	  viability.	  For	  example,	  Pulliam	  (1988)	  recognized	  that	  variation	  in	  patch	  size	  

or	  quality	  could	  result	  in	  ‘source-‐sink’	  dynamics,	  wherein	  dispersal	  from	  large	  ‘source’	  

populations	  can	  support	  nearby	  ‘sink’	  populations	  in	  patches	  that	  are	  too	  small	  or	  

resource	  poor	  to	  be	  viable	  in	  the	  absence	  of	  emigration.	  Basic	  understanding	  of	  

metapopulation	  and	  source-‐sink	  dynamics	  has	  heralded	  a	  productive	  sub-‐discipline	  of	  

conservation	  biology	  aimed	  at	  understanding	  how	  anthropogenic	  activities	  can	  disrupt	  

metapopulation	  dynamics	  through	  alteration	  of	  natural	  dispersal	  patterns	  (McCullough	  

1996).	  

Amphibians	  provide	  an	  excellent	  model	  for	  evaluating	  the	  extent	  to	  which	  

localized	  anthropogenic	  impacts	  can	  influence	  species	  viability	  at	  regional	  or	  
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metapopulation	  scales.	  Pond-‐breeding	  amphibians	  have	  traditionally	  been	  characterized	  

as	  highly	  philopatric	  organisms	  with	  limited	  dispersal	  capabilities	  and	  spatially	  

heterogeneous	  population	  densities	  centered	  on	  breeding	  wetlands	  (Marsh	  and	  

Trenham	  2001,	  Smith	  and	  Green	  2005).	  Thus,	  these	  species	  were	  initially	  thought	  to	  

conform	  well	  to	  the	  ‘pond-‐as-‐patch’	  case	  of	  a	  classic	  metapopulation,	  in	  which	  inter-‐

wetland	  dispersal	  is	  necessary	  to	  buffer	  against	  periodic	  extinction	  of	  sub-‐populations	  

due	  to	  stochastic	  processes	  (Marsh	  and	  Trenham	  2001).	  Indeed,	  Sjogren’s	  (1991)	  case	  

study	  of	  the	  pool	  frog	  (Rana	  lessonae)	  in	  northern	  Europe	  provided	  some	  of	  the	  first	  

evidence	  of	  the	  existence	  of	  metapopulation	  dynamics	  in	  nature.	  Theoretical	  and	  

empirical	  work	  has	  since	  confirmed	  that	  inter-‐wetland	  dispersal	  can	  play	  an	  important	  

role	  in	  the	  persistence	  of	  amphibians	  at	  regional	  scales	  (Gill	  1978,	  Sjogren	  1991,	  Halley	  

et	  al.	  1996,	  Marsh	  et	  al.	  1999,	  Semlitsch	  2008).	  However,	  recent	  reviews	  have	  

questioned	  the	  assumption	  that	  amphibians	  regularly	  exhibit	  classic	  metapopulation	  

dynamics	  on	  the	  grounds	  that	  high	  fecundity,	  previously	  underappreciated	  dispersal	  

capabilities,	  and	  tendency	  for	  populations	  to	  fluctuate	  synchronously	  in	  response	  to	  

climatic	  variation,	  produce	  relatively	  low	  frequency	  of	  extinction/recolonization	  events	  

(Marsh	  and	  Trenham	  2001,	  Smith	  and	  Green	  2005).	  In	  many	  situations,	  amphibian	  

dynamics	  may	  more	  closely	  resemble	  source-‐sink	  dynamics	  (Pulliam	  1988),	  with	  

dispersal	  from	  large	  ‘source’	  wetlands	  supporting	  nearby	  ‘sink’	  populations	  that	  would	  

otherwise	  be	  unable	  to	  persist	  over	  long	  time	  intervals	  through	  their	  own	  internal	  

dynamics	  (Halley	  et	  al.	  1996).	  	  
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Due	  in	  part	  to	  the	  emergence	  of	  the	  metapopulation	  paradigm	  in	  conservation	  

biology,	  amphibian	  studies	  have	  focused	  increasingly	  on	  how	  anthropogenic	  activities	  

may	  influence	  metapopulation	  or	  source-‐sink	  dynamics	  within	  wetland	  networks.	  These	  

studies	  generally	  investigate	  how	  habitat	  alteration	  or	  other	  impacts	  affect	  dispersal	  

among	  habitat	  patches	  or	  sub-‐populations	  (i.e.,	  wetlands).	  Dispersal	  from	  one	  wetland	  

to	  another	  is	  a	  function	  of	  two	  factors:	  1)	  the	  number	  of	  individuals	  dispersing	  from	  the	  

source	  wetland	  and	  2)	  the	  ability	  of	  those	  individuals	  to	  successfully	  traverse	  the	  

intervening	  habitat	  (Hanski	  and	  Gilpin	  1991,	  Sjogren	  1991,	  Gibbs	  1993,	  Semlitsch	  2000).	  

The	  latter	  factor,	  which	  itself	  may	  be	  affected	  by	  inter-‐wetland	  distance,	  species	  or	  

stage-‐specific	  vagility,	  and	  habitat	  ‘resistance’,	  has	  been	  the	  focus	  of	  most	  amphibian	  

metapopulation	  studies.	  For	  example,	  Semlitsch	  and	  Bodie	  (1998)	  and	  Gibbs	  (1993)	  

demonstrated	  that	  loss	  of	  small	  isolated	  wetlands	  would	  dramatically	  increase	  inter-‐

wetland	  distances,	  decreasing	  dispersal	  rates,	  and	  resulting	  in	  reduced	  viability	  of	  

metapopulations	  of	  wetland-‐associates	  species.	  Likewise,	  several	  studies	  have	  examined	  

how	  habitat	  alteration	  may	  hinder	  dispersal	  of	  juvenile	  amphibians,	  either	  through	  

increased	  ‘resistance’	  of	  habitats	  to	  movement,	  or	  behavioral	  avoidance	  of	  altered	  

habitats	  (e.g.,	  (deMaynadier	  and	  Hunter	  1999,	  Rothermel	  and	  Semlitsch	  2002,	  

Rothermel	  2004).	  Few	  studies	  have	  evaluated	  how	  loss	  of	  emigrants	  from	  degraded	  

habitats	  may	  influence	  the	  viability	  of	  populations	  in	  the	  surrounding	  landscape.	  

Environmental	  pollution	  is	  a	  suspected	  contributor	  to	  the	  global	  decline	  of	  

amphibians	  (Alford	  2010)	  and	  numerous	  laboratory	  studies	  have	  documented	  the	  

sensitivity	  of	  amphibian	  embryos	  and	  larvae	  to	  a	  diverse	  array	  of	  environmental	  



  

55 
 

contaminants	  (Kerby	  et	  al.	  2010,	  Sparling	  2010).	  Although	  few	  studies	  have	  attempted	  

to	  translate	  experimentally-‐derived	  individual-‐level	  effects	  of	  environmental	  

contaminants	  to	  population	  dynamics,	  three	  recent	  modeling	  studies	  have	  

demonstrated	  that	  contaminant	  exposure	  can	  affect	  the	  viability	  of	  amphibian	  

populations	  (Karraker	  et	  al.	  2008,	  Salice	  et	  al.	  2011,	  Todd	  et	  al.	  in	  press).	  For	  example,	  

Karraker	  and	  colleagues	  (2008)	  used	  a	  combination	  of	  population	  modeling,	  field	  

surveys,	  and	  dose-‐response	  relationships	  derived	  in	  the	  laboratory	  to	  show	  that	  road	  

de-‐icing	  agents	  can	  reduce	  population	  densities	  of	  wood	  frogs	  (R.	  sylvatica)	  and	  spotted	  

salamanders	  (Ambystoma	  maculatum)	  breeding	  in	  roadside	  wetlands.	  Presumably,	  such	  

population	  declines	  also	  result	  in	  reduced	  dispersal	  to	  surrounding	  habitats.	  However,	  

to	  our	  knowledge,	  no	  studies	  have	  examined	  the	  extent	  to	  which	  loss	  of	  emigrants	  due	  

to	  contamination	  of	  amphibian	  habitats	  can	  influence	  populations	  in	  the	  surrounding	  

uncontaminated	  landscape.	  

Previously,	  we	  used	  a	  series	  of	  field	  surveys	  along	  the	  floodplain	  of	  the	  

historically	  Hg	  contaminated	  South	  River,	  Virginia,	  USA,	  and	  longitudinal	  laboratory	  and	  

mesocosm	  experiments	  to	  comprehensively	  evaluate	  the	  effects	  of	  environmental	  

mercury	  (Hg)	  contamination	  throughout	  the	  life	  cycle	  of	  a	  widespread	  pond-‐breeding	  

amphibian	  with	  a	  stereotypical	  anuran	  life-‐history,	  the	  American	  toad,	  Bufo	  americanus	  

(Bergeron	  et	  al.	  2010b,	  a,	  Bergeron	  et	  al.	  2011a,	  Bergeron	  et	  al.	  2011b,	  Todd	  et	  al.	  

2011a,	  Todd	  et	  al.	  2011b,	  Todd	  et	  al.	  in	  press).	  We	  then	  used	  population	  models	  to	  

demonstrate	  that	  exposure	  to	  high	  levels	  of	  Hg	  reduced	  population	  sizes	  and	  elevated	  

extinction	  probability	  of	  populations	  in	  stochastic	  environments	  (Willson	  et	  al.	  in	  press).	  
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Here,	  we	  extend	  our	  previous	  theoretical	  research	  to	  evaluate	  regional	  dynamics	  when	  

B.	  americanus	  sub-‐populations	  centered	  on	  breeding	  wetlands	  are	  linked	  by	  inter-‐

wetland	  dispersal.	  Specifically,	  we	  use	  a	  stochastic,	  structured	  metapopulation	  model	  to	  

evaluate	  the	  following	  questions:	  1)	  How	  do	  size	  of	  a	  ‘sink’	  wetland	  and	  distance	  from	  a	  

‘source’	  population	  influence	  probability	  of	  local	  extinction?	  2)	  What	  effect	  does	  inter-‐

population	  dispersal	  have	  on	  regional	  productivity?	  3)	  How	  does	  contamination	  of	  the	  

source	  wetland	  with	  high	  levels	  of	  Hg	  influence	  that	  wetland’s	  productivity	  and	  ability	  to	  

support	  nearby	  ‘sink’	  habitats?	  and	  4)	  How	  does	  contamination	  of	  wetlands	  within	  a	  

realistic	  multi-‐wetland	  network	  influence	  the	  viability	  of	  sub-‐populations	  within	  the	  

network	  and	  overall	  yearly	  productivity	  (total	  production	  of	  newly	  metamorphosed	  

individuals)	  from	  the	  network?	  

	  

METHODS	  

Bufo	  americanus	  demographic	  population	  model	  

Previously,	  we	  developed	  a	  stochastic	  age/stage-‐based	  matrix	  population	  model	  

for	  B.	  americanus	  inhabiting	  the	  floodplain	  of	  South	  River,	  Virginia,	  USA	  (Willson	  et	  al.	  in	  

press).	  Briefly,	  our	  model,	  which	  was	  based	  on	  the	  general	  amphibian	  population	  model	  

proposed	  by	  Vonesh	  and	  De	  la	  Cruz	  (2002),	  included	  4	  age	  classes	  and	  was	  regulated	  by	  

density-‐dependant	  larval	  interactions,	  which	  are	  known	  to	  be	  an	  important	  driver	  of	  

population	  dynamics	  in	  pond-‐breeding	  amphibians,	  including	  B.	  americanus	  

(Brockelman	  1969,	  Wilbur	  1977,	  Vonesh	  and	  De	  la	  Cruz	  2002).	  Despite	  the	  importance	  
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of	  larval	  density-‐dependence,	  population	  dynamics	  of	  pond-‐breeding	  amphibians	  are	  

stereotypically	  erratic,	  due	  largely	  to	  annual	  variation	  in	  recruitment	  driven	  by	  

environmental	  stochasticity,	  particularly	  precipitation	  (Pechmann	  et	  al.	  1991,	  Semlitsch	  

et	  al.	  1996).	  We	  incorporated	  the	  effects	  of	  environmental	  stochasticity	  on	  recruitment	  

by	  varying	  the	  size	  of	  the	  breeding	  habitat	  and	  probability	  of	  catastrophic	  reproductive	  

failure	  based	  on	  annual	  spring	  precipitation	  data	  for	  the	  region.	  Thus,	  at	  each	  (yearly)	  

time	  step,	  initial	  larval	  density	  was	  determined	  by	  the	  number	  of	  breeding	  females,	  

female	  fecundity,	  and	  embryonic	  survival,	  divided	  by	  the	  size	  (circumference)	  of	  the	  

larval	  habitat,	  which	  varied	  stochastically	  based	  on	  precipitation	  (Willson	  et	  al.	  in	  press).	  

In	  our	  previous	  model,	  we	  considered	  an	  isolated	  B.	  americanus	  population	  breeding	  

within	  an	  ephemeral	  wetland	  with	  a	  mean	  circumference	  of	  100	  m,	  which	  is	  

representative	  of	  those	  present	  at	  our	  study	  site.	  We	  obtained	  yearly	  cumulative	  spring	  

(March	  –	  June)	  rainfall	  data	  for	  the	  Central	  Mountains	  region	  of	  Virginia	  from	  the	  NOAA	  

National	  Climatic	  Data	  Center	  (www.ncdc.noaa.gov)	  for	  the	  years	  1895	  –	  2010.	  For	  each	  

yearly	  projection,	  we	  drew	  randomly	  from	  the	  pool	  of	  precipitation	  values,	  setting	  a	  

breeding	  pool	  circumference	  of	  100	  m	  at	  the	  mean	  spring	  precipitation	  value	  (36.25	  

cm).	  Around	  that	  mean,	  we	  assumed	  a	  direct	  relationship	  between	  precipitation	  and	  

breeding	  pool	  size,	  with	  twice	  the	  circumference	  (200	  m)	  at	  the	  maximum	  rainfall	  value	  

of	  57.71	  cm.	  

Additionally,	  we	  linked	  the	  probability	  of	  catastrophic	  failure	  due	  to	  pond	  drying	  

to	  precipitation	  by	  fixing	  larval	  survival	  at	  0	  in	  the	  15%	  of	  years	  with	  the	  lowest	  

cumulative	  spring	  rainfall.	  This	  corresponded	  to	  the	  pond	  drying	  before	  metamorphosis	  
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could	  occur	  in	  years	  when	  the	  initial	  wetland	  circumference	  was	  <57	  m.	  Finally,	  because	  

our	  study	  site	  was	  located	  within	  a	  river	  floodplain,	  we	  also	  considered	  catastrophic	  

reproductive	  failure	  due	  to	  flood	  events.	  Specifically,	  based	  on	  historical	  hydrological	  

data,	  we	  determined	  that	  the	  river	  had	  exceeded	  flood	  stage	  during	  March	  –	  June	  in	  

7.5%	  of	  years.	  	  Thus,	  we	  fixed	  larval	  survival	  at	  0	  in	  the	  7.5%	  of	  years	  with	  the	  highest	  

cumulative	  spring	  rainfall.	  We	  parameterized	  the	  model	  using	  demographic	  data	  from	  

our	  own	  studies	  of	  B.	  americanus	  or	  the	  literature	  (Table	  1),	  assuming	  a	  balanced	  sex	  

ratio	  at	  birth	  and	  using	  female	  parameter	  values,	  when	  possible.	  For	  detailed	  

descriptions	  of	  the	  population	  model	  and	  parameterization	  see	  (Willson	  et	  al.	  in	  press).	  

Modeling	  source-‐sink	  dynamics	  

In	  this	  study,	  we	  extend	  our	  previous	  work	  by	  evaluating	  the	  effects	  of	  

environmental	  Hg	  contamination	  on	  regional	  dynamics	  of	  B.	  americanus	  in	  multi-‐

wetland	  networks.	  We	  addressed	  this	  objective	  creating	  a	  structured	  metapopulation	  

model	  (Akcakaya	  2000)	  in	  which	  models	  for	  discrete	  populations	  centered	  on	  breeding	  

wetlands	  were	  linked	  via	  inter-‐population	  dispersal	  of	  newly	  metamorphosed	  

individuals	  (Gill	  1978,	  Breden	  1987,	  Semlitsch	  2008).	  Following	  Breden	  (1987)	  and	  Halley	  

and	  colleagues	  (1996)	  we	  defined	  dispersal	  (It)	  from	  a	  one	  (source)	  wetland	  to	  another	  

using	  a	  negative	  exponential	  function:	  	  

	   	   	   	   	   (1)	  

where	  r	  is	  the	  distance	  between	  two	  wetlands,	  Mt	  is	  the	  number	  of	  newly	  

metamorphosed	  individuals	  produced	  at	  the	  source	  wetland	  in	  year	  t,	  D	  is	  the	  
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characteristic	  dispersal	  radius,	  and	  α	  is	  the	  rate	  of	  exponential	  decay.	  Based	  on	  field	  

data	  for	  the	  closely	  related	  and	  ecologically	  similar	  toads	  B.	  fowleri	  (Reading	  et	  al.	  1991)	  

and	  B.	  bufo,	  we	  used	  Halley	  and	  colleague’s	  (1996)	  parameterization	  of	  this	  function	  (α	  

=	  0.26,	  D	  =	  700	  m).	  Individuals	  dispersing	  to	  other	  wetlands	  were	  assumed	  to	  originate	  

from	  the	  pool	  of	  animals	  that	  would	  not	  have	  survived	  and	  returned	  to	  their	  natal	  

wetland	  as	  breeders,	  and	  thus	  were	  not	  subtracted	  from	  the	  surviving	  pool	  of	  year-‐old	  

individuals	  at	  their	  natal	  wetland.	  

Importantly,	  our	  approach	  to	  modeling	  the	  effects	  of	  environmental	  stochasticity	  

based	  on	  empirical	  precipitation	  data	  (see	  above	  and	  Willson	  et	  al.	  in	  press)	  allowed	  us	  

to	  mechanistically	  link	  stochastic	  population	  dynamics	  of	  multiple	  wetlands	  such	  that	  

populations	  fluctuated	  in	  synchrony,	  a	  phenomenon	  frequently	  observed	  in	  long-‐term	  

landscape-‐scale	  amphibian	  population	  studies	  (Semlitsch	  et	  al.	  1996).	  At	  each	  time	  step,	  

we	  used	  the	  randomly	  drawn	  spring	  precipitation	  value	  (see	  above)	  to	  determine	  the	  

size	  of	  each	  wetland	  and	  its	  probability	  of	  drying,	  resulting	  in	  catastrophic	  reproductive	  

failure	  of	  amphibians	  breeding	  there.	  Specifically,	  for	  each	  wetland	  we	  adjusted	  the	  

linear	  relationship	  between	  precipitation	  and	  wetland	  size	  described	  above,	  such	  that	  

the	  mean	  breeding	  pool	  circumference	  occurred	  at	  the	  mean	  spring	  precipitation	  value	  

(36.25	  cm).	  Thus,	  wetlands	  exhibited	  the	  same	  relationship	  between	  precipitation	  and	  

size,	  but	  were	  centered	  on	  different	  mean	  circumference	  values.	  	  However,	  we	  

maintained	  the	  same	  threshold	  for	  drying	  (57	  m	  circumference)	  for	  all	  wetlands,	  such	  

that	  smaller	  wetlands	  exhibited	  a	  greater	  probability	  of	  drying	  (resulting	  in	  reproductive	  

failure	  of	  amphibians)	  than	  larger	  wetlands.	  However,	  because	  probability	  of	  
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reproductive	  failure	  due	  to	  flooding	  was	  not	  dependent	  on	  wetland	  size,	  we	  fixed	  larval	  

survival	  at	  0	  in	  the	  7.5%	  of	  years	  with	  the	  highest	  cumulative	  spring	  rainfall	  for	  all	  

wetlands.	  	  

Incorporating	  effects	  of	  environmental	  Hg	  contamination	  

Mercury	  is	  an	  environmental	  contaminant	  of	  global	  concern	  due	  to	  its	  ubiquity,	  

toxicity,	  and	  ability	  to	  bioaccumulate	  in	  wildlife	  (Mason	  et	  al.	  1996,	  Fitzgerald	  et	  al.	  

1998).	  Previously,	  we	  used	  a	  pluralistic	  combination	  of	  field	  surveys	  and	  factorial	  

laboratory,	  mesocosm,	  and	  terrestrial	  enclosure	  experiments	  to	  systematically	  evaluate	  

the	  individual	  and	  interactive	  effects	  of	  exposure	  to	  environmentally-‐relevant	  

concentrations	  of	  maternal	  and	  larval	  dietary	  Hg	  throughout	  the	  life	  cycle	  of	  B.	  

americanus	  (Bergeron	  et	  al.	  2010b,	  a,	  Bergeron	  et	  al.	  2011a,	  Bergeron	  et	  al.	  2011b,	  Todd	  

et	  al.	  2011a,	  Todd	  et	  al.	  2011b,	  Todd	  et	  al.	  in	  press).Using	  theoretical	  models	  to	  evaluate	  

the	  population-‐level	  consequences	  of	  these	  effects,	  we	  found	  that	  only	  combined	  

exposure	  to	  high	  levels	  of	  Hg	  through	  both	  maternal	  transfer	  and	  larval	  diet	  resulted	  in	  

substantial	  population-‐level	  effects	  (Willson	  et	  al.	  in	  press).	  Thus,	  here	  we	  focus	  on	  the	  

effects	  of	  exposure	  to	  high	  levels	  of	  Hg	  in	  both	  the	  aquatic	  (larval)	  and	  terrestrial	  (adult)	  

stages.	  These	  effects,	  as	  they	  bear	  on	  parameters	  used	  to	  model	  B.	  americanus	  

population	  dynamics	  in	  this	  study,	  are	  summarized	  in	  Table	  1.	  	  

The	  most	  pervasive	  effect	  of	  Hg	  we	  observed,	  a	  50%	  reduction	  in	  survival	  of	  

larvae	  exposed	  to	  Hg	  through	  both	  maternal	  transfer	  and	  larval	  diet,	  occurred	  when	  

larvae	  were	  raised	  on	  restricted	  food	  rations	  (Bergeron	  et	  al.	  2011b).	  We	  accounted	  for	  
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this	  effect	  in	  the	  previous	  model	  by	  reducing	  larval	  survival	  in	  years	  when	  larval	  density	  

exceeded	  150	  larvae/m	  of	  shoreline,	  a	  threshold	  that	  corresponds	  well	  with	  densities	  at	  

which	  density-‐dependent	  reductions	  in	  larval	  survival	  have	  been	  observed	  in	  the	  field	  

(Brockelman	  1969).	  We	  also	  observed	  a	  20%	  reduction	  in	  embryonic	  survival	  and	  several	  

sublethal	  effects	  of	  Hg,	  particularly	  a	  reduction	  in	  larval	  and	  juvenile	  body	  size	  that	  

persisted	  for	  at	  least	  one	  year	  following	  metamorphosis	  (Todd	  et	  al.	  2011b,	  Todd	  et	  al.	  

in	  press).	  Because	  smaller	  size	  at	  metamorphosis	  can	  delay	  maturation	  (Berven	  1990,	  

Scott	  1994),	  we	  incorporated	  this	  sublethal	  effect	  by	  reducing	  the	  proportion	  of	  female	  

B.	  americanus	  that	  matured	  at	  age	  three,	  versus	  age	  four,	  by	  the	  observed	  reduction	  in	  

growth	  rate.	  For	  a	  more	  thorough	  discussion	  of	  the	  results	  of	  our	  previous	  experiments,	  

see	  (Willson	  et	  al.	  in	  press).	  

Analyses	  

We	  first	  conducted	  a	  set	  of	  simulations	  aimed	  at	  evaluating	  source-‐sink	  dynamics	  

in	  B.	  americanus	  and	  the	  influence	  of	  environmental	  Hg	  contamination	  on	  the	  

persistence	  of	  population	  sinks	  within	  the	  landscape.	  In	  these	  simulations,	  we	  

considered	  a	  theoretical	  two	  wetland,	  source-‐sink	  system,	  linked	  by	  dispersal	  of	  newly-‐

metamorphosed	  toads.	  The	  ‘source’	  wetland	  was	  defined	  as	  an	  ephemeral	  breeding	  

pool	  with	  a	  mean	  shoreline	  length	  of	  100	  m,	  a	  typical	  B.	  americanus	  population	  at	  our	  

study	  site	  (Willson	  et	  al.	  in	  press).	  We	  systematically	  varied	  the	  size	  (circumference)	  of	  

the	  smaller	  ‘sink’	  wetland,	  and	  its	  distance	  from	  the	  source	  wetland	  ®	  while	  holding	  

other	  parameters	  constant,	  and	  monitored	  probability	  of	  extinction	  after	  200	  

projections	  (years)	  and	  mean	  annual	  production	  of	  newly	  metamorphosed	  individuals.	  
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We	  set	  a	  minimum	  viable	  population	  size	  for	  reproduction	  at	  10	  adult	  individuals	  

(Willson	  et	  al.	  in	  press),	  below	  which	  no	  reproduction	  occurred	  and	  rounded	  the	  

number	  of	  individuals	  in	  each	  age	  class	  down	  to	  the	  next	  lowest	  integer	  at	  the	  end	  of	  

each	  time	  step.	  We	  ran	  500	  simulations	  for	  each	  parameter	  combination,	  beginning	  

with	  an	  initial	  population	  vector	  representing	  the	  equilibrium	  values	  for	  each	  age	  class	  

in	  an	  average-‐sized	  population	  (circumference	  =	  100	  m).	  We	  repeated	  this	  process	  

under	  three	  scenarios:	  A)	  both	  wetlands	  uncontaminated,	  but	  no	  dispersal	  between	  

wetlands,	  B)	  both	  wetlands	  uncontaminated,	  with	  dispersal	  between	  wetlands,	  and	  C)	  

‘source’	  wetland	  contaminated	  with	  Hg,	  with	  dispersal	  between	  wetlands.	  In	  the	  

contaminated	  simulation	  we	  adjusted	  parameters	  based	  on	  all	  observed	  effects	  of	  

exposure	  to	  high	  maternal	  and	  dietary	  Hg	  (Table	  1).	  

Having	  used	  model	  simulations	  to	  systematically	  evaluate	  the	  roles	  of	  wetland	  

size,	  inter-‐wetland	  distance,	  and	  Hg	  contamination	  on	  B.	  americanus	  dynamics	  within	  a	  

theoretical	  two-‐wetland	  system,	  we	  next	  sought	  to	  evaluate	  how	  these	  dynamics	  

translate	  to	  large-‐scale	  dynamics	  within	  real	  landscapes.	  We	  addressed	  this	  objective	  by	  

applying	  our	  theoretical	  approach	  to	  a	  realistic	  distribution	  of	  wetlands	  from	  our	  study	  

site.	  We	  selected	  a	  network	  of	  6	  isolated	  ephemeral	  wetlands	  (Fig.1)	  located	  within	  a	  

predominantly	  forested	  region	  South	  River	  floodplain,	  just	  northeast	  of	  Crimora,	  

Virginia,	  USA	  (17S,	  0691485E,	  4228486N).	  Using	  aerial	  photography	  (1/31/2007),	  we	  

measured	  the	  perimeter	  of	  the	  inundated	  portion	  of	  each	  wetland	  and	  the	  distance	  

between	  each	  wetland	  pair	  within	  the	  network	  (Fig.	  1.).	  We	  evaluated	  extinction	  

probabilities	  for	  each	  wetland	  in	  the	  network	  over	  200	  years	  and	  mean	  total	  annual	  
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production	  of	  newly-‐metamorphosed	  toads	  by	  the	  network	  under	  the	  following	  

scenarios:	  1)	  all	  wetlands	  uncontaminated,	  but	  no	  dispersal	  between	  wetlands,	  2)	  all	  

wetlands	  uncontaminated	  and	  linked	  by	  dispersal	  of	  newly	  metamorphosed	  toads,	  3)	  

each	  wetland	  within	  the	  network	  sequentially	  contaminated	  with	  high	  levels	  of	  Hg,	  

while	  other	  wetlands	  remained	  uncontaminated,	  and	  4)	  all	  wetlands	  within	  the	  network	  

contaminated	  with	  high	  levels	  of	  Hg.	  In	  ‘contaminated’	  scenarios,	  we	  assumed	  that	  all	  

individuals	  in	  the	  population	  (larvae	  and	  terrestrial	  adults)	  were	  exposed	  to	  high	  levels	  

of	  Hg.	  As	  in	  previous	  simulations,	  we	  set	  a	  minimum	  viable	  population	  size	  for	  

reproduction	  at	  10	  adult	  individuals	  and	  rounded	  the	  number	  of	  individuals	  in	  each	  age	  

class	  down	  to	  the	  next	  lowest	  integer	  at	  the	  end	  of	  each	  time	  step.	  We	  ran	  5,000	  

simulations	  for	  each	  scenario,	  beginning	  with	  an	  initial	  population	  vector	  representing	  

the	  equilibrium	  values	  for	  each	  age	  class	  in	  an	  average-‐sized	  population	  (circumference	  

=	  100	  m).	  All	  models	  were	  constructed	  and	  run	  in	  program	  R	  (R	  Foundation	  for	  

Statistical	  Computing,	  Vienna,	  Austria).	  

	  

RESULTS	  

In	  the	  absence	  of	  inter-‐wetland	  dispersal,	  persistence	  of	  B.	  americanus	  

populations	  was	  solely	  dependent	  on	  the	  size	  of	  the	  wetland,	  a	  proxy	  for	  carrying	  

capacity	  (Fig.	  2A).	  When	  wetland	  circumference	  was	  less	  than	  60	  m,	  populations	  

suffered	  near	  100%	  probability	  of	  local	  extinction	  after	  200	  years.	  However,	  allowing	  

dispersal	  of	  newly-‐metamorphosed	  individuals	  between	  wetlands	  within	  the	  theoretical	  
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two-‐wetland	  system	  greatly	  enhanced	  persistence	  of	  the	  smaller	  population,	  provided	  

the	  inter-‐wetland	  distance	  was	  sufficiently	  small	  to	  allow	  for	  frequent	  recolonization	  

events	  (Fig.	  2B).	  Indeed,	  if	  the	  inter-‐wetland	  distance	  was	  less	  than	  1600	  m,	  dispersal	  

from	  the	  larger	  wetland	  was	  sufficient	  to	  maintain	  low	  levels	  of	  local	  extinction,	  even	  

when	  the	  second	  wetland	  was	  too	  small	  to	  support	  a	  viable	  population	  in	  isolation.	  

Thus,	  when	  the	  circumference	  of	  the	  smaller	  wetland	  was	  less	  than	  60	  m,	  and	  the	  inter-‐

wetland	  distance	  was	  less	  than	  1600	  m,	  the	  smaller	  wetland	  was	  supported	  as	  a	  ‘sink’	  

that	  required	  dispersal	  from	  the	  larger	  ‘source’	  wetland	  to	  persist.	  

Simulating	  contamination	  of	  the	  source	  wetland	  within	  the	  theoretical	  two-‐

wetland	  system	  with	  high	  levels	  of	  Hg	  reduced	  the	  ability	  of	  this	  wetland	  to	  support	  

smaller	  sink	  populations	  (Fig.	  2C).	  Although	  small	  sinks	  were	  still	  supported	  when	  the	  

inter-‐wetland	  distance	  was	  small,	  the	  threshold	  distance	  within	  which	  sink	  populations	  

could	  be	  sustained	  was	  reduced.	  Specifically,	  when	  inter-‐wetland	  distances	  exceeded	  

1000	  m,	  extinction	  probability	  of	  toads	  inhabiting	  the	  smaller	  wetland	  rose	  rapidly	  to	  

100%,	  unless	  that	  wetland	  exceeded	  the	  threshold	  size	  (60	  m	  circumference)	  above	  

which	  the	  population	  was	  sustained	  by	  its	  own	  internal	  dynamics.	  Moreover,	  even	  when	  

the	  inter-‐wetland	  distance	  was	  small	  enough	  for	  the	  smaller	  wetland	  to	  be	  supported	  as	  

a	  sink,	  the	  extinction	  probability	  of	  toads	  inhabiting	  this	  wetland	  was	  still	  20	  –	  30%	  after	  

200	  years.	  

Inter-‐wetland	  dispersal	  increased	  annual	  production	  of	  newly-‐metamorphosed	  

individuals	  from	  the	  two-‐wetland	  system,	  but	  the	  increase	  in	  productivity	  was	  

dependent	  on	  size	  of	  the	  sink	  wetland	  and	  inter-‐wetland	  distance	  (Fig.	  3).	  In	  the	  
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absence	  of	  Hg	  contamination,	  inter-‐wetland	  dispersal	  increased	  productivity	  by	  

approximately	  20%	  and	  35%	  for	  40	  and	  60	  m	  circumference	  wetlands,	  respectively,	  

provided	  inter-‐wetland	  was	  less	  than	  800	  m	  (Fig.	  3A,	  3B).	  The	  increase	  in	  productivity	  

was	  greatest	  when	  the	  sink	  wetland	  was	  intermediate	  in	  size;	  at	  80	  m	  circumference,	  

productivity	  was	  high	  and	  not	  substantially	  increased	  by	  dispersal	  (Fig.	  3C).	  

Contamination	  of	  the	  source	  wetland	  with	  Hg	  substantially	  reduced	  overall	  productivity	  

of	  the	  two-‐wetland	  network	  and	  reduced	  the	  distance	  below	  which	  dispersal	  increased	  

productivity.	  

Our	  application	  of	  theoretical	  source-‐sink	  population	  models	  to	  a	  realistic	  

landscape	  from	  our	  study	  site	  revealed	  the	  importance	  of	  dispersal	  in	  maintaining	  

populations	  at	  landscape	  scales	  and	  the	  potential	  adverse	  affects	  of	  Hg	  on	  landscape-‐

scale	  dynamics.	  In	  the	  absence	  of	  inter-‐wetland	  dispersal,	  only	  the	  largest	  wetland	  (E;	  

Fig.	  1)	  in	  the	  network	  supported	  a	  population	  that	  was	  sufficiently	  large	  to	  be	  immune	  

to	  local	  extinction	  over	  200	  years	  (Table	  2).	  Conversely,	  the	  population	  inhabiting	  the	  

smallest	  wetland	  (D)	  exhibited	  a	  100%	  probability	  of	  local	  extinction	  without	  inter-‐

wetland	  dispersal.	  Allowing	  dispersal	  between	  wetlands	  within	  the	  network	  dramatically	  

decreased	  probability	  of	  local	  extinction	  for	  populations	  inhabiting	  all	  wetlands,	  such	  

that	  populations	  in	  three	  wetlands	  (B,	  E,	  and	  F)	  were	  no	  longer	  at	  risk	  of	  extinction,	  and	  

two	  others	  (C	  and	  D)	  dropped	  to	  very	  low	  (0.3%)	  levels	  of	  extinction	  probability.	  The	  

population	  inhabiting	  the	  most	  remote	  wetland	  (A)	  also	  exhibited	  a	  dramatic	  reduction	  

in	  extinction	  probability	  (from	  72.9%	  to	  25.5%)	  when	  inter-‐wetland	  dispersal	  was	  

allowed.	  In	  addition	  to	  reducing	  probability	  of	  local	  extinction,	  allowing	  dispersal	  
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between	  wetlands	  resulted	  in	  a	  40%	  increase	  (nearly	  7,000	  individuals)	  in	  mean	  annual	  

production	  of	  newly	  metamorphosed	  individuals	  from	  the	  network	  as	  a	  whole.	  	  	  

Simulating	  contamination	  of	  individual	  wetlands	  within	  the	  network	  with	  high	  

levels	  of	  Hg	  negatively	  affected	  the	  network	  as	  a	  whole,	  but	  the	  magnitude	  of	  this	  effect	  

depended	  on	  the	  size	  of	  the	  contaminated	  wetland	  and	  the	  proximity	  to	  other	  wetlands	  

(Table	  2).	  Contaminating	  the	  most	  remote	  wetland	  (A)	  had	  little	  effect	  on	  other	  

wetlands,	  though	  it	  substantially	  increased	  extinction	  of	  toads	  inhabiting	  wetland	  A,	  

itself.	  Conversely,	  although	  wetland	  E	  was	  sufficiently	  large	  to	  maintain	  a	  viable	  

population	  under	  all	  scenarios,	  simulating	  contamination	  of	  this	  wetland	  increased	  

extinction	  probability	  of	  populations	  inhabiting	  four	  of	  the	  five	  other	  wetlands	  in	  the	  

network	  and	  resulted	  in	  a	  36%	  reduction	  in	  mean	  annual	  production	  of	  newly	  

metamorphosed	  individuals	  from	  the	  network	  as	  a	  whole.	  Wetland	  F,	  though	  

moderately	  sized,	  was	  close	  enough	  to	  the	  largest	  wetland	  (E)	  to	  be	  supported	  as	  a	  sink	  

population	  regardless	  of	  any	  pattern	  of	  contamination	  with	  Hg.	  Simulating	  a	  situation	  in	  

which	  all	  wetlands	  within	  the	  network	  were	  contaminated	  with	  high	  levels	  of	  Hg	  

resulted	  in	  the	  most	  severe	  effects	  overall.	  Under	  this	  scenario,	  the	  most	  remote	  

wetland	  (A)	  was	  no	  longer	  supported	  as	  a	  sink	  population	  and	  wetlands	  C	  and	  E	  shifted	  

from	  being	  very	  stable	  to	  relatively	  extinction	  prone	  (74%	  and	  62%	  probabilities	  of	  

extinction,	  respectively).	  Most	  dramatically,	  contamination	  of	  the	  entire	  network	  

resulted	  in	  a	  mean	  of	  over	  16,000	  fewer	  newly	  metamorphosed	  individuals	  produced	  

from	  the	  network	  annually,	  a	  68%	  reduction	  in	  productivity	  compared	  to	  the	  network	  in	  

an	  uncontaminated	  state.	   	  
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DISCUSSION	  

We	  used	  a	  structured	  metapopulation	  model	  to	  evaluate	  regional	  dynamics	  of	  B.	  

americanus	  and	  evaluate	  the	  degree	  to	  which	  detrimental	  effects	  of	  environmental	  Hg	  

contamination	  on	  individual	  populations	  can	  disrupt	  inter-‐population	  dynamics.	  Our	  

study	  revealed	  that	  1)	  ‘typical’	  B.	  americanus	  populations	  have	  the	  ability	  to	  support	  

nearby	  sink	  populations	  that	  would	  otherwise	  decline	  to	  extinction;	  2)	  maintenance	  of	  

sink	  populations	  is	  dependent	  on	  wetland	  size	  and	  inter-‐wetland	  distance;	  3)	  allowing	  

dispersal	  between	  wetlands	  increases	  productivity	  of	  the	  wetland	  network;	  4)	  Hg	  

contamination	  substantially	  reduces	  productivity	  of	  wetland-‐associated	  sub-‐populations	  

and	  their	  ability	  to	  support	  nearby	  sinks	  within	  relevant	  spatial	  scales.	  These	  results	  

have	  implications	  for	  understanding	  the	  dynamics	  of	  pond-‐breeding	  amphibians,	  the	  

negative	  population-‐level	  impacts	  of	  environmental	  contaminants,	  and	  the	  potential	  for	  

restoration	  or	  remediation	  of	  contaminated	  habitats.	  

Our	  results	  demonstrate	  that	  inter-‐population	  dispersal	  is	  critical	  to	  regional	  

dynamics	  of	  pond-‐breeding	  amphibians.	  Despite	  the	  long-‐standing	  idea	  that	  pond-‐

breeding	  amphibians	  conform	  well	  to	  a	  metapopulation	  framework,	  few	  studies	  have	  

attempted	  to	  model	  metapopulation	  or	  source-‐sink	  dynamics	  in	  amphibians.	  Modeling	  

metapopulations	  requires	  explicit	  consideration	  of	  stochasticity	  and	  the	  degree	  to	  which	  

populations	  respond	  synchronously	  to	  stochastic	  processes	  (Hanski	  et	  al.	  1995,	  Hanski	  

1999).	  Although	  recent	  studies	  have	  considered	  the	  role	  of	  stochasticity	  in	  amphibian	  

population	  dynamics	  (e.g.,	  (Halley	  et	  al.	  1996,	  Taylor	  et	  al.	  2006,	  Harper	  et	  al.	  2008,	  

Salice	  et	  al.	  2011),	  the	  issue	  of	  synchrony	  has	  been	  largely	  overlooked	  (Trenham	  et	  al.	  
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2003,	  Smith	  and	  Green	  2005).	  We	  adopted	  a	  habitat-‐based	  approach	  to	  modeling	  

synchronous	  stochastic	  dynamics	  (Akcakaya	  2000)	  by	  linking	  dynamics	  of	  

subpopulations	  via	  shared	  responses	  to	  environmental	  variation	  (precipitation).	  Using	  

this	  novel	  theoretical	  approach,	  we	  confirmed	  that	  stochasticity	  and	  dispersal	  can	  play	  

key	  roles	  in	  regional	  dynamics	  of	  B.	  americanus,	  with	  a	  combination	  of	  wetland	  size	  and	  

inter-‐wetland	  distance	  influencing	  persistence	  of	  wetland-‐associated	  sub-‐populations	  

(Halley	  et	  al.	  1996).	  Furthermore,	  we	  found	  that	  B.	  americanus	  dynamics	  conformed	  

more	  readily	  to	  a	  source-‐sink	  framework	  than	  to	  that	  of	  a	  classic	  metapopulation,	  at	  

least	  at	  spatial	  scales	  relevant	  to	  our	  study	  site.	  Rather	  than	  all	  wetlands	  being	  subject	  

to	  periodic	  extinction	  due	  to	  stochastic	  processes,	  as	  would	  be	  the	  case	  in	  a	  classic	  

metapopulation	  (Hanski	  1999),	  there	  was	  a	  relatively	  narrow	  size	  threshold	  (60	  –	  80	  m	  

circumference)	  separating	  wetlands	  that	  behaved	  as	  sources	  from	  those	  that	  behaved	  

as	  sinks.	  Wetlands	  with	  a	  circumference	  greater	  than	  80	  m	  were	  virtually	  immune	  to	  

local	  extinction,	  whereas	  wetlands	  with	  a	  circumference	  less	  than	  60	  m	  suffered	  near	  

100%	  probabilities	  of	  local	  extinction	  unless	  they	  were	  supported	  by	  immigrants	  from	  a	  

nearby	  source	  wetland.	  Genetic	  and	  dispersal	  studies	  have	  suggested	  that	  amphibians	  

may	  exhibit	  metapopulation	  dynamics	  at	  relatively	  large	  spatial	  scales	  (2	  –	  10	  km;	  Smith	  

and	  Green	  2005).	  Our	  results	  suggest	  that	  source-‐sink	  processes	  may	  be	  important	  at	  

smaller	  scales,	  especially	  when	  dynamics	  of	  sub-‐populations	  are	  synchronized	  in	  

response	  to	  environmental	  variation.	  

Although	  our	  study	  was	  designed	  to	  evaluate	  the	  role	  of	  inter-‐population	  

dynamics	  on	  population	  viability,	  it	  also	  revealed	  an	  important	  emergent	  property	  of	  
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amphibian	  metapopulations	  –	  increased	  productivity.	  In	  addition	  to	  playing	  a	  critical	  

role	  in	  maintenance	  of	  sink	  populations,	  we	  found	  that	  dispersal	  among	  wetlands	  

substantially	  increased	  the	  overall	  productivity,	  in	  terms	  of	  annual	  metamorph	  

production,	  of	  wetland	  networks.	  Prior	  studies	  have	  stressed	  the	  importance	  of	  

conserving	  interconnected	  wetland	  networks	  to	  ensure	  the	  persistence	  of	  amphibian	  

species	  (Semlitsch	  2000,	  2003).	  Our	  study	  adds	  an	  additional	  layer	  of	  support	  for	  

landscape-‐oriented	  approaches	  to	  amphibian	  conservation	  by	  suggesting	  that	  loss	  of	  

connectivity	  between	  wetlands	  may	  reduce	  overall	  amphibian	  productivity.	  Thus,	  given	  

the	  important	  roles	  that	  amphibians	  play	  as	  ecosystem	  components	  (Burton	  and	  Likens	  

1975,	  Davic	  and	  Welsh	  2004,	  Regester	  et	  al.	  2006),	  maintenance	  of	  interconnected	  

wetland	  networks	  may	  be	  necessary	  to	  support	  the	  full	  range	  of	  ecosystem	  services	  

performed	  by	  amphibians	  in	  unaltered	  habitats.	  Furthermore,	  our	  results	  suggest	  that	  

studies	  touting	  the	  value	  of	  individual	  wetlands	  on	  the	  grounds	  of	  their	  amphibian	  

productivity	  (e.g.,	  Gibbons	  et	  al.	  2006)	  may	  be	  conservative	  because	  they	  do	  not	  

consider	  that	  dispersal	  of	  individuals	  from	  these	  wetlands	  can	  magnify	  productivity	  of	  

the	  surrounding	  landscape.	  

Few	  studies	  have	  evaluated	  the	  potential	  for	  environmental	  contamination	  to	  

influence	  dynamics	  of	  populations	  outside	  of	  contaminated	  habitats.	  We	  demonstrate	  

that	  in	  addition	  to	  resulting	  in	  localized	  amphibian	  population	  declines	  or	  extinctions	  

(Willson	  et	  al.	  in	  press),	  environmental	  Hg	  contamination	  has	  the	  potential	  to	  adversely	  

affect	  surrounding	  populations	  through	  a	  reduction	  in	  the	  number	  of	  dispersing	  

individuals.	  For	  B.	  americanus,	  contamination	  of	  a	  typical	  breeding	  wetland	  reduced	  the	  
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threshold	  distance	  below	  which	  the	  population	  was	  able	  to	  support	  sink	  populations	  in	  

the	  surrounding	  landscape	  from	  1500	  m	  to	  1000	  m.	  This	  shift	  equated	  to	  a	  55%	  

reduction	  in	  the	  area	  of	  surrounding	  habitat	  in	  which	  sink	  populations	  could	  be	  

supported.	  Moreover,	  contaminating	  wetlands	  resulted	  in	  a	  substantial	  reduction	  in	  

amphibian	  productivity,	  and	  reduced	  the	  effect	  of	  dispersal	  in	  enhancing	  regional	  

productivity.	  

Our	  results	  for	  B.	  americanus	  were	  driven	  primarily	  by	  lethal	  effects	  of	  maternal	  

and	  dietary	  Hg	  acting	  at	  metamorphic	  climax	  (Bergeron	  et	  al.	  2011b,	  Willson	  et	  al.	  in	  

press),	  but	  regional	  amphibian	  dynamics	  may	  also	  be	  negatively	  affected	  by	  sublethal	  

effects	  of	  environmental	  contaminants	  that	  reduce	  inter-‐population	  dispersal.	  For	  

example,	  contaminants	  have	  been	  found	  to	  directly	  affect	  locomotor	  performance	  in	  a	  

variety	  of	  organisms,	  including	  amphibians	  (Bridges	  1997,	  Hopkins	  et	  al.	  2005,	  DuRant	  et	  

al.	  2007,	  Burke	  et	  al.	  2010,	  Bergeron	  et	  al.	  2011b).	  In	  the	  case	  of	  B.	  americanus,	  we	  

found	  no	  direct	  effects	  of	  Hg	  on	  juvenile	  hopping	  performance	  (Todd	  et	  al.	  2011b).	  

However,	  exposure	  to	  maternal	  Hg	  did	  results	  in	  reductions	  in	  juvenile	  body	  size	  (Todd	  

et	  al.	  2011b,	  Todd	  et	  al.	  in	  press).	  Reduced	  growth	  or	  body	  size	  is	  one	  of	  the	  most	  

frequently	  observed	  sublethal	  effects	  of	  environmental	  contaminants	  on	  amphibians	  

(Boone	  and	  Bridges	  2003).	  Because	  body	  size	  is	  a	  primary	  driver	  of	  locomotor	  

performance	  and	  stamina	  (Arnold	  and	  Wassersug	  1978,	  John-‐Alder	  and	  Morin	  1990,	  

Todd	  et	  al.	  2011b),	  it	  follows	  that	  this	  sublethal	  effect	  could	  reduce	  dispersal	  rates	  and	  

compromise	  the	  ability	  of	  affected	  populations	  to	  support	  nearby	  sinks.	  Finally,	  it	  is	  

important	  to	  consider	  that	  adverse	  effects	  on	  amphibian	  metapopulations	  might	  result	  
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from	  interactions	  of	  sublethal	  contaminant	  effects	  with	  other	  stressors	  that	  influence	  

dispersal.	  For	  example,	  dispersal	  rates	  already	  reduced	  by	  lethal	  or	  sublethal	  effects	  of	  

contaminants	  could	  be	  further	  compromised	  by	  habitat	  alteration	  (Rothermel	  and	  

Semlitsch	  2002,	  Rothermel	  2004)	  or	  dispersal	  barriers	  such	  as	  roads	  (Marsh	  et	  al.	  2005,	  

Holderegger	  and	  Di	  Giulio	  2010).	  

We	  used	  a	  realistic	  case	  study	  to	  demonstrate	  that	  our	  theoretical	  findings	  have	  

profound	  implications	  when	  translated	  to	  real	  landscapes.	  Simulated	  contamination	  of	  

individual	  wetlands	  at	  our	  study	  site	  generally	  influenced	  the	  stability	  and	  productivity	  

of	  nearby	  wetlands	  but	  the	  relative	  importance	  of	  individual	  wetlands	  was	  dependant	  

on	  their	  size	  and	  isolation	  (Gibbs	  1993,	  Travis	  1994).	  The	  largest	  wetland	  within	  the	  

network	  had	  a	  disproportionately	  strong	  effect	  on	  persistence	  of	  other	  wetlands;	  

simulated	  contamination	  of	  this	  wetland	  increased	  extinction	  probability	  of	  four	  of	  the	  

five	  other	  wetlands	  in	  the	  network	  and	  resulted	  in	  a	  36%	  reduction	  in	  productivity.	  

Conversely,	  contamination	  of	  smaller	  and	  more	  isolated	  wetlands	  had	  little	  effect	  on	  the	  

rest	  of	  the	  network.	  Though	  this	  case	  study	  demonstrated	  that	  effects	  of	  contaminants	  

on	  metapopulations	  apply	  to	  real	  landscapes,	  this	  result	  is	  clearly	  dependant	  on	  the	  

spatial	  arrangement	  of	  wetlands,	  and	  other	  cases	  could	  certainly	  be	  found	  where	  effects	  

were	  less	  pronounced.	  For	  example,	  if	  wetlands	  were	  spaced	  very	  closely	  in	  the	  

landscape,	  inter-‐wetland	  dispersal	  would	  likely	  be	  great	  enough	  that	  degradation	  of	  

individual	  wetlands	  would	  have	  little	  effect	  on	  the	  viability	  of	  populations	  in	  adjacent	  

wetlands.	  Conversely,	  if	  inter-‐wetland	  distances	  were	  sufficiently	  great	  to	  preclude	  

dispersal,	  wetlands	  would	  operate	  in	  isolation	  offering	  little	  augmentation	  to	  one	  
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another.	  Similarly,	  the	  metapopulation-‐level	  impacts	  of	  contaminants	  on	  other	  

amphibians	  may	  differ	  from	  those	  of	  B.	  americanus	  due	  to	  interspecific	  variation	  in	  

dispersal	  capabilities.	  Toads	  (Bufo	  spp.)	  are	  among	  the	  most	  terrestrial	  amphibians	  and	  

individuals	  are	  capable	  of	  occasional	  extreme	  long-‐distance	  movements	  (Smith	  and	  

Green	  2005,	  2006).	  Species	  with	  more	  limited	  dispersal	  abilities,	  such	  as	  many	  

salamanders,	  might	  be	  expected	  to	  show	  stronger	  effects	  at	  more	  localized	  geographic	  

scales	  than	  B.	  americanus.	  

Although	  our	  study	  revealed	  heretofore	  unrecognized	  negative	  effects	  of	  

environmental	  contaminants,	  our	  results	  also	  provide	  insight	  into	  potential	  remediation	  

or	  mitigation	  strategies	  for	  wetland-‐associated	  species.	  Just	  as	  contamination	  of	  a	  

wetland	  can	  reduce	  that	  population’s	  ability	  to	  supplement	  nearby	  sinks,	  creation	  of	  

uncontaminated	  wetlands	  can	  increase	  the	  viability	  of	  nearby	  populations	  in	  

contaminated	  habitats.	  Based	  on	  our	  simulation	  analyses	  it	  is	  clear	  that	  for	  remediation	  

purposes,	  creation	  or	  restoration	  of	  larger	  wetlands	  that	  are	  closer	  to	  impacted	  areas	  

will	  provide	  the	  most	  benefit	  to	  those	  areas,	  provided	  those	  wetlands	  exhibit	  

hydrological	  and	  ecological	  conditions	  suitable	  for	  amphibians	  (e.g.,	  lack	  of	  predatory	  

fish).	  Additionally,	  it	  is	  important	  to	  consider	  which	  effects	  of	  environmental	  

contaminants	  resulted	  in	  population-‐level	  impacts,	  and	  under	  what	  conditions	  those	  

effects	  occurred.	  For	  example,	  population-‐level	  effects	  of	  Hg	  were	  only	  strong	  when	  

larvae	  were	  exposed	  to	  high	  levels	  of	  Hg	  through	  both	  diet	  and	  maternal	  transfer,	  a	  

condition	  that	  would	  only	  occur	  if	  both	  aquatic	  larval	  habitats	  (wetlands)	  and	  maternal	  

foraging	  habitats	  (surrounding	  uplands)	  were	  contaminated	  (Bergeron	  et	  al.	  2011b,	  



  

73 
 

Willson	  et	  al.	  in	  press).	  Thus,	  our	  results	  suggest	  that	  if	  Hg	  contamination	  can	  be	  

reduced	  within	  breeding	  habitats,	  or	  if	  uncontaminated	  alternative	  breeding	  sites	  can	  

be	  created	  nearby,	  population-‐level	  effects	  of	  Hg	  might	  be	  reduced,	  even	  if	  adults	  

continue	  to	  accumulate	  Hg	  in	  terrestrial	  habitats	  and	  pass	  it	  to	  offspring	  though	  

maternal	  transfer	  (Bergeron	  et	  al.	  2011b,	  Willson	  et	  al.	  in	  press).	  	  

The	  metapopulation	  concept	  has	  provided	  a	  fruitful	  lens	  through	  which	  to	  view	  

conservation,	  highlighting	  the	  importance	  of	  historically	  underappreciated	  factors	  such	  

as	  environmental	  stochasticity,	  landscape	  heterogeneity,	  and	  dispersal.	  Considering	  our	  

studies	  of	  the	  effects	  of	  Hg	  on	  B.	  americanus	  in	  a	  metapopulation	  context	  allowed	  us	  to	  

draw	  inferences	  that	  are	  beyond	  the	  scope	  of	  traditional	  ecotoxicological	  studies.	  

Specifically,	  we	  used	  population	  models	  to	  demonstrate	  that	  reduced	  dispersal	  due	  to	  

localized	  environmental	  contamination	  can	  reduce	  the	  viability	  of	  nearby	  populations	  in	  

uncontaminated	  habitats.	  However,	  without	  our	  uniquely	  comprehensive	  experimental	  

and	  descriptive	  studies	  evaluating	  effects	  throughout	  the	  life	  cycle	  of	  B.	  americanus	  and	  

substantial	  empirical	  data	  on	  B.	  americanus	  ecology	  and	  life	  history,	  our	  theoretical	  

analysis	  would	  not	  have	  been	  possible.	  Highly	  integrative	  approaches	  are	  needed	  to	  

bridge	  the	  gap	  between	  manipulative	  laboratory	  experiments	  that	  measure	  effects	  on	  

individual	  organisms	  and	  conservation	  of	  populations,	  metapopulations,	  species,	  

communities,	  and	  ecosystems.	  
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FIGURE	  LEGENDS	  
 

 
 

 
 

 
 

        

Parameter	   Reference	  value	  
Effect	  of	  high	  maternal	  

and	  dietary	  Hg	  
References	  

Clutch	  size	   6731	   NE	   1	  

Embryonic	  survival	   0.70	   -‐20%	   1	  

Maximum	  larval	  survival	   0.59	   -‐50%†	   1,2,3	  

Fist	  year	  juvenile	  survival	   0.2	   NE	   1,4,5,6,7	  

Second	  &	  third	  year	  juvenile	  

survival	   0.2	   	   1,5,6	  

Adult	  survival	   0.6	   	   8,9	  

Proportion	  mature	  at	  age	  3	   0.5	   -‐7%	   1,7,10,11,12	  

Density-‐dependent	  coefficient	   0.007	   	   4††	  

Density-‐dependent	  exponent	   1	   	   4††	  

    

TABLE	  1.	  Parameter	  values	  used	  to	  model	  Bufo	  americanus	  population	  dynamics	  under	  

reference	  (no	  Hg	  effects)	  and	  contaminated	  (exposed	  to	  high	  levels	  of	  Hg	  through	  both	  

maternal	  transfer	  and	  larval	  diet)	  conditions.	  Situations	  where	  Hg	  treatments	  did	  not	  

differ	  from	  reference	  treatments	  are	  denoted	  NE	  and	  blank	  cells	  represent	  effects	  that	  

were	  not	  evaluated	  experimentally.	  References:	  1)	  Willson	  et	  al.	  in	  press,	  2)	  Todd	  et	  al.	  

2011a,	  3)	  Bergeron	  et	  al.	  2011b,	  4)	  Vonesh	  and	  De	  la	  Cruz	  2002,	  5)	  Clarke	  1977,	  6)	  Biek	  

et	  al.	  2002,	  7)	  Todd	  et	  al.	  in	  press,	  8)	  Schmidt	  and	  Anholt	  1999,	  9)	  Schmidt	  et	  al.	  2002,	  

10)	  Hamilton	  1934,	  11)	  Acker	  et	  al.	  1986,	  12)	  Kalb	  and	  Zug	  1990.	  For	  a	  complete	  

discussion	  of	  model	  parameterization	  and	  experiments	  used	  to	  derive	  effects	  of	  Hg	  see	  

Willson	  et	  al.	  (in	  press).	  

†	  At	  metamorphic	  climax	  under	  limited	  food	  rations	  (Bergeron	  et	  al.	  2011b,	  Todd	  et	  al.	  2011b);	  
only	  imposed	  at	  high	  larval	  density	  (>150/m	  shoreline;	  see	  methods).	  

††	  Mean	  value	  based	  on	  a	  meta-‐analysis	  of	  Brockelman	  1969,	  (Wilbur	  1977)2011b);	  only	  imposed	  
at	  high	  larval	  density	  (>150/m	  shoreline;	  see	  methods).	  
††	  Mean	  value	  based	  on	  a	  meta-‐analysis	  of	  Brockelman	  1969,	  (Wilbur	  1977) 
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Probability	  of	  extinction	  at	  200	  years	   	  

Total	  annual	  	  	  

metamorph	  

production	  

Wetlands	  

contaminated	  

with	  Hg	   A	   B	   C	   D	   E	   F	   	   mean	   SD	  

None	  -‐	  no	  

dispersal	   0.729	   0.623	   0.929	   1	   0	   0.391	   	   17,466	   4,900	  

None	   0.255	   0	   0.003	   0.003	   0	   0	   	   24,390	   4,650	  

A	   0.383	   0	   0.003	   0.003	   0	   0	   	   22,312	   3,292	  

B	   0.485	   0	   0.004	   0.004	   0	   0	   	   22,095	   4,508	  

C	   0.336	   0	   0.002	   0.003	   0	   0	   	   22,615	   3,817	  

D	   0.285	   0	   0.003	   0.003	   0	   0	   	   23,615	   4,170	  

E	   0.563	   0.002	   0.125	   0.129	   0	   0	   	   15,527	   5,102	  

F	   0.340	   0.000	   0.005	   0.006	   0	   0	   	   21,865	   4,696	  

All	   1	   0.009	   0.740	   0.629	   0	   0	   	   7,691	   682	  

TABLE	  2.	  Results	  of	  model	  simulations	  evaluating	  the	  consequences	  of	  environmental	  Hg	  

contamination	  on	  landscape	  scale	  population	  dynamics	  of	  Bufo	  americanus	  within	  a	  realistic	  

wetland	  network.	  The	  wetland	  network	  is	  located	  at	  our	  study	  site,	  along	  floodplain	  of	  the	  

historically	  Hg	  contaminated	  South	  River,	  northeast	  of	  Crimora,	  Virginia,	  USA	  and	  sizes	  and	  

spatial	  arrangement	  of	  wetlands	  are	  shown	  in	  Fig.	  1.	  Table	  reports	  extinction	  probabilities	  

for	  each	  wetland	  (A-‐F)	  and	  mean	  total	  annual	  production	  of	  newly-‐metamorphosed	  toads	  by	  

the	  network	  under	  the	  following	  scenarios:	  1)	  all	  wetlands	  uncontaminated,	  but	  no	  dispersal	  

between	  wetlands,	  2)	  all	  wetlands	  uncontaminated	  and	  linked	  by	  dispersal	  of	  newly	  

metamorphosed	  toads,	  3)	  each	  wetland	  within	  the	  network	  sequentially	  contaminated	  with	  

high	  levels	  of	  Hg,	  while	  other	  wetlands	  remained	  uncontaminated,	  and	  4)	  all	  wetlands	  within	  

the	  network	  contaminated	  with	  high	  levels	  of	  Hg.	  
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FIGURE	  1.	  Schematic	  illustrating	  the	  size	  and	  spatial	  arrangement	  of	  wetlands	  within	  the	  

realistic	  wetland	  network	  used	  to	  explore	  the	  consequences	  of	  environmental	  Hg	  

contamination	  on	  landscape-‐scale	  dynamics	  of	  Bufo	  americanus.	  The	  wetland	  network	  

was	  located	  at	  our	  study	  site,	  along	  floodplain	  of	  the	  historically	  Hg	  contaminated	  South	  

River,	  just	  northeast	  of	  Crimora,	  Virginia,	  USA.	  Wetlands	  (A-‐F)	  are	  indicated	  by	  enclosed	  

shapes,	  with	  size	  (circumference	  in	  meters)	  indicated	  within	  each.	  Numbers	  along	  arrows	  

represent	  distances	  between	  wetlands	  (m).	  To	  ease	  visualization,	  the	  schematic	  is	  not	  

drawn	  perfectly	  to	  scale	  (i.e.,	  wetlands	  are	  enlarged	  and	  some	  spatial	  locations	  are	  slightly	  

shifted	  to	  make	  room	  for	  labeling).	  
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FIGURE	  2.	  Contour	  plots	  illustrating	  the	  effects	  of	  environmental	  Hg	  contamination	  on	  source-‐

sink	  dynamics	  in	  Bufo	  americanus.	  Plots	  represent	  extinction	  probability	  of	  the	  smaller	  (‘sink‘)	  

population	  in	  a	  two-‐population	  system	  centered	  on	  breeding	  wetlands	  as	  a	  function	  of	  the	  size	  

(circumference)	  of	  the	  ’sink‘	  wetland	  and	  distance	  between	  the	  two	  wetlands	  (r).	  The	  ’source‘	  

wetland	  represents	  a	  typical	  breeding	  wetland	  at	  our	  study	  site	  (circumference	  =	  100	  m;	  

Willson	  et	  al.	  in	  press)	  and	  the	  wetlands	  are	  linked	  by	  dispersal	  of	  newly	  metamorphosed	  

individuals.	  Darker	  shading	  represents	  greater	  extinction	  probability	  of	  the	  ’sink‘	  wetland	  after	  

200	  projected	  years	  under	  three	  scenarios:	  A)	  both	  wetlands	  uncontaminated,	  but	  no	  dispersal	  

between	  wetlands,	  B)	  both	  wetlands	  uncontaminated,	  with	  dispersal	  between	  wetlands,	  and	  

C)	  “source”	  wetland	  contaminated	  with	  Hg,	  with	  dispersal	  between	  wetlands.	  
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FIGURE.	  3.	  Effects	  of	  environmental	  Hg	  contamination	  on	  productivity	  of	  a	  two-‐population	  

source-‐sink	  system	  of	  B.	  americanus	  as	  a	  function	  of	  the	  size	  (A-‐C;	  circumference	  in	  meters)	  

of	  the	  ’sink‘	  wetland	  and	  distance	  between	  the	  two	  wetlands	  (r).	  Lines	  show	  mean	  annual	  

production	  of	  newly	  metamorphosed	  individuals	  under	  three	  scenarios:	  1:	  solid	  line)	  both	  

wetlands	  uncontaminated,	  but	  no	  dispersal	  between	  wetlands,	  2:	  dotted	  line)	  both	  wetlands	  

uncontaminated,	  with	  dispersal	  between	  wetlands,	  and	  3:	  dashed	  line)	  “source”	  wetland	  

contaminated	  with	  Hg,	  with	  dispersal	  between	  wetland.	  
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EXECUTIVE SUMMARY  

Over the last four years we have executed a series of field surveys, lab 

experiments, outdoor mesocosm experiments, and theoretical modeling exercises to 

determine whether mercury (Hg) in the South River, VA is influencing the health of 

amphibians and local population dynamics.   We used the American toad (Bufo 

americanus) as a model for our studies because it is a widely distributed species, has a 

complex life cycle similar to many amphibian species, and is among the best studied 

amphibians in North America.  Using a highly integrative and pluralistic approach, we 

documented that female toads accumulate Hg in their tissues and maternally transfer Hg 

to their eggs.  We discovered that maternal transfer of Hg can have adverse effects on 

early embryonic development and survival in some years, and causes a variety of 

sublethal, latent effects during larval development under a variety of developmental 

circumstances.  Using field surveys and lab feeding studies, we demonstrated that larvae 

also accumulate Hg readily from their diet which causes sublethal effects.  Moreover, we 

found that when larval offspring from Hg-mothers were reared on a Hg-contaminated diet 

reflective of the concentrations and speciation found in the South River, the 

consequences were lethal.  This finding is critically important because many toads in the 

South River floodplain deposit their eggs in polluted breeding pools placing them at risk of 

the interactive effects of both maternally- and trophically-derived Hg. Over the course of 

our studies, we developed nondestructive methods to sample toads and other 

amphibians.  By relating blood, toe clips, and tail clips to whole body and eggs, our 
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findings should be useful for other studies seeking to minimize lethal sampling of 

amphibians for studies of Hg accumulation. 

In the final year of our study, we focused our efforts on terrestrial lifestages and 

population dynamics. Despite evidence that post-metamorphic life stages contribute 

disproportionately to amphibian population dynamics, most studies in amphibian 

ecotoxicology focus on larval life stages. We used terrestrial mesocosms to determine 

whether exposure to Hg through maternal transfer and/or larval diet had any lasting 

adverse effects in post-metamorphic toads. We found that differences in size at 

metamorphosis that was attributed to maternal Hg exposure persisted for one year in the 

terrestrial environment.  The results of this experiment, combined with the results of our 

previous lab and mesocosm studies, clearly indicate that effects of maternal Hg outweigh 

those of exposure through larval diet, highlighting the need for increased consideration of 

maternal effects in amphibian ecotoxicology.  After completing extensive descriptive and 

experimental investigations, we then translated individual-level responses at various 

lifestages to population-level processes. We synthesized the results of field surveys, and 

laboratory, mesocosm, and terrestrial enclosure experiments examining effects of Hg 

throughout the life cycle of B. americanus and used a demographic population model to 

mechanistically evaluate the consequences of Hg exposure on population dynamics in the 

context of larval density-dependence and environmental stochasticity. We demonstrate 

that excessive Hg exposure through maternal transfer or larval diet, alone, has minor 

effects on B. americanus populations.  In contrast, simultaneous maternal and dietary 

exposure resulted in a 53% reduction in population size and a nearly five-fold increase in 
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extinction probability. Our results are the first to translate individual-level effects of any 

environmental contaminant to potential changes in amphibian population dynamics. In 

addition, our theoretical models suggest that remediation/restoration efforts focused on 

reducing exposure through either route of exposure would alleviate most population-level 

effects because populations were only influenced when individuals were exposed through 

both trophic and maternal pathways. Reducing Hg exposure through larval diet may 

provide the most realistic target for remediation because amphibian breeding habitats are 

often small, discrete, and can even be artificially constructed for some species.  Future 

studies are needed to evaluate the role that contaminated habitats in the South River 

floodplain play in interpopulation (metapopulation or source-sink) dynamics. 
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ABSTRACT  

The maternal effect of contaminant transfer from females to offspring often 

results in negative consequences. We examined the effects of maternal mercury (Hg) 

exposure and found negative effects manifested either immediately at the embryonic 

stage or later during the larval stage, depending on the year. However, the net result was 

no considerable difference in estimated recruitment in either year, which provides an 

unexpected demonstration of annual variation in directionality and timing of maternal 

effects.  

 

INTRODUCTION 

Maternal effects occur when the physiology or behavior of a mother influences the 

phenotype of her offspring. These effects can influence offspring size, performance, and 

survival [1]. Maternal effects can greatly affect offspring during early ontogeny [2], when 

key organizational events shape developmental trajectories [3]. However, maternal 

effects can also manifest at later stages of development [4], and because environmental 

factors can influence offspring phenotypes, there can be widespread implications for both 

wildlife and human health. For example, poor pre-breeding nutritional state in female 

zebra finches (Taeniopygia guttata) resulted in latent effects on offspring fecundity; upon 

reaching adulthood, offspring from nutritionally-stressed females had lower fecundity 

compared to offspring from females in a better nutritional state [5]. Similarly, in humans, 

poor nutrition or exposure to environmental contaminants in utero may increase 



  

11 
 

susceptibility to adult reproductive dysfunction and diseases such as hypertension, 

coronary heart disease, and type II diabetes [6, 7].  

Maternal effects on offspring fitness are highly context-dependent and can be 

positive or negative depending on different environmental circumstances [8]. However, 

the maternal transfer of environmental contaminants is a maternal effect which typically 

has negative consequences for offspring because early development is a critical 

organizational period in the ontogeny of vertebrates [e.g., 9]. Latent effects of maternally-

derived contaminants are less well known and are beyond the scope of most studies to 

date. However, increasing evidence suggests that maternal contaminant exposure can 

have either latent lethal [e.g., 10] or sublethal [e.g., 11, 12-15] effects on offspring due to 

early disruptions in nervous, endocrine, or immune system development [16].   

Maternal effects that influence fecundity or survival may ultimately affect 

population dynamics [17].  However, the immediate or latent maternal effects of 

contaminant transfer on demographic characteristics are poorly understood, especially in 

vertebrates with complex lifecycles.  In a recent study, we investigated the effects of 

maternal transfer of mercury (Hg), an environmental contaminant of global concern, on 

the reproductive success of female amphibians and the embryonic development of their 

offspring in two consecutive years [18]. We found that American toads (Bufo americanus) 

maternally transferred Hg to their eggs, which had a negative effect on embryonic 

development in both years [19]. However, this negative effect was offset by relatively high 

larval survival in viable embryos of Hg-exposed females at the extreme of an Hg-

contamination gradient [18]. Thus, we observed no net deleterious effect of maternal Hg 
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exposure on estimated terrestrial recruitment.  Here, we revisit our results from the two 

prior years, in light of more recent data on embryonic and larval development, to examine 

how maternal effects that manifest in different life stages interact. These new analyses 

provide an unexpected demonstration of the annual variation in directionality and timing 

of the maternal effects of Hg. 

 

METHODS 

We captured amplexing pairs of American toads in March and April 2007 (n=53), 

2008 (n=30), and 2009 (n=27) from breeding pools located along the floodplain of the 

South River, VA, USA. Toads were collected across a contamination gradient upstream 

(reference sites: river mile [RM] -1.7 and -5; n=30) and downstream (contaminated sites: 

RM 2, 5, 9, 16, and 20; n=80) from a historic Hg source (RM 0; see Fig 1 in [20]), resulting 

in a broad range of Hg concentrations in females and their eggs. Methods used to 

determine the effects of maternally transferred Hg on toad embryos and larvae are 

reported in Bergeron et al. [18]. Briefly, once eggs were laid under controlled conditions, 

we determined clutch size and allocated subsets of eggs from each clutch for Hg analysis, 

embryonic development, and larval development experiments (larval experiments in 2008 

and 2009 only; for details see [14, 18]). Subsets of 500 eggs were removed from 81 

clutches and allowed to hatch to evaluate embryonic development. Hatchlings were 

counted to quantify hatching success and were then individually assessed for 

morphological abnormalities.  Finally, we calculated overall viability as the product of 

hatching success and frequency of abnormalities (assuming abnormal hatchlings were not 
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viable). Embryonic viability was thus the overall percentage of normal embryos that 

hatched successfully for each clutch (as described in [21]). 

Analyses of embryonic development in 2007 and 2008 were originally provided in 

Bergeron et al. [18]. Here, we include newly collected data from 2009 and use separate 

analyses of covariance (ANCOVA) to test for an effect of egg THg concentrations (log-

transformed) on hatching success, frequency of abnormalities, and viability (all angular-

transformed) among years. Although hatching success and overall embryonic viability 

showed no relationship with maternal body size (snout-vent length; SVL), there was a 

negative relationship between maternal body size and the frequency of abnormalities (r = 

0.29, p = 0.01). Thus, to correct for body size, we used the residuals from the relationship 

between SVL and the frequency of abnormalities as a covariate in the ANCOVA analysis. 

In separate experiments in 2008 and 2009, we examined the latent effects of 

maternally-derived Hg on larval survival through the completion of metamorphosis using 

experimental mesocosms (~1000 L of water) where larvae were raised in equal densities 

(100 larvae per mesocosm) [14, 18]. Offspring in the larval experiments were from the 

same clutches used in the aforementioned embryonic viability assays. In both years, we 

selected hatchlings that were morphologically “normal” and introduced them into the 

mesocosms ~4 days post hatch.  Larvae were comprised of homogenized clutches from 

either reference or maternally Hg-exposed mothers from the extremes of the Hg-

contamination gradient.  No Hg was added to mesocosms.   

Here, we calculate metamorphic recruitment as the product of embryonic viability 

of each clutch and mean larval survival of each maternal treatment (reference or 
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maternally Hg-exposed) for both 2008 and 2009 to estimate metamorphic recruitment to 

the terrestrial environment (see [18]).  We used an ANCOVA to compare estimated 

recruitment between years using egg THg concentrations as our covariate. 

 

RESULTS 

 The percentage of embryos that successfully hatched decreased with THg 

concentrations in 2007 and 2008, but not in 2009 (THg: F1,75 = 11.64, p = 0.001; year: F2,75 

= 3.01, p = 0.055; interaction: F2,75 = 4.86, p = 0.010).  Contrary to our predictions, the 

frequency of abnormalities decreased as THg concentrations increased in 2007 and 2008, 

but there was no relationship between THg concentrations and abnormalities in 2009 

(THg: F1,70 = 4.64, p = 0.035; year: F2,70 = 4.44, p =0.015; interaction: F2,70 = 3.34, p = 0.041). 

The effect of THg concentrations in eggs on overall embryonic viability was significant (Fig 

1a; F1,70 = 5.43, p = 0.023). Embryonic viability differed by year (F2,70 = 4.92, p =0.010), but 

we did not find an interaction between THg and year (F2,70 = 1.73, p = 0.185).  The 

resulting effect in 2007 and 2008, when reduced hatching success was not completely 

offset by fewer abnormalities, was an overall decrease in embryonic viability as egg THg 

concentrations increased.  

Our evaluation of potential latent effects of maternal Hg transfer revealed annual 

differences in larval survival from the mesocosm experiments.  In 2008, the year in which 

we observed a negative effect of Hg on embryonic viability, larval survival was greater in 

maternally-exposed offspring compared to those from reference mothers (Fig 1b).  

Conversely, in 2009, when embryonic viability was high regardless of Hg concentrations, 
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survival was greater in larvae from reference mothers compared to maternally-exposed 

offspring (Fig 1b).  Subsequently, we found a significant effect of year on recruitment (Fig 

2; F1,49 = 7.27, p < 0.001), but no relationship between egg THg concentration and 

recruitment (F1,49 = 0.45, p = 0.504).  

 

DISCUSSION 

Maternal effects can act directly on early offspring development and the 

immediate consequences to these offspring are often examined because of the relative 

ease of shorter-term studies at this stage. In some cases, maternal effects are strong in 

early development but subsequently decline [2] or even reverse direction through 

ontogeny [18, 22].  In other cases, maternal effects may be latent, not appearing until 

sometime later in ontogeny [4].  In our study, the negative effects of maternal Hg 

exposure manifested either immediately at the embryonic stage or later during the larval 

stage, depending on the year.  In 2008, when embryonic viability was negatively affected 

by maternal Hg, the overall impact on estimated terrestrial recruitment was offset by 

greater survival of larvae from Hg-exposed mothers. In contrast, in 2009, when embryonic 

viability was high across the gradient of maternal Hg concentrations, subsequent survival 

of larvae from Hg-exposed mothers was reduced compared to reference larvae.  

Nevertheless, the net result was ultimately no considerable difference in estimated 

terrestrial recruitment in either of the two years. 
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 The expression of a maternal effect can be context-dependent and may vary based 

on environmental circumstances.  For example, the maternal effect of smaller initial body 

size in the amphibian Bombina orientalis resulted in smaller size at metamorphosis and 

longer larval period when reared in a low quality environment (food limited), but had little 

effect on larval and metamorphic traits when reared in a high quality environment (fed ad 

libitum) [23]. We observed annual variation in the developmental stage most affected by 

maternal exposure to Hg which may have resulted from differing environmental 

circumstances between years. Specifically, in 2007 and 2008, early embryonic 

development was negatively affected by maternal Hg and larval survival of maternally 

exposed animals offset this decrease. In contrast, in 2009, early embryonic development 

was unaffected by maternal Hg but later survival of maternally exposed larvae declined. 

This annual variation in expression of maternal effects did not stem from differences in Hg 

because the range in Hg concentrations was similar among years (Fig 1a).  Thus, 

differences in maternal influences may be attributable to some other aspect of female 

and/or egg quality. For example, we found an annual difference in female post-oviposition 

body condition (mass/SVL3; p = 0.026) where females in 2009, the year when embryonic 

viability was high regardless of Hg concentrations, were 5 to 8% lower than in 2007 and 

2008, respectively.  Additionally, there was a marginally significant difference in clutch 

size among years (LS means corrected for body size, p = 0.057; 2007: 6,742 ± 320; 2008: 

7,452 ± 410; 2009: 6,001 ± 444). The lower body condition and clutch size in 2009 

suggests that females could have invested more in each of their offspring that year, 

potentially resulting in higher overall viability and larval survival. Ultimately, the 
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mechanism for the annual variation in the stage affected by maternal Hg exposure 

remains unclear; however, examining other aspects of egg quality from contaminated 

females, and how it influences offspring quality, is an important area of future research. 

The cumulative impact of a maternal effect on a cohort of individuals [24] or the 

stage affected in organisms with complex lifecycles [25] has the potential to influence 

population dynamics. In our study, the ontogenetic timing of adverse maternal effects at 

the individual-level varied, but certain effects can be more important than others at the 

population-level. For example, Vonesh and De la Cruz [25] modeled the impact of declines 

in each life stage of two amphibian species and found adult densities in both species were 

more sensitive to changes in survival in the larval stage than to embryonic survival. Based 

on our results, regardless of which stage was affected by maternal Hg exposure, there was 

little difference in estimated terrestrial recruitment across a wide range of Hg 

concentrations. However, our larval experiments did not account for the known density-

dependent interactions in amphibian larvae because they were initiated with equal 

densities of hatchlings in each of the simulated ponds (mesocosms). Because of this, the 

effects of maternal Hg exposure may be annually exaggerated or dampened in the field 

depending on the stage affected because intraspecific competition among larvae is an 

important factor influencing larval survival in many amphibians [26, 27].  This suggests 

that when maternal transfer of Hg affects the embryonic stage only, the density of 

surviving larvae may be reduced, resulting in minor or even positive effects on 

recruitment due to reduced intraspecific competition in the larval stage.   



  

18 
 

The influence of maternal effects such as egg size and oviposition site has been 

widely studied in amphibians [28, 29], but our findings further demonstrate the 

importance of examining maternal effects at multiple developmental stages and 

quantifying inter-annual variation in their expression. Although the effect of maternal 

exposure to contaminants has received little attention in amphibians, there is growing 

evidence that contaminants negatively affect early amphibian development [18, 21] and 

contaminants are implicated as a contributing factor in worldwide amphibian declines 

[30]. However, relating effects on early development to population declines remains a 

major challenge in amphibian conservation [31]. Integrative studies examining the 

immediate and latent effects of maternal contaminant transfer, in the context of 

ecologically relevant natural factors, such as competition and predation, are necessary to 

understand how such effects translate to population-level responses. 
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FIGURE LEGENDS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1:  (A) Relationship between log total mercury (THg; ng/g) concentration in eggs (dry 
weight) and embryonic viability (angular transformation). (B) Larval survival (%) from 
reference (REF) and Hg-exposed females (Hg) in 2008 and 2009 mesocosm experiments. 
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Figure 2: Relationship between log total mercury (THg; ng/g, dry weight) concentrations 
in eggs and the overall recruitment.  
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ABSTRACT  

Amphibians with biphasic life histories occupy aquatic and terrestrial habitats at 

different times in their lives, leading to a double jeopardy of contaminant risk in both 

habitats. Here, we examined individual and interactive effects of mercury (Hg) exposure 

to terrestrial adults and aquatic larvae on fitness-related traits of American toads, Bufo 

americanus. Eggs from reference mothers or contaminated mothers were allowed to 

maternal Hg had adverse effects on developing larvae but there was no interaction 

between these factors. Dietary mercury resulted in a trend of decreased survival with 

increasing Hg in the diet. Animals from Hg-exposed mothers weighed 14% less than those 

from reference mothers and size at metamorphosis was directly correlated with hopping 

performance. Animals from Hg-exposed mothers also took longer to complete 

metamorphosis and had 2.5 times the prevalence of spinal malformations compared to 

those from reference mothers. Our results support the idea that amphibians do indeed 

face a double jeopardy of contaminant exposure from terrestrial and aquatic 

environments, as both exposure pathways had adverse effects on developing offspring. 

Our work also indicates that all possible routes of exposure over an organism’s life history 

must be examined to provide a comprehensive picture of the ecological consequences of 

habitat contamination.  
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INTRODUCTION 

 
Organisms may be exposed to environmental contaminants in several habitats 

over the course of their lives, depending on their life history, behavior, and ecology. This is 

particularly true for migratory species, which may rear young in habitats distinct from 

adult feeding or over-wintering grounds. For example, migratory white-faced ibis 

(Plegadis chihi) produced eggs contaminated with dichlorodiphenyldichloroethylene 

(DDE) at uncontaminated nesting grounds [1]. Contamination of the eggs was traced to 

prior exposure of foraging parents in distant wintering habitats and resulted in reduced 

reproductive success [1]. Thus, while young did not feed directly on contaminated forage 

after hatching, surviving hatchlings bore a legacy DDE burden due to the migratory life 

history of their parents. 

Many vertebrates are migratory and have lives that span two or more discrete 

habitats or geographic regions. However, amphibians with biphasic life histories perhaps 

best embody the complete compartmentalization of habitats that can occur in migratory 

species [2]. Because of a dual reliance on aquatic larval habitats and terrestrial post-

metamorphic habitats, previous authors have suggested that some amphibians face the 

“double jeopardy” of possible exposure to environmental contaminants in both habitats 

[e.g., 3]. Despite concern over this double jeopardy and the possible role that 

environmental contaminants play in global amphibian declines [e.g., 4], the majority of 

studies have focused solely on embryonic or larval contaminant exposure and have not 

examined the consequences of exposure to terrestrial life stages [5]. 



  

30 
 

Exposure to environmental contaminants in terrestrial life stages may affect 

individual fitness directly, via reduced survival or reproductive success of adults, or 

indirectly, via transgenerational effects on offspring. Previous studies have demonstrated 

that accumulation of heavy metals in adult amphibians can lead to maternal transfer of 

contaminants to eggs and directly influence reproductive success [6, 7]. However, there 

has been little attempt to determine how amphibian offspring are affected by the 

accumulation of environmental contaminants by their terrestrial parents via 

transgenerational effects (i.e., “maternal” or “parental” effects, sensu [8]). Because 

amphibian larvae may face the double jeopardy of contaminant exposure from both 

terrestrial (via maternal effects) and aquatic (via dietary or aqueous exposure) 

environments, there is a critical need to evaluate the relative contributions of these 

exposure pathways to individual fitness. Such evaluations will be particularly important 

for identifying additive or synergistic interactions of aquatic and terrestrial contaminant 

exposure. For instance, terrestrial adults may accumulate environmental contaminants 

from exposure in the terrestrial environment [6, 7], but they can also directly influence 

the post-natal environment of developing offspring by ovipositing in either contaminated 

or uncontaminated aquatic sites. 

This study follows previous research documenting mercury (Hg) accumulation in 

terrestrial adult American toads (Bufo americanus) inhabiting an industrially-

contaminated floodplain along the South River, VA, USA [9]. We previously found that Hg 

accumulation in terrestrial females resulted in reduced body size of offspring [10]. Here, 

we used females collected from contaminated and uncontaminated portions of the South 



  

31 
 

River, in combination with three experimental diets, to investigate the individual and 

interactive effects of maternal and dietary Hg on larval development using a factorial 

experimental design. We tested the consequences of terrestrial adult exposure and 

aquatic larval exposure, independently and interactively, on fitness-related traits (growth, 

survival, malformation frequency, and locomotor performance) of young American toads. 

Because Hg is neurotoxicant and can affect the endocrine and reproductive systems of 

vertebrates [11-13], we predicted that both maternal and dietary Hg would negatively 

affect growth, developmental time, and survival of American toads. Our study design 

allows us to address the degree to which amphibians with biphasic life histories truly face 

double jeopardy from contaminant exposure via terrestrial and aquatic pathways as well 

as identify whether the interaction of the two pathways has more pronounced negative 

effects on offspring than either exposure alone. 

 

METHODS 

Study species 

The American toad, B. americanus, is found across much of northern and eastern 

North America. The species is generally highly terrestrial but must return to water to 

breed, where females produce clutches of 5,000-15,000 eggs. The larval period is 

relatively short and lasts for approximately 25-90 days as tadpoles forage on algae and 

plant matter. Following metamorphosis, metamorphosed individuals leave the water and 

live terrestrially for approximately 5 years or more [14], feeding as carnivores on insects 

and other invertebrates. 
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Study site 

The South River is located in the Shenandoah Valley, VA, USA, and was historically 

(1929–1950) contaminated with mercuric sulfate via point-source inputs from an 

industrial plant manufacturing acetate fiber in Waynesboro, VA, USA. Amphibians that 

inhabit the contaminated portion of the South River, including American toads, have 

elevated Hg concentrations in their tissues compared to conspecifics from nearby 

reference sites both upstream and in other tributaries [9]. Other studies in this system 

have demonstrated Hg accumulation in both the aquatic and terrestrial food webs, 

indicating dispersed contamination along the floodplain and adjacent terrestrial habitat in 

affected areas [15-17]. As a result, larval American toads developing in ephemeral pools 

collected adjacent to the river have extremely high tissue concentrations of Hg [9]. 

However, individual floodplain breeding pools exhibit highly variable levels of Hg 

contamination [9], probably related to their hydrology, distance from the river, or other 

factors. Thus, individual female toads may themselves have elevated Hg concentrations 

and may deposit eggs in contaminated or uncontaminated pools that are in close 

proximity to each other. 

Experimental diet 

The experimental diets that were fed to toad larvae consisted of a mixed dry feed 

spiked with or without Hg (both inorganic [HgII] and organic [methylmercury: MeHg]), and 

suspended in an agar-gelatin mixture similar to that used by [18]. The resulting diet was a 

semi-solid matrix which allowed the larvae to graze as they would naturally while 

preventing the diet from dissolving. The target THg concentration for the low Hg 
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treatment was 2.5 μg/g, dry wt (2.75% MeHg). This concentration corresponds to 

approximately twice the highest measured THg concentrations in the guts of larval 

southern leopard frogs (Rana sphenocepala) from ephemeral wetlands in southeastern 

USA receiving Hg solely from atmospheric deposition [19]. The target THg concentration 

for the high Hg treatment was 10 μg/g, dry wt (1.05% MeHg). This corresponds to the 

upper limits of Hg concentrations found in periphyton at the Hg-contaminated South River, 

VA [20]. Total Hg concentrations in the diets were attained by adding mercury (II) chloride 

and methylmercury (II) chloride based on equations in [18]. Briefly, dry components 

(vitamin-enriched rabbit pellets [Classic Blend Rabbit Food, L/M Animal Farms, Pleasant 

Plain, OH, USA; 218 g], trout pellets [Aquamax Grower 600, PMI Nutrition International, 

Brentwood, MO, USA; 218 g], fish flakes [TetraMin, Tetra, Blacksburg, VA, USA; 32 g], and 

algae powder [SeraMicron, Sera, Abington, PA; 32 g]) were ground and homogenized. 

Ethanol (95%) with or without Hg was added to the dry components, homogenized, and 

dried under a fume hood. Once dry, we combined nanopure water (750 ml), agar (20 g), 

and gelatin (14 g) while stirring and heating the solution to ~70ºC on a hot plate. This 

solution was poured over the dry components, mixed until homogenized, and cooled. 

Experimental diets were stored in a -80ºC freezer until use. Uniform rations were prepared 

by pressing the thawed diet out of a syringe and cutting into equal lengths of known mass. 

The coefficient of variation for diet pieces cut to a standard length averaged 4.9% among 

various ration sizes. 
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Field collection and experimental design 

On 17 and 18 April 2009, we collected reproductive pairs of American toads from 

breeding pools in the South River floodplain at three locations, including a reference site 

upstream and two contaminated sites downstream from the source of Hg [10]. We 

collected pairs that had entered amplexus but had not yet begun ovipositing and brought 

them into the laboratory where they were allowed to breed overnight in shallow, slanted 

bins with dechlorinated tap water. The next morning, we removed the adult toads from 

the bins, counted their eggs, and added additional dechlorinated tap water to the egg 

masses. We removed and froze a small portion of each egg mass (~500 eggs) to later 

determine the concentration of Hg maternally transferred. Following the methods of [7], 

we collected ~0.25 mL of whole blood from each anesthetized mother via cardiocentesis 

to quantify total Hg (THg) concentrations. Lastly, we recorded mass and snout-vent length 

(SVL) of the adult toads, marked them by toe-clipping, and released them at their point of 

capture within 24 h after they recovered from anesthesia. 

 We analyzed female blood THg concentrations before the eggs hatched to confirm 

placement of hatchlings into experimental treatments based on the known correlation 

between female blood THg concentrations and those of eggs [7]. The reference and 

maternally-Hg exposed treatments included hatchlings from females with blood THg 

concentrations < 250 and >1,000 ng/g, wet weight (ww), respectively. Offspring used in 

the reference and maternally-Hg exposed groups originated from five and six combined 

clutches, respectively. We maintained eggs in 10 L aquaria and replaced half of the water 

with fresh dechlorinated tap water each day until the eggs hatched. Morphologically 
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‘normal’ hatchlings were then drawn in a stratified random fashion from each maternal 

clutch so that clutches were evenly represented in their respective maternal experimental 

groups.   

We used a 2 X 3 factorial experimental design to test the individual and interactive 

effects of maternal Hg (reference and exposed) and dietary Hg (control, low, and high diet) 

on the larval development of American toads raised in a communal environment. Thus, we 

had six total experimental crosses. We allocated 50, 4-day old hatchlings into 36 

experimental replicates on 28 April 2009. Each polypropylene bin containing 50 animals 

measured 86.6 x 46 x 40.4 cm and contained ~60 L of dehloraminated tap water. Every 9 

days we randomly drew 10 larvae from each of the 36 bins and weighed them to adjust 

food rations to account for growth. We also adjusted food rations to account for reduced 

density due to mortality or metamorphosing animals. We inspected all bins daily to 

remove any dead individuals. Each bin was supplied with rations equivalent to 9% of the 

total larval mass in each bin per day (wet-weight basis) every 3 days. All bins were housed 

in the same climate-controlled room and interspersed in a stratified fashion with respect 

to treatment. They were kept under a 12L:12D photoperiod with ambient temperature 

maintained at 18 ± 3ºC. Every 3 days we exchanged 40% of the water in each bin with fresh 

dechlorinated water. At this time, accumulated feces and uneaten food were removed and 

fresh food was provided. Before every third water change, water in each of the bins was 

analyzed for nitrate, nitrite, temperature, pH, and dissolved oxygen.  

As larvae neared metamorphosis, they were checked at 12 h intervals for front 

limb emergence (Gosner stage [GS] 42). Upon emergence of the front limbs, larvae were 
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removed from the bins, weighed and measured, and placed in individual 500 mL cups with 

~20 mL of water from their bin and an unbleached paper towel to allow them to climb out 

of the water during tail resorption. We noted the presence of any gross spinal 

malformations at this stage, prior to the animals beginning tail resorption. 

Metamorphosing larvae in cups were also checked at 12 h intervals for completion of tail 

resorption (GS 46) or mortality. The first larva began metamorphosis on 6 June 2009. In 

addition to quantifying the proportion of individuals that successfully completed 

metamorphosis in each treatment, we also determined mass and size at GS 42 and 46, the 

duration of the larval period to GS 42, and the time required for complete tail resorption 

(time between GS 42 –GS 46). All surviving metamorphosed toads, except those to be 

used in additional postmetmorphic studies, were humanely euthanized with buffered 

tricaine methane sulfonate (MS-222) 24 h after completion of metamorphosis and then 

frozen for later Hg-tissue analyses. 

Post-metamorphic hopping performance 

During the peak frequency of metamorphosis we haphazardly selected 3-6 

individuals from each replicate for hopping performance trials. Within 24 hours of 

completing tail resorption, each recently metamorphosed toad was placed on a clean dry 

platform and gently nudged on the urostyle to cause them to flee. We marked and 

measured the length of the first four hops and calculated a mean hop length for each 

individual following the methods of [21]. The mean hop lengths of each individual within a 

replicate bin were averaged to produce a representative mean hop length for each 

replicate. 
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Mercury tissue analyses 

In a previous study, Bergeron et al. determined that 71.4 ± 2.8% (mean ± 1 

standard error hereafter) of THg in the blood and 47.8 ± 3.3% of THg in eggs was in the 

form of MeHg [7]. Thus, we analyzed only THg in blood and eggs in this study. We 

homogenized whole blood from each female American toad using a vortex mixer and we 

report THg concentrations of blood on a wet weight basis. We lyophilized and 

homogenized eggs and we report THg concentrations of eggs on a dry weight (dw) basis. 

Percent moisture of eggs was 95.4 ± 0.2%. We analyzed subsamples of the homogenized 

tissues (~20 mg) for THg content by combustion-amalgamation-cold vapor atomic 

absorption spectrophotometry (Direct Mercury Analyzer 80, Milestone, Monroe, CT, USA) 

according to U.S. Environmental Protection Agency (U.S. EPA) method 7473 [22]. For 

quality assurance, each group of 10 to 15 samples included a replicate, blank, and 

standard reference material (SRM; DORM-3 fish protein and DOLT-3 or DOLT-4 dogfish 

liver [National Research Council of Canada, Ottawa, ON]). We calibrated the instrument 

using solid SRMs (DORM-3 and DOLT-3 or DOLT-4). The method detection limit (MDLs; 3 

times standard deviation of procedural blanks) for samples was 0.39 ng, and all samples 

had THg concentrations that exceeded the limit. Average relative percent differences 

(RPD) between replicate sample analyses were 7.42 ± 2.74 % (n=11). Mean percent 

recoveries of THg for the SRMs, DORM-3, DOLT-3 and DOLT-4 were 107.82 ± 1.15 % 

(n=23), 99.66 ± 0.51 % (n=12), and 99.46 ± 0.53 % (n=10), respectively.  

We quantified THg and MeHg in the experimental diets and the recently 

metamorphosed toads. For each diet, we lyophilized and homogenized 3 samples. For the 
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metamorphs, we created 3 composite samples for each experimental cross and we 

lyophilized and homogenized each composite sample. Our composite samples were 

comprised of 1 metamorph from each of the 6 replicate bins for each experimental cross. 

We report Hg concentrations of the diet and metamorphs on a dry weight basis. Percent 

moisture of the diet and metamorphs was 58.6 ± 0.4% and 90.4 ± 0.3%, respectively. 

Samples were then analyzed for HgII and MeHg by Quicksilver Scientific (Lafayette, CO) 

using acidic thiourea leaching and Hg-thiourea liquid chromatography coupled to cold 

vapor atomic fluorescence spectrometry (HgTu/LCCVAFS) [23].  This method separates 

monomethyl (CH3Hg+) from mercuric (HgII) mercury by the charges on their respective 

thiourea complexes; online cold-vapor generation follows separation with an instrument 

detection limit of 4 pg/g for MeHg and 7 pg/g HgII (for a 100mg sample).  For our samples, 

average RPD between replicate sample analyses were 3.94 ± 0.69 % for MeHg and 6.26 ± 

2.22 % for HgII (n=6).  Mean percent recoveries of MeHg and HgII for matrix spikes were 

92.85 ± 0.49 % and 103.40 ± 2.04 % (n=6), respectively.  Also, mean percent recoveries for 

the SRMs, DOLT-3 (n=3) and BCR-463 (tuna fish [Institute for Reference Materials and 

Measurements, Geel, Belgium]) (n=3) were 98.97 ± 4.32 % and 99.00 ± 4.54 % for MeHg 

and 104.43 ± 5.81 % and 101.37 ± 4.46 % for THg.  

Statistical analyses 

 We used nonparametric Mann-Whitney U tests to compare blood and egg THg 

concentrations of reference and Hg-exposed females because they were non-normally 

distributed. We used a multivariate analysis of variance (MANOVA) to test for effects of 
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diet, maternal Hg exposure, and their interaction on MeHg and HgII concentrations in 

recently metamorphosed toads. 

We used a MANOVA to test the effects of diet, maternal Hg exposure, and their 

interaction on the following endpoints: survival to GS 46, mass at GS 42, mass at GS46, 

days for tail resorption, and the number of GS 42 tadpoles with spinal malformations. We 

calculated the mean of each endpoint for each replicate (bin) and these means were our 

statistical units. We applied a Box-Cox power transformation to spinal malformations to 

normalize the data. Data on the average time to GS 42 (larval length) were highly non-

normal and could not be normalized with any transformations. Therefore, effects of diet, 

maternal Hg exposure, and their interaction on this endpoint were tested using the highly 

conservative non-parametric factorial Scherer-Ray-Hare test [24]. Finally, we used an 

analysis of covariance (ANCOVA) to test the effects of diet, maternal Hg exposure, and 

their interaction on the mean hop length of post-metamorphic toads, using body size 

(SVL) as a covariate.  

 

RESULTS 

Mercury concentrations 

As described in the methods, clutches were allotted into either reference or 

contaminated groups based on THg concentrations in the blood of mothers. As a result, 

blood THg concentrations of reference females (159.5 ± 18.6 ng/g ww) were significantly 

lower than those of contaminated females (2,250 ± 489.8 ng/g ww; Z = -2.74, P=0.006). 
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Egg THg concentrations from reference mothers (20.6 ± 1.3 ng/g dw) were also 

significantly lower than those from contaminated mothers (149.1 ± 17.9 ng/g dw; Z = -

% 

MeHg) for the control, low Hg, and high Hg treatments, respectively. 

We found a significant effect of maternal Hg, diet, and their interaction on tissue 

concentrations of Hg in American toad metamorphs in our overall MANOVA (Fig 1; 

maternal Hg: Pillai’s Trace=0.71, F2,11=13.49, P=0.001; diet: Pillai’s Trace=1.94, 

F4,24=190.58, P<0.001; interaction: Pillai’s Trace=1.07, F4,24=6.94, P=0.001). In all cases, 

individual component ANOVAs identified significant effects of maternal Hg, diet, and their 

interaction on both MeHg and HgII concentrations (P-values <0.01). Increasing 

concentrations of Hg in the diet resulted in corresponding increases in the concentration 

of Hg in toads (Fig. 1). Additionally, recently metamorphosed toads from Hg-exposed 

mothers had significantly greater Hg concentrations in whole-body, an effect that was 

most pronounced when animals were fed the high Hg diet (Fig. 1). Mean percent MeHg in 

the recently metamorphosed toads decreased with increasing THg concentration in diet 

(Fig. 1). Post-hoc Tukey tests revealed that Hg-tissue concentrations in recently 

metamorphosed toads differed among all three diets for both MeHg and HgII (Fig. 1; P-

values <0.001). 
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Biological variables 

Overall, our MANOVA identified a significant adverse effect of both dietary and 

maternal Hg on developing larvae, but no evidence of an interaction between these 

factors (diet: Pillai’s Trace=0.543, F10,54=2.01, P=0.05; maternal Hg exposure: Pillai’s 

Trace=0.696, F5,26=11.9, P<0.001; interaction: Pillai’s Trace=0.281, F10,54=0.88, P=0.554). 

Most component tests of the effects of diet had P-values > 0.19, suggesting that the 

significant effect of diet in the overall MANOVA was attributable largely to the variance 

properties of the combined endpoints rather than a single strong effect on any particular 

endpoint. However, there was a trend of decreased survival to GS 46 as dietary Hg 

increased (Fig. 2; F2,30=2.79, P=0.077). In contrast, we found strong evidence that 

maternal Hg exposure influenced several endpoints in the component tests. Specifically, 

animals from Hg-exposed mothers had significantly lower body mass at GS 42 (Fig. 3A; 

F1,30=14.1, P=0.001) and at GS 46 (Fig. 3B; F1,30=13.1, P=0.001). On average, animals from 

Hg mothers were approximately 14% smaller at GS 42 and GS 46 than were those from 

reference mothers. Animals from Hg-exposed mothers also took 6% longer to completely 

resorb their tails (Fig. 4; F1,30=21.9, P<0.001). Lastly, the proportion of animals having 

spinal malformations at GS 42 was 2.5 times greater for animals from Hg-exposed 

mothers (Fig. 5; F1,30=18.5, P<0.001). We found no significant effect of maternal Hg on 

survival to GS 46 (Fig. 2; F1,30=0.00, P=0.926). We also found no significant effects of diet, 

maternal Hg exposure, or their interaction on the overall length of the larval period (range 

across treatments: 49.2 – 62.1 days; diet: F2,30=1.04, P=0.59; maternal Hg exposure: 

F1,30=1.35, P=0.25; interaction: F2,30=0.09, P=0.956). 
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 The pattern of variation in hopping performance across treatments was similar to 

that of the body size differences (Fig. 6). This was likely due to the significant positive 

correlation between body size and mean hop length of the recently metamorphosed 

toads (F1,29=8.1, P=0.008). Consequently, we found no significant effect of diet, maternal 

Hg exposure, or their interaction on the mean hop length of recently metamorphosed 

toads when body size was included as a covariate in the model (diet: F2,29=0.85, P=0.44; 

maternal Hg exposure: F1,29=0.04, P=0.84; interaction: F2,29=0.63, P=0.54). 

  

DISCUSSION 

 Amphibians with biphasic life histories occupy separate habitats during different 

portions of their lives [2]. This dual reliance on aquatic and terrestrial habitats by many 

amphibians is suggested to place them in double jeopardy from hazards that can affect 

both habitats [3]. Consequently, they provide an ideal opportunity to examine the 

combined and differential effects of contaminant exposure from multiple pathways. We 

evaluated the double jeopardy hypothesis by examining the individual and interactive 

effects of contaminant exposure from both terrestrial (via maternal effects) and aquatic 

(via direct dietary or aqueous exposure) environments in larval American toads. Although, 

we did not find support for interactive effects of these two exposure pathways in this 

study, our results support the idea that amphibians do face negative impacts from 

contaminant exposure in both environments, thereby posing a double jeopardy to species 

with biphasic life histories.  
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Using a factorial experimental design, we were able to partition the maternal and 

dietary effects of Hg exposure on amphibian offspring. Our results suggest that, all else 

being equal, maternal Hg exposure in terrestrial adults has more widespread effects on 

individual quality (i.e., size, metamorphic timing, malformation frequency), whereas 

effects from dietary exposure to aquatic larvae were restricted mostly to survival. Both of 

these outcomes have implications for individual fitness. Smaller body size from maternal 

Hg was tied to reduced hop length in this study, a factor that would presumably affect an 

animal’s ability to forage or avoid predators; body size at metamorphosis has been shown 

to be a critical factor affecting post-metamorphic survival and lifetime reproductive 

success in amphibians [25, 26]. Additionally, the effect of maternal Hg on increased 

frequency of spinal malformations may further reduce individual fitness. Larvae with 

malformations swim more slowly and are more likely to succumb to predation than 

normal larvae [10, 27, 28]. Spinal malformations in amphibian larvae have previously been 

linked to dietary Hg or exposure to coal ash-polluted sites [28, 29], and developmental 

abnormalities and altered swimming in amphibian larvae have also been linked to 

maternal exposure to trace elements derived from coal fly ash [6]. Finally, the trend of 

reduced survival from dietary exposure could lead to reduced juvenile recruitment into 

the terrestrial environment [30]. 

Previous studies have examined the individual and interactive effects of maternal 

and post-hatching contaminant exposure on growth and survival of other vertebrates and 

have also found strong maternal effects from contaminants. For example, Nye et al. [31] 

studied the effects of sediment contaminated with polycyclic aromatic hydrocarbons, 
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trace elements, and tributyl tin on larval mummichogs, Fundulus heteroclitus, to 

determine the individual and interactive effects of maternal and direct contaminant 

exposure. They found that maternal exposure had an effect on egg composition and a 

stronger effect on larval growth rate than did larval exposure. Additionally, Eisenreich et 

al. [32] studied the individual and interactive effects of maternal and dietary PCB 

exposure on snapping turtles (Chelydra serpentina) and found that maternal exposure was 

more predictive of latent mortality, whereas dietary exposure better explained reductions 

in standard metabolic rates. These studies and our own results provide evidence that the 

type of negative effects observed will depend in part on the route of exposure, with 

maternal effects alone sometimes having more diverse or greater effects on offspring 

than other exposure routes. 

The ecological or physiological effects of Hg on wildlife have historically been well 

studied but there are fewer studies conducted on amphibians [11, 33]. Beckvar et al. [34] 

reviewed 10 studies on fish and suggested a whole-body tissue threshold-effect level of 

200 ng/g ww MeHg for juveniles and adults. Here, we found evidence of maternal effects 

in American toad offspring from mothers with whole body concentrations of ~347 ng/g 

MeHg ww (see [10] for calculations), a level exceeding the threshold  established by 

Beckvar et al. [34]. In contrast, we found adverse effects in American toad larvae from egg 

concentrations of 3.6 ng/g ww, a concentration lower than egg concentrations expected 

to cause harm in fish. For example, Weiner and Spry [35] concluded that sublethal effects 

in fish embryos and larvae could occur at 1-10% of adult concentrations (~2-20 ng/g ww 

MeHg based on [34]). Additionally, Matta et al. [36] found a sublethal effect of reduced 
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reproductive success in offspring of maternally-exposed mummichogs when egg MeHg 

concentrations were as low as 10 ng/g ww. Thus, our results indicate that American toads 

may be more sensitive to Hg than fish. 

The tissue Hg concentrations of recently metamorphosed toads in the current 

experimental study, as well as those in a similar companion study where toads were 

individually-reared [37], closely matched concentrations in field-collected animals from 

the study site reported in [9]. American toad larvae collected from contaminated portions 

of the South River had THg tissue-

stages 28-32 [9]

THg dw resulted in respective whole-body THg tissue concentrations that averaged 1.1 

r the significant mass loss that occurs 

during metamorphosis [19, 29, 38]. In the companion study, recently metamorphosed 

toads that were raised individually rather than communally had whole-body THg tissue 

concentrations that averaged 

respectively [37]. The greater food rationing for the larvae raised communally in this study 

compared with those raised individually is likely responsible for the observed differences 

in THg tissue concentrations; when larvae are fed greater amounts of food with dietary Hg 

they attain larger sizes and have higher concentrations of THg (cf. [37]). Our greater food 

rationing may also have masked some of the physiological deficits that become evident 

with more restrictive rationing, thus diminishing the dietary effects that we observed 

here. For example, Hopkins et al. [39] reported that lower food rationing led to stronger 
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effects on survival and growth in chubsuckers (Erimyzon sucetta) exposed to coal ash than 

did higher rationing.  

It is noteworthy that accumulation of MeHg and HgII in offspring tissues was 

greater in larvae from Hg-exposed mothers than in those from reference mothers. This 

difference was most pronounced in the high diet treatment. The difference in 

accumulated Hg between larvae from Hg-exposed and reference mothers is too large to 

be accounted for by maternal contributions alone because of considerable larval growth 

and resulting dilution of initial Hg present from maternal sources. Thus, larvae from Hg-

exposed mothers must have accumulated Hg differently, possibly as a consequence of 

their embryonic exposure. The mechanisms leading to such a pattern are unclear, but the 

increased accumulation of Hg in individuals exposed embryonically suggests that offspring 

exposed maternally are at greater risk of later contaminant exposure due to enhanced 

bioaccumulation. 

Our results support the idea that amphibians do indeed face a double jeopardy of 

contaminant exposure from terrestrial and aquatic environments, as both exposure 

pathways had adverse effects on developing offspring. However, we did not find strong 

support for interactive or synergistic consequences of combined terrestrially- and 

aquatically-derived Hg exposure. Primarily, our results indicate that maternal contaminant 

exposure from terrestrial adults had more widespread effects on offspring than did direct 

exposure of larvae in the aquatic environment. Given the fact that other studies have also 

demonstrated that maternal exposure has a more important influence on offspring health 

than dietary exposure [31, 32],  it is important that future studies consider the maternal 
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influence on offspring health. Our work also indicates that all possible routes of exposure 

over an organism’s life history must be examined to provide a comprehensive 

understanding of the ecological consequences of habitat contamination. Ultimately, it will 

be important in future work to determine whether there are carry-over effects in 

metamorphosed individuals that transition to the terrestrial environment, and whether 

additional terrestrial exposure in the post-metamorphic environment exacerbates the 

negative effects seen here. 
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FIGURE LEGENDS 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Whole body mercury (Hg)-tissue concentrations (mean ± SE) of recently 
metamorphosed American toads. Larvae from either reference or Hg-exposed mothers were 
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Figure 2: Percent survival (mean ± SE) of American toad offspring through metamorphosis. 
Larvae from either reference or mercury-exposed mothers were fed either control diet with no 

g total Hg dry 
weight). 
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Figure 3: Mass (mean ± SE) of larval and recently metamorphosed American toads at (A) 
Gosner stage (GS) 42 and (B) GS 46, respectively. Larvae from either reference or Hg-
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Figure 4: Number of days required (mean ± SE) for complete tail resorption (days between 
Gosner stage 42 and 46) in larval American toads. Larvae from either reference or Hg-exposed 
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Figure 5: Proportion (mean ± SE) of larval American toads having spinal malformations at 
Gosner stage 42. Larvae from either reference or Hg-exposed mothers were fed either control 

total Hg dry weight). 
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Figure 6: Hop length (mean ± SE) of recently metamorphosed American toads. Toads from 
either reference or mercury (Hg)-exposed mothers were fed either control diet with no added 

t) as 
larvae. 
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ABSTRACT 

 Nonlethal indices of contaminant exposure can greatly facilitate research on the 

accumulation and effects of contaminants in wildlife. Here, we tested the efficacy of using 

amputated toes (“toe clips”), a common byproduct when marking amphibians in 

population and genetic studies, to determine mercury (Hg) concentrations in amphibians. 

We examined total mercury (THg) concentrations in American toads (Bufo americanus) 

collected along a contamination gradient at a Hg-contaminated field site. We found 

significant positive correlations between toe THg and blood THg concentrations in adult 

males and females collected in two different years. We also found that blood and toe clips 

could be used to predict maternal transfer of Hg, an important mechanism of 

reproductive toxicity in wildlife. Maternal toe THg concentrations were a better predictor 

of egg THg concentrations than were maternal blood THg concentrations. Our results 

indicate that amputated toes are effective for identifying Hg concentrations in 

amphibians. 

 
INTRODUCTION 

 Mercury (Hg) is an environmental contaminant that has generated 

widespread concern due to its global ubiquity and known toxicity to humans and 

wildlife (Eisler 2006). Although naturally occurring, environmental concentrations of 

Hg have increased due to redistribution associated with industrial processes and 

atmospheric transport (Fitzgerald et al. 1998). Mercury can bioaccumulate to high 

levels in biota, especially in areas where Hg is as a point-source contaminant (Bergeron 
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et al. 2010a; Hothem et al. 2010). Studies of the sources, accumulation, and 

toxicological effects of Hg span most taxa and include a growing body of research on 

wildlife (Wolfe et al. 1998; Eisler 2006; Scheuhammer et al. 2007). From a toxicological 

perspective, Hg is most widely known for its neurotoxicity, a characteristic responsible 

for altering behavior and impairing cognition in vertebrates (Wolfe et al. 1998). 

However, there is also growing evidence that Hg can affect the endocrine and 

reproductive systems of vertebrates (Scheuhammer et al. 2007; Crump and Trudeau 

2009; Tan et al. 2009). Despite great interest in the behavioral, physiological, and 

ecological effects of Hg on wildlife, investigation in some taxa has lagged that of 

others. Notably, there has been comparatively little research on Hg in amphibians 

(Linder and Grillitsch 2000), despite concern over the role of environmental 

contaminants in global amphibian declines (Linder et al. 2003). 

Amphibians can serve as important and valuable research models for 

understanding the ecological effects of persistent contaminants such as Hg for several 

reasons. First, many amphibians breed and forage in floodplain wetlands, areas that 

often serve as methylation hotspots for the conversion of inorganic forms of Hg to the 

more toxic and bioavailable form methlymercury (Rudd 1995). Additionally, 

amphibians are capable of converting large proportions of consumed prey into new 

biological tissue due to their ectothermy and resultant high conversion efficiencies 

(Pough 1980). For this reason, they may accumulate high contaminant concentrations 

over the course of their lives (Unrine et al. 2007). Finally, amphibians often occur at 

high densities (Burton and Likens 1975), amplifying the risk of transfer of accumulated 
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contaminants to higher trophic levels as they are preyed upon by a diverse range of 

species. 

Studies of contaminant concentrations in amphibians typically use destructive 

methods such as whole carcass or organ excision to determine tissue concentrations of 

the contaminant of interest, including Hg (Hopkins et al. 1998; Bank et al. 2007; Unrine 

et al. 2007; Hothem et al. 2010). The use of lethal methods can prove limiting in field 

studies of wild vertebrates in which recapture or survival estimates may be needed to 

determine population-level responses to environmental contaminants or other factors. 

Additionally, nonlethal methods are preferred when the species is rare or protected 

and when removal of individuals from the population may be detrimental to population 

persistence. This is especially important when sampling subadult and adult lifestages 

which have a disproportionately large influence on amphibian populations (Biek et al. 

2002; Schmidt et al. 2005). Recently, Bergeron et al. (2010a) demonstrated the efficacy 

of cardiocentesis in anurans (frogs and toads) for determining Hg concentrations by 

showing that blood Hg concentrations were tightly correlated with those of the whole 

body. However, cardiocentesis requires skill and can be lethal if improperly performed. 

Thus, there is still a need for a less invasive, nonlethal method for determining Hg 

concentrations in amphibians. The amputation of toes (i.e., “toe-clipping”) is widely 

used in field research to individually mark animals during studies of populations’ vital 

rates, when collecting tissue for molecular and phylogenetic research, and for use in 

skeletochronology (Kalb and Zug 1990; Heyer et al. 1994). Although not completely free 

of controversy, toe-clipping is often well tolerated by many species   (e.g., Liner et al. 
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2007), and is a prescribed research method by the leading herpetological professional 

societies (ASIH 2004). Our primary goal in this study was to evaluate the efficacy of 

using toe-clips as nonlethal indicators of Hg concentrations in amphibians. Additionally, 

to examine the maternal transfer of Hg in amphibians, we quantified the relationship 

between maternal toe Hg and blood Hg concentrations and those of eggs. 

 

METHODS 

Field methods 

The South River is located in northern Virginia, USA. It was historically 

contaminated with Hg due to industrial processes that occurred in Waynesboro, 

Virginia from 1929 to 1950. Levels of inorganic Hg (HgII) and methylmercury (MeHg) 

remain elevated in biota in the river and adjacent floodplain downstream from the 

point source. Additional site information can be found in Bergeron et al. (2007) and 

Bergeron et al. (2010a). 

We collected reproductive pairs of American toads (Bufo americanus) from 

along the South River floodplain both upstream and downstream of the 

contamination source on 10-12 April 2008 and again the following year on 17 and 18 

April 2009. Variation in the levels of environmental Hg in the upstream and 

downstream sites results in a broad Hg contamination gradient (Bergeron et al. 

2010a).  As described in Todd et al. (in press), reproductive pairs were allowed to 

oviposit in the lab in shallow bins containing dechlorinated tap water. We next 

removed a small portion of each egg mass (approximately 500 eggs) and froze them 
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for Hg analysis. In 2008 we anesthetized females (n=10) and collected ~0.25 mL whole 

blood via cardiocentesis and amputated one front toe and one hind toe to individually 

mark each animal. The eggs, blood, and amputated toes were frozen for Hg analysis. 

In 2009, we used the same procedures to collect blood and toes from both males 

(n=19) and females (n=24). We measured the snout-to-urostyle length (SVL) to the 

nearest mm and recorded mass to the nearest mg for each animal. We released all 

animals at their initial point of capture within 48 hours, after they recovered fully from 

anesthesia. Anesthesia is not typically required for toe amputation alone but was used 

here to minimize animal pain during the cardiocentesis procedure. 

Mercury analyses 

 Individual toes averaged 24.6 ± 1.6 mg wet weight. We did not measure MeHg in 

the toes in the current study. In the past, MeHg concentrations of whole body, blood, 

and eggs in this species at this study site have averaged 53.3 ± 2.3%, 71.4 ± 2.8%, and 

47.8 ± 3.3% of THg, respectively (Bergeron et al. 2010b). We lyophilized and 

homogenized toad eggs and both front and hind toes and we report total Hg (THg) 

concentrations of both on a dry weight (dw) basis. Percent moisture of eggs and toes 

was 95.4 ± 0.2% and 54.1 ± 1.2%, respectively. We homogenized whole blood from each 

toad using a vortex mixer and we report THg concentrations of blood on a wet weight 

(ww) basis.  We analyzed subsamples (~20 mg) for THg content by combustion-

amalgamation-cold vapor atomic absorption spectrophotometry (Direct Mercury 

Analyzer 80, Milestone, Monroe, CT USA) according to U.S. Environmental Protection 

Agency method 7473. For quality assurance, each group of 10 to 15 samples included a 
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replicate, blank, and standard reference material (SRM; DOLT-4 dogfish liver or DORM-3 

fish protein [National Research Council of Canada (NRCC), Ottawa, ON]). We calibrated 

the instrument using solid SRMs (DOLT-4 and DORM-3). Method detection limits (MDLs; 

3 times the standard deviation of procedural blanks) for samples were 0.33 ng, and all 

samples had THg concentrations that exceeded the limit. Average relative percent 

differences between replicate sample analyses were 4.47 ± 1.06 % (n=14). Mean percent 

recoveries of THg for the SRMs, DOLT-4 and DORM-3, were 96.68 ± 0.30 % (n=20) and 

99.22 ± 1.57 % (n=20), respectively. 

Statistical analyses  

To determine whether blood Hg concentrations varied by sex or year and were 

correlated with toe Hg concentrations, we used an analysis of covariance (ANCOVA). We 

also conducted a simple linear regression of blood THg against toe THg irrespective of 

sex and year to generate a single regression equation and coefficient of determination. 

We used ANCOVAs to determine whether egg THg concentrations were correlated with 

toe and blood THg concentrations in females, using year as an additional factor in the 

model. We also conducted separate simple linear regressions of egg THg against toe and 

blood THg irrespective of year to generate regression equations and coefficients of 

determination. All values were log transformed to normalize the data prior to running 

the analyses and generating regressions. 

A previous study on American toads along the South River showed that blood 

THg concentrations are highly correlated with whole body THg tissue concentrations 

(Bergeron et al. 2010a). Using the published regression equation between blood and 
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whole body THg in that study, we constructed a predictive regression between whole 

body THg and toe THg using our regression between blood THg and toe THg generated 

in this current study. 

 

RESULTS 

 We succeeded in targeting a wide gradient of Hg contamination in the floodplain. 

Blood THg concentrations in American toads collected across the contaminant gradient 

ranged from 82–4,235 ng/g ww. Total Hg concentrations in toes ranged from 32–602 

ng/g dw and eggs had THg concentrations that ranged from 15–205 ng/g dw.  

 Toe THg concentrations were significantly correlated with blood THg 

concentrations (F1,47 =122.8, P<0.001; Fig. 1). We found no effect of year, sex, or their 

interaction with toe THg on blood THg concentrations (year: F1,47 =0.47, P=0.50; sex:F1,47 

=0.82, P=0.37, year X sex LogToeTHg: F2,47 =0.16, P=0.85). The equation defining the 

relationship between blood THg and toe THg was 

 

(1) Log(BloodTHg) = 1.144*Log(ToeTHg) + 0.139 
 

 
 
and 78% of the variation in blood THg values were explained by the model. The slope 

of the relationship between log toe THg and log blood THg did not differ significantly 

from 1 (t=1.7, df=51, P=0.10). 

Egg THg concentrations were significantly correlated with maternal toe THg 

concentrations (F1,29  =92.6, P<0.001; Fig. 2A). There was no effect of year or interaction 
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of year and toe THg concentration on egg THg concentrations (year: F1,29 =0.1, P=0.78; 

year X toe: F1,29=0.1, P=0.72). The equation defining the relationship between egg THg 

and toe THg was 

 

(2) Log(EggTHg) = 0.965*Log(ToeTHg) - 0.335 

 
 
and 86% of the variation in egg THg values were explained by the model. The slope of 

the relationship between log egg THg and log maternal toe THg did not differ 

significantly from 1 (t= -0.49, df=31, P=0.63). 

As expected based on Bergeron et al. (2010b), egg THg concentrations were 

significantly correlated with maternal blood THg concentrations (F1,29 =56.2, P<0.001; 

Fig. 2B). There was no effect of year or interaction of year and blood THg concentrations 

on egg THg concentrations (year: F1,29 =0, P=0.96; year X blood: F1,29 =0.2, P=0.70). The 

equation defining the relationship between egg THg and blood THg was 

 

 (3) Log(EggTHg) = 0.652*Log(BloodTHg) + 0.017 

 
 
and 72% of the variation in egg THg values were explained by the model. The slope of 

the relationship between log egg THg and log maternal blood THg was significantly less 

than 1 (t= -4.82, df=31, P<0.001). 
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Based on the published equation of the correlation between blood and whole 

body THg concentrations (Bergeron et al. 2010a), and the correlation between blood 

and toe THg concentrations generated above (see Fig. 1), the relationship between 

toe and whole body THg concentrations in American toads in this study system are 

predicted as 

 

 (4) Log(BodyTHg) = 1.1706*Log(ToeTHg) + 0.1852. 

 

DISCUSSION 

 Studies of the bioaccumulation and effects of Hg in amphibians have lagged those 

inother vertebrates (Wolfe et al. 1998; Linder and Grillitsch 2000; Eisler 2006; 

Scheuhammer et al. 2007). This is an important knowledge gap given concern that 

environmental contaminants may contribute to global amphibian declines (Sparling et 

al. 2010). The development of nondestructive indices for determining Hg concentrations 

in amphibians is therefore valuable and should aid future research. Here, we found that 

we could identify THg concentrations in American toads and their eggs using toe clips. 

These relationships were significant across a broad gradient of Hg concentrations in 

field-collected toads, demonstrating their potential applicability to other study sites and 

systems. 

 Earlier work with American toads along the South River showed that blood THg 

concentrations are highly correlated with whole body THg tissue concentrations 
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(Bergeron et al. 2010a). Combining the earlier published regression of blood and whole 

body THg with the current regression between blood THg and toe THg from this study 

allowed us to generate equation (4) above. Studies have shown that whole-body THg 

concentrations of fficient to cause adverse maternal effects in 

American toads (Bergeron et al. 2010a; Bergeron et al. in press). Based on equation (1), 

this would equate to a toe THg concentration of 205 ng/g dw. Toes from American toads 

are comprised mostly of bone, with small amounts of dermal tissue, tendons, and little 

muscle or blood. The approximate fourfold increase in THg concentrations in the whole 

body versus the toe is likely due to the tendency of Hg to accumulate in viscera and 

organ tissues rather than bones (Weiner and Spry 1996). 

Bergeron et al. (2010b) previously demonstrated that female American toads 

will maternally transfer a portion of their Hg burden to their eggs, and the 

concentration transferred is strongly dependent upon the THg concentrations in female 

carcasses. Nondestructive evidence of this maternal transfer was previously provided 

using correlations between maternal blood THg and egg THg (Bergeron et al. 2010b). In 

the current study, our results identify that THg concentrations in maternal toes are also 

correlated with egg THg concentrations. In fact, based on a comparison of the 

coefficients of determination in the current study, toe THg concentrations are a better 

predictor of egg THg concentrations (R2= 0.86) than are blood THg concentrations 

(R2=0.72). This may be a reflection of differences in the temporal integration of Hg 

accumulation in toes versus blood and the ways in which energy is partitioned into 

developing eggs.  Specifically, blood THg concentrations may reflect more recent dietary 
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intake whereas toe and egg THg concentrations likely represent an integration of Hg 

intake over time (e.g., Day et al. 2005). 

Many nondestructive sampling techniques have been developed for assessing 

heavy metal concentrations in other vertebrates, including the use of talons and 

feathers in birds (Hopkins 2007), tail clips and blood in reptiles (Hopkins et al. 2001; 

Jackson et al. 2003; Hopkins et al. 2005; Fletcher et al. 2006), and fur and blood in 

mammals (Malvandi et al. 2010; Wada et al. 2010). Recent work also has identified the 

use of blood in anurans and tails in salamanders as nondestructive indices of Hg 

accumulation (Bergeron et al. 2010a). However, the use of tail clips cannot be applied 

to most anurans because they lack tails. Our current study instead demonstrates the 

viability of using toe clips to infer Hg accumulation in amphibians. This method may be 

preferred over blood in anurans for its possible longer-term integration and better 

predictive potential, relative ease of sampling, and the fact that these tissues are often 

discarded in mark-recapture studies. 

Despite the ease and usefulness of toe-clips as indices of Hg concentrations in 

amphibians, there are some possible limitations that should be considered. First, it 

may be necessary to validate toe and whole body Hg correlations for other species in 

other areas. Second, researchers must be cognizant of the size of their target 

amphibian species and the minimum mass requirements for Hg analysis depending on 

their analytical methods and the expected Hg concentrations. Such requirements may 

allow the use of only a single toe or may preclude the use of toes altogether if enough 

mass is not recoverable. Ultimately, the use of toe clips for Hg determination should 
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prove effective and practical and greatly facilitate additional studies of the 

accumulation or effects of Hg in amphibians. This will be especially true where it is 

preferred to keep animals alive or when toe-clipping will already be used in mark-

recapture and population monitoring studies. 
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FIGURE LEGENDS  

 

 

Figure 1: Relationship between blood total mercury (THg) concentrations and toe 
THg concentrations in American toads collected along the Hg-contaminated South 
River near Waynesboro, VA, USA. 
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Figure 2: Relationship between (A) maternal toe and (B) maternal blood total mercury (THg) 
concentrations and egg THg concentrations in female American toads collected along the 
Hg- contaminated South River near Waynesboro, VA, USA. Note that the axes differ. 

A 

B 
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Do effects of maternally transferred and dietary mercury on larvae 
persist in post-metamorphic amphibians? 
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ABSTRACT  

 Despite widespread concern about the role of environmental contaminants in 

global amphibian declines, and evidence that post-metamorphic life stages contribute 

disproportionately to amphibian population dynamics, most studies in amphibian 

ecotoxicology focus on larval life stages. Studies that focus solely on early life stages may 

miss important effects of contaminant exposure, such as latent effects that manifest some 

time after previous exposure. Moreover, it is often assumed that effects observed in 

amphibian larvae will persist to affect survival or reproduction later in life. We used 

terrestrial mesocosms to determine whether exposure to mercury (Hg) through maternal 

transfer and/or larval diet had any adverse effects in post-metamorphic American toads 

(Bufo americanus). We found that a 5% difference in size at metamorphosis that was 

attributed to maternal Hg exposure persisted for one year in the terrestrial environment, 

resulting in a 7% difference at the conclusion of the study. Although patterns of survival 

differed among treatments through time, we found no overall difference in survival after 

one year. We also found no evidence of any previously unseen latent effects in the 

terrestrial toads that could be attributed to earlier exposure. Our results indicate that 

adverse effects of Hg observed in larval amphibians may persist to affect later terrestrial 

life stages but that no novel adverse effects developed when animals were raised in a 

semi-natural environment. Our results also indicate that effects of maternal Hg may 

outweigh those of exposure through larval diet, highlighting the need for increased 

consideration of maternal effects in amphibian ecotoxicology. Finally, we suggest an 
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increase in the use of longitudinal studies to better understand contaminant impacts to 

amphibian populations via effects in both aquatic and terrestrial life stages. 

 

INTRODUCTION 

The need to understand functional mechanisms underlying ecological processes 

frequently leads to studies of species or systems that can be feasibly controlled and 

replicated. Even within species, some life stages can receive disproportionate attention 

because they may lend themselves more readily to experimental research. For example, 

the vast majority of experimental amphibian research has focused on aquatic larval stages 

that are more easily manipulated in the laboratory or sampled in the field (Carey and 

Bryant 1995, Biek et al. 2002, Boone and James 2005). Despite the widespread decline of 

amphibian populations (Stuart et al. 2004, Hoffmann et al. 2010), and theoretical and 

empirical evidence that post-metamorphic life stages play a disproportionately important 

role in amphibian population dynamics (Biek et al. 2002, Vonesh and De la Cruz 2002, 

Schmidt et al. 2005), we know comparatively little about the ecology of terrestrial 

amphibian life stages or whether effects on larval stages persist to affect post-

metamorphic vital rates. 

Concern that environmental contaminants contribute to global amphibian declines 

has prompted a dramatic increase in amphibian toxicological research (Alford and 

Richards 1999, Houlahan et al. 2000, Wake and Vredenburg 2008, Sparling et al. 2010). 

Historically, amphibian toxicology has focused on dose-response relationships to 

determine lethal concentrations of a variety of contaminants (e.g., pesticides, herbicides, 
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heavy metals, or persistent organic pollutants) on embryos or larvae (Boone and James 

2005, Palenske et al. 2010). These studies are useful for determining the acute toxicity of 

many substances and for understanding the sensitivity of diverse species to a wide range 

of potentially harmful environmental contaminants (Relyea and Jones 2009, Kerby et al. 

2010), but they frequently lack ecological realism. Recently, there has been greater 

interest in understanding the broader ecological and sublethal consequences of 

environmental contaminants in more relevant contexts. 

Contemporary ecotoxicological studies focus more widely on how contaminants 

interact with natural stressors, including inter- and intraspecific competition (e.g., Relyea 

et al. 2005, Jones et al. 2011), predation (e.g., Relyea and Edwards 2010, Todd et al. in 

press), and environmental stochasticity (e.g., Boone and Semlitsch 2002), as well as 

exposure to sublethal concentrations of contaminants (e.g., Budischak et al. 2008), and 

environmentally realistic contaminant mixtures (e.g., Snodgrass et al. 2004, Boone et al. 

2005, Relyea 2009). These studies have revealed that environmental contaminants can 

have a wide array of adverse effects on larval amphibians, some of which may be 

sublethal (Rowe et al. 2001, Budischak et al. 2008). However, the broader implications of 

sublethal effects are often discussed under the assumption that they persist throughout 

ontogeny, presumably reducing survival or reproduction in post-metamorphic life stages, 

but this assumption is rarely tested. Additionally, studies that focus only on larval life 

stages may miss important latent effects of contaminant exposure that appear later in 

ontogeny after previous exposure (e.g., Rohr and Palmer 2005, Budischak et al. 2008). 
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To test the hypothesis that larval effects of contaminant exposure persist after 

metamorphosis, we examined the post-metamorphic growth and survival of American 

toads (Bufo americanus) for one year after exposure to mercury (Hg) via maternal transfer 

or larval diet. Previously, we have shown that female American toads that inhabit a 

contaminated river floodplain accumulate Hg and maternally transfer it to their offspring 

(Bergeron et al. 2010). Exposure to maternal Hg results in delayed metamorphosis, 

smaller body size, and increased prevalence of spinal malformations in newly 

metamorphosed juveniles (Bergeron et al. in press, Todd et al. in press). Additionally, 

dietary Hg can reduce body size of developing larvae and can interact with maternal Hg to 

reduce larval survival (Bergeron et al. in press). Mercury bioaccumulates in tissues, is a 

known neurotoxicant, and can affect the endocrine and reproductive systems of 

vertebrates (Eisler 2006, Crump and Trudeau 2009, Tan et al. 2009). Thus, we predicted 

that negative effects observed at metamorphosis would persist through ontogeny to 

negatively affect growth and survival of terrestrial juvenile American toads. Lastly, we 

tested for the onset of any adverse latent effects unseen in the larval stage yet resulting 

from earlier larval exposure. 

 

METHODS  

Experimental design 

 Recently metamorphosed American toads used in this study were obtained 

from a factorial experiment examining the individual and interactive effects of maternal 
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and dietary Hg on larval traits. Detailed methods and results of this study will be reported 

elsewhere (Todd et al, in review). Briefly, we acquired larvae from clutches of eggs from 

toads collected in either contaminated or uncontaminated portions of the South River 

floodplain in Waynesboro, VA, USA (Todd et al. in press). Reference and contaminated 

mothers had total Hg (THg) concentrations of 159.5 ± 18.6 (mean ± SE hereafter) and 

2,250 ± 489.8 ng/g ww in their blood, respectively (Todd et al. in press). Reference and 

contaminated eggs had THg concentrations of 20.6 ± 1.3 and 149.1 ± 17.9 ng/g dw, 

respectively (Todd et al. in press). Soon after hatching, larvae were allotted to dietary 

dw THg) or a diet spiked with 

environmentally relevant concentrations and proportions of inorganic and methyl-Hg 

-Hg; see (Bergeron et al. in press)), creating 4 

experimental crosses: 1) reference mother - control diet, 2) reference mother - Hg larval 

diet, 3) Hg mother - control diet, 4) Hg mother - Hg larval diet. We drew animals 

haphazardly during the peak of metamorphosis and created 32 groups of 9 individuals 

that were to be placed into terrestrial mesocosms (“pens”) to test the individual and 

interactive effects of maternal and dietary Hg. Thus, we had 8 replicate pens for each 

possible 2 x 2 experimental cross. A different subset of animals, drawn at the same time, 

was used to determine initial Hg-tissue concentrations at the beginning of the 

experiment.  

Each group of 9 recently metamorphosed toads was placed into a terrestrial 

enclosure in a stratified block design such that a block of 4 pens contained each of the 4 

experimental treatments. The terrestrial pens measured 1.75 x 1.75 m and were located 
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in a deciduous forest on the campus of Virginia Tech, Blacksburg, VA, USA. The pens were 

constructed of smooth aluminum flashing that stood 60 cm high and was buried 30 cm 

into the ground. Each pen also featured a 20-cm deep hole with a diameter of 20-cm that 

was located centrally in the pen and was packed with leaf litter. Each hole was covered 

with a 61 cm by 61 cm piece of ¼” untreated plywood so that toads could use the areas as 

refugia. We individually marked each animal by clipping one front toe and one hind toe 

prior to release. We released the animals within 48 hours of completing metamorphosis in 

late June 2009. When the toads were added to pens, reference x control diet toads had 

THg tissue concentrations of 21.5 ± 1.5 ng/g ww, maternal Hg x control diet toads had THg 

tissue concentrations of 33.6 ± 2.0 ng/g ww, reference x Hg diet toads had THg tissue 

concentrations of 3250.6 ± 127.8 ng/g ww, and maternal Hg x Hg diet toads had THg 

tissue concentrations of 4122.2 ± 153.8 ng/g ww. Amphibians lose mass at 

metamorphosis (Bergeron et al. in press). Consequently, THg-tissue concentrations of 

metamorphosed animals are likely greater than those of younger, untransformed larvae. 

Thus, the THg-tissue concentrations of metamorphosed animals fed dietary Hg were 

higher than those of younger tadpoles collected at contaminated field sites, which 

averaged ~2,100 ng/g dw at Gosner stages 28-32 (Bergeron et al. 2010), but were likely 

environmentally relevant. No additional dietary Hg was provided to the animals at any 

point after metamorphosis. 

We censused pens throughout 2009 and again in May 2010 after the animals had 

overwintered. Beginning 3 weeks after release, we visually searched each pen for 3 min at 

daybreak on 2 consecutive days. During searches we gently wet the interior of the pens by 
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spraying well water from a hose for 1 min to stimulate toad activity. Upon each capture, 

we recorded the identity, body size (snout-vent-length, SVL), and mass of each animal and 

returned them to their pens within 2 h. Searches were conducted on 2 consecutive days 

every 3 weeks until 6 October 2009 (15 weeks later) when temperatures began to drop 

and surface activity ceased. On 10-11 May 2010 we conducted a final census during which 

we removed all captured animals. On 12-14 May, we carefully removed all leaf litter by 

hand from each pen and searched for any animals that may have been missed during the 

prior surveys. Nineteen of the final 143 surviving toads were recovered during removal 

and inspection of the leaf litter. 

In general, animals had to rely on the leaf-litter insect communities within pens to 

provide forage during the experiment. However, we added 2 kg of leaf litter collected 

from the surrounding forest to each pen in September 2009 to provide additional forage. 

On 13 April 2010, as temperatures warmed and toads resumed activity after 

overwintering, we added 0.5 g of small domestic crickets to each pen and on 20 April 2010 

we added 2.7 g of small domestic crickets to each pen. The winter of 2009 - 2010 was 

particularly harsh; there were approximately 24 days of continuous snow cover and 

average daily temperatures at ground level (recorded using a HOBO TidbiT data logger, 

Onset Computer Corporation, Pocasset, MA, USA) were below 5°C for nearly 90 

continuous days between December and March. 
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Statistical analyses 

 All statistical analyses were run in SAS 9.2 (SAS Institute Inc., Cary, NC, USA) 

examined prior to analyses; unless otherwise noted, raw data values were used in 

statistical models. Pen means were used as statistical units in all analyses. We investigated 

the latent effects of exposure to Hg via maternal transfer and larval diet on mean body 

size (SVL) of juvenile American toads using repeated measures analysis of variance 

(ANOVA; SAS Proc Mixed). Change in mean body size over time may not accurately 

represent growth due to possible size-specific mortality or variation in detection of 

differently-sized animals over time. Thus, we assessed individual growth, corrected for 

body size, by calculating the proportional change in body size of individuals captured in 

any two successive intervals: (SVLt+1-SVLt)/SVLt. We used repeated measures ANOVA to 

tests for effects of time, maternal Hg exposure, dietary Hg exposure, and their 

interactions on mean proportional change in SVL, using each block of pens as a blocking 

factor.  

We also used repeated measures ANOVA to test for effects of time, maternal Hg 

exposure, dietary Hg exposure, and their interactions on minimum number of juvenile 

toads known alive (survival). Retrospective examination of capture histories 

demonstrated that within each sampling session, >90% of the individuals known to be 

alive were captured, suggesting that minimum number known alive was a valid proxy for 

survival (Todd and Rothermel 2006). Time, maternal Hg exposure, dietary Hg exposure, 

and their interactions were included as factors and each block of pens was included as a 
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blocking factor in the model. We analyzed survival separately at the final time point (May 

2010) using two-factor ANOVA with block as a blocking factor. Finally, we used non-

parametric bootstrap resampling (Lunneborg 2000) to test whether, within treatments, 

animals that survived for one year represented a non-random sample of all animals with 

respect to their initial body size (SVL). In the bootstrap resampling, individuals were 

treated as the statistical units. 

  

RESULTS 

When raised in terrestrial enclosures, juvenile American toads grew rapidly, more 

than doubling their initial length after one year (Fig. 1). At the beginning of this study, 

newly-metamorphosed toads from Hg-exposed mothers were 5% smaller than those from 

reference mothers. This initial difference in body size persisted through one year of 

growth (Maternal: F1,21  = 86.31, p < 0.001), but the lack of a maternal-by-time interaction 

(Maternal X Time: F6,166  = 0.50, p = 0.811) indicated that no latent effects of maternal Hg 

on growth manifested in the terrestrial stage. Rather, the effect is more accurately viewed 

as the persistence of effects seen at metamorphosis; at the end of the study, toads from 

Hg-exposed mothers were 7% smaller than those from reference mothers. We also found 

no evidence of latent effects of dietary Hg (Diet: F1,21  < 0.01, p = 0.950; Diet X Time: F6,166  

= 0.24, p = 0.961) or an interaction between maternal and dietary Hg exposure (Maternal 

X Diet X Time: F6,166  = 0.32, p = 0.923) on juvenile body size. Accordingly, we found no 

effects of Hg on size-corrected growth (Fig 2; Maternal, Diet, Maternal X Time, Diet X 

Time, Maternal X Diet X Time, all p 
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nine weeks of the study (Time: F5,98.2  = 0.89.38, p < 0.0001), increasing their body size by 

15 – 20% during each three week interval. Growth slowed during the fall and winter but 

increased again in the spring.  

Survival of toads declined to approximately 70% during the first six weeks of the 

study, but plateaued thereafter (Fig. 3). An additional 15% drop in survival occurred 

during overwintering, yielding an overall mean survival of approximately 50% at the end 

of one year. Although we detected significant effects of maternal Hg on juvenile survival 

when survival data were analyzed in time-series (Maternal X Time: F5,140 = 0.2.34, p = 

0.044), the mean survival rate after one year did not differ among treatments (Diet, 

Maternal, Diet X Maternal, all p 

affect terrestrial survival (Diet X Time: F5,140 = 1.68, p = 0.144) or interact with the effects 

of maternal Hg exposure (Maternal X Diet X Time: F5,140 = 0.39, p = 0.857). Results of non-

parametric bootstrap resampling suggested that survival was not related to initial body 

size; in all cases, the mean initial body size of surviving individuals did not differ 

significantly from a randomly drawn subset of the pool of initial body sizes within each 

treatment (Table 1). 

 

DISCUSSION  

Most ecotoxicological studies on amphibians measure effects on larval life stages 

and assume that sublethal effects observed in larvae persist to affect survival and 

reproduction later in life. We used terrestrial mesocosms to determine whether maternal 

or dietary Hg exposure in larval American toads had any adverse effects in the terrestrial 
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environment following metamorphosis, including the possible persistence of effects seen 

at metamorphosis or the onset of any latent effects not seen previously. We found no 

evidence for the onset of latent effects on growth or survival of terrestrial juveniles during 

the first year following metamorphosis. However, size differences that were present at 

metamorphosis as a result of maternal Hg exposure persisted for at least one year in the 

terrestrial environment. Our results demonstrate that sublethal larval effects attributed to 

maternal transfer of Hg may have lasting consequences in the terrestrial environment 

after metamorphosis. 

Studies of maternal effects in amphibians have typically examined the effects of 

maternal contributions to egg size on larval development and size at metamorphosis (e.g., 

Kaplan 1985, Semlitsch and Gibbons 1990, Parichy and Kaplan 1992, Laugen et al. 2002). 

These studies have found that, depending on resource availability in the aquatic 

environment, maternal effects on egg size can persist to metamorphosis. However, few 

studies have examined the persistence of maternal effects after metamorphosis, and 

fewer still have investigated the ecological consequences of maternal contaminant 

exposure in amphibians. One recent study demonstrated that maternal effects of 

contaminant exposure can include reduced hatching success and increased 

developmental abnormalities in recently hatched offspring of narrowmouth toads, 

Gastrophryne carolinensis (Hopkins et al. 2006). Our own research on larval American 

toads has shown that maternal Hg can delay metamorphosis, lead to smaller body size, 

and increase prevalence of spinal malformations (Bergeron et al. in press, Todd et al. in 
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press). Our present study demonstrates that maternal effects of contaminant exposure on 

size at metamorphosis can persist after metamorphosis in terrestrial life stages. 

 Sublethal effects on amphibian larvae are often assumed to affect post-

metamorphic survival or reproduction, but this assumption is seldom tested. One of the 

most frequently observed sublethal effects of contaminants on amphibians is a reduction 

in body size of larvae or newly metamorphosed juveniles (Boone and Bridges 2003). For 

example, reductions in larval growth rates or size at metamorphosis can result from 

exposure to pesticides (Bridges 2000, Boone 2005), fungicides, (Fioramonti et al. 1997), 

and coal combustion wastes (Snodgrass et al. 2004). In our own studies of Hg in larval 

American toads, reduced body size was one of the most prevalent sublethal effects of Hg 

exposure (Bergeron et al. in press, Todd et al. in press). The broader implications of body 

size differences are often argued under the assumption that they persist to affect 

fecundity of terrestrial adults. For example, because maturity in female amphibians is 

generally size-dependent (Berven 1990, Scott 1994), and because smaller females 

produce smaller clutches (Berven 1988, Semlitsch and Gibbons 1990), it is often suggested 

that smaller body size at metamorphosis can reduce lifetime reproductive fitness (Boone 

and Bridges 2003). However, this assumption is seldom tested and studies of natural 

stressors (e.g., competition) have suggested that size differences at metamorphosis can 

be overcome by compensatory growth in the terrestrial environment (Beck and Congdon 

1999, Boone 2005, Sams and Boone 2010). Our study provides evidence that effects of 

contaminants on larval body size can indeed persist in post-metamorphic amphibians. 
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 Our results suggest that sublethal effects of Hg on amphibians may be more 

persistent than those of short-lived environmental contaminants, such as pesticides. The 

few studies that have examined latent or persistent effects of larval contaminant 

exposure in post-metamorphic amphibians have focused on pesticides (Rohr and Palmer 

2005, Distel and Boone 2009, Distel and Boone 2010, Webber et al. 2010). Many of these 

studies have found that juvenile amphibians can compensate for pesticide-induced 

reductions in size at metamorphosis via increased growth in the terrestrial habitat (Boone 

2005, Distel and Boone 2009, Distel and Boone 2010), calling into question the lasting 

consequences of larval effects. In contrast, we found that a 5% reduction in body size at 

metamorphosis due to maternal Hg exposure persisted in the terrestrial stage and 

resulted in 7% differences in body size after nearly one year of growth in the terrestrial 

environment. The discrepancy between our results and those of previous studies may be 

explained by differences between Hg and the contaminants other studies have evaluated. 

For example, many currently used pesticides are designed to degrade rapidly in the 

environment, whereas Hg and other heavy metals are persistent and can bioaccumulate 

in tissues (Eisler 2006). Thus, heavy metals like Hg might be more likely to result in 

persistent long-term effects than some other environmental contaminants.  

Our study was also designed to test for the onset of any latent adverse effects of 

larval of maternal Hg exposure. Laboratory studies have shown that sublethal 

contaminant exposure can affect behavior (Semlitsch et al. 1995, Bridges 1997, Bridges 

1999, Burke et al. 2010) and physiology (Rowe et al. 1998, Palenske et al. 2010) of larval 

amphibians. Often these sublethal effects are suspected to reduce survival under natural 
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conditions, resulting in latent lethal effects in the terrestrial stage (Boone and Bridges 

2003). For example, Rohr and Palmer (2005) found that terrestrial juvenile streamside 

salamanders (Ambystoma barbouri) exhibited altered behavior several months after larval 

exposure to the herbicide Atrazine, increasing their susceptibility to desiccation. When 

reared in terrestrial mesocosms with no predators or heterospecific competitors, we 

found little evidence that prior Hg exposure affected survival up to one year of age. 

Although we saw a significant maternal effect when survival data were analyzed in time 

series, survival rates at the end of one year did not differ among treatments. One possible 

explanation for the slight difference in survival trajectories is that mortality was size-

dependent during some seasons and thus, differences among treatments were driven by 

initial differences in body size. However our non-parametric bootstrap resampling analysis 

suggested that survival was independent of initial body size. Although our results suggest 

that exposure to Hg through maternal transfer or larval diet has limited adverse effects on 

post-metamorphic survival, they should be interpreted with caution given the simplified 

conditions present within our terrestrial mesocosms. Under more challenging natural 

conditions, larger body size may reduce risk of predation by gape-limited predators 

(Willson and Hopkins in press), or facilitate dispersal or predator evasion through 

enhanced locomotor performance and stamina (Arnold and Wassersug 1978, John-Adler 

and Morin 1990). 

When scaling from individual-based toxicological studies to population-level 

effects, it is important to understand the degree to which contaminant effects translate 

across life stages. Specifically, post-metamorphic life stages are thought to be the primary 
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drivers of amphibian population dynamics (Biek et al. 2002, Vonesh and De la Cruz 2002, 

Schmidt et al. 2005). Thus, it is critical to know whether sublethal effects observed in 

larvae persist in post-metamorphic life stages, or whether latent effects emerge long after 

initial exposure to contaminants. Our results indicate that adverse effects of maternally 

transferred Hg on larval amphibians can persist to affect subsequent terrestrial life stages. 

The reduction in body size we observed at metamorphosis persisted for at least one year 

in terrestrial juveniles and may be linked to a reduction in lifetime reproductive output 

through delayed maturity and reduced clutch size. Further, by examining growth and 

survival of post-metamorphic toads, we were able to demonstrate a lack of significant 

latent effects from earlier maternal or dietary exposure in the larval environment. 

Longitudinal studies like ours are increasingly needed to comprehensively assess the 

diverse effects of environmental contaminants throughout ontogeny when the ultimate 

goal is translating individual effects to the viability of natural populations. 
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FIGURE LEGENDS 

Figure 1: Body size (snout-vent-length; SVL) of juvenile Bufo americanus exposed to Hg 
through maternal transfer or larval diet and raised in terrestrial mesocosms from 
metamorphosis to one year of age. Values represent means (±1 SE) across pens (n=8 per 
treatment) initially stocked with 9 newly-metamorphosed B. americanus. Note the 
disproportionately long time interval (broken axis) during overwintering. 
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Figure 2: Growth of juvenile Bufo americanus exposed to Hg through maternal transfer or 
larval diet and raised in terrestrial mesocosms from metamorphosis to one year of age. 
Growth values represent the proportional change in body size of individuals captured in 
two successive intervals: 100% x (SVLt+1-SVLt)/SVLt. Bars represent means (±1 SE) across 
pens (n=8 per treatment) initially stocked with 9 newly-metamorphosed B. americanus. 
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Figure 3: Survival of juvenile Bufo americanus exposed to Hg through maternal transfer or 
larval diet on raised in terrestrial mesocosms from metamorphosis to one year of age. 
Values represent means (±1 SE) across pens (n=8 per treatment) initially stocked with 9 
newly-metamorphosed B. americanus. 
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TABLE 

 
Table 1. Mean initial body size of juvenile American toads (Bufo americanus) surviving for 
one year in terrestrial enclosures and confidence intervals of randomly drawn survivors 
from within treatments. Confidence intervals were derived from 1000 bootstrap 
resampled subsets (size = n surviving) drawn from the overall pool of initial body sizes 
within each treatment (n = 72 per treatment). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

        
Treatment n surviving Mean initial SVL of survivors 90% CI 

Maternal Hg - Hg larval diet 36 12.36 12.20 - 12.84 

Maternal Hg - Control diet 40 12.78 12.45 - 12.99 

Reference mother - Hg larval diet 30 13.27 12.97 - 13.53 

Reference mother - Control diet 37 13.47 13.08 - 13.71 
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From individual-level effects to population-level responses: The missing  
link in amphibian ecotoxicology 
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ABSTRACT  

 Concern that environmental contaminants contribute to global amphibian declines 

has prompted extensive experimental investigation, but translating individual-level 

experimental results to population-level processes has remained elusive. We use our 

research on the effects of mercury (Hg) on Bufo americanus as a model for bridging the 

gap between individual-level contaminant effects and amphibian population viability. We 

synthesize the results of field surveys, and laboratory, mesocosm, and terrestrial 

enclosure experiments examining effects of Hg throughout the life cycle of B. americanus 

and use a demographic population model to mechanistically evaluate the consequences 

of Hg exposure on population dynamics in the context of larval density-dependence and 

environmental stochasticity. We demonstrate that embryonic effects and sublethal 

effects that delay maturation have minor effects on population dynamics, whereas 

contaminant effects that reduce late-larval or post-metamorphic survival have important 

population-level consequences. We find that excessive Hg exposure through maternal 

transfer or larval diet, alone, has minor effects on B. americanus populations, whereas 

simultaneous maternal and dietary exposure resulted in a 53% reduction in population 

size and a nearly five-fold increase in extinction probability. Our results suggest that 

environmental contaminants can influence amphibian population viability, but that highly 

integrative approaches are needed to translate individual-level effects to populations. 
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INTRODUCTION 

Much of modern ecological research is aimed at understanding and ameliorating 

anthropogenic impacts on the environment. Although the ultimate goal of these 

investigations is generally to conserve populations, species, communities, or even 

ecosystems, the explanatory power of experimentation favors reductionistic approaches 

that measure effects at lower levels of biological organization (e.g., individual organism, 

tissue, or subcellular levels). The problematic dichotomy between the biological unit most 

amenable to experimental research and the unit where inference is ultimately desired has 

hampered our ability to address a variety of ecological threats. For example, many studies 

evaluating the detrimental effects of environmental contaminants rely on standard 

toxicological methods that measure effects on individual organisms [1-3]. Although long-

standing recognition of the limitations of this approach [4-6] has prompted several studies 

that use integrative methods to bridge the gap between individual-level effects of 

environmental contaminants and population-level processes [e.g.,7-10], this approach has 

seldom been applied to terrestrial vertebrates [but see 11-12]. 

Amphibian ecotoxicology provides a striking example of the difficulty associated 

with translating experimental results to the conservation of populations or species. 

Concern that environmental contaminants may be important contributors to global 

amphibian population declines prompted extensive experimental investigation of 

contaminant effects in a variety of amphibian taxa [13]. Most early studies evaluated 

acute effects on amphibian embryos and larvae under controlled laboratory conditions 

[14-15]. Subsequent studies have broadened the focus of amphibian ecotoxicology to 
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include other ecologically relevant endpoints (e.g., sublethal effects) and have used 

mesocosms or artificial ponds to increase ecological realism, but still generally measure 

effects at the individual level [13,15]. These studies have demonstrated that contaminants 

can have a broad array of adverse effects on pre-metamorphic amphibians, and these 

effects may interact with a variety of biotic (e.g., presences of predators, conspecific or 

heterospecific competitors) and abiotic (e.g., hydroperiod, temperature) factors. 

However, links between individual-level effects observed in experiments and population 

dynamics have remained tenuous, complicating our ability to effectively conserve 

amphibian populations or species [16]. The disconnect between experimental results and 

population dynamics is particularly troubling in light of the characteristically complex 

dynamics of amphibian populations, owing in part to their complex life cycles and 

sensitivity to environmental stochasticity [16-18].  

Population models provide a powerful tool for interpreting how alterations of 

stage-specific vital rates affect population dynamics [19]. The utility of models to 

mechanistically link individual-level contaminant effects to population dynamics has been 

recognized [7,20-22] and this approach has been used to evaluate other amphibian 

threats, such as elevated embryonic mortality due to ultraviolet radiation [23] and 

terrestrial habitat loss [24-25]. However, studies in amphibian ecotoxicology have yet to 

develop a sound theoretical basis for extrapolating the individual-level effects observed in 

experimental studies to population-level consequences [16]. 

We use our research on the effects of mercury (Hg) on toads as a model for 

bridging the gap between individual-level effects of environmental contaminants and 



  

117 
 

amphibian population dynamics. Mercury is a contaminant of global concern due to its 

ubiquity, toxicity, and ability to bioaccumulate in animal tissues (see electronic 

supplimentary material). Though diet is often considered the primary pathway for Hg 

exposure, female amphibians may also pass bioaccumulative contaminants, including Hg, 

to their offspring through maternal transfer, often resulting in adverse effects [26-28]. We 

synthesize the results of field surveys and extensive laboratory, mesocosm, and terrestrial 

enclosure experiments examining the effects of maternal and dietary mercury (Hg) acting 

throughout the life cycle of a widespread amphibian species with a stereotypical anuran 

life-history, the American toad (Bufo americanus; see electronic supplimentary material). 

We construct a demographic population model for B. americanus, allowing us to 

mechanistically evaluate the consequences of lethal and sublethal effects of Hg on 

population dynamics in the context of important natural population drivers including 

density-dependence and environmental stochasticity. Specifically, we evaluate the 

sensitivity of population dynamics to shifts in vital rates that may be affected by Hg (e.g., 

stage-specific survival, fecundity, and maturation rates) to evaluate how effects of 

contaminants on individual amphibians influence population size and extinction 

probability. Finally, we parameterize the model to comprehensively incorporate Hg 

effects under several realistic exposure scenarios and explicitly evaluate the effects of Hg 

on B. americanus populations within a contaminated river floodplain in Virginia, USA. 
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METHODS  

(a) Bufo americanus demographic population model 

 To mechanistically evaluate the population-level effects of Hg on B. 

americanus we constructed a discrete-time, age-structured population model, based on 

the general amphibian population model developed by Vonesh & De la Cruz [23]. Because 

amphibian populations are thought to be regulated in large part by density-dependence in 

the larval stage [29-30] and are subject to dramatic natural population fluctuations due in 

part to variability in precipitation that affects the larval habitat [17-18,31], our model also 

incorporated larval density-dependence and environmental stochasticity, including 

periodic catastrophic reproductive failure in years of extreme precipitation.  

Female B. americanus in northern Virginia mature at 3 – 4 years of age [32]. Thus, 

our model included 4 age classes: 2 juvenile age classes (first-year, J1; second-year, J2), a 

third-year age class (A3), of which a proportion ( ) were reproductively mature, and a 

mature adult age class (A) incorporating all animals 4 years old or greater, with a sex ratio 

 age classes were linked by survival rates of 

juveniles ( J ) and adults ( A ), respectively. Reproductive functions relating the number 

of adults to the number of one-year-old juveniles incorporated female fecundity (f), and 

survival of embryos ( E ), larva ( L ), and newly-metamorphosed juveniles up to one year 

of age ( M ). The model can be expressed as a pre-breeding census in matrix form as 

follows: 
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Density-dependent intraspecific interactions within the larval habitat are 

important in regulating amphibian populations, including those of B. americanus [29-

31,33]. We incorporated larval density dependence using a function introduced by Vonesh 

& De la Cruz [23] and based upon the Beverton-Holt [34] fisheries recruitment model and 

Hassell’s [35] model of intraspecific competition. 

 

)1(
)( max

,
t

L
ttL dL
L        (Equation 2) 

 

Equation 2 determined larval survival at each time step ( tL, ) based on the maximum 

larval survival observed at very low density ( maxL ), the initial number of newly-hatched 

larvae per m of shoreline (Lt), the strength of density-dependence (  - density dependence 

exponent), and a scaling factor (d – the density dependence coefficient). Importantly, this 

function allowed evaluation of various forms of density dependence, ranging from 

density-independent ( =0), to compensatory ( =1), to overcompensatory ( >1), and has 

been parameterized for B. americanus [23]. 

 Despite the importance of larval density-dependence, population dynamics of 

pond-breeding amphibians are stereotypically erratic, due largely to annual variation in 



  

120 
 

recruitment driven by environmental stochasticity, particularly precipitation [17-18]. We 

incorporated the effects of environmental stochasticity on recruitment by varying the size 

of the breeding habitat (H) based on annual spring precipitation data for the region (see 

below). Thus, at each (yearly) time step, initial larval density (Lt) was a function of the 

number of breeding adults )3( tt AA f), and 

embryonic survival ( E ), divided by the size (m of shoreline) of the larval habitat (Ht), 

which varied based on annual precipitation: 

 

t

Ett
tttt H

fAA
HAAL

))(3(
),3,(     (Equation 3) 

 

 We considered a theoretical B. americanus population representative of those 

present at our primary study site, the floodplain of the South River, Virginia, USA (see 

electronic supplimentary material). This population was centered on an ephemeral 

breeding pool with a mean shoreline length of 100 m, but we varied the size of the 

breeding pool around this mean based on empirical precipitation data for the region (see 

electronic supplementary material). Additionally, we considered periodic catastrophic 

reproductive failure due to pool drying or flooding (because our study site is located 

within a river floodplain) in years of extreme precipitation by fixing larval survival ( tL, ) at 

0 in the 15% of years with the lowest cumulative spring rainfall and in the 7.5% of years 

with the highest cumulative spring rainfall (see electronic supplementary material). We 

parameterized our reference (no Hg effects) model using demographic data from our own 
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studies of B. americanus or the literature (Table 1, for detailed description see electronic 

supplementary material). 

(b) Model sensitivity 

 Before quantitatively evaluating Hg effects, we first conducted simulations 

examining the overall sensitivity of population dynamics to large shifts in individual vital 

rates that may be affected by Hg exposure. Specifically, we varied stage-specific 

parameters [embryonic viability ( E ), larva survival ( L ), maturation probability at age 3 

( ), survival of first year terrestrial juveniles ( M ), and adult survival ( A )] from 0 to 1 

and monitored mean adult population size and quasi-extinction probability over 200 

projections (years). We set a quasi-extinction threshold at 10 adult individuals, and ran 

5,000 simulations for each parameter combination. Because the strength of larval density 

dependence strongly influences amphibian population dynamics [23,29-30,33], but has 

seldom been quantified in the field, we evaluated sensitivity of population dynamics to 

shifts in each parameter across the 95% confidence interval for strength of density 

dependence (  = 0.76 – 1.26) identified by Vonesh & De la Cruz [23] from a meta-analysis 

of density-dependent effects in B. americanus. 

The most pervasive effect of Hg we observed, a 50% reduction survival of larval 

exposed to Hg through maternal transfer and larval diet (see below), occurred when 

larvae were raised on restricted food rations [27]. We accounted for this effect in the 

model by reducing larval survival in years when larval density exceeded 150 larvae/m of 

shoreline, a threshold that corresponds well with densities at which density-dependent 

reductions in larval survival have been observed in the field [29]. Furthermore, the 
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survival rates we observed (48%) in reference treatments on the restricted diet are very 

close to survival rates observed in the field by Brockelman [29] at a density of 167 

larvae/m of shoreline (45%).    

(c) Incorporating effects of maternally-transferred and dietary Hg 

Previously, we used a pluralistic combination of field surveys, and factorial 

laboratory, mesocosm, and terrestrial enclosure experiments to systematically evaluate 

the individual and interactive effects of maternal and dietary Hg throughout the life cycle 

of B. americanus (see electronic supplementary material). The results of these 

experiments, as they bear on vital rates used to model B. americanus population 

dynamics in this study, are summarized in Table 2. Generally, maternal transfer of Hg 

resulted in more severe effects on offspring than exposure through larval diet, including a 

20% average reduction in viability of embryos laid by Hg exposed females. Exposure 

through either maternal transfer or larval diet, alone, produced a wide array of sublethal 

effects, particularly reductions in body size of larvae and juveniles, but only maternal 

effects on body size persisted in terrestrial juveniles [36]. Larvae that received both 

maternal and dietary Hg, however, experienced a dramatic (50%) reduction in survival 

when reared on a limited food ration [27]. Importantly, this mortality occurred primarily 

at metamorphic climax, negating the potential for compensation due to competitive 

release from larval density-dependence [27]. For a more thorough discussion of the 

results of our previous experiments, see electronic supplementary material. 

 We used model simulations to explicitly examine effects of Hg on B. americanus 

population viability under several relevant scenarios of Hg exposure: (i) Reference 
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population with little Hg exposure, (ii) excessive exposure to Hg through maternal 

transfer, (iii) excessive exposure to Hg thorough larval diet, and (iv) combined excessive 

exposure to Hg through both maternal transfer and larval diet. For each scenario, we 

adjusted survival parameters based on all observed effects of Hg on survival or embryonic 

viability (Table 2). Because the most pervasive sublethal Hg effects we observed were 

reductions in larval and juvenile body size, and because smaller size at metamorphosis can 

delay maturation [37-38], we incorporated sublethal effects by reducing the proportion of 

female B. americanus that matured at age three, versus age four ( ) by the observed 

reduction in growth rate. Although we did not examine the effects of Hg on survival of 

adult B. americanus in our experimental work, Hg can affect survival or performance of 

adult animals [39], including amphibians [40]. Thus, we included a final hypothetical 

scenario which included a small increase (5%) in adult mortality of animals exposed to 

both maternal and dietary Hg. As in previous simulations, we evaluated quasi-extinction 

probability (n < 10 adults) over 200 years and mean adult population size at each 

parameter combination across the confidence interval of strength of larval density 

dependence ( =0.76 – 1.26; [23]). 

 

RESULTS 

 Altering embryonic viability had minor effects on adult population size and 

extinction probability (Fig. 1). Above very low levels of viability ( E >0.2), extinction 

probability was low (<0.2) if density dependence was weak (

resulted in only slight increases in adult population size. If density-dependence was strong 
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( <1), population size was small and extinction probability was relatively high, but both 

were insensitive to shifts in viability.  

Population size and extinction probability were sensitive to decreases in larval 

survival occurring at metamorphic climax (Fig. 1). Decreasing survival at metamorphosis 

decreased population size and increased extinction probability, but the slopes of those 

relationships varied with the strength of density-dependence. At the average strength of 

density dependence ( =1) reducing larval survival from 1 to 0.4 resulted in a gradual 

decrease in population size from 75 to 31 individuals and an increase in extinction 

probability from 0.2 to 1. When density-dependence was weak (

relationship between larval survival and extinction probability approached a threshold, 

increasing rapidly from 0 to 1 when larval survival dropped below 0.4. 

Population dynamics were highly sensitive to changes in post-metamorphic 

survival (Fig. 1). Increasing survival of either first year juveniles or adults resulted in 

substantial increases in adult population size. Extinction probability exhibited a threshold 

response to shifts in either juvenile or adult survival and this threshold varied only slightly 

across the  confidence interval. Extinction probability was very low until first year 

survival dropped below 0.3, but increased dramatically below that value, regardless of the 

strength of density dependence. The threshold value for adult survival was much higher, 

with extinction probability rising rapidly from 0 to 1 when adult survival dropped below 

0.6. 

Similar to embryonic viability, delaying maturity (shifting the proportion of females 

mature at age 3 versus age 4; ) had little effect on B. americanus population dynamics 
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(Fig. 1). At =1, mean adult population size was near 80 and extinction probability was < 

0.2 for all values of . Increasing the strength of density dependence lowered population 

size and increased extinction probability, but these values were insensitive to . 

 The combined individual and interactive effects of Hg exposure through maternal 

transfer or larval diet on B. americanus population dynamics are shown in Figure 2. In 

both reference and Hg-exposed cases, increasing the strength of larval density 

dependence ( ) decreased adult population size and increased extinction probability. At 

=1, populations not subjected to the effects of Hg averaged 83 adults and had a 14% 

probability of quasi-extinction within 200 years. Exposure to Hg through either maternal 

transfer or larval diet, alone, resulted in decreased embryonic viability or reduced body 

size, the latter of which may translate to delayed maturation probability (Table 2). 

Incorporating these effects had very little effect on population dynamics. However, 

adjusting model parameters to incorporate the interactive effects of maternal and dietary 

Hg exposure dramatically reduced adult population size and increased extinction 

probability. Specifically, at =1, populations subjected to both maternal and dietary 

effects of Hg were 53% smaller (39 adults) and had a 479% greater probability of 

extinction within 200 years than reference populations (81 versus 14%, respectively). 

Adding a hypothetical minor (5%) decrease in adult survival in a population exposed to 

both maternal and dietary Hg slightly decreased population size and increased extinction 

probability to 95% at =1.  
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DISCUSSION  

We used an integrative combination of field sampling, experimental manipulation, 

and mechanistic population modeling to translate individual-level effects of 

environmental contaminants to amphibian population dynamics. Overall, exposure to Hg 

through maternal transfer or larval diet, alone, had minor effects on population size or 

extinction probability. This result was not unexpected given that these exposure routes 

generally affected growth or embryonic viability, and that population dynamics were 

insensitive to shifts in these parameters. However, we found that elevated mortality at 

metamorphic climax of animals exposed to both maternal and dietary Hg translated into a 

dramatic reduction in population size and increase in extinction risk. Our results 

demonstrate that environmental contaminants can have important effects on amphibian 

populations, but that timing of effects must be evaluated in light of larval density 

dependence to accurately infer population-level effects. 

Although our model was tailored to examine effects of Hg, our analyses revealed 

general patterns of sensitivity that agree well with those identified using more general 

models [23-24,41]. Specifically, our results support the importance of post-metamorphic 

survival and suggest that perturbation of embryonic parameters has minor consequences 

for amphibian population dynamics. The insensitivity of population dynamics to 

embryonic viability arises directly from the high fecundity of female toads; in most years 

many more eggs are laid than are needed to saturate the larval environment and any loss 

of embryos is compensated for by increased larval survival due to competitive release 

[23]. Importantly, this result held even though we explicitly incorporated environmental 
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stochasticity by varying the size (carrying capacity) of the aquatic habitat based on 

empirical precipitation data. Our findings support previous warnings that the conservation 

implications of effects of contaminants on embryonic stages should be interpreted with 

caution [16,23,41]. 

Evidence that reducing survival of early amphibian life stages (e.g., embryos) has 

minor effects on population dynamics [23,41] has cast doubt on the importance of effects 

of environmental contaminants on amphibian larvae [16]. In contrast, our results 

demonstrate that lethal effects on amphibian larvae can strongly influence population 

dynamics but that evaluating the timing of effects in relation to larval density dependence 

is critical for evaluating population-level impacts. We found that combined exposure to Hg 

through both maternal transfer and larval diet resulted in a reduction in B. americanus 

population size and a dramatic increase in extinction probability. This effect was driven by 

a 50% reduction in survival at metamorphic climax under limited food conditions [27]. 

Thus, in our case, lethal effects of contaminants acted on top of the effects of larval 

density dependence and were enhanced at high density. Functionally, this affects 

population dynamics in much the same way as a reduction in survival of terrestrial 

juveniles. Metamorphic climax is a period of increased vulnerability in amphibians [31] 

and is a time when adverse effects of contaminants frequently manifest [e.g., 42-45]. Such 

effects likely have important population-level consequences in most species. 

Alternatively, if acute effects occur early in the larval stage, larval survival may 

compensate though relaxation of competitive interactions, provided sufficient larvae 

remain to saturate the aquatic habitat [46]. Because effects that manifest late in the larval 
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stage or at metamorphic climax have a much higher impact on population dynamics than 

effects manifesting early in development, bioassays that extend through metamorphosis 

[e.g., 47] may provide more relevant indications of effects that may influence population 

dynamics than assays focusing on embryonic viability and early larval development. 

To our knowledge, our study is the first to evaluate population-level consequences 

of sublethal contaminant effects in amphibians. Because the most pervasive sublethal Hg 

effects we observed were reductions in larval and juvenile body size, and because smaller 

size at metamorphosis can delay maturation [37-38], we incorporated sublethal effects by 

reducing the proportion of female B. americanus that matured at age three, versus age 

four. Somewhat surprisingly, we found that delaying maturation by up to one year had 

little effect on adult population size or extinction probability. When evaluated from a 

theoretical perspective, however, the explanation for this result becomes clear. The 

proximate result of decreasing maturation probability is a reduction in the number of 

breeding females and thus the total number of eggs produced each year. Functionally, this 

is analogous to reducing embryonic viability, except that the presence of older females 

prevents egg production from ever dropping below the threshold at which population 

declines occur (Fig. 1). A similar result would be expected if sublethal effects on body size 

resulted in reduced clutch sizes [48], which would also result in a net reduction in annual 

egg production. These results suggest that as with embryonic viability, sublethal effects on 

body size or maturation rate should be interpreted with caution, especially in relatively 

long-lived species with strong larval density dependence. However, it is important to 

remember that although we saw no effects of Hg or body size on survival of juvenile toads 
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housed in terrestrial mesocosms [49], these effects may ultimately influence survival in a 

more natural setting. For example, large body size may directly reduce desiccation rate 

[30,50], predation by gape-limited predators [51], or may indirectly facilitate dispersal or 

predator evasion through enhanced locomotor performance and stamina [52]. Moreover, 

our treatment of sublethal effects was limited by our choice of a relatively simple 

mechanistic model structure in which cohorts became undistinguishable after reaching 

maturity. Ultimately, individual-based population models [e.g., 53-54] may provide a 

superior method for evaluating how more complex sublethal effects of contaminants 

influence amphibian populations. 

Although our results suggest that combined exposure to maternal and dietary Hg 

strongly affected toad population dynamics, they also generate optimism that such effects 

can be mitigated through restoration activities. Because reductions in survival at 

metamorphosis were only evident when individuals were exposed to high Hg 

concentrations through both trophic and maternal pathways [27], reducing exposure 

through either route would alleviate most population-level effects. Reducing Hg exposure 

through larval diet may provide the most realistic target for remediation because 

amphibian breeding habitats are often small, discrete, and can even be artificially 

constructed for some species [55]. Our results suggest that if Hg contamination can be 

reduced within breeding habitats, or if uncontaminated alternative breeding sites can be 

created nearby, population-level effects of Hg might be reduced, even if adults continue 

to accumulate Hg in terrestrial habitats and pass it to offspring though maternal transfer 

[26]. 



  

130 
 

Our highly integrative research on the effects of Hg on Bufo americanus provides a 

model for bridging the gap between individual-level effects of environmental 

contaminants and population dynamics in amphibians. Because sensitivity of population 

dynamics to perturbations in stage-specific vital rates are generally similar among 

organisms with similar life-histories [56] our results can be used to qualitatively assess the 

risks that environmental contaminants pose to other amphibians with similar life-

histories, such as many anurans. However, it is important to recognize that contaminant 

effects may vary among species [5]. Applying our approach to other contaminants or 

species will require systematic experimental evaluation of effects of contaminants acting 

at various life stages as well as comprehensive life-history data from reference 

populations with which to inform models [20]. Particularly, our study highlights the 

importance of understanding larval density dependence when interpreting the 

population-level consequence of adverse effects on amphibian larvae. Density 

dependence in larval amphibians is complex, poorly understood, and likely varies among 

species and situations (e.g., habitats, environmental conditions, years). Our simulation 

analyses revealed that the strength of larval density dependence was important in 

mediating the effects of Hg on B. americanus population dynamics; at any given level of 

Hg exposure, effects on population size or extinction probability generally increased in 

severity with increasing strength of density dependence. Thus, although few studies have 

explicitly examined interactive effects of density and contaminants in amphibian larvae 

[but see 46,57], understanding these factors is critical for evaluating the population-level 

consequences of environmental contamination. 



  

131 
 

Finally, our study has identified several important avenues for future research. A 

key area of uncertainty in our study lies in our understanding of terrestrial sub-adult and 

adult life stages. Although our experimental evaluation of latent effects of Hg extended 

longer than the timeline of most studies (to 1 year post-metamorphosis [36]), we have 

not evaluated effects of dietary Hg on survival of adult toads. Yet, our sensitivity analyses 

support the importance of adult survival in amphibian population dynamics [23,41,58]. 

Indeed, incorporating a hypothetical minor reduction in adult survival on top of other 

effects was sufficient to raise extinction probability of a population exposed to Hg through 

both maternal transfer and larval diet to nearly 100%. Thus, while larval life-stages may be 

viable targets for remediation, preservation of sufficient high-quality adult habitat 

remains critical [25] and experiments examining effects of contaminants on terrestrial 

adult amphibians are needed [20]. Finally, our study considered a discrete amphibian 

population in the absence of immigration, emigration, or interactions with other 

amphibian species. Future studies will be needed to evaluate the role that contaminated 

habitats play in interpopulation (metapopulation or source-sink) dynamics or how 

contaminants may mediate interspecific interactions within amphibian communities. 
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FIGURE LEGENDS 

Figure 1: Sensitivity of Bufo americanus population dynamics to shifts in vital rates at various life stages.  
Solid isoclines represent mean adult population size and quasi-extinction probability as stage-specific vital 
were varied from 0 to 1 at the mean strength of density dependence ( =1; [23]). In each case, sensitivity 
to larval density-dependence is indicated by the shaded region, bounded by the confidence interval for  
( =1.26 [dotted isoclines] - =0.76 [dashed isoclines;[23]). ‘Larval survival at metamorphosis’ refers to 
additional mortality occurring at metamorphosis when larval density was high (Lt >150/m of shoreline; see 
methods). 
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Figure 2: Case studies evaluating the individual and interactive effects of Hg exposure 
through maternal transfer and larval diet on Bufo americanus population dynamics. We 
considered cases of no Hg exposure (solid line), maternal Hg exposure alone (X), exposure to 
Hg through larval diet alone (O), and combined maternal and dietary exposure (dashed line), 
by adjusting model parameters based on all observed Hg effects for each exposure scenario 
(Table 2). Additionally, we considered a hypothetical case where maternal and dietary Hg 
exposure resulted in minor additional adult mortality (5% reduction in survival; dotted line). 
We examined the effects of Hg exposure on quasi-extinction probability and mean adult 
population size for each case across varying strengths of density-dependence ( ; 95% CI for 
B. americanus = 0.76 - 1.26; mean = 1 [solid vertical line]; [23]). 
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SUPPLEMENTARY METHODS 

Study species  

The American toad (Bufo americanus) is one of the most common and 

widespread amphibians in eastern North America. Congeners with similar life histories 

are found throughout the United States and in many temperate and tropical regions 

world-wide. Bufo americanus exhibits a stereotypical anuran life history, with adults 

living terrestrially in diverse habitats and breeding explosively in the spring in a variety 

of aquatic habitats, particularly fish-free, often ephemeral, pools. Females lay large 

clutches of eggs (2,000 – 20,000; Green 2005), resulting in high larval densities and 

strong intraspecific interactions within the larval habitat (Brockelman 1969; Wilbur 

1977). Larvae mature rapidly, metamorphosing in 50-60 days and rapidly dispersing into 

the surrounding terrestrial environment. Bufo americanus has been the focus of a 

substantial body of basic and applied ecological research providing life-history data with 

which to supplement our own (Green 2005). 

Contaminant of Interest & Study Site 

 Mercury (Hg), especially in its methylated form, is an environmental 

contaminant of global concern due to its ubiquity, toxicity, and ability to bioaccumulate 

in animals (Fitzgerald et al., 1998; Mason et al., 1996). The most common sources of 

environmental Hg are emissions associated with power generation, waste disposal and 

treatment, and manufacturing which introduce Hg to the environment through 

atmospheric deposition, point source contamination, and improper disposal (Evers et al. 

2008). Recently, the U.S. Environmental Protection Agency (EPA) estimated that nearly 
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50% of U.S. lakes contain fish with tissue Hg concentrations exceeding the 0.3 ppm 

screening limit associated with potential human health risk (USEPA 2009). Exposure to 

high levels of Hg can result in acute toxicity and death in humans and wildlife, but the 

neurotoxic, teratogenic, and endocrine-disrupting nature of Hg can also induce subtle 

effects on growth, behavior, and reproduction following exposure to sublethal Hg 

concentrations (Scheuhammer 1991; Weiner and Spry 1996; Crump & Trudeau 2009; 

Tan et al. 2009). Although the effects of Hg in amphibians are understudied relative to 

other vertebrate taxa, larval development and metamorphic climax are both stages 

during ontogeny when amphibians are known to be sensitive to Hg exposure (Unrine et 

al. 2004; Bergeron et al. in press). 

Our field and laboratory studies of Hg effects in Bufo americanus were based 

primarily on a historically contaminated site along the South River, Virginia, USA. From 

1929-1950, the South River was contaminated with mercuric sulfate used by a 

manufacturing plant in Waynesboro, Virginia (Carter 1977). Mercury from this source 

has since dispersed into the South River and its floodplain, creating a broad 

contamination gradient with elevated Hg concentrations in water, sediment, and biota 

spanning at least 30 river-miles (Eggleston 2009; Bergeron et al. 2010a; 2010b). Our field 

surveys along the Hg contamination gradient at the South River demonstrated that B. 

americanus inhabiting the contaminated floodplain bioaccumulate Hg in their tissues. 

Adult B. americanus exhibited mean Hg concentrations 3.5-fold higher than those 

observed at reference locations (upstream of the Hg point source) and females 

maternally transferred Hg to their offspring (Bergeron et al. 2010a; 2010b). Moreover, 
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B. americanus larvae developing within contaminated floodplain breeding habitats 

accumulate additional Hg, resulting in 4-fold higher Hg concentrations than larvae from 

reference sites (Bergeron et al. 2010a). We based our experimental evaluations of Hg 

effects in B. americanus directly on the Hg concentrations we observed in the field (see 

below). Furthermore, because Hg contamination is limited to the river floodplain and 

adult B. americanus may migrate up to 1 km between feeding and breeding sites 

(Forester et al. 2006), contaminated females may oviposit in either contaminated 

(within the floodplain) or uncontaminated (outside the floodplain) breeding pools. 

Alternatively, uncontaminated females living outside the floodplain may enter the 

floodplain to breed. Thus, there is the potential for B. americanus along the South River 

to be exposed to Hg through either maternal transfer, larval diet, or both pathways 

simultaneously. We considered all three of these realistic exposure scenarios in our 

experimental and theoretical investigations. For more detailed information on Hg 

contamination at the South River and Hg concentrations present in biota see 

(Southworth et al. 2004; Bergeron et al. 2007; Bergeron et al. 2010a, 2010b; Cristol et al. 

2008; Eggleston 2009; Tom et al. 2010). 

Model Parameterization 

 We parameterized our reference model (no Hg effects) using demographic data 

from our own studies of B. americanus at the South River or the literature (Table 1). 

Substantial data on embryonic and larval parameters for B. americanus were available, 

but post-metamorphic survival parameters were unavailable for B. americanus in our 

region. We set first year post-metamorphic and juvenile survivorship at 0.2, based 
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primarily upon studies by Clarke (1977) of B. fowleri in Connecticut. We set adult 

survival at 0.6. Although this is somewhat higher than survival of adult female B. bufo 

(0.11 – 0.58; Schmidt et al. 2002), lower values resulted in unstable dynamics and 

frequent extinction under reference conditions. Despite uncertainty in post-

metamorphic survival parameters, we vary these parameters over a wide range of 

values in our sensitivity analyses (Table 1), allowing us to evaluate how our selection of 

parameter values influenced our findings. 

 We considered a theoretical population of B. americanus breeding in an 

ephemeral floodplain pool along the South River. The mean shoreline length of this pool 

was 100 m (typical of B. americanus breeding pools in the region; C. M. Bergeron and W. 

A. Hopkins, pers. obs.), but we varied wetland size around this mean based on empirical 

precipitation data for the region. Specifically, we obtained yearly cumulative spring 

(March – June) rainfall data for the Central Mountains region of Virginia from the NOAA 

National Climatic Data Center (www.ncdc.noaa.gov) for the years 1895 – 2010. For each 

yearly projection, we drew randomly from this pool of precipitation values, setting a 

breeding pool circumference of 100 m at the mean spring precipitation value (36.25 

cm). Around that mean, we assumed a direct relationship between precipitation and 

breeding pool size, with twice the circumference (200 m) at the maximum rainfall value 

of 57.71 cm. 

Frequency of catastrophic reproductive failure has not been determined for B. 

americanus and likely varies considerably among breeding sites. We set the probability 

of catastrophic failure due to pond drying at 0.15 by fixing larval survival ( tL, ) at 0 in 
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the 15% of years with the lowest cumulative spring rainfall (<27.0 cm). Although not 

characteristic of all amphibian populations, the location of our study site within a river 

floodplain necessitated consideration of additional catastrophic reproductive failure due 

to flood events. Floods can result in substantial surface flow within the floodplain, 

washing out B. americanus breeding pools and likely killing or displacing larvae far 

downstream in areas subject to fish and other predators. We calculated the frequency 

of flooding by examining hydrological data from the South River at Lynnwood, Virginia 

from 1930 – 2010 (USGS National Water Information System; waterdata.usgs.gov).  

Over this period, the river exceeded flood stage during March – June in 6 (7.5%) years.  

Thus, we also fixed larval survival ( tL, ) at 0 in the 7.5% of years with the highest 

cumulative spring rainfall (>46.2 cm). Our cumulative frequency of catastrophic 

reproductive failure (22.5%) is likely typical of many amphibian breeding habitats in the 

southeastern United States. For example, in a 16-year amphibian study at a well-studied 

seasonal wetland in South Carolina, 25% of years were characterized as having a short 

hydroperiod, when most amphibian species suffered complete or near complete 

reproductive failure (Semlitsch et al. 1996). 

Effects of maternally-transferred and dietary Hg on B. americanus 

Previously, we have examined the individual and interactive effects of 

maternally-transferred and dietary Hg throughout the life cycle of B. americanus. 

Specifically, we have 1) conducted field surveys documenting adult and larval Hg 

exposure and maternal Hg transfer along an Hg-contamination gradient present at the 

South River (Bergeron et al. 2010a, 2010b), 2) examined the effects of maternally 
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transferred Hg on hatching success and frequency of larval abnormalities in three 

different years (Bergeron et al. in review; C. Bergeron unpublished data), 3) conducted 

laboratory and mesocosm experiments evaluating the individual and interactive effects 

of maternal and dietary Hg on larval survival, growth, and performance under conditions 

of limited (Bergeron et al. in press) and ample food (Todd et al. in review-a), and in the 

presence of aquatic odonate predators (Todd et al. – in press), and 4) examined the 

latent post-metamorphic effects of Hg exposure through maternal transfer and/or larval 

diet on terrestrial juvenile B. americanus housed in field enclosures through one year of 

age (Todd et al. – in review – b).  In our experiments, “Hg-exposed” treatments were 

representative of animals from contaminated field sites at the high end of the Hg 

contamination gradient present at the South River. Specifically, maternal Hg treatment 

ight, blood Hg, resulting in mean egg Hg 

and reference treatments, respectively. Larvae in dietary Hg treatments were fed an 

 weight, producing body Hg concentrations 

concentrations are comparable to those found in larvae collected from contaminated 

field sites at the South River (2.13 ± 0.6  

We found no effects of Hg on female fecundity (clutch size), after correcting for 

the positive relationship between female body size and clutch size (ANCOVA; high Hg vs. 

reference females, covariate = SVL; F1,78 = 2.18; p = 0.14). Embryonic viability, 
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incorporating both hatching success and frequency of larval malformations (Hopkins et 

al. 2006), was negatively affected by maternal Hg, with an average of 20% lower viability 

of embryos exposed to maternal Hg among three years. Exposure to high 

concentrations of dietary Hg had no effect on larval survival to metamorphosis.  

Larvae that received both maternal and dietary Hg, experienced a dramatic 

(50%) reduction in survival when larvae were reared individually on a limited food ration 

(Bergeron et al. in press), but this effect was not observed when larvae were raised 

communally on a higher food ration (Todd et al. in review-a). Importantly, mortality in 

the limited food experiment occurred primarily at metamorphic climax, negating the 

potential for compensation due to competitive release from larval density-dependence 

(Bergeron et al. in press). Mercury exposure, either through maternal transfer or larval 

diet, resulted in a wide array of sublethal effects, most notably reduced body size of 

larvae and newly metamorphosed juveniles, but only effects of maternal Hg persisted 

after one year of terrestrial growth (Todd et al. in review-b). Juveniles that received 

maternal Hg were 7% smaller than those from uncontaminated mothers. The mean 

survival rate of juvenile toads after one year in terrestrial mesocosms did not differ 

among treatments (Todd et al. in review-b). 
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EXECUTIVE SUMMARY 

 The impacts of mercury contamination on aquatic-feeding wildlife are well-studied, but 

the effects of aquatic-borne mercury on the surrounding terrestrial environments are less 

understood.  Although it was recently documented that terrestrial songbirds are 

bioaccumulating mercury in their blood and feathers at similar rates to those feeding directly 

on the aquatic ecosystem, there is little research about how this body burden of mercury could 

affect their reproductive success.  This study aims to use the Carolina wren (Thryothorus 

ludovicianus) as a representative of the forest-floodplain invertivore feeding guild, to examine 

the potential impacts of mercury contamination on breeding performance of a species that is 

not directly tied to the aquatic ecosystem.  

 We studied Carolina wrens along the mercury-contaminated South River in central 

Virginia, along with several nearby uncontaminated reference rivers.  In 2009, a pilot study was 

undertaken by United States Fish and Wildlife Service to monitor the reproductive success of 

Carolina wrens in nest boxes along the South River (N = 29).  In 2010, the BioDiversity Research 

Institute continued this study, but also searched for Carolina wren nests in natural cavities (N = 

45). 

 In both years of the study, Carolina wrens on contaminated sites showed blood mercury 

concentrations higher than reference wrens; the average female blood mercury level for 

contaminated sites was 2.24 µg/g in 2009 and 2.13 µg/g in 2010. For comparison, the average 

female blood mercury level on reference sites was 0.38 µg/g in 2009 and 0.21 µg/g in 2010.  

When the two years of the study are combined, we found that Carolina wrens breeding along 

the contaminated subreach of the South River produced almost one less fledgling per nesting 

attempt compared to reference populations (Kruskal-Wallis, χ2=3.217, P = 0.081).  Additionally, 

fledgling success was 35% lower on contaminated sites (42% fledged) compared to reference 

sites (64% fledged) (Kruskal-Wallis, χ2=3.217, P = 0.073).  

We used Program MARK to model overall nest survival (taking into account time in 

season, year and age of nest), and found that contaminated nests suffered a 40% reduction in 

nest survival compared to reference.  Additionally, we determined that female Carolina wrens 

with blood mercury concentrations of 1.31 µg/g suffer 20% reduced nest survival.  This is the 
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first study to document the effect of individual female mercury body burden on reproductive 

success in a terrestrial songbird.  

INTRODUCTION 

 Mercury contamination in aquatic systems—due to either point-source inputs of 

mercury or widespread atmospheric deposition—has been documented to affect many 

different ecosystems around the world (Wolfe et al. 1998).  Although mercury can affect all 

organisms in an ecosystem, many studies have looked at the avian response to mercury, 

especially birds that are tied directly to the aquatic ecosystem (Seewagen 2009).  Studies on the 

common loon (Gavia immer) have shown that chick production is lower in areas of high 

mercury contamination (Meyer et al. 1998, Burgess and Meyer 2008) and adverse effects can 

be seen at levels as low as 3 µg/g in the blood (Evers et al. 2008).  

The South River (Virginia, USA) was contaminated with mercury between 1929 and 1950 

from an acetate fiber manufacturing plant in Waynesboro, Virginia (Carter 1977).  Mercury 

remains a problem throughout the South River over 50 years later (Cristol et al. 2008).  

Although research initially focused on aquatic feeding birds, studies have also shown that 

aquatic-borne mercury can have an effect on terrestrial insectivorous songbirds that do not 

forage directly in the aquatic environment (Cristol et al. 2008).  Mercury contamination has 

been shown to have an effect on many aspects of songbird ecology, including survival (Hallinger 

et al. 2010), reproduction (Brasso and Cristol 2008), immune competence (Hawley et al. 2009), 

song (Hallinger et al. 2010) and endocrine function (Wada et al. 2009).  

 Second year tree swallows (Tachycineta bicolor) along the South River produced fewer 

chicks than counterparts on reference, uncontaminated rivers (Brasso and Cristol 2008).  Unlike 

many terrestrial songbirds, tree swallows often forage directly over open water and feed on 

emergent insects that are directly tied to the aquatic environment (Robertson et al. 1992).  

Carolina wrens (Thryothorus ludovicianus) are more representative of the terrestrial forest 

invertivore songbird community, because they feed on an almost entirely terrestrial-based diet 

(Haggerty and Morton 1995).  Despite the lack of direct connectivity between their prey and 

the aquatic ecosystem, Carolina wrens have been shown to have blood and feather mercury 

levels similar to aquatic-feeding birds (Friedman 2007).  Additionally, the Carolina wren has 
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blood mercury levels that are similar to mercury levels of other breeding songbirds along the 

South River (Folsom et al. 2010).  Because of these factors, we decided to use the Carolina wren 

as a representative of the breeding songbird community along the South River.  Little is known 

about the effect this increased mercury exposure has on their nesting success.  This study aims 

to determine the effect of mercury on Carolina wrens breeding on the South River, Virginia, 

including the following four objectives: 

1. Analyze blood and feather mercury loads in Carolina wren adults caught along the South 

River; 

2. Compare multiple indices of reproductive success between mercury contaminated and 

reference populations, including clutch initiation date, clutch size, brood size, number of 

fledglings, hatching success, fledging success, and overall nest survival; 

3. Model nest survival in Program MARK as a function of covariates, including 

contamination, time in season, age of nest or yearly variation; and 

4. Analyze egg mercury values in unhatched eggs and compare to female blood mercury 

levels to verify the current lowest observed adverse effects level (LOAEL) for Carolina 

wrens. 

METHODS 

Study Area 

 This study took place in Rockingham and Augusta counties in central Virginia. In 2010, 

we monitored Carolina wrens at 11 South River sites downstream of the contamination 

(hereafter, “contaminated”, Fig. 1).  Downstream of our last contaminated site, the South River 

joins with the North River to form the South Fork Shenandoah River, which ultimately becomes 

the Shenandoah River.  

Uncontaminated sites (hereafter “reference”) were either upstream of the point source 

along the South River itself (3 sites), upstream of the contamination on a tributary of the South 

River (Back Creek, 6 sites), or on the uncontaminated Middle River (2 sites) (Fig. 1). 

 Each of these rivers are surrounding by a mosaic of agricultural, riparian and suburban 

habitat.  We focused our study initially on dense riparian forest stands, but also found evidence 
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of wrens using suburban-type landscape and so expanded into the surrounding developed land.  

Previous research has shown that blood mercury in songbirds declines gradually with distance 

away from the river so we monitored nests that were within 200 m of the river (Howie 2010).  

 

Figure 1. 2010 study sites in Virginia. Contaminated sites are shown in red and 

reference sites are shown in gray. 

 

Field Procedures 

Nest box placement 

 Nest boxes were erected along many of our sites starting as early as 2005.  In 2009, as 

part of the pilot study for this project, boxes were moved into the forest and nesting tubes 

were added to many sites in an effort to attract nesting Carolina wrens (Table 1).  In 2010, we 

added several more reference and contaminated sites and added more nest boxes and tubes to 
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some sites.  We moved boxes into territories where a male was present, in an effort to 

encourage them to nest in our boxes.  Throughout the 2010 season, we moved nest boxes both 

within and between sites to place boxes in the most opportune locations.  Final nest box totals 

from the end of the season are shown in Table 2.  

Capture 

 Starting in March, we visited each site in the early morning to map Carolina wren 

territories based on male singing and visual sightings.  We attempted to catch males and 

females on each territory using mistnets and a combination of playback recordings of male 

song, female scolding or alarm calls.  The mist-netting procedure followed standard BioDiversity 

Research Institute (BRI) and American Ornithologists’ Union protocols.  We had little success 

attracting females to the net with playback recordings, and so usually only caught the male in 

this way.  Females were caught more reliably after we located their nests.  To reduce the 

probability of nest abandonment, we waited until the first day that the eggs had hatched and 

then either 1) caught the female while she was incubating her nestlings by placing a plastic 

Ziploc bag over the entrance to her cavity or 2) set up mist nets in front of the nest to catch the 

male and female as they brought food in to their nestlings.    

Banding and sample collection 

 Each adult bird was banded with a United States Geological Survey (USGS) metal band 

and a combination of 1-2 color bands.  Sex was determined based on the presence of a cloacal 

protuberance (male) or brood patch (female).  Age was assigned as either HY or AHY based on 

plumage characteristics (Pyle 1997).  

 Blood samples were collected using 26-28 gauge needles to puncture the cutaneous 

ulnar vein of the wing.  We collected blood in heparinized capillary tubes, sealed at both ends 

with Critocaps and placed in 10 cm3 plastic vacutainers.  Blood samples were placed on ice in a 

cooler and frozen within 6 hours of collection.  We also pulled the two outer tail feathers for 

mercury analysis from each bird, which were placed in clean, labeled envelopes.  We sampled 

blood for each bird once per nesting attempt, but because feather mercury varies little within 
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the season, we only pulled tail feathers once per season.  On subsequent recaptures, we either 

pulled body feathers or no feathers.  

Radio-tracking (2010 only) 

We attached radio-transmitters (Holohil Systems, Carp, Ontario, Canada) to adult 

Carolina wrens to locate natural cavity nests.  We used mist nets and playback recordings to 

capture individuals for radio-attachment.   We targeted territories where wrens were active but 

no nests were initiated in nest boxes or tubes.  We attached transmitters predominately to 

males caught using mist nets and playback recording and occasionally caught females at the 

end of their nesting period to attach a transmitter.  Because many transmitters fell off before 

the battery failed or we found a nest, we constantly changed our transmitter attachment 

technique.  The transmitter attachment method that follows was the most successful.  A small 

piece of cotton fabric (about the size of the transmitter) was glued to each transmitter prior to 

fieldwork, using cyanoacrylate (KrazyGlue).  Once the bird was captured, researchers clipped 

feathers from a small patch on the back of the wren, and then applied glue to both the fabric 

on the transmitter and the back of the wren.  The transmitter was held in place for 

approximately 2 minutes and then the bird was transferred to a dark cardboard box for 10-15 

minutes.  This allowed the glue to dry and the bird to become accustomed to the weight of the 

transmitter before release.  All birds were tracked on foot using either an H-shaped antenna 

with receiver (Advanced Telemetry Systems, Inc., Isanti, MN) or a folding 3-element Yagi 

antenna with a handheld receiver (Communication Specialists, Inc., Orange, CA).  Females 

captured before the brood fledged were not tracked until 1-2 weeks after attachment.  If the 

transmitter stayed on, these females would often lead us to their next nest.  Tracking male 

birds was not always as productive.  Males are not as attentive to the nest as females, 

especially during the incubation phase, and so did not always lead us to the nest.  We did 

obtain accurate information about the extent of their territory, however, which allowed us to 

search for the nest within a more focused area.  
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Nest searching (2010 only) 

 In wren territories where no nest was initiated in a box or tube, we searched the area 

for a nest or signs of nesting activity approximately twice a week.  In territories where we saw 

evidence of nesting behavior (e.g., female with nesting material, copulation events) we 

attempted to observe every day until we found the nest location.  Nest searching involved 

sitting quietly and listening for male wren song or female vocalizations and then following the 

wren calls to obtain a visual of the birds.  Depending on the site (because of line of sight within 

thick understory), we either observed the birds to see if they entered a cavity  or walked in the 

vicinity of the calls and looking in all appropriate cavities.  In both methods, we hoped for the 

birds to scold us when we got close to the nest.  Both of these methods worked equally well, 

depending on the birds and sites. 

Nest monitoring (2009 and 2010) 

 We recorded coordinates of Carolina nest locations with a handheld GPS (Garmin, 

Olathe, KS).  Nest types were designated as box, tube or natural (in a natural cavity, in a man-

made structure, on the ground).  We checked nests approximately every 3 days during the 

incubation and nestling phases.  During estimated hatch and fledge dates, nests were checked 

daily to obtain hatch and fledging information.  At each nest check, we recorded the state of 

the nest, including if the female was incubating, how many eggs or chicks were alive and the 

approximate age of the nestlings. 

Nest cameras (2010 only) 

 In 2010, we used motion-sensing wildlife cameras to observe activity near active nests 

to determine causes of nest abandonment or predation.  These cameras were set up after 

incubation had started, and were set to record video in 10s intervals after a movement 

activated the camera.  We downloaded the videos onto a computer either when the cards were 

full or the nest had fledged.  

Mercury analysis 

Feathers were washed in distilled water and dried at room temperature for 4 days 

before being analyzed for mercury.  
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Blood and feather samples from 2009 were analyzed for total mercury by Dr. Daniel 

Cristol at the College of William and Mary, Williamsburg, VA. Blood and feather samples from 

2010 were tested for total mercury at BRI Wildlife Mercury Research Laboratory (WMRL), 

Gorham, ME.  Splits of feather and blood samples (20 each) were sent out to the University of 

Connecticut Center for Environmental Sciences and Engineering (UCONN, Appendix A).  All 

tissue samples were analyzed for total mercury using a direct Hg analyzer DMA 80, Milestone 

Inc.  Blood mercury concentrations are presented as wet weight (ww) values.  Feather values 

are presented as fresh weight (fw).  Egg samples from 2009 and 2010 were analyzed at UCONN 

and presented as wet weight (Appendix D).   

Statistical Analysis 

 We used Program R (R Core Development Team, Vienna, Austria) for statistical analyses 

and both SPSS (SPSS, Inc., Chicago, IL) and Microsoft Excel for graphs.  

Objective 1: Mercury analysis 

We analyzed blood Hg levels for all adult (i.e., after hatch year, AHY) captured at our 

study sites. We log-transformed blood mercury values to normalize the data and checked for 

normality within the contaminated and reference groups using a Shapiro-Wilk test of normality.  

Log-transformed blood mercury levels of all AHY birds in 2009 and 2010 were then compared 

between contaminated and reference sites using a one-way ANOVA.  Where sample sizes were 

not large enough, we report mean blood mercury levels (e.g. for each sex in each year, and 

each site).  For birds that were recaptured over the course of the 2010 field season, we graph 

the changes in blood mercury concentration over the course of the season.  We also used linear 

regression to report the relationship between blood mercury level and feather mercury level 

and the relationship between female and male blood mercury level.  

Objective 2: Reproductive parameters 

We report the differences between contaminated and reference sites in several 

different reproductive parameters including: clutch size, brood size, number of fledglings, 

percent hatched, percent fledged, and percent of nests that fledged.  We compared these 

parameters using a non-parametric Kruskal-Wallis test. Because we have relative small sample 
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sizes, we set our alpha level equal to 0.9, indicating that any P-value less than 0.1 is considered 

significant for this analysis.  

Clutch size is the maximum number of eggs laid per nesting attempt.  This parameter 

estimates the female’s investment in producing young.  Brood size is the maximum number of 

nestlings observed in the nest.  Percent hatched is the brood size divided by the clutch size, to 

obtain an estimate of the hatching success of a particular nest.  Number of fledglings is the 

number of nestlings seen at the last nest check minus any nestlings found dead in the box after 

fledging.  Percent fledged is the number of fledglings divided by the number of eggs.  We 

assumed fledging if we observed old nestlings in the box on one check and an intact nest 

surrounded by feces on the next check.  In most cases, we also observed parents feeding 

fledglings as a final check that fledglings had survived. 

Percent of nests that failed are the number of nests where we determined that no 

young fledged divided by the total number of nests initiated (at least one egg was laid).  We 

broke nest fate into several categories including:  fledged (at least one nestling survived to 

leave the nest), failed due to predation (nestlings or eggs went missing, often the nest was 

disturbed), failed due to abandonment (eggs or nestlings were found left in the nest, with no 

evidence of a predator), failed due to brood parasitism (Brown-headed cowbirds, Molothrus 

ater, laid an egg in the wren nest, causing no wren nestlings to survive), and House wren 

(Troglodytes aedon) takeover (Carolina wren nest was nested over by a House wren).  

We found nests at different stages of the nesting cycle (building, laying, incubation, 

nestlings).  Because there are inherent biases in estimating reproductive parameters such as 

clutch size when we only observed nestlings, we will report the findings from two sets of 

analyses: 

1.  Basic analysis  

a. Only report parameter if actually observed 

b. Smaller sample size 

c. Exclude incomplete clutches: ≤ 2 eggs.  

d. Did not calculate proportion hatched or proportion fledged if didn’t observe 

clutch size directly 
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2. Full analysis  

a. We make assumptions about some reproductive parameters 

b. Larger sample size 

c. We calculate clutch size from number of nestlings and number of unhatched 

eggs found in the nest 

d. Include clutch sizes <2 eggs 

e. We calculate proportion hatched and proportion fledged from this estimated 

clutch size 

We treat each nest as an independent data point, because though some of the nests are 

known renests, we do not have complete data on parents at each nest.  We graphed various 

reproductive parameters based on time in the season, to check whether these parameters 

changed dramatically throughout the season.  

Objective 3: Nest survival analysis 

Nest survival analysis – 2009 and 2010 combined 

 We used nest survival models in Program MARK to evaluate the effect of multiple 

biological factors on nest survival.   Although ecotoxicological studies are generally designed to 

compare nest success in treatment groups to controls (e.g., Brasso and Cristol 2008), the 

analysis of nest success when dealing with nest searching protocols and species that nest more 

than once per season brings several added complications.  First, one must control for the 

duration of time that each nest is under observation, a source of bias originally identified by 

Mayfield (1961, 1975) and often referred to as discovery bias. Second, there are many other 

factors that influence nesting success in wild birds.  For example, several studies have shown 

that daily nest survival rates may vary by date-within-season (Dinsmore et al. 2002, Etterson et 

al. 2007), or by age of the nest (Dinsmore et al. 2002).  Program MARK allows us to control for 

analytical bias that results from finding nests at different breeding stages as well as testing 

whether contamination has a greater effect on survival than other, more traditional factors.  

These models also allow us to account for uncertainty in the date of nest failure due to an 

inconsistent check schedule.  Each nest was coded for 5 variables: (1) date the nest was found, 
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(2) date the nest was last checked alive, (3) last date the nest was checked, (4) fate of the nest 

and (5) frequency of this particular nest summary.  Date was calculated as number of days since 

the first nest was found in each year, which account for differences in the timing of spring 

between years.  

 We pooled the data from 2009 and 2010 and ran a model that accounted for 4 different 

variables known or believed to affect survival.  This included date in the season (calculated from 

the date the first nest was found), age of the nest on each day of the nesting season, year (2009 

or 2010) and treatment group (contaminated or reference).  We ran the full model, including all 

of these covariates in Program MARK and we report differences in treatment groups by holding 

age, date and year constant at intermediate values and plotting survival based on Equation 1, 

below (Rotella 2010).  Using the value for nest survival obtained from this equation, we then 

calculated the percent difference in survival between the two groups (Equation 2).  

 

 

Equation 1. Daily survival rate (S) based on the cumulative effect of date, age, year and treatment. 

 

Equation 2. Percent difference between nest survival at 

contaminated site compared to nest survival at the reference site. 

Nest survival analysis - based on female blood mercury level 

We modeled 2010 nest survival as a function of female blood mercury level (either 

directly measured or calculated from male blood Hg level).  We then calculated the percent 

difference in nest survival between each blood mercury level and the 0 µg/g group (theoretical 

reference population).  We used the Equation 2 for calculation of percent difference. 
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Objective 4: Relationship between female blood mercury and egg mercury 

 We used linear regression to determine the relationship between female blood mercury 

level and egg mercury.  For the subset of unhatched eggs that we collected, we used linear 

regression to estimate the relationship between egg mercury levels and the mercury level of 

the attending female.  

 

RESULTS 

Sampling effort  

In 2009, 29 nests were initiated in nest boxes (Table 1).  In 2010, we located and 

monitored a total of 45 Carolina wren nests (Table 2).  In 2010, we captured and obtained blood 

samples for 81 Carolina wrens (Table 3).  

 

Table 1. 2009 Site characteristics. 

Site Code Treatment 
SR River Mile

a
 /  

Reference River
b Nest Boxes Tubes Total Nests 

c 

Bradburn BRAD C 23 13 0 2 

Dubai DUBA C 12 19 8 3 

Grand Caverns GRCA C 20 32 20 4 

Grottoes City Park GRCP C 22 25 7 2 

Wertman Property WERT C 9 22 19 8 

Wertman North Property WERN C 10 11 0 0 

Contaminated Total 6     122 54 19 

Dorries Property MDOR R Middle River 39 5 1 

Wendy Property MWEN R Middle River 18 0 3 

Ridgeview Park SRDG R South River 46 3 2 

Waynesboro Nursery North WNUN R South River 47 3 1 

Waynesboro Nursery South WNUS R South River 34 11 3 

Whitescarver Property MWHI R Middle River 9 0 0 

Reference Total 6     193 22 10 

 
a
 For contaminated sites, SR River Mile = the distance from the contamination site in Waynesboro, VA.  

b 
For reference sites, Reference River = nearby uncontaminated river or uncontaminated upstream portions of the 

South River. 

c 
Total Nests = number of Carolina wren nests initiated at each site in nest boxes or tubes 
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Table 2. 2010 Site characteristics. 

Site Code Treatment 
SR River Mile

a
 / 

Reference River
b 

Nest 
Boxes 

Tubes Territories
c Total 

Nests
d 

Natural 
Nests

e 

Boes Property BOES C 14 15 9 3 0 0 

Bradburn BRAD C 23 14 13 7 7 6 

Cosby Mills COMI C 19 9 4 1 3 2 

Desportes Property DPOR C 15 7 0 2 3 0 

Dubai DUBA C 12 26 8 2 2 1 

Grand Caverns GRCA C 20 30 24 3 1 0 

Grottoes City Park GRCP C 22 23 7 3 2 0 

Harrison Crossing HACR C 16 7 0 1 0 0 

Owls OWLS C 13 8 0 1 0 0 

Renkin Property RENK C 17 8 5 1 0 0 

Wertman Property WERT C 9 25 17 4 1 0 

Contaminated Total 11     172 87 28 19 9 

Gigliotti Property GIGL R Back Creek 10 0 3 4 4 

Inch Run INCH R Back Creek 24 0 5 1 1 

McMaster Property MCMA R Back Creek 10 0 3 2 2 

Dorries Property MDOR R Middle River 34 12 5 6 6 

Wendy Property MWEN R Middle River 15 0 2 3 0 

Ridgeview Park SRDG R South River 47 6 5 4 2 

Trailer Park TRPK R Back Creek 5 7 1 0 0 

Vogl Property VOGL R Back Creek 4 8 2 0 0 

Waynesboro Nursery New WNEW R Back Creek 9 7 1 1 1 

Waynesboro Nursery North WNUN R South River 47 3 1 0 0 

Waynesboro Nursery South WNUS R South River 26 10 3 5 2 

Reference Total 11     231 53 31 26 18 
a
 For contaminated sites, SR River Mile = the distance from the contamination site in Waynesboro, VA.  

b 
For reference sites, Reference River = nearby uncontaminated river or uncontaminated upstream portions of the 

South River. 
c 
Territories = the number of Carolina wren territories delineated and monitored 

d 
Total Nests = number of Carolina wren nests initiated at each site (nest boxes, tubes, and natural) 

e 
Natural nests = number of natural  Carolina wren nests found (outside of nest boxes or tubes) 
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Table 3. Carolina wren captures in 2010. 

  
 

Sex 
 

   Site Female Male 
Unknown 

(HY) 
Total 

Contaminated 

BOES 0 2 1 3 

BRAD 6 7 0 13 

COMI 2 2 0 4 

DPOR 1 2 0 3 

DUBA 1 2 0 3 

GRCA 0 2 0 2 

GRCP 1 2 0 3 

WERT 0 3 0 3 

Total   11 22 1 34 

Reference 

GIGL 3 5 0 8 

INCH 1 2 0 3 

MCMA 1 3 1 5 

MDOR 6 4 0 10 

MWEN 3 0 0 3 

SRDG 4 1 0 5 

TRPK 0 3 1 4 

VOGL 0 1 0 1 

WNEW 2 1 0 3 

WNUS 1 4 0 5 

Total   21 24 2 47 

 

Mercury analysis 

 Log-transformed blood mercury values for AHY birds from 2009 and 2010 were normally 

distributed within contaminated and reference populations (Shapiro-Wilk Test, Contaminated: 

W = 0.976, P = 0.724, Reference: W = 0.979, P = 0.735).   

Log-transformed blood mercury levels were significantly different between 

contaminated and reference in 2009 and 2010, but there was no difference within each 

treatment group (i.e., blood levels for contaminated birds were similar between each year, see 

Fig. 2).  The average blood mercury concentration for all ASY birds (male and female) was 2.62 

µg/g in 2009 and 1.87 µg/g in 2010 on contaminated sites, and 0.35 µg/g in 2009 and 0.20 µg/g 

in 2010 on reference sites (Table 4).  Blood mercury levels were slightly lower in 2010 than in 

2009 (Table 4).   
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 We found positive relationships between both individual blood mercury levels with 

feather mercury levels (F= 40.53, P <0.001, Fig. 3).  For the small subset of birds that were 

caught and sampled more than once in the season, blood mercury levels do not appear to 

change in a predictable manner throughout the season (Fig. 4).  Individual mercury values for 

each captured bird are presented in Appendix B.  

Calculated Female Mercury Level 

In 2010, we caught the attending female for the majority of nests (n=30/44).  In order to 

run the MARK analysis of nest survival related to female blood mercury level, we had to 

calculate the blood mercury level for nests where we did not catch the female (n=14/44).  By 

using instances where we caught both the male and female at the same nest (n=16), we were 

able to set up a regression equation to calculate female blood mercury level from male blood 

mercury levels (F = 385.2, P < 0.001, Fig. 5).  We used the regression equation calculated from 

this analysis to calculate female blood mercury from male values (Female = 1.2729(Male) + 

0.0525).  In the four cases where we did not catch the male or female for a particular nest, we 

used the same female’s blood mercury level from her most recent nesting attempt.  Although 

we did see slight changes in blood mercury levels for recaptured birds throughout the season 

(Fig. 4), these recaptures do not show any specific trend and so we conclude that time in season 

most likely does not have an effect on female blood mercury concentration. 
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Table 4. Mean blood mercury concentrations and sample sizes (N) in 2009 and 2010. 

    Female Male All adults 
Year Treatment Hg n SD Hg n SD Hg n SD 

2009 
C 2.24 9 1.11 3.27 6 1.74 2.62 21 1.22 
R 0.38 10 0.20 0.34 4 0.25 0.35 18 0.19 

2010 
C 2.13 11 0.67 1.74 22 0.68 1.87 33 0.69 

R 0.21 21 0.11 0.19 24 0.08 0.20 45 0.10 
 

 

 

Figure 2. Differences in blood Hg levels between years and treatment groups. Different letters indicate statistically significant 
differences (ANOVA, P < 0.05). Numbers indicate sample size.  
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Figure 3. Linear regression between feather and blood mercury levels in 2010 (F = 40.53, P <0.001). 

 

 

Figure 4. Change in blood mercury levels throughout the season. Each line represents the 

blood mercury concentrations of an individual Carolina wren, sampled throughout the 

season.  
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Figure 5. Relationship between male and female blood mercury concentrations, when both 

parents were sampled for the same nest (F = 385.2, P < 0.001).  

Reproductive Parameters 

 In 2010, 27 of 45 total nests were in natural cavities (Fig. 6) and 17 of these nests were 

in man-made structures (Fig. 7).  We found no major trend for changes in clutch size (Fig. 8) or 

number of fledglings produced (Fig. 9) throughout the season.  

In our most basic analysis, we found significant differences between contaminated and 

reference sites for clutch size in 2010, with contaminated sites having slightly larger clutch sizes 

(Table 5).  With the small sample size of the basic analysis, we found a marginally significant 

difference for number of fledglings produced at each nest in both years combined 

(contaminated=1.923, reference=2.788, Kruskal-Wallis χ2=2.828, P=0.093).  In the full analysis, 

we found that contaminated birds fledged just under 1 less fledgling per nest (difference 

between contaminated and reference =0.901 fledglings), which is a 32% reduction in the 

number of fledglings (P < 0.1, Table 6).  We also found that (in both years combined) 

contaminated nests had 35% lower fledging success (proportion of eggs that survive to fledge) 

than reference (P < 0.1, Table 6).  We found significant differences between contaminated and 

reference when we looked at overall nest fate (percent failed), with 50% of contaminated nests 
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failing while only 16.7% of reference nests failed (Table 7).  Using nest cameras, we were also 

able to obtain better information on the causes of nest failure (Fig. 10). 

 

 

Figure 6. Types of nests found in 2009 and 2010. 

 

 

Figure 7. Locations of natural nests in 2010. 
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Figure 8. Variation in clutch size throughout the season. Julian date is calculated from the first 

clutch initiation date of each year. Day 0 = 3 April 2009, 23 March 2010. 

 

 

Figure 9. Number of fledglings produced per nest throughout the season. Julian date is calculated from 

the first clutch initiation date of each year. Day 0 = 3 April 2009, 23 March 2010. 
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Table 5. Basic reproductive analysis. Dark gray indicates P <0.05, light gray indicates P < 0.1 

  
  

  Reference Contaminated Kruskal-Wallis Test 

Year Mean SD N Mean SD N χ2 df P 

Clutch size 

BOTH 4.440 0.768 25 4.688 0.780 32 1.649 1 0.199 

2009 4.556 0.726 9 4.286 0.914 14 0.552 1 0.457 

2010 4.375 0.806 16 5.000 0.485 18 6.053 1 0.014 

Brood size 

BOTH 3.294 1.851 34 2.641 2.206 39 1.469 1 0.226 

2009 2.400 2.221 10 2.158 2.167 19 0.134 1 0.714 

2010 3.667 1.579 24 3.100 2.198 20 0.388 1 0.533 

# of 
Fledglings 

BOTH 2.788 1.996 33 1.923 2.205 39 2.828 1 0.093 

2009 1.800 2.044 10 1.737 2.130 19 0.010 1 0.919 

2010 3.217 1.858 23 2.100 2.315 20 2.471 1 0.116 

% Hatched 

BOTH 0.687 0.400 25 0.636 0.447 32 0.102 1 0.750 

2009 0.567 0.453 9 0.596 0.469 14 0.054 1 0.816 

2010 0.755 0.364 16 0.667 0.439 18 0.258 1 0.611 

% Fledged 

BOTH 0.550 0.429 24 0.447 0.469 32 0.421 1 0.516 

2009 0.428 0.425 9 0.454 0.477 14 0.092 1 0.762 

2010 0.623 0.429 15 0.442 0.476 18 0.955 1 0.329 

 

Table 6. Full reproductive analysis. Dark gray indicates P <0.05, light gray indicates P < 0.1 

    Reference Contaminated Kruskal-Wallis Test 

  Year Mean SD N Mean SD N χ2 df P 

Clutch size 

BOTH 4.314 0.932 35 4.205 1.341 39 0.072 1 0.789 

2009 4.200 1.317 10 3.684 1.416 19 1.201 1 0.273 

2010 4.360 0.757 25 4.700 1.081 20 4.007 1 0.045 

Brood size 

BOTH 3.314 1.827 35 2.641 2.206 39 1.530 1 0.216 

2009 2.400 2.221 10 2.158 2.167 19 0.134 1 0.714 

2010 3.680 1.547 25 3.100 2.198 20 0.379 1 0.538 

# of 
Fledglings 

BOTH 2.824 1.977 34 1.923 2.205 39 3.054 1 0.081 

2009 1.800 2.044 10 1.737 2.130 19 0.010 1 0.919 

2010 3.250 1.824 24 2.100 2.315 20 2.614 1 0.106 

% Hatched 

BOTH 0.741 0.383 35 0.573 0.468 39 2.276 1 0.131 

2009 0.510 0.463 10 0.492 0.485 19 0.001 1 0.980 

2010 0.833 0.311 25 0.650 0.449 20 1.957 1 0.162 

% Fledged 

BOTH 0.638 0.418 34 0.418 0.470 39 3.217 1 0.073 

2009 0.385 0.423 10 0.387 0.471 19 0.016 1 0.899 

2010 0.744 0.376 24 0.448 0.479 20 3.579 1 0.059 
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Table 7. Nest fate comparison. Dark gray indicates P < 0.05. 

    Reference Contaminated Kruskal-Wallis Test 

 
Year Mean SD N Mean SD N χ2 df P 

% 
Failures 

BOTH 0.265 0.448 34 0.538 0.505 39 5.546 1 0.019 

2009 0.500 0.527 10 0.579 0.507 19 0.159 1 0.690 

2010 0.167 0.381 24 0.500 0.513 20 5.460 1 0.019 

 

 

Figure 10. Causes of nest failures (2009 and 2010). 

 

Program MARK nest survival models 

Nest survival analysis – 2009 and 2010 combined 

 Using Program MARK, we were able to model overall nest survival based on a suite of 

variables thought to affect survival.  When we looked at both years combined, we found no 

statistically significant results (at a 95% confidence level), but strong trends that are biologically 

significant.  The effect of treatment (contaminated or reference) had the largest effect size 

(Table 9), and since this is the variable we are most interested in, we set all other variables 

equal to average values (Equation 1) in order to isolate the effect of treatment.  We found that 

the contaminated population had 39.8% lower survival for the 30-day nesting cycle than the 

reference population (Table 10).  
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Table 8. Program MARK nest survival model results for 2009 and 2010 combined. 

Variable β SE Lower 95% CI Upper 95% CI 

INTERCEPT 2.976 0.535 1.927 4.025 
TREATMENT -0.697 0.413 -1.507 0.112 

YEAR 0.175 0.381 -0.572 0.922 
DATE 0.007 0.005 -0.004 0.018 
AGE 0.042 0.027 -0.011 0.096 

 

Table 9. Modeled differences in survival between contaminated and reference, for the full model (treatment + age 

+ year + date) with data from 2009 and 2010. Other parameters set to: age = 15, date = 53, year = 0.5. 

  Reference Contaminated %Difference 

Daily Nest Survival 0.983 0.967 1.68% 
Overall Nest Survival 0.600 0.361 39.79% 

 

Nest survival analysis – based on female blood mercury level 

 Because we could calculate the female blood Hg level at each nest monitored in 2010 

(see above Hg analysis section), we were able to also test if nest survival was correlated with 

attending female blood Hg level. For this analysis, we used the calculated female blood value as 

a proxy for actually measuring blood Hg for each female. We then determined the effect of 

blood mercury level on overall nest survival in 2010 (Table 10).  We found that female blood 

mercury concentration has a biologically significant effect, as nest success decreases with 

increased blood mercury concentration (Fig. 11).  At 0.7 μg/g blood, there is a 10% reduction in 

nest survival, at 1.3 μg/g blood, there is a 20% reduction in nest survival and at 1.9 μg/g blood, 

there is a 30% reduction in nest survival (Table 11).  
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Table 10. Program MARK nest survival beta estimates for 2010 only, looking at individual female blood mercury 

levels.  

Variable β SE Lower 95% CI Upper 95% CI 

INTERCEPT 3.822 0.725 2.401 5.243 
MERCURY -0.361 0.227 -0.807 0.084 

AGE 0.050 0.037 -0.023 0.122 
DATE -0.003 0.008 -0.018 0.012 

 

 

 

Figure 11. MARK modeled differences in overall nest survival based on calculated Carolina wren female blood 

mercury level.  
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Table 11. Modeled nest survival, based on various female blood mercury concentrations.  

Female 
Blood Hg DSR 

Overall 
Survival 

% Difference 
from 0ppm 

0.0 0.988 0.688 
 0.5 0.985 0.640 7.1% 

0.7 0.984 0.620 10.0% 

1.0 0.982 0.586 14.9% 

1.3 0.980 0.551 20.0% 

1.5 0.979 0.528 23.3% 

1.9 0.976 0.482 30.0% 

2.0 0.975 0.466 32.3% 

2.5 0.970 0.401 41.7% 
3.0 0.964 0.336 51.2% 
3.5 0.958 0.272 60.5% 
4.0 0.950 0.211 69.3% 
4.5 0.940 0.157 77.2% 

 

Relationship between female blood mercury and egg mercury levels 

The mean egg mercury concentration on contaminated sites was 0.228 µg/g (range 

0.099 – 0.536 µg/g, ww) while the reference eggs averaged 0.024 µg/g (range 0.007 – 0.066 

µg/g, ww).  We plotted Carolina wren female blood mercury levels compared to each female’s 

unhatched eggs (Fig. 12).  Using this regression equation, we can calculate a lowest observed 

adverse effect level (LOAEL) for Carolina wrens on the South River, using a procedure 

developed by BRI.  By using the lowest egg mercury level shown to cause reduced hatching 

success in both tree swallows and common grackles (0.1 ppm injected MeHg), we multiply this 

value by a factor of 2 (to account for increased sensitivity of injected MeHg vs maternally 

transferred MeHg) (Heinz et al. 2009).  Using this egg mercury level of 0.2 µg/g, we calculate 

that the LOAEL from the blood-egg regression equation to be 1.19 µg/g in the blood. Complete 

egg data are shown in Appendix D.  
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Figure 12. Egg mercury level regressed against nesting female blood mercury level (F = 42.81, P = 0.001). 

 

Discussion 

Objective 1. Exposure of Carolina wrens to mercury contamination on the South River 

 Carolina wrens on the South River have statistically elevated blood mercury 

concentrations compared to reference birds, which has been found in previous studies 

(Friedman 2007, Cristol et al. 2008, Folsom et al. 2010).  We show an average blood mercury 

concentration of 1.87 µg/g on contaminated sites, which is slightly lower than the average in 

2009 (2.49µg/g) and considerably lower than the 4.49 average for 2005-2006 (Cristol et al. 

2008).  One possible explanation for this difference is that we sampled nests up to 200m away 

from the river and blood mercury concentrations have been shown to decline with distance 

away from the river (Howie 2010).  Other studies have shown that mercury levels in birds along 

the South River can vary year to year, probably based on the variation in methylation rates due 

to dry or wet years (Brasso and Cristol 2008).  

Although we found a positive relationship between feather mercury and blood mercury 

in Carolina wrens, this relationship is somewhat difficult to interpret. Carolina wrens molt in 

August and September (Haggerty and Morton 1995), and so the feather mercury burden is 
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most likely indicative of the mercury load in the bird from the end of the previous breeding 

season, which is not as useful as the current blood burden. The relationship we document here 

is indicative of the fact that Carolina wrens defend their territory year-round, meaning that 

birds are most likely exposed to a relatively constant level of mercury year-round.  

Objective 2. Effect of mercury contamination on various reproductive parameters of 

Carolina wrens 

 We found biologically significant differences (p < 0.1) between contaminated and 

reference populations at various different reproductive endpoints.  Contaminated birds 

produce almost one less offspring per nest than reference populations and show 35% reduced 

fledging success.  These trends are very similar to those found for tree swallows along the 

South River, as breeding tree swallows also fledge about 1 less offspring on contaminated sites 

(Brasso and Cristol 2008).  

Although we have accumulated the largest Carolina wren nest sample size for a mercury 

contaminated site, we still have a relatively small sample size for statistical testing (N = 74) and 

believe this is potentially why we have not demonstrated significance at the α = 0.05 level.  We 

do, however, believe that these trends are strong and biologically significant, especially since 

this is the second line of evidence to support a one-less-fledgling trend for songbirds along the 

South River (Brasso and Cristol 2008).  

Objective 3. Program MARK nest survival models 

Using the most comprehensive analysis of nest survival (Program MARK), we were able 

to show that even when time in season, age of nest, and year are taken into account, the 

treatment group (contaminated or reference) still has the largest effect on overall nest survival. 

Program MARK also accounts for fact that we located nests at different points in their nesting 

cycle (running from when the parents were building the nest to when the nestlings were about 

to fledge) and checked nests irregularly (Rotella 2010).  We found a 40% reduction in nest 

survival on the contamination subreach compared to reference.  

More importantly, we are able to model the effect of female blood mercury 

concentration on overall nest survival and show that as female blood mercury concentration 
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increases, nest survival decreases.  Using this model, we show that Carolina wrens have a 10% 

reduction in nest survival at 0.7 µg/g in the blood, a 20% reduction at 1.3 µg/g, and a 30% 

reduction at 1.9 µg/g.  This is the first study to document the effect of individual female blood 

mercury concentration on nest survival.  

Objective 4. Relationship between female blood mercury level and egg mercury 

 We found a positive relationship between female blood mercury and egg mercury 

levels.  The eggs used for this model were unhatched eggs collected from nests where the 

female was caught and sampled.  Although we did not sample any entire nests of Carolina wren 

eggs, we have reason to believe that mercury concentration does not vary within eggs from the 

same clutch (Brasso et al. 2010).  Previous calculations of the lowest observed adverse effects 

level (LOAEL) in songbirds have used the threshold of 0.2 µg/g in the egg as an indicator of 

where we start to see hatching failure. Heinz et al. (2009) showed about a 20-25% reduction in 

hatching success at about 0.2 µg/g in the egg.  Using the equation created from our Carolina 

wren blood-egg pairs, we calculated the LOAEL to be 1.19 µg/g in the blood.  To corroborate 

this line of evidence, if we look at the overall nest survival of females with 1.19 µg/g in the 

blood, we see an 18% reduction in survival from the 0 µg/g group.  This indicates that 

calculations of LOAELs from blood-egg pairing and calculations of LOAELs from actual modeled 

nest survival are actually fairly close approximations.  

Conclusions 

 

 When we looked at various reproductive parameters, our findings support the one-less-

fledgling trend for birds breeding along the contaminated South River, with the Carolina wrens 

also fledging one less nestling per nesting attempt (Brasso and Cristol 2008).  This is the first 

study on the South River to document a reduction in nest survival for a terrestrial invertivore 

living along the contaminated subreach; birds in the contaminated portion of the river show 

40% lower nest survival than those in reference areas.  By modeling nest survival in terms of 

female mercury body burden, we are able to show that at relatively low levels of mercury (0.7 
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μg/g), we see 10% reduction in nest survival and at high levels (3.0 μg/g) we see over 50% 

reduction in nest survival.  
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Appendix A. Mercury lab splits 
 

Band No. Site 
Date 

Collected 
Species Sex Age Matrix 

BRI Sample 
ID 

BRI Total 
Hg (µg/g) 

UCONN 
Sample ID 

UCONN Total 
Hg (µg/g) 

189188047 TRPK 5/25/2010 NOCA M AHY BLOOD B09K0001 0.042 100294-001 0.046 

220184879 BRAD 5/19/2010 CARW M ASY BLOOD B09K0005 1.638 100294-002 1.703 

226130890 MCMA 6/10/2010 CARW F ASY BLOOD B09K0009 0.172 100294-003 0.172 

226130893 BRAD 6/15/2010 CARW F ASY BLOOD B09K0013 1.997 100294-004 2.065 

244122000 BRAD 6/2/2010 CARW M ASY BLOOD B09K0017 0.986 100294-005 0.947 

244122063 TRPK 5/25/2010 CARW M ASY BLOOD B09K0022 0.123 100294-006 0.125 

244122072 BRAD 6/25/2010 CARW M ASY BLOOD B09K0027 1.937 100294-007 2.020 

244122078 COMI 4/21/2010 CARW F ASY BLOOD B09K0035 1.849 100294-008 2.225 

244122081 VOGL 5/25/2010 CARW M ASY BLOOD B09K0040 0.170 100294-009 0.194 

244122085 MDOR 4/29/2010 CARW F ASY BLOOD B09K0044 0.192 100294-010 0.204 

244122087 WERT 4/30/2010 CARW M ASY BLOOD B09K0048 1.191 100294-011 1.448 

244122089 WNEW 5/27/2010 CARW M ASY BLOOD B09K0052 0.117 100294-012 0.115 

244122091 WNUS 5/14/2010 CARW M ASY BLOOD B09K0056 0.320 100294-013 0.344 

244122093 DUBA 8/6/2010 CARW M ASY BLOOD B09K0060 2.450 100294-014 2.428 

244122097 MCMA 5/25/2010 CARW M ASY BLOOD B09K0064 0.177 100294-015 0.135 

244122408 BRAD 6/25/2010 CARW F ASY BLOOD B09K0071 3.054 100294-016 3.146 

244122409 SRDG 7/1/2010 CARW F ASY BLOOD B09K0072 0.205 100294-017 0.218 

244122415 SRDG 7/19/2010 CARW M ASY BLOOD B09K0078 0.132 100294-018 0.136 

unbanded3 TRPK 4/8/2010 NOCA F AHY BLOOD B09O0007 0.018 100294-020 ND 

unbanded4 TRPK 4/8/2010 NOCA M AHY BLOOD B09O0008 0.028 100294-019 ND 

196141123 DUBA 8/6/2010 CARW F ASY FEATHER B09K0087 16.209 100294-021 21.020 

220184879 BRAD 7/19/2010 CARW M ASY FEATHER B09K0090 20.825 100294-022 19.752 

226130891 GIGL 6/10/2010 CARW M ASY FEATHER B09K0094 1.164 100294-023 1.274 

226130892 WNEW 6/11/2010 CARW F ASY FEATHER B09K0095 0.474 100294-024 0.512 

226130892 WNEW 7/30/2010 CARW F ASY FEATHER B09K0096 2.053 100294-025 2.133 

244122068 GRCA 5/31/2010 CARW M ASY FEATHER B09K0112 3.618 100294-026 4.010 
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Band No. Site 
Date 

Collected 
Species Sex Age Matrix 

BRI Sample 
ID 

BRI Total 
Hg (µg/g) 

UCONN 
Sample ID 

UCONN Total 
Hg (µg/g) 

244122069 COMI 4/21/2010 CARW M ASY FEATHER B09K0113 5.050 100294-027 4.805 

244122073 BRAD 4/18/2010 CARW F ASY FEATHER B09K0119 3.994 100294-028 4.075 

244122074 SRDG 4/18/2010 CARW F ASY FEATHER B09K0121 0.350 100294-029 0.431 

244122075 MWEN 4/20/2010 CARW F ASY FEATHER B09K0124 0.398 100294-030 0.517 

244122083 DPOR 4/21/2010 CARW M ASY FEATHER B09K0139 2.896 100294-031 3.227 

244122084 MDOR 4/29/2010 CARW M ASY FEATHER B09K0140 1.197 100294-032 1.375 

244122086 WNUS 7/8/2010 CARW F ASY FEATHER B09K0146 2.662 100294-033 3.519 

244122090 GIGL 6/30/2010 CARW M ASY FEATHER B09K0156 0.871 100294-034 0.812 

244122091 WNUS 5/14/2010 CARW M ASY FEATHER B09K0157 0.493 100294-035 0.514 

244122404 DPOR 6/17/2010 CARW M ASY FEATHER B09K0168 1.464 100294-036 6.168 

244122406 GRCP 6/21/2010 CARW F ASY FEATHER B09K0171 1.714 100294-037 1.687 

244122408 BRAD 6/25/2010 CARW F ASY FEATHER B09K0172 4.990 100294-038 5.054 

244122415 SRDG 7/19/2010 CARW M ASY FEATHER B09K0179 0.611 100294-039 0.401 

244122417 MCMA 7/22/2010 CARW U HY FEATHER B09K0181 1.458 100294-040 1.195 
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Appendix B. Blood and feather samples for Carolina wrens 
 

Band No. Site Treatment Date Sex Age Blood Hg (ppm, ww) Feather Hg (ppm, fw) 
193194329 SRDG R 8-Jul-09 U AHY 0.25   

196141120 DUBA C 8/23/2009 F AHY 1.64 26.77 

196141123 DUBA C 8/23/2009 M AHY 2.95 40.43 

225170922 WERT C 8/23/2009 M AHY 1.01 21.76 

225170942 GRCP C 6/15/2009 F AHY 1.59   
225171465 GRCP C 5/26/2009 U AHY 3.23   
225171472 GRCP C 5/25/2009 U AHY 2.12   
225171474 GRCP C 5/25/2009 U AHY 2.05   

225171475 GRCP C 7/6/2009 M AHY 5.81 47.70 

225171475 GRCP C 5/28/2009 M AHY 4.59   
225171476 GRCP C 5/28/2009 U AHY 2.36   

225171478 GRCP C 5/28/2009 M AHY 3.30   

225171479 GRCP C 5/29/2009 U AHY 2.62   

225171485 WNUS R 6/1/2009 F AHY 0.31   

225171486 WNUS R 6/1/2009 M AHY 0.70   

225171487 WNUS R 6/1/2009 U AHY 0.30 2.88 

225171487 WNUS R 7/7/2009 U AHY 0.28   

225171488 WNUS R 6/1/2009 M AHY 0.30   

225171489 WNUS R 6/1/2009 F AHY 0.37   

225171492 WNUS R 6/2/2009 U AHY 0.23   

226130895 WERT C 5/19/2009 F AHY 3.21   

226130895 WERT C 9/9/2009 F AHY 1.61   

244102401 SRDG R 4/24/2009 F AHY 0.51   

244102401 SRDG R 6/22/2009 F AHY 0.23   

244102421 WNUS  R 5/27/2009 F AHY 0.39   

244102422 GRCA C 6/2/2009 F AHY 1.75   

244102422 GRCA C 7/28/2009 F AHY 1.17   
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Band No. Site Treatment Date Sex Age Blood Hg (ppm, ww) Feather Hg (ppm, fw) 

244102428 MWEN R 6/10/2009 M AHY 0.11   

244102429 MWEN R 6/25/2009 F AHY 0.08   

244102430 BRAD C 6/25/2009 F AHY 2.08   

244102444 WNUS  R 7/13/2009 F AHY 0.84   

244122020 GRCA C 6/29/2009 F AHY 2.37   

244122022 WERT C 6/29/2009 F AHY 4.77   
244122034 GRCP C 7/3/2009 U AHY 2.81   

244122039 MWEN R 7/3/2009 F AHY 0.33   
244122041 GRCP C 7/6/2009 M AHY 1.98   
244122043 SRDG R 7/8/2009 F AHY 0.46 1.03 

244122102 WNUS R 6/3/2009 F AHY 0.26   

244122185 SRDG R 6/19/2009 M AHY 0.26   

193194336 MDOR R 6/18/2010 M AHY 0.12 1.32 

196141123 DUBA C 8/6/2010 F AHY 3.22 16.21 

220184879 BRAD C 4/27/2010 M AHY 1.76 21.03 

220184879 BRAD C 5/19/2010 M AHY 1.64 5.86 

220184879 BRAD C 7/19/2010 M AHY 2.11 20.82 

226130888 WERT C 6/7/2010 M AHY 0.56 1.89 

226130889 BOES C 6/8/2010 M AHY 1.48 1.19 

226130890 MCMA R 6/10/2010 F AHY 0.17 0.68 

226130891 GIGL R 6/10/2010 M AHY 0.15 1.16 

226130891 GIGL R 7/15/2010 M AHY 0.22   

226130892 WNEW R 6/11/2010 F AHY 0.18 0.47 

226130892 WNEW R 7/30/2010 F AHY 0.20 2.05 

226130893 BRAD C 6/15/2010 F AHY 2.00 1.88 

226130893 BRAD C 7/14/2010 F AHY 1.70 23.06 

226130894 BRAD C 7/14/2010 M AHY 1.23 2.15 

226130900 INCH R 6/16/2010 F AHY 0.22 0.47 

244102468 GRCA C 5/4/2010 M AHY 1.68   
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Band No. Site Treatment Date Sex Age Blood Hg (ppm, ww) Feather Hg (ppm, fw) 

244122000 BRAD C 6/2/2010 M AHY 0.99 3.55 

244122039 MWEN R 5/28/2010 F AHY 0.22 3.90 

244122040 GRCP C 5/3/2010 M AHY 1.86 5.42 

244122063 TRPK R 4/8/2010 M AHY 0.15 0.87 

244122063 TRPK R 5/25/2010 M AHY 0.12 0.93 

244122067 BOES C 6/8/2010 M AHY 1.28   

244122068 GRCA C 5/31/2010 M AHY 2.48 3.62 

244122069 COMI C 4/21/2010 M AHY 1.52 5.05 

244122069 COMI C 5/21/2010 M AHY 1.96 4.34 

244122072 BRAD C 6/25/2010 M AHY 1.94 5.88 

244122073 BRAD C 4/18/2010 F AHY 2.21 3.99 

244122074 SRDG R 4/18/2010 F AHY 0.17 0.35 

244122074 SRDG R 5/27/2010 F AHY 0.20 0.37 

244122074 SRDG R 7/20/2010 F AHY 0.14 2.78 

244122075 MWEN R 4/20/2010 F AHY 0.07 0.40 

244122075 MWEN R 5/28/2010 F AHY 0.07 0.45 

244122076 DPOR C 4/20/2010 F AHY 1.39 6.22 

244122078 COMI C 4/21/2010 F AHY 1.85 4.02 

244122078 COMI C 6/25/2010 F AHY 2.65 2.99 

244122079 MCMA R 4/22/2010 M AHY 0.17 0.51 

244122079 MCMA R 6/1/2010 M AHY 0.09 0.41 

244122079 TRPK R 7/9/2010 M AHY 0.09 1.27 

244122081 VOGL R 5/25/2010 M AHY 0.17 1.35 

244122083 DPOR C 4/21/2010 M AHY 0.92 2.90 

244122084 MDOR R 4/29/2010 M AHY 0.21 1.20 

244122084 MDOR R 5/24/2010 M AHY 0.20 1.16 

244122085 MDOR R 4/29/2010 F AHY 0.19 1.45 

244122085 MDOR R 7/2/2010 F AHY 0.21 1.83 

244122086 WNUS R 7/8/2010 F AHY 0.55 2.66 
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Band No. Site Treatment Date Sex Age Blood Hg (ppm, ww) Feather Hg (ppm, fw) 

244122087 WERT C 4/30/2010 M AHY 1.19 3.48 

244122088 GIGL R 5/7/2010 F AHY 0.43 0.99 

244122088 GIGL R 6/30/2010 F AHY 0.26 2.60 

244122089 WNEW R 5/27/2010 M AHY 0.12 0.40 

244122090 GIGL R 5/14/2010 M AHY 0.28 0.88 

244122090 GIGL R 5/26/2010 M AHY 0.30 1.41 

244122090 GIGL R 6/30/2010 M AHY 0.24 0.87 

244122091 WNUS R 5/14/2010 M AHY 0.32 0.49 

244122091 WNUS R 7/6/2010 M AHY 0.42 0.75 

244122092 BRAD C 5/18/2010 M AHY 1.29 5.39 

244122093 DUBA C 5/18/2010 M AHY 2.70 10.19 

244122093 DUBA C 8/6/2010 M AHY 2.45   

244122094 WERT C 5/20/2010 M AHY 1.53 5.34 

244122095 GRCP C 5/21/2010 M AHY 3.65 4.75 

244122096 MDOR R 5/24/2010 M AHY 0.24 0.81 

244122097 MCMA R 5/25/2010 M AHY 0.18 0.43 

244122099 INCH R 5/27/2010 M AHY 0.12 0.49 

244122099 INCH R 6/16/2010 M AHY 0.11   

244122404 DPOR C 6/17/2010 M AHY 2.16 1.46 

244122405 MDOR R 6/18/2010 F AHY 0.20 3.26 

244122405 MDOR R 7/28/2010 F AHY 0.12 0.53 

244122406 GRCP C 6/21/2010 F AHY 0.96 1.71 

244122408 BRAD C 6/25/2010 F AHY 3.05 4.99 

244122409 SRDG R 7/1/2010 F AHY 0.21 1.51 

244122410 BRAD C 7/5/2010 F AHY 2.17 5.06 

244122411 WNUS R 7/6/2010 M AHY 0.25 0.90 

244122413 GIGL R 7/15/2010 F AHY 0.32 1.06 

244122414 BRAD C 7/19/2010 F AHY 2.25 11.40 

244122415 SRDG R 7/19/2010 M AHY 0.13 0.61 
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Band No. Site Treatment Date Sex Age Blood Hg (ppm, ww) Feather Hg (ppm, fw) 

244122418 MDOR R 7/26/2010 F AHY 0.20 0.74 

244122419 MDOR R 7/26/2010 F AHY 0.18 1.15 

244122429 WNUS R 8/3/2010 M AHY 0.09 0.21 
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Appendix C. Carolina wren nest summaries 
 

Nest ID 
Location 
of Nest 

Type of 
Natural 

Nest 
Treatment Year Territory 

Clutch 
Initiation 

Date 

Clutch 
Size 

Brood 
Size 

Number of 
Fledglings 

Fate 
Cause of 
Failure 

BRADT01N01 Box 
 
 C 2010 BRADT01 3/25/2010 6 6 6 fledged n/a 

BRADT01N02 Natural 
 

tree cavity C 2010 BRADT01 6/29/2010 5 5 0 failed predation 

BRADT02N01 Natural 
 

tree cavity C 2010 BRADT02 4/26/2010 6 0 0 failed abandonment 

BRADT03N01 Natural 
 

tree cavity C 2010 BRADT03 6/12/2010 3 3 3 fledged n/a 

BRADT05N01 Natural 
man-made 
structure C 2010 BRADT05 6/5/2010 4 4 4 fledged n/a 

BRADT06N01 Natural 
man-made 
structure C 2010 BRADT06 5/19/2010 5 4 4 fledged n/a 

BRADT06N02 Natural 
man-made 
structure C 2010 BRADT06 6/28/2010 4 4 3 fledged n/a 

COMIT01N01 Natural 
man-made 
structure C 2010 COMIT01 3/23/2010 5 5 5 fledged n/a 

COMIT01N02 Natural 
man-made 
structure C 2010 COMIT01 5/23/2010 1 0 0 failed 

Cowbird 
parasitism 

COMIT01N03 Box 
 
 C 2010 COMIT01 6/8/2010 5 5 5 fledged n/a 

DPORT01N01 Box 
 
 C 2010 DPORT01 4/3/2010 5 5 5 fledged n/a 

DPORT01N02 Box 
 
 C 2010 DPORT01 5/24/2010 5 4 0 failed abandonment 

DPORT01N03 Box 
 
 C 2010 DPORT01 7/19/2010 5 0 0 failed abandonment 

DUBAT01N01 Tube 
 
 C 2010 DUBAT01 4/24/2010 5 0 0 failed predation 

DUBAT01N02 Natural 
man-made 
structure C 2010 DUBAT01 7/20/2010 5 3 2 fledged n/a 

GIGLT01N01 Natural 
 

on ground R 2010 GIGLT01 4/12/2010 5 5 5 fledged n/a 
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Nest ID 
Location 
of Nest 

Type of 
Natural 

Nest 
Treatment Year Territory 

Clutch 
Initiation 

Date 

Clutch 
Size 

Brood 
Size 

Number of 
Fledglings 

Fate 
Cause of 
Failure 

GIGLT01N02 Natural 
man-made 
structure R 2010 GIGLT01 6/11/2010 5 5 5 fledged n/a 

GIGLT03N01 Natural 
man-made 
structure R 2010 GIGLT03 5/10/2010 4 4 4 fledged n/a 

GIGLT03N02 Natural 
man-made 
structure R 2010 GIGLT03 6/19/2010 5 5 5 fledged n/a 

GRCAT01N01 Tube 
 
 C 2010 GRCAT01 5/10/2010 5 4 0 failed abandonment 

GRCPT03N01 Box 
 
 C 2010 GRCPT02 4/16/2010 5 0 0 failed abandonment 

GRCPT03N02 Box 
 
 C 2010 GRCPT02 6/1/2010 5 5 0 failed abandonment 

INCHT02N01 Natural 
man-made 
structure R 2010 INCHT02 5/30/2010 5 4 0 failed abandonment 

MCMAT02N01 Natural 
 

on ground R 2010 MCMAT02 5/15/2010 5 5 5 fledged n/a 

MCMAT02N02 Natural 
 

on ground R 2010 MCMAT02 7/9/2010 4 0 0 failed predation 

MDORT01N01 Natural 
 

tree cavity R 2010 MDORT01 6/13/2010 5 5 4 fledged n/a 

MDORT02N01 Natural 
 

on ground R 2010 MDORT02 5/15/2010 3 3 3 fledged n/a 

MDORT02N02 Natural 
 

tree cavity R 2010 MDORT02 7/9/2010 4 4 4 fledged n/a 

MDORT03N01 Natural 
man-made 
structure R 2010 MDORT03 5/29/2010 3 3 2 fledged n/a 

MDORT03N02 Natural 
man-made 
structure R 2010 MDORT03 7/11/2010 4 4 3 fledged n/a 

MDORT05N01 Natural 
man-made 
structure R 2010 MDORT05 6/28/2010 4 4 4 fledged n/a 

MWENT01N01 Box 
 
 R 2010 MWENT01 5/7/2010 5 5 5 fledged n/a 

MWENT02N01 Box 
 
 R 2010 MWENT02 3/29/2010 4 3 3 fledged n/a 
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Nest ID 
Location 
of Nest 

Type of 
Natural 

Nest 
Treatment Year Territory 

Clutch 
Initiation 

Date 

Clutch 
Size 

Brood 
Size 

Number of 
Fledglings 

Fate 
Cause of 
Failure 

MWENT02N02 Box 
 
 R 2010 MWENT02 5/8/2010 5 5 

 
NA n/a 

SRDGT01N01 Box 
 
 R 2010 SRDGT01 3/27/2010 5 4 4 fledged n/a 

SRDGT01N02 Tube 
 
 C 2010 SRDGT01 5/9/2010 5 5 5 fledged n/a 

SRDGT01N03 Natural 
man-made 
structure R 2010 SRDGT01 6/22/2010 3 1 1 fledged n/a 

SRDGT02N01 Natural 
man-made 
structure R 2010 SRDGT02 6/12/2010 3 3 3 fledged n/a 

WERTT02N01 Tube 
 
 C 2010 WERTT01 4/12/2010 5 0 0 failed predation 

WNEWT01N01 Natural 
man-made 
structure R 2010 WNEWT01 5/14/2010 5 5 5 fledged n/a 

WNUST01N01 Tube 
 
 R 2010 WNUST01 4/9/2010 5 5 5 fledged n/a 

WNUST01N02 Box 
 
 R 2010 WNUST01 5/28/2010 4 0 0 failed predation 

WNUST01N03 Natural 
 

tree cavity R 2010 WNUST01 6/11/2010 4 3 3 fledged n/a 

WNUST02N01 Tube 
 
 R 2010 WNUST02 6/19/2010 5 2 0 failed abandonment 

WNUST03N01 Natural 
man-made 
structure R 2010 WNUST03 7/11/2010 5 5 5 fledged n/a 

BRAD_505 Box 
 
 C 2009 BRAD 06/06/2009 5 4 0 failed abandonment 

BRAD_608 Box 
 
 C 2009 BRAD 04/22/2009 2 0 0 failed predation 

DUBA_584 Box 
 
 C 2009 DUBA 07/26/2009 4 3 3 fledged n/a 

DUBA_624 Box 
 

C 2009 DUBA 04/03/2009 5 0 0 failed 
House wren 

takeover 

DUBA_M098 Box 
 
 C 2009 DUBA 4/15/2009 5 0 0 failed predation 
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Nest ID 
Location 
of Nest 

Type of 
Natural 

Nest 
Treatment Year Territory 

Clutch 
Initiation 

Date 

Clutch 
Size 

Brood 
Size 

Number of 
Fledglings 

Fate 
Cause of 
Failure 

GRCA_253T Tube 
 
 C 2009 GRCA 06/08/2009 4 4 4 fledged n/a 

GRCA_M007 Box 
 
 C 2009 GRCA 05/16/2009 5 4 4 fledged n/a 

GRCA_M009 Box 
 
 C 2009 GRCA 07/05/2009 4 4 4 fledged n/a 

GRCA_M014 Box 
 
 C 2009 GRCA 04/22/2009 2 0 0 failed abandonment 

GRCP_95T Tube 
 
 C 2009 GRCP 4/8/2009 5 5 5 fledged n/a 

GRCP_M029 Box 
 
 C 2009 GRCP 05/26/2009 5 5 4 fledged n/a 

MDOR_K036 Box 
 
 R 2009 MDOR 04/22/2009 1 0 0 failed predation 

MWEN_293 Box 
 
 R 2009 MWEN 6/13/2009 5 4 4 fledged n/a 

MWEN_298 Box 
 
 R 2009 MWEN 06/06/2009 5 5 0 failed abandonment 

MWEN_325 Box 
 
 R 2009 MWEN 05/27/2009 5 0 0 failed abandonment 

SRDG_35 Box 
 
 R 2009 SRDG 04/04/2009 5 5 5 fledged n/a 

SRDG_591 Box 
 
 R 2009 SRDG 05/27/2009 4 4 3 fledged n/a 

WERT_31T Tube 
 
 C 2009 WERT 04/22/2009 2 0 0 failed predation 

WERT_33T Tube 
 
 C 2009 WERT 05/12/2009 1 0 0 failed predation 

WERT_36T Tube 
 
 C 2009 WERT 04/20/2009 4 0 0 failed predation 

WERT_37T Tube 
 
 C 2009 WERT 04/29/2009 5 5 5 fledged n/a 

WERT_512 Box 
 
 C 2009 WERT 06/10/2009 3 3 0 failed abandonment 
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Nest ID 
Location 
of Nest 

Type of 
Natural 

Nest 
Treatment Year Territory 

Clutch 
Initiation 

Date 

Clutch 
Size 

Brood 
Size 

Number of 
Fledglings 

Fate 
Cause of 
Failure 

WERT_513 Box 
 
 C 2009 WERT 05/12/2009 1 0 0 failed abandonment 

WERT_63T Tube 
 
 C 2009 WERT 07/10/2009 4 0 0 failed predation 

WERT_M116 Box 
 
 C 2009 WERT 8/7/2009 4 4 4 fledged n/a 

WNUN_154 Box 
 
 R 2009 WNUN 04/19/2009 3 0 0 failed abandonment 

WNUS_18 Box 
 
 R 2009 WNUS 6/25/2009 4 2 2 fledged n/a 

WNUS_197 Box 
 
 R 2009 WNUS 05/08/2009 5 4 4 fledged n/a 

WNUS_622 Box 
 
 R 2009 WNUS 04/18/2009 5 0 0 failed predation 
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Appendix D. Egg mercury values 
 

Date 
Collected 

Species Treatment 
Female Hg 
(µg/g, ww) 

Site Egg ID 
UCONN 

Sample ID 
Egg Hg 

(µg/g, ww) 

5/22/2009 CARW C 
 

WERT SR09E05 100295-006 0.536 

6/2/2009 CARW C 1.592 GRCP SR09E08 100295-005 0.186 

5/3/2010 CAWR C 
 

GRCP GRCPT03E01 100294-059 0.168 

5/3/2010 CAWR C 
 

GRCP GRCPT03E02 100294-060 0.150 

5/3/2010 CAWR C 
 

GRCP GRCPT03E03 100294-061 0.165 

5/3/2010 CAWR C 
 

GRCP GRCPT03E04 100294-062 0.168 

5/3/2010 CAWR C 
 

GRCP GRCPT03E05 100294-063 0.182 

5/17/2010 CAWR C 
 

DUBA DUBAT01E01 100294-056 0.328 

5/17/2010 CAWR C 
 

DUBA DUBAT01E02 100294-057 0.237 

5/18/2010 CAWR C 
 

BRAD BRADT02E01 100294-041 0.099 

5/18/2010 CAWR C 
 

BRAD BRADT02E02 100294-042 0.115 

5/18/2010 CAWR C 
 

BRAD BRADT02E03 100294-043 0.118 

5/18/2010 CAWR C 
 

BRAD BRADT02E04 100294-044 0.119 

5/18/2010 CAWR C 
 

BRAD BRADT02E05 100294-045 0.120 

5/18/2010 CAWR C 
 

BRAD BRADT02E06 100294-046 0.107 

6/2/2010 CAWR C 
 

COMI COMIT01E01 100294-048 0.344 

6/11/2010 CAWR C 1.997 BRAD BRADT06E01 100294-047 0.371 

6/17/2010 CAWR C 1.391 DPOR DPORT01E01 100294-050 0.300 

8/6/2010 CAWR C 
 

DPOR DPORT01E02 100294-051 0.380 

8/6/2010 CAWR C 
 

DPOR DPORT01E03 100294-052 0.249 

8/6/2010 CAWR C 
 

DPOR DPORT01E04 100294-053 0.238 

8/6/2010 CAWR C 
 

DPOR DPORT01E05 100294-054 0.276 

8/6/2010 CAWR C 
 

DPOR DPORT01E06 100294-055 0.281 

5/7/2009 CARW R 
 

WNUS SR09E01 100295-001 0.028 

5/27/2009 CARW R 0.391 WNUS SR09E07 100295-004 0.053 

6/10/2009 CARW R 
 

MWEN SR09E12 100295-007 0.011 

6/10/2009 CAWR R 
 

MWEN SR09E13 100295-008 0.010 
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Date 
Collected 

Species Treatment 
Female Hg 
(µg/g, ww) 

Site Egg ID 
UCONN 

Sample ID 
Egg Hg 

(µg/g, ww) 

6/10/2009 CAWR R 
 

MWEN SR09E14 100295-009 0.011 

6/10/2009 CAWR R 
 

MWEN SR09E15 100295-010 0.011 

6/10/2009 CAWR R 
 

MWEN SR09E16 100295-011 0.009 

4/19/2010 CAWR R 0.067 MWEN MWENT02E01 100294-064 0.007 

7/8/2010 CAWR R 0.548 WNUS WNUST01E01 100294-067 0.066 

7/19/2010 CAWR R 0.144 SRDG SRDGT01E01 100294-065 0.037 

7/19/2010 CAWR R 0.144 SRDG SRDGT01E02 100294-066 0.019 
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a b s t r a c t

Mercury (Hg) is a persistent environmental contaminant found in many freshwater and marine
ecosystems. Historical Hg contamination in rivers can impact the surrounding terrestrial ecosystem, but
there is little known about how far downstream this contamination persists. In 2009, we sampled
terrestrial forest songbirds at five floodplain sites up to 137 km downstream of an historical source of Hg
along the South and South Fork Shenandoah Rivers (Virginia, USA). We found that blood total Hg
concentrations remained elevated over the entire sampling area and there was little evidence of decline
with distance. While it is well known that Hg is a pervasive and long-lasting aquatic contaminant, it has
only been recently recognized that it also biomagnifies effectively in floodplain forest food webs. This
study extends the area of concern for terrestrial habitats near contaminated rivers for more than 100 km
downstream from a waterborne Hg point source.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is awell-studied environmental contaminant, with
wide-ranging impacts on the health of various taxa (Scheuhammer
et al., 2007). Because Hg can be methylated e and therefore
become bioavailable e in aquatic systems, it has historically been
considered a problem for species directly associated with aquatic
ecosystems, such as piscivorous birds (Wolfe et al., 1998). In partic-
ular, rivers have been contaminated by Hg used historically for
industrial processes such as chlor-alkali production and goldmining.
A recent study of three of North America’s great rivers, theMissouri,
Mississippi, and Ohio, suggests that along approximately half of the
lengths of these rivers, piscivorous belted kingfishers (Megaceryle
alcyon) would exceed daily Hg intakes associated with adverse
effects (Walters et al., 2010). River floodplains may be prime loca-
tions for mercury methylation, for the same reasons that methyla-
tion occurs in other wetlands (Wiener et al., 2003). Recent research
has shown that Hg is not only a problem for piscivorous and aquatic
wildlife inhabiting contaminated rivers, but also for terrestrial
songbirds (Cristol et al., 2008) and amphibians (Bergeron et al., 2010)
in the floodplain.
Jackson).

All rights reserved.
Various effects of exposure to riverine Hg have been documented
in songbirds, including: reduced survival (Hallinger et al., 2011),
impaired reproduction (Hallinger and Cristol, 2011), depressed
immune competence (Hawley et al., 2009), altered behavior
(Hallinger et al., 2010) anddisruptedendocrine function (Franceschini
et al., 2009; Wada et al., 2009). Because of this risk of adverse effects,
and the fact that there are thousands of rivers and other waterbodies
contaminated with Hg in the USA (Environmental Protection Agency
National Listing of Fish Advisories, 2008), it is important to under-
stand the potential spatial extent of Hg exposure to wildlife from
waterborne Hg point sources.

Between 1929 and 1950, the South River, Virginia, USA was
contaminated by a point source of mercury 39 km upstream of its
confluencewith the South Fork Shenandoah River. Mercury entered
the river as mercuric sulfate, which was used as a catalyst in an
acetate production process at a factory in Waynesboro (Carter,
1977). While the exact amount of mercury released is unknown,
Hg is still a concern in the South River more than a half-century
later. There is a fish consumption advisory for human anglers
(Virginia Department of Health Fish Consumption Advisories, 2009)
as well as strikingly elevated tissue Hg concentrations in reptiles,
birds, amphibians andmammals (Bergeron et al., 2007, 2010; Cristol
et al., 2008; Sleeman et al., 2010; Wada et al., 2010). These findings
come from research focused primarily on the South River, the site of
the historical Hg point source, and relatively little is known about
sites farther downstream. The South Fork Shenandoah River begins

mailto:allyson.jackson@briloon.org
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
http://dx.doi.org/10.1016/j.envpol.2011.08.046
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Table 1
Sampling sites along the South and South Fork Shenandoah Rivers, Virginia. Km is
the river channel distance from the contamination source in Waynesboro. Sampling
dates are the ranges during 2009 in which blood was sampled.

Location Site Km Sampling
dates

Reference Waynesboro Nursery (WNUS) �10 6/1e7/7
Ridgeview Park (SRDG) �2 6/19e7/9

South River Grottoes City Park (GRCP) 35 5/25e7/6
South Fork

Shenandoah River
Power Dam (PODA) 51 6/6e6/10
Shuller’s Island (SHIS) 79 6/5e6/16
Long Bend Farm (LBFA) 107 6/24e7/2
Bealer’s Ferry (BEFE) 137 6/18e6/30
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at the confluence of the South and North Rivers and continues
approximately 156 km before it merges with the North Fork She-
nandoah River to become the even larger Shenandoah River. In
other river systems, Hg in fish and birds tied directly to the aquatic
ecosystem remains elevated far from the original source of
contamination (Dye and Benton, 2001; Ullrich et al., 2007), but few
studies have looked at species not directly tied to the aquatic
environment. We hypothesized that the Hg contamination docu-
mented in the terrestrial floodplain biota of the South River might
continue downstream along the South Fork Shenandoah River,
despite dilution in the larger river. Previous studies that have
considered the downstream extent of Hg contamination have
generally been complicated by multiple point sources (Hothem
et al., 2008) or dam/reservoir complexes that change the move-
ment and methylation of Hg (Campbell et al., 1998; Custer et al.,
2007). The present study measured blood total Hg concentrations
in breeding songbirds found in similar habitats within the flood-
plain for approximately 100 km downstream of the South River, to
identify whether and how far downstream there is a risk of Hg
contamination to floodplain biota from this legacy Hg source.
2. Materials and methods

2.1. Study sites

Songbirds were captured at two reference sites on the South River upstream
from the point source of Hg (Waynesboro, VA) and five sites downstream of the
contamination source (Fig. 1, Table 1). One site (GRCP) was located on the South
River, while the remaining four were located after the confluence of the North and
South Rivers, on the South Fork Shenandoah River. We are not aware of any
significant point sources of Hg along the entire 137 km downstream of the
Fig. 1. Study sites where terrestrial songbirds were captured along the South and
South Fork Shenandoah Rivers (Virginia, USA).
waterborne point source in Waynesboro. Although we included no reference sites
along the North River in this study, previous work has shown no significant Hg
contamination along the North River upstream of its confluence with the South
River (Brasso and Cristol, 2008; Cristol et al., 2008; Hallinger and Cristol, 2011).
While distance between sites was similar, exact placement was opportunistic,
depending on landowner permission, accessibility, and presence of riparian wood-
land extensive enough to support bird populations. The riparian woodlands at each
site were dominated by sycamore (Platanus occidentalis), tulip poplar (Liriodendron
tulipifera), red maple (Acer rubrum), silver maple (Acer saccharinum), and birch
(Betula spp.). The understory character varied by site, but spicebush (Lindera
benzoin) predominated. The two reference sites also consisted of riparian woodland
and were selected based on the presence of the same bird species as the down-
stream sampling sites.

2.2. Choice of bird species

The biomagnification of methylmercury in birds is likely influenced by age,
trophic position, foraging habitat, and duration of annual exposure (Evers et al.,
2005; Condon and Cristol, 2009; Eagles-Smith et al., 2009). Therefore, we
sampled only adult birds (at least one year of age) and used a two-by-two design for
trophic position (i.e., foraging guild: omnivore or invertivore) and duration at site
(i.e., migratory strategy: resident or migrant) to group all sampled species into four
exposure assemblages (Table 1). Foraging guild was assigned based on De Graaf et al.
(1985) and migratory strategy was based on individual species accounts in Birds of
North America (Poole, 2005). We relied on author expertise for the field sparrow
(Spizella pusilla) and eastern towhee (Pipilo erythrophthalmus), where the literature
was ambiguous on their migration pattern in Virginia.

To evaluate whether variable species composition caused differences in Hg
levels between sites, we also analyzed Hg trends for the individual species with the
largest sample size (N > 40) distributed across all study sites. We considered the
following to be a representative of each assemblage: Carolina wren (Thryothorus
ludovicianus, invertivore/resident), red-eyed vireo (Vireo olivaceus, invertivore/
migrant), song sparrow (Melospiza melodia, omnivore/resident), and indigo bunting
(Passerina cyanea, omnivore/migrant). The Carolina wren is a highly territorial year-
round resident and eats primarily insects and spiders during the breeding season
(Haggerty and Morton, 1995). Carolina wrens have among the highest blood Hg
concentrations of all birds sampled on the South River, potentially because of their
reliance on higher trophic level prey items, such as spiders (Cristol et al., 2008). The
red-eyed vireo eats primarily insects during the breeding season, and overwinters in
the Amazon Basin of South America (Cimprich et al., 2000). Song sparrows are
resident birds, but their diet is more omnivorous, including insects, seeds, and fruit
(Arcese et al., 2002). The indigo bunting is similarly omnivorous, eating insects,
berries and seeds during the breeding season and then overwintering in Central
America (Payne, 2006).

2.3. Bird sampling

We sampled birds between 25 May and 9 July, 2009, using 10e13, 12-m, 36-mm
mesh mist nets at each site. Birds were captured within the floodplain, which varied
in extent among sites. At each site, most of the mist nets were placed within 50 m of
the riverbank, and all were within 100 m. Nets were situated mainly in forested
areas and along forest edges, with the exact placement chosen according to vege-
tation structure. We used playback recordings to attract the target species and
checked the nets every 20e40 min. We extracted each captured bird and placed it in
a cotton holding bag until it could be processed, within 40 min but usually sooner,
whereupon all birds were released unharmed. We banded all captured birds with
a U.S. Geological Survey aluminum band before release and determined age and sex
by external characteristics (Pyle, 1997).

We collected no more than 1% of the bird’s body weight in blood, using 26e28
gauge needles to puncture the cutaneous ulnar vein in thewing. Blood was collected
in heparinized capillary tubes, sealed at both ends with Crito-caps� and placed in
a labeled 10 ml plastic vacutainer (BD, Franklin Lakes, NJ, USA). We kept all samples
on ice for 3e6 h, after which they were frozen at �25 �C until analysis.



Table 2
Songbird species in the four exposure assemblages.

Assemblage (N)a Common name Scientific name N

Invertivore/Resident
(N ¼ 90)

Carolina chickadee Poecile carolinensis 22
Carolina wren Thryothorus ludovicianus 49
Tufted titmouse Baeolophus bicolor 14
White-breasted nuthatch Sitta carolinensis 5

Invertivore/Migrant
(N ¼ 98)

Acadian flycatcher Empidonax virescens 2
American redstart Setophaga ruticilla 2
Black and white warbler Mniotilta varia 1
Blue-gray gnatcatcher Polioptila caerulea 2
Common yellowthroat Geothlypis trichas 1
Eastern phoebe Sayornis phoebe 2
Eastern wood-pewee Contopus virens 4
Great-crested flycatcher Myiarchus crinitus 6
House wren Troglodytes aedon 3
Louisiana waterthrush Parkesia motacilla 2
Northern parula Parula americana 1
Northern waterthrush Parkesia noveboracensis 3
Orchard oriole Icterus spurious 1
Ovenbird Seiurus aurocapilla 3
Red-eyed vireo Vireo olivaceus 50
Warbling vireo Vireo gilvus 7
Willow flycatcher Empidonax traillii 1
Worm-eating warbler Helmitheros vermivorum 6
Yellow-billed cuckoo Coccyzus americanus 1

Omnivore/Resident
(N ¼ 103)

Blue jay Cyanocitta cristata 2
Field sparrow Spizella pusilla 5
Northern cardinal Cardinalis cardinalis 33
Song sparrow Melospiza melodia 63

Omnivore/Migrant
(N ¼ 149)

American goldfinch Spinus tristis 10
American robin Turdus migratorius 1
Baltimore oriole Icterus galbula 4
Brown thrasher Toxostoma rufum 4
Brown-headed cowbird Molothrus ater 2
Common grackle Quiscalus quiscula 10
Eastern towhee Pipilo erythrophthalmus 4
Gray catbird Dumetella carolinensis 54
Indigo bunting Passerina cyanea 51
Veery Catharus fuscescens 1
Wood thrush Hylocichla mustelina 8

a N is the number of individuals sampled.
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Blood is an ideal tissue for evaluating recent dietary uptake and there is ample
evidence that adult blood Hg levels reflect prey Hg levels in the breeding territory
(Kahle and Becker, 1999; Burgess andMeyer, 2008; Evers et al., 2008). Because blood
transports nutrients, waste and contaminants to internal organs, the Hg load in
blood can be considered to be in dynamic equilibriumwith other body tissues. Blood
Hg concentrations are closely correlated with Hg in internal tissues, but have the
advantage that they can be sampled non-lethally (Eagles-Smith et al., 2008). Over
95% of the Hg in blood is in the methyl form at this and other sites, so we measured
only the more convenient total Hg values (Rimmer et al., 2005; Wada et al., 2010).

2.4. Hg analysis

Samples were analyzed for total Hg between 8 July and 6 November, 2009 using
atomic absorbance spectroscopy on a DMA-80 (Milestone, Shelton, CT). Blood
samples were thawed and blown directly onto a balance before being transferred to
the Hg analyzer; values are reported on a wet-weight basis. The DMA-80 was cali-
brated using homogenized fish standard reference materials (hereafter SRMs,
DORM-3 and DOLT-4; National Research Institute, Canada) according to machine
specifications prior to the analysis and approximately monthly thereafter, or more
oftenwhen necessary to keep SRM values within 7.5% of certified values. A blank, an
empty sample container, a duplicate and two aliquots of each SRM were run with
every 20 samples. Two separate capillary tubes of blood from the same collection
date of the same bird run on the same daywere considered duplicate blood samples.
The factory calibrated minimum detection limit for the analyzer is 0.005 ng Hg.
Method detection limit was between 0.0023 and 0.0064 mg/g Hg during the period
of analysis. Recovery of standard reference materials was 102.1 �11.9% for DORM-3
(n¼ 172) and 98.7� 11.5% for DOLT-4 (n¼ 159). During the period of this analysis we
spiked chopped domestic bird feather expected to have low Hg concentration with
DOLT-4 (n ¼ 10) and recovered 100.0 � 1.5%. The mean relative percent difference
between pairs of blood samples run as duplicates was 9.8 � 12.5% (n ¼ 54 pairs of
blood samples).

2.5. Statistical analysis

We analyzed the data using both Microsoft Excel 2007 (Microsoft Corporation,
Redmond, WA, USA) and JMP Version 9.0.0 (SAS Institute, Cary, NC, USA). The blood
mercury levels from each target species from each assemblage are presented. For
analysis, all blood Hg values were log10 transformed to improve normality and
stabilize variances for analysis. We designed a mixed-effects model (ANCOVA) with
categorical main effects of assemblage, site, an assemblage*site interaction, and
a continuous main effect of Julian date. Because sample size for individual species
varied greatly and we were interested in overall assemblage-level differences in
blood mercury, we included species (nested within guild) as a random effect. To
simplify interpretation, we first ran this mixed model on the birds captured at the
two reference sites, to determine if grouping these two sites was reasonable.
Becausewe found no effect of site in this preliminary analysis, we grouped these two
sites in future analyses. We then ran a mixed model with all the sampled species.
Because the assemblage*site interaction was significant, we then ran a separate
analysis of each assemblage to determine differences between sites for each
assemblage. We present back-transformed least squares means and standard error
for each assemblage graphically.

3. Results

We sampled 440 adult songbirds of 38 species on seven study sites
(Table 2). We sampled four species within the invertivore/resident
assemblage (n¼ 90),19 invertivore/migrants (n¼ 98), four omnivore/
residents (n ¼ 103), and 11 omnivore/migrants (n ¼ 149; Table 2).

3.1. Blood Hg levels

The blood Hg concentrations for the best-sampled species in
each assemblage were, on average, higher than reference at all
downstream sampling sites (Table 3). There did appear to be a large
amount of variation between species in different assemblages. For
example, considering only the South River site (GRCP), there is an
order of magnitude difference between the invertivore/resident
Carolina wren average (2.77 mg/g� 1.14) and the omnivore/migrant
indigo bunting average (0.27 mg/g � 0.14).

3.2. Reference site comparison

Blood Hg values collected on reference sites revealed no signif-
icant effect of site, assemblage, or the site*assemblage interaction
(ANOVA: site F1,101.2 ¼ 1.75, P ¼ 0.19, assemblage: F3,17.7 ¼ 2.87,
P ¼ 0.07, site*assemblage: F3,61.2 ¼ 1.25, P ¼ 0.30). Thus, we pooled
the two reference sites together in further analyses.

3.3. Mixed-effects model

We included all adult songbird blood Hg samples in a mixed-
effects model, with site, assemblage, site*assemblage and date as
fixed effects, and species (nested within guild) as a random effect.
We found significant effects of site (ANOVA: F5,402.5 ¼ 71.16,
P < 0.0001), assemblage (ANOVA: F3,32.4 ¼ 3.57, P ¼ 0.02), and
site*assemblage (ANOVA: F115,399.1 ¼ 3.09, P < 0.0001) but no
significant effect of date (ANOVA: F3,407.6 ¼ 1.93, P ¼ 0.17). Because
the interaction of site and guild was significant, and we were most
interested in differences between sites, we ran a similar mixed-
effects model for each assemblage separately.

Within the invertivore/resident assemblage, we found no
significant effect of date (ANOVA: F1,80.3 ¼ 0.71, P ¼ 0.40) but
a significant effect of site on blood mercury concentration (ANOVA:
F5,80.5 ¼ 29.40, P < 0.0001). Using Tukey’s HSD test, we found that
blood mercury in this assemblage remained elevated above refer-
ence at all downstream sites, but sites along the South Fork She-
nandoah River were significantly lower than the site on the South
River (Fig. 2A). For the invertivore/migrant assemblage, we simi-
larly found no significant effect of date (ANOVA: F1,88.35 ¼ 0.10,
P ¼ 0.75) and a significant effect of site (ANOVA: F5,81.76 ¼ 12.70,
P < 0.0001). Tukey’s HSD test indicated that, for the invertivore/
migrant assemblage, all downstream contaminated sites had blood



Table 3
Site-specific average blood mercury (Hg) concentrations (mg/g, ww) along with minimum and maximum values for best-sampled species from each exposure assemblage at
each site. N is the number of individuals sampled and SD is the standard deviation.

Site Carolina wren Red-eyed vireo Song sparrow Indigo bunting

Hg n SD Max Min Hg n SD Max Min Hg n SD Max Min Hg n SD Max Min

REF 0.33 12 0.13 0.70 0.23 0.24 2 0.01 0.25 0.23 0.05 16 0.02 0.08 0.02 0.02 7 0.01 0.04 0.00
GRCP 2.77 10 1.14 5.62 1.59 1.47 9 0.62 2.47 0.59 1.63 1 0.27 17 0.14 0.57 0.12
PODA 1.18 8 0.65 2.29 0.21 1.31 10 0.38 1.80 0.67 0.68 17 0.38 1.35 0.17 0.16 8 0.11 0.38 0.05
SHIS 0.75 5 0.25 0.93 0.37 1.17 6 0.25 1.52 0.88 0.42 16 0.27 0.95 0.10 0.07 8 0.05 0.18 0.03
LBFA 1.09 8 0.42 1.65 0.39 1.22 7 0.39 1.83 0.57 0.82 6 0.45 1.34 0.10 0.26 6 0.13 0.45 0.09
BEFE 0.90 6 0.30 1.41 0.54 1.52 16 0.67 2.88 0.57 0.98 7 0.26 1.35 0.61 0.30 5 0.24 0.64 0.08
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Hg concentrations that were significantly higher than reference
levels, with no variation between South River and South Fork
Shenandoah River sites (Fig. 2B).

Omnivore/residents had similar patterns to the invertivore/
migrants, with the mixed model indicating no significant effect of
date (ANOVA: F1,93.19¼ 0.09, P ¼ 0.76) and a significant effect of site
(ANOVA: F5,93.27 ¼ 34.92, P < 0.0001); all downstream sites (South
River and South Fork Shenandoah River) were significantly elevated
above reference (Fig. 2C). Omnivore/migrants also revealed no
significant effect of date (ANOVA: F1,134.5 ¼ 2.25, P ¼ 0.14) and
a significant effect of site (ANOVA: F5,136.6 ¼ 15.35, P < 0.0001).
Although all downstream sites were elevated above reference, the
furthest downstream site (BEFE, river kilometer 137) was signifi-
cant higher than SHIS, located 79 km downstream of the historical
contamination source (Fig. 2D).

4. Discussion

Songbird blood Hg concentrations remained elevated above
reference for at least 137 km downstream of an historic point
Fig. 2. Back-transformed least squares mean blood mercury at each study site (calculate
invertivore/migrants, C) omnivore/residents and D) omnivore/migrants. Letters indicate s
standard error. Ref includes the two reference sites upstream of the contamination and riv
source of Hg, which is approximately 100 km farther than previ-
ously documented for this site (Cristol et al., 2008). While it is not
surprising that mercury discharged into a river moved downstream
and entered the floodplain food web, it is a novel finding that the
mercury remained bioavailable to terrestrial wildlife 137 km
downstream and that there was no indication of substantial decline
over this distance. Other studies have reported unexpected trends
in distribution of riverine mercury e albeit over a smaller spatial
scale e citing Hg bioaccumulation in fish that subsequently move
into new areas (Southworth et al., 2000), complex hydrodynamics
(Campbell et al., 1998), or the effects of dams and reservoirs (Haines
et al., 2003) as explanations. These factors are unlikely to have
influenced the terrestrial bird community along the South Fork
Shenandoah River system. We hypothesize that three factors may
have combined to overwhelm the forces of dilution and seques-
tration that might be expected to create a gradual reduction in
mercury bioavailability with distance from the source: 1) persistent
historical Hg in the riverbed sediment may be consistently re-
deposited into the floodplain with each seasonal flood and 2)
habitat features at downstream sites may cause increased
d from the assemblage-specific mixed-effects model) for A) invertivore/residents, B)
ignificant differences based on Tukey’s HSD. Error bars represent back-transformed
er kilometer ¼ 0 indicates the location of the legacy point source.
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opportunities for methylation and 3) variation in prevalence
of emergent aquatic insects within different stretches of the river
may amplify transfer of Hg from the river into the terrestrial
ecosystem.
4.1. Movement of sediment Hg

Aquatic Hg tends to adsorb to fine-grained sediments where it
may have a long residence time (Eisler, 1987). Fine-grained sedi-
ments in the South River/South Fork Shenandoah system may
experience long-range transport in high flow situations, and thus
Hg may be transported downstreamwhere it can be sequestered in
the riverbed sediment. Because the South Fork Shenandoah River
experiences annual flooding, as well as catastrophic events asso-
ciated with hurricanes and tropical storms, the mercury seques-
tered in this sediment can be deposited on the floodplain, thereby
contaminating soils (U.S. Geological Survey Water Supply Paper
2375). Although the South River was contaminated by a point
source in Waynesboro, eroding floodplain soils now appear to be
important non-point sources of Hg to the river (Eggleston, 2009).
Movement of this legacy Hg may now occur on a fairly small scale
within the downstream stretches of the river, with Hg cycling
between riverbed sediment and floodplain soils but little dilution
occurring.

In the South River, the majority of the mercury in riverbed
sediments is within the first 14 km downstream of the historic
point source (Flanders et al., 2010). At another river with mercury
contamination from a legacy point source, in Kazakhstan, mercury
was detected in fish 125 km downstream (Ullrich et al., 2007),
although the majority of mercury in riverbed silt was sequestered
in the first 25 km (Heaven et al., 2000). The limited downstream
extent of sediment contamination in the Kazakhstan case appears
to be the result of flooding events that transported mercury-rich
sediment over the river banks into the floodplain, where it might
be available for terrestrial wildlife. There has been no information
published on mercury from floodplain biota in that case, but our
results, from an older point source, suggest that flooding events
may have distributed mercury into the floodplain much farther
downstream, where it is still incorporated into songbird food
chains.
4.2. Site-specific methylation

For most assemblages of songbirds, blood Hg levels remained
consistent at all downstream sites despite increasing distance from
the Hg source. We hypothesize that, though inorganic Hg likely
decreases due to downstream dilution, increased methylation at
downstream sites may lead to consistent biological-availability of
methylmercury within the entire study area. Because Hg must be
methylated before it can easily bioaccumulate in birds, this would
be consistent with our results. Variation in methylation may occur,
in part, because of the hydrology of the river, which varies across
the South Fork Shenandoah River; immediately after the conflu-
ence of the South and North Rivers the river widens and flows
quickly, but at the most distal site (BEFE) it slows considerably and
meanders, potentially creating a more favorable environment for
methylation or biotic transport out of the river during floods. Other
studies have shown an increase in Hg on low-flow stretches of
a river, even far downstream of the source of contamination
(Hothem et al., 2008). Although our study revealed little spatial
change in concentration of Hg in birds, this could be the result of
lower Hg levels downstream e combined with increased oppor-
tunity for methylation e resulting in consistent levels across all
sites despite dilution.
4.3. Variation in prevalence of insect emergences

Emergent aquatic insects may provide a subsidy of Hg from the
aquatic to terrestrial ecosystem (Walters et al., 2008). Because
emergent insects are more prevalent in shallow areas, the
morphology of the river may also contribute to an increased
subsidy in the downstream stretches of the river. This, combined
with the previous two hypotheses, may help explain why we
detected no decrease in terrestrial songbird blood Hg in the
downstream portions of the SFSR, but further mechanistic studies
are required.

Invertivores generally had higher blood Hg concentrations than
omnivores, consistent with previous findings that feeding at higher
trophic levels increases the individual body burden of Hg (Evers
et al., 2005; Scheuhammer et al., 2007). Within each feeding
guild, residents tended to have higher mercury than migrants,
presumably because of their longer annual exposure to mercury at
this site. Because we sampled blood, which reflects recent dietary
intake, and all birds had been eating at the site for at least a few
weeks before sampling, the difference between residents and
migrants that might have been detectable in tissues that reflect
longer-term bioaccumulationwas not found. Patterns for the target
species, which were sampled consistently across all sites, were
similar to those for each exposure assemblage, suggesting that our
finding that mercury exposure is a risk for riparian songbirds for at
least 137 km downstream of a legacy point source is robust and not
an artifact of changing distributions of species sampled.

Although we have demonstrated that songbird blood Hg
concentrations remained elevated above reference far downstream
of the point source, we have not yet addressed what these
concentrations mean in terms of the general health of songbirds
along the South Fork Shenandoah River. It is difficult to assess what
level of blood Hg has a negative effect on avian health, as there is
likely species-specific variation in sensitivity to Hg (Heinz et al.,
2009). There is some evidence that songbirds may be more sensi-
tive to Hg exposure than other species, but very little is known
about adverse effect thresholds for Hg in free-living birds
(Seewagen, 2010). For the long-lived, piscivorous common loon,
a blood Hg concentration above 3.0 mg/g (ww) translates into
significant reproductive impairment (Evers et al., 2008). Swallows
on the South River exhibited an array of sub-lethal fitness effects
with blood Hg levels ranging between approximately 2.0 and
3.5 mg/g (ww) over three breeding seasons (Hallinger et al., 2011). It
should be noted that these are demonstrated effects levels from the
field, rather than lowest observed adverse effects concentrations
measured under controlled conditions. It is possible that effects will
be detected at lower blood Hg concentrations in the future, because
few species have been studied and isolating subtle effects of
contaminants in field studies is notoriously difficult. While variance
was high in the present study and some individuals of many species
were above these effects levels, the average blood Hg levels of birds
on the SFSR were below currently demonstrated effects levels.
Further work will be necessary on birds in the field to determine
the actual adverse effects level for Hg in songbirds and their
respective diets. While we cannot definitively determine whether
downstreamHg levels detected in this study affect songbird fitness,
what is remarkable about our results is the great reach of Hg from
a legacy aquatic point source into terrestrial food webs.

Although this study sampled the avian community exclusively,
it has implications for other terrestrial or semi-aquatic species that
also live in the floodplain. Amphibians, for example, show similar
trends in terms of Hg bioaccumulation based on habitat prefer-
ences and feeding strategy (Bergeron et al., 2010). In the Cache
Creek (California, USA) watershed, spatial variation in Hg exposure
was correlated between birds (cliff swallows, Petrochelidon
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pyrrhonota) and frogs (Rana catesbeiana and R. boylii) collected at
the same sites (Hothem et al., 2008). This indicates that down-
stream amphibians in the South Fork Shenandoah River floodplain
may also be at risk for Hg accumulation. Although we know very
little about the effect Hg has on amphibian populations (Burke
et al., 2010), future risk assessments of Hg in aquatic systems
must consider the possibility that this contaminant can travel far
downstream and impact many different taxa of wildlife, both
aquatic and terrestrial, that feed at relatively low trophic levels. We
have demonstrated that blood Hg concentrations remain elevated
in both omnivorous (low trophic level) and insectivorous (higher
trophic level) songbirds, which has significant implications for top-
level predators, such as hawks, owls, and snakes, that were not
sampled for this study. Further study looking at Hg levels and
effects in these apex predators is warranted.
5. Conclusions

Mercury from a half-century old industrial point source has
traveled in a river system to such an extent that floodplain birds
137 km downstream had elevated bloodmercury concentrations. In
fact, therewas no clear decline in avianmercury level with distance
downstream, suggesting that floodplain food webs are probably
contaminated even farther downstream than demonstrated here.
Insectivorous birds feeding higher on the food web, and non-
migratory species that remain at this site year-round, had higher
mercury than omnivores and migrants, as expected. This study, in
conjunction with recent results indicating that mercury leaves
aquatic ecosystems and enters terrestrial food webs (Cristol et al.,
2008), as far as several hundred meters from the river shoreline
(M. Howie, unpublished data), greatly expands the scale of concern
for those tasked with managing risk to wildlife near mercury-
contaminated rivers.
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ABSTRACT: A moribund 5-year-old female
northern river otter (Lontra canadensis) was
found on the bank of a river known to be
extensively contaminated with mercury. It
exhibited severe ataxia and scleral injection,
made no attempt to flee, and died shortly
thereafter of drowning. Tissue mercury levels
were among the highest ever reported for a
free-living terrestrial mammal: kidney, 353 mg/
g; liver, 221 mg/g; muscle, 121 mg/g; brain (three
replicates from cerebellum), 142, 151, 151 mg/g
(all dry weights); and fur, 183 ug/g (fresh
weight). Histopathologic findings including
severe, diffuse, chronic glomerulosclerosis and
moderate interstitial fibrosis were the presump-
tive cause of clinical signs and death. This is one
of a few reports to document the death of a
free-living mammal from presumed mercury
poisoning.

Key words: Lontra canadensis, mercury
poisoning, northern river otter, Virginia.

The accumulation of mercury in north-
ern river otters (Lontra canadensis) is well
documented (Mierle et al., 2000; Ben-
David et al., 2001; Yates et al., 2005), and
has been suggested as a cause of popula-
tion declines (e.g., Hyvarinen et al., 2003)
or reduced survivorship (Mierle et al.,
2000). Mercury intoxication can cause
behavioral aberrations in both American
mink (Neovison vison) and otters, includ-
ing circling and attempts to burrow into
the ground (Wobeser et al., 1976; Wren,
1985). Experimental studies have been
used to determine the possible level at
which mercury results in toxic effects in
these species by dosing animals with
methylmercury (e.g., O’Connor and Niel-
sen, 1980). However, documented cases of
fatal mercury accumulation in free-rang-
ing wildlife are rare. The use of otters and
mink as biomonitors for ecosystems is

increasing (Basu et al., 2007; Wolfe et al.,
2007). Background levels of mercury in
otters in ecosystems contaminated primar-
ily through atmospheric deposition are
under 9.0 mg/g (wet weight [ww]) in the
liver (Yates et al., 2005) and lower in the
kidney (Kucera, 1983). Levels of mercury
in ecosystems contaminated with point
sources can result in mortalities, as
reported for a dead otter from Ontario
with hepatic mercury levels of 96.0 mg/g,
ww (Wren, 1985). The fortuitous discovery
of a moribund animal in the South River,
Shenandoah Valley, Virginia, a site where
invertebrates, fish, and birds are known to
be extensively contaminated with indus-
trial mercury (Cristol et al., 2008), provid-
ed a rare opportunity to associate specific
tissue levels with mortality in a wild otter.
Analyses revealed the highest levels of
mercury reported in otters.

In April 2006, a moribund northern
river otter was observed on the western
bank of the South River (38u12.5319W,
78u50.4779N), Augusta County, Virginia.
Visual examination of the animal from
close range revealed tremors, bilateral
scleral injection, and marked ataxia. The
animal made no attempt to flee when
approached and eventually returned to the
water and drowned within minutes. The
carcass was collected and refrigerated for
18 hr until a gross necropsy could be
performed. Samples of ovary (with folli-
cle), liver, lung, kidney, and heart were
placed in 10% buffered formalin. These
tissues as well as muscle (biceps femor-
alis), bile, blood, and fur from the hind leg
were collected and frozen at 230 C. The
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rest of the carcass, including the head, was
also stored in a secure freezer at 230 C.
The head was taken to the Virginia
Department of Agriculture and Consumer
Services Animal Health Laboratory, Har-
risonburg, Rockingham County, Virginia,
where the brain was removed for rabies
testing at the Division of Consolidated
Laboratory Services, Richmond, Virginia,
and three samples of cerebellum were
retained frozen for mercury analysis. A
tooth was removed for cementum age
analysis (Matson’s Laboratory LLC, 8140
Flagler Road, Milltown, Montana, USA).

Tissues in 10% buffered formalin were
submitted to Southeastern Cooperative
Wildlife Disease Study, College of Veter-
inary Medicine, University of Georgia,
Athens, Georgia, USA for histopathologic
evaluation. Tissue sections were embed-
ded in paraffin, sectioned at 3 mm, and
stained with hematoxylin and eosin and
Ziehl-Neelsen acid-fast for light microsco-
py.

Analysis for total mercury was complet-
ed with cold vapor atomic absorbance
spectroscopy with the use of a direct
mercury analyzer (DMA-80 Milestone,
Inc., Shelton, Connecticut, USA) at the
Trace Element Research Laboratory (Tex-
as A&M University, College Station,
Texas, USA). The factory-calculated in-
strument detection limit for the direct
mercury analyzers used was 0.005 ng and
was calculated to be between 0.013 and
0.026 (n59) during this analysis. Mean
percent recovery of standard reference
materials (DORM-2, DOLT-3; National
Research Council Canada, Ottawa, On-
tario, Canada) was 100.7564.79% (n54)
during the running of the samples report-
ed while spike recovery was 100.7061.37
(n513) for the week of analysis.

No gross lesions were observed on
necropsy, except for lack of body fat.
Histopathologically, the mesangium of the
glomeruli was thickened by fibrous con-
nective tissue. Fibrous connective tissue
also expanded the cortical interstitium and
to a lesser extent the medullary intersti-

tium (Fig. 1). The liver contained a few to
moderate numbers of lymphocytes and
plasma cells and rare neutrophils that
surrounded periportal areas. Similar infil-
trates surrounded bronchioles in the lung.
Microscopic lesions were not apparent in
the heart or reproductive tract. The brain
was immunonegative for rabies by fluo-
rescent antibody and the lung and liver
were immunonegative for canine distem-
per virus (CDV). The otter was deter-
mined to be 5 yr of age and the cementum
annuli were clear and distinct.

Mercury concentration of tissues was
(dry weight, except for fur): fur, 183 mg/g
(fresh weight); kidney, 353 mg/g (75.1%

moisture); liver, 221 mg/g (74.1% mois-
ture); muscle, 121 mg/g (74.6% moisture),
brain (3 replicates from cerebellum), 142
(78% moisture), 151 (78.2% moisture),
151 mg/g (74.1% moisture).

The clinical, pathologic, and toxicologic
findings are consistent with the few
previously published case reports of mer-
cury poisoning in otters (Heinz, 1996).
The lesions seen in the kidneys were
severe and chronic and most likely led to
the clinical signs in this otter; however, as
brain tissue was not available for histopa-
thology, other causes of the central

FIGURE 1. Histopathologic section of a kidney of
a river otter (Lontra canadensis) with presumed
mercury poisoning. Note the thickening of the
mesangium of the glomeruli by fibrous connective
tissue with expansion into the cortical interstitium,
and to a lesser extent the medullary interstitium.
H&E stain. Bar520 mm.
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nervous system signs such as encephalitis
due to toxoplasmosis cannot be ruled out
(Fernandez-Moran, 2003). However, the
mercury concentration in the brain of this
animal was markedly higher than previ-
ously reported levels in naturally and
experimentally exposed otters (142–
151 mg/g versus 30.0 and 18.9 mg/g,
respectively) (O’Connor and Nielsen,
1980; Wren, 1985), suggesting mercury
poisoning as the proximate cause of death.

Although the most consistent effects of
methylmercury are on the central nervous
system, renal necrosis and fibrosis have
been reported in several experimentally
dosed species, including guinea pigs,
mink, and harp seals (Phoca groenlandi-
cus), as well as in a naturally exposed horse
(Heinz, 1996). The etiology of the renal
pathologic changes is thought to be
autoimmune glomerulopathy due to
chronic inorganic mercury filtration (Eto
et al., 1997). The remarkable finding in
this case was the extremely high body
burdens of mercury. With the possible
exception of a Florida panther (Felis

concolor coryi), these levels are higher
than previously reported values from other
nonmarine mammals (Table 1), and set an
upper boundary for documented lethal
levels of mercury in otters. To the authors’
knowledge this case report is the first to
describe histopathologic changes associat-
ed with markedly elevated tissue mercury
levels in a naturally exposed river otter.

The value of the river otter as an
established indicator species for sublethal
effects of mercury is recognized by
national mercury monitoring programs
(Wolfe et al., 2007); however, it has not
been well documented that otters or other
animals might suffer mortality from direct
exposure to mercury pollution. Although
sublethal and reproductive-effect thresh-
olds are increasingly being identified in
free-living piscivorous birds and mammals
(Scheuhammer et al., 2007; Burgess and
Meyer, 2008; Evers et al., 2008; Scheu-
hammer et al., 2008; Basu and Head,
2010), evidence of mortality related to
mercury contamination in ecosystems,
such as this account, is rare.

TABLE 1. Mercury levels reported in tissues from various mammal species.

Species Location
Level (mg/g)
(dry weight) Tissue Reference

Otter Clay Lake, Ontario, Canada 96.0 Liver Wren (1985)
58.0 Kidney
36.0 Muscle
30.0 Brain

Otter Experimentally killed 33.4 Liver O’Connor and Nielsen
(1980)39.2 Kidney

15.7 Muscle
18.9 Brain

Mink South Saskatchewan River,
Saskatoon, Canada

58.2 Liver Wobeser and Swift
(1976)31.9 Kidney

15.2 Muscle
13.4 Brain
34.9 Fur

Feral cats Minamata Bay, Japan 37–145 Liver Takeuchi et al. (1977)
Striped dolphin French Mediterranean Coast 68–2,272 Liver Augier et al. (1993)

14–34 Kidney
7–155 Muscle
4–81 Brain

Florida panther Everglades, Florida, USA 330 Liver Dunbar (1994)a

a Originally reported as wet weight. For the purposes of comparison we assumed that wet weight value was equal to dry
weight value/3 (Puls, 1994).
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AQUATIC AND TERRESTRIAL STRESSORS IN AMPHIBIANS: A TEST OF THE
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Abstract—Amphibians with biphasic life histories occupy aquatic and terrestrial habitats at different times in their lives, leading to a
double jeopardy of contaminant risk in both habitats. The present study examines individual and interactive effects of mercury exposure
to terrestrial adults and aquatic larvae on fitness-related traits of American toads, Bufo americanus. Eggs from reference mothers or
contaminated mothers were allowed to hatch and larvae were fed diets of either no added Hg or 2.5 or 10mg/g total Hg (dry wt). Both
dietary and maternal Hg had adverse effects on developing larvae, but there was no interaction between these factors. Dietary Hg had a
marginal effect of decreased survival with increasing Hg in the diet. Animals from Hg-exposed mothers weighed 14% less than those
from reference mothers, and size at metamorphosis was directly correlated with hopping performance. Animals from Hg-exposed
mothers also took longer to complete metamorphosis and had 2.5 times the prevalence of spinal malformations compared with those
from reference mothers. Results of the present study demonstrate that amphibians do indeed face a double jeopardy of contaminant
exposure stemming from terrestrial and aquatic environments, because both exposure pathways adversely affected developing offspring.
The present study also demonstrates that all possible routes of exposure over an organism’s life history must be examined to provide
a comprehensive picture of the ecological consequences of habitat contamination. Environ. Toxicol. Chem. 2011;30:2277–2284.
# 2011 SETAC

Keywords—Amphibian declines Bufo americanus Dietary exposure Maternal transfer Mercury

INTRODUCTION

Organisms may be exposed to environmental contaminants
in several habitats over the course of their lives, depending on
their life history, behavior, and ecology. This is particularly true
for migratory species, which may rear young in habitats distinct
from adult feeding or over-wintering grounds. For example,
migratory white-faced ibis (Plegadis chihi) produce eggs con-
taminated with dichlorodiphenyldichloroethylene at unconta-
minated nesting grounds [1]. Contamination of the eggs was
traced to prior exposure of foraging parents in distant wintering
habitats and resulted in reduced reproductive success [1]. Thus,
although the young did not feed directly on contaminated forage
after hatching, surviving hatchlings bore a legacy dichlorodi-
phenyldichloroethylene burden as a result of the migratory life
history of their parents.

Many vertebrates are migratory and have lives that span two
or more discrete habitats or geographic regions. However,
amphibians with biphasic life histories perhaps best embody
the complete compartmentalization of habitats that can occur in
migratory species, because they occupy aquatic habitats as
larvae and terrestrial habitats after metamorphosis [2]. This
dual reliance on separate aquatic and terrestrial habitats has led
some authors to suggest that biphasic amphibians face a ‘‘dou-
ble jeopardy’’ of exposure risk to environmental contaminants
via both aquatic and terrestrial pathways [3]. Despite concern
over this double jeopardy and the possible role that environ-
mental contaminants play in global amphibian declines [4],

most studies have focused solely on embryonic or larval
exposure to contaminants and have not examined the conse-
quences of exposure in terrestrial life stages [5].

Exposure to environmental contaminants in terrestrial life
stages may affect individual fitness directly, by reduced survival
or reproductive success of adults, or indirectly, by transgenera-
tional effects on offspring. Previous studies have demonstrated
that accumulation of metals in adult amphibians can lead to
maternal transfer of contaminants to eggs and directly influence
reproductive success [6,7]. However, few attempts have been
made to determine how amphibian offspring are affected by the
accumulation of environmental contaminants in their terrestrial
parents via transgenerational effects [8]. Because amphibian
larvae may face a double jeopardy of contaminant exposure
from both terrestrial (by parental effects) and aquatic (by dietary
or aqueous exposure) environments, it is critical to evaluate the
relative contributions of these exposure pathways to individual
fitness. Such evaluations will be particularly important for
identifying additive or synergistic interactions of aquatic and
terrestrial contaminant exposure. For example, terrestrial adults
may accumulate environmental contaminants from exposure in
the terrestrial environment [6,7], but they can also directly
influence the postnatal environment of developing offspring
by ovipositing in either contaminated or uncontaminated
aquatic sites.

The present study follows previous research documenting
mercury accumulation in American toads (Bufo americanus)
inhabiting an industrially contaminated flood plain along the
South River, Virginia, USA [9]. We previously found that Hg
accumulation in terrestrial females resulted in reduced body
size of offspring [10,11]. In addition, by feeding offspring from
Hg-contaminated or reference mothers three levels of dietary
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Hg, we found that body size was also negatively affected by
dietary Hg and that the experimental cross of maternal Hg and
high dietary Hg (10mg/g, dry wt total Hg) caused a significant
reduction in offspring survival [11]. However, the required
study design in Bergeron et al. [11] precluded any investigation
of malformation frequency, a common developmental aberra-
tion resulting from metal exposure [12]. Also, too few animals
completed metamorphosis to allow us to examine postmeta-
morphic performance or survival in the terrestrial environment.
We raised offspring communally in large, replicated containers
separated for each experimental cross of maternal group by
dietary treatment so that we could investigate the consequences
of terrestrial adult exposure and aquatic larval exposure, inde-
pendently and interactively, on fitness-related traits (size, sur-
vival, developmental timing, malformation frequency, and
postmetamorphic locomotor performance). In a follow-up
study, we will report on postmetamorphic survival of the
animals used in the present study one year after metamorphosis.
Because Hg is a neurotoxicant and can affect the endocrine and
reproductive systems of vertebrates [13–15], we predicted that
both maternal and dietary Hg would negatively affect body size,
developmental time, postmetamorphic hopping performance,
and survival of American toad offspring. We also predicted that
malformation frequency would increase with dietary Hg and
would be greater in offspring from Hg-exposed mothers. Our
study design allowed us to address the degree to which amphib-
ians with biphasic life histories truly face double jeopardy from
contaminant exposure by combined terrestrial and aquatic path-
ways as well as to identify whether the interaction of the two
pathways has more pronounced negative effects on offspring
than either exposure alone.

MATERIALS AND METHODS

Study species

The American toad, B. americanus, is found across much of
northern and eastern North America. The species is generally
highly terrestrial but must return to water to breed, where
females produce clutches of 5,000 to 15,000 eggs. The larval
period is relatively short and lasts for approximately 25 to 90 d
as tadpoles forage on algae and plant matter. After metamor-
phosis, individuals leave the water and live terrestrially for
approximately five years or more [16], feeding on insects and
other invertebrates.

Study site

The South River is located in the Shenandoah Valley
(Virginia, USA) and was historically (1929–1950) contami-
nated with mercuric sulfate via point-source inputs from an
industrial plant manufacturing acetate fiber in Waynesboro
(VA, USA). Amphibians that inhabit the contaminated portion
of the South River, including American toads, have elevated Hg
concentrations in their tissues compared with conspecifics from
nearby reference sites upstream [9]. Other studies in this system
have demonstrated Hg accumulation in both the aquatic and the
terrestrial food webs, indicating dispersed contamination along
the flood plain and terrestrial habitat downstream from the
historic contaminant source [17–19]. A prior study of surface
water and sediment along the South River confirmed that Hg is
the primary contaminant, whereas organochlorine pesticides,
polycyclic aromatic hydrocarbons, and metals other than Hg are
generally low (URS Corporation, 2007, Virginia Beach, VA,
USA, unpublished data). Physical habitat both upstream and
downstream from the historic contaminant source is generally

similar, being composed mainly of old fields and small, inter-
spersed riparian strips of deciduous forest along the river.

Experimental diet

The experimental diets fed to toad larvae consisted of a
mixed dry feed spiked with or without Hg (both inorganic
mercury, HgII and organic methylmercury, MeHg) and sus-
pended in an agar–gelatin mixture similar to that used by Unrine
and Jagoe [20]. The resulting diet was a semisolid matrix that
allowed the larvae to graze as they would naturally while
preventing the diet from dissolving. The control diet treatment
contained no added Hg. The target total Hg (THg) concentration
for the low-Hg treatment was 2.5mg/g, dry weight (2.75%
MeHg). This concentration corresponds to approximately twice
the highest measured THg concentrations in the guts of larval
southern leopard frogs (Rana sphenocephala) from ephemeral
wetlands in the southeastern United States receiving Hg solely
from atmospheric deposition [21]. The target THg concentra-
tion for the high-Hg treatment was 10mg/g dry weight (1.05%
MeHg). This corresponds to the upper limits of Hg concen-
trations found in periphyton at the Hg-contaminated South
River, Virginia (K.R. Tom, 2008, Master’s thesis, The College
of William and Mary, Williamsburg, VA, USA). Total Hg
concentrations in the diets were attained by adding mercury
(II) chloride and methylmercury (II) chloride based on equa-
tions in the article by Unrine and Jagoe [20]. Briefly, dry
components (vitamin-enriched rabbit pellets [Classic Blend
Rabbit Food, L/M Animal Farms; 218 g], trout pellets [Aqua-
max Grower 600, PMI Nutrition International; 218 g], fish
flakes [TetraMin, Tetra, 32 g], and algae powder [SeraMicron,
Sera, 32 g]) were ground and homogenized. Ethanol (95%) with
or without Hg was added to the dry components, homogenized,
and dried under a fume hood. Once the mixture was dry, we
combined nanopure water (750ml), agar (20 g) and gelatin
(14 g) while stirring and heating the solution to approximately
708C on a hotplate. This solution was poured over the dry
components, mixed until homogenized, and cooled. Experi-
mental diets were stored in a �808C freezer until use. Uniform
rations were prepared by pressing the thawed diet out of a
syringe and cutting into equal lengths of known mass. The
coefficient of variation for diet pieces cut to a standard length
averaged 4.9% among various ration sizes.

Field collection and experimental design

On April 17 and 18, 2009, we collected reproductive pairs of
American toads from breeding pools in the South River flood
plain at three locations, including an uncontaminated reference
site upstream and two contaminated sites downstream from the
source of Hg [10]. We collected pairs that had entered amplexus
but had not yet begun ovipositing and brought them into the
laboratory, where they were allowed to breed overnight in
shallow, inclined bins with dechlorinated tap water. The next
morning, we removed the adult toads from the bins, counted
their eggs, and added additional dechlorinated tap water to the
egg masses. We removed and froze a small portion of each egg
mass (�500 eggs) to determine later the concentration of Hg
transferred maternally. Following the methods of Bergeron
et al. [7], we collected approximately 0.25ml of whole blood
from each anesthetized mother via cardiocentesis to quantify
THg concentrations. Finally, we recorded mass and snout–vent
length of the adult toads, marked them by toe clipping, and
released them at their point of capture within 24 h after they had
recovered from anesthesia.
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We analyzed female blood THg concentrations before the
eggs hatched to confirm placement of hatchlings into exper-
imental groups based on the known correlation between female
blood THg concentrations and those of eggs [7]. The reference
group of larvae and the group exposed to maternal Hg (here-
after, maternally Hg exposed) included hatchlings from females
with blood THg concentrations <250 and >1,000 ng/g, wet
weight, respectively. Offspring used in the reference and
maternally Hg-exposed groups originated from five and six
combined clutches, respectively. We maintained eggs in 10-L
aquaria and replaced half of the water with fresh dechlorinated
tap water each day until the eggs hatched. Morphologically
normal hatchlings were then drawn in a stratified random
fashion from each maternal clutch so that clutches were evenly
represented in their maternal experimental groups.

We used a 2� 3 factorial experimental design to test the
individual and interactive effects of maternal Hg (reference and
exposed) and dietary Hg (control, low, and high diet) on the
larval development of American toads raised in a communal
environment. Thus, we had six total experimental crosses. We
allocated 50 four-day-old hatchlings into 36 experimental rep-
licates on April 28, 2009. Each polypropylene bin containing 50
animals measured 86.6� 46� 40.4 cm and contained approx-
imately 60 L dechlorinated tap water. Every 9 d, we randomly
drew 10 larvae from each of the 36 bins and weighed them to
adjust food rations to account for growth. We also adjusted food
rations to account for reduced density resulting from mortality
or metamorphosing animals. We inspected all bins daily to
remove any dead individuals. Each bin was supplied with
rations equivalent to 9% of the total larval mass in each bin
per day (wet wt basis) every 3 d. All bins were housed in the
same climate-controlled room and interspersed in a stratified
fashion with respect to treatment. They were kept under a
12:12-h light:dark photoperiod with ambient temperature main-
tained at 18� 38C. Every 3 d, we exchanged 40% of the water in
each bin with fresh dechlorinated water. At this time, accumu-
lated feces and uneaten food were removed and fresh food was
provided. Before every third water change, water in each of the
bins was analyzed for nitrate, nitrite, temperature, pH, and
dissolved oxygen.

As larvae neared metamorphosis, they were checked at 12-h
intervals for front limb emergence (Gosner stage [GS] 42).
Upon emergence of the front limbs, larvae were removed from
the bins, weighed, measured, and placed in individual 500-ml
cups with approximately 20ml water from their bin and an
unbleached paper towel to allow them to climb out of the water
during tail resorption.We noted the presence of any gross spinal
malformations at this stage, prior to the animals beginning tail
resorption. Metamorphosing larvae in cups were also checked at
12-h intervals for completion of tail resorption (GS 46) or
mortality. The first larva began metamorphosis on June 6,
2009. In addition to quantifying the proportion of individuals
that successfully completed metamorphosis in each treatment,
we also determined mass and size at GS 42 and 46, the duration
of the larval period to GS 42, and the time required for complete
tail resorption (time between GS 42 and GS 46). All surviving
metamorphosed toads, except for those to be used in additional
postmetamorphic studies, were euthanized with buffered tri-
caine methane sulfonate (MS-222) 24 h after completing meta-
morphosis and then frozen for later Hg tissue analyses.

Postmetamorphic hopping performance

Presumably, if Hg deleteriously affects physical perform-
ance in recently metamorphosed toads or alters their flight

response as a result of neurological impacts on behavior,
this should be identifiable using an objective and repeatable
measure of physical performance. Thus, we used methods
similar to Goater et al. [22] to compare hopping performance
objectively in recently metamorphosed toads. During the peak
frequency of metamorphosis, we haphazardly selected three to
six individuals from each replicate for hopping performance
trials. Within 24 h of completing tail resorption, each recently
metamorphosed toad was placed on a clean, dry platform and
gently nudged on the urostyle to elicit a flight response. We
marked and measured the length of the first four hops and
calculated a mean hop length for each individual. The mean hop
lengths of each individual within a replicate bin were averaged
to produce a representative mean hop length for each replicate
bin.

Mercury tissue analyses

In a previous study, Bergeron et al. [7] determined that
71.4� 2.8% (mean� 1 standard error hereafter) of THg in the
blood and 47.8� 3.3% of THg in eggs was in the form ofMeHg.
Therefore, we analyzed only THg in blood and eggs in the
present study. We homogenized whole blood from each female
American toad using a vortex mixer, and we report THg
concentrations of blood on a wet weight basis. We lyophilized
and homogenized eggs and report THg concentrations of eggs
on a dry-weight basis. Percentage moisture of eggs was
95.4� 0.2%. We analyzed subsamples of the homogenized
tissues (�20mg) for THg content by combustion–amalgama-
tion–cold vapor atomic absorption spectrophotometry (Direct
Mercury Analyzer 80, Milestone) according to U.S. Environ-
mental Protection Agency method 7473 [23]. For quality
assurance, each group of 10 to 15 samples included a replicate,
blank, and standard reference material (SRM; DORM-3 fish
protein and DOLT-3 or DOLT-4 dogfish liver [National
Research Council of Canada, Ottawa, Ontario, Canada]). We
calibrated the instrument using solid SRMs (DORM-3 and
DOLT-3 or DOLT-4). The method detection limit (MDLs;
three times standard deviation of procedural blanks) for samples
was 0.39 ng, and all samples had THg concentrations that
exceeded the limit. Average relative percentage differences
between replicate sample analyses were 7.42� 2.74%
(n¼ 11). Mean percentage recoveries of THg for the SRMs,
DORM-3, DOLT-3, and DOLT-4 were 107.82� 1.15%
(n¼ 23), 99.66� 0.51% (n¼ 12), and 99.46� 0.53%
(n¼ 10), respectively.

We quantified THg and MeHg in the experimental diets and
recently metamorphosed toads. For each diet, we lyophilized
and homogenized three samples. For the recently metamor-
phosed toads, we created three composite samples for each
experimental cross, and we lyophilized and homogenized each
composite sample. Our composite samples were composed of
one recently metamorphosed toad from each of the six replicate
bins for each experimental cross. We report Hg concentrations
of the diet and recently metamorphosed toads on a dry-weight
basis. Percentage moisture of the diet and recently metamor-
phosed toads was 58.6� 0.4% and 90.4� 0.3%, respectively.
Samples were then analyzed for HgII and MeHg by Quicksilver
Scientific using acidic thiourea leaching and Hg–thiourea liquid
chromatography coupled to cold-vapor atomic fluorescence
spectrometry [24]. This method separates monomethyl
(CH3Hg

þ) from mercuric (HgII) mercury by the charges in
their thiourea complexes; online cold-vapor generation follows
separation with an instrument detection limit of 4 pg/g for
MeHg and 7 pg/g HgII (for a 100-mg sample). For our samples,
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average relative percentage differences between replicate sam-
ple analyses were 3.94� 0.69% forMeHg and 6.26� 2.22% for
HgII (n¼ 6). Mean percentage recoveries of MeHg and HgII for
matrix spikes were 92.85� 0.49% and 103.40� 2.04% (n¼ 6),
respectively. Also, mean percentage recoveries for the SRMs,
DOLT-3 (n¼ 3) and BCR-463 (tuna fish [Institute for Refer-
ence Materials and Measurements, Geel, Belgium]; n¼ 3)
were 98.97� 4.32% and 99.00� 4.54% for MeHg and
104.43� 5.81% and 101.37� 4.46% for THg.

Statistical analyses

We used nonparametric Mann–Whitney U tests to compare
blood and egg THg concentrations of reference and Hg-exposed
females, because they were not normally distributed. We used a
multivariate analysis of variance (MANOVA) to test for effects
of diet, maternal Hg exposure, and their interaction on MeHg
and HgII concentrations in recently metamorphosed toads.

We used an analysis of variance (ANOVA) to compare
masses of reference mothers and Hg-exposed mothers and to
compare clutch sizes between the two groups. We used an
ANOVA to determine whether mean mass of larvae from
reference clutches (n¼ 5) and maternally exposed clutches
(n¼ 6) differed at the start of the experiment. We used Pearson
correlations to determine whether maternal mass was correlated
with mean larval mass for each clutch at the start of the
experiment.

We used a MANOVA to test the effects of diet, maternal Hg
exposure, and their interaction on the following endpoints:
survival to GS 46, mass at GS 42, mass at GS 46, days for
tail resorption, and the number of GS 42 tadpoles with spinal
malformations. We calculated the mean of each endpoint for
each replicate (bin), and these means were our statistical units.
We applied a Box–Cox power transformation to spinal mal-
formations to normalize the data. Data on the average time to
GS 42 (larval length) were not normally distributed and could
not be normalized with any transformations. Therefore, effects
of diet, maternal Hg exposure, and their interaction on this
endpoint were tested using the highly conservative nonpara-
metric factorial Scherer–Ray–Hare test [25]. Finally, we used
an analysis of covariance to test the effects of diet, maternal Hg
exposure, and their interaction on the mean hop length of
postmetamorphic toads, using body size (snout–vent length)
as a covariate.

RESULTS

Mercury concentrations

As described in Materials and Methods, clutches were
placed into either reference or contaminated groups depending
on whether they came from the reference site or one of the
contaminated sites. As a result, blood THg concentrations of
reference females (159.5� 18.6 ng/g wet wt) were significantly
lower than those of contaminated females (2,250� 489.8 ng/g
wet wt; Z¼ � 2.74, p¼ 0.006). Egg THg concentrations
from reference mothers (20.6� 1.3 ng/g dry wt) were also
significantly lower than those from contaminated mothers
(149.1� 17.9 ng/g dry wt; Z¼ � 2.71, p¼ 0.006). Total Hg
concentrations in diets were 0.010� 0.001mg/g dry wt
(56.7� 5.5% MeHg), 2.50� 0.06mg/g dry wt (3.19� 0.03%
MeHg), and 10.13mg/g� 2.27 dry wt (1.05� 0.01%MeHg) for
the control, low-Hg, and high-Hg diets, respectively.

We found a significant effect of maternal Hg, diet, and their
interaction on tissue concentrations of Hg in recently meta-
morphosed American toads in our overall MANOVA (Fig. 1;

maternal Hg: Pillai’s trace¼ 0.71, F2,11¼ 13.49, p¼ 0.001;
diet: Pillai’s trace¼ 1.94, F4,24¼ 190.58, p< 0.001; interac-
tion: Pillai’s trace¼ 1.07, F4,24¼ 6.94, p¼ 0.001). In all cases,
individual component ANOVAs identified significant effects of
maternal Hg, diet, and their interaction on both MeHg and HgII
concentrations (p< 0.01). Increasing concentrations of Hg in
the diet resulted in corresponding increases in the concentration
of Hg in toads.Metamorphosed toads fromHg-exposedmothers
also had significantly greater Hg concentrations, an effect that
was most pronounced when animals were fed the high-Hg diet.
Mean percentage MeHg in the recently metamorphosed toads
decreased with increasing THg concentration in diet. Post hoc
Tukey tests revealed that Hg tissue concentrations in recently
metamorphosed toads differed among all three diets for both
MeHg and HgII (p< 0.001).

Biological variables

Mothers collected from the Hg-contaminated sites were
marginally significantly smaller than those from the reference
site ( F1,9¼ 4.5, p¼ 0.06). However, mean larval mass and
maternal mass were not correlated (r¼ 0.03, p¼ 0.94), and
larval mass between the two maternal groups did not differ
significantly at the start of the experiment ( F1,9¼ 0.6,
p¼ 0.47). In addition, no significant difference was noted in
the mean number of eggs per clutch from Hg-exposed
(7,196.8� 442; 1 standard error [SE]) versus reference mothers
(6,614.6� 284; 1 SE; F1,9¼ 1.05, p¼ 0.32).

Overall, our MANOVA identified a significant adverse
effect of both dietary and maternal Hg on developing larvae,
but no evidence of an interaction between these factors (diet:
Pillai’s trace¼ 0.543, F10,54¼ 2.01, p¼ 0.05; maternal Hg
exposure: Pillai’s trace¼ 0.696, F5,26¼ 11.9, p< 0.001; inter-
action: Pillai’s trace¼ 0.281, F10,54¼ 0.88, p¼ 0.554). Most
component tests of the effects of diet had p values >0.19,
suggesting that the significant effect of diet in the overall
MANOVA was attributable largely to the variance properties
of the combined endpoints rather than to a single strong effect
on any single endpoint. However, a marginally significant effect
of decreased survival to GS 46 was noted as dietary Hg
increased (Fig. 2; F2,30¼ 2.79, p¼ 0.077). In contrast, we found
strong evidence that maternal Hg exposure influenced several

Fig. 1. Whole-body mercury (Hg) tissue concentrations (mean� standard
error) of recently metamorphosed American toads. Larvae from either
reference or Hg-exposed mothers were fed control diet with no added Hg, a
low-Hg diet averaging 2.5mg/g total Hg dry wt, or a high-Hg diet averaging
10.1mg/g total Hg dry wt. There was a significant effect of maternal Hg
(p¼ 0.001), dietary Hg (p< 0.001), and their interaction on Hg tissue
concentrations (p¼ 0.001). MeHg¼methylmercury; HgII¼ inorganic
mercury.
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endpoints in the component tests. Specifically, animals from
Hg-exposed mothers had significantly lower body mass at GS
42 (Fig. 3A; F1,30¼ 14.1, p¼ 0.001) and at GS 46 (Fig. 3B;
F1,30¼ 13.1, p¼ 0.001). On average, animals from Hg mothers
were approximately 14% smaller at GS 42 and GS 46 than were
those from reference mothers. Animals from Hg-exposed moth-
ers also took 6% longer to resorb their tails completely (Fig. 4;
F1,30¼ 21.9, p< 0.001). Finally, the proportion of animals
having spinal malformations at GS 42 was 2.5 times greater
for animals from Hg-exposed mothers (Fig. 5; F1,30¼ 18.5,
p< 0.001). We found no significant effect of maternal Hg on
survival to GS 46 ( F1,30¼ 0.00, p¼ 0.926). We also found no
significant effects of diet, maternal Hg exposure, or their
interaction on the overall length of the larval period (range
across treatments: 49.2–62.1 days; diet: F2,30¼ 1.04, p¼ 0.59;
maternal Hg exposure: F1,30¼ 1.35, p¼ 0.25; interaction:
F2,30¼ 0.09, p¼ 0.956).

The pattern of variation in hopping performance across
treatments was similar to that of the body size differences
(Fig. 6). This likely was due to the significant positive corre-
lation between body size and mean hop length of the recently
metamorphosed toads ( F1,29¼ 8.1, p¼ 0.008). Consequently,
we found no significant effect of diet, maternal Hg exposure, or
their interaction on the mean hop length of recently metamor-
phosed toads when body size was included as a covariate in the
model (diet: F2,29¼ 0.85, p¼ 0.44; maternal Hg exposure:
F1,29¼ 0.04, p¼ 0.84; interaction: F2,29¼ 0.63, p¼ 0.54).

DISCUSSION

Amphibians with biphasic life histories transition from
aquatic to terrestrial habitats over the course of their lives
[2]. This dual reliance on separate habitat types by many
amphibians may place them in double jeopardy from hazards
that can affect both habitats [3]. Consequently, they provide an
ideal opportunity for examining the combined and differential
effects of contaminant exposure by multiple pathways. The
present study evaluated the double jeopardy hypothesis by
examining the individual and interactive effects of contaminant
exposure from both terrestrial (by maternal effects) and aquatic
(by direct dietary or aqueous exposure) environments in larval
American toads. Although no support for interactive effects of

Fig. 2. Percentage survival (mean� standard error) of American toads
through metamorphosis. Larvae from either reference or Hg-exposed
mothers were fed control diet with no added Hg, low-Hg diet (2.5mg/g total
Hg dry wt), or high-Hg diet (10.1mg/g total Hg dry wt). Dietary Hg had a
marginal effect on survival (p¼ 0.077).

Fig. 3. Mass (mean� standard error) of larval and recently metamorphosed
American toads at Gosner stage (GS) 42 (A) and GS 46 (B). Larvae from
either reference or mercury (Hg)-exposedmothers were fed control diet with
noaddedHg, low-Hgdiet (2.5mg/g totalHgdrywt), or high-Hgdiet (10.1mg/
g total Hg dry wt). Offspring from Hg-exposed mothers had significantly
reduced mass at both stages (p¼ 0.001).

Fig. 4. Number of days required (mean� standard error) for complete tail
resorption (days between Gosner stages 42 and 46) in larval American toads.
Larvae from either reference or Hg-exposed mothers were fed control diet
with no added Hg, low-Hg diet (2.5mg/g total Hg dry wt), or high-Hg diet
(10.1mg/g total Hg dry wt). Offspring from Hg-exposed mothers took
significantly longer to complete metamorphosis (p< 0.001).
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these two exposure pathways was found in the present study, the
results demonstrate that amphibians do face negative impacts
from contaminant exposure in both environments, thereby
posing a double jeopardy to species with biphasic life histories.

The present study was designed to partition the maternal and
dietary effects of Hg exposure to examine effects on offspring
body size, survival, timing of metamorphosis, physical perform-
ance, and malformation frequency. The effects of maternal Hg
exposure in reducing body size and delaying tail resorption
were similar in effect size and direction to results from a
separate study published earlier [11]. In contrast, only a mar-
ginal effect of diet on survival was observed in the present
study, whereas in an earlier study there were significant neg-
ative effects of dietary Hg on body size and significantly
increased mortality in the interaction of maternally exposed

larvae fed high dietary Hg [11]. The greater food rationing in the
present study (9% of body mass per day compared with 6% used
by Bergeron et al. [11]) might have masked some of the
physiological deficits that become evident with more restrictive
rationing, thus diminishing dietary effects in the present study.
For example, Hopkins et al. [26] reported that lower food
rationing led to stronger effects on survival and growth in
chubsuckers (Erimyzon sucetta) exposed to coal ash than did
higher rationing. Alternatively, despite the large number of
larvae used in the present study, the experimental unit was the
average of each communal bin, so lower statistical power might
have limited our ability to detect dietary effects.

The reduced body size, longer tail resorption time, and
increased malformation frequency that resulted from maternal
Hg exposure likely have implications for individual fitness. For
example, smaller body size caused by maternal Hg was tied to
reduced hop length in the present study, a consequence that
could not be examined in previous work [11] and that can affect
an animal’s ability to forage or evade predators [27]. Body size
at metamorphosis is therefore frequently linked to postmeta-
morphic survival and lifetime reproductive success in amphib-
ians [28,29]. A follow-up study will examine postmetamorphic
survival of the offspring used in the present study over an
additional year in the terrestrial environment. Similar to reduc-
tions in body size, the effect of maternal Hg on increased
frequency of spinal malformations may also reduce individual
fitness. Larvae with malformations swim more slowly and are
more likely to succumb to predation than normal larvae
[10,12,30]. Such developmental problems are likely related
to the reduced swimming performance in maternally exposed
larvae found in an earlier study [11]. However, frequencies of
obvious malformations are often low, and no gross aberrations
were found in the prior study because of the small number of
larvae studied (150 vs 1,800 total larvae). Spinal malformations
in amphibian larvae have been previously linked to dietary Hg
and exposure to coal ash pollutants [12,31], and developmental
abnormalities and altered swimming in amphibian larvae have
also been linked to maternal exposure to trace elements derived
from coal fly ash [6]. Finally, maternal Hg exposure increased
the duration of metamorphic climax, a period of increased
vulnerability for immunological [32], energetic [33], and eco-
logical reasons, a consequence that may increase mortality risk
in natural settings.

Previous studies of other species have examined the indi-
vidual and interactive effects of maternal and posthatching
contaminant exposure on growth and survival of offspring
and have also found strong maternal effects from contaminants.
For example, Nye et al. [34] studied the effects of sediment
contaminated with polycyclic aromatic hydrocarbons, trace
elements, and tributyltin on larval mummichogs, Fundulus
heteroclitus, to determine the individual and interactive effects
of maternal and direct contaminant exposure. They found that
maternal exposure had an effect on egg composition and a
stronger effect on larval growth rate than did larval exposure.
Eisenreich et al. [35] also studied the individual and interactive
effects of maternal and dietary PCB exposure on snapping
turtles (Chelydra serpentina) and found that maternal exposure
was more predictive of latent mortality, whereas dietary expo-
sure better explained reductions in standard metabolic rates.
These studies and results of the present study provide evidence
that the type of negative effects observed will depend in part on
the route of exposure, with maternal effects alone sometimes
having more diverse or greater effects on offspring than other
exposure routes.

Fig. 5. Proportion (mean� standard error) of larval American toads having
spinalmalformations atGosner stage 42. Larvae from either reference orHg-
exposedmotherswere fedcontrol dietwithnoaddedHg, low-Hgdiet (2.5mg/
g totalHgdrywt), or high-Hgdiet (10.1mg/g totalHgdrywt).Offspring from
Hg-exposedmothers had significantlymore spinalmalformations on average
(p< 0.001).

Fig. 6. Hop length (mean� standard error) of recently metamorphosed
American toads. Toads from either reference or Hg-exposed mothers were
fed control diet with no added Hg, low-Hg diet (2.5mg/g total Hg dry wt), or
high-Hg diet (10.1mg/g total Hg dry wt) as larvae. Hop length was
significantly correlated with body size (p¼ 0.008) but was not affected by
maternalHg, diet, or their interactionafter controlling for body size (p> 0.4).
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The ecological or physiological effects of Hg on wildlife
have historically been well studied, but fewer studies have been
conducted on amphibians [13,36]. Beckvar et al. [37] reviewed
10 studies of fish and suggested a whole-body tissue threshold-
effect level of 200 ng/g (wet wt) MeHg for juveniles and adults.
The present study provides evidence of adverse maternal effects
in American toad offspring from mothers with whole-body
concentrations of 347 ng/g MeHg wet wt (see Todd et al.
[10] for calculations), a level exceeding the threshold estab-
lished by Beckvar et al. [37]. However, Weiner and Spry [38]
concluded that sublethal effects in fish embryos and larvae
could occur at 1 to 10% of adult concentrations (2–20 ng/g wet
wt MeHg based on Beckvar et al. [37]). Matta et al. [39] also
found a sublethal effect of reduced reproductive success in
offspring of maternally exposed mummichogs when egg MeHg
concentrations were as low as 10 ng/g wet weight. In the present
study, adverse maternal effects were observed in offspring that
hatched from eggs with an estimated MeHg concentration of
3.6 ng/g wet weight (see Todd et al. [10] for calculations), a
concentration toward the low end of the concentrations
expected to cause harm in fish.

The tissue Hg concentrations in recently metamorphosed
toads in the current experimental study, as well as those in a
similar companion study in which toads were reared individ-
ually [11], closely matched concentrations in field-collected
animals from the study site used by Bergeron et al. [9].
American toad larvae collected from contaminated portions
of the South River had THg tissue concentrations that averaged
2.1mg/g (dry wt) at GS 28 to GS 32 [9]. In the present study,
dietary Hg concentrations of 2.5mg/g and 10.1mg/g THg (dry
wt) resulted in respective whole-body THg tissue concentra-
tions that averaged 1.1mg/g (dry wt) and 3.7mg/g (dry wt) at GS
46, after the significant mass loss that occurs during metamor-
phosis [21,31,40]. In the companion study, recently metamor-
phosed toads that were raised individually rather than
communally had whole-body THg tissue concentrations that
averaged 0.8mg/g (dry wt) and 1.7mg/g (dry wt) for the low-Hg
and high-Hg diets, respectively [11]. The greater food rationing
for the larvae raised communally in the present study compared
with those raised individually in the earlier study likely is
responsible for the observed differences in THg tissue concen-
trations; when larvae are fed greater amounts of food with
dietary Hg they attain larger sizes and accumulate more Hg
[11].

It is noteworthy that accumulation of MeHg and HgII in
offspring tissues was greater in larvae from Hg-exposed moth-
ers than in those from reference mothers. This difference was
most pronounced in the high-Hg diet treatment. The difference
in accumulated Hg between larvae from Hg-exposed and
reference mothers is too large to be accounted for by maternal
contributions alone because of considerable larval growth and
resulting dilution of initial Hg present from maternal sources.
Thus, larvae from Hg-exposed mothers must have accumulated
Hg differently, possibly as a consequence of their embryonic
exposure. The mechanisms leading to such a pattern are unclear,
but the increased accumulation of Hg in individuals exposed
embryonically suggests that offspring exposed maternally are at
greater risk of later contaminant exposure as a result of
enhanced bioaccumulation.

The present study demonstrates that amphibians do indeed
face a double jeopardy of contaminant exposure from terrestrial
and aquatic environments; both exposure pathways had adverse
effects on developing offspring. However, there was no strong
support for interactive or synergistic consequences of combined

terrestrially and aquatically derived Hg exposure. Primarily,
these results indicate that maternal contaminant exposure from
terrestrial adults had more widespread effects on offspring than
did direct exposure of larvae in the aquatic environment. Given
the fact that other studies have also demonstrated that maternal
exposure has a greater influence on offspring health than dietary
exposure [34,35], it is important that future studies consider the
maternal effects on offspring health. The present study also
indicates that all possible routes of exposure over an organism’s
life history must be examined to provide a comprehensive
understanding of the ecological consequences of habitat con-
tamination. Ultimately, it will be important in future work to
determine whether carryover effects exist in metamorphosed
individuals that transition to the terrestrial environment and
whether additional terrestrial exposure in the postmetamorphic
environment exacerbates the negative effects seen here.
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Abstract Despite widespread concern about the role of

environmental contaminants in global amphibian declines,

and evidence that post-metamorphic life stages contribute

disproportionately to amphibian population dynamics,

most studies in amphibian ecotoxicology focus on larval

life stages. Studies that focus solely on early life stages

may miss important effects of contaminant exposure, such

as latent effects that manifest some time after previous

exposure. Moreover, it is often assumed that effects

observed in amphibian larvae will persist to affect survival

or reproduction later in life. We used terrestrial enclosures

to determine whether exposure to mercury (Hg) through

maternal transfer and/or larval diet had any adverse effects

in post-metamorphic American toads (Bufo americanus).

We found a 5% difference in size at metamorphosis that

was attributed to maternal Hg exposure persisted for 1 year

in the terrestrial environment, resulting in a 7% difference

at the conclusion of the study. Although patterns of sur-

vival differed among treatments through time, we found no

overall difference in survival after 1 year. We also found

no evidence of emergent latent effects in the terrestrial

toads that could be attributed to earlier exposure. Our

results indicate that adverse effects of maternal Hg expo-

sure that were observed in larval amphibians may persist to

affect later terrestrial life stages but that no novel adverse

effects developed when animals were raised in a semi-

natural environment. Moreover, we found no evidence of

persistent effects of dietary Hg exposure in larvae, high-

lighting a need for greater focus on maternal effects in

amphibian ecotoxicology. Finally, we suggest an increase

in the use of longitudinal studies to better understand

contaminant impacts to amphibian populations via effects

in both aquatic and terrestrial life stages.

Keywords Amphibian declines � Carryover effects �
Latent effects � Maternal effects � Population models

Introduction

The need to understand functional mechanisms underlying

ecotoxicological processes frequently leads to studies of

species or systems that can be feasibly controlled and

replicated. Even within species, some life stages can

receive disproportionate attention because they may lend

themselves more readily to experimental research. For

example, the vast majority of toxicological research on

amphibians has focused on aquatic larval stages that are

more easily manipulated in the laboratory or sampled in the

field compared to terrestrial stages (Carey and Bryant

1995; Biek et al. 2002; Boone and James 2005). Despite

the widespread decline of amphibian populations (Stuart

et al. 2004; Hoffmann et al. 2010), and theoretical and

empirical evidence that post-metamorphic life stages have

a disproportionately high impact on amphibian population

dynamics (Biek et al. 2002; Vonesh and De la Cruz 2002;

Schmidt et al. 2005), we know comparatively little about

the ecotoxicology of terrestrial amphibian life stages or

whether effects on larval stages persist to affect post-

metamorphic vital rates.
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Concern that environmental contaminants contribute to

global amphibian declines has prompted much amphibian

toxicological research (Alford and Richards 1999; Houla-

han et al. 2000; Wake and Vredenburg 2008; Sparling et al.

2010). Historically, amphibian toxicology has focused on

dose-response relationships to determine lethal concentra-

tions of a variety of contaminants (e.g., pesticides, herbi-

cides, metals, or persistent organic pollutants) on embryos

or larvae (Boone and James 2005; Palenske et al. 2010).

These studies are useful for determining the acute toxicity

of many substances and for understanding the sensitivity of

diverse species to a wide range of potentially harmful

environmental contaminants (Relyea and Jones 2009;

Kerby et al. 2010), but they frequently lack ecological

realism. Recently, there has been greater interest in under-

standing the broader ecological and sublethal consequences

of environmental contaminants in more relevant contexts.

Contemporary ecotoxicological studies focus more

widely on how sublethal concentrations of contaminants

interact with natural stressors, including inter- and intra-

specific competition (e.g., Relyea et al. 2005; Jones et al.

2011), predation (Relyea and Edwards 2010; Todd et al.

2011a), environmental stochasticity (e.g., Boone and

Semlitsch 2002), and parasites (e.g., Budischak et al.

2008), as well as environmentally realistic contaminant

mixtures (e.g., Snodgrass et al. 2004; Boone et al. 2005;

Relyea 2009). These studies have revealed that environ-

mental contaminants can have a wide array of adverse

sublethal effects on larval amphibians (Rowe et al. 2001;

Budischak et al. 2008). However, the broader implications

of sublethal effects are often discussed under the assump-

tion that they persist throughout ontogeny, presumably

reducing survival or reproduction in post-metamorphic life

stages, but this assumption is rarely tested. Additionally,

studies that focus only on larval life stages may miss

important latent effects of contaminant exposure that

appear later in ontogeny after previous exposure (e.g., Rohr

and Palmer 2005; Budischak et al. 2008).

To test the hypothesis that larval effects of contaminant

exposure persist after metamorphosis, we examined the

post-metamorphic growth and survival of American toads

(Bufo americanus) for 1 year after exposure to mercury

(Hg) via maternal transfer or larval diet. Previously, we

have shown that female American toads inhabiting a con-

taminated river floodplain accumulate Hg and maternally

transfer it to their offspring (Bergeron et al. 2010b).

Exposure to maternal Hg results in delayed metamorphosis,

smaller body size, and increased prevalence of spinal

malformations in newly metamorphosed juveniles (Ber-

geron et al. 2011; Todd et al. 2011a, b). Additionally,

dietary Hg can reduce body size of developing larvae and

can interact with maternal Hg to reduce larval survival

(Bergeron et al. 2011). Mercury bioaccumulates in tissues,

is a known neurotoxicant, and can affect the endocrine and

reproductive systems of vertebrates (Eisler 2006; Crump

and Trudeau 2009; Tan et al. 2009). Thus, we predicted

that negative effects observed at metamorphosis would

persist through ontogeny to negatively affect growth and

survival of terrestrial juvenile American toads. Lastly, we

tested for the onset of any adverse latent effects undetected

in the larval stage yet resulting from earlier larval

exposure.

Methods

Experimental design

Recently metamorphosed American toads used in the

present study were obtained from an earlier factorial

experiment that examined the individual and interactive

effects of maternal and dietary Hg on larval traits. Detailed

methods and results of the earlier study on larvae are

reported in Todd et al. (2011b). Briefly, we acquired larvae

from clutches of eggs from toads collected in either con-

taminated or uncontaminated portions of the South River

floodplain near Waynesboro, VA, USA (Todd et al.

2011b). Reference and contaminated mothers had total Hg

(THg) concentrations of 159.5 ± 18.6 (mean ± SE here-

after) and 2,250 ± 489.8 ng/g ww in their blood, respec-

tively (Todd et al. 2011b). Reference and contaminated

eggs had THg concentrations of 20.6 ± 1.3 and

149.1 ± 17.9 ng/g dw, respectively (Todd et al. 2011b).

Soon after hatching, larvae were allotted to dietary treat-

ments and fed either control diet (0.01 ± 0.001 lg/g dw

THg) or a diet spiked with environmentally relevant con-

centrations and proportions of inorganic and methyl-Hg

(10.1 ± 2.3 lg/g THg dw, 1.05% monomethyl-Hg), cre-

ating four experimental crosses: (1) reference mother—

control larval diet, (2) reference mother—Hg larval diet,

(3) Hg mother—control larval diet, (4) Hg mother—Hg

larval diet. For more information on larval diet, see Ber-

geron et al. (2011) or Todd et al. (2011b). We drew animals

haphazardly during the peak of metamorphosis for place-

ment into terrestrial enclosures (‘‘pens’’). We created eight

replicates for each possible 2 9 2 experimental cross and

each replicate consisted of a group of nine individuals

drawn from the same larval treatment. A different subset of

animals, drawn at the same time, was used to determine

initial Hg-tissue concentrations at the beginning of the

experiment.

Each group of nine recently metamorphosed toads was

placed into a terrestrial enclosure in a stratified block

design such that a block of four pens contained each of the

four experimental treatments. The terrestrial pens measured

1.75 9 1.75 m and were located in a deciduous forest on
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the campus of Virginia Tech, Blacksburg, VA, USA. The

pens were constructed of smooth aluminum flashing that

stood 60 cm high and was buried 30 cm into the ground.

Each pen also featured a 20-cm deep hole with a diameter

of 20-cm that was located centrally in the pen and was

packed with leaf litter. Each hole was covered with a

61 9 61 cm piece of �00 untreated plywood so that toads

could use the areas as refugia. We individually marked

each animal by clipping one front toe and one hind toe

prior to release. We released the animals within 48 h of

completing metamorphosis in late June 2009. Total Hg

concentrations of the recently metamorphosed animals at

the time they were added to the terrestrial pens are shown

in Table 1. Because amphibians lose mass at metamor-

phosis (Bergeron et al. 2011; Todd et al. 2011b), THg-

tissue concentrations of metamorphosed animals are likely

greater than those of younger, untransformed larvae. Thus,

the THg-tissue concentrations of metamorphosed animals

fed dietary Hg were higher than those of younger tadpoles

collected at contaminated field sites, which averaged

approximately 2,100 ng/g dw at Gosner stages 28–32

(Bergeron et al. 2010a), but were environmentally relevant.

No additional dietary Hg was provided to the animals at

any point after metamorphosis.

We censused pens throughout 2009 and again in May

2010 after the animals had overwintered. Beginning

3 weeks after release, we visually searched each pen for

3 min at daybreak on two consecutive days. During sear-

ches we gently wet the interior of the pens by spraying well

water from a hose for 1 min to stimulate toad activity.

Upon each capture, we recorded the identity, body size

(snout-vent-length, SVL), and mass of each animal and

returned them to their pens within 2 h. Searches were

conducted on two consecutive days every 3 weeks until 6

October 2009 (15 weeks later) when temperatures began to

drop and surface activity ceased. On 10–11 May 2010 we

conducted a final census during which we removed all

captured animals. On 12–14 May, we carefully removed all

leaf litter by hand from each pen and searched for any

animals that may have been missed during the prior

surveys.

In general, animals had to rely on the leaf-litter insect

communities within pens to provide forage during the

experiment. However, we added 2 kg of leaf litter collected

from the surrounding forest to each pen in September 2009

to provide additional forage. On 13 April 2010, as tem-

peratures warmed and toads resumed activity after over-

wintering, we added 0.5 g of small domestic crickets to

each pen and on 20 April 2010 we added 2.7 g of small

domestic crickets to each pen to replenish prey populations

that likely perished over the winter.

Mercury analyses

For juvenile toads, we created composite samples for each

replicate and we lyophilized and homogenized each com-

posite sample. Our composite samples were composed of

1–3 toads from each of the four replicate pens for each

experimental cross and the percent moisture of the juvenile

toads was 86.96 ± 0.17%. We analyzed subsamples of the

homogenized tissues (approximately 20 mg) for THg

content by combustion amalgamation-cold vapor atomic

absorption spectrophotometry (Direct Mercury Analyzer

80, Milestone, Monroe, CT USA) according to U.S.

Environmental Protection Agency method 7473. For

quality assurance, each group of 10 to 15 samples included

a replicate, blank, and standard reference material (SRM;

DOLT-4 dogfish liver or DORM-3 fish protein [National

Research Council of Canada (NRCC), Ottawa, ON]). We

calibrated the instrument using solid SRMs (DOLT-4 and

DORM-3). Method detection minimum limits (3 times the

standard deviation of procedural blanks) for samples were

0.33 ng, and all samples had THg concentrations that

exceeded the limit. Average relative percent differences

between replicate sample analyses were 6.08 ± 1.91%

(n = 25). Mean percent recoveries of THg for the SRMs,

DOLT-4 and DORM-3, were 99.50 ± 0.20% (n = 54) and

98.67 ± 0.42% (n = 54), respectively.

Table 1 Total mercury concentrations in recently metamorphosed American toads, Bufo americanus, (originally reported in Todd et al. 2011b)

and juvenile toads after 1 year in terrestrial enclosures

Maternal

group

Dietary

treatment

Mean total Hg concentration

(±1 SE) at metamorphosis

(ng/g dry wt)

Mean total Hg

concentration (±1 SE)

at 1 year (ng/g dry wt)

Fold change

Reference Control diet 21.5 ± 1.4 56.3 ± 3.2 2.6 fold increase

Reference Hg diet 3250.6 ± 127.8 238.8 ± 24.2 13.6 fold decrease

Hg contaminated Control diet 33.7 ± 2.0 71.9 ± 13.4 2.1 fold increase

Hg contaminated Hg diet 4122.2 ± 154.8 334.3 ± 37.4 12.3 fold decrease
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Statistical analyses

All statistical analyses were run in SAS 9.2 (SAS Institute

Inc., Cary, NC, USA) and statistical significance was rec-

ognized at a\ 0.05. All statistical assumptions were

examined prior to analyses; unless otherwise noted, raw

data values were used in statistical models. Pen means

were used as statistical units in all analyses. Due to prob-

lems with normality and heteroscedasticity, we used the

conservative Scheirer-Ray-Hare test as a non-parametric

equivalent of a two-way analysis of variance (ANOVA) to

determine whether maternal group, dietary treatment, or

their interaction had a significant effect on THg concen-

trations in juvenile toads after 1 year of growth in the

terrestrial environment (Dytham 2003). We investigated

the latent effects of exposure to Hg via maternal transfer,

larval diet, and their interaction on mean body size (SVL)

of juvenile American toads using repeated measures

ANOVA (SAS Proc Mixed), using each block of four pens

as a blocking factor. Change in mean body size over time

may not accurately represent growth due to possible size-

specific mortality or variation in detection of differently

sized animals over time. Thus, we assessed individual

growth, corrected for body size, by calculating the pro-

portional change in body size of individuals captured in

any two successive intervals: (SVLt?1-SVLt)/SVLt. We

used repeated measures ANOVA to test for effects of time,

maternal Hg exposure, dietary Hg exposure, and their

interactions on mean proportional change in SVL, using

each block of four pens as a blocking factor. Mass was

highly correlated with SVL but was prone to fluctuation

depending on whether recent rain allowed animals to

hydrate and whether animals urinated during handling.

Thus, we did not analyze mass but instead used SVL as a

measure of body size.

We also used repeated measures ANOVA to test for

effects of time, maternal Hg exposure, dietary Hg expo-

sure, and their interactions on minimum number of juvenile

toads known alive (survival). Retrospective examination of

capture histories demonstrated that within each sampling

session, [90% of the individuals known to be alive were

captured, suggesting that minimum number known alive

was an appropriate proxy for survival (Todd and Rothermel

2006). Time, maternal Hg exposure, dietary Hg exposure,

and their interactions were included as factors and each

block of four pens was included as a blocking factor in the

model. We analyzed survival separately at the final time

point (May 2010) using two-factor ANOVA with each

block of four pens as a blocking factor. Finally, we used

non-parametric bootstrap resampling (Lunneborg 2000) to

test whether, within treatments, animals that survived for

1 year represented a non-random sample of all animals

with respect to their initial body size (SVL). In the

bootstrap resampling, individuals were treated as the sta-

tistical units.

Results

Mercury tissue concentrations

THg concentrations in the toads did not differ significantly

between the two maternal groups 1 year after metamor-

phosis (F1,26 = 0.26, P = 0.61; Table 1). However, those

fed dietary Hg as larvae still had THg concentrations 3–6

times greater 1 year after metamorphosis than did those fed

control diet (F1,26 = 5.3, P = 0.02; Table 1). There was

no significant interaction between maternal group or die-

tary treatment on THg concentrations in the one-year-old

animals (F1,26 = 0.0, P = 0.97). The mean dry weight of

toads assayed for THg increased from 0.021 g at meta-

morphosis to 0.197 g 1 year later, representing a 9.3-fold

average increase in body mass. Toads fed dietary Hg as

larvae exhibited a 12.3–13.6-fold decrease in THg con-

centrations after 1 year of growth in the terrestrial envi-

ronment, whereas those fed control diets experienced a

2.1–2.6-fold increase in THg concentrations over the same

time period (Table 1).

Biological endpoints

Juvenile American toads raised in the terrestrial enclosures

grew rapidly, more than doubling their initial length after

1 year (Fig. 1). At metamorphosis, juvenile toads from

Hg-exposed mothers were 5% smaller than those from

reference mothers. This initial difference in body size

persisted through 1 year of terrestrial growth (Maternal:

F1,21 = 86.31, P \ 0.001), but the lack of a maternal-by-

time interaction (Maternal 9 Time: F6,166 = 0.50, P =

0.811) indicated that no latent effects of maternal Hg on

growth manifested in the terrestrial stage. Rather, the result

is more accurately viewed as the persistence of effects seen

at metamorphosis; 1 year after metamorphosis, toads from

Hg-exposed mothers were 7% smaller than those from

reference mothers. We also found no evidence of latent

effects of dietary Hg (Diet: F1,21 \ 0.01, P = 0.950;

Diet 9 Time: F6,166 = 0.24, P = 0.961) or an interaction

between maternal and dietary Hg exposure (Mater-

nal 9 Diet 9 Time: F6,166 = 0.32, P = 0.923) on juvenile

body size, but we found a significant difference between

blocks of pens (F7,21 = 5.36, P = 0.001). We found no

effects of Hg on size-corrected growth (Maternal, Diet,

Maternal 9 Time, Diet 9 Time, Maternal 9 Diet 9

Time, all P C 0.13). Juvenile toads grew most rapidly in

the first 9 weeks of the study (Time: F5,98.2 = 0.89.38,

P \ 0.0001), increasing their body size by 15–20% during
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each 3 week interval. Growth slowed during the fall and

winter but increased again in the spring. We found no

effect of block on size-corrected growth (F7,56 = 0.94,

P = 0.484).

Survival of toads decreased to approximately 70% dur-

ing the first 6 weeks of the study, but plateaued thereafter

(Fig. 2). An additional 15% drop in survival occurred over

winter, yielding an overall mean survival of approximately

50% at the end of 1 year. Although we detected significant

effects of maternal Hg on juvenile survival when survival

data were analyzed in time-series (Maternal 9 Time:

F5,140 = 0.2.34, P = 0.044), the mean survival rate after

1 year did not differ among treatments (Diet, Maternal,

Diet 9 Maternal, all P C 0.23). Exposure to dietary Hg in

the larval stage did not affect terrestrial survival (Diet 9

Time: F5,140 = 1.68, P = 0.144) or interact with effects of

maternal Hg exposure (Maternal 9 Diet 9 Time: F5,140 =

0.39, P = 0.857). Survival also did not differ among

blocks of pens (F7,21 = 1.64, P = 0.180). Results of non-

parametric bootstrap resampling suggested that survival

was not related to initial body size; in all cases, the mean

initial body size of surviving individuals did not differ

significantly from a randomly drawn subset of the pool of

initial body sizes within each treatment (Table 2).

Discussion

Most ecotoxicological studies of amphibians measure

effects on larval life stages and assume that sublethal effects

observed in larvae persist to affect survival and reproduc-

tion later in life. We used terrestrial enclosures to determine

whether maternal or dietary Hg exposure in larval American

toads had any adverse effects in the terrestrial environment

following metamorphosis, including the possible persis-

tence of effects seen at metamorphosis or the onset of any

latent effects not seen previously. We found no evidence for

the onset of latent effects on growth or survival of terrestrial

juveniles during the first year following metamorphosis.

However, size differences that were present at metamor-

phosis as a result of maternal Hg exposure persisted for at

least 1 year in the terrestrial environment. Our results

demonstrate that sublethal larval effects attributed to

maternal transfer of Hg may have lasting consequences in

the terrestrial environment following metamorphosis.

Studies of maternal effects in amphibians have typically

examined the effects of maternal contributions to egg size

on larval development and size at metamorphosis (e.g.,

Kaplan 1985; Semlitsch and Gibbons 1990; Parichy and

Kaplan 1992; Laugen et al. 2002). These studies have found

that, depending on resource availability in the aquatic

environment, maternal effects on egg size can persist to

metamorphosis. However, few studies have examined the

persistence of maternal effects after metamorphosis, and

fewer still have investigated the ecological consequences of

maternal contaminant exposure in amphibians. One recent

study demonstrated that maternal effects of contaminant

exposure can include reduced hatching success and

increased developmental abnormalities in recently hatched

offspring of narrowmouth toads, Gastrophryne carolinensis

(Hopkins et al. 2006). Previous research on larval American

toads has shown that maternal Hg can delay metamorphosis,

lead to smaller body size, and increase prevalence of spinal

malformations (Bergeron et al. 2011; Todd et al. 2011a).

The present study demonstrates that maternal effects of

contaminant exposure on size at metamorphosis can persist
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after metamorphosis in terrestrial life stages. Despite die-

tary Hg constituting the vast majority of accumulated Hg in

animal tissues, the results of the present study suggest that

timing of contaminant exposure (early in ontogeny via

maternal transfer) may be more important than the degree of

contaminant accumulation. However, at least one study has

demonstrated that the combination of maternal Hg and high

dietary Hg can cause significant mortality at metamorphosis

(see Bergeron et al. 2011 for additional discussion).

Sublethal effects on amphibian larvae are often assumed

to affect post-metamorphic survival or reproduction, but

this assumption is seldom tested. One of the most frequently

observed sublethal effects of contaminants on amphibians is

a reduction in body size of larvae or newly metamorphosed

juveniles (Boone and Bridges 2003). For example, reduc-

tions in larval growth rates or size at metamorphosis can

result from exposure to pesticides (Bridges 2000; Boone

2005), fungicides, (Fioramonti et al. 1997), and coal com-

bustion wastes (Snodgrass et al. 2004). In previous studies

of Hg in larval American toads, reduced body size was one

of the most prevalent sublethal effects of Hg exposure

(Bergeron et al. 2011; Todd et al. 2011a). The broader

implications of body size differences are often argued under

the assumption that they persist to affect fecundity of ter-

restrial adults. For example, because maturity in female

amphibians is generally size-dependent (Berven 1990; Scott

1994), and because smaller females produce smaller clut-

ches (Berven 1988; Semlitsch and Gibbons 1990), it is often

suggested that smaller body size at metamorphosis can

reduce lifetime reproductive fitness (Boone and Bridges

2003). However, this assumption is seldom tested and

studies of natural stressors such as competition have sug-

gested that size differences at metamorphosis can be over-

come in toads by compensatory growth in the terrestrial

environment (Beck and Congdon 1999; Boone 2005; Sams

and Boone 2010). Our study provides evidence that effects

of contaminants on larval body size can in fact persist in

post-metamorphic amphibians.

Our results suggest that sublethal effects of Hg on

amphibians may be more persistent than those of short-lived

environmental contaminants such as pesticides. The few

studies that have examined latent or persistent effects of

larval contaminant exposure in post-metamorphic amphib-

ians have focused on pesticides (Rohr and Palmer 2005;

Distel and Boone 2009; Distel and Boone 2010; Webber

et al. 2010). Moreover, some studies have indicated that

juvenile toads can compensate for pesticide-induced

reductions in size at metamorphosis via increased growth in

the terrestrial habitat (Boone 2005; Distel and Boone 2009;

Distel and Boone 2010), calling into question the lasting

consequences of larval effects. In contrast, we found that a

5% reduction in body size at metamorphosis due to

maternal Hg exposure persisted in the terrestrial environ-

ment and resulted in a 7% difference in body size after

nearly a year of growth in the terrestrial environment. The

discrepancy between our results and those of previous

studies might be explained by differences between Hg and

the contaminants other studies have evaluated. For exam-

ple, many currently used pesticides are designed to degrade

rapidly in the environment, whereas Hg and other metals are

persistent and can bioaccumulate in tissues (Eisler 2006).

Thus, metals might be more likely to result in persistent

long-term effects than some other environmental contami-

nants. Alternatively, the failure of terrestrial toads to show

compensatory terrestrial growth in the present study may

indicate that feeding ability was impaired in affected ani-

mals or that there were metabolic costs associated with Hg

accumulation, either via increased metabolic maintenance

costs or via reduced metabolism and growth. Metals are

known to cause increased malformation frequencies (Hop-

kins et al. 2000; Todd et al. 2011a), which may negatively

affect feeding abilities in malformed individuals. Also,

metal contamination in vertebrates can alter metabolic

function and reduce somatic growth (Sherwood et al. 2000).

Our study was also designed to test for the onset of any

latent adverse effects of larval of maternal Hg exposure.

Laboratory studies have shown that sublethal contaminant

exposure can affect behavior (Semlitsch et al. 1995; Bridges

1997, 1999; Burke et al. 2010) and physiology (Rowe et al.

1998; Palenske et al. 2010) of larval amphibians. Often these

Table 2 Mean initial body size of juvenile American toads (Bufo americanus) surviving for 1 year in terrestrial enclosures and confidence

intervals of randomly drawn survivors from within treatments

Maternal group Dietary treatment n surviving Mean initial snout-

to-vent length (mm)

of survivors

90% CI

Reference Control diet 37 13.47 13.08–13.71

Reference Hg diet 30 13.27 12.97–13.53

Hg contaminated Control diet 40 12.78 12.45–12.99

Hg contaminated Hg diet 36 12.36 12.20–12.84

Confidence intervals were derived from 1,000 bootstrap resampled subsets (size = n surviving) drawn from the overall pool of initial body sizes

within each treatment (n = 72 per treatment)
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sublethal effects are suspected to reduce survival under

natural conditions, resulting in latent lethal effects in the

terrestrial stage (Boone and Bridges 2003). For example,

Rohr and Palmer (2005) found that terrestrial juvenile

streamside salamanders (Ambystoma barbouri) exhibited

altered behavior several months after larval exposure to the

herbicide Atrazine, increasing their susceptibility to desic-

cation. When reared in terrestrial enclosures with no pre-

dators or heterospecific competitors, we found little

evidence that prior Hg exposure affected survival up to

1 year of age. Although we found a significant maternal

effect when survival data were analyzed in time series,

survival rates at the end of 1 year did not differ among

treatments. One possible explanation for the slight differ-

ence in survival trajectories is that mortality was size-

dependent during some seasons and thus, differences among

treatments were driven by initial differences in body size.

However our non-parametric bootstrap resampling analysis

suggested that survival was independent of initial body size.

Although our results suggest that exposure to Hg through

maternal transfer or larval diet has limited adverse effects

on post-metamorphic survival, they should be interpreted

with caution given the simplified conditions of the terres-

trial enclosures in the present study. Under more chal-

lenging natural conditions, larger body size may reduce

risk of predation by gape-limited predators (Willson and

Hopkins 2011), or facilitate dispersal or predator evasion

through enhanced locomotor performance and stamina

(Arnold and Wassersug 1978; John-Adler and Morin 1990).

Additionally, the present study does not address terrestrial

Hg accumulation and possible effects that such accumula-

tion may have on post-metamorphic animals. A valuable

next step in longitudinal studies of contaminant effects in

amphibians would be the addition of terrestrial sources of

contaminant exposure, either via dietary or direct exposure,

in concert with larval and/or maternal exposures.

Despite the lack of added dietary Hg in the terrestrial

enclosures after metamorphosis, the animals displayed

interesting patterns of Hg accumulation. For example, toads

fed control diet as larvae accumulated low levels of Hg in the

terrestrial environment, although their concentrations were

still below those of adult American toads and aquatic and

terrestrial salamanders that inhabit uncontaminated refer-

ence sites in Virginia (Bergeron et al. 2010a). The Hg

accumulation in toads fed uncontaminated larval diet likely

reflects the ingestion in the terrestrial environment of

background levels of Hg from sources such as atmospheric

deposition and the trophic shift from a primarily herbivorous

larval diet to a carnivorous diet in terrestrial life stages. In

contrast, juvenile toads fed dietary Hg in the larval envi-

ronment exhibited a more than 12-fold decrease in THg

concentrations after 1 year of growth in terrestrial enclo-

sures. Given their nearly 10-fold increase in dry weight over

this time, the decrease in THg concentrations can be

explained primarily by dilution as juveniles gained body

mass. However, terrestrial animals with high THg burdens at

metamorphosis may have also eliminated some Hg from

their tissues in the year following metamorphosis. Never-

theless, even after a full year in an uncontaminated terrestrial

environment, toads that were fed dietary Hg as larvae still

exhibited significantly elevated THg tissue concentrations

compared to those raised on the control larval diet. The

persistence of elevated Hg tissue concentrations after

metamorphosis highlights the possibility that toads meta-

morphosing and leaving contaminated larval habitats may

be important vectors for Hg dispersal into surrounding ter-

restrial food webs.

When scaling from individual-based toxicological stud-

ies to population-level effects, it is important to understand

the degree to which contaminant effects translate across life

stages. Specifically, post-metamorphic life stages are

thought to be the primary drivers of amphibian population

dynamics (Biek et al. 2002; Vonesh and De la Cruz 2002;

Schmidt et al. 2005). Thus, it is critical to know whether

sublethal effects observed in larvae persist in post-meta-

morphic life stages and whether latent effects emerge after

initial exposure to contaminants. Our results indicate that

adverse effects of maternally transferred Hg on larval

amphibians can persist to affect subsequent terrestrial life

stages. The reduction in body size at metamorphosis in the

present study persisted for at least 1 year in terrestrial

juveniles. The degree to which a 5–7% reduction in body

size may influence population dynamics is unclear. How-

ever, in a study of marbled salamanders (Ambystoma

opacum), Scott (1994) found that a reduction of approxi-

mately 10% in body size at metamorphosis equated to a

20% reduction in the return rate of breeding animals within

2 years and an 8% difference in body size of reproductive

females equated to a 33% reduction in clutch size. Thus, a

5–7% reduction in body size of American toads may be

linked to a reduction in lifetime reproductive output through

delayed maturity, lower survival, and/or smaller clutches.

Further, by examining growth and survival of post-meta-

morphic toads, we were able to demonstrate a lack of sig-

nificant latent effects from earlier maternal or dietary

exposure in the larval environment. Longitudinal studies

like ours are increasingly needed to comprehensively assess

the diverse effects of environmental contaminants

throughout ontogeny when the ultimate goal is translating

individual effects to the viability of natural populations.
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Xie F, Young BE, Akçakaya HR, Bennun L, Blackburn TM,

Boitani L, Dublin HT, da Fonseca GAB, Gascon C, Lacher TE,

Mace GM, Mainka SA, McNeely JA, Mittermeier RA, Reid GM,

Rodriguez JP, Rosenberg AA, Samways MJ, Smart J, Stein BA,

Stuart SN (2010) The impact of conservation on the status of the

world’s vertebrates. Science 330:1503–1509

Hopkins WA, Congdon JD, Ray JK (2000) Incidence and impact of

axial malformations in larval bullfrogs (Rana catesbeiana)

B. D. Todd et al.

123



developing in sites polluted by a coal burning power plant.

Environ Toxicol Chem 19:862–868

Hopkins WA, DuRant SE, Staub BP, Rowe CL, Jackson BP (2006)

Reproduction, embryonic development, and maternal transfer of

contaminants in the amphibian Gastrophryne carolinensis.

Environ Health Perspect 114:661–666

Houlahan JE, Findlay CS, Schmidt BR, Meyer AH, Kuzmin SL

(2000) Quantitative evidence for global amphibian declines.

Nature 404:752–755

John-Adler HB, Morin PJ (1990) Effects of larval density on jumping

ability and stamina in newly metamorphosed Bufo woodhousii
fowleri. Copeia 1990:856–860

Jones D, Hammond J, Relyea RA (2011) Competitive stress can make

the herbicide Roundup� more deadly to larval amphibians.

Environ Toxicol Chem 2:446–454

Kaplan RH (1985) Maternal influences on offspring development in

the California newt, Taricha torosa. Copeia 1985:1028–1035

Laugen AT, Laurila A, Merila J (2002) Maternal and genetic

contributions to geographical variation in Rana temporaria
larval life-history traits. Biol J Linn Soc 76:61–70

Lunneborg CD (2000) Data analysis by resampling: concepts and

applications. Duxbury Press, Pacific Grove

Palenske NM, Nallani GC, Dzialowski EM (2010) Physiological

effects and bioconcentration of triclosan on amphibian larvae.

Comp Biochem Physiol C Toxicol Pharmacol 152:232–240

Parichy D, Kaplan R (1992) Maternal effects on offspring growth and

development depend on environmental quality in the frog

Bombina orientalis. Oecologia 91:579–586

Relyea RA (2009) A cocktail of contaminants: how pesticide

mixtures at low concentrations affect aquatic communities.

Oecologia 159:363–376

Relyea RA, Edwards E (2010) What doesn’t kill you makes you

sluggish: how sublethal pesticdes alter predator-prey interac-

tions. Copeia 2010:558–567

Relyea RA, Schoeppner NM, Hoverman JT (2005) Pesticides and

amphibians: The importance of community context. Ecol Appl

15:1125–1134

Rohr JR, Palmer BD (2005) Aquatic herbicide exposure increases

salamnder desiccation risk 8 months later in a terrestrial

environment. Environ Toxicol Chem 24:1253–1258

Rowe CL, Kinney OM, Nagle RD, Congdon JD (1998) Elevated

maintenance costs in an anuran (Rana catesbeiana) exposed to a

mixture of trace elements during the embryonic and early larval

periods. Physiol Zool 71:27–35

Rowe CL, Hopkins WA, Coffman VR (2001) Failed recruitment of

southern toads (Bufo terrestris) in a trace element-contaminated

breeding habitat: direct and indirect effects that may lead to a

local population sink. Arch Environ Contam Toxicol 40:399–405

Sams E, Boone MD (2010) Interactions between recently metamor-

phosed green frogs and American toads under laboratory

conditions. Am Midl Nat 163:269–279

Schmidt BR, Feldmann R, Schaub M (2005) Demographic processes

underlying population growth and decline in Salamandra
salamandra. Conserv Biol 19:1149–1156

Scott DE (1994) The effect of larval density on adult demographic

traits in Ambystoma opacum. Ecology 75:1383–1396

Semlitsch RD, Gibbons JW (1990) Effects of egg size on success of

larval salamanders in complex aquatic environments. Ecology

71:1789–1795

Semlitsch RD, Foglia M, Mueller A, I S Fioramonti E, Fent K (1995)

Short-term exposure to triphenyltin affects the swimming and

feeding behavior of tadpoles. Environ Toxicol Chem 14:

1419–1423

Sherwood GD, Rasmussen JB, Rown DJ, Brodeur J, Hontela A (2000)

Bioenergetic costs of heavy metal exposure in yellow perch

(Perca flavescens): in situ estimates with a radiotracer (137Cs)

technique. Can J Fish Aquat Sci 57:441–450

Snodgrass JW, Hopkins WA, Broughton J, Gwinn D, Baionno JA,

Burger J (2004) Species-specific responses of developing

anurans to coal combustion wastes. Aquat Toxicol 66:171–182

Sparling DW, Linder G, Bishop CA, Krest SK (eds) (2010)

Ecotoxicology of amphibians and reptiles, 2nd edn. CRC Press,

Boca Raton, FL, USA, p 916

Stuart SN, Chanson JS, Cox NA, Young BE, Rodrigues ASL,

Fischman DL, Waller RW (2004) Status and trends of amphibian

declines and extinctions worldwide. Science 306:1783–1786

Tan SW, Meiller JC, Mahaffey KR (2009) The endocrine effects of

mercury in humans and wildlife. Crit Rev Toxicol 39:228–269

Todd BD, Rothermel BB (2006) Assessing quality of clearcut habitats

for amphibians: effects on abundances versus vital rates in the

southern toad (Bufo terrestris). Biol Conserv 133:178–185

Todd BD, Bergeron CM, Hepner MJ, Burke JN, Hopkins WA (2011a)

Does maternal exposure to an environmental stressor affect

offspring response to predators? Oecologia 166:283–290

Todd BD, Bergeron CM, Hepner MJ, Hopkins WA (2011b) Aquatic

and terrestrial stressors in amphibians: a test of the double

jeopardy hypothesis based on maternally and trophically derived

contaminants. Environ Toxicol Chem. doi:10.1002/etc.617

Vonesh JR, De la Cruz O (2002) Complex life cycles and density

dependence: assessing the contribution of egg mortality to

amphibian declines. Oecologia 133:325–333

Wake DB, Vredenburg VT (2008) Are we in the midst of the sixth

mass extinction? a view from the world of amphibians. Proc Nat

Acad Sci USA 105:11466–11473

Webber NR, Boone MD, Distel CA (2010) Effects of aquatic and

terrestrial carbaryl exposure on feeding ability, growth, and

survival of American toads. Environ Toxicol Chem 29:

2323–2327

Willson JD, Hopkins WA (2011) Prey morphology constrains the

feeding ecology of an aquatic generalist predator. Ecology 92:

744–754

Do effects of mercury in larval amphibians

123

http://dx.doi.org/10.1002/etc.617


Oecologia (2011) 166:283–290

DOI 10.1007/s00442-011-1961-9

CONSERVATION ECOLOGY -  ORIGINAL PAPER

Does maternal exposure to an environmental stressor aVect 
oVspring response to predators?

Brian D. Todd · Christine M. Bergeron · 
Mark J. Hepner · John N. Burke · William A. Hopkins 

Received: 3 June 2010 / Accepted: 2 March 2011 / Published online: 18 March 2011
©  The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract There is growing recognition of the ways in
which maternal eVects can inXuence oVspring size, physio-
logical performance, and survival. Additionally, environmen-
tal contaminants increasingly act as stressors in maternal
environments, possibly leading to maternal eVects on subse-
quent oVspring. Thus, it is important to determine whether
contaminants and other stressors can contribute to maternal
eVects, particularly under varied ecological conditions that
encompass the range under which oVspring develop. We
used aquatic mesocosms to determine whether maternal
eVects of mercury (Hg) exposure shape oVspring phenotype
in the American toad (Bufo americanus) in the presence or
absence of larval predators (dragonXy naiads). We found sig-
niWcant maternal eVects of Hg exposure and signiWcant
eVects of predators on several oVspring traits, but there was
little evidence that maternal eVects altered oVspring interac-
tions with predators. OVspring from Hg-exposed mothers
were 18% smaller than those of reference mothers. OVspring
reared with predators were 23% smaller at metamorphosis
than those reared without predators. There was also evidence
of reduced larval survival when larvae were reared with pre-

dators, but this was independent of maternal eVects. Addi-
tionally, 5 times more larvae had spinal malformations when
reared without predators, suggesting selective predation of
malformed larvae by predators. Lastly, we found a signiWcant
negative correlation between oVspring survival and algal
density in mesocosms, indicating a role for top-down eVects
of predators on periphyton communities. Our results demon-
strate that maternal exposure to an environmental stressor
can induce phenotypic responses in oVspring in a direction
similar to that produced by direct exposure of oVspring to
predators.

Keywords Amphibian declines · Maternal eVects · 
Maternal transfer · Mercury · Odonates

Introduction

Interest in the pervasiveness of maternal eVects on oVspring
Wtness has increased in recent decades (e.g., Mousseau
et al. 2009). This interest has grown in part because of the
increasing number of studies documenting the persistent
and often signiWcant repercussions maternal eVects can
have on oVspring. For example, maternal eVects often inXu-
ence oVspring size, physiological performance, and sur-
vival (Mousseau and Fox 1998), which in turn have
important ecological consequences for population demog-
raphy (e.g., Pontier et al. 1993). These maternal eVects
occur partly because small perturbations early in ontogeny
can permanently alter oVspring developmental trajectories
(Bernardo 1996). Consequently, a mother’s environment
can exert epigenetic eVects on oVspring that may ultimately
aVect development, behavior, survival, and the ecological
interactions of oVspring. This is also true when environ-
mental stressors such as contaminants comprise part of a
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mother’s environment, especially when contaminants have
developmental or neurological impacts (e.g., Ohlendorf
et al. 1989; Fry 1995).

As humans continue to alter and modify habitats glob-
ally, contaminants increasingly act as stressors in the envi-
ronment of many organisms. As with other maternal eVects,
maternal exposure to contaminants can have strong eVects
on oVspring because of the sensitivity of oVspring during
early development. For example, contamination of the Sac-
ramento River with polybrominated diphenyl esthers
(PBDEs) has led to bioaccumulation in striped bass
(Morone saxatilis), resulting in abnormal development and
retarded growth of oVspring (Ostrach et al. 2008). Simi-
larly, the accumulation of mercury (Hg) in both birds and
Wsh has reduced survival and altered behavior in subse-
quent oVspring (Heinz 1976; Alvarez et al. 2006). These
studies reveal an important consequence of maternal eVects
from exposure to environmental stressors, but few research-
ers have examined whether these maternal eVects can aVect
oVspring when combined with other environmental stress-
ors, a scenario more typical of natural environments.

Amphibians serve as a classic vertebrate system for the
study of both maternal and environmental contributions to
oVspring phenotype (e.g., Morin 1983; Wilbur 1987;
Resetarits and Wilbur 1989). For example, Semlitsch and
Gibbons (1990) investigated maternal contributions to egg
size and found that larger eggs resulted in larger oVspring, a
trait that persisted 49 days after hatching. Additionally,
there has been much work on environmental contributions
to oVspring phenotype in amphibians, including studies on
the eVects of larval predators (Relyea 2007), eVects of con-
speciWc densities (e.g., Scott 1994), and the eVects of envi-
ronmental contaminants (Boone and James 2005). In
contrast, there has been little research on the ways in which
maternal contaminant exposure can shape oVspring pheno-
type in amphibians. However, at least one study has dem-
onstrated maternal eVects that include reduced hatching
success and increased developmental abnormalities in
oVspring from mothers with elevated strontium and sele-
nium in their tissues (Hopkins et al. 2006). Given that
amphibians often forage and breed in contaminated riparian
and wetland habitats and can accumulate signiWcant con-
taminant body burdens (e.g., Hopkins et al. 2006; Unrine
et al. 2007; Wu et al. 2009; Bergeron et al. 2010a), they can
provide useful insights into the ways in which maternal
eVects of environmental stressors shape oVspring pheno-
types, particularly when combined with other stressors such
as competitors or predators.

Predatory odonates can alter larval phenotypes in
amphibians with important consequences for individual
Wtness (reviewed in Relyea 2007). Additionally, Hg has
developmental and neurological toxicity to many verte-
brates (Myers et al. 1997), and can consequently aVect

Wtness (Tan et al. 2009). In an earlier study, Bergeron et al.
(2010b) demonstrated that female American toads (Bufo
americanus) that inhabit a Hg-contaminated Xoodplain
accumulate Hg and transfer the contaminant to their eggs.
Our goal in this study was to examine the maternal eVects
of Hg accumulation on oVspring in the presence and
absence of predatory odonates. We used a factorial experi-
mental design to test the eVects of maternal Hg exposure in
the presence or absence of odonates. We predicted maternal
Hg exposure would have signiWcant eVects on the survival
and development of larval American toads. We also pre-
dicted that eVects of maternal Hg exposure would be
greater when combined with the threat of predation from
odonates. Finally, we predicted that a reduction in oVspring
survival would increase algae in the experimental meso-
cosms via reduced grazing pressure, demonstrating a top-
down ecological role of anuran larvae and the possible indi-
rect ecological consequences of reduced larval survival
caused by maternal eVects, odonates, or both.

Materials and methods

Field methods

On 17 and 18 April 2009, we collected reproductive pairs
of American toads that had entered amplexus but had not
yet begun ovipositing in breeding pools along the South
River Xoodplain (Waynesboro, VA, USA), both upstream
and downstream of a historic Hg contamination source (see
Bergeron et al. 2010a for additional information). We
brought the breeding pairs indoors within 2 h and placed
each pair in a shallow bin with dechlorinated tap water and
allowed them to oviposit overnight. The next morning, we
removed the adult toads from the bins and added additional
dechlorinated tap water to the egg masses. We recorded
post-oviposition mass of each female at this point. We next
removed a small portion of each egg mass (approximately
500 eggs) and froze them for subsequent Hg analysis. We
collected »0.25 mL whole blood from each anesthetized
mother via cardiocentesis to nondestructively estimate
female total Hg (THg) concentrations following the meth-
ods of Bergeron et al. (2010a). We marked each toad by
toe-clipping and released all adult toads at their original
points of capture within 24 h after they recovered from
anesthesia.

Since Hg concentrations in female blood are closely cor-
related with Hg concentrations in their eggs (Bergeron et al.
2010b), we analyzed female blood Hg concentrations
before the eggs hatched to conWrm the correct placement of
eggs into either reference treatments (hatchlings from
females with blood Hg concentrations <250 ng/g, wet
weight) or maternally Hg-exposed treatments (hatchlings
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from females with blood concentrations >1,000 ng/g, wet
weight). See below for details on Hg analytical methods.
OVspring used in the reference treatments came from 5
combined clutches and oVspring used in the maternally Hg-
exposed treatments came from 6 combined clutches (Elec-
tronic supplementary material, Fig. S1). Prior to the start of
the experiment, we measured the mass of each of 10 larvae
chosen haphazardly from each clutch to derive a represen-
tative average larval mass from each mother.

Mesocosms and experimental design

We established 32 outdoor aquatic mesocosms in 1,500-L
polyethylene cattle tanks on the campus of Virginia Poly-
technic Institute and Statue University (Virginia Tech) in
Blacksburg, VA. On 1 March 2009, we Wlled each meso-
cosm with 475 L of well water and 475 L of dechlorami-
nated tap water. Each mesocosm received 1 kg of air-dried
deciduous leaf litter (50:50 poplar and oak mix) and 17 g of
Wnely ground Purina Rabbit Chow® (St. Louis, MO, USA).
To promote algal and periphyton growth, we spiked each
mesocosm initially with 2 L of pond water from Pandapas
Pond (JeVerson National Forest, VA) Wltered through a 200-
�m sieve. We later repeated this procedure using water from
Pandapas Pond and again using water from a permanent
pond at the aquaculture facility at Virginia Tech. Before
beginning the experiment, we also exchanged 20-L portions
of water between each mesocosm and its four closest meso-
cosms on 3 separate occasions to reduce the variability in
initial phytoplankton communities. Each mesocosm had a
black mesh lid made of 1 £ 1 mm window screen that pro-
vided shade and prevented unwanted colonization by preda-
tors or competitors. Lastly, we monitored conductivity, pH,
temperature, and dissolved oxygen weekly at 0730 and
1930 hours (approximate coolest and warmest daily water
temperatures, respectively) in eight randomly selected mes-
ocosms that were followed throughout the study.

We used a 2 £ 2 factorial design to test the eVects of
maternal Hg exposure, the presence of predatory odonates,
and their interaction on American toad oVspring (Electronic
supplementary material, Fig. S1). On 28 April 2009, we
added 100 tadpoles to each of 32 replicated mesocosms.
Each 100-tadpole population of reference larvae was com-
posed of 20 larvae from 5 reference clutches (Electronic
supplementary material, Fig. S1). Each 100-tadpole popula-
tion of maternally Hg-exposed larvae drew approximately
equally from 6 maternally Hg-exposed clutches (5 clutches
contributed 17 larvae and a 6th clutch contributed 15 lar-
vae). At the time of their introduction to the mesocosms,
tadpoles were »4 days post-hatching. We arranged the
mesocosms in a random block design so that each of
the four experimental crosses was represented in each of
the eight rows of outdoor mesocosms. On 8 May 2009, we

added 5 predatory odonates to each of the 16 mesocosms
that were to contain predators. Mesocosms with predators
each received a single 1-cm-long Nehalennia spp., three
1.5-cm-long Libellula pulchella or Pachydiplax longipen-
nis, and a single 2.5-cm-long Tramea lacerata nymph.
These are broad-ranging odonates with distributions that
overlap that of American toads and whose nymphs can be
found in aquatic habitats in which American toads breed
(Needham et al. 2000).

We monitored mesocosms daily and removed tadpoles
as soon as they began metamorphosis, identiWed by fore-
limb emergence at Gosner stage (GS) 42 (Gosner 1960).
All metamorphosing tadpoles were brought indoors to com-
plete metamorphosis. We recorded the presence of injuries,
spinal malformations, or dwarf limbs on each individual as
it was removed from the mesocosm. Any individuals
removed from mesocosms after forelimb emergence were
excluded from spinal malformation analyses to avoid con-
fusing tail curves due to tail resorption with true spinal mal-
formations. After bringing animals indoors, we placed each
individual in a separate 500-mL cup and »20 mL of meso-
cosm water with an unbleached paper towel to allow them
to climb out of the water following complete tail resorption.
We checked each metamorphosing tadpole every morning
at 0700 hours to determine whether it had completed tail
resorption (GS 46) or had died overnight. We quantiWed the
proportion of individuals that successfully completed meta-
morphosis out of the original 100 in each mesocosm. We
also determined mass of each tadpole at both GS 42 and GS
46 using an electronic balance. We quantiWed the duration
of the larval period for each tadpole (i.e., time to GS 42)
and the number of days it took each tadpole to completely
resorb its tail (time between GS 42 and 46). Animals that
were removed from mesocosms at GS 43 or later were not
included in time calculations. In all cases, the mean
response in each mesocosm was treated as the unit of repli-
cation. All surviving recently metamorphosed toads were
humanely euthanized with buVered tricaine methane sulfo-
nate (MS-222) and then frozen for later use in Hg-tissue
analyses.

Just before peak metamorphosis on 1 June 2009, two
observers blind to the experimental treatments visually
examined each mesocosm and scored the relative thickness
of algal growth along its walls. Each mesocosm was scored
as having either no algal growth (0), some algal growth (1),
or dense algal growth (2). Scores from the two independent
observers were averaged and used as a measure of algal
growth for each mesocosm.

Sample preparation and Hg analyses

Previous research on American toads from this same site
demonstrated that approximately 71 and 48% of the THg in
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blood and eggs, respectively, is in the more toxic form,
methylmercury (MeHg; Bergeron et al. 2010b). Thus, we
limited Hg analyses to THg in this study. We homogenized
whole blood from each adult American toad using a vortex
mixer and report THg concentrations in blood on a wet
weight (ww) basis. We lyophilized and homogenized eggs
and metamorph carcasses and report THg concentrations on
a dry weight (dw) basis. Percent moisture was 95.4 § 0.2%
(mean § 1SE of the mean hereafter) for eggs and 89.3 §
0.3% for metamorphs. We analyzed subsamples (»20 mg)
for THg content by combustion-amalgamation-cold vapor
atomic absorption spectrophotometry (Direct Mercury Ana-
lyzer 80; Milestone, Monroe, CT, USA) according to US
Environmental Protection Agency method 7473 (USEPA
1998). For quality assurance, each group of 10–15 samples
included a replicate, blank, and standard reference material
(SRM; DORM-3 Wsh protein and DOLT-3 or DOLT-4 dog-
Wsh liver; National Research Council of Canada, Ottawa,
ON). We calibrated the instrument using solid SRMs
(DORM-3 and DOLT-3 or DOLT-4). Method detection lim-
its (MDLs; 3 times standard deviation of procedural blanks)
for samples were 0.38 ng, and all samples had THg concen-
trations that exceeded the limit. Average relative percent
diVerences (RPD) between replicate sample analyses were
5.77 § 1.35% (n = 25). Mean percent recoveries of THg for
the SRMs, DORM-3, DOLT-3 and DOLT-4 were 103.82 §
1.15% (n = 43), 99.66 § 0.51% (n = 12), and 97.61 §
0.36% (n = 30), respectively.

Statistical analyses

We used an analysis of variance (ANOVA) to compare
masses of reference mothers and Hg-exposed mothers. We
used Pearson correlations to determine whether maternal
mass was correlated with mean larval mass for each clutch
at the start of the experiment. We used an ANOVA to
determine whether mean mass of larvae from reference
clutches (n = 5) and maternally exposed clutches (n = 6)
diVered at the start of the experiment. For data generated in
the replicated mesocosms, we calculated means for each
dependent variable for each mesocosm. We used a multi-
variate analysis of variance (MANOVA) to test the eVects
of predators, maternal Hg exposure, and their interaction on
survival to Gosner stage 46, mass at GS 42, mass at GS 46,
time to reach GS 42 (larval duration), and time for tail
resorption. We used inverse transformations to normalize
the data for larval duration and time for tail resorption.
Because the mean proportions of tadpoles having tail mal-
formations, injuries, or stunted limbs were skewed and had
heterogeneous variances among the treatments, we used
non-parametric 2 £ 2 factorial Scheirer-Ray-Hare tests to
test for eVects of predators, maternal Hg exposure, and their
interaction on these dependent variables. The Scheirer-Ray-

Hare test serves as a non-parametric extension of an analy-
sis of variance for factorial designs by modifying the model
error term and F statistic, resulting in a highly conservative
test compared to traditional analysis of variance (Dytham
2003). Lastly, we used linear regression to examine the
relationship between the number of tadpoles surviving to
GS 42 and the algae score of each mesocosm. In all cases,
data either met the assumptions for parametric statistical
analyses or non-parametric alternative tests were used as
described above.

Results

Hg concentrations

As described in the methods, clutches were allotted into
either reference or contaminated treatments based on Hg
concentrations in the blood of mothers. Reference mothers
had blood Hg concentrations that averaged 159.5 § 18.6
(mean § 1SE) ng/g ww compared with blood Hg concen-
trations of 2,250 § 489.8 ng/g ww for contaminated moth-
ers. Egg Hg concentrations from reference mothers
averaged 20.6 § 1.3 ng/g dw compared with 149.1 § 17.9
ng/g dw for eggs from contaminated mothers. However, Hg
concentrations of all recently metamorphosed toads were
low and ranged from 25.4–32.7 ng/g dw, demonstrating
that the lack of added dietary Hg and a 17-fold increase in
body mass decreased Hg-tissue concentrations to levels
comparable to eggs from reference mothers.

Biological endpoints

There was evidence of smaller mass in mothers collected
from the Hg-contaminated site (F1,9 = 4.5, P = 0.06). How-
ever, mean larval mass for each clutch and maternal mass
were not correlated (r = 0.03, P = 0.94) and there was no
signiWcant diVerence in mean larval mass of each clutch
between the two maternal groups at the start of the experi-
ment (F1,9 = 0.6, P = 0.47).

We found signiWcant overall eVects in our MANOVA
for both maternal Hg exposure and predators, but no signiW-
cant interaction between these factors (maternal Hg eVect:
Pillai’s Trace = 0.472, F5,24 = 4.29, P < 0.01; predator
eVect: Pillai’s Trace = 0.439, F5,24 = 3.76, P = 0.01; inter-
action: Pillai’s Trace = 0.122, F5,24 = 0.67, P = 0.65). On
average, animals with maternal Hg exposure were approxi-
mately 18% smaller at GS 42 (F1,28 = 5.9, P = 0.02;
Fig. 1a) and 16% smaller at GS 46 (F1,28 = 3.8, P = 0.06;
Fig. 1b) than were their counterparts from mothers col-
lected at the reference site. In contrast, maternal Hg expo-
sure had no eVect on survival to GS 46 (F1,28 = 1.2,
P = 0.28; Fig. 2), larval duration (F1,28 = 0.8, P = 0.38) or
123
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days required for tail resorption (F1,28 = 2.1, P = 0.38). Ani-
mals reared in mesocosms with predators were approxi-
mately 23% smaller at GS 42 (F1,28 = 10.6, P < 0.01;
Fig. 1a) and 24% smaller at GS 46 (F1,28 = 9.7, P < 0.01;
Fig. 1b) than were their counterparts reared without preda-
tors. Additionally, there was some evidence that survival of
tadpoles reared in the presence of predators was lower than
that of tadpoles reared without predators (F1,28 = 3.7,
P = 0.06; Fig. 2). We found no eVect of predators on larval
duration (F1,28 = 0.00, P = 0.95) or days required for tail
resorption (F1,28 = 0.82, P = 0.37).

In general, the prevalences of developmental abnormali-
ties and injuries in tadpoles were inXuenced by predators,
but not by maternal exposure to Hg. For example, we found
no eVect of maternal Hg exposure or its interaction with
predators on the proportion of GS 42 tadpoles having spinal
malformations (maternal Hg eVect: F1,28 = 0.3, P = 0.86;
interaction: F1,28 = 0.08, P = 0.78; Fig. 3). In contrast, there
was some evidence that the proportion of animals reaching
metamorphosis with spinal malformations was greater for
animals reared without predators than those reared in the

presence of predators (F1,28 = 3.2, P = 0.07; Fig. 3). We
found no eVect of maternal Hg exposure or its interaction
with predators on the proportion of metamorphosing tad-
poles that had injuries (maternal Hg eVect: F1,28 = 0.1,
P = 0.82; interaction: F1,28 = 0.1, P = 0.82; Fig. 4). In con-
trast, there was some evidence that predators inXuenced the
prevalence of tadpole injuries (F1,28 = 2.9, P = 0.09; Fig. 4).
Whereas no tadpoles that reached metamorphosis had inju-
ries when they were reared in the absence of predators,
2.6% of tadpoles that reached metamorphosis were injured
in tanks with predators. The injuries that we observed were
consistent with attacks by odonates and included missing
limbs, torn tails, and lacerations on the body. Although
visual inspection of the mean proportion of animals having
intact but stunted limbs seemed to indicate an increase in
this phenomenon as experimental factors were added
(Fig. 5), a Scherer-Ray-Hare test indicated no signiWcant
eVect of maternal Hg exposure (F1,28 = 1.1, P = 0.29), pre-
dators (F1,28 = 0.4, P = 0.53), or their interaction
(F1,28 = 0.09, P = 0.76). Lastly, we found a signiWcant neg-
ative correlation between the number of tadpoles surviving
to GS 42 and the amount of algae remaining on the meso-
cosms during metamorphosis (R2 = 0.26, F1,30 = 10.6,
P < 0.01).

Discussion

Predation is an inXuential force in the structuring of many
animal populations, and this is often true for larval amphib-
ians. For example, the mere presence of caged predators
can cause reductions in body size (Relyea 2007). However,
when predators are allowed to interact freely with larval
amphibians, they provide a clear demonstration of their
inXuence on population dynamics via their eVects on larval
survival. We observed an average 16% reduction in

Fig. 1 Mass of American toad (Bufo americanus) larvae (mean § SE)
from reference or contaminated mothers (maternal mercury exposure)
in the absence or presence of 5 predatory odonates at a Gosner stage
42, front limb emergence, and b Gosner stage 46, completion of meta-
morphosis (n = 8 for each experimental cross in 2 £ 2 factorial design)
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survival of oVspring raised with free-roaming predators
(Fig. 2). The impact of predators was further evidenced by
a complete absence of injuries in any of the larvae raised
without predators, in contrast to the approximate 3% preva-
lence of injured larvae raised with predators, presumably
survivors of failed predation by odonates (Fig. 4). A recent
study similarly demonstrated that not all odonate attacks
are lethal and, in some cases, that  larvae survive with inju-
ries that can aVect post-metamorphic phenotypes (i.e.,
missing limbs; Ballengée and Sessions 2009). Additionally,
the correlation of larval density at metamorphosis with
algal density in the experimental mesocosms identiWes a
possible means of top-down eVects of odonates on ecosys-
tem structure via their direct role in larval mortality.

We found some evidence that suggested malformed tad-
poles were selectively removed by predators. SpeciWcally,
the number of larvae surviving to metamorphosis with spi-
nal malformations was more than Wve times greater when

larvae were reared without predators (Fig. 3). Previous
research has demonstrated that anuran larvae with spinal
malformations swim slower than those without spinal mal-
formations (Hopkins et al. 2000). Thus, we propose that the
greater prevalence of spinal malformations in predator-free
mesocosms implicates diVerential mortality of malformed
amphibians when they are raised with predators. In other
words, because swimming performance is poorer in mal-
formed larvae, they presumably are more likely to succumb
to attacks from odonates, leaving a lower proportion of
malformed larvae in mesocosms containing predators.
These results highlight one mechanism by which develop-
mental aberrations might lead to increased mortality risk in
amphibians.

We predicted that the interaction of maternal Hg and
predators would have the greatest eVect on oVspring pheno-
type because amphibian predators can aVect larval pheno-
types via behaviorally mediated eVects and because Hg is
known to aVect behavior (Heinz 1976, 1979). However, we
found no signiWcant interactions between the eVects of
maternal Hg and predators on any of our endpoints. There
are several possible reasons why we did not Wnd signiWcant
interactions of maternal Hg and predators. First, it is possi-
ble that maternal Hg simply had no eVect on the outcome of
predator–prey interactions. Second, it is possible that the
Wve odonates in each mesocosm were feeding at a maximal
rate throughout the study (i.e., they were satiated). Thus,
although larvae negatively aVected by maternal Hg may
have been easier to catch and eat, predators were not neces-
sarily able to handle and consume more of them. A third
possibility is that any increase in mortality caused by
maternal Hg, albeit not statistically signiWcant, may have
combined with gradual removal by odonates to reduce
predator–prey contact rates to a threshold below which

Fig. 3 Proportion of American toad larvae (mean § SE) surviving to
Gosner stage 42 that had spinal malformations in the 2 £ 2 factorial
design of maternal mercury exposure (reference mothers or contami-
nated) and the absence or presence of 5 predatory odonates (n = 8 for
each experimental cross)
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Fig. 4 Proportion of American toad larvae (mean § SE) surviving to
Gosner stage 42 that had an injury of any kind in the 2 £ 2 factorial
design of maternal mercury exposure (reference mothers or contami-
nated) and the absence or presence of 5 predatory odonates (n = 8 for
each experimental cross). No animals had injuries in the absence of
predators
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Fig. 5 Proportion of American toad larvae (mean § SE) surviving to
Gosner stage 42 that had stunted limbs in the 2 £ 2 factorial design of
maternal mercury exposure (reference mothers or contaminated) and
the absence or presence of 5 predatory odonates (n = 8 for each exper-
imental cross). No animals from reference mothers had stunted limbs
when raised without predators
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predation was reduced. Given the large volume and size of
the mesocosms, this is not entirely unlikely. Future work in
which mesocosms have shallow water or greater predator
densities may raise encounter rates and provide a better test
of this hypothesis. A Wnal possibility is that the combined
eVects of predators and maternal Hg may have reduced sur-
vival early in the larval period, but deleterious eVects were
oVset by a competitive release that increased survival of
remaining larvae throughout the latter stages of their devel-
opment.

In our study, maternal Hg exposure resulted in smaller
oVspring. These size reductions were comparable in both
direction and magnitude to the reductions observed in
response to predatory odonates (Fig. 1). Reduction in body
size due to predators is a widely reported phenomenon and
has been demonstrated in earlier studies of American toads
(e.g., Van Buskirk 1988; Wilbur and Fauth 1990). In con-
trast, reduced body size from maternal contamination repre-
sents the Wrst evidence for such eVects in amphibians.
These maternal eVects occurred in oVspring from mothers
with total blood Hg concentrations of 2,250 ng/g ww
(»1,598 ng/g ww MeHg based on known Hg speciation
from Bergeron et al. 2010b). Using known correlations
with whole-body tissues from an earlier study with this spe-
cies at the South River, these concentrations equate to
655 ng/g THg ww, or »347 ng/g MeHg ww (Bergeron
et al. 2010b). These levels exceed the whole-body tissue
threshold-eVect level of 200 ng/g ww MeHg identiWed for
juvenile and adult Wsh by Beckvar et al. (2005) in their
review of 10 studies. Additionally, Wiener and Spry (1996)
concluded that sublethal eVects to embryonic and larval
stages of Wsh could occur at 1–10% of adult concentrations
(»2–20 ng/g ww MeHg based on Beckvar et al. 2005). For
example, Matta et al. (2001) found reduced reproductive
success in oVspring of maternally-exposed mummichogs
(Fundulus heteroclitus) when egg MeHg concentrations
ranged from 10–630 ng/g ww. Our adjusted mean wet
weight concentration of MeHg in American toad eggs was
3.6 ng/g, a level on the low end of the estimated range for
sublethal eVects in Wsh. Also, our adjusted mean wet weight
concentration of THg in American toad eggs of 7.5 ng/g
was far below the 500–3,600 ng/g ww range in eggs known
to cause hatching failure and aberrant behavior in birds
(summarized in Wolfe et al. 1998; Scheuhammer et al.
2007).

There are at least two possible explanations for the
smaller body size of maternally Hg-exposed larvae. First,
their smaller size may stem from the negative eVects that
Hg has on the endocrine system (reviewed in Tan et al.
2009), such that disruption of the endocrine system from
maternal Hg exposure may have led to altered oVspring
development and thereby reduced growth rates. Alterna-
tively, the smaller size of maternally-exposed larvae may

have resulted from changes in oVspring behavior due to the
neurotoxic eVects of Hg. Mercury is a potent neurotoxicant
that can aVect animal behavior even when embryonic expo-
sure is limited to maternal transfer (e.g., Heinz 1979; Alva-
rez et al. 2006). In amphibians, altered behavior can result
in lower growth rates and smaller larvae (Relyea and Wer-
ner 1999). Reduced activity and grazing by tadpoles are
behaviors that can be induced by predatory odonates, and
which are linked to the production of smaller metamorphs
(Relyea 2007). In this study, we found comparable reduc-
tions in body size from both odonates and maternal Hg
exposure, consistent with a possible behavioral basis for the
size reductions in both cases (e.g., reduced feeding activ-
ity). Ultimately, small body size at metamorphosis can
reduce postmetamorphic survival and size at Wrst reproduc-
tion, thereby diminishing lifetime reproductive success in
amphibians (Berven and Gill 1983; Scott 1994).

Few studies of maternal eVects in vertebrates have
tracked oVspring over time or through critical life history
transitions, especially under varied ecological conditions
such as the presence or absence of predators. In this regard,
our research is among the Wrst to demonstrate that maternal
eVects can signiWcantly shape an oVspring’s phenotype
through metamorphosis in a manner predicted to aVect life-
time reproductive success, regardless of ecological condi-
tions. Moreover, our work identiWes the potential
transgenerational eVects that Hg accumulation can have in
vertebrates via maternal eVects on important phenotypic
traits in oVspring. Although ecological research often
focuses on eVects of aqueous or dietary exposure to a con-
taminant, the maternal eVects of contamination represent an
additional important route for toxicological eVects in
organisms. Future ecological research could combine stud-
ies of maternal and continuous dietary exposure to better
understand relative contributions of contaminant exposure
to animals under varying ecological conditions, especially
since maternal and dietary exposure may frequently occur
together.
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Abstract It is unclear whether mercury concentration in

wildlife tissues changes appreciably after lengthy frozen

storage. To test whether such freezer-archived samples are

stable, small (*10–50 lL) avian blood samples stored in

capped glass capillary tubes were analyzed for total mer-

cury concentration, and then reanalyzed after being frozen

for up to 3 years. Mercury concentrations increased 6% on

average over the 3 year period, but time spent frozen

explained only 11% of the variation between measure-

ments. This small amount of change suggests that archived

blood samples remain useful for at least several years.

Keywords Avian blood � Temporal stability � Mercury �
Tissue storage

Many studies of mercury concentrations in vertebrate ani-

mals now make use of tissues that can be sampled non-

lethally, such as feathers, fur or blood. As researchers

continue to refine our knowledge of the effects of mercury

on wildlife, it is important to determine whether samples

that have been stored for extended periods are still useful.

Long holding times allow for samples to be archived for

later analysis prompted by new discoveries, funding, or

research questions.

The maximum length of time between sample collection

and mercury analysis that will result in an accurate measure

of mercury concentration is not well described in the lit-

erature. Most studies have focused on storage of fish tissues

(De Boer and Smedes 1997; Horvat and Byrne 1992;

Peterson et al. 2007) or samples that have already under-

gone some degree of processing (Devai et al. 2001; Parker

and Bloom 2005). Studies describing long-term storage of

mammalian (human) blood samples include only relatively

large samples (1–5 mL) (Horvat and Byrne 1992; Liang

et al. 2000; Spěváčková et al. 2004) which may differ from

the smaller samples typically collected from birds and

other wildlife species. Currently there are recommenda-

tions for the maximum length of time that fish tissues can

be stored before mercury analysis, ranging from 28 days to

4 years (Peterson et al. 2007; USEPA 1995) and we are

unaware of such published recommendations for other

birds or other wildlife.

Much research on mercury contamination in avian blood

has occurred on the South River in Virginia (e.g., Brasso

and Cristol 2008; Condon and Cristol 2009; Hallinger et al.

2010). However, there is no literature describing the effects

of holding time on mercury concentration in bird blood.

The objective of this study was to determine whether there

was any change in the mercury concentrations of avian

blood samples after various lengths of time in a -20�C

freezer for up to approximately 3 years.

Materials and Methods

Blood samples were collected from bird species at mer-

cury-contaminated sites located along the South River,

Augusta and Rockingham counties, Virginia, and reference

sites in the same watershed on the South, Middle or North
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Rivers during the spring and summer breeding seasons of

2005–2008 (map of study sites in Cristol et al. 2008).

Fourteen species were sampled: barn swallow (Hirundo

rustica), belted kingfisher (Ceryle alcyon), Carolina

chickadee (Poecile carolinensis), Carolina wren (Thryoth-

orus ludovicianus), eastern bluebird (Sialia sialis), eastern

phoebe (Sayornis phoebe), field sparrow (Spizella pusilla),

gray catbird (Dumetella carolinensis), great crested fly-

catcher (Myiarchus crinitus), house wren (Troglodytes

aedon), indigo bunting (Passerina cyanea), northern

rough-winged swallow (Stelgidopteryx serripennis), tree

swallow (Tachycineta bicolor), and tufted titmouse (Bae-

olophus bicolor). Blood (10–50 lL) was sampled from the

brachial (a.k.a. cutaneous ulnar) vein using a 26-guage

needle (Becton–Dickinson, Franklin Lakes, NJ) to make a

small opening through which blood was collected into

75 lL heparinzed micro-capillary tubes (Fisher Scientific,

Pittsburgh, PA) capped with critocaps (Oxford Labware,

St. Louis, MO). The capillary tubes were placed in sealed

10 mL vacutainers (Becton–Dickinson, Franklin Lakes,

NJ) to prevent breakage, and then in a zipping plastic bag

for storage at -20�C prior to analysis. The samples were

initially analyzed within a median of 72 days (range:

2–542 days) of sample date and duplicate samples

remained frozen for up to 1,140 additional days, at which

point they were reanalyzed using the same equipment that

was used for the initial measurement. Sample selection for

reanalysis was not based on anomalous first measurement

or sample volume; rather, samples were selected specifi-

cally for this study, randomly with the constraint of

availability of two samples from same bird and an upper

limit on number of samples with same number of years in

freezer. A total of 209 paired samples were analyzed: 62

samples within a year, 58 separated by 1–2 years, 69

separated by 2–3 years, and 20 samples[3 years apart. In

addition, when more than two tubes of blood were avail-

able from an individual bird, duplicate samples were run on

the same day for quality control. These duplicates provided

an estimate of the variation between replicates due to

variability in the bird’s blood stream, machine error and

other factors unrelated to frozen storage.

Samples were analyzed for total mercury at the College

of William and Mary between 2006 and 2010. We used

atomic absorption spectroscopy with a Milestone DMA-80

direct mercury analyzer (Shelton, CT, USA). The DMA-80

was calibrated using known standards according to

machine specifications approximately every 2 months

throughout the study period or more often when necessary

to keep standard reference material values within 5% of

certified values. A sample blank (no sample or container),

methods blank (empty container), duplicate, and two

samples of each standard reference material (DORM-3 and

Table 1 Quality assurance for mercury analyses within years

2007 2008 2009 2010 Total

Average method detection limit ± SD

(lg/g)

0.004 ± 0.002 0.005 ± 0.002 0.003 ± 0.001 0.004 ± 0.001 0.004 ± 0.002

Duplicate sample analysis

Number of pairs 64 108 21 5 198

Mean relative % diff. ± SD 3.3 ± 4.3% 2.7 ± 2.6% 3.7 ± 4.9% 3.0 ± 5.8% 3.0 ± 3.6%

Standard reference materials

DORM-3 bottle 1

Certified value (lg/g) 0.409 0.409 0.409 0.409

Number of replicates 152 551 218 921

Mean value ± SD 0.387 ± 0.005 0.408 ± 0.009 0.410 ± 0.023 0.405 ± 0.016

DORM-3 bottle 2

Certified value (lg/g) 0.382 0.382 0.382

Number of replicates 190 36 226

Mean value ± SD 0.390 ± 0.017 0.384 ± 0.015 0.389 ± 0.017

DOLT-3

Certified value (lg/g) 3.37 3.37 3.37 3.37

Number of replicates 152 552 218 922

Mean value ± SD 3.39 ± 0.08 3.32 ± 0.09 3.40 ± 0.11 3.35 ± 0.10

DOLT-4

Certified value (lg/g) 2.58 2.58 2.58

Number of replicates 190 36 226

Mean value ± 95% CI 2.57 ± 0.08 2.52 ± 0.03 2.56 ± 0.07
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DOLT-3 or DOLT-4) were run before and after every batch

of approximately 20 samples. Two separate capillary tubes

of blood from the same collection date of the same bird run

on the same day were considered duplicate samples.

Minimum detection limit was 0.002–0.009 lg/g over the

entire period of the study. Recovery of total mercury was

101.1 ± 3.7% for DORM-3 (bottle 1), 98.4 ± 4.2% for

DORM-3 (bottle 2), 100.6 ± 3.0% for DOLT-3, and

100.6 ± 2.6% for DOLT-4 (Table 1).

To detect any trend in mercury concentration over time

we used a linear regression. The intercept was forced

through zero because the average difference between any

two samples run on the same day should, in theory, be zero.

We also present data with the samples grouped by the

number of years between measurements using an ANOVA

to detect any differences in magnitude of the change in

concentration between years. In addition, in each year we

compared the proportion of samples that had a positive

change in mercury concentration to the proportion with a

negative change. We used a sign test to determine if the

proportions differed from the expected 50:50. All mercury

concentrations are presented as wet weight (lg/g) values.

Results and Discussion

Because we used samples from contaminated and reference

sites there was a wide range of mercury values repre-

sented: 0.04–8.39 lg/g. On average, mercury concentration

increased by 5.9 ± 14.8% (mean ± SD) between the first

and second measurement, regardless of number of years in

storage. The change in mercury concentration appeared to

increase with increasing time between measurements (i.e.,

significant slope, N = 209, F1,208 = 26.04, p \ 0.001,

Fig. 1); however time between measurements explains

only a small proportion of the variation in the change

between measurements (i.e., low R2 = 0.11). Duplicate

samples run on the same day differed by an average of

3.0 ± 3.6% (mean ± SD, Table 1), but this variance was

not in a particular direction, unlike the change due to

storage.

The magnitude of change in mercury concentration

appeared to differ depending on the number of years

between measurements (i.e., 0–1, 1–2, 2–3, [3 years;

N = 209, F3,205 = 2.77, p = 0.043), however, after using

Tukey’s adjustment for multiple comparisons, this trend

was not significant (Fig. 2). Over the course of the study,

significantly more samples increased in mercury value than

would be expected by chance (N = 147/209, p [ 0.001).

Long-term storage of blood samples resulted in a modest

increase in concentration of mercury in these samples, but

the increase remained under 10% after more than 3 years

of storage and was not highly dependent on duration of

storage. This apparent increase of mercury in the samples

more likely represents a loss of water weight, as the mer-

cury concentrations were measured using the wet weight of

the blood. Additionally, the increase in mercury concen-

tration may not have been consistent over time. Grouping

the samples by number of years stored did not reveal a

continuing increase in mercury concentration. In fact, there

was no significant difference between any of the year

groupings. It may be that water was lost relatively rapidly

from the blood near the ends of the capillary tubes in which

the samples were stored, but blood in the middle of the

capillary tube was then protected from further evaporation.

Reanalyzing samples again after an even longer period of

storage (5–10 years) will reveal whether further evapora-

tion occurs over longer time scales. It is important to note

Fig. 1 The % change in

mercury between duplicate

samples plotted against time

between analyses (days in

freezer). The solid line
represents the linear regression.

The dotted lines are the 95%

C.I. of the regression line
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that samples had already been frozen for typically

2–3 months before the initial analysis, so the difference in

mercury concentrations between first and second mea-

surements was not the result of water loss upon freezing.

Regardless of the mechanism, the mercury concentra-

tion of these small-volume (10–60 lL) blood samples

remained relatively stable over time. Samples exhibited an

average increase in mercury concentration of only 6% after

multiple years in a standard household freezer, which may

be an acceptable level of error for many studies. If this

amount of change is deemed unacceptable for a particular

study, freeze drying the samples prior to analysis would

eliminate the problem, if the increase is indeed caused by

evaporation from the sample as we hypothesize. However,

freeze drying of some tissues, including blood, has been

shown to result in losses of mercury compounds of 5% or

more (LaFleur 1973; Horvat and Byrne 1992). Storage time

explained little of the variation between samples, and

samples stored for [3 years were within 10% of original

concentrations. Thus, we recommend that researchers

regularly archive samples of bird blood for future study,

and occasionally check stability of their mercury samples

as demonstrated here.
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Much of the research on sublethal, adverse effects of
mercury (Hg) has focused on impairment of neurological
function and reproduction in fish and fish-eating vertebrates.
Here we examined the associations between Hg and endocrine
function (adrenocortical responses and plasma thyroid
hormone concentrations) of insectivorous tree swallow nestlings
adjacent to a Hg-contaminated river and nearby reference
rivers in Virginia. Nestlings from the contaminated sites had blood
Hg concentrations that exceeded those from the reference
sites by more than an order of magnitude (354 ( 22 vs 17 (
1 ppb wet weight). A regression of age and Hg concentrations
suggested dietary Hg at the contaminated sites exceeded
the nestlings’ capacity to eliminate Hg through deposition into
growing feathers. Although blood Hg concentrations among
nestlingsat thecontaminatedsiteswere lower thanthosetypically
associated with abnormal behavior or altered physiology in
young birds, adrenocortical responses, plasma triiodothyronine,
and thyroxin concentrations were suppressed, relative to
reference levels, by the end of the nestling period. These results
suggest that (1) Hg may disrupt endocrine systems of terrestrial
avian young and (2) adverse effects of Hg on endocrine
systems may be most evident once endocrine axes are fully
developed.

Introduction
Mercury (Hg) is one of the most widespread pollutants
threatening the health of both humans and wildlife globally
(1). Until recently, research on Hg pollution has primarily
focused on aquatic environments including fish and fish-
eating vertebrates (2). However, studies now indicate that
high levels of Hg can be found even in insectivorous songbirds
in forest habitats (3, 4). Most research on adverse effects of

Hg has focused on impacts to the nervous system and
reproduction (5). Although direct empirical data are limited,
some studies suggest Hg can also disrupt endocrine systems
in laboratory mice (6, 7), such as the thyroid and adreno-
cortical hormonal axes, that are important for metabolism,
development, and thermoregulation.

Similar to other pollutants, Hg may act as an environ-
mental stressor to organisms. When animals perceive a
stressor, they often secrete glucocorticoids (cortisol and
corticosterone) from their adrenals. This response redirects
energy and behavior from processes accessory to life (e.g.,
reproduction) to those necessary for survival (8). Thus, the
relative reactivity of the hypothalamic-pituitary-adrenal
(HPA) axis (i.e., adrenocortical reactivity) has been used to
assess impacts of environmental stressors such as unpre-
dictable weather, human disturbance, and pollution on
animals (9). Laboratory studies on fish indicate Hg exposure
can alter HPA axis reactivity depending on exposure condi-
tions (10-12). Although young are generally more sensitive
to Hg than adults (1), little is known about the effects of Hg
on the HPA axis during early developmental stages.

Mercury may also disrupt the hypothalamic-pituitary-
thyroid (HPT) axis. Thyroid hormones play critical roles in
metabolism and normal development of the nervous system
and in thermoregulation (13, 14). Two forms of thyroid
hormones, triiodothyronine (T3) and thyroxine (T4) are stored
and released from the thyroid glands. Triiodothyronine is
the more potent form and most T4 is converted to T3 in
peripheral tissues by deiodinases. Some evidence suggests
Hg can affect secretion and/or deiodination of thyroid
hormones in mice and humans (6, 7, 15). In addition, dietary
intake of Hg delayed tail resorption during amphibian
metamorphosis (16), a process mediated by thyroid hor-
mones. Although adverse effects of Hg on the HPT axis have
not been studied in birds, it is possible that some develop-
mental and behavioral abnormalities seen in avian young
after Hg exposure (17) are due to disrupted thyroid hormone
levels.

To explore the potential relationships between Hg ex-
posure and both adrenal and thyroid function during
development, we sampled nestling tree swallows (Tachycineta
bicolor) along the Hg-contaminated South River near Waynes-
boro, VA. During the 1930s and 1940s, Hg, in the form of
mercuric sulfate, entered the river from an industrial plant
in Waynesboro. For a comparison, additional nestlings were
sampled upstream from the contamination source and from
two nearby rivers where the only known source of Hg is
atmospheric deposition. At both sites, we subjected swallow
nestlings to a standardized handling stress protocol to assess
adrenocortical reactivity (18) and plasma T3 and T4 con-
centrations, using the hormone concentrations to assess the
functionality of the two endocrine axes. Because adreno-
cortical responses and thyroid hormone levels change
through early development, we measured these responses
during early, middle, and late stages of the nestling period.
We hypothesized that (1) adrenocortical responses, T3, and
T4 would increase with increasing age, and (2) both adrenal
and thyroid functions would be suppressed in the contami-
nated sites compared to the reference sites.

Materials and Methods
Study species and site. The tree swallow is a migratory,
altricial passerine. During the nestling period, adult tree
swallows forage mostly within 100-200 m of their nest and
feed aerial insects to the young, including Diptera and
Hemiptera (19). Tree swallow nestlings sampled in our study
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occupied nest boxes in Hg-contaminated and reference sites
along the South, Middle, and North Rivers in Virginia
(Supporting Information (SI) Figure S1). These nest boxes
have been monitored since establishment in 2005 and were
located within 200 m of the South River shoreline. Nests
along the South River downstream from the point source of
Hg contamination were designated as contaminated. Those
along the portion of the South River upstream from the
contamination source, and on the nearby Middle and North
Rivers, were pooled to collectively form our reference nests
because nestling blood Hg concentrations were low and
equivalent among the sites. A recent analysis of surface water
and sediment at the South River and the reference sites
confirmed that Hg was the primary contaminant at the South
River and that organochlorine pesticides, polycyclic aromatic
hydrocarbons, and other trace metals, such as cadmium,
copper, chromium, lead, selenium, and zinc, were generally
low (20). To examine how age might interact with Hg, the
∼20-day nestling period was divided into three sample age
classes: early (days 3-6, period of eye opening), middle (days
7-12, period of most rapid mass gain 21, 22), and late (days
13-17, when mass plateaus prior to fledging). Nestling age
was estimated through a combination of observing hatching
during routine nest monitoring and a comparison of physical
characteristics to known-aged nestlings. Within each site,
nests were selected for sampling during one of the three age
classes based on availability and timing. In order to avoid
possible habituation to handling, nestlings were sampled
only once. We sampled 10-13 nests of each age class at both
contaminated and reference sites (N ) 72 nests).

Sample Collection. In May-June 2007, nestlings in each
nest were divided into three groups; one nestling was used
to assess the adrenocortical response, one nestling for blood
Hg concentration, and the remaining 2-3 nestlings for
analysis of thyroid hormones. Runts (i.e., individuals falling
outside of the usual size distribution) were excluded so that
each nestling used was representative of the developmental
stage and body condition of the majority of nestmates. The
small body size of nestlings precluded measurements of Hg
and hormone levels on blood from the same individual. Since
interindividual variation in blood Hg is generally low within
nests (23-25), the Hg concentration of blood from one
nestling was considered to represent Hg exposure of nest
mates. To investigate the magnitude of adrenocortical
responses in tree swallow nestlings, we used the standardized
capture and handling protocol described by Wingfield (18).
Briefly, baseline blood samples were collected within three
minutes of opening the nest box. The nestling was then placed
in an opaque cloth bag. After 30 min of total handling time
(i.e., from the time the nest box was opened), a second sample
was collected to measure stress-induced levels of corticos-
terone. Blood samples for Hg and thyroid hormone analysis
were collected within one hour of disturbing a nest box. Body
mass and lengths of tarsus and third primary feather (P3)
were measured before nestlings were returned to their nest.

Blood samples for all analyses were collected with
heparinized capillary tubes after puncturing the alar vein
with a 26-gauge needle. Nestlings were captured between
∼6:15am and ∼2:00 pm and blood samples were stored on
ice for less than ∼10 h before processing. Blood samples for
corticosterone and thyroid hormones were centrifuged at
12 000 rpm (15 300 g) at room temperature for eight minutes.
Plasma was then collected and frozen at-25 °C before being
transferred to -80 °C until assayed. Blood samples for Hg
analysis were not centrifuged but were frozen in capillary
tubes and stored at -25 °C until assayed.

Corticosterone Assay. Plasma corticosterone levels were
measured using enzyme immunoassay kits (Cat No. 901-
097, Assay Designs). The assay was optimized for tree swallow
nestling plasma using a technique described in Wada et al.

(26). The results from the optimization procedure indicated
the optimal conditions to be a 1:20 dilution with 3% steroid
displacement buffer for tree swallow nestling plasma.

For the assays, each 96-well plate had a standard curve
ranging from 15.63 to 2000 pg/mL with standards assayed
in triplicate. In addition, it contained a 500 pg/mL standard
in triplicate to obtain interplate variability and bird plasma
samples in duplicate. The detection limit of the assay was 9.1
pg/well (1.81 ng/mL). Samples were haphazardly distributed
across and within plates. The detection limit of the plate was
used when samples fell under the limit, which occurred in
7 out of 144 samples. Intra- and interassay variation was
calculated as the average coefficient of variation across all
samples within each plate and of 500 pg/mL standards across
plates, respectively. Intra- and interassay variation was 7.93
and 6.45%, respectively.

Thyroid Hormone Assay. Plasma T4 and T3 concentra-
tions were measured using radio-immunoassay following
the protocol described in McNabb and Hughes (27). The
assays were first validated using pooled tree swallow nestling
plasma from other nestlings in the same sites. All samples
were haphazardly distributed and analyzed within a single
assay each for T4 and T3. Detection limits of the assays for
T4 and T3 were 1.25 and 0.125 ng/mL, respectively. None of
the samples fell below the detection limit. However in one
sample, no precipitate formed so it was excluded from further
analysis. Intra-assay variations calculated as the average
coefficient of variation across all samples for T4 and T3 were
7.88 and 11.48%, respectively.

Mercury Analysis. Measurement of total Hg was used as
a proxy for the highly bioavailable methylmercury (MeHg),
based on the assumption that nearly all mercury in avian
blood is MeHg. To validate this assumption we determined
the proportion of total Hg that was MeHg in 15 tree swallow
blood samples collected from the same study sites. Meth-
ylmercury was analyzed by Quicksilver Scientific (Lafayette,
CO) using acidic thiourea leaching and mercury-thiourea
liquid chromatography coupled to cold vapor atomic fluo-
rescence spectrometry (HgTu/LCCVAFS), which separates
monomethyl (CH3Hg+) from mercuric (HgII) mercury by
the charges on their respective thiourea complexes; online
cold-vapor generation follows separation with an absolute
instrument detection limit of 0.40 pg for CH3Hg+.

Nestling blood mercury concentrations were analyzed for
total mercury using a DMA 80 direct mercury analyzer
(Milestone, Inc.) at the College of William and Mary. Every
20 samples included two samples of each standard reference
material (DORM-2/DORM-3 and DOLT-3), a method blank,
a sample blank, and a sample replicate (i.e., second capillary
tube from the same bird). Mean percent recoveries of the
standard reference materials were 93.2 ( 1.4% (DORM-3),
and 97.1 ( 1.5% (DOLT-3). Percent difference between the
duplicate samples was 1.5(1.1% (n)10 samples). Detection
limit of the assay was 2.6 ppb. We present blood mercury
concentrations as ppb wet weight (ww).

Data Analysis. Statistical analyses were performed using
SPSS 15.0 and SAS 9.1. The effect of site type on blood Hg
concentrations in nestlings was analyzed using ANCOVA with
age as a covariate. Blood Hg concentrations were log-
transformed prior to analysis. The effects of site type on body
mass and lengths of tarsus and P3 were analyzed using a
nonparametric Wilcoxon test, blocked by three age classes.
In our statistical analyses of hormone levels, blood Hg could
not be treated as a continuous variable (e.g., regression
analysis) because blood Hg concentrations were separated
by an order of magnitude between the two types of sites,
with no overlap (see Figure 1b). Therefore, we treated
contaminated or reference sites as a categorical variable in
all subsequent analyses of hormones. Because hormone levels
fluctuate over the course of a day, we included time of day

6032 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 43, NO. 15, 2009

D
ow

nl
oa

de
d 

by
 V

IR
G

IN
IA

 T
E

C
H

 o
n 

Se
pt

em
be

r 
11

, 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

ul
y 

1,
 2

00
9 

| d
oi

: 1
0.

10
21

/e
s8

03
70

7f



as a covariate in the initial ANCOVA models for adrenocortical
responses and thyroid hormones. When time of day was not
significant (p > 0.15) it was removed from the analysis and
ANOVA was employed. The effects of age and site type on
adrenocortical responses (log-transformed) were determined
using two-way repeated-measures ANOVA, followed by Tukey
HSD. Due to unequal variances, effects of age and site type
on plasma T4 levels were analyzed using a mixed model
approach to ANCOVA (SAS PROC MIXED) while two-way
ANCOVA was used for T3 levels (log-transformed). Data are
presented as mean (1 SE.

Results
Blood Mercury Concentrations and Body Measures.
Average total blood mercury concentrations in swallow
nestlings from our reference sites were 17.32 ( 1.20 ppb,
which is similar to or lower than those found in other North
American bird samples without known Hg point sources
(24, 25, 28). Because MeHg constituted 95.4 ( 2.6% of total
Hg in swallow blood samples from the study sites, total Hg
provides a good approximation of MeHg. Tree swallow
nestlings from contaminated sites had mean total blood Hg
concentrations that were 20 times higher than nestlings from

reference sites (site: F ) 174.64, p < 0.001, Figure 1a and b).
Blood Hg concentrations decreased with increasing age of
nestlings, although the strength of the relationship depended
on site type (age: F) 39.40, p < 0.001, Figure 1b). A significant
site-by-age interaction indicated that blood Hg concentra-
tions declined more rapidly with age in reference nestlings
than in contaminated nestlings (site × age: F ) 6.81, p )
0.011). Mass, tarsus, and P3 lengths of nestlings in the three
age classes did not differ between the two types of sites (mass:
X2 ) 0.82, p ) 0.365; tarsus: X2 ) 2.13, p ) 0.145; P3: X2 )
1.93, p ) 0.165).

Adrenocortical Responses in Tree Swallow Nestlings.
Baseline corticosterone concentrations fell within a narrow
range, except for late-stage nestlings at the contaminated
sites, which had baseline corticosterone concentrations twice
as high as all other groups (Figure 2a). Thirty minutes of
restraint elicited a significant elevation in plasma corticos-
terone in all age classes (restraint: F ) 224.71, p < 0.001), and
these adrenocortical responses to handling and restraint
increased with age (age: F ) 7.29, p ) 0.001; restraint*age:
F ) 7.14, p ) 0.002). Posthoc comparisons indicated that
adrenocortical responses elicited by restraint in early stage
nestlings were significantly lower than responses in the late-

FIGURE 1. Blood Hg concentrations (ppb ww) in tree swallow (Tachycineta bicolor) nestlings from reference and Hg-contaminated
sites in Virginia. Panel a depicts mean blood Hg concentrations (ppb ww) (1 SE in reference and contaminated (mercury) sites.
Panel b depicts a correlation between nestlings’ age and log blood Hg concentrations. Open and filled circles represent reference
and contaminated sites, respectively.
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stage nestlings (Figure 2a). Plasma corticosterone levels also
differed based on site type, however, these differences were
dependent on nestling age and restraint (restraint × site ×
age: F ) 5.49, p ) 0.006). The difference between reference
and contaminated birds was most apparent in late-stage
nestlings, as those from the contaminated sites had 103%
higher baseline and 27% lower stress-induced levels com-
pared to late-stage nestlings from the reference sites. Fold-
increase in corticosterone is shown to illustrate the three-
way interaction (Figure 2b).

Thyroxine and Triiodothyronine in Tree Swallow Nest-
lings. Plasma T4 concentrations differed by site but the
difference depended on nestling age and the time of day that
sample was taken (site: F ) 0.88, p ) 0.354; time of day: F
) 15.41, p < 0.001; site*age: F ) 3.32, p ) 0.049; time of
day*site*age: F ) 3.87, p ) 0.033; Figure 3a). Specifically,
plasma T4 levels were similar between contaminated and
reference site in days 3-12 nestlings, but were depressed in
the contaminated sites in the late age class. In addition, T4
levels were highest in the morning and gradually declined
over the course of the sampling day (from 6:27 a.m. to 2:16
p.m.). We also found an ontogenetic increase in T4 after

days 3-6 (age: F ) 11.66, p < ) 0.001; time of day × age: F
) 5.24, p ) 0.012).

Plasma T3 concentrations showed the opposite diurnal
pattern to T4, increasing over the course of the sampling day
(time of day: F ) 3.96, p ) 0.051, power ) 0.50). Unlike T4,
we did not detect an ontogenetic increase in T3 with age
(age: F ) 2.59, p ) 0.083, power ) 0.50). Mean plasma T3
levels in the three age classes were consistently 15-40% lower
in the contaminated sites than the reference sites (site: F )
8.60, p ) 0.005; age × site: F ) 1.04, p ) 0.36, power ) 0.22,
Figure 3b).

Discussion
To our knowledge, this is the first study to suggest disruption
of multiple endocrine functions by Hg in wild animals. Tree
swallow nestlings from the contaminated sites had blood Hg
concentrations that exceeded those from the reference sites
by more than an order of magnitude. Compared to the
reference sites, adrenocortical responses, plasma T3, and T4
concentrations were altered in the contaminated sites. Site
differences in adrenocortical responses were complex.

FIGURE 2. Adrenocortical responses were measured from tree swallow (Tachycineta bicolor) nestlings in reference (ref) and
Hg-contaminated (mercury) sites in Virginia. (a) The baseline sample was collected within 3 min of capture to represent a baseline
corticosterone level. Nestlings were then held in opaque cloth bags for 30 min and the stress-induced sample was collected. The
figure represents mean plasma corticosterone levels (ng/mL) (1 SE in days 3-6, 7-12, and 13-17 nestlings. Open and filled bars
represent baseline and stress-induced levels of corticosterone, respectively. (b) Fold-increase in corticosterone following handling
stress was calculated as stress-induced divided by baseline corticosterone levels. The figure represents mean fold-increase (1 SE
n ) 12 each.
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Whereas younger birds in the contaminated sites displayed
adrenocortical responses that were nearly twice that of birds
from the reference sites, late-stage nestlings (13-17 days
old) exhibited pronounced depression of adrenocortical
responsiveness at the contaminated sites (Figure 2b). In
addition, both plasma T4 and T3 concentrations were lower
in the contaminated sites. The site differences in both thyroid
hormone levels were most evident in late-stage nestlings.
Although we could not examine the relationship between
individual blood Hg and hormone concentrations due to the
bimodal distribution of Hg concentrations, we propose that
the suppression of the HPA and HPT function were due to
Hg exposure.

Blood Mercury Concentrations. Birds eliminate a sig-
nificant portion of their body burden of Hg through deposi-
tion into growing feathers, eggs, and feces (29-32). During
nestling and fledgling periods, blood Hg concentrations
typically decrease as Hg is deposited into growing feathers
(30-32). Mercury excreted through growing feathers can
account for 27% of ingested Hg (31) and 26-86% of the total
body Hg pool (25, 30), indicating deposition of Hg into
feathers is an important elimination route for nestlings.
However, if Hg intake through diet continues after feathers
stop growing or exceeds the rate of elimination to feathers,
Hg in blood will rise (29-31). As in previous studies, nestling
swallows in our study decreased blood Hg concentrations as
they aged, suggesting Hg was being eliminated into feathers.

However, the negative slope of the relationship between age
and blood Hg concentrations was significantly steeper in
nestlings from the reference sites, suggesting that dietary
intake in contaminated sites offset much of the Hg eliminated
into growing feathers. As a result, significant accumulation
of Hg in target tissues (e.g., brain, liver, and kidney) probably
occurred, especially in late-stage nestlings.

Blood Hg concentrations documented at our contami-
nated study sites were lower than concentrations associated
with abnormal behavior or compromised immune function
in young birds. Blood Hg concentrations of 1000-2000 ppb
ww were not associated with altered immune function,
fledging age, or survival in chicks of great egrets, Ardea albus,
or ospreys, Pandion haliaetus (25, 33). Similarly, laboratory
dosing studies with 100-1500 ppb diet ww, resulting in blood
Hg concentrations of 200-3300 ppb ww, did not affect
growth, cell-mediated immune response, behavior, or sur-
vival in loons (G. immer) (30). On the other hand, daily
administrations of 400 or 500 ppb diet resulted in blood Hg
concentrations of 2000 and 12 000 ppb ww, respectively, and
caused reduced food intake and lower antibody production
in response to sheep red blood cell (G. immer and A. albus)
(31, 34). Although these studies indicate that effects of Hg
may be species-dependent, blood Hg concentrations ob-
served in our study were well below the suggested threshold
for sublethal, adverse effects of Hg in birds (e.g., 400 ppb ww;
preliminary lowest observable adverse effect level in loon

FIGURE 3. Plasma thyroid hormone concentrations were collected from tree swallow (Tachycineta bicolor) nestlings in reference
(ref) and Hg-contaminated (mercury) sites in Virginia. Figure (a) depicts marginal means of plasma T4 concentrations (ng/mL) (1 SE
in days 3-6, 7-12, and 13-17 nestlings, accounting for the effect of the covariate (time of day). Figure (b) depicts mean plasma T3
concentrations (ng/mL) (1 SE n ) 10, 10, 11, 12, 13, 12 for T4 and 10, 10, 12, 12, 13, 12 for T3.
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chicks, G. immer 2).Using a previous analysis of Hg in the
diet of nestlings at our contaminated sites, we estimated the
total Hg ingested during the nestling period and compared
that cumulative exposure to controlled dosing studies of other
species. Adult tree swallows at this study site fed insects that
contained on average 970 ppb dry weight (dw) or 330 ppb
ww of Hg to their young (35) (Brasso, personal communica-
tion). Since feeding rates do not change with age of the
nestlings or brood size in this species (36), we estimated
total prey delivered/nestling/day and Hg ingested/body
weight. For a brood of six, each nestling received ap-
proximately 1004 mg dw prey/day, 974 ppb Hg dw/day, or
344 ppb Hg ww/day (35-37). This means that day-5, -10,
and -15 nestlings at the contaminated sites have ingested
approximately 1.72, 3.44, and 5.16 µg Hg ww, or 235, 179,
and 238 µg Hg/kg body weight, respectively. In comparison,
nestlings at the reference sites had ingested 0.07, 0.15, and
0.22 µg Hg, or 10, 8, and 10 µg Hg/kg body weight at the same
time intervals. The cumulative Hg exposure in birds from
the contaminated sites is well below that associated with
decreased packed cell volume (2300 µg Hg/kg body weight)
and food intake (6,400 µg Hg/kg body weight) in piscivorous
great egret nestlings (29, 34). Additionally, Hg in the nestling
diet at the contaminated sites (330 ppb ww) is below that
causing reduced antibody production (400 ppb (38)) and
paralysis (5000 ppb (39)) in birds.

Adrenocortical Responses. Differences between swallows
from reference and contaminated sites in plasma corticos-
terone profiles depended on the age of nestlings; adreno-
cortical responses appeared to be enhanced in contaminated
sites in earlier nestling stages, while they were clearly
suppressed in the latest stage. This suggests that the duration
of Hg exposure and/or nestling age played a role in
determining its effect. Similar patterns of enhanced adreno-
cortical responses followed by suppression have been
documented in Hg-exposed fish. For instance, in juvenile
rainbow trout (Oncorhynchus mykiss), acute exposure to
dissolved inorganic or organic Hg elevated plasma cortisol
levels within 4 h of exposure, but these returned to baseline
by 7 days postexposure (10). In contrast, chronic exposure
(e.g., 90-180 days) to Hg impaired aspects of the HPA (HPI;
hypothalamic-pituitary-interrenal in fish) axis, including
reduced plasma cortisol levels as well as enlarged pituitary
adrenocorticotropic hormone (ACTH) cells, suggesting an
increase in ACTH secretion (11, 12).

Cumulative mercury exposure over time may affect the
HPA axis in several ways. First, Hg may modify glucocorticoid
levels as a result of altered body condition. Body burden of
Hg is often negatively correlated with measures of condition
(heart mass, fat mass) (40, 41) and poor condition can lead
to a rise in glucocorticoid levels in birds (42-45). However,
this is unlikely the case in our study because body mass in
late-stage nestlings did not differ between sites. Another
possibility is that Hg accumulation may surpass a “threshold”
of toxicity, altering the HPA axis at the hypothalamus,
pituitary, and/or adrenal level. Alternatively, it is possible
that suppressive effects of Hg on the HPA axis do not appear
until nestlings’ adrenocortical responses are fully developed
late in the nestling period.

Plasma Thyroid Hormones. Altered thyroid hormone
concentrations at the Hg contaminated sites suggest that
thyroid hormone production and/or deiodinase activity levels
were affected by Hg. Decreased T4 concentrations suggest
that thyroid production and/or secretion were low, especially
in the late-stage nestlings. Suppressed T3 concentrations
could be attributable to reduced T4 production and/or
secretion, but the reduction in T3 was more evident than T4
suggesting that other disruptions may also be important.
Specifically, the results suggest that 5′-deiodinase activity
levels may have been altered in the Hg contaminated sites.

Two possibilities are most likely: (1) swallows exposed to Hg
could have suppressed liver/kidney 5′-DI which converts T4
to T3, and/or (2) enhanced liver/kidney 5-DI, which converts
T3 into inactive T2. Similar relationships between Hg and T3
were found after chronic exposure to Hg in adult humans.
Ellingsen et al. (15) reported that chloralkali workers exposed
to Hg vapors had elevated plasma rT3 levels, suggesting
heightened 5-DI activity. On the other hand, liver 5′-DI and
plasma T4 (T3 was not measured) appear to be unaffected
by 10-day prenatal MeHg treatment in mice, although the
methods used were not adequate to determine if there were
shifts in T3 and rT3 production (7). Effects of Hg on thyroid
function have received little attention, and more studies are
needed to examine the effects of Hg on thyroid hormone
physiology, particularly during periods when thyroid hor-
mones play pivotal roles in life history events (e.g., transition
to homeothermy in birds, metamorphosis in amphibians).

The largest difference in thyroid hormone concentrations
between sites was observed in the late-stage nestlings. This
also suggests that either duration of Hg exposure and/or age
of the nestlings influenced the relationships between Hg and
the HPT axis. Similar duration-dependent effects of aqueous
Hg have been observed in other vertebrates. In rainbow trout,
acute exposure to MeHg (4 h) caused elevations of T3 that
returned to baseline level within 72 h postexposure (10). In
contrast, 10-day treatment of HgCl2 decreased both plasma
T3 and T4 in mice (46). Because it is difficult to compare
diverse species, routes of exposure, and forms of Hg, studies
examining the effects of Hg on aspects of the HPA and HPT
axes (e.g., corticosteroid and thyroid hormone receptor and
deiodinase activity levels) are needed to understand the
influence of exposure duration and/or age of the young.

Early disruption of endocrine axes can have irreversible
effects on birds and other vertebrates. Perinatal alteration of
glucocorticoid levels, for instance, permanently modifies how
individuals respond to stressful events later in life (47).
Similarly, hypothyroidism during the pre- and postnatal
periods can lead to underdevelopment of the brain, resulting
in abnormal behavior, learning abilities, and memory (13).
Early exposure to Hg may permanently alter HPA and HPT
axes, thus reducing the probability of survival later in life.
Further research is needed to investigate the direct causal
relationship between Hg and endocrine disruption and the
latent effects of pre- and postnatal endocrine disruption by
Hg in vertebrates.
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Arch. Environ. Contam. Toxicol. 1998, 35 (2), 330–341.

(26) Wada, H.; Hahn, T. P.; Breuner, C. W. Development of stress
reactivity in white-crowned sparrow nestlings: Total corticos-
terone response increases with age, while free corticosterone
response remains low. Gen. Comp. Endrocrinol. 2007, 150 (3),
405–413.

(27) McNabb, F. M. A.; Hughes, T. E. The role of serum binding-
proteins in determining free thyroid-hormone concentrations
during development in quail. Endocrinology 1983, 113 (3), 957–
963.

(28) Evers, D. C.; Kaplan, J. D.; Meyer, M. W.; Reaman, P. S.; Braselton,
W. E.; Major, A.; Burgess, N.; Scheuhammer, A. M. Geographic
trend in mercury measured in common loon feathers and blood.
Environ. Toxicol. Chem. 1998, 17 (2), 173–183.

(29) Spalding, M. G.; Frederick, P. C.; McGill, H. C.; Bouton, S. N.;
McDowell, L. R. Methylmercury accumulation in tissues and its
effects on growth and appetite in captive great egrets. J Wildl
Dis 2000, 36 (3), 411–422.

(30) Kenow, K. P.; Gutreuter, S.; Hines, R. K.; Meyer, M. W.; Fournier,
F.; Karasov, W. H. Effects of methyl mercury exposure on the
growth of juvenile common loons. Ecotoxicology 2003, 12 (1),
171–181.

(31) Kenow, K. P.; Meyer, M. W.; Hines, R. K.; Karasov, W. H.
Distribution and accumulation of mercury in tissues of captive-
reared common loon (Gavia immer) chicks. Environ. Toxicol.
Chem. 2007, 26 (5), 1047–1055.

(32) Condon, A. M.; Cristol, D. A. Feather growth influences blood
mercury level of young songbirds. Environ. Toxicol. Chem. 2009,
28 (2), 395–401.
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Abstract Much of the research on mercury (Hg) in wild

vertebrates has focused on piscivores and other animals at

high trophic levels. However, recent studies indicated that

insectivorous terrestrial vertebrates may also be at risk. In

the present study, we examined blood and fur Hg con-

centrations as well as the adrenocortical responses of

insectivorous big brown bats (Eptesicus fuscus) near the

Hg-contaminated South River, VA and a nearby reference

area. Baseline glucocorticoids and adrenocortical respon-

ses to handling have been widely used to assess the

influence of environmental stressors because plasma glu-

cocorticoids rise in response to various physical, psycho-

logical, and physiological challenges. Female bats

captured at the contaminated site had 2.6 times higher

blood and fur Hg concentrations than those captured at the

reference site (blood: 0.11 vs. 0.04 lg/g wet weight; fur:

28.0 vs. 10.9 lg/g fresh weight). Fur Hg concentrations

at the contaminated site were higher than most wild

omnivorous and carnivorous mammals reported in the

literature. Although fur and blood Hg concentrations were

tightly correlated, fur Hg concentrations averaged 260

times higher than concentrations in blood. This suggests

that fur may be an important depuration route for bats, just

as it is in other mammals. Despite the high Hg concen-

trations in bat tissue, we did not observe any site differ-

ence in adrenocortical responses. Our results suggest that

the bats at the contaminated site were exposed to Hg

concentrations below those causing adverse effects on

their adrenal axis.

Keywords Mercury � Cortisol � Fur:blood ratio �
Insectivore � Eptesicus fuscus

Introduction

Mercury (Hg) is a heavy metal that acts as a neurotoxicant

impairing motor functions as well as reproductive systems

(Eisler 2006). It biomagnifies as it moves up the food

chain, posing significant health risks to high trophic level

organisms, especially piscivorous species (Scheuhammer

et al. 2007; Wolfe et al. 2007). However, recent studies

suggest that the risk of Hg exposure can extend to inver-

tivorous species. This may be particularly true for certain

predators such as spiders, amphibians, birds, and bats

inhabiting forested habitats that have received Hg from

nearby aquatic systems or by high levels of atmospheric

deposition (Bergeron et al. 2010a, b; Clark and Shore

2001; Cristol et al. 2008; Rimmer et al. 2005; Wada et al.

2009).

Adverse effects of Hg on invertivores have recently

been observed along the Hg-contaminated South River,

VA, USA. A portion of the river near Waynesboro, VA,

was polluted by use of mercury sulfate in a nearby factory
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more than 50 years ago (Carter 1977). Yet persistent Hg

exposure continues to have sublethal, adverse effects on

organisms in the area today. For example, American toads

(Bufo americanus), a species that feeds on insects in the

South River floodplain, maternally transfer Hg to their

offspring, and tissue Hg concentrations of females are

negatively correlated with offspring hatching success

(Bergeron et al. 2010a, b; Bergeron et al., unpublished).

Contrary to conventional perception, Hg concentrations in

avian invertivores can equal (Cristol et al. 2008) or exceed

(Evers et al. 2005) those of piscivores. Consequently, tree

swallow nestlings at the South River contaminated sites

show altered plasma corticosterone and thyroid hormone

concentrations that are important for development,

metabolism, and coping with stress (Wada et al. 2009).

Interestingly, mercury concentrations in these studies were

lower than levels associated with physiological effects in

previous studies for avian piscivores (Kenow et al. 2007;

Scheuhammer et al. 2007; Spalding et al. 2000). Thus,

there is a clear need for additional studies on physiological

effects of Hg on non-piscivorous species.

To determine if adverse effects of Hg on invertivorous

wildlife extends to mammals, we sampled big brown bats

(Eptesicus fuscus) at a reference and contaminated site near

the South River. Many bats, including big brown bats, may

be exposed to pesticides and heavy metal pollution by

consuming insects from contaminated rivers and fields

(Kurta 1999; Linzey 1998). However, little is known about

the effects of Hg in bats. There are advantages to using

some bat species for contaminant studies (Hickey and

Fenton 1996; Kurta 1999) because they (1) have a long

lifespan (9–23 years, Kunz and Fenton 2003), (2) live in

close proximity to humans and industrial areas, (3) con-

sume 40–100% of their body mass each night, and (4) often

forage in areas (e.g., over streams) where emerging aquatic

insects may provide contaminant subsidies to terrestrial

consumers (Baxter et al. 2005; Hickey and Fenton 1996;

Kurta 1999; Nakano and Murakami 2001; Walters et al.

2008). We quantified bats’ tissue Hg concentrations and

cortisol responses to standardized capture and handling

protocol (Wingfield 1994). One of the first signs of distress

in animals is a rise in plasma glucocorticoids (cortisol and

corticosterone). Thus, baseline glucocorticoids and adre-

nocortical responses to handling have been widely used to

assess the influence of environmental stressors such as

weather, human disturbance, and pollution on animals

(Hopkins et al. 1997; Romero and Wikelski 2001; Walker

et al. 2005). Based on recent findings with swallows

exposed to Hg (Franceschini et al. 2009; Wada et al. 2009),

we hypothesized that female bats along the Hg-contami-

nated South River, VA, would have higher baseline cortisol

and/or suppressed adrenocortical responses compared to

individuals at a nearby reference site.

Materials and method

Study species and site

Big brown bats are found throughout the United States,

Mexico, and parts of Canada (Kurta 1999; Linzey 1998).

These 14–21 g bats consume insects weighing 10% or

more of their body mass per hour (Kurta 1999). During

lactation, female bats can consume approximately 100% of

their body weight per night. Big brown bats of Virginia can

mate in autumn and spring and migrate short distances to

buildings or caves where they hibernate (Linzey 1998).

Despite mating in autumn, fertilization does not occur until

spring and females give birth to one to two young in June.

Big brown bats also undergo molt in early summer (Phil-

lips 1966). After mating, pregnant females congregate to

form maternal colonies where they roost together in barns,

bridges, and other crevices.

Adult post-lactating female big brown bats were cap-

tured in August, 2007 from a barn 29.0 km downstream of

the Hg-contamination source near the South River, VA,

(designated as the contaminated site) and a barn 9.1 km

upstream of the contamination source in Waynesboro, VA

(reference site), also near the South River, VA. The barn in

the contaminated site was 1.0 km from the river and the

barn of the reference site was 7.3 km from the river. Both

barns were near residential areas, cow pastures, and corn

fields. The roosting sites of maternal colonies were either

known previously or located by radio-tracking females

caught in mist nets on the South River.

Tissue sampling

Female bats were captured from roosts using a harp trap

suspended in their flight path. They were caught between

2015 and 2100 hours as they initially left the roosting sites

to feed. This allowed us to control for the effects of feeding

and time of day on plasma cortisol levels (Reeder et al.

2004). Blood samples were obtained by puncturing pata-

gium and uropatagium veins with a 27 1/2 gauge needle,

and then collecting it into heparinized capillary tubes. Fur

samples were cut from the back and abdomen with clean

stainless steel scissors and collected directly into ziplock

bags.

Adrenocortical responses were determined using a

repeated measures design (similar to the protocol described

by Wingfield 1994). Baseline blood samples for cortisol

were collected within three minutes of bats hitting the harp

trap. Individuals were then restrained in an opaque cloth

bag for 27 min and a second blood sample was collected

from each individual 30 min post-capture. After obtaining

the second blood sample, body mass and forearm length

were measured and reproductive condition (pregnant,

1278 H. Wada et al.
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lactating, post-lactating, or non-reproductive) was deter-

mined by physical examination. The amount of fur around

the nipples was used to distinguish between post-lactating

and non-reproductive females. All bats were confirmed to

be post-lactating. Blood samples were kept on ice and

brought back to the field station. Usually within 6 h of

sample collection, samples were centrifuged for 8 min (at

12,000 rpm (15,3009g) at room temperature), and plasma

was separated and frozen immediately at -20�C.

Plasma cortisol assays

Plasma cortisol concentrations were determined using

enzyme immunoassay (EIA) kits (Cayman Chemical, Cat

No. 582121.1). Each plate contained standards ranging

from 7.82 to 10,000 pg/ml, additional 500 pg/ml standards

for assessing inter-plate variability in triplicate, and bat

plasma samples in duplicate. The assay was first optimized

for the species (for details, see Wada et al. 2007). In the

optimization assays, pooled plasma was stripped of

endogenous hormone, spiked with a known amount of

cortisol (250 pg/ml), then serially diluted from 1:50 to

1:500 (1:50, 100, 200, 300, 400, and 500). At the end of the

assay, plates were read at 405 nm with a plate reader

(SpectraMax Plus 384, Molecular Devices) and cortisol

concentrations of each dilution were compared with the

buffer containing the cortisol spike only. Optimization

assays showed that 1:200 or higher dilution eliminated the

interference between plasma and the assay. Thus individual

plasma samples were diluted 1:200 in the cortisol assay.

Plasma samples were haphazardly distributed across plates.

Detection limit of this assay was 1.11 ng/ml (determined as

two standard deviations above the total binding wells

which received only buffer, tracer, and antiserum). Intra-

and inter-plate variation were 14.5 and 0.96%,

respectively.

Mercury analysis

Blood and fur samples were analyzed for total mercury

concentrations using a direct Hg analyzer DMA 80 at

Texas A&M Trace Element Research Laboratory. Blood

samples were heated at 850�C and combusted. Mercury

atoms were trapped using a gold column and released into

atomic absorption cell where they were detected (USEPA

1998). Fur samples were digested with HNO3, HCl, and

H2O2 prior to Hg analysis. The digested samples were

diluted with deionized water then analyzed by atomic

absorption. Geometric means of weight of blood and fur

samples were 19.6 and 8.27 mg, respectively. Although we

do not know the % methylmercury (MeHg) in bat blood or

fur, studies reported to date show that mammalian blood

and fur contain [80% MeHg (Cernichiari et al. 1995;

Porcella et al. 2004). Thus we believe that the vast majority

of Hg detected in our samples was methylated. Data are

presented as wet weight for blood (ww) and fresh weight

(fw) for fur Hg concentrations. The average detection limit

was 0.0025 lg/g ww for blood and 0.0987 lg/g fw for fur.

Average relative percent differences of duplicate samples

were 5.4 ± 1.9% (blood) and 17.8 ± 5.5% (fur), and mean

percent recoveries for the mercury spiked samples were

99 ± 1.3% (blood) and 110 ± 2.0% (fur). Average percent

recoveries for the standard reference materials, DOLT-3

and DORM-2, were 98.2 ± 0.9 and 96.4 ± 0.5%, respec-

tively for blood samples. The average recovery of DORM-

2 for fur samples was 61.2 ± 0.9%.

Data analysis

Statistical analyses were performed using JMP 5.0.1. Prior

to each analysis, data were tested for equal variance and

normality. To meet assumptions of the models, all data

were log-transformed except for fold-increase data which

were arcsine square root transformed. Site differences in

blood and fur Hg concentrations as well as fold-increase in

cortisol were analyzed using one-way ANOVAs. The

effect of site on plasma cortisol levels before and after

restraint was compared using repeated-measures ANOVA.

The relationship between blood and fur Hg was determined

using Pearson correlation after log-transformation.

Parameters of adrenocortical responses (baseline, stress-

induced levels of cortisol, and fold increase) were also

regressed against blood and fur Hg concentrations using

linear regression. Comparisons were considered statisti-

cally significant when p B 0.05. Data are presented as

mean ± 1 SE.

Results

Mercury concentrations in reference and contaminated

sites

Bats at the contaminated site had 2.6 times higher blood

and fur Hg concentrations compared to the reference site

(blood: F = 48.39, p \ 0.001; fur: F = 20.80, p \ 0.001;

Table 1). Blood and fur Hg concentrations were positively

correlated with each other (y = 274.27x - 0.82, r =

0.870, p \ 0.001; Fig. 1). However, Hg concentrations

were 260 times higher in fur than in blood.

Adrenocortical responses in post-lactating bats

Baseline cortisol levels were similar in post-lactating

females at each site (Table 1), but ranged from 21 to

214 ng/ml. All bats showed a robust adrenocortical

Tissue mercury concentrations and adrenocortical responses 1279
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response following 30 min of restraint (restraint: F = 4.70,

p \ 0.0001), with their stress-induced levels ranging from

77 to 2.718 ng/ml. However, site had no effect on cortisol

levels, and there was no significant interaction between site

and the effect of restraint (site: F = 0.03, p = 0.349;

restraint * site: F = 0.01, p = 0.593). Bats in the con-

taminated site had slightly higher fold increase in cortisol

than bats from the reference site, however, the difference

was not significant (F = 1.30, p = 0.263, power = 0.20;

Fig. 2). Regression analyses of Hg and cortisol concen-

trations showed that neither blood nor fur Hg

concentrations were correlated with baseline cortisol,

stress-induced cortisol, or fold-increase in cortisol (in all

cases r2 \ 0.10, p [ 0.11; Fig. 3a, b).

Discussion

Female big brown bats captured near a Hg-contaminated

portion of the South River, VA had significantly higher fur

and blood Hg concentrations compared to the nearby ref-

erence site. Furthermore, fur and blood Hg concentrations

were positively correlated with each other, but fur Hg

concentrations were 260 times higher than blood concen-

trations. Females from both sites showed similar, robust

adrenocortical responses to capture and handling stress.

Although the responses did not differ between sites, fold-

increase in corticosterone at the contaminated site was 1.7

times higher and more variable than at the reference

site (97% coefficient of variation compared to 71%,

respectively).

Characterizing bat tissue Hg levels

Despite the proximity to the Hg-contaminated South River,

blood Hg concentrations of big brown bats captured at the

contaminated site were lower than other animals at the site.

Total blood Hg concentrations at the contaminated site

ranged from 0.05 to 0.20 lg/g ww, averaging 0.11 lg/g

ww. These blood concentrations were more than an order

of magnitude less than those of birds sampled along the

Table 1 Blood and fur Hg concentrations as well as adrenocortical

responses of adult female big brown bats (Eptesicus fuscus) from

reference and Hg-contaminated sites along the South River, Virginia,

USA

Reference site Contaminated site

Mercury

Blood (lg/g ww) 0.042 ± 0.003 0.110 ± 0.012

Fur (lg/g fw) 10.94 ± 0.50 28.01 ± 4.06

Cortisol (ng/ml)

Baseline (\3 min) 83.81 ± 11.46 66.29 ± 14.81

Post-handling (30 min) 833.68 ± 184.88 733.42 ± 131.94

Values represent mean concentrations ± 1 SE in reference and con-

taminated sites. Adrenocortical responses include plasma cortisol

concentrations before and after 30 min of restraint. Sample size for all

categories is 15/site, except for fur concentrations in the contaminated

site (n = 14)

Fig. 1 The relationship between blood and fur Hg concentrations

(lg/g) in adult female big brown bats (Eptesicus fuscus) along the

South River, Virginia, USA. Open and filled circles represent bats

from reference and contaminated sites, respectively
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Fig. 2 Adrenocortical responses of adult female big brown bats

(Eptesicus fuscus) from reference and Hg-contaminated sites along

the South River, Virginia, USA. The figure represents mean fold-

increase in cortisol ± 1 SE after 30-min restraint. Boxes represent

25th to 75th percentiles with a line at the median. Whiskers represent

the minimum and maximum values. n = 15/site

1280 H. Wada et al.

123



same contaminated reaches of the South River. For

example, insectivorous tree swallows (Tachycineta bico-

lor), Carolina wrens (Thryothorus ludovicianus), and red-

eyed vireos (Vireo olivaceus) had average total blood Hg

concentrations of 3.66, 4.49, and 6.72 lg/g ww, respec-

tively (Cristol et al. 2008). In fact, bat blood Hg concen-

trations at the contaminated site were actually comparable

to those of birds at the reference sites (average for 18

species of reference birds = 0.18 lg/g ww). Furthermore,

the blood concentrations observed in bats were also lower

than blood concentrations of omnivorous turtles captured

in the South River (painted turtles (Chrysemys picta),

stinkpots (Sternotherus odoratus), and snapping turtles

(Chelydra serpentina)) (Bergeron et al. 2007). When

compared to previous dosing studies on mammals, the

blood Hg concentrations observed in our study were within

the range of concentrations associated with normal

behavior and survival in captive mink (Basu et al. 2006)

and lower than levels that caused loss in appetite, weight,

and mortality in captive harp seal (Ronald et al. 1977),

visual disturbance in monkeys (Suzuki 1979), neural

impairment and numbness in humans (Suzuki 1979; Tak-

izawa 1979), and fatality in other mammals (Ronald et al.

1977; Takizawa 1979).

In contrast to blood, fur Hg concentrations in bats were

high and average Hg concentrations were among the

highest observed in wild mammals to date, exceeding

toxicity thresholds (11 lg/g, USEPA 1997). Bats’ fur Hg

concentrations at the contaminated site ranged from 4.8 to

65.4 lg/g fw, averaging 28.0 lg/g fw. These concentra-

tions were higher than semiaquatic herbivorous Muskrats

(Ondatra zibethicus) at a Tennessee Hg-contaminated site

(3.9 lg/g dry weight (dw), Stevens et al. 1997) and

omnivorous raccoons (Procyon lotor) near the Hg-con-

taminated Savannah River, SC (9.9 lg/g ww with the

highest individual having 51.0 lg/g, Cumbie and Jenkins

1975). Interestingly, Miura et al. (1978) and Hickey et al.

(2001) also found relatively high fur Hg concentrations in

insectivorous Chiroptera (reaching 33 and 13 lg/g dw,

respectively). The levels observed in bat fur at the South

River were higher than fur Hg concentrations associated

with decline in stress tolerance and swimming ability in

wild mice (Burton et al. 1977) and more than an order of

magnitude higher than fur methylmercury levels found to

cause anorexia, ataxia, and death in captive mink (Wobeser

et al. 1976). Furthermore, average fur Hg concentrations at

our contaminated site were above the proposed ‘‘at-risk’’

fur concentrations (total Hg of 12.6 lg/g ww) for Florida

panthers (Newman et al. 2004; Roelke et al. 1991).

Relatively low blood Hg concentrations in big brown

bats despite their proximity to the Hg-contaminated river

suggest that bats can eliminate a high proportion of the Hg

they ingest. Specifically, a high fur:blood Hg ratio of 260

indicates that fur is an important route of Hg elimination

for big brown bats. Although we did not measure the oral

intake of Hg, our findings imply that big brown bats at our

study site are exposed to high levels of Hg but able to

excrete a great deal of the Hg into fur, possibly keeping

other tissue levels of Hg low. The essential role of fur and

hair in depurating Hg has been documented in other

mammals exhibiting similar or lower fur/hair:blood Hg

Fig. 3 Linear regression between tissue concentrations and fold-

increase in cortisol after 30-min of restraint in adult female big brown

bats (Eptesicus fuscus) along the South River, Virginia, USA. a Blood

Hg concentrations (lg/g ww), b Fur Hg concentrations (lg/g fw).

Open and filled circles represent bats from reference and contami-

nated sites, respectively

Tissue mercury concentrations and adrenocortical responses 1281
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ratios compared to big brown bats. For instance, harp seals

dosed with 25 mg MeHgCl/kg body wt/day had a fur:blood

Hg ratio of 18.2 (Ackerman et al. 2008). In the wild, fur/

hair:blood Hg ratios ranged from 50 in Pacific harbor seals

living in central and north California (Brookens et al. 2007)

to 106 in polar bears in Southern Beaufort Sea (Cardona-

Marek et al. 2009). In humans, the hair:blood ratio was

shown to vary with age and averaged around 250 (Budtz-

Jorgensen et al. 2004; Cernichiari et al. 2007).

The cause for the interspecies variation in fur/hair to

blood Hg ratios is unknown; however the ratios are gen-

erally higher in mammals than comparable feather:blood

ratios in birds. At the South River, feather Hg concentra-

tions in Carolina wrens (Thryothorus ludovicianus), eastern

screech-owl (Megascops asio), red-bellied woodpecker

(Melanerpes carolinus) were approximately twice their

respective blood Hg concentrations (Cristol et al. 2008).

One possibility for the observed difference between bats

and birds at the South River is that blood Hg concentrations

in big brown bats may have been reduced due to maternal

transfer of Hg to their young. Female bats sampled in this

study were all post-lactating which may have eliminated

some portion of their Hg burden across the placenta and

during lactation. In comparison, Hg samples in birds were

comprised of both sexes due to lack of sex differences in

blood Hg concentrations (Cristol et al. 2008). However, it

is unlikely that this is the only explanation because a rel-

atively small proportion of Hg can be transferred to young

via lactation (Sundberg et al. 1998). Another possibility for

the difference in tissue Hg concentrations in bats and birds

at the South River is the timing of tissue sampling in

relation to molt. Both taxa molt once a year, however bats

were sampled 2–3 months after molt had taken place while

birds were sampled 1–4 months prior to annual molt

(Cristol et al. 2008). Nonetheless, it is doubtful that

maternal transfer and molting patterns fully explain the

pronounced interspecies variation in fur/feather:blood

ratios between birds and bats. Thus, future studies are

needed to determine the cause of interspecies variation in

fur:blood or feather:blood ratios.

Adrenocortical responses of big brown bats in Hg-

contaminated areas

In comparison to previous studies on fish and birds (Bleau

et al. 1996; Friedmann et al. 1996; Kirubagaran and Joy

1991; Wada et al. 2009), we did not observe any site dif-

ference in adrenocortical responses of big brown bats,

despite the fact that their fur Hg concentrations were above

suggested adverse effect levels. Blood Hg concentrations,

which represent the circulating fraction of Hg that can

reach target organs or be excreted, were also slightly higher

than blood Lowest Observed Adverse Effects Levels

(LOAELs) set by USEPA (MeHg: 0.044 lg/g, USEPA

1997; derived from hair Hg that caused developmental

effects in children of mothers who ingested Hg). Labora-

tory and field studies clearly show that Hg can alter the

HPA axis of other animals. For instance, juvenile rainbow

trout (Oncorhynchus mykiss) exposed to inorganic or

organic Hg had elevated cortisol within 4 h, and returned to

baseline levels by 7 days post-exposure (Bleau et al. 1996).

On the other hand, fish treated with Hg for 90 or 180 days

via diet or water decreased plasma cortisol and showed

enlarged pituitary adrenocorticotropic hormone (ACTH,

hormone that stimulates glucocorticoids secretion from

adrenals) cells, a sign of increased ACTH secretion

(Friedmann et al. 1996; Kirubagaran and Joy 1991). Sim-

ilarly, tree swallow nestlings near the Hg contaminated

South River showed altered adrenocortical responses

(Wada et al. 2009). The adrenocortical responses were

enhanced during early stages of nestling development but

were suppressed in 13–17 day-old nestlings. One possible

reason for Hg having effects on birds, but no detectable

effects on the adrenal axis of bats at the same site, is that

relatively high depuration rates in bats compared to birds

may buffer bats from excessive physiological exposure to

Hg. Relatively low circulating concentrations of Hg in

blood and high fur:blood Hg ratio support this possibility.

In other words, invertivorous bats and birds at the same site

may be exposed to similar levels of Hg, however bats are

able to eliminate higher proportion of Hg through fur than

birds through feathers, minimizing their tissue exposure to

Hg. Yet target organ concentrations of Hg in bats remain a

major unknown that needs to be evaluated to test this

hypothesis.

Our findings indicate that bats can be exposed to very

high Hg concentrations in the environment, but the phys-

iological fate and effects of ingested Hg remains poorly

understood. We suggest that important next steps in eco-

toxicological research on Hg in bats are to determine (1)

whether depuration into fur reduces Hg accumulation in

internal organs, and (2) the blood and fur Hg concentra-

tions associated with altered reproduction and survival. In

recent years, large mortality events have likely reduced bat

populations in eastern North America because of white-

nose syndrome (Blehert et al. 2009) and wind energy

facilities (Arnett et al. 2008). Future investigations exam-

ining the role of Hg exposure in bat reproduction and

survival is therefore even more critical for conserving

sustainable bat populations in eastern North America.
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’ INTRODUCTION

Mercury (Hg) is a contaminant of global concern due to its
environmental ubiquity and toxicity to humans and wildlife.
Research on the effects of mercury on human health and wildlife
has historically centered around neurological and developmental
abnormalities, in part due to tragic events involvingHg poisoning
in Japan and Iraq.1 In both cases, ingestion of methylmercury
(MeHg)-tainted fish or grains led to neurological damage and
death of both humans and wild animals. Increasing evidence
suggests that Hg can act as an endocrine disruptor as well.2�11

Mercury is known to accumulate in endocrine organs, prevent
steroidogenesis, and lead to abnormal levels of sex hormones,
glucocorticoids, and thyroid hormones.12 However, the direct
mechanistic link between Hg, its effects on hormone disruption,
and any subsequent effects on development or survival has not
been examined in depth.

The hypothalamic-pituitary-thyroid axis is one of the endo-
crine systems that can be affected by Hg exposure.6 Thyroid
hormones play important roles in various developmental pro-
cesses, including development of the nervous system.13 Meta-
morphosis in amphibians and fish is also controlled by thyroid
hormones.14 Two forms of thyroid hormones, triiodothyronine
(T3) and thyroxine (T4) are stored and released from the thyroid

glands. Triiodothyronine is the more potent form of the hor-
mone and most circulating T3 is produced by deiodination of T4

in peripheral tissues. Mercury has been shown to prolong tail re-
sorption during metamorphosis in southern leopard frogs (Rana
sphenocephala),15 suggesting that Hg may interfere with circulat-
ing T3 and/or T4 concentrations that regulate this process.

In this study, we examined the effects of dietary Hg on thyroid
hormone concentrations and fitness correlates, including devel-
opment, growth, metamorphosis, locomotor performance, and
survival in wood frogs (Rana sylvatica). Mercury is known to
accumulate in aquatic systems where inorganic Hg from atmo-
spheric deposition and point sources is methylated to themore bio-
available MeHg. Although amphibians are at risk of exposure
to high levels of Hg in these aquatic environments, they have
received less attention compared to mammals, birds, and fish.
Amphibians are an ideal model for examining the effects of Hg
on the thyroid hormone axis because the amount of time it takes
for amphibians to complete tail resorption, one of the signature
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ABSTRACT:Mercury (Hg) is a neurotoxicant known to cause developmental
and behavioral abnormalities in vertebrates. Increasing evidence suggests that
Hg can also disrupt endocrine functions and endocrine-dependent processes.
For example, dietary Hg has been shown to delay tail resorption during
metamorphic climax in amphibians, a process mediated by thyroid hormones.
However, a direct link between Hg, hormone disruption, and developmental
delays in amphibians has not been explored. Therefore, we examined the effects
of dietary Hg (0.01, 2.5, and 10 μg/g total Hg, dry wt) on thyroid hormone
concentrations, development, growth, performance, and survival of wood frogs
(Rana sylvatica). Tadpoles accumulated Hg in a concentration-dependent
manner; total Hg concentrations in tadpoles at the beginning of metamorphic
climax (Gosner stage 42) were 0.03, 1.06, 3.54 μg/g, dry wt, for control, low, and
high Hg diets, respectively. During metamorphic climax, tadpoles eliminated
35% of the inorganic Hg from their tissues but retained most of their accumulated methylmercury. Contrary to our predictions, we
found no effect of Hg on the duration of tadpole development, size at metamorphosis, tail resorption time, or hopping performance.
Consistent with the lack of effects on development, we also detected no differences in whole-body thyroid hormone concentrations
among our dietary treatments. Our results, when compared with the effects of Hg on other amphibians, suggest that amphibian
species may differ substantially in their sensitivity to dietary Hg, emphasizing the need for data onmultiple species when establishing
toxicity benchmarks.
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events of metamorphic climax, is directly related to circulating
thyroid hormone levels.14 Tail resorption is also ecologically
significant because prolonged resorption time can increase pre-
dation risk and decrease chances of completing metamorphosis
before ponds dry in summer.16 We hypothesized that dietary Hg
would slow amphibian development and metamorphosis via
alterations in thyroid hormone levels. We also predicted that
recently metamorphosed frogs that ingested Hg as tadpoles
would exhibit reduced locomotor performance due to neurotoxic
effects of Hg.

’MATERIALS AND METHODS

Animal Husbandry. In late winter to early spring, adult wood
frogs lay clutches of 1000 to 3000 eggs, which typically hatch in
10�30 days.17 For this experiment, five clutches of recently laid
wood frog eggs were collected from an isolated, forested wetland
in Montgomery County, VA on February 15, 2009 and brought
to our laboratory in Blacksburg, VA. All clutches began hatching
on February 23 and 24, 2009. On February 28, when all tadpoles
reached a free-swimming stage (Gosner stage 21�23), 60 mor-
phologically normal tadpoles from each clutch (300 total) were
collected into 1 bin, and 216 experimental tadpoles were then
arbitrarily chosen and placed in individual polypropylene 2.2 L
bins filled with dechloraminated water. The bins were randomly
distributed among four racks of five shelves and each was as-
signed to one of three dietary treatments (described below).
Because individual tadpoles could not be weighed without damage
at this stage, 20 unused tadpoles from the initial 300 tadpoles
were euthanized and weighed to estimate initial body size of
experimental animals.
Animals were raised in a controlled environment with a 12

L:12D photoperiod and an ambient air temperature of 18.2 (
0.02 �C. Every 2�3 days, 50% of the water in each bin was
exchanged with fresh dechloraminated tap water. Before every
third water exchange, water in a subset of selected bins was
analyzed spectrophotometrically for N-NH4, N-NO2 and
N-NO3 using a HACH kit (Loveland, CO). Temperature, pH,
and dissolved oxygen were measured using YSI 556 MPS probe
(Yellow Springs, OH). To reduce possible variation in water
temperature and light exposure among individuals, the position
of bins on each rack was rotated weekly and treatments were
interspersed randomly among the racks in such a manner that
every shelf of each rack contained bins from every treatment. The
protocol used in this study was approved by Virginia Tech
Institutional Animal Care and Use Committee (IACUC).
Mercury Exposure. Tadpoles were distributed among three

diet treatments: control, low Hg, and high Hg (n = 72/treat-
ment). The target total Hg (THg) concentrations of the spiked
diets were 2.5 μg/g dry wt (dw) with 2.75% of that as
methylmercury (MeHg) for the low Hg diet, and 10 μg/g dw
with 1.05% of that as MeHg for the high Hg diet. These con-
centrations were based on environmental Hg concentrations and
speciation in periphyton from areas in the United States with low
and high Hg contamination. The low concentration corresponds
to approximately twice the Hg concentration found in gut of
larval southern leopard frogs in areas with atmospheric deposi-
tion of Hg alone.18 The high concentration corresponds to Hg
concentrations found in areas highly contaminated by point
sources.19 Diets for the tadpoles were composed of a dry feed
mix spiked with or without Hg, which was subsequently sus-
pended in an agar-gelatin mixture similar to the diet formulated

by Unrine and Jagoe15 (see Supporting Information for details).
Target THg concentrations in the diets were obtained by adding
mercury(II) chloride and methylmercury(II) chloride in propor-
tions that reflected those found in periphyton in nature and in
Hg-contaminated mesocosms.20

Beginning on February 28, 2009, tadpoles were fed approxi-
mately 6% of their body weight per day on a wet-weight basis by
placing a piece of agar- and gelatin-suspended diet at the bottom
of each bin. Fresh diet was provided every 2�3 days after uneaten
food was suctioned out and water was exchanged. The Hg-
contaminated food and debris was disposed of in compliance
with Virginia Tech’s waste handling policies. Twenty-five percent
of the tadpoles (18 tadpoles/treatment, 54 tadpoles total) were
weighed every 8�9 days to determine the effects of Hg treatment
on growth rate and to adjust diet portions to accommodate larval
growth. The first tadpole reached metamorphic climax, defined
as Gosner stage 42, on April 25, 2009 and the last animal
completed metamorphosis (Gosner stage 46) on May 22, 2009.
Hopping Performance Trials.Within one day of completing

metamorphosis, each frog was used in trials to quantify its hop-
ping performance (modified from Goater et al.21). Each frog was
moistened in dechloraminated tap water from its holding con-
tainer and was placed in the center of a large wooden platform
(2� 3 m). The frog was then gently prodded from behind on its
urostyle until the animal hopped at least four times, leaving dark,
moist spots on the wooden platform at its initial starting point
and each subsequent landing point. The distance of each of the
first four hops was then measured to the nearest mm and ave-
raged to provide an estimate of hopping performance. Each frog
was returned to its holding container and was allowed to rest for
one hour before repeating the procedure to obtain a second
estimate of mean hop length. The average of the two trials was
used in the statistical analysis. All procedures were conducted
between 1000 and 1600 h.
Sample Collection. Amphibians were euthanized in 1%

buffered tricaine methanesulfonate (MS-222) then their whole-
body thyroid hormone and Hg concentrations were determined.
Individuals were analyzed for thyroid hormone concentrations at
three different developmental stages according to Gosner:22

36�37 (n = 18/treatment), 42 (front limb emergence; n = 18/
treatment), and 46 (completion of tail resorption; n = 10/
treatment). Individuals at Gosner stage 46 were euthanized
within one day of testing hopping performance. Mercury con-
centrations were determined for individuals at Gosner stage
42 and 46 (n = 3/treatment/stage). Tadpoles at Gosner stage
36�37 were sampled by date, across two consecutive days (April
9�10, 45�46 days after hatching), whereas tadpoles at Gosner
42 and 46 were sampled individually when they reached the
designated stage. All samples were frozen ate�20 �C for further
analyses.
In addition to Hg and hormone concentrations, we recorded

mortality, growth, and time to reach Gosner stage 42 and 46.
Tadpoles were checked once a day for mortality and onset of
metamorphic climax (Gosner 42), and checked twice a day for
completion of tail resorption (Gosner 46). When animals were
euthanized for hormone or Hg analysis, they were weighed and
their snout�vent-length (SVL) wasmeasuredwith digital calipers.
Determination ofWhole-Body Thyroid Hormone Concen-

trations. Thyroid hormones were extracted from whole-body
samples using methanol and chloroform.23 Prior to hormone
analysis, we validated the extraction protocol by demonstrating
parallelismof serially diluted sample extracts in the radioimmunoassay
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for T3 and T4 (see Supporting Information for details). The
extraction efficiencies were 62�63%. The extracts were kept
at �20 �C until assayed.
Thyroid hormone concentrations of the whole-body extracts

were determined using double-antibody radioimmunoassay fol-
lowing the method described byWilson andMcNabb.23 Samples
were haphazardly distributed across assays and analyzed in two
assays run on consecutive days. Intra- and interassay variation
was 10.5% and 9.2% for T4 and 13.0% and 12.2% for T3,
respectively. See Supporting Information for details on extrac-
tion and radioimmunoassay methodology.
Determination of Mercury Concentrations. Tadpoles at

Gosner stage 42 and metamorphs (stage 46) (n = 3/treat-
ment/stage) as well as the diet (n = 3/treatment) were analyzed
for inorganic Hg (II) and MeHg concentrations24 by Quicksilver
Scientific (Lafayette, CO) using acidic thiourea leaching and Hg-
thiourea liquid chromatography coupled to cold vapor atomic
fluorescence spectrometry (HgTu/LCCVAFS). All samples
were freeze-dried and homogenized prior to analysis. Average
moisture content for animals at Gosner stage 42 and 46 were
87.8% and 83.5%, respectively, and for diets was 58.6%. Detec-
tion limit of the analytical procedure was 25.0 pg Hg (see
Supporting Information for details on methodology and quality
control). Trophic transfer factor (TTF) describes the relation-
ship between contaminant concentrations of an animal and its
diet and was calculated as Hg concentration of tissue divided by
those of diet.
Statistical Analyses. Statistical analyses were performed using

SPSS 15.0 (SPSS Inc., Chicago, Illinois). Prior to analysis, assum-
ptions of normality and equal variances were tested and corrected
accordingly using transformations. Mercury concentrations in
diet of controls and Hg treatments were compared using
MANOVA, where inorganic, organic, and total Hg concentra-
tions were analyzed in a single model. Mercury concentrations of
tadpoles andmetamorphs (log transformed) were analyzed using
two-wayMANOVAwithHg treatment andGosner stage as main
factors.
Effects of Hg on thyroid hormone concentrations as well

as fitness-related measures, such as developmental variables,
locomotor performance and survival, were analyzed as follows.
Repeated-measures ANOVAwas used to determine effects of Hg
treatment on mass gain of the subset of animals that were repea-
tedly weighed throughout the experiment. Survival to Gosner
stage 46 was compared among treatments using a chi-square
contingency table analysis. Growth and developmental measures
of tadpoles in each Gosner stage were analyzed separately. For
tadpoles sacrificed at Gosner stage 36�37, ANCOVA was used
to determine the effects of Hg treatment on larval mass, with the
actual Gosner stage as a covariate. For tadpoles sacrificed at stage
42, mass, SVL, and days to reach stage 42 were analyzed using
MANOVA. Similarly, the effects of Hg treatments on mass at
Gosner stage 46, mass loss during metamorphic climax, SVL, and
duration of tail resorption were examined using MANOVA.
Whole-body concentrations of T4 and T3 (ng/g tissue) at three
stages of development were analyzed using separate MANOVAs
and MANCOVAs, using actual Gosner stage (stage 36�37) as a
covariate. Relationships between whole-body thyroid hormone
concentrations and tail resorption duration were determined
using linear regression. Thyroxine concentrations of stage
36�37 and 46 were log transformed, whereas those of stage 42
were inversely transformed to approximate normality. Triido-
thyronine concentrations of stage 42 were log transformed.

Because body size is known to influence locomotor performance,
hopping performance was analyzed using ANCOVA, with SVL as
a covariate. Results were considered significant at Re 0.05 level.
Covariates that did not influence dependent variables signifi-
cantly at the R e 0.15 were removed from statistical models.
Data are presented as mean (1 standard error.

’RESULTS

Mercury Concentrations in Diets and Tadpoles. Actual Hg
concentrations in diets differed significantly among treatments

Table 1. Mercury Concentrations (μg/g, dry weight) of Diet
and Wood Frogs (Rana sylvatica) Fed Control, Low Mercury
(Hg), and High Hg Diets until the Completion of Metamor-
phosis. a

mercury

species

treatments

F Pcontrol

low

Hg

high

Hg

diets THg 0.01 2.5 10.13 1521.9 <0.001

HgII 0.01 2.42 10.03 1537.1 <0.001

MeHg 0.006 0.08 0.11 819.0 <0.001

tadpoles THg, Gosner 42 0.03 1.06 3.54

THg, Gosner 46 0.05 0.85 2.57 498.3 <0.001

HgII, Gosner 42 0.01 0.81 3.17

HgII, Gosner 46 0.02 0.54 2.04 368.5 <0.001

MeHg, Gosner 42 0.02 0.24 0.37

MeHg, Gosner 46 0.03 0.31 0.52 219.7 <0.001
a Statistics in the table show effects of treatment on total Hg (THg),
inorganic Hg (HgII), and methylmercury (MeHg) concentrations of
diets and tadpoles.

Figure 1. Mean whole-body mercury (Hg) concentrations of wood
frogs (Rana sylvatica) that were fed control, low Hg, and high Hg diets
during the entire larval period. Individuals were sampled for Hg at Gosner
stage 42 (front limb emergence) and 46 (completion of metamorphosis).
Closed bar represents MeHg concentrations and open bar represents HgII
concentration. Percentages of MeHg are indicated on the top of each bar
(MeHg = methylmercury; HgII = inorganic mercury).
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and matched the target concentrations (Table 1). Percent of
MeHg in diets decreased as THg concentrations increased, from
57% in controls, 3.2% in low Hg, to 1.0% in high Hg treatments.
Dietary Hg concentrations strongly influenced whole-body

Hg concentrations of wood frogs (Table 1, Figure 1). However,
the effect of Hg treatment on tissue Hg concentrations depended
on Gosner stage and Hg species (THg: stage: F = 0.023, p =
0.883; treatment � stage: F = 7.0, p = 0.01; MeHg: stage: F =
23.3, p < 0.001; treatment� stage: F= 6.6, p = 0.012; HgII: stage:
F = 0.002, p = 0.961; treatment � stage: F = 7.8, p = 0.007).
During larval development, wood frog tadpoles preferentially
accumulatedMeHg compared to HgII, indicated by higher TTFs
for MeHg compared to HgII (Figure 2). Trophic transfer factors

of MeHg were 9.1 (low Hg) and 10.9 (high Hg) times that of
inorganic Hg at Gosner stage 42. During metamorphic climax
(tail resorption) when tadpoles cease feeding, tadpoles retained
more MeHg than HgII in their tissues. During this period, tissue
HgII concentrations decreased by approximately 35% in both Hg
treatments. In contrast, tissue MeHg increased by 28% and 43%
in low and high Hg treatments, respectively.
Fitness-Related Measures. Survival, metamorphic success,

growth, development, and locomotor performance of wood frogs
did not differ among control and Hg treatments (Table 2). Over-
all survival to Gosner stage 42 in all treatments was g97%. All
tadpoles that survived to Gosner stage 42 also successfully com-
pleted metamorphosis except for one individual; thus, meta-
morphic success was 94.4%, 88.2%, and 100% in control, low Hg,
and high Hg treatments, respectively. Tadpoles gained body
mass over time in a sigmoid fashion regardless of treatment
(time: F = 1154.1, p < 0.001; treatment: F = 0.17, p = 0.85;
time� treatment: F= 0.26, p= 0.99). Similarly, Hg treatment did
not affect mass or SVL of tadpoles that were sacrificed at Gosner
stage 36�37, 42, and 46, nor mass loss during metamorphic
climax (Table 2). Developmental rates, such as days to reach
stage 42 and duration of tail resorption, were also not influenced
by Hg treatments. On average, tadpoles reached the onset of
metamorphic climax 66 days after hatching and took 11 addi-
tional days to fully resorb their tails. The SVL of metamorphs was
significantly correlated with hopping performance (F = 9.01, p =
0.005), with larger individuals being capable of hopping greater
distances on average. However, locomotor performance was not
affected by dietary Hg (F = 0.71, p = 0.50; Table 2).
Thyroid Hormone Concentrations.Consistent with the lack

of effects on growth and development, Hg treatments did not
alter the whole-body thyroid hormone concentrations in tad-
poles at any of the developmental stages we sampled (Figure 3a
and b). At 45�46 days of development, most tadpoles were
either Gosner stage 36 or 37. When thyroid hormone concen-
trations of tadpoles in Gosner stage 36 and 37 were compared,
Gosner stage significantly affected whole-body T3 concentra-
tions (F = 6.80, p = 0.012) but not T4 concentrations (F = 0.02,
p = 0.89) of tadpoles. Specifically, individuals at Gosner stage 37
had 44% higher T3 concentrations compared to individuals at

Figure 2. Trophic transfer factor (TTF) for wood frogs (Rana sylvatica)
fed control, lowmercury (Hg), and high Hg diets during the entire larval
period. TTF was calculated as Hg concentrations in amphibians divided
by Hg concentrations in diet. Dotted horizontal line represents a 1:1
relationship between amphibian tissue and diet. Individuals were
sampled for Hg at Gosner stage 42 (front limb emergence) and 46
(completion of metamorphosis) (MeHg = methylmercury; HgII =
inorganic mercury).

Table 2. Fitness-Related Measures and Hopping Performance of Wood Frogs (Rana sylvatica) Fed Control, Low Mercury (Hg),
and High Hg Diets until the Completion of Metamorphosis

mean (1 SE)

response Gosner stage control low Hg high Hg F P

survival (%) 46 94.4 88.2 100.0 1.01 0.31

growth 36�37 938(18) 922 (27) 960 (22) 2.55 0.09

body mass (mg) 42 830 (25) 840 (8) 832 (22) 0.09 0.92

46 463 (21) 476 (24) 462 (22) 0.12 0.89

mass loss during tail resorption (mg) 42�46 331 (18) 363 (27) 333 (17) 0.73 0.49

SVL (mm) 42 17.9 (0.3) 17.7 (0.2) 17.9 (0.2) 0.41 0.66

46 16.4 (0.3) 16.5 (0.3) 16.5 (0.2) 0.59 0.56

development days to reach stage 42 65.5 (0.4) 66.4 (0.4) 65.6 (0.3) 1.86 0.16

duration of tail resorption (days) 42�46 10.8 (0.4) 11.3(0.6) 9.9 (0.5) 2.25 0.12

hopping performance hopping distance (mm)a 46 20.4(1.5) 22.3(1.5) 19.9(1.4) 0.71 0.50
a LS means, corrected for body size.
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Gosner stage 36. There was no effect of dietary Hg on either
T4 or T3 concentrations (T4: F = 1.09, p = 0.34; T3: F = 1.14, p =
0.33). Similarly, Hg treatment had no effect on the whole-body
thyroid concentrations at the beginning or end of metamorphic
climax (stage 42: T4: F = 0.21, p = 0.81; T3: F = 0.85, p = 0.44;
stage 46: T4: F = 0.84, p = 0.44; T3: F = 0.69, p = 0.51). Neither
T4 nor T3 concentrations after completion of metamorphosis
were significantly correlated with the tail resorption duration
(T4: r

2 = 0.083, p = 0.12; T3: r
2 = 0.067, p = 0.17).

’DISCUSSION

We fed wood frog tadpoles ecologically relevant concentra-
tions of dietary Hg from hatching to completion of metamor-
phosis to examine how dietary Hg affects survival, growth,
development, performance, and thyroid hormone concentrations.

Despite high concentrations of Hg in tadpoles and metamorphs,
we observed no adverse effects of Hg on fitness-related traits
or whole-body thyroid hormone concentrations. This suggests
that wood frogs may be relatively insensitive to dietary Hg
compared to the three other amphibian species studied to date
(southern leopard frogs;15 American toads, Bufo americanus;25

western clawed frogs, Silurana tropicalis 26).
Differential Assimilation and Retention of Mercury in

Wood Frog Tadpoles. The TTF (the ratio of contaminant
concentrations between an animal and its diet) for MeHg at
Gosner stage 42 was ∼10 times higher than that of HgII, indi-
cating that wood frog tadpoles preferentially accumulated MeHg
over HgII. Previous studies have shown that Hg, especially
MeHg, is readily assimilated into biological tissues leading to
bioaccumulation and biomagnification. Assimilation efficiency of
MeHg may be higher than HgII due to low elimination and high
retention of MeHg. For instance, killifish (Fundulus heteroclitus),
sweetlips (Plectorhinchus gibbosus) and crayfish (Orconectes virilis)
retained >90% of ingested MeHg even weeks after a brief
exposure 27�29 but retained less than 30% of HgII.29 As a result,
TTF for MeHg is often higher than 1, and can be as high as 8 in
killifish.27,30,31 High assimilation efficiencies of MeHg in pre-
datory organisms may also be due to partitioning of MeHg in
prey or their diet. For instance, zooplankton can assimilate four
times as much as MeHg compared to HgII due to the high pro-
portion of MeHg in cytoplasm of planktonic prey.32 Similarly,
subcellular partitioning of Hg may also depend on Hg species in
algae, leading to higher TTF for MeHg than HgII. Southern
leopard frog tadpoles fed Hg-contaminated aufwuchs had 5.6
times higher TTF for MeHg than HgII (determined from the
difference in MeHg:HgII ratio in tadpoles to diet).20 The even
higher ratio of TTF between MeHg and HgII in our study com-
pared to previous studies indicates that (1) the bioavailability of
Hg in diet which was directly spiked withHg is higher than that of
Hg incorporated into prey or algae, and (2) wood frogs may also
contribute to biomagnification of MeHg in food webs.
Wood frogs retained a large proportion of MeHg in their

tissues duringmetamorphic climax. TissueMeHg concentrations
increased by 28 and 43% in low and high Hg treatments, whereas
tissue HgII decreased 34 and 36% during the same period. Since
tadpoles do not feed during climax, this observation is likely due
to a combination of slower elimination of MeHg compared to
HgII and rapid loss of body mass during this period. On average,
tadpoles lost 42% of their bodymass duringmetamorphic climax.
When this body mass loss is taken into account (i.e., Hg concen-
trations at Gosner stage 46 multiplied by 0.58), tadpoles
eliminated approximately 62% of HgII, whereas they lost only
22% of MeHg during this 11 day period. Previous studies sug-
gested that while some elements, such as copper, arsenic, and
lead, are eliminated significantly throughmetamorphosis,33 other
elements like Hg are not.18,20 One possible mechanism for
variation in elimination rates is the uneven distribution of these
elements among tissues. When they are bound to gut epithelia,
they can be eliminated during intestinal remodeling. In fish,
dietary inorganic Hg was concentrated in the gastrointestinal
tract34, whereas MeHg was distributed more evenly throughout
the body.27,34 If tissue distribution of Hg species in amphibians is
similar to fish, then a higher proportion of inorganic Hg would be
shed during climax. Regardless of the mechanism, retention of
MeHg after metamorphosis suggests that amphibian tadpoles
may be important in trophic transfer of Hg in both aquatic
and terrestrial food webs,35 much like emerging insects.36,37 The

Figure 3. Mean whole-body thyroid hormone concentrations of wood
frogs (Rana sylvatica) fed control, low mercury (Hg), and high Hg diets
during the entire larval period. Whole-body thyroxine (T4, 3a) and
triiodothyronine (T3, 3b) concentrations were measured at Gosner
stage 36�37, 42, and 46.
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biomass of amphibians is particularly high compared to other
vertebrates38,39 and a variety of birds, reptiles, and mammals prey
upon larval and metamorphosed amphibians. This implies that
amphibians play an important role in the fate and transport of Hg
in food webs.
Effects of Mercury on Fitness-Related Measures and

Thyroid Hormone Concentrations. Previous studies on mam-
mals, birds, and fish have shown that Hg can affect neurological
and reproductive function. The Environmental Protection Agency
determined the lowest observed adverse effect level (LOAEL)
for humans to be 1.1 μg/g MeHg wet wt (ww) in diet.40 In birds,
the preliminary LOAEL is estimated to be 0.4 μg/g MeHg ww in
diet for loon chicks, Gavia immer.41 Based on laboratory studies,
the latter concentration is associated with damaged immune
function and decreased activity levels.42,43 The MeHg concen-
trations of 0.033 and 0.044 μg/g ww in our low and high Hg diets
(calculated from dw, 58.6% moisture) were well below the
LOAEL for mammals, preliminary LOAEL for loon chicks, and
concentrations that triggered mortality, lethargic behavior, and
lowmetamorphic rates in western clawed frogs (0.27 μg/g ww 26),
however they were higher than MeHg concentrations that led to
increasedmortality and decreased development and tail resorption
rates in southern leopard frogs (0.013 μg/g ww15).
Wood frog tadpoles in our experiment accumulated equivalent

or higher MeHg concentrations than those suggested or asso-
ciated with adverse effects in fish and other amphibians. Tadpoles
that were fed low and high Hg diet accumulated 0.029 and
0.044 μg/g MeHg ww (0.24 and 0.37 μg/g dw) by the start of
metamorphic climax and 0.053 and 0.089 μg/g MeHg ww (0.31
and 0.52 μg/g dw) by the end ofmetamorphosis. In fish, 0.2 μg/g
MeHg ww (or 1.0 μg/g dw, assuming 80% moisture) is the
whole-body threshold level for adverse effects in adults and
juveniles, calculated based on LOAEL and no observed adverse
effect level (NOAEL) derived from measures of reproduction,
survival, and behavior.44 Because of a higher vulnerability of
young fish toHg exposure, Wiener and Spry45 suggested that 1 to
10% of adult threshold levels should be used for egg and larval
stages. This translates to 0.002�0.02 μg/gMeHg ww as a whole-
body threshold level for fish during early development. The
existing work on toxicity thresholds for amphibians is limited.
However, Unrine et al.15 observed lower survival, decreased tail
resorption rate, and decreased metamorphic success when whole-
bodyMeHg concentration of leopard frogs was∼0.003 ug/g ww,
a level below that observed in our lowHg treatment. In a separate
concurrent study in our laboratory wherein American toad tad-
poles were fed the same diets used in this study, metamorphs
reared on the high Hg diet had whole-body MeHg concentra-
tions of ∼0.051 μg/g ww and suffered impaired growth com-
pared to ones fed on control diets.25

Contrary to our prediction, we did not observe any effects of
dietary Hg on development, whole-body thyroid hormone
concentrations, survival, or performance despite the fact that
whole-body concentrations in wood frogs were higher than the
preliminary toxicity threshold for fish45 and amphibians.15 Tail
resorption duration and hopping distance in our experiment
were similar to the values previously reported for wood frogs.46,47

Similarly, whole-body concentrations of T4 and T3 were compar-
able to other amphibian species,48,49 however thyroid hormone
concentrations at Gosner stage 46 did not correlate with the
duration of tail resorption. It is possible that other factors, such as
dietary selenium concentrations, could alter Hg toxicity,50 giving
rise to differences between previous studies and ours. It is also

possible that procedural differences in experimental conditions
among studies may affect Hg accumulation and effects, leading to
perceived differences in species sensitivity that are actually attri-
butable to differences in methodology. However, a concurrent,
parallel study in our laboratory using the same diet formulation
and husbandry methods clearly showed that American toads
were more sensitive than wood frogs, suggesting that some dif-
ferences in species sensitivity are likely real.25 Differences in
sensitivity between American toads and wood frogs could
theoretically arise from differences in length of the larval period,
which would create differences in exposure duration. However,
our data do not support this possibility because the larval period
of wood frogs in our experiment was ∼77 days whereas that of
toads was ∼65 days.25 Thus, inherent physiological differences
among species most likely contribute to observed differences in
species sensitivity, but future studies evaluating additional species
and multiple populations of the same species are needed to fully
address the factors that give rise to differences in sensitivity of
amphibians.
In summary, to better understand the link between Hg,

endocrine disruption, and developmental delays in amphibians,
wood frog tadpoles were fed Hg-spiked diet from hatching to
completion of metamorphosis. Despite the fact that TTF for
MeHg in wood frogs was high and whole-body Hg concentra-
tions exceeded those associated with increased mortality, mal-
formation, and/or delayed development in two other amphibian
species, we did not observe any adverse effects of Hg on develop-
ment, survival, performance, or whole-body thyroid hormone
concentrations in wood frogs. Comparison of these results with
the limited data available for Hg effects on other amphibian
species suggests that there may be large interspecies variation in
Hg sensitivity. These factors underscore the need for future work
examining the effects of Hg on amphibians, in particular species
and population variation in Hg sensitivity and the role of amphi-
bians in transporting Hg in the environment.
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ABSTRACT

Mercury deposited in the South River, Augusta and Rockingham counties,
Virginia, has bioaccumulated in the aquatic food web. An increased body burden
of mercury can adversely affect neurological pathways and reproductive success in
birds. In the current study, I evaluated the levels of mercury accumulation in adult
and juvenile belted kingfishers (Ceryle alcyon), and tested for effects of mercury on
their reproductive success.

Adult and juvenile kingfishers living on the South River accumulated elevated
levels of mercury in their blood and feathers. Feather mercury levels in kingfishers
were comparable to those reported for larger piscivores on contaminated sites else-
where. Correlations between feather and blood were higher in first- and second-year
birds than in older birds. Levels of feather mercury in adult belted kingfishers sug-
gest that they ingest a larger quantity of mercury over the course of a year than
non-piscivorous birds living along the river.

Few differences were detected between reproductive success on contaminated
sites and reference sites. The percentage of male chicks per brood was lower on the
South River than on the reference rivers, suggesting that female kingfishers adaptively
modified the sex ratio of their broods. Chicks on the South River fledged at higher
weights relative to body size than chicks on the reference sites. Using feather mercury
values, I determined that males had a higher fidelity than females to the South River.

The relationship between color and mercury concentration was previously un-
studied. Mercury affected aspects of coloration in belted kingfishers and tree swallows,
but not eastern bluebirds. Mercury accumulation affected blue and brown, but not
white coloration in kingfishers. This result may have been due to mercury-induced
inhibition of melanogenesis. In contrast, mercury affected white coloration, but not
green iridescent coloration, in tree swallows.

In addition, I found sexual differences in the coloration of kingfishers that were
unrelated to mercury. Though females exhibit more colors than male kingfishers, the
white chest feathers of males were brighter than females, and the blue chest feathers
of males were bluer than females. This indicates that male kingfishers have a larger,
more ornamental plumage signals on the chest than females.

xiii
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CHAPTER 1

EFFECTS OF MERCURY ON THE REPRODUCTIVE SUCCESS OF BELTED

KINGFISHERS (CERYLE ALCYON )

INTRODUCTION

Mercury as a Global Pollutant

Mercury cycles naturally in the environment, but anthropogenic enrichment

of mercury can have lethal effects on wildlife. Mercury becomes available in the

environment through degassing of mineral deposits, forest fires, and volcanic

emissions; however, the most significant sources of atmospheric mercury come from

solid waste incineration and fossil fuel combustion (Wang et al., 2004). Studies in

the 1980s indicated that releases into the environment from anthropogenic sources

were nearly 10 times higher than that expected from natural sources (NIWQP,

1998). Industrial mercury is released into the atmosphere in an inorganic form.

When such elemental mercury is converted to ionic mercury, it binds to particulates

in the air, allowing it to be removed through precipitation (Winfrey and Rudd,

1990). The National Atmospheric Deposition Program indicates that atmospheric

deposition is of greatest concern in the southeastern United States, especially areas

around the Gulf of Mexico. By using feathers from museum specimens, Frederick et

al. (2004) showed that mercury concentrations in fish-eating birds in the Florida

Everglades, primarily from atmospheric deposition, have rapidly increased during

the last three decades.

Deposition of atmospheric mercury can affect a geographically large region.

In contrast, point-source discharges of mercury directly into water often have acute

2
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localized effects. At ambient temperatures, inorganic mercury is much heavier than

water and is found mostly in the sediment. Inorganic mercury in the water column

and sediment is converted to methylmercury by a bacterial methylation process.

While abiotic mercury methylation is generally insignificant in sediment, it can lead

to significant methylation in lakes and streams with low pH (Winfrey and Rudd,

1990). The rate of methylation is largely dependent on biodegradable organic

carbon, microbial activity, the concentration and form of sulfur, pH, and

temperature (Winfrey and Rudd, 1990). Because microbial activities are dependent

on biodegradable organic carbon, higher levels of carbon result in greater rates of

methylation. Thus, methylation occurs at the greatest rate in the surface layer of

sediment where newly deposited organic carbon is concentrated. If sulfur is present

in the form of hydrogen sulfide, mercury becomes bound to sulfur as a precipitate

and is unavailable for methylation. Sulfur-reducing bacteria increase methylation by

freeing mercury from the sulfide bond. Optimal conditions for methylmercury

production include high temperatures and low pH. At low pH levels, a greater

proportion of mercury is methylated as monomethylmercury, a toxic form that is

retained in the water column. At high pH levels, a greater proportion of mercury is

methylated as dimethylmercury, a volatile form that readily escapes from water.

Therefore, acidic conditions increase the bioavialability of the toxic form of

methylmercury.

The availability and toxicity of mercury to the food chain is linked with its

conversion into an organic form. While inorganic mercury is absorbed slowly, the

lipophilic nature of methylmercury allows it to pass easily into cells, where it

attaches to protein sulfhydryl groups and selectively concentrates in the brain, liver,

and kidney (Wolfe et al., 1998). Demethylation and excretion of mercury from the

body is slow (Scheuhammer, 1987). Once in the brain, methylmercury damages

primarily the cerebellum, which is critical for balance and coordination, and the
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visual cortex (Clarkson, 1987). Acute levels of mercury toxicity are associated with

weight loss and overt changes in behavior, including weakness standing, walking, or

flying (Scheuhammer, 1987). The potential for methylmercury to accumulate in

humans has led to fish-consumption advisories for many bodies of water across the

United States. In the early 1970s many states adopted a safe drinking water

threshold of 2ppb (parts per billion) and the Food and Drug Administration

enforced an action level of 0.5ppm (parts per million) in the edible portions of fish

(Carter, 1977). While humans are able to avoid known hotspots, wildlife may be at

risk in areas downstream of point-source mercury contamination.

History of the Study Site

The South River, located in the Shenandoah Valley, Virginia, is

contaminated with mercury. Between 1929 and 1950, mercuric sulfate was used as a

catalyst to make synthetic fiber in a facility owned by duPont de Nemours and

Company (DuPont) in Waynesboro, Virginia (Carter, 1977). It was not until the

late 1970s that elemental and ionic mercury were discovered both on the DuPont

property and in the adjacent South River (Cocking et al., 1991). Testing revealed

that fish sampled as far as 77 miles downstream had levels of mercury higher than

the FDA standard. In addition, mercury levels in the sediment downstream of the

plant were as high as 240ppm, while levels upstream of the plant were less than

1ppm (Carter, 1977). As part of a settlement between DuPont and the State Water

Control Board (now the Virginia Department of Environmental Quality), a trust

fund was developed to support monitoring the levels of mercury in water, sediment,

and wildlife in the Shenandoah watershed. In 1979, samples from the hundred-year

flood plain taken from the first 40km downstream of the plant had a mean mercury

value of 10.7ppm, with values increasing to as high as 84ppm (Cocking et al., 1991).

The deposition of mercury on the floodplain has been attributed to major flood
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events, after which mercury apparently settled into the soil and was available to

biota (Cocking et al., 1995).

Because fish are a potential source of mercury for humans, intensive research

has focused on the levels of mercury in South River sport fish. The levels have not

dropped during the last 30 years, even though no new sources of mercury have been

identified (Murphy, 2004). Levels of mercury in fish on the South River depend on

the season sampled. During the summer months, rock bass (Ambloplites rupestris)

living in the contaminated portion of the South River had higher levels of mercury

in their livers than rock bass tested from the same site during the early spring. This

elevated mercury level was attributed to an increase in foraging rate in fish during

the warmer months and greater accumulation of mercury in their prey (Bidwell et

al., 1993). In contrast, methylmercury in some fish and invertebrates was reported

to increase sharply in April and May and then decline throughout the summer

(unpublished data, www.southriverscienceteam.org). The bioavailability of mercury

to fish might increase during the spring and/or summer when environmental

conditions favor methylmercury production. This includes warmer temperatures as

well as higher river flow and rainfall events that lead to newly deposited mercury in

the surface layer of sediment where the highest rates of methylation occur. Seasonal

effects may also depend on the rate that muscle tissue, where methylmercury is

bound to proteins, is depurated, as well as variation in additional environmental

factors such as oxygen and organic matter availability in the sediment.

Mercury accumulation varied within and among fish species. Female fish

(even in species were there is no sexual dimorphism) had higher levels of mercury

than males of the same age class. Nicoletto (1988) attributed this pattern to the

increased feeding rate of females necessitated by the higher energy demands of

reproduction. Older fish had higher mercury levels due to higher feeding rates,

feeding on organisms higher in the food chain (e.g. larger insects or fish), and
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bioaccumulation over time (Murphy, 2004). Piscivorous fish accumulate mercury at

a higher rate than fish feeding at lower trophic levels. For example, smallmouth

bass (Micropterus dolomieu) feed primarily on small fish and have higher mercury

levels than minnows feeding primarily on insects (Murphy, 2004).

While humans can avoid contaminated areas and even select which species to

eat, piscivorous wildlife living along the South River, such as large fish, mink

(Mustela vison), otter (Lontra canadensis), herons, osprey (Pandion haliaetus), bald

eagles (Haliaeetus leucocephalus), and belted kingfishers (Ceryle alcyon) cannot

avoid exposure (Appendix A). Humans generally consume only the fillet or muscle

of fish, but birds consume the entire fish, including the liver where mercury

selectively accumulates (Bidwell et al., 1993). Therefore, piscivorous wildlife living

on the South River have a high risk of mercury toxicity.

Mercury in Birds

Toxicokinetics of mercury in birds

Birds are exposed to mercury primarily through diet. Absorption of

inorganic mercury is low, while methylmercury absorption is nearly complete

(Scheuhammer, 1987). Under laboratory conditions, the absorption rate of inorganic

mercury is also species dependent. Wetland species such as the black-crowned night

heron (Nycticorax nycticorax ) and mallard (Anas platyrhynchos) absorb less

inorganic mercury than do the eastern screech-owl (Otus asio) or the American

kestrel (Falco sparverius) (Serafin, 1984). In the reverse process, inorganic mercury

is easily eliminated, but methylmercury remains in the body until it is broken down

(U.S. EPA, 1997).

Much of the body burden of methylmercury is eliminated during molt when

feathers are supplied with blood. Methylmercury attaches to the sulfhydryl group in
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keratin, the structural building protein of feathers. While the feather is growing, the

blood-filled shaft contains less mercury than does the feather as a whole (Burger,

1992). Once the feather stops growing, the blood supply is terminated, allowing

mercury to be permanently removed from the body (Burger, 1992). Levels of

mercury in internal tissues continually drop until molt is complete and the levels

begin increasing until the next molt (Hughes, 1997). Feathers replaced first during

molt have higher levels of mercury than feathers replaced later (Dauwe, 2003).

Young birds are able to rid as much as 85% of their body burden of mercury while

growing their first set of feathers (Bouton, 1999).

In females, methylmercury can also be eliminated through eggs. Levels of

mercury in the liver of female gulls sacrificed after egg laying correlated more highly

with last laid eggs than the first laid eggs (Becker, 1992). This suggests that

mercury in later laid eggs are more indicative of the female body burden.

Methylmercury found in the albumen, which is formed on the day the egg was laid,

can be a good indicator of mercury uptake in the weeks immediately preceding

laying, while mercury in the yolk represents a much longer exposure period (Heinz,

2003). Females can reduce their body burden by approximately 20% through

deposition into the clutch (Monteiro and Furness, 1995). As in feathers, first-laid

eggs contain higher levels of mercury than later eggs (Becker, 1992). This finding

was corroborated in a study of Audouins gulls (Larus audouinii), but only in those

clutches containing more than three eggs (Morera et al., 1997). One study of great

tits (Parus major) failed to show this trend; however, levels in the eggs were more

than an order of magnitude less than levels associated with negative effects (Dauwe

et al., 2005). These levels may reveal fluctuations in the albumen and thus mercury

intake by the female on the day each egg was laid.

Methylmercury can be demethylated in the liver of adult birds once they

reach a certain species-specific mercury threshold, which allows easier elimination,
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(Henny et al., 2002). However, even the inorganic form of mercury is toxic to the

kidney where it causes necrosis (Wolfe et al., 1998). Inorganic mercury is also

eliminated from the body through urine, feces, and uropygial gland oil (Wolfe, 1998;

Dauwe, 2003). The half-life of mercury in birds, or the time it takes a bird to rid its

entire body of half the mercury in the exposure, is estimated to be between 2-3

months (Wolfe, 1998). During feather growth, mercury is rapidly eliminated from

the blood, and has a half-life of 3 days in common loon (Gavia immer) chicks;

however, after feather growth stops, the half-life of mercury in blood was estimated

to be approximately 25 times longer (Fournier et al., 2002).

Effects in birds

Relating levels of mercury in the body to the effects it causes is difficult in

wild birds, as most studies evaluate effects from mercury in a lab setting. In

addition, most lab studies relate the effect observed to an amount of dietary

mercury received rather than the level of mercury in the tissues of a bird. Effects

from mercury are seen when the rate of mercury uptake is greater than the rate at

which mercury is eliminated, causing mercury to accumulate in the body. When

methylmercury is absorbed it is highly affinitive to sulfhydryl groups and can inhibit

any enzyme containing a sulfhydryl group (Clarkson, 1987). As in mammals,

methylmercury is a neurotoxin to birds and can produce brain lesions and spinal

cord degeneration (Wolfe et al., 1998). Mercury has been shown to affect the

receptor density and ligand affinity in neurons in mammals (Basu et al., 2005).

Methylmercury is able to cross the blood-brain barrier and selectively

concentrates in the fetal brain (Wolfe et al., 1998). As a result, the nervous system

of young birds is particularly vulnerable to mercury contamination during

development. Ducklings whose parents had been fed a diet containing

methylmercury traveled further from a frightening stimulus than did control

ducklings (Heinz, 1976). In addition, ducklings whose parents had been fed
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methylmercury were less likely to respond to a maternal call than control ducklings

(Heinz, 1979). Though early motor development is critical in precocial young,

similar experiments have not been performed on birds with altricial young where

motor development is not critical until fledging. During the period immediately

following fledging, young birds must learn to forage for food and fend for

themselves. For birds living in a contaminated site, this coincides with the

completion of feather growth. Once feather growth stops, mercury levels in the

tissues of young birds should begin to rise, even though motor and sensory systems

are still developing. Young great egrets (Ardea alba) fed a diet of methylmercury

and monitored after the age of fledging showed overt differences in behavior from

control birds including spending less time perched, less time preening, and more

time in the shade (Bouton et al., 1999). The amount of food consumed declined and

as a result, the growth rate slowed (Spalding et al., 2000). However, even in the face

of increasing mercury burden, the concentration can be reduced due to the rapid

growth rate of chicks, a phenomenon referred to as the dilution effect (Becker et al.,

1994). There is some indication that mercury can decrease the growth rates of

chicks; however, it appears that a species-specific threshold of mercury intake must

be reached. Leghorn cockerel chicks (Gallus domesticus) fed 6ppm mercury daily,

weighed significantly less than control groups at three weeks of age (Fimreite, 1970).

In contrast, common loons chicks fed 1.5ppm mercury in their daily diet did not

differ in weight after 15 weeks (Kenow et al., 2003).

One of the most sensitive responses to mercury contamination is

reproductive success (Wolfe et al., 1998). Condition of young is dependent on three

major factors: the amount of mercury deposited into the egg by the female, the

ability of the parents to care for the young, and the sensitivity of the species to

contamination. Eggs serve as a major elimination route for adults, but at a cost;

eggs with elevated mercury levels are less likely to develop (Heinz and Hoffman,
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2003). There was a negative relationship between mercury and estradiol levels, a

hormone critical to the development of eggs in female white ibis (Eudocimus albus)

(Heath and Frederick, 2005). Indeed, dosing studies conducted on mallards revealed

that mercury reduced egg output and increased early mortality in chicks (Heinz and

Hoffman, 1998; Heinz, 1974). A mallard egg with a mercury concentration as low as

0.74ppm failed to hatch (Heinz, 2003). In a recent study on an endangered

subspecies of clapper rails (Rallus longirostris), elevated mercury levels were

associated with reduced hatchability of clutches. While a portion of unhatched eggs

had levels of mercury above 0.74, many unhatched eggs contained a lower

concentration (Schwarzbach et al., 2006). In eggs of herring gulls (Larus

argentatus), mercury levels greater than 0.8ppm were not considered a contributing

factor to poor reproductive success (Koster et al., 1996). This suggests that species

differ in their sensitivity to methylmercury in ovo.

Parental care may be affected due to poor condition of the adult or the

quality of food items available. Elevated mercury has been associated with reduced

body mass and immunocompetence (Wayland et al., 2002; Elbert and Anderson,

1998). Reproductive success can decline due to changes in the foraging efficiency of

the adult or prey availabiliy. Broods of great tits that were reared close to a

mercury-emitting smelter fledged later and were in worse condition than broods in

less polluted areas (Janssens et al., 2003). In a similar study, the population of

caterpillars was reduced closer to a smelter, which was reflected in the nestlings diet

(Eeva et al., 2005). This suggests that even if parental effort remained constant,

environmental changes caused by contamination could still affect reproductive

success.

Levels in Birds

Birds are widely used as a bioassay for monitoring the levels of mercury in

the environment (Frederick et al., 2004). When a bird is not molting or laying eggs,
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mercury accumulates in the liver, brain, and kidney (Wolfe, 1998). As a result, most

studies of mercury contamination involve sacrificing the study species. Inter-tissue

levels of mercury are often correlated. In young birds, the level of mercury in the

feathers/down and the level in mercury in blood are highly correlated across species

(e.g. wood-storks (Mycteria americana) Gariboldi et al., 2001; bald eagles, Jagoe et

al., 2002; common gulls (Larus canus), Kahle and Becker, 1999). Young birds tend

to have high feather to blood ratios. The feather:blood ratio in young wood storks

from North Carolina ranged from 9.48:1 to 12.85:1 (Gariboldi et al., 2001). Levels of

blood in adults are less well studied. Evers et al. (2005) suggest an intertissue ratio

of 0.4:1:2:6:15 between egg: blood: muscle: feather: liver based on levels found in

common loons. In a study on adult bald eagles breeding on four lakes in British

Columbia, the feather:blood ratio ranged from 3.17:1 to 5.97:1 (Weech et al., 2006).

Belted Kingfishers as an Indicator Species

Biomonitors should be non-migratory for at least part of their life cycle, able

to withstand varying levels of the contaminant, and have a known foraging range

and well understood natural history (Hollamby et al., 2006). Belted kingfishers have

been used in few toxicology studies because they are difficult to capture and their

nests are difficult to access. Despite this, their wide distribution and dependence on

fish for food make them an ideal indicator species for a mercury contamination

study (Baron et al., 1997). In general, accumulation of aquatic contaminants

appears to be correlated with the proportion of fish in the diet (Landrum et al.,

1993). During the breeding season, kingfishers are strict piscivores (Hamas, 1994).

The belted kingfisher is distributed across the United States and will breed in a

variety of aquatic habitats including rivers, ponds, lakes, and estuaries (Lane et al.,

2004). The bioavailability of mercury across these habitats differs depending on

their environmental qualities. Kingfishers breeding on lakes had higher blood
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mercury concentrations than those breeding on rivers and estuaries. Those breeding

in marine systems had the lowest blood mercury levels.

The belted kingfisher, like other kingfisher species, burrows into vertical cliffs

to nest. During the winter, it is solitary, but during the breeding season kingfisher

pairs defend a territory together. Unlike larger piscivores used in contamination

studies, such as the bald eagle, osprey, and great blue heron (Ardea herodias), the

belted kingfisher has a relatively small home range of approximately 1000 linear

river meters during the breeding season (Davis, 1982). Successful nest sites have

been discovered in a variety of soil types including compacted sand, sandy clay, sand

and gravel, and clay and humus (Prose, 1985). Nest site selection is also dependent

on the amount and type of vegetation on the surface of the bank. Nest sites are

typically devoid of overhanging roots and roots within the bank. In a study in

Pennsylvania, nesting sites had a smaller percentage of forested edge and a greater

percentage of agricultural area with herbaceous vegetation than did random, unused

sites (Prose, 1985). Entrances to the nests are often near the bottom of the organic

soil layer, but not so close to the top of the cliff that they can be excavated by

predators. Additionally, the entrance is typically above the flood level. Active

kingfisher nests can be distinguished from other holes in the bank by the two

grooves found in the bottom of the hole where the kingfisher lands (Fig. 1.1). The

tunnel to the nest chamber slopes gently up, perhaps to prevent water from

collecting in the chamber. Most nests are made close to a suitable foraging location

(Bent, 1940). Because only a limited number of sites match all of these

characteristics, many sub-optimal nesting sites are chosen. Kingfishers will make use

of man-made structures, including cliffs in gravel pits and consolidated sawdust piles

at paper mills (Prose, 1985).

While only females, but not males, migrate south during winter in the

northern portion of their range (Kelly, 1998), it is unclear if migration by either sex
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Figure 1.1: Entrance to an active kingfisher nest. Arrows indicate the grooves formed by
kingfishers after repeated landing.

occurs in Virginia. Males will maintain their breeding grounds and, at least in some

cases, roost in nesting chambers during the winter (Albano, 2000). Kingfishers are

dependent upon open water to feed, and may shift sites facultatively during the

winter months rather than make a long distance migration (Albano, 2000). Females

return to the breeding site in early March. Courtship activities between male and

female kingfishers are similar to territorial behaviors in which one or both of the

pair will fly around the perimeter of the nesting territory and call repeatedly

(Albano, 2000). The size of the territory is negatively related to the total length of

riffles within the territory, in other words, territories with more good fishing areas

are smaller (Davis 1982). Initial pairing is followed by a period of courtship during

which the nest is excavated by both sexes and copulation takes place. The length of

time required to excavate the nest is dependent on the substrate in which the pair

chose to nest (Prose, 1985).

Nest building begins in early April in most southern states. Kingfishers
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typically lay 5− 8 eggs directly on the dirt, with seven being the most common

clutch size (Hamas, 1994). Both males and females incubate the eggs for

approximately 22 days. The eggs hatch synchronously and the young are brooded

by both parents for the first 4-5 days after they hatch. In a study in Maine, males

brooded the young more often than females. While it has been suggested that

adults will regurgitate food for their nestlings, kingfishers in Maine visited the nest

too often for digestion and regurgitation of small fish to have been taking place

(Albano, 2000). The rate at which parents return to the nest per hour decreases

during the nestling period; however, the grams of fish delivered to the nest per hour

rises during this time due to the acquisition of larger fish. Juvenile kingfishers fledge

after approximately 27− 29 days.

Kingfishers feed primarily on fish, but will also feed occasionally on

crustaceans, insects, birds, frogs, reptiles, and mammals (Bent, 1940). They tend to

feed on the prey items that are most abundant in the environment (Davis, 1982).

Foraging studies have shown that a major portion of kingfisher diet is forage fish

with as much as 75% of the diet belonging to one family, the cyprinids (Prose, 1985;

Landrum et al., 1993). Davis (1982) found a significant relationship between

territory size and the average weight of fledglings per nest. In addition, Sullivan et

al. (2006) found that the geology of the river can be a better predictor of brood

weight at fledging than the characteristics of fish on the site. The rate of uptake of

mercury in kingfishers will depend heavily on the foraging strategy of the fish the

kingfishers prey upon, as carnivorous fish should have higher levels of mercury than

insectivorous and benthivorous fish. After fledging, juveniles will feed on flying

insects (particularly in the order Ephemeroptera) and crayfish, in addition to fish

(Prose, 1985).
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Major Objectives of this Study

This project was part of a larger study to determine the levels and pathways

of mercury in the avian community living on the South River. The purpose of my

project was to determine, for adults and juvenile kingfishers: (1) the levels of

mercury accumulation in feathers/blood, (2) the relationship between levels of

mercury in feathers/blood and physiological condition, and (3) the relationship

between mercury level and reproductive success.

METHODS

Study Site Description

Belted kingfisher blood and feathers were collected in 2005 and 2006 from

the South, Middle and North Rivers in Augusta and Rockingham counties, Virginia.

These rivers flow north and converge to form the South Fork of the Shenandoah

River where additional sampling took place in 2005 only. The South River and the

South Fork of the Shenandoah River will be referred to as the contaminated area,

while the Middle and North rivers will be referred to as the reference areas (Fig.

1.2). To be consistent with data collected by the South River Science Team, all

distances along the river will be reported in miles.

South Fork Shenandoah River

The South Fork of the Shenandoah River flows north from the Blue

Mountain region of the Shenandoah Mountains to Front Royal, where it converges

with the North Fork of the Shenandoah River to become the Shenandoah River.

The Shenandoah River converges with the Potomac and empties into the

Chesapeake Bay. The three main tributaries to the South Fork Shenandoah are the

South River, the North River, and the Middle River (see below). The Middle River
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and the North River converge to form an enlarged North River approximately 4

miles upstream of Port Republic. In Port Republic, the North River converges with

the South to form the South Fork Shenandoah River. The South Fork of the

Shenandoah is a sixth order stream that drains a watershed of approximately

4, 044km2. The river discharges at an average rate of 39.6m3/s (Murphy, 2004).

Much of the river has a limestone bed, and during the summer months there are

many places where limestone can be seen protruding above the surface of the river.

I sampled kingfisher nests on the South Fork Shenandoah River between Port

Republic and the Rockingham county line, north of Elkton.

South River

The South River begins in the Blue Ridge Mountains and flows through

Stuarts Draft and northeast to Waynesboro. The South River continues north to

Port Republic where it joins with the North River. Mercury contamination of the

South River begins in Waynesboro. The South River is a fourth order stream that

drains a watershed of approximately 373km2. The river discharges at an average

rate of 7.4m3/s (Murphy, 2004). The South River is bordered primarily by

agricultural, pastoral land, and single-family homes. Where agricultural and

pastoral land occurs, there is often a single line of trees in the riparian zone

comprised of mostly sycamore and black walnut. While most of the land along the

river is developed, stretches of undeveloped land do occur. Two water treatment

plants, one in Waynesboro and one in Grottoes, discharge effluent into the South

River. I sampled from kingfisher nests on the South River between the source of

contamination in Waynesboro (10− 15m wide) and Port Republic. Although I

searched for reference nests between Stuarts Draft and Waynesboro during both

years, none were located. I sampled one nest located on a dry creek bed (an offshoot

from Stull Run) approximately 0.75 miles from the river south of Grand Caverns.
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Because the stream had no water, the resident kingfishers probably maintained a

territory on the South River, and thus I considered this a South River nest.

North River

The North River begins in the Allegheny foothills of north central Virginia

and flows east through the city of Bridgewater and south to join with the Middle

River. After the rivers converge, they flow north and east to join with the South

River. The North River is a fifth order stream that drains a watershed of

approximately 1140km2. The river discharges at an average rate of 10.7m3/s

(Murphy, 2004). Much of the land bordering the North River is forested; however

the river is also bordered by some agricultural land similar to the South River. I

sampled kingfisher nests on the North River in 2005 and 2006 from approximately 7

river miles upstream of the city of Bridgewater (6-8m wide) downstream to the city

of Port Republic. Birds at the juncture of the South and North Rivers were not

sampled because they fed on both contaminated and uncontaminated waterways.

Middle River

The Middle River begins in the Great Valley southwest of Staunton. It flows

north around the city of Staunton and then meanders east and west before it joins

with the North River east of Grottoes. The Middle River is a fourth order stream

that drains a watershed of approximately 971km2. The Middle River is 26m wide

(wider than both the South and North Rivers), and has an annual discharge rate of

8.6m3/s (Seagle, 1980). While the Middle River currently has no health advisory for

mercury contamination, Lewis Creek, a tributary to the Middle River, is

contaminated with PCBs. However, the health advisory for PCB contamination is

restricted to Lewis Creek, and kingfishers were not sampled within 10 river miles

downstream of Lewis creek. I sampled kingfishers nests from the uppermost
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portions of the river (2-3m wide) near the small town of Swoope to the confluence of

the Middle River and the North River, where the river was at its widest.

Nest Location and Excavation and Adult Capture

I surveyed the study area for belted kingfisher nesting sites by canoe

beginning on 1 April, 2005 and 14 April, 2006. I recorded the location of nests sites

and adult sightings. Surveys were carried out by a pair of observers slowly paddling

a canoe downstream and searching the banks for nest holes, augmented by

opportunistic land-based searches from road access points. In 2005, the South River

was searched early in the nesting season, while the reference rivers were done later.

The entire length of the South River was surveyed once in 2005. Because none of

the searchers had experience with kingfisher nests, some were likely missed in the

first year. Two nests that I located were never sampled. One of the unsampled nests

was not discovered until 2006. At the other nest I was unable to catch the adults

and the nest was too deep in the bank to allow excavation. During 2006, greater

familiarity with kingfishers and the South River landscape increased my ability to

locate nests. In 2006, sections of the South River with no nests were repeatedly

searched to ensure that nothing was missed (though it is possible that some birds

foraged on the river and nested elsewhere). Reference rivers were searched

thoroughly in 2005, but in 2006, due to a greater abundance of reference samples,

some sections of reference rivers were not sampled. A complete table of nests and

locations can be found in Appendix B.

The majority of nests located during this study were discovered during

incubation. Because kingfishers are extremely sensitive to disturbance and will

readily abandon the nest (Hamas, 1975), I did not excavate nests until after

hatching. I used a variety of methods to determine the phase of the nesting cycle.

Initially, I probed the nests with a long, flexible branch to estimate the length of the

tunnel. I considered nests with a depth < 1m incomplete, but monitored these nests
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for activity by placing an upright twig in the entrance and returning the next day.

If the twig had been removed, I considered a nest active. If, during probing, I felt a

single, forceful jab at the stick, it indicated that an incubating adult was inside the

burrow, while smaller pecks indicated the presence of hatchlings. Because adult

kingfishers will brood the young for about 4 days post-hatching, probing could only

be used as an indicator of an active nest but not for specific stages. I also

determined nest stage by monitoring for adult activity outside of the nest. If the

young had hatched, adults returned to the nest with a fish in their bill, called

repeatedly before entering the nest, and promptly left the nest after depositing the

fish. If incubation was still taking place, an adult would return to the nest hole

without a fish and call repeatedly without entering the nest. In 2006, we used a fiber

optic viewer (Provision, NTE electronics, Bloomfield, IL) to determine the stage of

the nest when the stage of the nesting cycle could not be otherwise determined.

Both nests that I excavated during incubation resulted in abandonment

during 2005; therefore, in 2006, clutches of eggs that were discovered during

incubation were harvested for mercury analysis (n = 6). I collected whole clutches

from three reference and three contaminated nests. While I attempted to take eggs

early in development (while still pink), I unknowingly harvested at least one clutch

of eggs just prior to hatching. On occasion, I unearthed a brooding adult. In these

cases, I weighed, measured and returned nestlings to the chamber as quickly as

possible. I returned adults to the chamber through the front entrance to continue

brooding while the rear entrance to the chamber was filled in.

Once the nestlings hatched, I captured adult kingfishers by placing a 32mm

mesh songbird mist net in front of the entrance to the nest. Depending on the shape

of the cliff, various length mist nets were used. I placed the net approximately 1m

in front of the hole to prevent the adult from flying over it when entering the

chamber. In addition, I placed nets well above the surface of the water. Younger
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nestlings are fed more often (Albano, 2000). As a result, I attempted to catch adults

early during the nestling phase when captures could be made in less time.

Additionally, I attempted to catch both adults during the same day to minimize

disturbance. Kingfishers are wary of mist nets so I limited the total disturbance to

under 3 hours. If I caught one adult early in the interval, it would generally return

to the area again within one hour of being sampled. I generally attempted to net

adults at the same time as digging into the nest chamber.

Digging required 0.5-3 hours with most nests taking about 1 hour. I

estimated the length, orientation, and curvature of the tunnel by probing the

chamber with a long, flexible stick (Fig. 1.3). While digging, the entrance to the

nest was plugged to prevent any nestlings from fledging early. If an adult returned

from a foraging trip during the digging process, the plug would be removed and the

researchers would hide in an attempt to catch the adult. Once I completed sampling

the young, I returned them to the chamber and the rear entrance to the chamber

was fitted with a flat rock to prevent dirt from falling in. The remainder of the hole

was filled with rocks and dirt to prevent predation.

Determination of Adult Age and Nestling Sex

Belted kingfishers are one of the few bird species that exhibits reverse sexual

dimorphism, in which the female has more colors than the male (Hamas, 1994).

Adult females have two bands, one brown and one blue, across their chest, while

males have only a blue band. Fledglings have a distinctive amount of brown in their

blue band and even males have a trace amount of brown under their wings. I was

able to determine the sex of nestlings as young as 9 days old by looking at the

axillaries, the elongated underwing feathers that grow near the body. Before they

emerge fully from their developmental sheaths, the axillaries will contain pigment in

females and appear dark blue (eventually unsheathing a brown feather), while they

appear pink in males (eventually unsheathing a white feather) (Fig. 1.4). Prior to
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the first breeding season (between February and April), kingfishers undergo a

prenuptial molt that involves much of the body plumage, including most of the

brown that was originally present in the blue band. Some brown feathers remain

after this molt, however, and are indicative of birds in their first breeding season.

Birds in their first potential breeding season are referred to as “second-year birds”

(hereafter, SY). All adults undergo a complete postnuptial molt (usually between

August and October), in which the remainder of the brown feathers in the blue

band are lost (Bent, 1940; Pyle, 1997). Birds in their second potential breeding

season referred to as “after-second-year” birds (hereafter, ASY).

Figure 1.4: The distinguishing characteristic between male and female belted kingfishers
at 9 days of age. The wing of the female is upside down relative to the male.

Determination of Nestling Age and Nesting Chronology

I could not determine exact hatching dates without risking abandonment by

adults. Instead, I estimated the age of the nestling by comparing the mean brood

weight and culmen length to that reported in growth curves by Hamas (1975), Davis

(1980), and Albano (2000). Kingfishers hatch synchronously; therefore, I determined

the hatch date by subtracting the estimated age of the nestlings from the date they
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were weighed. The average duration of incubation for kingfishers documented in

previous literature is 22 days (Hamas, 1994). In addition, only one egg is laid per

day. Therefore, to determine the day the first egg was laid, I subtracted 22 days

plus the number of chicks and unhatched eggs from the estimated hatch date. In

cases where broods were small, or the nest was visited late in the season, it was

possible that some chicks fledged prior to my visit or that chicks or eggs had been

depredated. Kingfishers almost invariably lay seven eggs (Albano, 2000), and in the

current study, every nest excavated during incubation or while a parent was

brooding the young contained seven eggs/chicks. Therefore, in cases where I found a

reduced brood I have assumed that seven eggs were laid.

Morphological Measurements

Morphologicial measurements included weight of the bird, culmen length (C1;

from nares to tip), and exposed culmen (C2). In adult birds, I also measured the

length of the unflattened wing and tail. I banded birds with a USGS aluminum

band for recapture and identification. Unlike most birds, kingfishers are banded

above the tibiotarsus, on the fibula. Therefore, I banded young birds after they were

9 days old when the band could no longer slip below the tibiotarsus. I analyzed

growth rate on nests that were visited more than once after the chicks were banded.

In 2005, I excavated most nests only once. In 2006, I excavated nests at

approximately 10-14 days old and again when chicks were 17-24 days old.

Because age was not known precisely, growth rate and condition were

determined by evaluating weight of the chicks in relation to measurements of the

culmen length (C1), a skeletal measurement that corresponds to age. Chicks that

were recently fed a whole fish can be more than 10 grams heavier than the rest of

the brood. These chicks can skew the average weight of a brood at any given age;

therefore, I did not include any chick that was more than 10 grams heavier than the

mean of the brood in these analyses. To determine the growth rate of all chicks over
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time, I included each measurement as a separate data point, even though some

chicks were measured twice during the course of development. Therefore, this

analysis violates the assumption of independence of cases, but this disadvantage is

counteracted by the benefits of a large sample size.

Mercury Analysis

I sampled blood from the brachial vein of adult and juvenile birds using a 25

gauge 5/8inch needle. I collected approximately 150µL of blood in either 3

heparinized capillary tubes or 3 green top plastic heparinized microtainers (capacity

of 0.6cc) fitted with a blood flow adaptor. Blood samples were immediately placed

on ice and frozen to −25◦C within 8 hours of collection. I bled chicks as early as 14

days old during 2005; in 2006, I attempted to take blood from chicks between 20-24

days old. In adults, I removed the middle right tail feather and nine feathers from

the back and each of the blue, white, and brown breast bands. I removed five blue

back feathers and five white chest feathers from most young birds that were greater

than 18 days old, primarily in 2006. Prior to analysis, I washed feathers with

de-ionized water and dried them in a coin envelope in a low-humidity container with

Drierite for a period of at least 48 hours. I then homogenized them using scissors to

cut pieces to approximately 1mm2.

All samples were analyzed by the Trace Elements Research Laboratory at

Texas A&M University (TERL). Mercury was measured in feathers and blood using

the atomic absorption spectroscopy method in a direct mercury analyzer (Milestone

DMA80). During this process, a small amount of sample (generally less than

0.0200g) was placed in a mercury-free, precombusted boat. All bound mercury was

first converted to elemental mercury through a series of drying and heating steps.

Elemental mercury was then converted to free mercury by combusting the sample.

The mercury was released into an oxygen stream through a heated catalyst chamber

and moved past a gold trap. Gold is highly affinitive to mercury; therefore, when the
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vapor passed a gold surface, all mercury became trapped. The gold trap was then

heated to release the mercury into a chamber where a mercury lamp illuminated the

vapor. A spectrometer then measured the peak of the light received from the

mercury lamp (Fig. 1.5). The peak of the reflectance was compared with known

calibration standards to derive the total amount of mercury in the sample. Nearly

all of the mercury in the blood and feathers of birds is methylmercury, so measuring

total mercury, which is less expensive, is an accurate measure of methylmercury

levels (Evers et al., 2005). The total amount of mercury in the sample was then

divided by the mass of the sample to determine micrograms of Hg per gram of

sample (µg/g or ppm). After every 20 samples, one duplicate sample, three blanks

(empty boats), two standards (National Research Council of Canada Dorm-2 and

Dolt-3), and two clear out blanks (no boat) were run for quality control. Blood

samples were run by the staff of TERL, whereas I ran the feather samples using the

equipment at TERL. Blood and feather distributions were positively skewed and

therefore log normalized before most analyses. When untransformed data were more

meaningful, I did not log normalize mercury concentrations.

Figure 1.5: The atomic absorption method of the direct mercury analyzer. Resketched
from the Milestone direct mercury analyzer software.
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Prey Collection

I captured adults while they were returning from feeding bouts. Therefore, I

often obtained the fish intended for the nestlings. I placed each fish on ice

immediately and froze it within 8 hours. Because adults are wary of mist nets and

flew back and forth with their prey, fish would often dry out before the adult was

captured. In addition, fish were lightly scarred due to the methods kingfishers use

to kill their prey. Species and foraging guild were determined using Jenkins and

Burkehead (1993).

Research-related Mortality Events

During the course of this study, several mortalities occurred. In 2005, two

adults, two clutches of eggs, and one juvenile perished as a result of research

activities, and an additional clutch was predated with no obvious link to research

activities. One of the adults died of heat stress after becoming entangled in a

portion of the net that was not visible to the attending researchers. I harvested

uncoagulated blood from this bird directly from the dissected heart. In another

instance, I caught a female leaving a nesting hole, and sampled and released her into

the air. Three days later I returned and excavated the nest to find that the female

had perished inside her empty nest chamber for unknown reasons, possibly as a

result of the stress of capture. A nestling of fledging age suffocated while in a cotton

bag with other nestlings because a thunder storm struck and prolonged the

operation. In two instances, I excavated nests in which the parent was incubating

eggs. The parent was sampled and returned to the nest via the front entrance;

however, upon my return at least two weeks later, I found both chambers empty,

likely as the result of abandonment followed by predation. Finally, the latest nest of

the season, discovered during the nestling stage, was predated through the front

entrance within one week of discovery.



28

In 2006, only one brood and no adults perished as a result of human

interference. During the course of excavating a reference nest, the brooding adult

female became agitated and attacked a chick before she could be removed from the

chamber, killing the chick instantly. I weighed and returned the remainder of the

chicks to the nest immediately. I returned the adult female to the chamber from the

rear, excavated entrance, where she began attacking the chicks again. When I

returned to the nest again over a week later, the chamber was empty, but the chicks

could not have fledged. In the other two instances where I found an adult brooding

small chicks, the bird was a male. In both of these instances, I returned the bird via

the front entrance. In one case, I found all the chicks upon my second visit, and in

the other, two out of the seven chicks were missing. In addition, one brood of

nestlings was depredated from the rear, excavated entrance nearly two weeks after

banding in 2006. Of interest is that the two nests (one in 2005 and one in 2006)

that were depredated during the nestling stage belonged to kingfishers with the

highest mercury levels (a pair with highest blood in 2005, a male with the highest

feathers in 2006).

RESULTS

Overall, I banded kingfishers from 44 nesting sites. Of 58 adults from 39

nesting sites, 21 were from 13 nests on the South River, 9 were from 7 nests on the

South Fork of the Shenandoah River, and 27 were from 19 nests on the Middle and

North Rivers. Of 178 nestlings found in 28 excavated nests, 65 were from 10 nests

on the South River, 32 were from 5 nests on the South Fork of the Shenandoah, and

81 were from 14 nests on the Middle and North Rivers. I banded 164 of these

nestlings. In addition, one juvenile was caught on the North River less than a week

after fledging. Measurements taken on this bird were not included in the following

analyses.
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Mercury Levels

Adult Blood Levels

In adult kingfishers, the blood mercury level was higher in birds sampled on

the South River (x = 3.35± 2.67ppm, n = 21) than in birds sampled downstream of

the confluence on the South Fork of the Shenandoah River (x = 0.563± 0.341ppm,

n = 9). Adults sampled both above and below the confluence had significantly

higher blood mercury levels than birds on the reference rivers (Middle and North;

x = 0.247± 0.140ppm, n = 27; F2,54 = 22.99, p < 0.01; Fig. 1.6). Further analysis

using Helmert contrasts indicated that the level of blood mercury in adult

kingfishers sampled on the South River was significantly higher than that in birds

sampled downstream of the confluence (F1,54 = 32.17, p < 0.01) and higher than

that of reference kingfishers (F1,54 = 13.81, p < 0.01).

Blood mercury levels in adult kingfishers increased with increasing distances

from the source of mercury contamination in Waynesboro. If I caught both

members of a pair, I averaged their blood mercury levels before analysis. Levels of

blood mercury peaked near mile 15 and dropped to near background levels after the

confluence of the North and South Rivers (Fig. 1.7). Because absolute mercury

levels are important to the interpretation of this relationship, mercury levels were

not log transformed. Using a quadratic equation to model the data did not produce

a significant relationship; therefore, I used a cubic equation

(y = −4.01x− 3.67x2 + 5.31x3 + 2.31, r2 = 0.4838, p < 0.05).

Adult Feather Levels

In adult kingfishers, the mercury levels of the back feathers and various

patches on the chest were highly correlated and did not differ between feather types
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Figure 1.6: Blood mercury levels in adult kingfishers sampled on the South River (n = 21),
on the South Fork of the Shenandoah (n = 9), and on the Middle and North Rivers (n = 29).
Bars represent standard error.
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Figure 1.7: Blood mercury levels in adult kingfishers in relation to their distance from the
contamination source. Vertical line indicates the confluence between the North River and
the South River. Distance is measured in miles.
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(Table 1.1). This suggests that body feathers were molted at the same time.

Therefore, in all further analyses, I used only back feather mercury values.

Feather mercury levels from the South River (x = 26.25± 7.27, n = 21) were

higher, on average, than on the South Fork of the Shenandoah River

(x = 9.44± 3.18, n = 9) or those from the Middle and North Rivers

(x = 11.54± 5.07, n = 25), but these differences were not significant (F2,52 = 2.06,

p > 0.05; Fig. 1.8).

Table 1.1: Pearson correlations between feathers from adult belted kingfishers.

Blue Back Blue Chest White Chest
Blue Chest 0.97∗∗ – –

White Chest 0.97∗∗ 0.95∗∗ –
Brown Chest 0.99∗∗ 0.96∗∗ 0.99∗∗

significance ∗∗p < 0.01
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Figure 1.8: Mercury levels in adult belted kingfisher feathers by site. Mercury levels
indicate untransformed values in ppm.
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Correlation Between Tissues in Adults

For all treatment groups combined, blood mercury values had an average of

1.47± 2.21ppm (n = 55), whereas, feathers had an average of 16.8± 27.70ppm

(n = 55). This resulted in a feather:blood ratio of 11.4:1. Log transformed blood

values predicted log transformed feather values in adult kingfishers; however the

relationship was weak (y = 1.90x− 0.86, r = 0.40, p < 0.01; Fig. 1.9). The

relationship between blood and feather was stronger for SY birds (r = 0.55,

p < 0.01) than for ASY birds (r = 0.30, p > 0.05). The correlation between ASY

blood and feathers was low, and therefore, blood values (taken approximately 6

months after molt) could not be assumed to accurately indicate the body burden

during the previous molt. (For ratios and correlations of other species see Appendix

C). Therefore, in all analyses in which I evaluated the effect of adult mercury on a

nesting parameter, I considered blood mercury and feather mercury separately.
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Figure 1.9: Relationship between log transformed blood and feather mercury values in
adult kingfishers.
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Correlatioin between paired adults

In a subset of nests, I caught both the male and female (n = 18). The blood

mercury values of mates were positively correlated (r = 0.88, p < 0.01; Fig. 1.10).

Within this subset, there was no difference in mean mercury values between sexes

(t17 = 0.65, p > 0.05).
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Figure 1.10: Correlation between male and female mercury levels from the same nest.

Nestling Blood Levels

To assess blood mercury levels in young kingfishers, I averaged samples from

individuals by brood thereby avoiding pseudoreplication. Broods sampled on the

South River had a higher level of mercury (x = 0.263± 0.122ppm, n = 8) than those

sampled downstream of the confluence on the South Fork of the Shenandoah River

(x = 0.114± 0.0651ppm, n = 5). Broods sampled in both the South River and the

South Fork of the Shenandoah had higher levels of blood mercury than broods

sampled along the reference rivers (x = 0.0748± 0.0680ppm, n = 10). There was a

main effect of sampling site, (F2,20 = 10.17, p < 0.01; Fig. 1.11). Further analysis
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using Helmert contrasts indicated that the levels of broods sampled on the South

River had significantly higher blood mercury levels than those broods sampled

downstream of the confluence on the South Fork of the Shenandoah River

(F1,20 = 11.51, p < 0.01) or reference broods, (F1,20 = 8.83, p < 0.05). Broods on the

South River had a higher inter- and intra-brood variation in their blood mercury

levels than broods on the South Fork Shenandoah and the North and Middle Rivers

(Table 1.2).

Blood mercury levels in young kingfishers decreased with increasing distances

from the source of contamination in Waynesboro. I was unable to sample young

kingfishers on large portion of the South River from miles 10-24 because the few

nests found there were used to sample eggs. After mile 40, levels in young

kingfishers dropped to near background levels. The data were modeled by the

equation y = −0.005x+ 0.28, (r2 = 0.3706, p < 0.05; Fig. 1.12).
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Figure 1.11: Mercury levels in broods of young kingfishers sampled on the South River
(n = 8), on the South Fork of the Shenandoah River (n = 5), and on the Middle and North
Rivers (n = 10). Bars represent standard error.
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Table 1.2: Between and within brood blood mercury variation.

Inter-brood Variation Intra-brood Variation
South River 0.0860 0.0133

South Fork Shenandoah 0.0254 0.00165
North and Middle Rivers 0.0233 0.00296
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Figure 1.12: Mercury level of a brood as a function of the distance from the source of
contamination. Vertical line indicates the confluence between the North River and the
South River. Distance is measured in miles.
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Nestling Feather Levels

Blood and feather mercury levels were correlated in young kingfishers,

(y = 0.37x+ 2.76, r = 0.65, p < 0.01; Fig. 1.13). Nestling feather levels were only

evaluated on the South River; therefore, comparisons cannot be made among rivers.

The mean mercury concentration of nestling feathers on the South River was

9.92± 2.93ppm. The mean blood value for these same nestlings was 0.29± 0.15ppm,

resulting in a feather:blood ratio of 34.2:1.

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

−2.0 −1.5 −1.0 −0.5

1.
8

2.
0

2.
2

2.
4

2.
6

Log Nestling Blood Mercury (ppm)

 L
og

 N
es

tli
ng

 F
ea

th
er

 M
er

cu
ry

 (
pp

m
)

Figure 1.13: Relationship between log transformed blood and feather mercury values in
nestling kingfishers.

Correlation Between Parents and Offspring

In a subset of nests, I sampled the entire brood and at least one parent

(n = 20). I averaged blood mercury levels in the brood before analysis and, in the

cases where more than one parent was caught at a nest site, I averaged the parental

values before analysis. Blood mercury levels of a brood increased as the parental

mercury value increased. The data were modeled by the equation y = 0.62x− 1.98,
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(r = 0.79, p < 0.01; Fig. 1.14). Within this subset, the parental mercury value had

a mean blood mercury level of 1.12± 1.19, and the broods had a mean blood

mercury value of 0.145± 0.124, resulting in an adult:brood ratio of 7.746:1, or

almost an order or magnitude.
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Figure 1.14: Relationship between the mean mercury level in the adults at a nesting site
and the mean mercury value in their brood

Adult Natural History and Morphometrics

Age Class Distribution

While similar numbers of SY kingfishers were captured on the South River

and the reference rivers, a larger number of ASY kingfishers were captured on the

reference rivers; however, there was not a significant difference in the frequency of

the age classes of adult kingfishers among sites (X2 = 3.13, p > 0.05; Table 1.3).
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Table 1.3: Distribution of age classes by sex on each section of river.

Sex South River South Fork
Shenandoah

North and
Middle Rivers

SY
Male 4 0 7

Female 8 2 5
Total 12 2 12

ASY
Male 4 2 7

Female 5 5 8
Total 9 7 15

Recaptures

During the course of this study, four kingfishers were recaptured over the

two-year period. Because these kingfishers were sampled in different locations each

year, they were treated as independent subjects in analyses. Their history, however,

sheds light on other results, so each is described below.

An ASY, male kingfisher (159382368) captured in 2006 on the North River

had the highest feather mercury value of any bird (118ppm), but was known to have

bred on the contaminated South River, also as an ASY bird, during 2005. In 2005

this male had the highest blood value of any bird sampled (10.7ppm). Because

feathers sampled in 2006 had been grown after the 2005 breeding season, the high

values for feathers for feather and blood corresponded. Remarkably, this males

blood mercury had dropped to 0.367ppm, between 6 June 2005 and 6 May 2006. In

addition, his feather values in 2005 (5.92ppm) indicate that he had not molted on

the contaminated South River after the breeding season of 2004. Thus this male

switched territories at least two years in a row, something that has probably never

been documented for an adult male kingfisher.

In 2006, an SY female (159382309) bred within 0.5 miles of her 2005 nest on

the contaminated South River. While her blood values did not differ markedly
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between 2005 (2.64ppm) and 2006 (2.07ppm), her feather levels almost doubled

between years (34.5ppm and 66.1ppm, respectively). One possible explanation is

that she had moved onto the contaminated site while already in molt during 2005,

but molted her entire plumage on the contaminated site during 2006. Another

possibility is that her body burden increased steadily during her two years on the

contaminated site, as reflected by the feather increase, but her dietary intake

remained constant, as reflected in the blood level.

Another SY female (159382344) nested on the less contaminated South Fork

of the Shenandoah River during 2005 and moved upstream to nest on the more

contaminated South River during 2006. This bird had 0.542ppm mercury in her

blood in 2005 and 3.45ppm mercury in her blood during 2006. However, her feather

mercury values did not increase between 2005 and 2006 (2.11ppm and 2.98ppm

respectively). This suggests that she molted on the South Fork of the Shenandoah

or another relatively uncontaminated site before moving to the South River in 2006.

The final recaptured kingfisher (159382387) was banded as a nestling on the

Middle River. Though on a reference site, this brood of nestlings was higher than all

other reference broods and had mercury levels comparable to broods on the South

River. The bird was recaptured as an SY male on the contaminated South River in

2006 with elevated blood mercury (2.1ppm) and feather mercury (118ppm). The

feather mercury levels of this bird suggest that he molted on the South River

between February and April of 2006; however, there is a possibility that his natal

site has localized mercury contamination and he molted there. Further sampling at

the Middle River nest site is warranted because it is an outlier among reference sites.

Site Fidelity Estimate

Out of 44 nest sites documented during the course of my study, only one nest

was re-used in 2006. I estimated fidelity to the South River based on feather

mercury concentrations. Adult kingfishers that nested on the South River during



40

2005 should have had elevated feather mercury levels during 2006 as ASY birds. In

addition, juvenile birds that moved to the South River prior to molting, or those

that molted on the South River and dispersed prior to their first breeding season as

SY birds should have had elevated feather mercury. A total of 17 kingfishers were

captured with feather mercury levels greater than 10ppm on the South River, the

South Fork of the Shenandoah, and the Middle and North Rivers (Table 1.4). I

made the assumption that all of these birds had molted on the South River so their

location of capture indicated if they had moved. More ASY males remained on the

South River two years in a row than ASY females. This data also suggest that SY

males did not migrate, but began setting up territories during the winter months

(when they undergo molt) prior to their first breeding season. Due to the low

number of SY females, I cannot determine if they migrated though at least one SY

female molted on the South River during the winter.

Table 1.4: Fidelity to the South River as determined by stability of feather mercury
concentrations.

Remained on: Moved to:
South River South Fork

Shenandoah
North and

Middle Rivers
ASY

Female 1 1 3
Male 3 2 1

SY
Female 1 0 0
Male 5 0 0

Adult Size and Condition

To analyze the changes in weight over the course of the entire breeding

season, I divided the season into three categories: egg incubation, and early and late

nestling feeding. Weight differed between sexes (F1,38 = 7.03, p < 0.05) and across

stages of the breeding cycle (F4,38 = 3.80, p < 0.05; Fig 1.15). Female weight
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differed from male weight only during the incubation phase of the nesting season

(t6 = 4.35,p¡0.01).

During the nestling stage (early and late feeding stages), females were larger

than males in all skeletal measurements, but not in weight. Evaluated individually,

measurements of wing, tail, and culmen measurements did not change over the

nestling season for males or females (r2 < 0.07, p > 0.05 in all cases; Table 1.5).

Weight declined over the nestling season in females (y = −1.05x+ 160.74, r2 = 0.16,

p < 0.01) but not in males (y = −0.13x+ 143.65, r2 = −0.05, p > 0.05).

W
ei

gh
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g)

Incubation Early Feeding Late Feeding

14
0

15
0

16
0

17
0

●
●

●
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Female

Figure 1.15: Change in adult weight during the breeding season separated by sex. Bars
indicate standard error.

Table 1.5: Comparisons of adult morphological measurements.

Male Female t-statistic
Weight (g) 142.45± 10.64 148.26± 13.73 1.39
C2 (mm) 52.85± 2.69 54.84± 2.67 2.24∗

Wing (mm) 152.93± 3.00 156.10± 4.45 2.44∗

Tail (mm) 83.38± 3.91 88.23± 4.18 3.60∗∗

significance ∗p < 0.05,∗∗ p < 0.01
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In order to compare the overall size difference between sexes and across the

nesting cycle, I combined the morphological measurements (wing length, tail length,

weight, and C2, with a principal component analysis. PC1 explained 53.2% of the

variation and PC2 explained 24.1% of the variation. All factors in PC1 were equally

loaded and positive, indicating that PC1 represents overall size (Table 1.6). I then

analyzed PC1 with respect to time since the estimated date of hatching. During the

nestling phase, the overall size of females marginally declined over time

(y = −0.05x+ 1.21, p = 0.07) while the size of males stayed constant,

(y = 0.03x− 1.15, p > 0.05; Fig. 1.16). There was an overall difference of size

between sexes (F1,33 = 12.79, p < 0.05). There was relationship between size (PC1)

and blood mercury (r2 = 0.02, p > 0.05) or feather mercury (r2 < 0.01, p > 0.05).

Table 1.6: Factor loading for the principal components analysis of the morphological
measurements taken on adult kingfishers

Size (PC1) Condition (PC2)
Wing 0.531 −0.059
Tail 0.580 -0.339

Weight 0.249 0.9387
Culmen (C2) 0.565 0.010

Percent of variation 53.2% 24.1%

The second principal component loaded positively with weight and wing, and

negatively with the tail and culmen length; however, it loaded most heavily with

weight, suggesting that PC2 is an index of condition (i.e. weight relative to size).

During the nestling phase, the condition of females appeared to decline over time

(y = −0.06x+ 0.80, p = 0.08; Fig. 1.17), but the condition of males did not

(y = −0.002x+ 0.004). In fact there was no difference in condition (PC2) of males

or females nestling phase, (F2,33 = 1.60, p > 0.05), and no difference between sexes,

(F1,33 = 0.007, p > 0.05). There was also no relationship between condition (PC2)

and increasing blood (r2 = 0.03, p > 0.05) or feather mercury (r2 < 0.01, p > 0.05).
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Figure 1.16: Regression of the size of an adult (PC1) and the age of the brood on the day
the adult was measured. Data are separated by sex.
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Figure 1.17: Regression of the condition of an adult (PC2) and the age of the brood on
the day the adult was measured. Data are separated by sex.



44

Reproductive Parameters

Date of Clutch Initiation

The breeding season started two weeks earlier in 2006 than in 2005. I

estimated the date of clutch initiation for 30 nests. The date the first egg was laid

in each year was estimated to be 9 April in 2005 and 27 March in 2006. I assigned

first egg dates a Julian date, with day 0 marking the initiation of laying in the first

nest during each year. The first egg date was later, on average, for nests on the

contaminated South River (x = 13.27± 9.68, n = 11) than on the South Fork of the

Shenandoah River (x = 8.00± 2.19, n = 6) or the reference North and Middle

Rivers (x = 9.62± 8.01, n = 13), but this difference was not significant

(F2,27 = 1.03, p > 0.05). Females with higher blood mercury levels tended to initiate

their clutch at a later date (r = 0.37, p = 0.08). The data were modeled by the

equation y = 2.43x+ 13.058. When the data were evaluated for only those nests on

the contaminated South River, there was a similar trend for females with higher

blood mercury values to have later first egg dates, but this trend was not significant,

(r = 0.54, p = 0.11). There was no relationship between clutch initiation and

feather mercury values (r = 0.26, p = 0.12).

Clutch Size

I assumed that all nests had seven eggs (n = 29). In only two cases did I

suspect that this was not the case. One nest on a reference river had eight eggs and

eight chicks fledged. One nests had only six eggs (actually, five chicks and one

unhatched egg). This nest was located on the contaminated South River. Including

these cases, and assuming that all other clutches had 7 eggs, there was no

relationship between the number of eggs laid and the blood (p > 0.05) or feather

mercury level of the adult female (p > 0.05). In addition, all four nests where an

unhatched egg was found were located on contaminated sites.
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Number of Fledglings

I estimated the number of fledglings per nest by the number of nestlings in

the nest on my last visit (n = 23). Nests that were entirely depredated were not

included in this analysis (n = 2). Both depredated nests were located on the

contaminated South River. The number of fledglings per nest was similar on the

South River (x = 6.375± 0.744, n = 8), the South Fork of the Shenandoah River

(x = 6.400± 0.548, n = 5), and the reference rivers (x = 6.200± 1.229, n = 10).

There was no statistical difference among sites (F2,20 = 0.142, p > 0.05). For the

nests where female age was known, there was no difference in fledglings produced by

ASY or SY females, (t15 = −0.079, p > 0.05). Parental blood or feather mercury

level also were not related to the number of fledglings (r = −0.13 and −0.19

respectively; both p > 0.05).

Sex Ratios

I determined the sex of 156 nestlings from 23 nests. I verified the

identification of chicks sexed at an early age by revisiting the nest later and had a

100% accuracy rate. Within the entire nestling population 41.67% (n = 65) were

male and 58.33% (n = 91) were female. When limiting the population to the

reference rivers, the percent males was 50.82% (n = 31). The mean percent males

produced in a brood on the reference rivers (x = 52.741%± 24.29, n = 9) was higher

than on the South Fork of the Shenandoah (x = 36.226%± 9.435, n = 4), or on the

South River (x = 35.829%± 14.487, n = 10). I analyzed the ratio of the number of

males to females using an analysis of deviance for a generalized linear model.

Contaminated nests produced a significantly smaller proportion of males in each

clutch than did reference nests (X2
20 = 6.01, p < 0.05; Fig. 1.18). There was a

marginally non-significant trend for the percent males in the brood to decrease with

increases in parental blood mercury levels (r = −0.31, p = 0.07; Fig. 1.19) but not
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parental feather mercury, (r = 0.01, p > 0.05). In addition, there was no

relationship between adult female condition (PC2) and the number of males in the

brood (r = −0.31, p > 0.05; Fig. 1.20).
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Figure 1.18: The mean percentage of males in a brood on the South River (n = 10), the
South Fork of the Shenandoah River (n = 4), and the Middle and North Rivers (n = 9).
Bars represent standard error.

Chick Morphometrics and Growth Rates

Growth Rate by Treatment Group

I measured 177 nestlings from 28 nests. This included 10 nests above the

confluence, 5 nests below the confluence, and 13 nests from reference sites. When I

combined measurements from the contaminated and reference rivers, chicks

appeared to have gained weight rapidly during the first 2-3 weeks, before their

weight peaked at levels above the mean adult weight. During the last week in the

nest, the weight of the chicks dropped back to near adult levels (Fig. 1.22). These

data were modeled using the equation y = 253.2x− 184.8x2 + 147.5 (r2 = 0.75,
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Figure 1.19: The relationship between the number of males in a brood and the average
parental mercury level for that brood.
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Figure 1.20: The relationship between the number of males in a brood and the condition
(PC2) of the adult female.
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p < 0.05). The length of the culmen increased steadily with the estimated age of the

chick (Fig. 1.21). This was modeled by the equation y = 1.04x+ 6.72 (r2 = 0.86,

p < 0.05). Because weight increases more rapidly than skeletal measurements, I log

transformed the data before comparing the growth of chicks on reference and

contaminated sites. The relationship between weight and the length of the culmen

was similar to the relationship between weight and estimated age (Fig. 1.23). The

data were modeled by the equation y = 2.01(log(x))− 0.88(log(x))2 + 4.98,

(r2 = 0.72, p < 0.05). When I split the data between nestlings measured on the

contaminated area (combining the South and South Fork Shenandoah Rivers) and

the reference areas, I took measurements consistently on both sites between culmen

lengths of 15mm and 33mm. During this time, the young on the contaminated sites

appear to have grown at a similar rate to those on the reference sites until the

culmen reached approximately 25mm (or 160g). At reference sites, the weight

began to level out and then returned to the adult level of around 140 grams at

fledging. On the contaminated sites, the peak and plateau occurred later, at

approximately 30mm (Fig. 1.24). The contaminated measurements were modeled

by the equation log(y) = 2.05(log(x))− 0.28(log(x))2 + 4.98 (r2 = 0.82, p < 0.01).

The reference measurements were modeled by the equation

log(y) = 0.74(log(x))− 0.62(log(x))2 + 4.97 (r2 = 0.64, p < 0.01).

Growth Rate of Individuals by Treatment Group

Of the 177 nestlings measured, I measured 41 nestlings twice between the

culmen lengths of 10 and 30mm. Within this subset, I measured 24 on the South

and South Fork Shenandoah Rivers, and 17 on the North and Middle Rivers. Due

to estimation of age by culmen length, it is important to note that I revisited chicks

on the reference sites after an average culmen growth period of 6.22± 1.83mm,

while chicks on the contaminated sites were revisited after an average culmen

growth period of 8.83± 1.84mm. Nestlings on the contaminated rivers had similar
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Figure 1.21: Length of the culmen as a function of estimated age of the chick.
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Figure 1.22: Weight as a function of estimated age of the chick.
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Figure 1.23: Weight of the chick as a function of length of the culmen. Data were log
transformed.
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Figure 1.24: Weight of the chick as a function of length of the culmen, separated by
treatment. Data were log transformed.
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initial weights and culmen lengths to nestlings on the reference rivers, but nestling

growth rate had a shallower slope on the contaminated sites than on reference sites

(Fig. 1.25). The average growth rate for chicks on the contaminated sites

(x = 5.152± 1.692g/mm of bill) was lower, on average, than on reference sites

(x = 5.660± 2.432g/mm of bill) but this was not significant (F1,36 = 1.06, p > 0.05).
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Figure 1.25: Weight of the chick by the length of the culmen for those chicks weighed
twice during the nesting phase. Data are separated by chicks on the (a) reference rivers
and (b) contaminated rivers. Data were log transformed.

Growth Rate of Individuals by Sex

I also compared the growth rates of the sexes. Of 41 chicks measured twice,

20 were female and 21 were male. I remeasured male chicks after an average culmen

growth period of 7.62± 1.88mm and female chicks after an average culmen growth

period of 7.88± 2.49mm. The average growth rate for females

(x = 5.662± 1.865g/mm of bill) was similar to males (x = 5.079± 2.162g/mm of

bill; F1,36 = 2.01, p > 0.05; Fig. 1.26). In addition, there was no interaction between

treatment and sex with respect to growth rate (F1,36 = 0.586, p > 0.05).



52

log(Chick Culmen Length) (mm)

lo
g(

C
hi

ck
 W

ei
gh

t)
 (

g)

2.8 3.0 3.2 3.4

4.6

4.8

5.0

5.2
(a)

log(Chick Culmen Length) (mm)

lo
g(

C
hi

ck
 W

ei
gh

t)
 (

g)

2.8 3.0 3.2 3.4

4.6

4.8

5.0

5.2

●

●
●

●

●

●●●

●

●●
●

●

●

● ●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

(b)

Figure 1.26: Weight of the chick by the length of the culmen for those chicks weighed
twice during the nesting phase. Data are separated by (a) females and (b) males. Data
were log transformed.

Fledging Size

The weight and culmen length of chicks (estimated to be 19-22days old) were

evaluated to compare the size and condition (as measured by weight corrected for

bill size) of chicks prior to fledging. Individuals were averaged by brood before

statistical analysis. This sample included 5 broods on the South River, 3 broods on

the South Fork of the Shenandoah River, and 7 broods on the Middle and North

Rivers. The culmen length (C2) was not different between sexes nor between sites

(F1,16 = 0.078, p > 0.05; F2,22 = 1.82, p > 0.05). Chicks from the contaminated area

were heavier (F2,16 = 4.38, p < 0.05) while the sexes did not differ (F1,16 = 0.59,

p > 0.05; Table 1.7). Because I restricted the data to the time period when the

weight plateaued, the relationship between culmen length and weight was not

significant (y = −0.04x+ 168.61, r2 = 0.12, p > 0.05). Because culmen lengths did

not differ between sexes or rivers, I considered weight an index of fledging condition.

Prey Collection

I collected 19 species of fish during the capture of adults but these have not

yet been analyzed for mercury (Table 1.8). Of these, 8 species of fish were collected
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Table 1.7: Fledging size of kingfisher chicks. Sample size indicates broods (total number
of chicks).

Days Old
(estimate)

Culmen Length
(mm)

Weight (g)

River
South River 21.2 5(27) 29.62± 1.45 175.5± 10.29
South Fork
Shenandoah

20.3 3(12) 27.08± 2.79 167.19± 12.71

Middle and
North Rivers

21.0 4(21) 30.10± 3.10 158.97± 12.33

Sex:River
Male 20.9 11(32) 28.34± 2.86 166.11± 13.43

Female 21.0 11(28) 28.65± 2.39 170.01± 13.13

from 6 sites on the South River, 5 species from 6 sites on the South Fork of the

Shenandoah, and 14 species from 12 sites on the Middle and North Rivers. Only

35% of the fish from the South River were themselves piscivorous, whereas on the

North and Middle Rivers 44% of the collected fish were piscivorous. On the South

Fork of the Shenandoah River, 80% of the fish brought back to the nest were

piscivorous. All fish except one, which was collected on the South River, were also

insectivorous. Weights of individual fish and the kingfisher that caught it can be

found in Appendix D.

DISCUSSION

Blood mercury levels in adult and juvenile kingfishers were elevated on the

South River relative to reference sites. While birds downstream of the confluence of

the North and South Rivers had lower levels of blood mercury than those in the

South River, they were still elevated compared to the reference (North and Middle)

rivers. Feather mercury levels in adult birds did not differ between reference and

contaminated sites, most likely because dispersal between reference and

contaminated areas occurs between the time when mercury enters the feathers

(molt), and the subsequent breeding season when I plucked the feathers. Any bird
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Table 1.8: Number and foraging guild of fish species collected on the South River, the
South Fork of the Shenandoah River, and the Middle and North Rivers.

Prey Sampled from Each River Feeds on
Species South

River
South Fork
Shenandoah

North and
Middle
Rivers

Fish Insects

Campostoma anomalum 1 - - No No
Catostomus commersoni 1 - - Yes Yes
Clinostomus funduloides 1 - 1 No Yes
Cyprinella spiloptera - - 1 No Yes
Exoglossum maxillingua - - 1 No Yes
exotic - - 1 NA NA
Lepomis auritus - - 1 Yes Yes
Lepomis cyanellus 2 - - Yes Yes
Lepomis macrochirus 3 2 1 No Yes
Luxilus cornutus 1 1 1 Yes Yes
Micropterus dolomieu - 1 - Yes Yes
Nocomis leptocephalus 4 - 1 No Yes
Nocomis micropogon - - 1 Yes Yes
Notemigonus crysoleucas - - 2 No Yes
Notropis hudsonius 1 - 1 Yes Yes
Noturus insignis - - 1 Yes Yes
Pimephales notatus - 1 3 Yes Yes
Pimephales promales - - 2 No Yes
Salvelinus fontinalis - 1 - Yes Yes

Total: 14 6 18
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that molted on the South River and then moved to a reference site to nest would

have had high mercury in its feathers but low mercury in blood, consistent with the

lack of a strong correlation between blood and feather levels for individual adults.

Though the mercury levels were elevated, kingfishers exhibited no detectable decline

in reproductive output, although a few anecdotal cases suggest that only the birds

with the highest mercury levels suffered nest predation or abandonment. In addition

females on contaminated sites produced clutches of eggs that contained fewer male

offspring that expected, something never before reported in the literature.

Comparison of Adult and Juvenile Mercury Levels

While blood mercury level is assumed to correlate with dietary intake within

the weeks prior to sampling, feather mercury indicates the body burden of mercury

during the last molt (Monteiro and Furness, 1995). Kingfishers in this study had a

higher adult:brood blood ratio (7.75:1) than the adult:juvenile ratio reported by

Evers et al. (2005) for kingfishers living in the northeastern United States (5.6:1).

Both studies show that parental mercury is higher in adults than in juveniles. This

is, in part, due to the transfer of mercury directly to the growing feathers of

nestlings, a reservoir not available to parents between molts. Despite this reservoir

for mercury, levels in chick blood on the South River were still higher than blood

mercury levels of reference chicks. Some studies have indicated that mercury levels

in eggs and hatchlings strongly correlate, raising the possibility that mercury levels

in young chicks are still influenced by maternal levels. However, in older chicks that

I collected blood from prey items were more important than mercury from the egg,

much of which would already have been transferred to feathers (Gariboldi et al.,

2001). The high feather:blood ratio in chicks (34.2:1) is consistent with the idea

that kingfisher chicks displace much of their blood mercury directly into rapidly

growing feathers (Supulveda et al., 1999). The lower ratio in adults (11.4:1) is
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consistent with the hypothesis that mercury builds up in blood once molt has

ceased, if a bird remains on a contaminated site.

I expected inter-brood variation of blood mercury to be high along the South

River due to the uneven deposition (or subsequent methylation) of mercury from a

point source, but I did not expect the intra-brood variation to also be high. Adult

kingfishers are not known to preferentially allocate food. Within a brood, chicks

may eliminating mercury at different rates. Because fish of different species and size

vary in mercury levels, the amount of mercury each chick received daily should also

have varied more on the contaminated sites where the overall range in mercury

levels was much greater due to the high levels in piscivorous fish.

The elevated blood mercury levels of adult kingfishers were comparable to

some non-fish-eating bird species breeding on the South River (Appendix C);

however, the back feathers of kingfishers were an order of magnitude higher than

back feathers of migratory tree swallows and resident species. This suggests that

while the dietary intake of mercury is similar among species during the breeding

season when blood was sampled, kingfishers have a greater body burden at the time

of molt as a result of their year-round association with the aquatic food chain. This

suggests that for other species, a shift in diet during the breeding months, perhaps

to an emergent population of insects, temporarily increases mercury intake, whereas

the diet of the kingfisher remains constant year-round. Resident songbirds, such as

bluebirds, do not migrate long distances, but likely shift territories away from the

river as they seek new food sources or join flocks after breeding. Though the

red-bellied woodpecker and the eastern screech-owl likely maintain on territories

near the river year round, their diet also may change seasonally and territory

boundaries may shift to include less flood plain. Screech-owls living along the river

can feed on large quantities of crawfish, insects, and birds during the summer

months, but may switch to rodents during the fall and winter (Gehlbach, 1995).
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Though red-bellied woodpeckers are known to feed on nestling birds during the

breeding season, the majority of their diet is made up of hard mast during the fall

and winter (Shackleford et al., 2000). Obviously, highly migratory birds such as tree

swallows will feed on prey with lower mercury once they leave contaminated nesting

areas.

Though feather mercury levels did not differ among reference and

contaminated sites in kingfishers, this was likely due to dispersal events after molt.

More than half (10/19) of the kingfishers captured on the South River had feather

levels above 7ppm, compared with less than 20% (4/25) of the kingfishers on the

North and Middle Rivers. One of the elevated birds from a reference site was known

to have bred on the South River during the previous year, and presumably had

molted its feathers before leaving the contaminated site. This scenario probably

explains the other three reference kingfishers with eleveated feather mercury levels

and those on the contaminated sites with low feather to blood levels. I found blood

and feather mercury values in kingfishers higher than reported kingfisher feather

values or reported values for most larger piscivorous species (Appendix A). Baron et

al. (1997) attributed the death of a kingfisher with a feather mercury concentration

of less than 3ppm (and 26.8ppm in kidney) to mercury toxicity, although this was

basted on circumstantial evidence only. Kingfisher feathers in my study had twice

the amount of mercury of kingfishers in the northeastern United States, an area

with relatively high deposition and methylation of atmospheric mercury (Evers et

al., 2005). Comparable levels (5.30-193ppm) were found in feathers of ospreys

breeding near hydroelectric reservoirs in Quebec (DesGranges et al., 1998); however,

the osprey is a much larger and longer-lived piscivore than the kingfisher, thus

ospreys can feed on larger fish with greater bioaccumulation potential.

The blood mercury levels of parents predicted the blood mercury level of the

brood. When the mercury levels were plotted according to distance from the source,
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parental levels peaked near river mile 15, whereas levels in the juveniles declined

steadily with distance from the source. This, however, was likely an artifact of

uneven sampling in the chicks with respect to river mile. Chicks were not sampled

in the area with the highest adult contamination, between river mile 10 and 24,

because eggs discovered there were harvested for additional sampling.

Adult Morphometrics

Older birds have experienced nesting and may reject previously unsuccessful

sites. Yet, the proportion of ASY birds was similar on reference rivers (0.56) and on

the South River (0.43). The contamination of the river did not appear to have an

effect on the overall distribution of age classes among sites, consistent with my

finding of no difference in reproductive success among sites.

In the population I studied, females were larger in size than males. I found

that the size of males did not change over the course of the nestling phase, but

female size tended to decline. When characteristics were evaluated independently

against time, female and male skeletal measurements did not change during the

nestling phase. The weight of females declined over the breeding season, while males

maintained a constant weight. Weight could have declined as the energetic expense

required by nestlings increased. The condition of females (but not males) also

showed a non-significant trend to decrease during the nestling phase, as measured

by their mass relative to other measurements. The marked decline in female weight

between incubation and the early feeding stages has been reported for other studies

on belted kingfishers, but female weight never fell below a baseline level (as

determined by average weight prior to pairing) (Albano, 2000). In that study male

kingfishers weighed significantly less than baseline during the late feeding stage.

Consistent with my findings, Albano (2000) reported a significant difference in

weight between sexes during the incubation period. In my study, females continued

to loose weight during the nestling season. Neither the Albano (2000) study nor my
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own study followed the same birds over the season. To determine with certainty the

fluctuation of female weight over the course of a year, more study is needed.

Female weight loss over the nesting season has been reported for a number of

other species. For example, female house wrens (Troglodytes aedon) lost

approximately 13% of their initial mass between incubation and fledging, nearly all

of which occurred before the highest demanding stage of the nestlings. In that

study, like mine, males did not loose body mass despite foraging at the same rate as

females (Freed, 1981). A study on house sparrows (Passer domesticus) suggested

that condition declined in females as the time spent brooding the young increased

(Chastel and Kersten, 2002). Though male and female kingfishers will both

incubate and brood the young, females are thought to spend more time doing so

(Hamas, 1975). In the current study, I found females, as opposed to males, brooding

the young two out of four times and incubating eggs five out of eight times. In the

pied kingfisher (Ficedula hypoleuca) there was a trend for mass to decline during the

nesting season, even though, like belted kingfisher, energy expenditure (feeding rate)

also declined over the nesting season (Bryant, 1988). Most species increase energy

expenditure during the nesting season; however, Bryant (1998) attributes the

decrease in the pied kingfisher weight to mobilization of energy reserves in other

activities (such as nest vigilance) that encroached on time spent self-feeding. The

function of weight loss in the female belted kingfisher needs further study. It may

have been due to an increased feeding rate of the young, increased brooding rate,

increased parental activities (nest vigilance), or an adaptive reduction of the cost of

flight during the nesting season (Chastel and Kersten, 2002). A decline in the

condition of females, but not males, could indicate why in this species males, but

not females, care for young after fledging (Davis, 1980). In some cases the female

even deserts the brood before the young fledge, leaving the male to care for them on

his own (Davis, 1980; Albano, 2000)
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Neither adult size nor condition were affected by mercury concentrations in

either the feather or the blood. Although mercury is accumulating in the tissues of

kingfishers, it does not appear to be affecting mass or mass relative to size, two

common measurements of condition. Common eiders (Somateria mollissima

borealis) and northern goshawks (Accipiter gentilis) with higher mercury

concentrations in their liver had lower body mass and abdominal fat mass (Wayland

et al., 2002; Kenntner et al., 2003). Future studies on the condition of kingfishers

with respect to mercury concentrations should include measurements of fat in

addition to body mass.

Reproductive Parameters

A novel finding of this study was the lower percentage of males in clutches

from the contaminated area. It is generally accepted that male offspring in good

quality at the end of the period of parental investment will out-reproduce good

quality female offspring, but that poor quality females will out-reproduce poor

quality males (Trivers and Willard, 1973). Therefore, an adult female in poor

condition would increase her evolutionary fitness by producing poor-quality females

rather than males, while a female in good condition would increase her fecundity by

producing good-quality males rather than females. The higher percentage of females

in the broods from contaminated sites would generally agree with the finding that

mercury in blood during the breeding season was elevated, potentially reducing

female condition and favoring production of female offspring. Another proposed

cause of skewed brood sex ratio is adaptive adjustment by adult females mated to

males of high quality. This hypothesis would also predict female bias in broods of

adult females on contaminated sites if they percieve their mates to be of low-quality

(Abroe et al., 2007). However, I collected conflicting data on the condition of adults

and the number of male offspring they produce. The condition of adult females was

not related to the percentage of males she produced. Based on the prediction of
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Trivers and Willard (1973), I expected adult female kingfishers on the South River

and South Fork of the Shenandoah River to be in poorer condition than kingfishers

on the Middle and North Rivers. It is possible that my condition measurement was

not relevant to the factors used by females assessing their own condition or their

mates. It is also important to point out that I measured condition of adult females

after they had laid and incubated eggs, whereas the females physiological decision

on sex allocation in the clutch was made before laying. Future research should

examine the effect of mercury, or contaminant loads in general, on the sex-ratio of

clutches, as this result has not been reported previously.

Four kingfishers out of 118 banded in 2005 were recaptured in 2006. Other

studies have had higher recapture rates of kingfishers. Davis (1980) recaptured four

out of 82 banded adult and juvenile kingfishers in a two year period, three of which

returned their previous nesting site. Hamas (1975) reported only one female that

returned to the same area breeding area two years in a row. During a five year

period, Albano (2000) recaptured 2/188 birds that were banded as nestlings and

recaptured as adults, and 14/95 birds that were banded as adults and recaptured as

adults.

I made further conclusions of site fidelity by comparing feather and blood

mercury levels collected in the same year. At the one nest which was reused

between 2005 and 2006, I caught adults only in 2006. Though both parents were in

their second breeding season, only the male kingfisher had elevated feather mercury

concentrations, suggesting that he molted on the site and maintained the territory

through the winter. Interestingly this was the one site where I found a clutch of 6

eggs, rather than 7. Based on feather mercury concentrations, I determined one

male kingfisher to have switched breeding sites at least two years in a row. The two

other recaptured kingfishers nested greater than 10km from their previous nesting

site. Among the birds recaptured by Albano (2000), females were more likely to
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shift breeding sites than males. Similarly, in my study, more ASY females (n = 3)

moved from the South River to reference rivers than did males (n = 1), and more

ASY males (n = 3) maintained breeding sites for two years on the South River than

females (n = 1). Consistent with the occurrence of molt prior to the breeding season

in SY kingfishers (Bent, 1940), all SY birds that had feather mercury levels greater

than 10ppm were on the South River. Because I sampled all males from every

successful nest on the South River in 2006, the dynamics of the population can now

be monitored in subsequent years to determine if fidelity of males to a breeding sites

depends on contamination status.

Though some mercury values in both feather and blood were higher than

levels where adverse reproductive effects have been reported, there was no obvious

difference in reproductive success in the belted kingfishers nesting on contaminated

and reference sites, despite significant differences in blood mercury during the

breeding season. I observed anecdotal evidence that some birds were affected by

their high mercury levels. For example, the two birds with the highest feather

mercury concentrations both had shallow nests (less than a foot below the surface,

when the average was approximately two feet) and both were depredated. Females

with higher blood mercury had a tendency to initiate egg-laying later, but I found

no difference in the numbers of fledglings produced on reference and contaminated

sites. Field research on birds with similar feather and blood levels as those found in

the present study also failed to find effects of mercury on reproductive sucess.

Opreys nesting in a contaminated area fledged a similar number of young (1.6

chicks/ brood) as osprey nesting in areas with no known source of contamination

(1.9 chicks/ brood; DesGranges et al., 1998). Neither eaglet weight nor adult

reproductive success differed between eagles nesting on lakes with elevated mercury

contamination and reference lakes. A potential reason for a lack of reproductive

effects is the ability of chicks to eliminate nearly all ingested mercury immediately
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into their feathers, probably buffering them from the neurological effects.

Additionally, female kingfishers with high body burdens (indicated by elevated

feather mercury concentrations) were caught on reference sites, suggesting that my

reference population contained birds that had been exposed to mercury less than a

year earlier.

Chick Morphometrics and Growth Rates

There was a difference in the growth trajectories of chicks on the

contaminated South River and South Fork of the Shenandoah River and the

reference rivers, but not in the direction predicted. The chicks on the contaminated

sites continued to gain weight until near fledging, while chicks on the reference

rivers peaked around day 20 (or culmen length of 27mm) before dropping to near

adult levels. When I measured individual chicks more than once during the linear

portion of their growth (approximately day 9-20), the difference in growth rate was

not significant between contaminated and reference sites. This suggests that the

difference in the growth of nestlings was restricted to the last week of development.

There are several possible explanations for larger fledging mass of chicks on

the mercury contaminated South River. Mercury affects the predator avoidance

strategies of fish. In a study on the golden shiner (Notemigonus crysoleucas), a

common prey item of some belted kingfishers, fish exposed to mercury formed less

cohesive groups that were positioned higher in the water column (Webber and

Haines, 2003). Fish on the South River have elevated mercury values, and may be

less successful in avoiding predators. Thus, kingfishers on the South River may have

an abundant supply of vulnerable fish. Alternately, mercury may have reduced

populations of large piscivorous fish more than other species in the South River,

increasing the number of fish available in the kingfisher prey size range. Either prey

abundance or the influence of mercury on predator avoidance by fish could explain

the high growth rates of nestling kingfishers on the contaminated sites. Chicks on
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the South River could also have been heavier because parents sense the effects of

mercury on nestlings, through altered begging behavior for example, and thus

prolong feeding of the young.

The weight of chicks is associated with both the geomorphology of the river

and the size of the defended territory (Sullivan et al., 2006; Davis, 1980). Davis

(1980) suggests that the growth rate of the nestlings just prior to fledging is

determinant of the final weight of chicks a fledging. Fledging weight positively

correlated with survival in the laughing kookaburra (Dacelo noaeguineae), a species

of kingfisher (Alcedinidae) (Legge, 2002). My counterintuitive finding, that

nestlings with elevated mercury levels increased in mass longer than reference

nestlings, deserves further study. Juvenile kingfishers were not monitored after

fledging. The most critical stage for most young birds is the post-fledging period

because birds are faced with new pressures including learning to forage for

themselves, disease, and predation. In addition, when this is combined with the

termination of feather growth and the accumulation of mercury in the body, the

effect could be severe (Bouton et al., 1999). Once mercury begins to accumulate in

the body, the nervous system could be affected, perhaps inhibiting the coordination

of motor function and sight. Overfeeding of chicks in my study occurred only during

the final week of growth.

Prey Items

The prey items collected from kingfishers were both piscivorous and

insectivorous. However, of the three river systems, I collected the lowest percentage

of piscivorous fish from the South River. Because piscivorous fish accumulate higher

levels of mercury, these data indicate that kingfishers may be feeding on fish

containing lower levels of mercury either selectively or due to a higher abundance of

insectivorous fish on the South River than other rivers. Future research should
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include a survey of fish populations located near individual nests on the South River

to determine if selectivity is taking place.



CHAPTER 2

THE EFFECT OF MERCURY ON AVIAN COLORATION

INTRODUCTION

Mechanisms of Feather Coloration

Coloration in feathers is achieved through two basic mechanisms: color

produced by pigment and color produced by variation in nanostructure. While

many pigments produce feather coloration, none are as well studied as carotenoids

and melanins.

Carotenoids are responsible for a range of colors from the red of northern

cardinals (Cardinalis cardinalis) to the yellow of American goldfinches (Carduelis

tristis). Carotenoids originated in archaebacteria where they functioned to gather

light in conjunction with chlorophyll (McGraw, 2006a). As such, animals cannot

produce carotenoids, but must acquire them by either directly ingesting plants or

algae or by ingesting prey that consume plants or algae. After ingestion, caroteniods

can be converted into forms useful in feather coloration. Because carotenoids must

be ingested, there is a direct link between carotenoid coloration and ability to find

food, which in turn is often linked to health or condition.

While carotenoids must be consumed, melanins are produced within the

body through a process known as melanogenisis. Melanogenisis takes place in

melanocytes located in the feather follicle. The basic pathway is as follows:

Tyrosine
Tyrosinase−→ Dopa→ Intermediates→Melanin

66
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Melanins were thought to be limited to blacks and browns, but recent studies have

shown them also to be responsible for the deep red in tawny owls (Strix aluco) and

the yellow in the wings of red-winged blackbirds (Galeotti et al., 2003; McGraw,

2006b). This difference is due to two types of melanin: eumelanin (grey to black

pigment), and phaeomelanin (brown to red pigment). Most areas containing melanin

have a portion of both eumelanin and phaeomelanin. The pathways producing

eumelanin and phaeomelanin are similar, but diverge after the production of dopa.

Eumelanin is produced when the melanocyte-stimulating hormone (MSH) facilitates

a decrease in cystine, an amino acid used in the production of phaoemelanin.

Phaoemelanin production occurs without stimulation from MSH and has been

suggested to be the default process of pigmentation (Jawor and Breitwisch, 2003).

While pigments function by differentially absorbing and emitting wavelengths

of visible light, structural color is produced by interactions between keratin,

melanin, and pockets of air. Structural colors can be separated into two categories.

Some structures produce color that is constant regardless of the angle of view. For

example, green coloration is produced by combining a yellow pigment with a blue

structure. Alternately, iridescent structural colors change depending on the angle of

the light source, the viewer, and the surface of the feather (Hill et al., 2005). The

color produced depends on the visible wavelength, the spacing of the pockets of air,

the contour of the surface of the structure, and the refractive index of the particles

that make up the structure (Osorio and Ham, 2002). While little information exists

on the function of melanin in structural coloration, Shawkey and Hill (2006) suggest

that the melanin layer absorbs white light and increases the purity of the color.

Functions of Plumage Coloration

Coloration in birds is a balance between sexual selection and other forms of

natural selection. Coloration may act to protect a bird in three major ways:

concealment using cryptic colors, advertisement using flashy colors to form a flock
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or send a warning to a group, and disguise by misleading the observer (Bortolotti,

2006). More elaborate color patterns are generally associated with sexual selection.

Andersson (1996) defines a sexually selected trait as a trait that arises through

competition for a mate or for mating. This indicates that there must be variation in

the trait and that higher quality traits are found on higher quality individuals.

Indeed, the Hamilton and Zuk hypothesis (1982) states that ornamental

traits can act as honest signals of an individual’s quality due to the costs associated

with producing them. While some research has indicated that melanin levels can be

indicative of health, more research has focused on carotenoid-based color and

structural color. Both melanin and carotenoids require dietary precursors, though

carotenoid precursors are generally considered more scarce. High precision is

necessary to produce a large area of uniform structural color. It is possible that

changes in condition can create nanometer scale changes in structural color;

therefore, structural color may indicate the condition of an individual during the

development of the feather (Fitzpatrick, 1998).

Stress caused by either internal diseases or environmental pressures can

decrease the color of a bird, depending on the species and the mechanism of

coloration. Restricting food access negatively impacted the ability of house finches

to produce carotenoid-based red plumage, while their melanin-based coloration was

unaffected (Hill, 2000). Brown-headed cowbirds (Molothrus ater) with iridescent

plumage had reduced colormetrics when on a restricted diet, but the melanin

coloration of house sparrows (Passer domesticus) did not change (McGraw et al.,

2002). The size of a melanin patch is influenced by dietary calcium and dietary

amino acids, including tyrosine (McGraw, 2006c; Poston et al., 2005). Because

coloration is associated with nutritional intake, relative body condition should also

correlate with color. In male blue-black grassquits (Volatinia jacarina), the color of

rump and back feathers correlated with body size, suggesting they could convey



69

condition to potential mates (Ballentine and Hill, 2003). Blue coloration correlated

with not only body size of male blue grosbeaks (Guiraca caerulea), but also with

size and prey abundance of the male’s territory. Therefore, color could be an

indication of the fitness of an individual and/or the quality of the territory he

defends (Keyser and Hill, 1999).

Many lab studies have evaluated the effect of parasites on the production of

color. Iridescent breast and covert feathers of wild turkeys (Meleagris gallopavo)

inoculated with coccidian parasites were duller and had a lower ultraviolet

reflectance than that of uninfected turkeys (Hill et al., 2005). Carotenoid-based

yellow feathers in male American goldfinches inoculated with coccidian parasites

were less bright than those of unparasitized males, but the melanin-based black

plumage on the same birds did not differ between treatment groups. Great tits with

heavy ectoparasite loads had smaller melaninized breast bands than unparasitized

birds (Fitze and Richner, 2002).

Pollution and Bird Coloration

Ornamental traits are generally the focus of sexual selection studies; Hill

(1995), however, suggested that ornamental traits may be good indicators of

environmental quality. Relative to other traits, ornamental traits are at a greater

risk of environmental challenges due to the cost associated with their production.

While there have been studies showing that PCBs, a known endocrine-disruptor,

can cause a shift in coloration, there have been no such studies done with mercury.

In the tree swallow (Tachycineta bicolor), elevated levels of PCB contamination

caused sub-adult tree swallows to develop adult coloration (McCarty, 2000). The

caroteniod coloration of the American kestrel (Falco sparverius) was duller in birds

exposed to PCBs than in controls (Bortolotti, 2003). Mercury has the potential to

affect coloration in birds in two ways. First, mercury could affect the general health
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of a molting bird enough that the color of the new feathers is compromised. Second,

mercury may directly affect the process through which the color is produced.

Several studies have suggested that mercury has the potential to alter the

production of melanin during melanogenisis. The key link between mercury and

melanin seems to be the enzyme tyrosinase which catalyzes the formation of dopa.

Tyrosinase requires a copper cofactor and is considered the rate-controlling factor of

melanin production; however, it will bind to other metals including mercury. While

copper, zinc, and iron have been shown to increase the production of melanin,

mercury has the opposite effect. Lerner (1952) found that when mercury ions

bonded to tyrosine, the reversal of the inhibition was slow. The metal that initially

binds to tyrosinase is not easily replaced. In a study on several species of fiddler

crabs, those in water with methylmercury regenerated limbs devoid of melanin

(Weis, 1977); however, when the crabs were returned to a normal environment some

melanin returned to the limbs after one to two weeks.

Commercial products that include mercury are available to lighten skin color

(AlSaleh et al., 2004). When one such product was applied to mice, albino mice

sequestered more mercury in internal organs than did pigmented mice, suggesting

that melanin harbors elements that could otherwise be toxic. Catfish exposed to

mercury chloride showed changes in their melanophores (the fish equivalent to the

melanocyte) including an immediate decrease in density, increased size, and

increased distance between the melanophores (Singh and Munshi, 1992). This

suggests that while mercury limits the amount of melanin produced, it can also

damage the cells in which melanogenisis takes place. It again suggests that melanin

can harbor metal ions that could be harmful if allowed to circulate in the blood.

While previous research has found no correlation between mercury and melanin

concentrations, melanin may harbor mercury and prevent it from harming an

individual.
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Coloration of Study Species

Belted Kingfishers

Both male and female kingfishers have a blue back, a blue chest band and a

white chest. Females have an additional chestnut band across the chest. Due to this

band, belted kingfishers are generally considered to be one of the rare examples of

reverse sexual dimorphism, with the female having the more elaborate plumage.

Kingfishers can see into the ultraviolet (UV) range (Parrish, 1984), and recent

studies indicate that birds that appear similar to the human eye may be sexually

dimorphic in the UV range (Hunt et al., 1998). Therefore, it is possible that male

kingfishers are more brightly colored than females and that the brown chest band in

females serves to mask a UV badge found on the white chest of males. While no

studies have been done on color in belted kingfishers, blue colors are almost always

derived from the interactions between melanin and the nanostructure of the

feathers. White color in feathers is structurally based and caused by light scattering

particles that are many different sizes, resulting in the scattering of all wavelengths

(Prum, 2006). The chestnut band of female belted kingfishers likely contains more

phaeomelanin than melanin.

As an obligate piscivore, kingfishers accumulate high levels of mercury, and,

as a result, eliminate high levels of mercury to their feathers. Because feathers

molted first in the molt sequence contain higher levels of mercury than do those

molted later, and the sequence of body molt in kingfishers is unknown, mercury

concentrations of feathers taken from different portions of the body may not be

comparable in adult birds. Young kingfishers, by contrast, molt in all their feathers

at one time, and thus blood concentrations of mercury were similar during the

growth of all feathers.
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Eastern Bluebird

Color in eastern bluebirds (Sialia sialis) is well studied. Bluebirds have a

blue back, chestnut chest, and a white underbelly in both sexes; however, male

bluebirds are more brightly colored than females, and aspects of both male and

female color have been suggested to be the result of sexual selection. Brightly

colored males nest earlier and produce better quality offspring (Seifferman and Hill,

2003). In addition, the structural color of female bluebirds was correlated with first

egg date, provisioning rates, and offspring quality (Seifferman and Hill, 2005b). This

suggests a pattern of mutual mate choice in bluebirds.

Coloration of the bluebird’s blue feathers is structurally based. Chestnut

feathers in bluebirds are comprised entirely from melanin pigments, and contain a

higher proportion of phaeomelanin than eumelanin. While bluebirds do have white

feathers on their underbelly, the barbs of these feathers are more downy than those

of belted kingfishers, have a lower reflectance, and have not been suggested to be

important to mate choice.

During the breeding season, the bluebird is a strict insectivore; however,

during the non-breeding season, bluebirds switch to small fleshy fruits (Gowaty and

Plissner, 1998). While some bluebirds make long distance migrations, others stay on

the breeding grounds or shift sites facultatively during the winter months. The

pattern of body molt on bluebirds is unknown. Because bluebirds on the South

River have a lower body burden of mercury than kingfishers, less mercury is

eliminated through feathers. Since sexual selection is thought to act on both male

and female bluebirds, color production in bluebirds may be particularly sensitive to

contamination.
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Tree Swallow

Adult female tree swallows in their second breeding season have green

iridescent feathers on their back, while swallows in their first breeding season have

brown feathers. Adult male tree swallows have blue/green iridescent back feathers.

All tree swallows have white feathers on their chest. The mechanisms that control

color in tree swallows are unknown. Iridescent structural colors have been correlated

with condition in other species, which suggests that sexual selection could act on

this trait in tree swallows. Tree swallows are migratory, and depart from breeding

grounds in August and September. They are site faithful and will return to breeding

grounds on which they were previously successful (Robertson et al., 1992).

Major Objectives of This Study

Based on previous research, I predicted that high body burdens of mercury

during molt would inhibit the production of melanin in feathers causing a change in

coloration. If melanin harbors mercury ions, young kingfisher feathers with melanin

should contain higher mercury concentrations than those feathers without melanin.

There were two objectives of this study. The first was to determine if

mercury concentration affected overall coloration in the feather. The second was to

determine if mercury concentrations were affected by the presence of melanin in the

feather.

METHODS

I collected feathers from three species for color analysis. I first measured the

color non-destructively, and then measured the mercury content of the same feather

destructively. I collected additional feathers from young kingfishers for comparison

of mercury concentration in structurally-colored feathers (which contain melanin)

and non-melanin (white) feathers. I did not analyze these feathers for color



74

differences. I stored all feathers separately in Ziploc bags in a −25◦C freezer prior

to analysis.

Feather Collection for Spectral Analysis

Belted Kingfishers

In adult belted kingfishers, I sampled nine feathers from the blue back, nine

from the blue chest band, nine from the white area immediately posterior to the blue

chest band, and, in females, nine from the chestnut chest band. I collected feathers

from both males and females on both contaminated and reference sites (n = 54).

Eastern Bluebirds

In adult bluebirds, I collected nine feathers from the blue back, nine from the

chestnut chest, and nine from the white belly. I collected all feathers from bluebirds

during the 2006 breeding season. I sampled ten birds of each sex from each of the

contaminated and reference areas (n = 40). While some of these birds were

recaptured from 2005 (n = 12) most of the birds were newly captured and the site

where the feathers had been grown is unknown.

Tree Swallows

Because the tree swallow population in the Shenandoah Valley was newly

established in 2005, I collected tree swallow feathers only in 2006. In addition, I used

only adult female tree swallows that bred on known sites during the previous year.

Because few males were captured in 2005, and thus few returned in 2006, I did not

sample males. Nine feathers were taken from the iridescent back (n = 22), and on a

smaller subset an additional nine feathers were taken from the white chest (n = 13).
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Melanized Feathers

I collected additional feathers from young kingfishers to compare the

concentration of mercury in feathers with differing visible hues and pigments. In

young belted kingfishers, five blue feathers were taken from the blue back and five

white feathers from the chest from both sexes (n = 15).

Color Analysis

Color measurement

I used an Ocean Optics USB 2000 UV-VIS spectrometer (range 250-880 nm)

with a PX-2 light source to measure the color of the feathers. I measured feathers

with the probe at a 90◦ angle. The distance between the probe and the feather

surface was set so that 3mm diameter region was illuminated. This was the level at

which the maximum pixel count was given for a white standard (WS-1). Light was

emitted from the tip of the probe, and a fiber optic received the reflectance and

transmitted the information through the spectrometer to the computer. Color

measurements on the computer were recorded using the software package OOIIrrad

(Version 2.05.00RR25, Ocean Optics, Dunedin, Florida). This program produced a

tab-delimited text file for each measurement.

I placed each of the nine feathers directly on top of each other and taped

them to a sheet of black construction paper similar to the way they lay on a bird

(Seifferman and Hill, 2003). I made five measurements on each color type. Between

each measurement, I removed the probe and replaced it, aiming for the same place

on the feather. An individual reading was composed of an average of 20 reflectance

curves taken at 100ms intervals. This resulted in 985 files for belted kingfishers, 600

files for eastern bluebirds, and 175 files for tree swallows. I compiled and analyzed

these files in the statistical program R (Version 1.14, R Foundation for Statistical
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Computing, Vienna, Austria), and averaged the five readings for each body region

of an individual bird before further analysis.

Colormetric Variables

I summarized color using three standard measurements of color reflectance:

hue, chroma, and brightness. Hue is the technical term for “color” and corresponds

to the wavelength which contributes the most to the total reflectance. Brightness is

an achromatic measurement of the total amount of light being reflected across the

spectrum. Chroma is the degree to which a color is pure, or how much of the

brightness is due to reflectance within a certain portion of the spectrum (Andersson

and Prager, 2007). Though brightness was calculated using the same formula

regardless of the color, I calculated chroma and hue based on the shape of the

reflectance curve of each color.

In order to calculate hue, I first smoothed the spectral curve by calculating

the median value of the curve for every 81 readings along the spectrum. I calculated

hue (H1) by taking the mean value of the wavelength where the percent reflectance

was at its maximum. A second measurement of hue (H2) involved calculating the

wavelength at the point on the spectrum where the slope of the reflectance curve

was the greatest. I analyzed colors that peaked within the visible range of birds

using H1 (such as blue, white, and green colors). Colors such as browns and reds

have much greater reflectance at the high end of the visual range of bird vision, and

peak beyond 700nm. For chestnut color, I determined hue using H2.

I calculated chroma as the ratio of total reflectance in the range of the

specific color to the ratio of total reflectance in the entire curve (300-700nm).

Therefore, I calculated blue color in kingfishers and bluebirds as the proportion of

total reflectance occurring from 300-500nm and chestnut color as the proportion of

total reflectance occurring from 500-700nm. Due to the iridescent coloration of tree

swallow feathers, I calculated blue chroma as the proportion of total reflectance
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occurring from 450-500nm and green chroma as the proportion of total reflectance

occurring from 500-550nm. I calculated white chroma (which has the most variation

in the ultraviolet range) as the proportion of total reflectance occurring from

300-400nm.

I calculated brightness measurements the same way for all colors: the mean

reflectance over the visible range (300-700nm).

Spectral Analyses

I evaluated overall variation in color by summarizing mean reflectance values

into 25-nm-wide bins, resulting in 16 mean reflectance values between 300 and

700nm. I then ran Principal Components Analysis on these values for each of the

feather sets. I defined a set of feathers as those feathers that were the same color

and were taken from a specific region of the body. To facilitate interpretation of the

spectral curve, I calculated the three commonly used colormetric variables

(brightness, hue, and chroma) for each color set of body feathers and correlated

each value with the PC scores. PC1 was always highly correlated with brightness

and generally explained at least 85% of the variation in the data (Endler, 1990).

PC2 generally correlated with chroma and hue. The remaining PC scores were

reported in the text only if they were significant with one of the three colormetric

variables. Graphical presentation was limited to the first two principal components

unless the principal component had a significant relationship with feather mercury

concentration. All statistical tests can be found in the table associated with that

species, but I limited myself to significant values in the text.

Mercury Analysis

Eastern bluebird and tree swallow feathers were small enough to fit into the

precombusted boats without homogenization so I analyzed 4-5 feathers whole per
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sample. All other feathers were homogenized with scissors before mercury analysis.

All feather samples were analyzed by the Trace Elements Research Laboratory at

Texas A&M University as described in Chapter 1.

RESULTS

Adult Belted Kingfishers

Strong correlations between colormetric variables occurred mainly within a

set of feathers. The chroma of the blue back was related to both hue and brightness.

The chroma of the blue chest was related only to hue. In the brown chest,

brightness was correlated with chroma and hue (Table 2.1). Colormetrics of one

feather set did not correlate well with colormetrics of feathers taken from elsewhere

in the body. This indicated that high colormetrics in one region of the body do not

correlate with colormetrics in other regions of the body.

Blue Back

For blue back feathers, the reflectance spectrum increased between 300 and

350nm and declined in reflectance with increasing wavelengths. The first principal

component explained 92% of the variation and the second principal component

explained 6%. The loadings for the first principal component were moderate and

positive across the entire spectrum (Fig. 2.1a). PC1 had a high correlation with

brightness and a low but significant correlation with chroma; therefore, high PC1

values indicated brighter feathers (Table 2.2). The loadings for the second principal

component decreased with higher wavelengths, and had a negative correlation with

hue and a positive correlation with chroma; therefore, high PC2 values indicate

feathers with high chroma (or high UV and blue reflectance) and lower peak

reflectance (or low hue).
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Male kingfishers had brighter feathers (higher PC1 scores) than female

kingfishers (F1,51 = 10.56, p < 0.01; Fig2.1b). There was a non-significant trend for

female feathers with higher mercury values to be brighter (higher PC1 scores;

y = 1.18x− 3.66, r2 = 0.21, p = 0.09). There was a significant interaction of sex and

feather mercury concentration with regard to PC2 (F2,51 = 3.54, p < 0.05; Fig. 2.1c;

Table 2.3). The amount of reflectance in the UV and blue region (PC2 scores) of

male kingfishers was not related to increasing feather mercury concentration, but

the amount of UV and blue reflectance (PC2) of the female blue back feathers was

(y = 0.48x+ 0.76, r2 = 0.13, p < 0.05;Fig. 2.1d).

Table 2.2: Correlation between principal component (PC) scores and colormetric variables
for four body regions of belted kingfisher.

PC1 PC2 PC3
Blue Back

Brightness 1.00∗∗ −0.02 < 0.01
Chroma 0.31∗ 0.94∗∗ 0.10

Hue 0.20 −0.73∗∗ −0.11
Blue Chest

Brightness 1.00∗∗ < 0.01 < 0.01
Chroma −0.07 1.00∗∗ 0.06

Hue 0.12 −0.79∗∗ −0.01
White Chest

Brightness 1.00∗∗ 0.02 0.02
Chroma 0.23 0.97∗∗ −0.05

Hue −0.23 −0.12 0.53∗∗

Brown Chest
Brightness 1.00∗∗ −0.04 −0.01
Chroma −0.52∗∗ 0.71∗∗ −0.45∗∗

Hue −0.15 −0.18 0.01
significance ∗p < 0.05,∗∗ p < 0.01
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Figure 2.1: The association of factor loading coefficients and wavelength; PC1 is repre-
sented by a solid line, PC2 is represented by a dotted line, and PC3 is represented by a
dashed line. Response of color (principal component scores) in male (black circles with
black lines) and female (open circles with grey lines) belted kingfishers.
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Table 2.3: ANOVA values and regressions of principal components (PCs) between sex and
feather mercury concentrations in the belted kingfisher.

F-statistic Response to [Hg] (y=)
Sex Sex x log[Hg] Male Female

Blue Back
PC1 10.56∗∗ 1.54 0.29x + 1.53 1.18x− 3.65.

PC2 0.55 3.55∗ −0.06x + 0.27 −0.48x + 0.76∗

PC3 1.68 0.94 0.12x− 0.12 −0.06x− 0.01
Blue Chest

PC1 1.37 4.40∗ 1.85x− 3.03∗ 1.26x− 2.84.

PC2 9.41∗∗ 0.04 0.03x + 1.01 0.09x− 0.93
PC3 1.65 1.34 0.15x− 0.45 0.01x + 0.08

White Chest
PC1 4.20∗ 0.03 −0.29x + 5.83 −0.52x− 2.81
PC2 7.87∗∗ 1.94 −1.26x + 0.70 −0.52x + 2.44
PC3 0.06 0.06 0.06x− 0.04 0.11x− 0.28

Brown Chest logHg
PC1 – 2.89. – 3.72x− 6.38.

PC2 – 4.65∗ – 0.55− 0.93∗

PC3 – 2.82 – 0.25x− 0.43
significance .p < 0.10,∗ p < 0.05,∗∗ p < 0.01

Blue Chest

The reflectance spectrum of the blue chest feathers was similar to the blue

back. For blue chest feathers, the reflectance spectrum increased between 300 and

350nm and declined in reflectance with increasing wavelengths. The first principal

component explained 83% of the variation and the second principal component

explained 16%. The loadings for the first principal component were moderate and

positive across the entire spectrum (Fig. 2.1). PC1 had a highly significant

correlation with brightness; therefore, high PC1 values indicated brighter feathers

(Table 2.2). The loadings for the second principal component decreased with higher

wavelengths, and correlated positively with chroma and negatively with hue. High

PC2 values indicated feathers with high UV and blue reflectance (blue chroma) and

low hue.

There was a significant difference in the response of brightness (PC1)
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between sexes to feather mercury concentration (F2,51 = 4.40, p < 0.05; Fig. 2.1e).

Male feathers with higher feather mercury concentrations were brighter (higher PC1

values; y = 1.85x− 3.03, p < 0.05, r2 = 0.17; Table 2.3). Female feathers exhibited a

non-significant trend in the same direction (y = 1.26x− 2.87, r2 = 0.17, p = 0.09).

Male kingfishers had higher reflectance in the blue range and a hue shifted to the

UV range (or high PC2 values) than females (F1,51 = 9.41, p < 0.01; Fig. 2.1f).

White Chest

The reflectance of the white chest increased dramatically between 300 and

400nm and was at a high level for the remainder of the spectrum. The first

principal component explained 88% of the variation, the second principal

component explained 10%, and the third principal component explained 2%. The

loadings for the first principal component were moderate and positive across the

entire spectrum (Fig. 2.1g). PC1 had a high significant correlation with brightness;

therefore, high PC1 values indicated brighter feathers (Table 2.2). The loadings for

the second principal component decreased from 300-425nm and remained moderate

and negative from 425-600nm. PC2 had a positive correlation with chroma. High

PC2 values, therefore, indicated feathers with higher reflectance in the UV range.

The loadings for the third principal component were highest between 600 and

700nm, which covers the portion of the spectral range where white hue was most

common. In general, high PC3 values indicated high reflectance in the UV and red

wavelengths.

There was a significant effect of sex on PC1 (F1,51 = 4.20, p < 0.05; Fig. 2.1h)

and on PC2 (F1,51 = 7.87, p < 0.01; Fig. 2.1i). Male feathers were brighter than

female feathers but reflected less in the UV range. While white coloration differed

between sexes, it did not respond to increasing feather mercury concentration.
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Brown Chest

The reflectance of the brown chest feathers continually increased between 500

and 700nm. The first principal component explained 98% of the variation, the

second principal component explained 1% and the third principal component

explained 0.5%. The loadings for the first principal component were moderate and

positive across the entire spectrum (Fig. 2.1k). PC1 had a high significant positive

correlation with brightness and a negative correlation with chroma (Table 2.2).

High PC1 values, thus, indicated brighter feathers with lower reflectance between

500 and 700nm. The loadings for the second principal component increased for

higher wavelengths. PC2 had a high correlation with chroma, and thus, high PC2

values indicated high reflectance between 500nm and 700nm. The loadings for the

third principal component were high in the middle of the spectrum and low at the

either end of the spectrum. PC3 values correlated with chroma and loaded

positively for short wavelengths and long wavelengths.

Because only females have brown feathers, I did not include sex as a factor.

There was a non-significant trend for PC1 to increase with increasing feather

mercury concentrations (F1,30 = 2.89, p = 0.099; Fig. 2.1l). This trend indicated

that feathers with higher mercury concentrations were brighter, and had lower

reflectance in the 500− 700nm range (y = 3.73x− 6.38, r2 = 0.088, p = 0.099, Table

2.3). PC2 values (or reflectance in between 500 and 700nm) decreased with

increasing feather mercury concentrations (F1,30 = 4.66, y = −0.55x+ 0.93,

r2 = 0.13, p < 0.05; Fig. 2.1m).

Eastern Bluebirds

Aspects of blue coloration correlated with aspects of both brown and white

coloration, but brown coloration did not correlate with white coloration (Table 2.4).

In all feathers, brightness was positively correlated with chroma. In white and
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brown feathers, brightness was correlated with hue. In brown feathers, the chroma

was correlated with hue.

Table 2.4: Pearson correlations between colormetric variables from eastern bluebird feath-
ers

Blue Back White Chest Brown Chest
Brightness Chroma Hue Brightness Chroma Hue Brightness Chroma

Blue Back
Brightness –
Chroma 0.83∗∗ –

Hue 0.26 0.29 –
White Chest
Brightness 0.09 0.03 0.09 –
Chroma 0.30 0.28 0.15 0.56∗∗ –

Hue −0.57∗∗ −0.45∗∗ −0.10 −0.11 −0.39∗∗ –
Brown Chest
Brightness −0.59∗∗ −0.61∗∗ −0.13 0.16 −0.21 0.22 –
Chroma −0.37∗∗ 0.25 0.32∗ 0.07 0.10 −0.09 0.39∗ –

Hue 0.24 0.36∗ 0.19 0.01 0.32∗ 0.05 −0.23 0.17

Blue Back

For blue back feathers, the reflectance spectrum peaked sharply between 350

and 450nm. The first principal component explained 96% of the variation and the

second principal component explained 3%. The loadings for the first principal

component were moderate across the entire spectrum (Fig. 2.2a). PC1 had a high

correlation with brightness and chroma (Table 2.5); therefore, high PC1 values

indicated brighter feathers with higher reflectance in the blue portion of the

spectrum. The loadings for the second principal component increased with higher

wavelengths and correlated positively with chroma and negatively with hue. Thus,

high PC2 values indicate feathers with high reflectance in the blue portion of the

spectrum and low hue.

Males had brighter blue back feathers with higher reflectance in the UV and

blue portion of the spectrum (higher PC1 scores) than females, (F1,36 = 56.76,



86

p < 0.01; Fig 2.2b). Males also had higher reflectance in the blue portion of the

spectrum with hues shifted towards the UV (higher PC2 values) than females,

(F1,36 = 6.54, p < 0.05; Fig. 2.1c). There was no interaction of sex and feather

mercury concentration on blue back coloration.

Table 2.5: Correlation between principal component (PC) scores and colormetric variables
for three body regions of eastern bluebirds.

PC1 PC2 PC3
Blue Back

Brightness 0.98∗∗ −0.14 0.04
Chroma 0.90∗∗ 0.36∗ −0.15

Hue −0.54 −0.54∗∗ < 0.01
White Chest

Brightness 1.00∗∗ < 0.01 0.01
Chroma 0.55 0.80∗∗ 0.11

Hue −0.12 −0.51∗∗ 0.59∗∗

Brown Chest
Brightness 1.00∗∗ −0.04 −0.02
Chroma −0.31 0.80∗∗ 0.48∗

Hue −0.22 0.21 −0.16
significance ∗p < 0.05,∗∗ p < 0.01

White Chest

For white chest feathers, the reflectance spectrum increased dramatically

between 300 and 400nm and stayed at that level for the remainder of the spectrum.

The first principal component explained 95% of the variation, the second principal

component explained 4%, and the third principal component explained 0.5%. The

loadings for the first principal component were positive across the entire spectrum

(Fig. 2.2d). PC1 had a strong correlation with brightness and chroma (Table 2.5).

High PC1 values, thus, indicated brighter feathers with higher reflectance in the UV

portion of the spectrum. The loadings for the second principal component increased

with higher wavelengths, and PC2 was positively correlated with chroma and

negatively correlated with hue. High PC2 scores indicated high reflectance in the
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Figure 2.2: The association of factor loading coefficients and wavelength; PC1 is repre-
sented by a solid line, PC2 is represented by a dotted line, and PC3 is represented by a
dashed line. Response of color (principal component scores) in male (black circles with
black lines) and female (open circles with grey lines) eastern bluebirds.



88

Table 2.6: ANOVA values and regressions of principal components (PCs) between sex and
feather mercury concentrations in the eastern bluebird.

F-statistic Response to [Hg] (y=)
Sex Sex x log[Hg] Male Female

Blue Back
PC1 59.76∗∗ 0.31 1.90x + 22.28 2.22x− 21.40
PC2 6.54∗ 0.37 −0.76x + 1.98 −0.48x− 2.19
PC3 0.05 0.96 0.16x− 0.64 0.16x− 0.09

White Chest
PC1 0.23 2.60. −16.06x− 10.54∗ 6.56x + 6.54
PC2 9.09∗∗ 0.07 −0.29x + 2.82 −0.42x− 3.22
PC3 4.62∗∗ 0.51 0.55x− 0.50 −0.02x + 0.76

Brown Chest
PC1 28.13∗∗ 0.24 0.85x− 6.92 1.09x + 7.89
PC2 2.29 0.92 0.09x− 0.51 0.61x− 0.06
PC3 3.61 n.s. 0.004x− 0.27 0.02x + 0.28

significance .p < 0.01,∗ p < 0.05,∗∗ p < 0.01

UV range and low hue values. The loadings for the third principal component were

positive for low wavelengths and high wavelengths. PC3 had a high positive

correlation with hue.

There was no significant effect sex of on PC1, but there was marginally

significant interaction of sex and feather mercury concentration on PC1

(F1,36 = 2.60, p = 0.08; Fig. 2.2e). The brightness of male white chest feathers

decreased with increasing feather mercury concentrations (y = −16.06x− 10.54,

r2 = 0.13, p < 0.05; Table 2.6). Males also had higher reflectance values than

females in the UV and lower hues (higher PC2 scores; F1,36 = 9.09, p < 0.01; 2.2f).

Males had higher hues (PC3) than females (F1,36 = 4.62, p < 0.05), but hue was not

related to feather mercury concentration (p > 0.05, Table 2.6).

Brown Chest

The reflectance of the brown chest feathers continually increased between 500

and 700nm. The first principal component explained 96% of the variation, and the

second principal component explained 3%. The loadings for the first principal
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component were moderate and positive across the entire spectrum (Fig. 2.2g). PC1

was moderate and positive over the entire spectral range and correlated with

brightness (Table 2.5). The loadings for the second principal component increased

at higher wavelengths. PC2 had a high correlation with chroma. High PC2 values

indicated high reflectance between 500 and 700nm.

Males had duller feathers (low PC1 values) than females (F1,35 = 25.71,

p < 0.01; Fig 2.2h). Coloration did not change with increasing feather mercury

concentration for either PC1 or PC2 (p > 0.05).

Tree Swallows

Aspects of green feather coloration did not correlate with the white chest

(Table 2.7). Hue correlated with green chroma rather than blue chroma, indicating

that peak reflectance is restricted to the green portion of the spectrum. The overall

brightness of the feathers was also dependent on the amount of reflectance that

occurred within the green portion of the spectrum.

Table 2.7: Pearson correlations between colormetric variables from female tree swallow
feathers

Green Back White Chest
Brightness Blue

Chroma
Green

Chroma
Hue Brightness Chroma

Green Back
Blue Chroma 0.11∗∗ –

Green Chroma 0.55∗∗ 0.14 –
Hue −0.30 0.11 −0.68∗∗ –

White Chest
Brightness −0.19 −0.02 −0.17 0.21 –

Chroma −0.14 0.30 −0.12 0.25 0.33 –
Hue 0.31 < 0.01 0.06 −0.02 0.41 −0.42
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Green Back

Only female tree swallows were used in this study. Thus, I evaluated the

response of color to feather mercury concentrations, but not the effects of sex. The

reflectance spectrum of green back feathers peaked between 450 and 550nm. The

first principal component explained 69% of the variation, the second principal

component explained 27%, and the third principal component explained 3%. High

PC1 values were associated with brighter feathers with higher reflectance between

500 and 550nm (Fig. 2.3). The first principal component was correlated with

brightness and green chroma, or higher reflectance between 450 and 550nm (Table

2.8). The second principal component correlated positively with blue chroma and

negatively with hue. High PC2 values were associated with high reflectance between

400 and 500nm and low hue values. The third principal component correlated

positively with green chroma and blue chroma; therefore, high PC3 values indicated

high reflectance between 350 and 400nm and high reflectance between 650 and

700nm. There was no effect of feather mercury concentration on measures of green

coloration (PC scores; p > 0.05; Fig 2.3a-b; Table 2.9).

Table 2.8: Correlation between principal component (PC) scores and colormetric variables
for two body regions of female tree swallows.

PC1 PC2 PC3
Green Back

Brightness 0.99∗∗ 0.05 −0.10
Blue Chroma 0.10 0.92∗∗ 0.34∗

Green Chroma 0.64∗∗ −0.19 0.71∗∗

Hue 0.21 0.94∗∗ 0.06
White Chest

Brightness 1.00∗∗ 0.02 < 0.01
Chroma 0.31 0.90∗∗ −0.26

Hue 0.40 0.39 0.41
significance ∗p < 0.05,∗∗ p < 0.01
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Figure 2.3: The association of factor loading coefficients and wavelength; PC1 is repre-
sented by a solid line, PC2 is represented by a dotted line, and PC3 is represented by a
dashed line. Response of color (principal component scores) in female (open circles with
grey lines) tree swallows.

Table 2.9: ANOVA values and regressions of principal components (PCs) and feather
mercury concentrations in tree swallows.

F-statistic Response to [Hg] (y=)
log[Hg] Female

Blue Back
PC1 1.07 3.76x− 1.51
PC2 0.28 −1.25x + 0.50
PC3 0.70 0.66x− 0.27

White Chest
PC1 0.01 1.45x− 0.19
PC2 19.76∗∗ −7.82x + 1.03∗∗

PC3 0.34 −0.55x + 0.07
significance ∗p < 0.05,∗∗ p < 0.01
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White Chest

For white chest feathers, the reflectance spectrum increased dramatically

between 300 to 400 nm and remained at that level for the remainder of the

spectrum. The first principal component explained 97% of the variation, and the

second principal component explained 3%. The loadings for the first principal

component were moderate and positive across the entire spectrum (Fig. 2.3d). PC1

had a high correlation with brightness; therefore, high PC1 values indicated brighter

feathers (Table 2.8). The loadings for the second principal component decreased

with increasing wavelengths. PC2 correlated with chroma such that higher PC2

scores indicated higher reflectance in the UV range. There was a significant decrease

in UV coloration (PC2) with increasing mercury concentrations (F1,11 = 19.76;

y=-7.82x + 1.03,r2 = 0.64, p < 0.01; Fig. 2.3f; Table 2.9).

Juvenile Belted Kingfishers

Feather mercury levels in young kingfishers were normally distributed and

therefore were not log normalized. The feather mercury concentrations of white and

blue feathers of juvenile belted kingfishers were highly correlated (r = 0.89,

p < 0.01). I compared feather mercury concentrations of white and blue feathers

taken from individual chicks. Feather mercury concentration of blue feathers

feathers (2.25± 0.31ppm) were similar to that of white feathers (2.21± 0.31ppm;

t14 = 1.05, p > 0.05).

DISCUSSION

Changes in Coloration with Changes in Feather Mercury Concentrations

Belted kingfisher color was related to feather mercury concentrations, but

changes were not consistent among colors or between sexes. There was a trend,
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though not significant, for blue back feathers to increase in brightness with increases

in mercury. The blue back feathers decreased in blue reflectance with higher feather

mercury, but only in females. The blue chest feathers increased in brightness in

males with higher feather mercury and showed the same trend in females. Lastly,

female brown chest feathers increased in brightness and decreased in reflectance over

brown wavelengths. All of these changes can be explained by a decrease in the

amount of melanin in the pigment layer underlying the structural color. Shawkey

and Hill (2006) reported that the underlying melanin layer increases the purity of a

color (or the chroma) by absorbing random scattering of light caused by the

structure of the feathers. When a percentage of the melanin is removed, an increase

in random scattering of white light may result, causing the whole feather to appear

brighter. Brown feathers are not structurally based, and therefore melanin

pigmentation functions by absorbing and reflecting light. The same logic used to

explain brightening of structural color can be applied to the brightening of brown

feathers. A decrease in the amount of melanin in brown feathers should cause an

increase in the amount of white light reflected. The blue and brown feathers of

bluebirds and the green feathers of tree swallows appeared to be unaffected by

feather mercury concentrations, but the mercury levels in these species was lower

than in kingfishers and may have been below a threshold at which melanin is

affected.

If there is a reduction in color due to a decrease in melanin, it is likely due to

a decrease of melanin production from the inhibitory action of mercury on

tyrosinase (Lerner, 1952). The relationship between mercury and tyrosinase has not

been studied in birds to my knowledge. Because feathers that are melanin based

(rather than structurally based) are often thought to depend on the size of

expression rather than simply color, analyses should be done on the size of the

patch in addition to color (Seifferman and Hill, 2003; Poston et al., 2003).
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Therefore, the size of the brown chest band should be considered by future

researchers estimating the effects of contaminants on kingfisher coloration.

While the coloration of white feathers of kingfishers was unaffected by

feather mercury concentrations, the UV reflectance in the white chest feathers of

female tree swallows and the brightness of the white chest feathers of male bluebirds

declined with increases of feather mercury concentrations. Because it is likely that

the white coloration in all the study species was derived from structural coloration,

rather than a pigment, a change in the nanostructure is likely responsible for the

observed effects. In bluebirds, deviation of the nanostructure from normal may

cause a decline in the amount of overall reflectance and, thus, brightness. If the UV

reflectance of the white chest feathers in tree swallows is a sexually selected trait, it

could be more susceptible to increased mercury concentrations than other traits.

One possible explanation for the numerous changes observed in kingfishers,

but not in other species, is the large range of mercury found in kingfisher feathers.

Kingfisher feathers ranged in concentrations from just over 1ppm to 130ppm, while

bluebird feathers ranged from < 1ppm to 11ppm, and tree swallow feathers ranged

from < 1ppm to only 4ppm. Though differences were found in the white feathers of

tree swallows and bluebirds, the data from kingfishers suggests that much higher

levels of contamination may be necessary before color associated with melanin is

affected if mercury is affecting the enzyme tyrosinase. Because ornamental traits are

sensitive to the condition of an individual, elevated mercury levels may compensate

color production before it effects observable measures of health. Thus, species where

coloration is thought to be a product of sexual selection may be more sensitive to

small increases of mercury intake. This would be best studied in a laboratory

setting where the mercury intake and dietary amino acids (such as tyrosine) can be

manipulated. In addition, there was a small sample size for both tree swallows and

bluebirds with subsequently lower statistical power.
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An impact of mercury on avian coloration could have serious implications

not only for those species that rely on coloration for sexual selection but also those

species that rely on coloration for crypsis. Mercury contamination may alter

coloration and thereby signal to conspecifics the health of the bird. Similar to the

concept that blue grosbeaks have coloration associated with the quality of their

territory, areas with high deposition of mercury may alter the coloration of birds

living on the site. Though feather levels in kingfishers were well above the levels

found in the northeastern United States, levels in tree swallows were comparable.

By using the feather:blood ratio of 6:1, tree swallows breeding in the northeastern

United States had a feather mercury value of 2.46ppm (Evers et al., 2006), whereas

the tree swallows in my study had an average feather mercury value of 1.70ppm. If

the low levels of mercury in tree swallow feathers were enough to cause changes in

coloration, widespread shifts in avian coloration may occur in those areas that have

high deposition rates of mercury, such as the south- and northeastern United States.

Correlation between Melanin and Mercury Concentrations

Though melanins are known to harbor many metal ions (McGraw, 2003),

feathers of juvenile kingfishers containing a melanin pigment layer (blue feathers)

did not sequester higher amounts of mercury than those feathers containing no

melanin (white feathers). Niecke et al. (1999) found a similar relationship by using

sequentially grown white and brown sections of individual bald eagle feathers.

Mercury levels did not corresponded to melanin levels, while levels of zinc, calcium,

and manganese did. Thus, the metal binding properties of melanin will not aid in

tracking the distribution of mercury in the feather, as suggested by McGraw (2003).

This also indicates that while mercury may affect the production of melanin, body

feathers can be evaluated for mercury content irrespective of their pigmentation.
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Sex Differences

Coloration in kingfishers was previously unstudied. I found sex differences in

kingfisher coloration, suggesting that sexual selection may be at work in this

species. Males had brighter blue back feathers, higher chroma in the blue chest

feathers, and overall brighter white chest feathers that reflected less in the UV than

females. The blue coloration of kingfishers was less pure than in bluebirds, resulting

in a dusky blue coloration; however, the white coloration of belted kingfishers was

much more reflective than that of bluebird. Kingfisher chest feathers may have

tightly interlocking barbs and barbules that serve to repel water, something

probably lacking in swallows and thrushes. This water repellant structure could

increase reflectance. Though females reflected brighter in the UV than males, the

female kingfisher has few feathers between the blue breast band and the brown

breast band. Thus, while females may have small patches of feathers that reflect in

the UV, the entire chest of the male is reflective in the UV. Due to the high

reflectivity of white feathers and the low reflectivity of the brown feathers, brown

feathers decrease the reflectivity of the female’s chest relative to the male.

Typically, the female kingfisher is described as being a rare case of reverse sexual

plumage dimorphism. However, in terms of color reflectance, females have lower

values than males because of the covering of white plumage with a brown patch.

The belted kingfisher is genetically a sister species to the much larger ringed

kingfisher (Ceryle torquata), which is similar in coloration to the belted kingfisher

(Moyle, 2006). In that species, both the males and females have a brown chest,

raising the possibility that the ancestral condition was brown-chested, and that

male belted kingfishers evolved a white chest patch as an elaborative showiness of

plumage. My data indicate that belted kingfishers exhibit reverse size dimorphism,

but the male kingfisher can still be thought of as the showier of the two sexes.

Establishing color as a sexually selected trait generally requires mate choice
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experiments in which a male or female chooses between two mates with varying

coloration (e.g. Ballentine et al., 2003; Siitari et al., 2002). It would likely be

difficult to evaluate female or male preference in a laboratory setting with kingfishers

due to the activities associated with pair bonding (allofeeding, long flights, and nest

excavation to name a few). Further analysis of the evolution and maintenance of

kingfisher coloration should be evaluated in the field by measuring the relationship

between color and reproductive success, including parental investment.

In bluebirds, aspects of both blue and brown coloration in both males and

females have been reported to be indicative of parental investment and reproductive

success (Seifferman and Hill, 2003; Seifferman and Hill, 2005b). In the current

study, bluebird coloration differed between sexes. Differences between sexes were

not unexpected because they are apparent to the human eye and well documented

in the literature. Males had brighter blue back feathers with a higher chroma than

females. In addition, the white feathers of males reflected more in the UV range and

had a higher hue. The brown feathers of males were darker than females indicating

a higher melanin concentration. Male bluebirds are thought to increase investment

in structural coloration with age, and decrease in melanin concentration (Seifferman

and Hill, 2005c). This may indicate that structural coloration is a more reliable

indicator than melanin coloration in bluebirds.
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Appendix B

Table B.1: Kingfisher nesting sites and locations. *years indicate an unsampled nest
presumed to have been active in that year.

Nest Location River Activity Year Latitude Longitude
Boe South River 2005 38.1993 -78.8429

Holsinger South River 2005 38.1126 -78.8625
Waynesboro H2O South River 2005 38.1125 -78.8625

Wertman South River 2005 38.1462 -78.8518
Crimora Crossing South River 2006 38.1551 -78.8563

Dooms South River 2006 38.1060 -78.8625
Genicom South River 2006 38.0976 -78.8741

Greenberry Manor South River 2006 38.1001 -78.8666
Harris South River 2006 38.1846 -78.8356

Hopeman Bridge South River 2006 38.0945 -78.8771
Meadows South River 2006 38.1340 -78.8625

Pence South River 2006 38.2426 -78.8314
Swoope South River 2006 38.1389 -79.2204

Waynesboro H2O South River 2006 38.1125 -78.8625
Wertman South River 2006 38.1462 -78.8518

Harris South River 2005* 38.1846 -78.8356
Genicom South River 2005* 38.0976 -78.8741

Above Lynwood South Fork Shenandoah 2005 38.3022 -78.7933
Dry Run South Fork Shenandoah 2005 38.4292 -78.6238
Elkton South Fork Shenandoah 2005 38.4089 -78.6358

Lynnwood South Fork Shenandoah 2005 38.3082 -78.7782
Merck South Fork Shenandoah 2005 38.3862 -78.6376
Sheetz South Fork Shenandoah 2005 38.3377 -78.7300
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Table B.2: Kingfisher nesting sites and locations (continued).

Nest Location River Activity Year Latitude Longitude
Wenger2 Field North River 2005 38.3925 -79.0303
Scott’s Ford North River 2005 38.2958 -78.8487

Bridgewater Airport North River 2005 38.2849 -78.9644
Bridgewater Airport North River 2005 38.2849 -78.9644

Wenger2 Island North River 2005 38.3943 -79.0246
Wenger North River 2005 38.3611 -78.9468

Bald Rock North River 2006 38.2069 -79.0004
Above Mt Crawford North River 2006 38.3703 -78.9583

Jerrel Camp North River 2006 38.3097 -78.8293
Wenger2 Island North River 2006 38.3943 -79.0246

774/775 Middle River 2005 38.2327 -78.8851
Mount Pleasant Middle River 2005 38.2435 -79.0842

250 Bridge Middle River 2005 38.2182 -79.1327
MR Island Middle River 2005 38.2496 -78.8704
742 Bridge Middle River 2005 38.2427 -79.0333

Port Republic Middle River 2005 38.3023 -78.8192
Bedrock Hwy Middle River 2006 38.3097 -78.8293

MR Island Middle River 2006 38.2496 -78.8704
728 Rd Middle River 2006 38.2229 -79.1100

742 Bridge Middle River 2006 38.2439 -79.0359
Turkey Farm Middle River 2006 38.2459 -78.8902
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Appendix D

Table D.1: Index of prey captured by kingfishers. Fresh weights were back calculated
for those fish not weighed upon capture using an empirical equation based on all fish
weighted fresh and after freezing for 12-18 months: (frozen weight) = 0.9757(fresh weight)
−0.402, r2 = 0.9933, p < 0.01. Calculated weights are indicated by *.

Fish ID Date Species Fresh Weight (g) Kingfisher Band
F001 6/4/05 Nocomis leptocephalus 11.8* 159382365
F002 5/26/05 Pimephales promales 7.6* 159382343
F003 5/29/05 Pimephales notatus 9.3* 159382343
F004 5/31/05 Salvelinus fontinalis 20.8* 159382356
F005 6/16/05 Exoglossum maxillingua 20.3* UNB male
F006 5/26/05 Clinostomus funduloides 8.8* 159382323
F007 5/31/05 Lepomis macrochirus 17.9 159382348
F008 5/30/05 Lepomis macrochirus 8.4* 159382565
F009a 6/6/05 Lepomis macrochirus 7.1* 159382368
F009b 6/6/05 Lepomis macrochirus 5.5* 159382368
F009c 6/6/05 Notropis hudsonius 3.0* 159382368
F010 6/4/05 Pimephales notatus 6.3* 159382366
F011 6/7/05 Noturus insignis 16.8* 159382369
F012 5/31/05 Luxilus cornutus 16 159382355
F013 6/16/05 Luxilus cornutus 13.7* 159382217
F014 6/10/05 Lepomis cyanellus 15.8* 159382391
F015 6/18/05 Lepomis macrochirus 2.8* 159382218
F016 5/29/05 Micropterus dolomieu 22.1* 159382344
F017a 6/1/06 Cyprinella spiloptera 7 159382286
F017b 6/1/06 Notemigonus crysoleucas 13.1 159382286
F017c 6/1/06 Lepomis auritus 13.8 159382286
F018 5/25/06 Nocomis leptocephalus 6.2 159382284
F019 5/25/06 Nocomis leptocephalus 6.4 159832283
F020a 5/24/06 Nocomis leptocephalus 20.9 159382282
F020b 5/24/06 Luxilus cornutus 29.2 159382282
F021 5/20/06 Lepomis cyanellus 19.3 159382253
F022 5/12/06 Notropis hudsonius 3 159382254
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Table D.2: Index of prey captured by kingfishers (continued).

Fish ID Date Species Fresh Weight Kingfisher Band
F023 5/12/06 Catostomus commersoni 15.7 159382246
F024 5/12/06 Clinostomus funduloides 9.2 159382250
F025 6/6/06 Campostoma anomalum 5.6 161343709
F026 6/6/06 Nocomis leptocephalus 26.5 161343709
F027 6/6/06 Lepomis macrochirus 9.6 161343708
F028 5/29/06 exotic 10.9 159382285
F029 5/13/06 Pimephales promales 8.2 159382263
F030 5/11/06 Notemigonus crysoleucas 15.2 159382222
F031a 5/10/06 Pimephales notatus 8.8* 159382240
F031b 5/10/06 Pimephales notatus 6.7* 159382240
F032 5/15/06 Nocomis micropogon 16.8 159382251
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Outline

• Consistent and coherent models are developed for 
SW and SED THg and MeHg and FISH THg

– Surface water, sediment, and floodplain mercury are 
basic elements of all models for biota

– Refined floodplain model meant the surface water and 
sediment THg and MeHg models had to be refit

– SAV mercury samples added to SW and sediment models 
(previously used only for fish models)

– River is dynamic system, with surface water, sediment, 
floodplain, discharge, rainfall, porewater, etc. interacting

– Surface water mercury values added to sediment models 
to account for possible indirect effects of bank mercury
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Role of Statistical Models
• Statistical models are driven by data

– Terms considered for model suggested by scientific understanding 

– Model terms are evaluated by their degree of association with the 

response being modeled and their effect on model stability

• Statistical models can be good because 

– No theoretical mechanistic model is force fit to the data

– Statistical modeling attempts to evaluate all data for relevance

• Statistical models can be bad because

– There may be no framework by which to explain the associations

• A good statistical model offers credible, quantifiable  

associations and accounts for a substantial percentage of the 

variability observed

• Ideally, mechanistic and statistical models will agree, at least 

in broad outline, when both exist 3



General Methodology

• Stepwise regression on large number of factors

• Data standardized prior to modeling 
– main effects standardized to mean 10, std. 1

• Modified to keep variance inflation factors reasonable
– VIF generally below 5, always below 10

– Eliminates collinearity, confounding

• Some scientific judgment used when choosing which 
terms to use, which to eliminate

• Validity checks 
– PCA, residual analysis

– Multiple regression models, all pointing to same general 
conclusions
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Basic Observations on Models

• The river is a dynamic system
– Surface water, sediment, floodplain, discharge, rainfall, 

porewater, banks, etc., interact

• Sediment & bank Hg, discharge rates, other terms, 
used to predict SW and fish Hg
– Models predict SW THg and MeHg much reduced if bank 

Hg terms omitted

• SW & bank Hg, discharge rates, other factors, used to 
predict sediment and fish Hg 
– Models predict SED and fish Hg much reduced if bank 

AND SW Hg terms omitted
• Reduced SW Hg is an indirect effect of reducing bank Hg
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Basic Conclusions from Models

• Riverbank mercury loading extremely important 
predictor of SW (THg & MeHg), sediment (THg & 
MeHg), and fish tissue (THg) mercury levels
– By itself (e.g., thru normal erosion) and associated with 

high discharge rates and rainfall

– Or indirectly by reducing SW Hg which reduces SED Hg

• No other factor consistently predicts greatly reduced 
Hg

• Floodplain Hg, associated with rainfall, also important

• Sediment and porewater Hg, associated with 
discharge and rainfall, somewhat important

• Dietary items important for fish tissue Hg
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7

Model Predicted Effect on SW of Removing Bank Hg Terms. Red is 

modeled current state, Black is prediction w/o Bank terms. Plots 

are THg (unfiltered, filtered), and MeHg. Shown on log scale



8

Model Predicted Effect on SED of Removing Bank or SW Hg Terms. 

Red is modeled current state, Black is prediction w/o Bank or SW 

terms. Plots on log scale are THg (unfiltered, filtered), and MeHg. 



Model Assumptions, Checks

• Log-transformed THg & MeHg normally distributed

– Plots show histograms of residuals consistent with 
normality

– Small numbers of outliers found

• Very small observed Log(Hg) values predicted to be only small. 
Mostly below detection limit

• Unimportant to overall model fit

– Scatter plots of residuals vs. predicted values

• Plots consistent with variance homogeneity

• Below detection limit values over-estimated by model

• Multi-collinearity avoided by keeping VIF < 10

• Separate PCA in broad agreement with regression 
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10

Residuals (log scale ) from Surface Water models. Plots are THg 

(unfiltered, filtered), and MeHg. 
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Residuals (log scale ) from Sediment models. Plots are THg 

(unfiltered, filtered), and MeHg. 
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Plots of residuals vs. predicted value, a check for variance 

heterogeneity. Plots for SW THg (unfiltered, filtered) and MeHg. 

Apparent line in left third of lower 2 plots is of values below 

detection limit over-estimated by model.
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Plots of residuals vs. predicted value, a check for variance 

heterogeneity. Plots for SED THg (unfiltered, filtered) and MeHg. 

Small cluster in left third of top 2 plots are values below detection 

limit over-estimated by models.



Fish Models

• Sequential modeling strategy used

– ANCOVA after each sample period found hot spots

• Regression of fish THg vs. time suggested 3-yr lag 
from major storms to high fish Hg

– Consistent with 1-3 yr mercury depuration time in bass

• Intensive regression captures lag time, diet and 
much other relevant detail on a per-species basis

– Refined floodplain THg, SAV Hg added to models

• PCA confirms basic relationships from regression 
models
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Good correspondence between 3-year lag discharge rate and Hg levels up to 1999 

and after 2002.  No major storms between those dates. Obviously, storms are not 

the only factor affecting fish Hg level. Effect of 1985 major storm not seen in this plot 

because no fish were sampled in 1988.

Year of discharge adjusted by 3 

years for visual ease of comparison.

E.g., peak discharge shown in 1987 

actually occurred in 1984
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Detailed Fish Model

• Max, min, and mean flow rates over 6-month 
intervals prior to each fish sample up to 3 yrs

• SW, Porewater, tributary, floodplain and SED 
THg, MeHg levels within 1-, 2-, and 3-miles 
upstream of sampling sites within 1-year 
prior

• Environ. factors (erosion, SAV, etc)

• Dietary items (insects, SAV, smaller fish, 
crayfish)
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Basic Findings for Fish Models

• Riverbank mercury loading extremely important 
predictor of fish THg levels

– By itself (e.g., thru normal erosion) and associated 
with high discharge rates

– High discharge rates 18-24 months prior to fish 
samples found important

• Confounding between 2- and 3-year lags prevents 
definitive assessment of which lag time most important

• Diet Hg is significant contributor

– Crayfish (bass), ephemeroptera (sunfish), diptera 
(sucker), SAV (all species)
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Model Predicted Effect on fish tissue Hg of removing bank Hg 

Terms. Red is modeled current state, Black is prediction w/o Bank 

terms. Plots are bass, sucker, sunfish. Shown on log scale



Fish Model Assumptions, Checks

• Log-transformed fish THg normally distributed

– Plots show histograms of residuals consistent with 
normality

– Small numbers of outliers found

• Very small observed Log(Hg) values predicted to be only small. 
Mostly below detection limit

• Unimportant to overall model fit

– Scatter plots of residuals vs. predicted values

• Plots consistent with variance homogeneity

• Below detection limit values over-estimated by model

• Multi-collinearity avoided by keeping VIF < 7.5

• Separate PCA in broad agreement with regression 
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Residuals (log scale ) from fish models. Plots are bass, sucker, 

sunfish. 
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Plots of residuals vs. predicted value checks variance homogeneity  

Plots for bass, sucker, sunfish. Decrease in variability in bass Hg 

with increasing Hg levels reflects fewer fish at highest Hg levels.



Comments on Fish Scatterplots

• On bass plot, there appears to be a separate 
cluster of points  with lower Hg levels. These 
are all samples above the plant site

• On sunfish plot, the cluster is less clear but 
consists of fish above the plant or far down 
river

• Sucker plot does not show such a cluster

• Scatter plots do not show serious variance 
heterogeneity
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Conclusions

• Models predict elimination of bank Hg will substantially 
reduce THg levels in fish tissue, surface water, and 
sediment
– Models do not indicate the time required to effect these 

reductions, which in sediment could be decades

• Models predict elimination of bank Hg will reduce MeHg in 
surface water and sediment
– through direct and indirect action

• Diet MeHg/THg levels important Hg source for fish
– Hg levels in diet items expected to decline with SW and SED Hg

• Porewater Hg important indicator for sediment and SW 
THg, MeHg
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Conclusions

• Floodplain Hg important model predictor for 
sediment and SW THg
– Associated with rainfall, forest and wetlands

• Sediment Hg and composition important model 
predictors for SW THg and MeHg
– Associated with high discharge rates

• High discharge rates, esp. during major storms 
up to 3 years prior to fish samples, important 
model predictor for fish THg level
– Associated with bank Hg load

– Confirmed by PCA
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Detailed Model Information

• Model results are summarized above. 

• Further detail is provided below if needed
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Surface Water THg Models

• THg Unfiltered

• R-square=0.61

• 1472 THg samples

• Spring and summer are higher, 

• Banks (esp. right bank, & interactions w/discharge 
rate & rainfall), 

• Sediment (chemistry, composition), 

• Near-bank land use (forest), 

• Environ. Factors(gradient, SAV, FP area), 

• FP Hg within 1 RRM upstream, esp. Hay areas
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Model for SW Unfiltered THg

Meaning of model terms summarized on previous slide. 

Detailed meaning of each term on next 2 slides. Following 

slide summarizes impact of each category of model terms.

Variable Estimate StdErr tValue Probt VIF Variable Estimate StdErr tValue Probt VIF

Intercept -12.359 0.716 -17.27 <.0001 0.000 QSEDTOC13 -0.046 0.005 -8.69 <.0001 3.873

QTR2 0.441 0.094 4.7 <.0001 1.320 QSEDMANG13 -0.009 0.004 -2.46 0.0139 2.591

QTR3 0.657 0.089 7.39 <.0001 1.346 QSEDCOPR73 0.020 0.004 4.97 <.0001 2.827

FOREST 0.481 0.101 4.77 <.0001 1.767 EVPCTSLE1 -0.485 0.057 -8.55 <.0001 3.024

HgLRateallR 0.431 0.059 7.26 <.0001 2.493 EVGRADIEN2 0.403 0.058 6.94 <.0001 2.789

QHGR1 0.000 0.000 13.73 <.0001 2.104 EVSAV3 0.283 0.057 4.94 <.0001 2.792

QSEDTHG11 0.015 0.003 4.21 <.0001 2.664 EVFPAREA3 0.535 0.079 6.8 <.0001 5.792

QSEDMEHG71 -0.021 0.004 -4.92 <.0001 3.246 RHGR51 0.029 0.004 6.42 <.0001 3.630

QSEDCLAY73 0.014 0.004 3.28 0.0011 2.946 RHG103 0.014 0.005 2.63 0.0085 5.028

QSEDCLAY101 0.011 0.005 2.04 0.0416 4.777 FPTHgHAY1 -0.295 0.091 -3.25 0.0012 5.547

QSEDSAND102 -0.019 0.005 -3.73 0.0002 3.482 FPTHg21 0.489 0.089 5.51 <.0001 5.075



Explanation of Unfiltered SW THg 

Model Terms
• QTR2=2nd quarter of year

– QTR3 replace 2nd by 3rd

• FOREST=land use nearest SW sample is forest

• QHgALLR= interaction of discharge rate on SW sample day with total right 
bank Hg loading rate upstream of SW sample

• QHGR1= interaction of discharge rate on SW sample day with right bank 
THg load w/ 1 RRM upstream of SW sample

• QSEDTHG11= interaction of discharge rate w/ 1 day of SW sample with 
total THg in sediment w/ 1 RRM upstream 
– QSEDMEHG71  replace THg by MeHg, 1 day by 7

– QSEDCLAY73 replace THg by %clay, 1 day by 7, 2 RRM by 3

– QSEDCLAY101 replace THg by %clay, 1 day by 10, 2 RRM by 1

– QSEDSAND102 replace THg by %sand, 1 day by 10

– QSEDTOC13  replace THg by total organic carbon, 2 RRM by 3

– QSEDMAN13  replace THg by manganese, 2 RRM by 3

– QSEDCOPR13  replace THg by copper, 2 RRM by 3
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Explanation of Filtered SW THg Model 

Terms, cont.
• EVSAV1=SAV density w/ 1 RRM of SW sample

• EVGRADIEN2=river gradient w/ 2 RRM upstream of SW sample

• EVFSAV3= SAV density w/ 3 RRM upstream of SW sample

• EVFPAREA3=total floodplain area within 3 RRM upstream of sample 
site

• RHGR51=interaction of total rainfall w/ 5 days prior to SW sample 
and total right bank THg within 1 RRM upstream of SW sample
– RHG103 replace 5 days by 10, 1 RRM by 3

– RNFPTHGCUL101 replace open spaces by cultivated crop lands, 2 days 
by 10

• FPTHGHAY1=total THg in floodplain pasture/hat areas w/ 1 RRM 
upstream

• FPTHg21= total THg in 2-year floodplain w/ 1 RRM upstream

• Similar definitions apply to other models
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Impact on SW THg w/Factor Removal

Top row summarizes present stats in unfiltered ng/L

Rows 2+ show mean, max THg predicted if omit col. 7 factor 

Removal of bank or FP terms reduces mean SW THg by 98+%.

Removal of environ. terms (mostly SAV) removes 99+% THg. 

Inflows include tribs, GW, ir. ditches, mill streams, oxbow

Note: Many individual model terms are included under each 

“Factor” heading. They are summarized here for simplicity.
30

MEAN STD IQR PCT10 PCT25 PCT50 PCT75 PCT90 PCT100 Factor

65.30 323.55 36.39 2.05 4.65 14.70 41.04 85.45 6420.2 PRED2E

0.30 0.34 0.30 0.03 0.07 0.17 0.37 0.78 2.67 BANK

65.30 323.55 36.39 2.05 4.65 14.70 41.04 85.45 6420.2 SEDHg

65.30 323.55 36.39 2.05 4.65 14.70 41.04 85.45 6420.2 PORE

0.02 0.12 0.01 0.00 0.01 0.01 0.02 0.03 3.08 EV

65.30 323.55 36.39 2.05 4.65 14.70 41.04 85.45 6420.2 Inflows

11.20 63.51 4.87 0.34 0.75 2.03 5.61 13.23 1275.4 FP

65.30 323.55 36.39 2.05 4.65 14.70 41.04 85.45 6420.2 SAVHg



Model Predictions w/ & w/o Bank Terms
Unfiltered SW THg
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Surface Water THg Model

• THg Filtered

• R-square=0.45

• 2183 THg samples

• Springtime levels higher 

• Banks (X discharge), 

• Sediment (discharge X chemistry, rainfall X chem & 
composition), 

• Porewater (Hg X discharge), 

• FP (wetlands w/1 miles X rainfall), 

• near-bank land use (forest)

• Environment (gradient, SAV density)

• NOTE: X denotes interaction effect
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SW Filtered THg Model

Variable Estimate StdErr tValue Probt VIF Variable Estimate StdErr tValue Probt VIF

Intercept -2.075 0.803 -2.59 0.0098 0.000 QSEDMANG103 -0.006 0.003 -2.1 0.0361 2.618

QTR2 0.380 0.061 6.19<.0001 1.154 QSEDTOC103 -0.044 0.003 -14.28<.0001 2.979

FOREST 0.558 0.076 7.35<.0001 1.838 EVSAV1 0.161 0.037 4.38 <.0001 2.206

QHGL12 -0.010 0.005 -2.05 0.0409 6.881 EVGRADIEN1 0.560 0.064 8.7<.0001 5.513

QHGALL10 0.028 0.004 7.57<.0001 3.165 EVFPAREA1 -0.353 0.062 -5.73<.0001 4.236

QSEDMEHG12 0.015 0.003 4.92<.0001 2.780 EVEROD3 -0.363 0.062 -5.88<.0001 5.894

QSEDSAND12 -0.033 0.004 -8.26<.0001 4.700 RNFPTHGOPN21 -0.022 0.006 -4.03<.0001 9.471

QSEDTHG103 0.015 0.003 4.38<.0001 2.546 RNFPTHGWET21 0.041 0.006 7.13<.0001 9.969

QSEDCAD11 0.016 0.002 8.26<.0001 1.503 RNFPTHGCUL101 -0.019 0.003 -5.66<.0001 3.595

QSEDAVS13 0.011 0.003 3.86 0.0001 2.124 PORE_MERCURY2 0.079 0.024 3.35 0.0008 1.571

QSEDCHR72 -0.023 0.005 -4.88<.0001 6.185 SEDRNCLAY110 0.036 0.005 7.8<.0001 5.906

QSEDCHR73 0.029 0.005 6.05<.0001 6.121 SEDRNSILT110 -0.016 0.004 -3.58 0.0003 5.417
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Model terms summarized on previous slide. Detailed meaning of 

individual terms on next two slides



Explanation of Filtered SW THg Model 

Terms
• QTR2=2nd quarter of year

• FOREST=land use nearest SW sample is forest

• QHGL12= interaction of discharge rate w/ 1 day of SW sample time with 
left bank THg load w/ 2 RRM upstream of SW sample

• QHgALL10= interaction of discharge rate w/ 10 days of SW sample time 
with total bank Hg loading rate upstream of SW sample

• QSEDMEHG12= interaction of discharge rate w/ 1 day of SW sample with 
total MeHg in sediment w/ 2 RRM upstream 
– QSEDSAND12  replace MeHg by % sand

– QSEDTHG103  replace MeHg by THg, 1 day by 10, 2 RRM by 3
• QSEDCAD11 replace MeHg by cadmium, 2 RRM by 1

• QSEDAVS13  replace MeHg by AVS, 2 RRM by 3

• QSEDCHR72  replace MeHg by chromium, 1 day by 7, 2 RRM by 3

• QSEDCHR73  replace MeHg by chromium, 1 day by 7, 2 RRM by 3

• QSEDMAN103  replace MeHg by manganese, 1 day by 10, 2 RRM by 3

• QSEDTOC103  replace MeHg by total organic carbon, 1 day by 10, 2 RRM by 3
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Explanation of Filtered SW THg Model 

Terms, cont.
• EVSAV1=SAV density w/ 1 RRM of SW sample

• EVGRADIEN1=river gradient w/ 1 RRM upstream of SW sample

• EVFPAREA1=total floodplain area w/ 1 RRM upstream of SW sample

• EVEROD3=total erosion within 3 RRM upstream of sample site

• RNFPTHGOPN21=interaction of total rainfall w/ 2 days prior to SW sample 
and total FP THg in open space areas within 1 RRM upstream of SW 
sample
– RNFPTHGWET21 replace open spaces by wetlands

– RNFPTHGCUL101 replace open spaces by cultivated crop lands, 2 days by 10

• POREMERCURY2=total THg in pore water w/ 2 RRM upstream

• SEDRNCLAY110=interaction of total rainfall w/ 10 days of SW sample and 
% clay in sediment w/ 1 RRM upstream
– SEDRNSILT110 replace clay by silt

• Similar definitions apply to other models
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Predicted Impact on SW THg w/Factor 

Removal

Top row gives model summary stats for filtered THg at present in ng/L

Rows 2+ show THg predicted if omit column 7 Factor 

Model predicts removal of bank Hg reduces mean & max SW THg by 81% 

Model predicts removal of sediment (pore water) Hg reduces mean SW THg by 79% 

(55%), reduces max by 80% (54%) 

Note: Many individual model terms are included under each “Factor” heading. They are 

summarized here for simplicity
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MEAN STD IQR PCT10 PCT25 PCT50 PCT75 PCT90 PCT100 SOURCE

3.35 3.23 2.99 0.77 1.33 2.23 4.32 7.10 34.9 PRED2E

0.62 0.67 0.60 0.16 0.20 0.41 0.80 1.34 8.8684 BANK

0.69 0.57 0.63 0.19 0.30 0.51 0.93 1.38 7.1549 SEDHg

1.52 1.48 1.35 0.35 0.60 0.99 1.95 3.20 16.065 PORE

2.79 2.39 2.00 0.94 1.39 2.02 3.39 5.30 32.696 EV

3.35 3.23 2.99 0.77 1.33 2.23 4.32 7.10 34.9 Inflows

3.62 4.29 2.70 0.80 1.33 2.24 4.03 7.99 34.23 FP

3.35 3.23 2.99 0.77 1.33 2.23 4.32 7.10 34.9 SAVHg



Model Predictions w/ & w/o Bank Terms
Filtered SW THg
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Surface Water MeHg Models

• R-square=0.49

• 2052 MeHg samples

• Spring season highest, winter lowest 

• Banks Hg load

• Near-bank land use (forest) 

• Sediment (discharge rate X chem & composition, 
rain X Hg) 

• FP (wetlands)

• Environ. factors (SAV density), 

• Porewater Hg
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SW MeHg Model Terms
Variable Estimate StdErr tValue Probt VIF Variable Estimate StdErr tValue Probt VIF

Intercept -11.674 0.70194 -16.63<.0001 0 QSEDMANG11 -0.01296 0.00309 -4.19<.0001 2.01356

QTR2 1.31102 0.08272 15.85<.0001 2.13186 QSEDCAD101 0.01302 0.00175 7.45<.0001 1.14548

QTR3 0.55765 0.08812 6.33<.0001 2.22329 EVSAV1 0.16456 0.03485 4.72<.0001 2.5659

QTR4 0.4834 0.09694 4.99<.0001 1.69109 EVPCTSLE1 -0.231 0.03362 -6.87<.0001 2.32418

FOREST 0.51808 0.06858 7.55<.0001 1.57677 FPTHgWET1 0.2562 0.0309 8.29<.0001 1.30681

HgLRate1 0.15692 0.03743 4.19<.0001 2.04031 PORE_MERCURY1 0.08382 0.0245 3.42 0.0006 1.22144

HgLRateall 0.65608 0.05192 12.64<.0001 3.02495 SEDRNMEHG12 -0.01906 0.00447 -4.26<.0001 6.67632

QSEDSAND72 -0.02479 0.00413 -6.01<.0001 4.85202 SEDRNTHG31 0.00647 0.00285 2.27 0.0232 2.31897

QSEDCLAY73 0.03186 0.00397 8.03<.0001 4.03191 SEDRNMEHG32 0.0318 0.0047 6.77<.0001 7.93583

QSEDTOC103 -0.04069 0.00253 -16.09<.0001 2.03781
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Model terms summarized on previous slide. Detailed meaning of 

individual terms on next slide



Explanation of SW MeHg Model Terms

• QTR2=2nd quarter of year
– QTR3 replace 2nd by 3rd

– QTR4 replace 2nd by 4th

• FOREST=land use nearest SW sample is forest

• HgLRate1=total bank Hg loading rate w/ 1 RRM upstream of SW sample

• HgLRateAll=total bank Hg loading rate above location of SW sample

• QSEDSAND72= interaction of discharge rate on sample day with % sand in sediment w/ 7 days and 
2 RRM of SW sample

– QSEDCLAY73  replace sand by clay, 2 RRM by 3

– QSEDTOC103  replace sand by total organic carbon, 7 days by 10, 2 RRM by 3

– QSEDMAN11  replace sand by manganese, 7 days by 1, 2 RRM by 1

– QSEDCAD101  replace sand by cadmium, 7 days by 10, 2 RRM by 1

• EVSAV1=SAV density w/ 1 RRM upstream of SW sample
– EVPCTSLE1 replace SAV density by % shoreline erosion

• FPTHGWET1=total THg in floodplain wetlands w/ 1 RRM upstream of SW sample

• POREMERCURY1=total THg in pore water w/ 1 RRM upstream of SW sample

• SEDRNMEHG12=interaction of total rainfall w/ 1 day of SW sample with total SED MeHg w/ 2 RRM
– SEDRNMEHG32 replace THg by MeHg, 1 day by 3

• Similar definitions apply to other models
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Predicted Impact on SW MeHg 

w/Factor Removal

Top row gives model summary stats for MeHg at present in ng/L

Rows 2+ show MeHg predicted if omit column 7 Factor 

Model predicts removal of bank Hg eliminates MeHg

Model predicts removal of sediment (porewater, FP) Hg reduces mean SW MeHg 

by 83% (53%, 92%), reduces max MeHg by 82% (56%, 91%)

Model predicts environmental factors influence MeHg levels

Note: Many individual model terms are included under each “Factor” heading. 

They are summarized here for simplicity.
41

MEAN STD IQR PCT10 PCT25 PCT50 PCT75 PCT90 PCT100 Factor

0.40 0.48 0.45 0.05 0.12 0.25 0.58 0.79 6.4114 PRED2E

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.001 BANK

0.05 0.05 0.05 0.01 0.02 0.04 0.07 0.11 1.1395 SEDM

0.17 0.21 0.20 0.02 0.05 0.11 0.25 0.34 2.81 PORE

0.79 1.01 0.85 0.10 0.23 0.48 1.09 1.67 11.891 EV

0.40 0.48 0.45 0.05 0.12 0.25 0.58 0.79 6.4114 Inflows

0.03 0.04 0.03 0.00 0.01 0.02 0.04 0.06 0.5981 FP

0.40 0.48 0.45 0.05 0.12 0.25 0.58 0.79 6.4114 SAV Hg



Sediment THg Models

• THg Unfiltered

• R-square=0.42

• 998 THg samples

• July levels increased, Feb & October decreased  

• Bank Hg thru normal erosion

• Near bank land use (forest, pasture/hay elevated) 

• Inflow Hg (X discharge rate)

• Porewater

• FP (area)

• Sediment composition (X rainfall)

• AV/SAV Hg 
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Sediment Unfiltered THg Model terms

43

Model terms summarized on previous slide. Detailed meaning of 

individual terms deferred

Variable Estimate StdErr tValue Probt VIF Variable Estimate StdErr tValue Probt VIF

Intercept -9.646 1.348 -7.160 <.0001 0.000 EVFPAREA1 0.442 0.092 4.810 <.0001 3.021

MON2 -0.911 0.315 -2.900 0.004 1.738 PORERNMEHG35 -0.014 0.005 -2.850 0.005 1.655

MON7 0.807 0.256 3.150 0.002 1.129 PORE_MERCURY2 0.230 0.062 3.680 0.000 1.453

MON10 -0.379 0.157 -2.410 0.016 1.859 SEDRNSILT11 0.083 0.010 8.550 <.0001 7.400

FOREST 1.078 0.140 7.690 <.0001 1.486 SEDRNSILT12 -0.094 0.010 -9.650 <.0001 7.411

PASTURE 1.034 0.165 6.250 <.0001 1.531 AVMEHG1 0.207 0.055 3.760 0.000 1.182

HgLRate3 0.456 0.077 5.930 <.0001 2.036 SAVMEHG1 0.383 0.064 5.980 <.0001 1.491

QTRIBTHG11 0.012 0.003 3.800 0.000 1.192 AVTHG1 0.207 0.063 3.310 0.001 1.399



Explanation of Unfiltered SED THg 

Model Terms
• MON2=February

– MON7=July

– MON10=October

• Forest=Land use on bank nearest sediment sample is forest
– Pasture= replace Forest by Pasture/hay

• PORE=Sediment sample from pore water sampling

• HGLRATE3=total bank THg w/ 3 RRM above sediment sample 

• QTRIBTHG11= interaction of discharge rate w/ 1 day of SED sample day with inflow THg load w/ 1 
RRM upstream of SED sample

– Inflows= tribs, GW, ir. ditches, mill streams, oxbow

• EVFPAREA1=Floodplain area w/ 1 RRM upstream of SED sample

• PORERNMEHG35=Pore water MeHg w/ 3 RRM upstream of SED sample X rainfall w/ 5 days prior 
to SED sample

– PORE_MERCURY2=Pore water THG w/ 2 RRM upstream of SED sample

• SEDRNSILT11=Interaction of total rainfall w/ 1 day of SED sample with %silt in sediment w/ 1 
RRM above SED sample

– SEDRNSILT12 replace 1 RRM by 2

• AVMEHG1=Total MeHg in aquatic veg. w/ 1 RRM upstream of SED sample
– SAVMEHG1 replace AV by submerged aquatic vegetation

– AVTHG1 replace MeHg by THg
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Impact on Sediment THg w/Factor 

Removal

Row 1 gives model summary stats for unfiltered THg at present

Rows 2+ show MeHg predicted if omit column 7 Factor 

Model predicts removing bank or AV/SAV Hg  reduces SED THg by 99%

Model predicts removing pore water (Inflow) Hg lowers mean & max SED 

THg by 58% (69%)

Model predicts environmental factors also very important

NOTE: There is overlap among some factors 
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MEAN STD IQR PCT10 PCT25 PCT50 PCT75 PCT90 PCT100 Factor

10829.740 12134.460 13229.370 716.718 2318.760 7869.340 15548.130 25604.440 170755.450 PRED2E

95.240 114.320 106.890 13.355 28.020 65.280 134.910 223.250 2441.030 BANK

10829.740 12134.460 13229.370 716.718 2318.760 7869.340 15548.130 25604.440 170755.450 SW Hg

4498.810 4973.660 5327.690 281.468 919.630 3303.710 6247.330 12363.260 63867.690 PORE

109.250 130.620 113.830 16.993 30.540 76.010 144.370 216.420 2801.430 EV

3343.680 3522.620 4115.130 216.494 719.280 2361.600 4834.410 8269.200 29514.520 Inflows

10829.740 12134.460 13229.370 716.718 2318.760 7869.340 15548.130 25604.440 170755.450 FP

3.370 3.490 3.750 0.447 0.910 2.060 4.660 8.160 37.720 SAV/AV Hg



Model Predictions w/ & w/o Bank Terms
Unfiltered Sediment THg

46



Sediment THg Models

• THg Filtered  R-square=0.48  2067 THg samples

• Spring levels higher

• Bank Hg load, esp. right bank

• Surface water Hg

• Porewater Hg (X rainfall)

• FP (wet X rain)

• Inflow MeHg (incl. oxbow, ir. Ditches, outfall, tribs, GW)

• Near-bank land use (wetlands, forest)

• Environ. factors (SAV density, FP area)

• Sediment (chem [non-Hg] & comp X rain)

• SAV Hg
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Sediment Filtered THg Model Terms

48

Model terms summarized on previous slide. Detailed meaning of 

individual terms deferred

Variable Estimate StdErr tValue Probt VIF Variable Estimate StdErr tValue Probt VIF

Intercept 5.833 1.595 3.66 0.0003 0.000 RHGR33 -0.029 0.009 -3.29 0.001 4.757

QTR3 0.960 0.170 5.66 <.0001 1.525 SEDRNMANG25 0.036 0.008 4.74 <.0001 2.181

PORE -5.919 0.693 -8.54 <.0001 1.031 SEDRNCAD27 -0.023 0.006 -3.97 <.0001 1.824

QHGR3 0.000 0.000 5.33 <.0001 4.411 SEDRNTOC35 -0.031 0.008 -4.01 <.0001 3.818

QHGL33 -0.046 0.012 -3.83 0.0001 5.107 SEDRNCHR32 -0.046 0.007 -6.44 <.0001 1.543

SW_MEHG42 0.380 0.086 4.44 <.0001 2.099 AVTHG1 0.167 0.066 2.53 0.0115 1.209

RHGALLR1 -0.031 0.007 -4.25 <.0001 2.865 AVMEHG5 113.437 13.725 8.27 <.0001 1.416

RHG12 0.109 0.011 9.78 <.0001 8.803 SAVMEHG5 376.549 38.124 9.88 <.0001 3.602



Explanation of Filtered SED THg Model 

Terms
• QTR3= 3rd quarter of year

• PORE= SED sample is from pore water samples

• QHGR3=Interaction of discharge rate on day of SED sample and bank THg load w/ 3 RRM 
upstream

• QHGL33=Interaction of discharge rate 3 days prior to SED sample and left bank THg load w/ 3 
RRM upstream

• SW_MEHG42= total SW MeHg w/ 4 days of SW sample and w/ 2 RRM upstream

• RHGALLR1=Interaction of rainfall w/ 1 day of SED sample and total right bank THg load 
upstream of SED sample

• RHG12=Interaction of rainfall w/ 1 day of SED sample and bank THg load w/ 2 RRM upstream
– RHGR33 replace bank by right bank, 1 day by 3, 2 RRM by 3

• SEDRNMANG25=Interaction of rainfall w/ 5 days prior to SED sample and sediment 
manganese w/ 2 RRM upstream

– SEDRNCAD27 replace manganese by cadmium, 5 days by 7

– SEDRNTOC35 replace manganese by total organic carbon, 2 RRM by 3

– SEDRNCHR32 replace manganese by chromium, 5 days by 2, 2 RRM by 3

• AVTHG1=total THg in aquatic vegetation within 1 RRM of SED sample
– AVMEHG5 replace THg by MeHg, 1 RRM by 5

– SAVMEHG5 replace aquatic vegetation by submerged aquatic vegetation, 1 RRM by 5
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Effect of Removing Model Terms

50

Row 1 gives model summary stats for filtered THg at present

Rows 2+ show THg predicted if omit column 7 Factor 

Model predicts removing bank Hg terms reduces mean & max SED Thg by 48%

Model predicts removing SW Hg terms reduces mean & max Thg by 98% 

SW Hg is a surrogate for bank Hg, given SW dependence on bank terms

Model predicts removing AV/SAV Hg reduces SED THg by 99% 

AV/SAV significance does not imply these are sources of SED Hg, but 

may indicated that methylation is associated with such vegetation

MEAN STD IQR PCT10 PCT25 PCT50 PCT75 PCT90 PCT100 Factor

9742.25 9811.19 14014.92 431.426 1923.78 7538.48 15938.7 18722.51 86831.53 PRED2E

5015.78 6498.92 6423.82 259.017 684.49 2903.19 7108.31 10382.13 55382.12 BANK

207.67 206.82 261.99 10.978 44.9 165.38 306.89 498.12 1801.44 SW Hg

9754 9802.09 14011.7 460.348 1927 7538.48 15938.7 18722.51 86831.53 PORE

9742.25 9811.19 14014.92 431.426 1923.78 7538.48 15938.7 18722.51 86831.53 EV

9742.25 9811.19 14014.92 431.426 1923.78 7538.48 15938.7 18722.51 86831.53 Inflows

9742.25 9811.19 14014.92 431.426 1923.78 7538.48 15938.7 18722.51 86831.53 FP Hg

86.58 62.3 72.44 21.861 38.84 81.29 111.28 157.22 535.93 AV/SAV Hg



Model Predictions w/ & w/o Bank Hg 

Terms - Sediment Filtered THg Model
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Model Predictions w/ & w/o SW Hg 

Terms - Sediment Filtered THg Model
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Sediment MeHg Models

• MeHg R-Square=0.46 413 samples

• September highest, March reduced

• Bank Hg load (X rainfall)

• SW Hg

• Sediment (X composition & heavy metals X 

rainfall), 

• SAV Hg
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Sediment MeHg Model Terms
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Model terms summarized on previous slide. Detailed meaning of 

individual terms on next slide

Variable Estimate StdErr tValue Probt VIF

Intercept -3.359 1.676 -2 0.0457 0.000

MON3 -1.078 0.261 -4.14 <.0001 1.082

MON9 0.878 0.228 3.84 0.0001 1.127

HgLRate1 0.664 0.182 3.64 0.0003 6.725

QHGR33 -0.016 0.008 -1.97 0.0491 1.782

SW_MEHG21 0.439 0.066 6.63 <.0001 1.528

SW_MERCURY22 -0.273 0.070 -3.89 0.0001 1.567

SW_MERCURY43 0.138 0.065 2.13 0.0339 1.389

RHG11 -0.029 0.012 -2.49 0.0131 5.486

SEDRNSILT23 0.029 0.008 3.7 0.0002 2.027

SEDRNMANG31 -0.034 0.010 -3.25 0.0013 2.763

AVMEHG5 85.140 12.412 6.86 <.0001 1.259

SAVMEHG5 230.438 35.499 6.49 <.0001 2.553



Explanation of SED MeHg Model Terms

• MON3=March
– MON9=September

• HGLRATE1=Bank Hg load w/ 1 RRM upstream of SED sample

• QHGR33=Interaction of discharge rate w/ 3 days prior to SED sample and bank THg
load w/ 3 RRM upstream 

• SW_MEHG21=total SW MeHg w/ 2 day and 1 RRM of SED sample
– SW_MERCURY22  replace MeHg by THg, 1 RRM by 2

– SW_MERCURY43  replace MeHg by THg, 2 days by 4, 1 RRM by 3

• RHG11=Interaction of rainfall 1 days prior to SED sample and w/ 1 RRM upstream

• SEDRNSILT23=interaction of total rainfall w/ 2 days prior to SED sample with %silt 
in sediment w/ 3 RRM of sample

– SEDRNMANG31 replace %silt with manganese, 2 days by 3, 3 RRM by 1

• AVMEHG5=total MeHg in AV within 5 RRM upstream of SED sample
– SAVMEHG5 replace AV by SAV

• Similar definitions apply to other models
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Predicted Effect of Removing Model 

Terms

56

Row 1 gives model summary stats for MeHg at present

Rows 2+ show MeHg predicted if omit column 7 Factor 

Model predicts removing bank (SW) Hg terms reduces mean & max MeHg by 

89% (96%)

SW Hg is indirect effect of bank Hg  

Model predicts removing SAV Hg terms reduces mean & max SED MeHg by 

85%

MEAN STD IQR PCT10 PCT25 PCT50 PCT75 PCT90 PCT100 Factor

31.645 35.602 33.578 2.747 7.744 20.809 41.322 80.414 324.155 PRED2E

3.468 3.960 2.970 0.368 1.239 2.596 4.209 6.895 46.068 BANK

1.347 1.312 1.356 0.164 0.397 0.971 1.753 3.192 9.977 SW Hg

31.645 35.602 33.578 2.747 7.744 20.809 41.322 80.414 324.155 PORE

31.645 35.602 33.578 2.747 7.744 20.809 41.322 80.414 324.155 EV

31.645 35.602 33.578 2.747 7.744 20.809 41.322 80.414 324.155 Inflows

31.645 35.602 33.578 2.747 7.744 20.809 41.322 80.414 324.155 FP

4.786 4.728 4.746 0.994 2.007 3.273 6.753 10.482 46.218 SAV/AV Hg



Model Predictions w/ & w/o Bank Hg 

Terms - Sediment MeHg Model
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Model Predictions w/ & w/o SW Hg 

Terms - Sediment MeHg Model
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Influence of Storms

• There are significant relationships between

– days of high (low) discharge rates (esp. storm events) and 
high (low) fish tissue Hg content 

– Primary finding is that major storm events drive high Hg 
content in fish tissue up to 3 years later

• Should not be over-interpreted

– Some plots suggest the regressions are driven by three 
large storm events and a few periods of unusually low 
flow rates

– Other plots suggest a general correlation between 
discharge rate and subsequent fish total Hg level

– Detailed models better indicate strength of relationship
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Major Storms

• Major storms resulting in maximum daily discharge rates of 
10,000+ cfs at Harriston

• Date Dischrg Rate Next Fish Samples

• 22JUN72     12300 1977

• 21JUN72     10400 1977

• 05NOV85     16400 1986, 87, 92 

• 04NOV85     15000 1986, 87, 92

• 19JAN96     12500 1999, 01, 02, 05

• 06SEP96     10800 1999, 01, 02, 05

• 19SEP03     12500 2005, 07, 10

2001 was small sample of SMB only
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Regression of Fish Tissue Hg 

on Discharge Data

• Total Hg in fish tissue was adjusted for fish size 

through ANCOVA of log(THg) on log(Length), with 

factors Year and Station, and slope adjustments for 

each factor

– Separately for each species

• Log(Adjusted total Hg) then regressed on maximum 

daily discharge rate at 0, 1, 2, and 3-year time lags

– Separately for each species, and station

– Year 0 is time in current calendar year up to fish sample 

date
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Mercury Depuration Time

• Half-life of THg and MeHg in bass fish tissue 

is 1-3 years

– Hg levels in water and sediment over these times 

likely to affect fish tissue Hg levels

– Major storms over previous 1-3 years that bring 

additional Hg into the river can affect fish Hg 

level

• Through gill action (~5%)

• Through diet (~95%)
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Intensive Fish Models

• Explanatory variables similar to those used for SW and SED 
mercury models
– With notable differences

• Depuration time of mercury requires longer time lags

• Rainfall & short-term discharge rate less important

• Long-term discharge rate (max, mean, min) captures essential effect of rain 
and storms 

• New SAV data enhances assessment of environmental factors

– Dietary mercury items added
• Bass: shiner, crayfish 

– For adults. <100mm eat aquatic insects 

• Sunfish: aquatic insects, terrestrial insects

• Sucker: aquatic vegetation, aquatic insects

• Only THg in fish tissue analyzed
– 107 fish MeHg measurements spread across more than 20 species 

– Only 6 bass & 33 sunfish (4 varieties) sampled. Too few for analysis
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Bass THg Model Results
• R-Square  0.57

Bank Hg (total bank THg upstream) 

Diet(crayfish MeHg w/1 RRM upstream, SAV MeHg w/5 miles 

upstream) 

SW MeHg (X max discharge rate within 12-18 months and within 

1 RRM upstream) 

Environ. factors (erosion w/1 RRM), 

Sediment MeHg (within /5 RRMs upstream)
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Variable Estimate StdErr tValue Probt VIF

Intercept -12.158 0.562 -21.65<.0001 0.000

LENGTH_MM 0.002 0.000 7.1<.0001 1.165

HGLRATEALL 0.293 0.027 10.86<.0001 1.711

QXWTRMEHG21 0.000 0.000 -6.48<.0001 5.819

QXWTRMEHG31 0.000 0.000 6.55<.0001 7.290

EVEROD1 0.161 0.022 7.43<.0001 1.107

crayfishMEHG1 0.123 0.032 3.85 0.0001 2.419

SAVMEHG2 0.500 0.034 14.9<.0001 2.654

SEDMEHG5 0.043 0.027 1.6 0.1096 1.729



Explanation of Bass Model Terms

• Length_MM=length of fish

• HgLRateAll=total bank Hg loading rate above location of fish sample

• QXWTRMEHG21 =interaction of maximum discharge rate 12 months 
prior to fish sample and surface water MeHg within 1 RRM upstream of 
sample
– QXWTRMEHG31: replace 6 months by 18

• EVEROD1=Erosion area within 1 RRM upstream of fish sample

• CrayfishMeHg1=total MeHg in crayfish within 1 RRM upstream of fish 
sample

• SAVMEHG2=total MeHg in SAV within 2 RRM upstream of fish sample

• SEDMeHG5=total sediment MeHg within 5 RRM upstream of sample 
point

• Similar definitions apply to other models
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Model Predicted Impact on BASS THg 

w/Factor Removal

Row 1 gives model summary stats for THg at present

Rows 2+ show THg predicted if omit column 7 Factor 

Model predicts removing bank THg reduces mean & max predicted bass THg by 94%

Model predicts removing environ. factors or dietary HG (SAV, crayfish) eliminates 

predicted bass THg 

Model predicts removing SW (SED) Hg reduces predicted bass THg by 64% (15%)

Note: Many individual model terms are included under each “Factor” heading. They 

are summarized here for simplicity. 66

MEAN STD IQR PCT10 PCT25 PCT50 PCT75 PCT90 PCT100 Factor

1.07032 0.7735 0.45157 0.37707 0.66084 0.83957 1.11241 2.19041 4.87122 PRED2E

0.06061 0.05183 0.02384 0.02741 0.0309 0.03708 0.05474 0.15334 0.30247 BANK

0.68388 0.46693 0.30066 0.24686 0.42952 0.55108 0.73018 1.43777 3.19742 SEDHG

1.07032 0.7735 0.45157 0.37707 0.66084 0.83957 1.11241 2.19041 4.87122 PORE

0.00129 0.00049 0.00065 0.00062 0.00094 0.00126 0.00159 0.00191 0.00277 EV

1.07032 0.7735 0.45157 0.37707 0.66084 0.83957 1.11241 2.19041 4.87122 INFLOWS

1.07032 0.7735 0.45157 0.37707 0.66084 0.83957 1.11241 2.19041 4.87122 FP

0.00647 0.00265 0.00312 0.00314 0.00464 0.00618 0.00777 0.0095 0.02014 DIET

0.91215 0.62802 0.36833 0.34915 0.59895 0.68602 0.96728 1.91297 3.71295 SWHG



Model Predictions w/ & w/o Bank Terms
Bass THg

Red curve is current bass THg predicted by model (log scale)

Black curve is predicted THg if bank THg Factor is removed (log scale)

67



This scatter plot shows model residuals and river reaches. The mostly black cluster in the left portion of 

the plot is for points above the plant site (reach 0) plus a few points in reference rivers (reach 8). The 

middle group of points showing wide spread are 25+ RRMs below the site (reach 7) plus reference rivers 

(reach 8). These are all very low THg samples which the model estimates as low but the error (on log 

scale) is wide. Resid=observed minus predicted, so an observed value of 0.05 (log=-3) could have an log-

estimate of -5 (value=0.006 ) or -1 (value=0.4 ), neither of which is a cause for concern about model fit.

68



Sunfish THg Model Results
• R-Square  0.61

Bank Hg load(total load above sample point, X discharge 

rate within 1 day of sample, X max discharge rate w/ 2 

years and 3 RRM upstream) 

Diet (ephemeroptera Hg w/ 1 RRM upstream, SAV Hg w/ 1-5 
RRMs upstream)
Inflow MeHg from w/ 4 RRM upstream (tribs, ir. ditches, 

ground water, millstreams, oxbow) 

SW MeHg w/ 5 RRM upstream
69

Variable Estimate StdErr tValue Probt VIF

Intercept -11.060 0.805 -13.73 <.0001 0.000

LENGTH_MM 0.004 0.002 2.23 0.026 1.185

HGLRATEALL 0.179 0.036 4.93 <.0001 1.875

QHG1 0.000 0.000 5.42 <.0001 3.042

QXHG43 0.000 0.000 -4.52 <.0001 2.792

EVDEPOS1 -0.366 0.034 -10.8 <.0001 1.624

AVTHG1 0.119 0.031 3.86 0.0001 1.356

ephemTHG1 0.203 0.030 6.86 <.0001 1.237

SAVMEHG5 0.637 0.042 15.07 <.0001 2.526

InflowMEHG4 0.068 0.033 2.09 0.0375 1.518

WTRMEHG5 0.130 0.031 4.27 <.0001 1.322



Explanation of Sunfish Model Terms

• Length_MM=length of fish

• HgLRateAll=total bank Hg loading rate above location of fish sample

• QHG1=interaction of discharge rate at sample time with bank Hg load 
w/ 1 RRM upstream of fish sample

• QXHG43 =interaction of maximum discharge rate 24 months prior to 
fish sample and bank THg within 3 RRM upstream of sample

• EVDEPOS1=Deposition area within 1 RRM upstream of fish sample

• EPHEMTHG1=total THg in ephemeroptera within 1 RRM upstream of 
fish sample

• SAVMEHG5=total MeHg in SAV within 5 RRM upstream of fish sample

• InflowMeHG4=total MeHg from inflows within 4 RRM upstream of fish 
sample 

• WTRMEHG5=total MeHg in SW within 5 RRM upstream of fish sample

• Similar definitions apply to other models
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Impact on Sunfish THg w/Factor 

Removal

Row 1 gives model summary stats for Sunfish at present

Rows 2+ show THg predicted if omit column 7 Factor 

Model predicts removing bank THg removes 85% of predicted Sunfish THg

Model predicts removing SW Hg removes 74% of predicted Sunfish THg

Model predicts removing dietary Hg (ephemeroptera, SAV) leaves 99% less 

Sunfish THg

Model predicts removing envir. factors removes 90% of predicted Sunfish THg
71

MEAN STD IQR PCT10 PCT25 PCT50 PCT75 PCT90 PCT100 FACTOR

0.68321 0.51792 0.54375 0.22857 0.36827 0.46422 0.91202 1.50829 2.56026 PRED2E

0.10326 0.08359 0.12033 0.0489 0.05265 0.05715 0.17297 0.24317 0.33633 BANK

0.68321 0.51792 0.54375 0.22857 0.36827 0.46422 0.91202 1.50829 2.56026 SEDM

0.68321 0.51792 0.54375 0.22857 0.36827 0.46422 0.91202 1.50829 2.56026 PORE

0.03802 0.01465 0.0103 0.02125 0.03075 0.03638 0.04105 0.05255 0.09646 EV

0.33793 0.24447 0.2794 0.11745 0.18923 0.23853 0.46863 0.66282 1.31555 INFLOWS

0.68321 0.51792 0.54375 0.22857 0.36827 0.46422 0.91202 1.50829 2.56026 FP

0.00002 0.00001 0.00001 0.00001 0.00001 0.00002 0.00003 0.00003 0.00004 DIET

0.17944 0.12115 0.13802 0.06247 0.10437 0.13156 0.24239 0.37021 0.61888 SWHG



Model Predictions w/ & w/o Bank Terms
Sunfish THg
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Sucker THg Model Results

R-Sqr  0.54

Spring samples higher

Bank Hg load (total up to fish location, X max flow w/ 2 yrs and 

2-3 RRMs upstream), 

Diet (diptera MeHg w/ 2RRMs, SAV MeHg w/ 5 RRMs upstream)

- Diet (trichoptera  within 2 and diptera within 4 RRM 

upstream). These terms mainly adjust downward the positive 

contributions of diet. Overall effect of diet Hg is positive as 

shown on next slide
73

Variable Estimate StdErr tValue Probt VIF

Intercept -9.284 0.574 -16.19<.0001 0.000

LENGTH_MM 0.005 0.000 12.18<.0001 1.187

QTR2 0.750 0.122 6.17<.0001 1.361

HGLRATEALL 0.239 0.035 6.82<.0001 1.468

QXHG13 0.000 0.000 4.66<.0001 1.579

QXHG42 0.000 0.000 -4.21<.0001 1.218

dipteraMEHG2 0.443 0.059 7.53<.0001 4.136

trichopteraMEHG2 -0.121 0.048 -2.52 0.0121 2.760

dipteraMEHG4 -0.464 0.045 -10.2<.0001 2.473

SAVMEHG5 0.491 0.036 13.68<.0001 1.542



Explanation of Sucker Model Terms

• Length_MM=length of fish

• QTR2=2nd quarter of year

• HgLRateAll=total bank Hg loading rate above location of fish sample

• QXHG13 =interaction of maximum discharge rate 6 months prior to fish 
sample and bank THg within 3 RRM upstream of sample
– QXHG42 replace 6 months by 24, 3 RRM by 2

• DIPTERAMEHG2=total MeHg in diptera within 2 RRM upstream of fish 
sample
– DIPTERAMEHG4 replace 2 RRM by 4

– TRICOPTERAMEHG4 replace Diptera by tricoptera, 2 RRM by 4

• SAVMEHG5=total MeHg in SAV within 5 RRM upstream of fish sample

• Similar definitions apply to other models
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Impact on Sucker THg w/Factor 

Removal

Top row gives summary stats for THg at present

Other rows show THg predicted if column 7 Factor omitted

Predicted 90% reduction in sucker THg if bank Hg Factor removed

Predicted 99% reduction in sucker THg if envir. factors removed

Predicted 93% reduction in THg if dietary (diptera, trichoptera, SAV) Hg removed

Environ. effect mostly due to SAV (included in dietary effect)

Note: Many individual model terms are included under each “Factor” heading. 

They are summarized here for simplicity. 75

MEAN STD IQR PCT10 PCT25 PCT50 PCT75 PCT90 PCT100 FACTOR

0.70156 0.54002 0.52109 0.23772 0.33139 0.53052 0.85248 1.34892 3.04446 PRED2E

0.06934 0.06045 0.05296 0.01982 0.02918 0.04672 0.08215 0.16481 0.30436 BANK

0.70156 0.54002 0.52109 0.23772 0.33139 0.53052 0.85248 1.34892 3.04446 SEDM

0.70156 0.54002 0.52109 0.23772 0.33139 0.53052 0.85248 1.34892 3.04446 PORE

0.00455 0.00219 0.00289 0.00223 0.00289 0.00404 0.00578 0.00735 0.01272 EV

0.70156 0.54002 0.52109 0.23772 0.33139 0.53052 0.85248 1.34892 3.04446 INFLOWS

0.70156 0.54002 0.52109 0.23772 0.33139 0.53052 0.85248 1.34892 3.04446 FPHG

0.01877 0.0086 0.01165 0.00894 0.01231 0.018 0.02397 0.02912 0.04635 DIET

0.70156 0.54002 0.52109 0.23772 0.33139 0.53052 0.85248 1.34892 3.04446 SWHG



Model Predictions w/ & w/o Bank Terms
Sucker THg
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Goodness of Fit

• A careful examination of residuals shows 

– The models are least reliable at estimating very 

low Hg levels in extreme spatial ranges

• i.e., above plant or in reach 6 and beyond

• Estimates in these ranges are low but may over- or 

under-estimate the very low observed Hg levels

– The models are good at estimating Hg in the first 

20 miles below the plant
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Responses of macroinvertebrate and fish communities to Hg and other environmental 

variables in the South River, Virginia: an integrated assessment 
 

William H. Clements, Ph.D. 

Department of Fish, Wildlife and Conservation Biology 

Colorado State University 

Fort Collins, CO 80521 

 

Introduction 

Despite considerable interest in quantifying fate and transport of Hg through aquatic food webs, 

relatively little research has been conducted to examine toxicological effects of Hg on 

macroinvertebrate and fish communities (Suchanek et al. 1995; Azevedo-Pereira and Soares 

2010). This is in contrast to the pattern for other metals, such as Cd, Cu and Zn, where the 

emphasis has been primarily on understanding effects (Clements et al. 2000). Studies of Hg 

bioaccumulation provide important information on the pathways and transport to higher trophic 

levels. An understanding of Hg dynamics in higher trophic levels such as fish and birds is also 

critical for predicting potential exposure to humans. However, levels of Hg contamination in 

aquatic food webs do not always translate directly to ecological effects. Linking Hg exposure to 

direct population and community responses has been surprisingly difficult, in part because of the 

complex abiotic factors that determine Hg methylation and bioavailability.  In addition, natural 

variation in substrate composition, especially grain size and the amount of organic materials in 

sediments, directly influence the composition of benthic communities and the bioavailability of 

Hg.  

 

Assessing effects of Hg on aquatic populations and communities is also complicated by a 

tremendous amount of interspecific variation in toxicity. In a comprehensive review of Hg fate, 

transport and effects, Boening reported that LC50 values for macroinvertebrates and fish varied 

over three orders of magnitude. In one of the more comprehensive assessments of Hg toxicity in 

sediments, Birge et al. (1979) observed 29% and 46% reductions in egg survival of rainbow trout 

at 1.05 and 12.1 µg/g total Hg, respectively. Sublethal responses to Hg exposure are generally 

less variable. Azevedo-Pereira and Soares (2010) reported significant effects of Hg on growth, 

development time, emergence and behavior of Chironomus riparius (Diptera: Chironomidae) in 

laboratory bioassays. MacDonald et al (2000) developed consensus-based threshold effect 

concentrations (TEC) and probable effect concentrations (PEC) for Hg in freshwater sediments 

of 0.18 and 1.06 µg/g total Hg.  

 

Although laboratory experiments have shown significant chronic and acute effects of Hg on a 

variety of endpoints (Birge 1979; Azevedo-Pereira and Soares 2010), many field studies have 

failed to demonstrate significant alterations in population and community structure. Hg often co-

occurs with other industrial contaminants in aquatic ecosystems (Runck 2007; Mooraki et al. 

2009; Masson et al. 2010). In addition, community responses to Hg are influenced by natural 

environmental variation. Thus, one of the greatest challenges associated with interpreting 

population and community responses in the field is to separate direct toxicological effects of Hg 

from other potentially confounding factors. For example, Skinner and Bennett (2007) reported 

that the frequency of gill abnormalities of macroinvertebrates was greatest at stations with the 

highest level of Hg contamination.  However, the authors cautioned that other factors, such as 
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pH, temperature and concentrations of other contaminants may have contributed to these 

patterns. Consequently, it was not possible to demonstrate a causal relationship between Hg 

contamination in macroinvertebrates and gill impairment. Similarly, Horne et al. (1999) reported 

significant shifts in community composition along a gradient of Hg and PCB contaminated 

sediment. However, it was not possible in this study to quantify the relative influence of each 

stressor.  

 

The difficulty predicting direct ecological effects of Hg on benthic populations and communities 

in the field was demonstrated in a long-term and comprehensive series of studies conducted in 

Clear Lake (California), described as one of the most Hg-contaminated lakes in world. Despite 

concentrations of Hg in surficial sediments that exceeded 450 µg/g and were up to7000 times the 

sediment quality guidelines (MacDonald et al. 2000), few effects were observed on benthic 

communities. These results suggest that responses of natural populations and communities to Hg 

in the field are complex and greatly influenced by factors other than total Hg in sediments.  

 

The goals of this study were to 1) examine the ecological responses of macroinvertebrate and 

fish communities to Hg contamination; and 2) to quantify the influence of Hg relative to other 

abiotic factors. Specifically, we tested the hypothesis that longitudinal variation in 

macroinvertebrates and fish communities in the South River were influenced by complex 

interactions among Hg contamination in sediments, physicochemical variables and 

geomorphological features that determine substrate composition. To account for differences in 

substrate composition among sites, macroinvertebrate colonization experiments were conducted 

using substrate-filled trays placed in the field for 6 weeks.  

 

Materials and Methods 

Details of sampling and analytical methods for routine water quality variables (dissolved oxygen, 

conductivity, pH and temperature), Hg concentrations in sediments, sediment composition, and 

macroinvertebrate and fish populations are reported in the Ecological Study Final Report (URS, 

2012).  

 

We developed general linear models (SAS PROC GLM) to characterize spatial and temporal 

variation in macroinvertebrates and fish. Analyses were conducted using log-transformed (or 

arcsine square root transformed for proportions) data to meet assumptions of normality and 

homogeneity of variance. For the macroinvertebrate models, we tested for significant differences 

among sites, sampling dates and the site-date interaction. For the fish community models we 

tested for differences among sites using percent fine grained sediment as a covariate.  

 

Canonical discriminant analyses (PROC CANDISC) were conducted on physicochemical and 

macroinvertebrate data. Canonical discriminant analysis is a dimension-reduction multivariate 

technique that examines separation and overlap of classes based on a large number of variables. 

In this study we examined separation of stations based on either physicochemical and habitat 

variables (e.g., Hg concentration, dissolved oxygen, pH, conductivity, percent fines) or 

abundance of dominant macroinvertebrate taxa.  

 

AIC model selection for macroinvertebrates- We used an Akaike’s information criterion (AIC) 

approach to identify the best models from a set of a priori selected candidate models (Burnham 
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and Anderson 1998). AIC is a model selection approach that measures the relative goodness of 

fit for a set of statistical models. The approach involves ranking a set of candidate models based 

on their AIC values. Unlike other model selection approaches, such as stepwise regression or 

those based on maximizing R
2
 values, AIC imposes a “penalty” (k) associated with each 

additional variable in the model. Therefore, models selected using AIC represent a tradeoff 

between model accuracy and complexity. 

 

AIC is calculated based on either maximum likelihood values:  

 

AIC = -2*ln(likelihood) + 2*k 

 

or using residual sums of squares (RSS) values: 

 

AIC = n*ln(RSS/n) + 2*k, 

 

where k = the number of model parameters and n is the sample size. In practice, the best model is 

determined by calculating the difference between a model with the lowest AIC value and the 

other candidate models. The best model has a ∆AIC =0.0, but models with ∆AIC values < 2.0 

are also considered candidate models. Results can also be interpreted by normalizing the relative 

likelihood values based on Akaike weights (w). Akaike weights represent the weight of evidence 

for a specific model given the data and set of candidate models. These weights can also be 

interpreted as the probability that a specific model is the best model, given the data and a set of 

candidate models. Because of the relatively small sample sizes in the South River dataset, we 

used a correction for finite sample sizes to calculate AIC values: 

 

AICc = AIC + [2k(k+1)/(n-k-1)], 

 

where k is the number of model parameters and n = sample size. Essentially, the AICc value 

imposes a larger penalty for extra parameters.  

 

We developed models for 14 macroinvertebrate response variables. These response variables 

included 6 abundance and richness metrics and abundance of 8 dominant taxa. Predictor 

variables included several metrics known to be sensitive to anthropogenic stressors. For example, 

previous studies have shown that abundance and richness of mayflies (Ephemeroptera) are 

especially sensitive to heavy metals and other contaminants (Clements et al. 2000; Clements 

2004). For each response variable we developed a set of candidate models that included the 

concentration of total Hg in interstitial water, physicochemical parameters (dissolved oxygen, 

temperature, and conductivity) and geomorphological features at a site (percent fine sediment, 

slope). We chose this specific set of predictor variables based on our understanding of key 

environmental factors know to influence the abundance and distribution of benthic 

macroinvertebrates in streams (Rosenberg and Resh 1993). Relatively simple (1 predictor) and 

more complex (6 predictors) models were developed for each macroinvertebrate response 

variable to assess the importance of interstitial Hg relative to other abiotic factors. We compared 

AICc values, model weights and the amount of variation explained for each of the following sets 

of models: interstitial Hg (Hg) alone, physicochemical variables (P-Chem), geomorphological 
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variables (Geomorph), Hg+P-Chem, Hg+Geomorph, P-Chem+Geomorph, and Hg+P-

Chem+Geomorph.  

 

AIC model selection for fish- We developed AIC models (corrected for small sample size) for 9 

fish population and community variables. Response variables included total fish abundance, total 

fish richness and abundance of 7 dominant taxa. We were especially interested in developing 

predictive models for fish species that were closely associated with sediments, either by direct 

contact or by consumption of macroinvertebrate prey. We assumed that these species would be 

the most susceptible to Hg exposure. Because of the small sample size of the fish population 

dataset, the a priori selected candidate models were relatively simple and included a maximum 

of 2 predictor variables (interstitial methyl mercury and percent fine sediments). Unlike models 

developed for macroinvertebrates, preliminary analyses of fish data showed that methyl mercury 

in interstitial water was a better predictor of abundance and richness than total mercury. 

Preliminary inspection of the data also indicated that substrate composition, especially the 

amount of fine sediments at a site, was associated with fish abundance and richness. Similar to 

the macroinvertebrate analyses, the goal of these analyses was to assess the importance of 

interstitial Hg relative to other important abiotic variables. Therefore, for each response variable 

we developed a set of candidate models that included the concentration of methyl Hg in 

interstitial water, percent of fine sediment and a model that combined these 2 variables.  

 

Results 

Hg and routine physicochemical characteristics 

Spatial variation in Hg concentrations in sediment (interstitial water and bulk sediment), routine 

physicochemical characteristics, substrate composition and percent slope at field sites where 

macroinvertebrate and fish populations were sampled are shown in Figures 1-3. As expected, 

concentrations of total Hg and methyl Hg in interstitial water showed the most consistent 

differences between reference and downstream sites (Fig. 1). Concentrations of total Hg were 

greatest at RRM 3.5/5.2 and gradually decreased downstream. Concentrations of methyl Hg in 

interstitial water were considerably more variable, but were generally similar among downstream 

stations. Spatial variation in concentrations of Hg in whole sediment was similar to patterns as 

for interstitial Hg (Fig. 2). Total Hg in whole sediment was lowest at RRM 1.6, elevated at RRM 

5.2, and then decreased at downstream stations. Methyl Hg concentrations in whole sediment 

were also lowest at RRM 1.6, increased at RRM 6.2, and decreased downstream.  

 

With the exception of elevated conductivity at station SFS1, physicochemical variables routinely 

measured at all stations (water temperature, pH, and dissolved oxygen) showed relatively little 

spatial variation (Fig. 3) and did not differ significantly among sites (p > 0.2). In contrast to these 

physicochemical variables, there was considerable spatial variation in geomorphological and 

substrate characteristics (Fig. 4). For example, the percent slope was 3-6 times greater at station 

RRM 19.0 compared to other stations. These differences in slope were consistent with variation 

in substrate composition and reflected major longitudinal changes in geomorphological features 

in the South River watershed (Rhoades et al. 2009). Downstream stations RRM 14.6, 19.0, 22.4 

and 23.5 were dominated by cobble and boulder (0.064 – 4.1 m), whereas reference and 

upstream stations were characterized by more diverse substrate and larger amounts of medium 

and coarse sand (0.26mm – 64 mm). The percent of fine sediments (silt, clay and fine sand < 
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0.26 mm) was greatest at stations RRM 5.2, 11.8 and 23.5, intermediate at the reference station 

and at stations immediately downstream and lowest (< 2%) at stations RRM 14.6, 19.0 and 22.4.  

 

Canonical discriminant analyses (PROC CANDISC) based on these physicochemical and habitat 

characteristics of the South River watershed showed considerable variation among stations (Fig. 

5). Reference stations were separated from other sites based primarily on geomorphological 

features (slope, percent fines) and concentration of interstitial Hg. Canonical variable 1, which 

explained 78% of the variation, separated station RRM 19.0 from other sites based on its greater 

slope and lower levels of fine sediments. Canonical variable 2, which explained most of the 

remaining variation in multivariate space, separated reference stations and stations RRM 0.1/0.6 

from other downstream stations based primarily on elevated interstitial Hg.  

 

Spatial and temporal patterns for macroinvertebrates and fish 

Macroinvertebrates- Macroinvertebrate communities showed highly significant spatial and 

temporal variation in the South River (Table 1). With the exception of chironomids and total 

dipterans, the overall general linear models were highly significant (p<0.0001) for all metrics 

examined. Most of the major macroinvertebrate groups and dominant families varied 

significantly among sites and seasons. The amount of variation explained (R
2
) by a relatively 

simple model that included site and sample date ranged from 32% to 81%.   

 

The most consistent spatial pattern observed for macroinvertebrate communities was reduced 

abundance and richness at stations RRM 3.5/5.2 compared to reference, upstream and 

downstream stations (Fig. 6). For example, total abundance and species richness of mayflies 

were reduced by 60-80% at stations RRM 3.5/5.2 relative to the reference stations. Abundance of 

beetles (Coleoptera) was also significantly lower at stations RRM 0.1/0.6 and RRM 3.5/5.2 

compared to reference sites; however, unlike patterns for mayflies, abundance of beetles was 

also lower at the furthest downstream stations (RRM 22.4/23.5). Most of the macroinvertebrate 

metrics that were significantly lower at stations RRM 3.5/5.2 increased with distance 

downstream. In contrast to the patterns observed for abundance and species richness of mayflies, 

caddisflies (Trichoptera) and dipterans showed relatively little spatial variation among stations.  

 

Patterns of spatial variation for abundance of dominant macroinvertebrate families differed 

among taxa (Fig. 7). Abundance of most mayflies and elmid beetles was significantly lower at 

stations RRM 3.5/5.2 and/or RRM 11.8. Other groups either showed little variation among sites 

or were significantly elevated at downstream sites compared to reference sites (e.g., Simulidae).  

 

Community composition and the relative abundance of major macroinvertebrate groups also 

varied among sites and reflected the lower abundance of mayflies at stations RRM 3.5/5.2 (Fig. 

8). Mayflies accounted for only 5.5% of total macroinvertebrate abundance at this station, which 

was dominated by caddisflies dipterans, and non-insects. Finally, multivariate analyses of 

macroinvertebrate communities based on abundance of dominant macroinvertebrate families 

showed highly significant variation (p<0.0001) among sites (Fig. 9). This spatial variation was 

primarily a result of the separation of stations RRM 3.5/5.2 from all other reference and 

downstream stations. Separation of RRM 3.5/5.2 along canonical variable 1 explained 60.3% of 

the variation and resulted primarily from lower abundance of the mayflies Caenidae, 

Ephemerellidae and Heptageniidae (Table 2).    



6 

 

 

Fish- Spatial patterns of species richness, total abundance and abundance of dominant fish 

species were highly variable among sites (Fig. 10). Statistically significant differences among 

sites were observed for abundance of white suckers, mottled sculpin and fallfish and for total 

species richness (Table 3). The amount of variation explained by a relatively simple model that 

included site and percent fines ranged from 25-89%. The most consistent pattern in these data 

was lower abundance at downstream stations RRM 14.6, 19.0, 22.4 and/or 23.5. Although other 

species and community metrics showed similar spatial patterns (e.g., common shiner, spottail 

shiner, and total fish abundance), these differences were not statistically significant, primarily 

due to high seasonal variation. Abundance and species richness of fish at stations RRM 3.5/5.2 

and 11.8 were generally similar to or greater than abundance at the reference stations, despite 

elevated Hg levels in sediments. These results were very different from the spatial trends 

observed for macroinvertebrate communities.  

 

Colonization dynamics 

Colonization experiments were conducted to quantify the influence of substrate composition on 

macroinvertebrate communities. Because substrate characteristics in colonization trays were 

similar at the start of the experiment, it was hypothesized that spatial variation in community 

composition would reflect local macroinvertebrate densities and be less influenced by site-

specific differences in substrate quality. By accounting for differences in substrate composition, 

this experiment also allowed us to relate variation in macroinvertebrate community structure to 

levels of Hg in sediment. Concentrations of Hg in sediment measured when colonization trays 

were collected showed that total and methyl Hg were elevated in the South River compared to 

the reference station (Fig. 11). Sediment Hg was especially elevated at stations RRM 3.5 and 

RRM 11.8.  

 

To examine selectivity of colonization trays, we compared abundance of dominant groups in 

trays and Surber samples collected from natural substrate (Fig. 12). Although colonization trays 

showed some selectivity for dipterans (primarily chironomids) at some stations, the proportion of 

most major groups was similar between collection techniques, suggesting that colonization trays 

did a reasonable job of characterizing communities in the natural substrate.  

 

Species richness and abundance of all macroinvertebrate groups and most dominant taxa 

increased significantly over the 6 week colonization period (Table 4; Fig. 13). A simple model 

that included site and colonization time explained 22-57% of the variation in all metrics. Most of 

the abundance and richness measures become asymptotic over time, indicating that a 6 week 

colonization period was sufficient to characterize dynamics of these communities. 

 

Although there were significant differences among sites for some macroinvertebrate groups, 

these were not consistent across metrics. Measures of mayfly richness, EPT, and number of taxa 

showed only temporal changes and did not vary significantly among sites (Fig. 13A). Total 

species richness was lower at RRM 11.8 and was the only richness metric that varied 

significantly among sites. Spatial patterns of macroinvertebrate abundance were also quite 

variable among groups. For example, while some of the mayflies were lower at study sites 

compared to reference sites, these patterns were highly variable over time. Total abundance of 

Ephemeroptera was similar among sites until week 4 and then increased at the reference site. 
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However, these differences among sites were not significant. Abundance of the mayflies 

Baetidae and Ephemerellidae showed only temporal variation and did not differ significantly 

among sites (Fig. 13B). Abundance of the mayflies Caenidae and Heptageniidae were greater at 

the reference site, but these differences were not consistent among downstream stations. In 

contrast to the patterns for mayflies, abundance of hydropsychid caddisflies, dipterans and the 

gastropod Leptoxis sp. was significantly greater at some downstream sites. The only group that 

showed a consistent response that appeared to be related to levels of Hg contamination in 

sediments was elmid beetles.  

 

Multivariate analyses based on abundance of the 8 dominant taxa in Figure 13B showed highly 

significant differences among sites on all sampling dates (Table 5; Fig. 14). The reference site 

was most similar to RRM 0.1 and clearly separated from stations RRM 3.5 and RRM 11.8. 

Separation in multivariate space was associated with greater abundance of several species of 

mayflies and elmid beetles at reference site and greater abundance of hydropsychid caddisflies at 

downstream sites. These results were similar to the spatial patterns for macroinvertebrates in the 

routine monitoring study described above.  

 

AIC models for macroinvertebrates and fish 

Macroinvertebrates- Results of the AIC model selection procedure for macroinvertebrate metrics 

and abundance of dominant taxa are shown in Tables 6 and 7. The amount of variation explained 

for each model and the associated model weights are shown in Figures 15 and 16. Although the 

amount of variation explained often increased as more variables were added to the models, the 

best models identified by AIC were generally not the most complex. In addition, because of the 

“penalty” associated with over-fitting models with additional variables, the best models did not 

always have the largest R
2
 values.  

 

For the 6 macroinvertebrate metrics we examined, AIC identified a single best model for 

abundance of mayflies (Ephemeroptera), total macroinvertebrate abundance and total species 

richness (Table 6; Fig. 15). These models included only physicochemical (conductivity, 

dissolved oxygen and temperature) or geomorphological (percent fines and slope) variables. The 

single best model for abundance of mayflies had 72% of the model weight (w=0.72), but only 

moderate predictive ability (R
2
= 0.28). The single best model for total macroinvertebrate 

abundance (w=0.59) and species richness (w=0.74) included only physicochemical variables. 

None of the models for abundance of caddisflies (Trichoptera) or Diptera were significant. The 

concentration of interstitial Hg as a predictor, either alone or in combination with other variables, 

did not improve any models. The only exception to this pattern was for mayfly richness. 

Although the best model identified by AIC for mayfly richness included geomorphological and 

physicochemical variables (w=0.34), there was also strong support for a model that included 

interstitial Hg in combination with these variables (w=0.30; R
2
= 0.49). In other words, for 

mayfly richness AIC was unable to distinguish between models with or without interstitial Hg.  

 

Responses of the 8 dominant aquatic insect families were generally similar to those for the 

summary metrics described above (Table 7; Fig. 16). These dominant families accounted for 

80% (RRM 14.6) to 95% (RRM 23.5) of all aquatic insects and 64-93% of total 

macroinvertebrate abundance. A single best model was identified for the mayflies Baetidae, 

Ephemerellidae, and Heptageniidae and the caddisfly Hydroptilidae (model weights = 0.65-
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0.76). These best models included only physicochemical and/or geomorphological variables and 

had moderate to good predictive ability, with R
2
 values ranging from 0.27 to 0.62. The best 

model identified for elmid beetles (Coleoptera) included physicochemical variables and 

interstitial Hg (w=0.41); however, there was also strong support for a model that included only 

physicochemical variables (w=0.40).  Both of these models had moderate predictive ability (R
2
 = 

0.31and 0.37). None of the models developed for Hydropsychidae (Trichoptera) or 

Chironomidae (Diptera) were statistically significant.  

 

Results of these analyses suggest that abundance and species richness of macroinvertebrates in 

the South River were determined by a complex interaction between physicochemical variables, 

substrate composition and interstitial Hg. Of the14 macroinvertebrate variables examined, 

abundance of the mayfly Caenidae was the only response variable that included interstitial Hg 

alone as a candidate model. Although the best model for abundance of Caenidae included 

geomorphological features and interstitial Hg (w=0.47; R
2
=0.36), there was support for the 

model that included only interstitial Hg (w=0.25; R
2
=0.22).  

 

Fish- Complete results of the AIC model selection procedure for fish communities are shown in 

Table 8. The amount of variation explained for each model and the associated model weights are 

shown in Figure 17. Statistically significant models were developed for all variables except 

abundance of bluehead chub. Unlike results for macroinvertebrate communities, interstitial Hg 

was the most important predictor for several metrics, including the common shiner, mottled 

sculpin, spottail shiner and total fish abundance. Model weights (w) for these Hg-only models 

ranged from 0.77-0.88 and the amount of variation explained (R
2
) ranged from 36-67%. Models 

that included the percent of fine sediments or a combination of percent fine sediments and 

interstitial methyl Hg were the best models for the remaining metrics. The amount of variation 

explained by these combined models ranged from 58-95% and model weights ranged from 0.58 

to 1.0. 

 

Discussion 

Spatial patterns of fish and macroinvertebrates 

Results of this study indicate that the distribution and abundance of macroinvertebrates and fish 

communities in the South River were influenced by a complex interplay of physicochemical 

variables, geomorphological characteristics and interstitial Hg in sediments. Differences in 

abundance and species richness among stations were highly significant for most metrics we 

examined. Compared to reference sites, abundance and richness of several macroinvertebrate 

groups were significantly reduced at stations RRM 3.5/5.2 and RRM 11.8 and then gradually 

increased downstream. This pattern was most apparent for mayflies and elmid beetles. In 

contrast, other macroinvertebrate groups, especially caddisflies and dipterans, showed relatively 

little variation among sites. Spatial variation in the relative abundance of major 

macroinvertebrate groups also revealed low abundance of mayflies at stations RRM 3.5/5.2 and 

RRM 11.8. Finally, results of multivariate analyses based on abundance of dominant taxa 

showed that stations RRM 3.5/5.2 were significantly separated from other stations primarily 

because of lower densities of several families of mayflies.  

 

Spatial patterns of fish abundance and species richness in the South River were very different 

from those for macroinvertebrates. Because of high variation within sites and relatively low 
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statistical power, spatial variation for most species was not statistically significant. Although 

abundance of some species was lower at stations RRM 3.5/5.2 and RRM 11.8, several species 

were actually more abundant at these stations compared to reference stations. Unlike patterns of 

species richness for macroinvertebrates, species richness of fish was generally greater at stations 

RRM 0.1/0.6, RRM 3.5/5.2 and RRM 11.8 compared to either reference or downstream stations. 

Our analyses also showed that total macroinvertebrate abundance was not a significant predictor 

for any fish species, despite their close association with benthic habitats and reliance on 

macroinvertebrate prey. These results suggest that macroinvertebrate and fish communities in the 

South River were likely influenced by different environmental factors. For example, the most 

consistent pattern for fish communities was reduced abundance and richness at the furthest 

downstream stations. These stations were generally characterized by higher slope and lower 

amounts of fine sediments. 

 

Macroinvertebrate colonization 

Substrate composition is considered one of the major factors affecting the distribution and 

abundance of macroinvertebrates in streams (Minshall 1984). Colonization experiments were 

conducted to account for the potential confounding influence of substrate composition on 

macroinvertebrate communities. Results of these experiments were quite different from the 

monitoring studies conducted in 2006 and 2010, suggesting that substrate composition likely 

influenced abundance and distribution of macroinvertebrates in the South River. Although 

macroinvertebrate abundance and species richness increased over the 6 week colonization period 

at all sites, there were relatively few differences among sites. More importantly, spatial variation 

in macroinvertebrate communities was not consistently related to Hg in sediments. For example, 

during the 2006 and 2010 monitoring studies species richness of mayflies, EPT richness and 

number of taxa were significantly reduced at downstream stations compared to reference 

stations. However, these metrics were similar among sites in the colonization experiments. The 

only exception to this pattern was for total species richness, which was significantly reduced at 

station RRM 11.8 compared to all other sites. It is unlikely that spatial variation in total species 

richness was related to interstitial Hg. Total species richness at the reference station and at 

station RRM 3.5 was similar, despite the fact that interstitial Hg was elevated and similar to 

concentrations measured at RRM 11.8.  

 

Spatial variation in colonization dynamics of dominant macroinvertebrate taxa also appeared to 

be unrelated to interstitial Hg. Several taxa (hydropsychid caddisflies, chironomids and Leptoxis 

snails) were more abundant at downstream stations compared to reference sites. Abundance of 

heptageniid mayflies, organisms know to be highly sensitive to metals (Clements 2004) was 

similar at the reference station and at RRM 11.8. The only exception to this pattern was for elmid 

beetles, which were significantly lower at all downstream stations compared to reference sites. 

Relatively little is known about the tolerance of riffle beetles to metals and other contaminants. 

Dubiraphia sp. and Optioservus sp., the dominant riffle beetles in the South River, were reported 

to be relatively sensitive to pH and SO4 in Mid-Atlantic streams (Yuan 2004); however, data on 

sensitivity to metals was not available. This study also reported that riffle beetles are sensitive to 

habitat quality, suggesting that variation in substrate composition and other abiotic factors may 

confound responses of these organisms to interstitial Hg. In a survey of 73 reference and metal-

polluted streams in Colorado Clements et al. (2000) observed that spatial variation in abundance 

of Optioservus sp. and other elmid beetles was not related to metals. These results suggest that 
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spatial patterns in abundance and colonization dynamics of elmid beetles were probably not 

related to interstitial Hg in sediments.  

 

AIC model selection 

Most of the statistical models developed to characterize spatial variation in macroinvertebrate 

and fish communities and to identify important predictor variables were highly significant. 

However, for most of these biological measures there remained a considerable amount of 

unexplained variation, especially at low levels of Hg contamination. These results are consistent 

with other studies of benthic communities in Hg-contaminated streams (Suchanek 1995; 

Suchanek 2008a; 2008b). Although interstitial Hg was included as a predictor in several 

macroinvertebrate and fish models, it was generally less important than other abiotic variables 

known to influence macroinvertebrate and fish communities. For example, total 

macroinvertebrate abundance and richness, total abundance of mayflies and abundance of several 

metal-sensitive groups (Heptageniidae, Ephemerellidae) were primarily determined by 

physicochemical or geomorphological characteristics. There was very little support for AIC 

models that included interstitial Hg as a predictor for these metrics. The only exceptions to these 

patterns were for the mayflies Caenidae (Ephemeroptera) and elmid beetles. For these 2 groups 

interstitial Hg was included as a predictor with physicochemical or geomorphological variables.  

 

Results of this study suggest that effects of Hg on macroinvertebrate and fish communities in the 

South River were minimal and likely confounded by natural variation in physicochemical 

variables, grain size, organic carbon content and other abiotic variables. In addition to these local 

physicochemical variables, macroinvertebrate and fish communities in the field are influenced by 

landscape characteristics (e.g., elevation, stream order) and biotic interactions. These other 

factors complicate our ability to develop statistical relationships between the contaminants and 

responses, particularly at low metal concentrations. Assessing the importance of contaminants 

such as Hg relative to other biotic and abiotic factors is one of the most significant challenges in 

community ecotoxicology (Clements and Newman 2002). An integrated field and experimental 

approach that employs more sophisticated statistical and modeling approaches will improve our 

ability to demonstrate causal relationships between stressors and biological responses (Clements 

2004). This approach is especially critical in systems such as the South River where contaminant 

effects are relatively moderate compared to other abiotic factors. The relationship between 

metals and macroinvertebrate community metrics established using field data often resembles a 

wedge, with large amounts of unexplained variation at low levels of contamination (Schmidt et 

al. 2012). Novel statistical techniques such as quantile regression have been proposed to analyze 

data showing this distribution (Cade and Noon 2003; Linton et al. 2007). However, large 

amounts of data are often necessary to develop appropriate regression quantiles across a 

contaminant gradient. It was not possible to apply these techniques in the current study because 

of small sample sizes. 

 

Summary and conclusions 

Our understanding of factors that influence Hg bioavailability and dynamics in aquatic food 

webs has increased significantly over the past 20 years. Motivated primarily by the known 

toxicological effects on birds and mammals and because of concerns for potential human 

exposure, numerous studies have quantified Hg transport to higher trophic levels. However, 

studies that quantify ecological effects of Hg on fish and lower trophic levels in the field are 
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quite rare (Boening 2000). This is somewhat surprising given the broad literature base 

characterizing ecological effects of other metals such as Cd, Cu and Zn (Clements et al. 2000; 

Cain et al. 2004; Clements 2004). Sediment quality guidelines for Hg have been developed based 

primarily on laboratory experiments (MacDonald et al. 2000); however, unlike other metals we 

generally lack an understanding of how these sediment guidelines translate to ecological effects 

in the field. In fact, many of the studies that have examined responses of macroinvertebrates to 

Hg in the field have reported very moderate effects, even at levels of contamination 7000 X 

greater than sediment quality guidelines (Suchanek 1995; Suchanek 2008a; 2008b).  

 

The ability to predict effects of Hg on aquatic communities is considerably more complicated 

than for other metals because of the complex factors that determine bioavailability. In addition to 

water hardness and dissolved organic carbon, factors known to influence toxicity of metals to 

macroinvertebrates and fish, Hg bioavailability in aquatic ecosystems is strongly related to 

methylation (Tsui and Findlay 2011). Suchanek et al. (2008a; 2008b) speculated that several 

physicochemical factors, including low rates of methylation, reduced bioavailablity and low 

SEM:AVS ratios, likely contributed to the lower than expected toxicity of Hg observed in Clear 

Lake, CA. Physicochemical and ecological factors that determine rates of methylation and 

bioavailability of Hg are influenced by local, watershed-level and regional characteristics 

(Bradley et al. 2011). Quantifying the relative importance of these factors across gradients of 

contamination is especially challenging. Studies of Hg dynamics in remote ecosystems 

contaminated only by atmospheric deposition provide the best opportunities to identify biotic and 

abiotic factors that influence contaminant bioavailability (Kidd et al. 1995; Houde et al. 2008). 

For example, Hanten et al. (1998) observed that watershed and hydrological characteristics 

explained a significant amount of variation in Hg concentrations in fish from 46 Connecticut 

(USA) lakes. In the South River, these factors also vary seasonally with changes in temperature 

and stream discharge (Flanders et al. 2010).    

 

Another explanation for the lack of effects of Hg on macroinvertebrate and fish communities in 

the South River is the potential for acclimation and/or adaptation. Hg released from the former 

DuPont facility entered the South River watershed in about 1929, and has likely been present in 

sediments for over 75 years. This long-term exposure of fish and macroinvertebrate populations 

is sufficient to cause physiological or genetic changes in populations that could increase Hg 

tolerance (Mulvey and Diamond 1991; Mulvey et al. 1995; Woodward et al. 1996; Clements 

1999). The development of tolerance in aquatic organisms is more than simple academic interest 

and may have important implications for restoration and recovery of the South River watershed. 

In a long-term (17 year) assessment of restoration effectiveness, Clements et al (2010) reported 

that populations from a metal-polluted stream were more sensitive to novel stressors compared to 

populations from a reference stream. These researchers also recommended that susceptibility to 

novel stressors in recovering ecosystems could be employed as an indicator of restoration 

effectiveness. Because increased tolerance to Hg could influence susceptibility to other 

anthropogenic stressors (Clements 1999; Courtney and Clements 2000; Kashian et al. 2007), 

experiments should be conducted to quantify the level of tolerance in South River 

macroinvertebrate and fish populations.  

 

Finally, our ability to quantify the effects of Hg on macroinvertebrates and fish communities in 

the South River was limited by relatively small sample sizes and high seasonal variability. 
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Consequently, the predictive ability of the models developed was relatively weak. Because of 

small sample sizes, we were unable to include more than 2 predictor variables in the models 

developed for fish communities. However, we are certain that factors other than Hg and fine 

sediments influenced the distribution and abundance of fish in the South River. The predictive 

ability of these models will be improved by sampling over a longer period of time to quantify 

seasonal variation and by including habitat and other abiotic data collected from additional 

reference sites in the South River watershed.  
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Table 1. Results of general linear models analysis (PROC GLM; SAS version 9.1) showing 

spatial and temporal variation in macroinvertebrates in the South River watershed. The model 

tests for differences among sites and months and the site x month interaction.  

  

Overall Model  Site and Month Effects 

Variable Source DF SS MS F p R
2
  Source SS MS F p 

Ephemeroptera Model 31 163.61 5.28 5.39 <0.0001 0.612  Site 72.86 10.41 10.62 <0.0001 

 Error 106 103.84 0.98     Month 59.11 19.70 20.11 <0.0001 

 Total 137 267.46      Site*Month 31.65 1.51 1.54 0.0801 

              

Trichoptera Model 31 255.34 8.24 8.42 <0.0001 0.711  Site 33.38 4.77 4.87 <0.0001 

 Error 106 103.72 0.98     Month 172.51 57.50 58.77 <0.0001 

 Total 137 359.06      Site*Month 49.44 2.35 2.41 0.0018 

              

Diptera Model 31 39.72 1.28 1.59 0.0423 0.318  Site 2.65 0.38 0.47 0.8534 

 Error 106 85.24 0.80     Month 28.08 9.36 11.64 <0.0001 

 Total 137 124.96      Site*Month 8.99 0.43 0.53 0.9508 

              

Coleoptera Model 31 267.88 8.64 4.06 <0.0001 0.543  Site 103.59 14.80 6.95 <0.0001 

 Error 106 225.54 2.13     Month 120.05 40.02 18.81 <0.0001 

 Total 137 493.42      Site*Month 44.24 2.11 0.99 0.4816 

              

Non-Insects Model 31 179.44 5.79 6.97 <0.0001 0.671  Site 63.58 9.08 10.94 <0.0001 

 Error 106 87.98 0.83     Month 79.31 26.44 31.85 <0.0001 

 Total 137 267.42      Site*Month 36.55 1.74 2.1 0.0075 

              

Total 

abundance 

Model 31 44.98 1.45 2.76 <0.0001 0.446  Site 8.30 1.19 2.25 0.0354 

 Error 106 55.77 0.53     Month 29.48 9.83 18.67 <0.0001 

 Total 137 100.75      Site*Month 7.20 0.34 0.65 0.8697 

              

Mayfly 

richness 

Model 31 12.33 0.40 5.62 <0.0001 0.622  Site 6.87 0.98 13.88 <0.0001 

 Error 106 7.50 0.07     Month 4.13 1.38 19.47 <0.0001 

 Total 137 19.83      Site*Month 1.32 0.06 0.89 0.6026 

              

EPT Model 31 13.45 0.43 5.77 <0.0001 0.628  Site 3.92 0.56 7.44 <0.0001 

 Error 106 7.97 0.08     Month 7.39 2.46 32.76 <0.0001 

 Total 137 21.42      Site*Month 2.14 0.10 1.35 0.1594 

              

Number of 

Taxa 

Model 31 10.44 0.34 5.8 <0.0001 0.629  Site 2.40 0.34 5.89 <0.0001 

 Error 106 6.16 0.06     Month 5.62 1.87 32.23 <0.0001 

 Total 137 16.60      Site*Month 2.43 0.12 1.99 0.012 



Table 1.  (cont.)  

Overall Model  Site and Month Effects 

Variable Source DF SS MS F p R
2
  Source SS MS F p 

Baetidae Model 31 596.76 19.25 14.27 <0.0001 0.807  Site 16.63 2.38 1.76 0.1029 

 Error 106 143.02 1.35     Month 526.49 175.50 130.07 <0.0001 

 Total  137.00 739.78     Site*Month 53.64 2.55 1.89 0.0184 

              

Caenidae Model 31 219.49 7.08 4.18 <0.0001 0.550  Site 113.42 16.20 9.57 <0.0001 

 Error 106 179.51 1.69     Month 24.29 8.10 4.78 0.0036 

 Total 137 399.00      Site*Month 81.78 3.89 2.3 0.003 

              

Ephemerellidae Model 31 296.74 9.57 5.5 <0.0001 0.617  Site 140.89 20.13 11.56 <0.0001 

 Error 106 184.57 1.74     Month 107.20 35.73 20.52 <0.0001 

 Total 137 481.31      Site*Month 48.65 2.32 1.33 0.1728 

              

Heptageniidae Model 31 283.70 9.15 4.64 <0.0001 0.576  Site 107.02 15.29 7.76 <0.0001 

 Error 106 208.87 1.97     Month 136.86 45.62 23.15 <0.0001 

 Total 137 492.57      Site*Month 39.83 1.90 0.96 0.5146 

              

Hydropsychidae Model 31 331.50 10.69 6.02 <0.0001 0.638  Site 42.27 6.04 3.4 0.0026 

 Error 106 188.16 1.78     Month 209.23 69.74 39.29 <0.0001 

 Total 137 519.67      Site*Month 80.00 3.81 2.15 0.006 

              

Hydroptilidae Model 31 367.89 11.87 8.52 <0.0001 0.714  Site 14.20 2.03 1.46 0.191 

 Error 106 147.70 1.39     Month 323.98 107.99 77.5 <0.0001 

 Total 137 515.59      Site*Month 29.71 1.41 1.02 0.4522 

              

Elmidae Model 31 297.99 9.61 4.15 <0.0001 0.548  Site 121.40 17.34 7.48 <0.0001 

 Error 106 245.80 2.32     Month 129.62 43.21 18.63 <0.0001 

 Total 137 543.80      Site*Month 46.98 2.24 0.96 0.5119 

              

Chironomidae Model 31 46.82 1.51 1.72 0.0225 0.334  Site 3.33 0.48 0.54 0.8016 

 Error 106 93.22 0.88     Month 32.56 10.85 12.34 <0.0001 

 Total 137 140.04      Site*Month 10.93 0.52 0.59 0.9163 

              

Simulidae Model 31 278.46 8.98 5.62 <0.0001 0.622  Site 127.18 18.17 11.36 <0.0001 

 Error 106 169.50 1.60     Month 42.92 14.31 8.95 <0.0001 

 Total 137 447.96      Site*Month 108.36 5.16 3.23 <0.0001 



Table 2. Results of canonical discriminant analysis (PROC CANDISC, SAS version 9.1) testing 

for differences among stations based on abundance of dominant aquatic insect families. 

Eigenvalues for the first 2 canonical axes were highly significant and accounted for 

approximately 84% of the variation. Separation of stations SR 3.5/SR 5.2 from reference sites 

along canonical variable 1 was explained primarily by lower abundance of mayflies (Caenidae, 

Ephemerellidae, and Heptageniidae) and greater abundance of blackflies (Simuliidae). 

Separation along canonical variable 2 was explained primarily by differences in abundance of 

Caenidae, Simuliidae and riffle beetles (Elmidae) among stations.  
 

 

 

  

Statistic Value F p 

Wilks' Lambda 0.1872 3.81 <0.0001 

Axis Eigenvalue Proportion F p 

1 1.4033 0.60 3.81 <0.0001 

2 0.5551 0.24 2.24 <0.0001 

3 0.2208 0.094 1.33 0.1042 

4 0.0982 0.042 0.84 0.685 

Pooled Within Canonical Structure 

Variable Can1 Can2 

LBAETID -0.059 0.158 

LCAENID 0.329 -0.626 

LEPHELD 0.448 0.343 

LHEPTAG 0.378 0.287 

LHYDROSD -0.003 0.017 

LHYDROPD -0.096 0.010 

LELMIDAE 0.278 0.513 

LCHIROD 0.096 -0.055 

LSIMULD -0.376 0.565 



Table 3. Results of general linear models analysis (PROC GLM; SAS version 9.1) showing 

spatial variation in fish communities in the South River watershed. The model tests for 

differences among sites using the percent of fine sediments as a covariate in the model. 

Values in bold were statistically significant.  
  

Variable Source DF SS MS 

F-

value 

p-

value R
2
 Source DF SS MS 

F-

value 

p-

value 

Bluehead 

Chub 

Model 7 12.41 1.77 0.89 0.5435 0.362 Site 6 12.20 2.03 1.02 0.4589 

Error 11 21.85 1.99 % Fines 1 0.21 0.21 0.11 0.7505 

Total 18 34.26 

 

Common 

Shiner 

Model 7 22.58 3.23 0.54 0.7892 0.255 Site 6 22.37 3.73 0.62 0.7099 

Error 11 65.92 5.99 % Fines 1 0.21 0.21 0.03 0.8552 

Total 18 88.50 

 

Fallfish 

Model 7 36.05 5.15 4.13 0.0182 0.724 Site 6 35.39 5.90 4.73 0.0128 

Error 11 13.72 1.25 % Fines 1 0.66 0.66 0.53 0.4824 

Total 18 49.78 

 

Longnose 

Dace 

Model 7 12.81 1.83 2.3 0.1052 0.594 Site 6 11.67 1.94 2.44 0.095 

Error 11 8.77 0.80 % Fines 1 1.14 1.14 1.43 0.2562 

Total 18 21.58 

 

Mottled 

Sculpin 

Model 7 90.32 12.90 11.9 0.0002 0.883 Site 6 86.65 14.44 13.32 0.0002 

Error 11 11.93 1.08 % Fines 1 3.67 3.67 3.38 0.0931 

Total 18 102.25 

 

Spottail 

Shiner 

 

Model 7 21.99 3.14 0.68 0.6888 0.301 Site 6 20.70 3.45 0.74 0.626 

Error 11 50.98 4.63 % Fines 1 1.28 1.28 0.28 0.609 

Total 18 72.97 

 

White 

Sucker 

Model 7 45.12 6.45 12.42 0.0002 0.888 Site 6 42.10 7.02 13.53 0.0002 

Error 11 5.71 0.52 % Fines 1 3.02 3.02 5.81 0.0345 

Total 18 50.82 

 

Total fish 

abundance 

Model 7 7.10 1.01 1.29 0.3381 0.451 Site 6 7.09 1.18 1.50 0.2638 

Error 11 8.64 0.79 % Fines 1 0.01 0.01 0.02 0.8975 

Total 18 15.74 

 

Total fish 

richness 

Model 7 0.42 0.06 3.8 0.0241 0.708 Site 6 0.38 0.06 4.05 0.0217 

Error 11 0.17 0.02 % Fines 1 0.04 0.04 2.30 0.1578 

Total 18 0.59 



Table 4. Results of general linear models analysis (PROC GLM; SAS version 9.1) showing 

spatial and temporal variation in macroinvertebrate colonization in the South River watershed. 

Colonization experiments were conducted in May and June, 2011. The GLM model tests for 

differences among sites and weeks (2, 4, and 6) and the site x week interaction.  
 

  

Overall Model Week and Site Effects 

Variable Source DF SS MS F p R2 Source SS MS F p 

Ephemeroptera Model 11 45.76 4.16 4.63 <0.0001 0.408 Week 30.58 15.29 17.01 <0.0001 

Error 74 66.53 0.90 Site 4.79 1.60 1.78 0.1589 

Total 85.00 112.28 Week*Site 10.38 1.73 1.93 0.0878 

Trichoptera Model 11 52.79 4.80 9.12 <0.0001 0.575 Week 24.53 12.27 23.31 <0.0001 

Error 74 38.94 0.53 Site 27.99 9.33 17.73 <0.0001 

Total 85.00 91.73 Week*Site 0.27 0.04 0.09 0.9975 

Diptera Model 11 28.98 2.63 7.28 <0.0001 0.520 Week 2.28 1.14 3.15 0.0485 

Error 74 26.79 0.36 Site 24.24 8.08 22.32 <0.0001 

Total 85.00 55.77 Week*Site 2.46 0.41 1.13 0.3529 

Total 

Abundance Model 11 19.86 1.81 7.07 <0.0001 0.513 Week 5.29 2.65 10.37 0.0001 

Error 74 18.89 0.26 Site 12.26 4.09 16.01 <0.0001 

Total 85.00 38.75 Week*Site 2.30 0.38 1.5 0.1885 

Mayfly 

Richness Model 11 1.59 0.14 1.01 0.4464 0.131 Week 0.96 0.48 3.34 0.0408 

Error 74 10.61 0.14 Site 0.20 0.07 0.47 0.7009 

Total 85.00 12.21 Week*Site 0.43 0.07 0.5 0.8065 

EPT Richness Model 11 1.87 0.17 1.92 0.0498 0.222 Week 1.46 0.73 8.27 0.0006 

Error 74 6.53 0.09 Site 0.27 0.09 1.01 0.3924 

Total 85.00 8.40 Week*Site 0.14 0.02 0.26 0.9533 

Number of 

Taxa Model 11 2.47 0.22 2.68 0.006 0.285 Week 1.61 0.81 9.61 0.0002 

Error 74 6.21 0.08 Site 0.49 0.16 1.95 0.1294 

Total 85.00 8.68 Week*Site 0.37 0.06 0.73 0.6269 

Total Richness Model 11 2.05 0.19 3.06 0.002 0.313 Week 0.35 0.18 2.89 0.0618 

Error 74 4.50 0.06 Site 1.33 0.44 7.31 0.0002 

Total 85.00 6.55 Week*Site 0.36 0.06 1 0.435 



 

 

Table 4 (cont.) 
  

Overall Model Week and Site Effects 

Variable Source DF SS MS F p R2 Source SS MS F p 

Baetidae Model 11 44.11 4.01 3.25 0.0012 0.325 Week 30.32 15.16 12.27 <0.0001 

Error 74 91.40 1.24 Site 4.70 1.57 1.27 0.2915 

Total 85.00 135.51 Week*Site 9.09 1.51 1.23 0.3026 

Caenidae Model 11 35.18 3.20 6.03 <0.0001 0.473 Week 10.30 5.15 9.72 0.0002 

Error 74 39.22 0.53 Site 14.30 4.77 8.99 <0.0001 

Total 85.00 74.40 Week*Site 10.57 1.76 3.32 0.0059 

Ephemerellidae Model 11 10.61 0.96 3.07 0.0019 0.314 Week 7.54 3.77 12.01 <0.0001 

Error 74 23.22 0.31 Site 0.87 0.29 0.92 0.4336 

Total 85.00 33.83 Week*Site 2.20 0.37 1.17 0.3327 

Heptageniidae Model 11 26.54 2.41 2.01 0.0388 0.230 Week 4.26 2.13 1.78 0.1765 

Error 74 88.66 1.20 Site 20.77 6.92 5.78 0.0013 

Total 85.00 115.20 Week*Site 1.51 0.25 0.21 0.9725 

Hydropsychidae Model 11 69.72 6.34 8.93 <0.0001 0.570 Week 21.94 10.97 15.46 <0.0001 

Error 74 52.51 0.71 Site 44.62 14.87 20.96 <0.0001 

Total 85.00 122.23 Week*Site 1.51 0.25 0.35 0.9055 

Elmidae Model 11 35.13 3.19 2.71 0.0054 0.287 Week 1.10 0.55 0.47 0.6292 

Error 74 87.16 1.18 Site 30.55 10.18 8.65 <0.0001 

Total 85.00 122.29 Week*Site 3.48 0.58 0.49 0.8123 

Chironomidae Model 11 29.69 2.70 7.25 <0.0001 0.519 Week 2.48 1.24 3.33 0.0412 

Error 74 27.55 0.37 Site 24.11 8.04 21.59 <0.0001 

Total 85.00 57.24 Week*Site 3.10 0.52 1.39 0.2314 

Leptoxis Model 11 60.89 5.54 4.52 <0.0001 0.402 Week 27.34 13.67 11.16 <0.0001 

Error 74 90.67 1.23 Site 13.37 4.46 3.64 0.0166 

Total 85.00 151.56 Week*Site 20.18 3.36 2.74 0.0183 



Table 5. Results of canonical discriminant analysis (PROC CANDISC, SAS version 9.1) testing 

for differences among stations based on abundance of dominant macroinvertebrates during the 

colonization study. Colonization experiments were conducted in May and June, 2011.  

Eigenvalues for the first 2 canonical axes were highly significant and accounted for 

approximately 92-97% of the variation.  
 
 

 

 

  

Week Wilks' 

Lambda 

F p  Axis Eigenvalue Proportion Likelihood 

Ratio 

F p 

2 0.0214 5.75 <0.0001  1 6.73 0.679 0.021 5.75 <0.0001 

     2 2.41 0.243 0.165 3.75 0.0007 

           

4 0.0118 7.96 <0.0001  1 16.03 0.863 0.012 7.96 <0.0001 

     2 1.73 0.093 0.202 3.33 0.0016 

           

6 0.0178 6.63 <0.0001  1 10.68 0.785 0.018 6.63 <0.0001 

     2 2.58 0.190 0.208 3.24 0.002 



Table 6. Model selection results for macroinvertebrate metrics based on Akaike information 

criterion (AIC). The table shows the statistical significance of each model, the number of 

parameters (k), the amount of variation explained (R
2
), AIC values corrected for small sample 

size (AICc), and model weights (w). The best model for each metric has the lowest AIC value (∆ 

AIC=0.0) and is shown in bold. Candidate models with ∆ AIC values < 2.0 are also considered 

likely models.  
 

 

 

 

 

 

 

 

Variable Model 

p-

value k R
2
 AICc ∆ AIC 

Model 

weight (w) 

Ephemeroptera Hg 0.7279 3 0.00 13.51 7.98 0.01 

P-Chem 0.3741 5 0.10 15.55 10.02 0.00 

Geomorph 0.0077 4 0.28 5.54 0.00 0.72 

Hg+P-Chem 0.5313 6 0.10 18.45 12.91 0.00 

Hg+Geomorph 0.02 5 0.28 8.03 2.49 0.21 

P-Chem+Geomorph 0.0312 7 0.35 11.04 5.51 0.05 

Hg+P-Chem+Geomorph 0.0484 8 0.37 13.80 8.27 0.01 

Trichoptera Hg 0.5768 3 0.01 25.86 1.20 0.24 

P-Chem 0.1027 5 0.19 24.66 0.00 0.44 

Geomorph 0.5408 4 0.04 27.44 2.78 0.11 

Hg+P-Chem 0.1911 6 0.19 27.64 2.98 0.10 

Hg+Geomorph 0.7312 5 0.04 30.14 5.48 0.03 

P-Chem+Geomorph 0.1596 7 0.24 28.63 3.97 0.06 

Hg+P-Chem+Geomorph 0.2389 8 0.25 31.92 7.26 0.01 

Diptera Hg 0.7949 3 0.00 -11.36 1.64 0.23 

P-Chem 0.0959 5 0.19 -13.00 0.00 0.53 

Geomorph 0.938 4 0.00 -8.83 4.17 0.07 

Hg+P-Chem 0.1776 6 0.20 -10.07 2.93 0.12 

Hg+Geomorph 0.9854 5 0.01 -6.06 6.94 0.02 

P-Chem+Geomorph 0.2658 7 0.20 -7.11 5.89 0.03 

Hg+P-Chem+Geomorph 0.3864 8 0.20 -3.61 9.39 0.00 

Total abundance Hg 0.7476 3 0.00 -25.38 5.07 0.05 

P-Chem 0.0238 5 0.27 -30.45 0.00 0.59 

Geomorph 0.3836 4 0.06 -24.77 5.68 0.03 

Hg+P-Chem 0.0528 6 0.28 -27.52 2.93 0.14 

Hg+Geomorph 0.5926 5 0.06 -22.00 8.45 0.01 

P-Chem+Geomorph 0.0333 7 0.35 -27.67 2.78 0.15 

Hg+P-Chem+Geomorph 0.0574 8 0.35 -24.55 5.90 0.03 



Table 6 (cont.) 

  

Mayfly richness Hg 0.1459 3 0.07 -81.42 5.23 0.02 

P-Chem 0.103 5 0.19 -80.66 6.00 0.02 

Geomorph 0.0173 4 0.24 -85.46 1.19 0.19 

Hg+P-Chem 0.0853 6 0.25 -80.05 6.61 0.01 

Hg+Geomorph 0.023 5 0.28 -84.40 2.25 0.11 

P-Chem+Geomorph 0.0056 7 0.44 -86.65 0.00 0.34 

Hg+P-Chem+Geomorph 0.0042 8 0.49 -86.42 0.23 0.30 

Total richness Hg 0.7739 3 0.00 -77.22 13.61 0.00 

P-Chem 0.0007 5 0.44 -90.83 0.00 0.74 

Geomorph 0.9087 4 0.01 -74.74 16.09 0.00 

Hg+P-Chem 0.0021 6 0.44 -87.85 2.98 0.17 

Hg+Geomorph 0.9703 5 0.01 -72.01 18.82 0.00 

P-Chem+Geomorph 0.0029 7 0.47 -86.41 4.42 0.08 

Hg+P-Chem+Geomorph 0.007 8 0.47 -82.94 7.88 0.01 



 

Table 7. Model selection results for dominant macroinvertebrates  based on Akaike information 

criterion (AIC). The table shows the statistical significance of each model, the number of 

parameters (k), the amount of variation explained (R
2
), AIC values corrected for small sample 

size (AICc), and model weights (w). The best model for each metric has the lowest AIC value (∆ 

AIC=0.0) and is shown in bold. Candidate models with ∆ AIC values < 2.0 are also considered 

likely models.  

 

Variable Model p-value k R
2
 AICc ∆ AIC 

Model 

weight (w) 

Baetidae Hg 0.1740 3 0.06 52.42 24.35 0.00 

P-Chem  <0.0001 5 0.62 28.07 0.00 0.72 

Geomorph 0.7565 4 0.02 56.40 28.33 0.00 

Hg+P-Chem  <0.0001 6 0.62 30.46 2.39 0.22 

Hg+Geomorph 0.5899 5 0.06 57.67 29.60 0.00 

P-Chem+Geomorph   <0.0001 7 0.63 33.52 5.45 0.05 

Hg+P-Chem+Geomorph 0.0001 8 0.63 36.63 8.56 0.01 

Caenidae Hg 0.0065 3 0.22 28.34 1.28 0.25 

P-Chem 0.2795 5 0.12 37.45 10.39 0.00 

Geomorph 0.0117 4 0.26 29.16 2.10 0.16 

Hg+P-Chem 0.0292 6 0.31 32.47 5.41 0.03 

Hg+Geomorph 0.0044 5 0.36 27.06 0.00 0.47 

P-Chem+Geomorph 0.0242 7 0.37 33.00 5.94 0.02 

Hg+P-Chem+Geomorph 0.0085 8 0.46 31.12 4.07 0.06 

Ephemerellidae Hg 0.3298 3 0.03 26.05 14.28 0.00 

P-Chem 0.0083 5 0.33 19.30 7.54 0.01 

Geomorph 0.002 4 0.34 16.05 4.28 0.08 

Hg+P-Chem 0.0201 6 0.33 22.19 10.42 0.00 

Hg+Geomorph 0.0031 5 0.38 16.94 5.17 0.05 

P-Chem+Geomorph 0.0003 7 0.56 11.77 0.00 0.65 

Hg+P-Chem+Geomorph 0.0006 8 0.57 14.06 2.30 0.21 

Heptageniidae Hg 0.9800 3 0.00 34.92 7.72 0.02 

P-Chem 0.4034 5 0.09 37.04 9.84 0.01 

Geomorph 0.0092 4 0.27 27.20 0.00 0.74 

Hg+P-Chem 0.5791 6 0.09 40.05 12.85 0.00 

Hg+Geomorph 0.0262 5 0.27 29.96 2.77 0.19 

P-Chem+Geomorph 0.0361 7 0.34 32.75 5.55 0.05 

Hg+P-Chem+Geomorph 0.0643 8 0.35 36.01 8.81 0.01 

 
  



 

 

Table 7 (cont). 

 

  

Hydropsychidae Hg 0.4495 3 0.02 37.22 0.00 0.50 

P-Chem 0.3883 5 0.10 39.85 2.63 0.14 

Geomorph 0.4684 4 0.05 38.77 1.55 0.23 

Hg+P-Chem 0.5589 6 0.10 42.83 5.61 0.03 

Hg+Geomorph 0.6137 5 0.06 41.21 3.99 0.07 

P-Chem+Geomorph 0.3658 7 0.17 43.19 5.97 0.03 

Hg+P-Chem+Geomorph 0.5018 8 0.17 46.71 9.49 0.00 

Hydroptilidae Hg 0.2618 3 0.04 40.71 8.02 0.01 

P-Chem 0.0042 5 0.36 32.68 0.00 0.76 

Geomorph 0.9218 4 0.01 44.49 11.81 0.00 

Hg+P-Chem 0.0113 6 0.36 35.67 2.98 0.17 

Hg+Geomorph 0.7232 5 0.04 45.98 13.30 0.00 

P-Chem+Geomorph 0.0234 7 0.37 38.63 5.94 0.04 

Hg+P-Chem+Geomorph 0.0464 8 0.37 42.09 9.41 0.01 

Elmidae Hg 0.1312 3 0.07 26.27 4.58 0.04 

P-Chem 0.0115 5 0.31 21.76 0.08 0.40 

Geomorph 0.4218 4 0.06 29.43 7.75 0.01 

Hg+P-Chem 0.0089 6 0.37 21.69 0.00 0.41 

Hg+Geomorph 0.3513 5 0.11 30.46 8.78 0.01 

P-Chem+Geomorph 0.0192 7 0.38 24.72 3.03 0.09 

Hg+P-Chem+Geomorph 0.0201 8 0.42 26.12 4.43 0.04 

Chironomidae Hg 0.9031 3 0.00 -6.53 1.72 0.23 

P-Chem 0.0948 5 0.19 -8.25 0.00 0.54 

Geomorph 0.9471 4 0.00 -4.03 4.22 0.07 

Hg+P-Chem 0.1787 6 0.20 -5.27 2.98 0.12 

Hg+Geomorph 0.9839 5 0.01 -1.29 6.95 0.02 

P-Chem+Geomorph 0.2660 7 0.20 -2.33 5.92 0.03 

Hg+P-Chem+Geomorph 0.3795 8 0.21 1.09 9.34 0.01 



Table 8. Model selection results for fish communities based on Akaike’s information criterion 

(AIC). The table shows the statistical significance of each model, the number of parameters (k), 

the amount of variation explained (R
2
), AIC values corrected for small sample size (AICc), and 

model weights (w). The best model for each metric (∆ AIC=0.0) and other candidate models that 

cannot be distinguished from this model (∆ AIC values < 2.0) are shown in bold.  

 
 

Variable Model p-value k R
2
 AICc ∆ AIC weight 

Bluehead Chub Hg 0.7150 3 0.01 13.38 0.53 0.40 

%Fines 0.4496 3 0.05 12.84 0.00 0.53 

Hg+%Fines 0.7367 4 0.05 16.81 3.96 0.07 

Common Shiner Hg 0.0007 3 0.63 2.65 0.00 0.88 

%Fines 0.7403 3 0.01 16.37 13.72 0.00 

Hg+%Fines 0.0043 4 0.63 6.67 4.03 0.12 

Fallfish Hg 0.1248 3 0.18 13.47 12.98 0.00 

%Fines 0.0004 3 0.66 1.16 0.66 0.42 

Hg+%Fines 0.0004 4 0.76 0.49 0.00 0.58 

Longnose Dace Hg 0.0441 3 0.30 5.80 7.34 0.02 

%Fines 0.0480 3 0.29 5.97 7.51 0.02 

Hg+%Fines 0.0017 4 0.69 -1.54 0.00 0.95 

Mottled Sculpin Hg 0.0044 3 0.51 21.32 0.00 0.77 

%Fines 0.2492 3 0.11 29.57 8.25 0.01 

Hg+%Fines 0.0114 4 0.56 23.84 2.53 0.22 

Spottail Shiner Hg 0.0229 3 0.36 17.48 0.00 0.85 

%Fines 0.6617 3 0.02 23.53 6.05 0.04 

Hg+%Fines 0.0837 4 0.36 21.49 4.01 0.11 

White Sucker Hg 0.0544 3 0.27 14.41 32.37 0.00 

%Fines   <.0001 3 0.79 -2.98 14.98 0.00 

Hg+%Fines  <.0001 4 0.95 -17.96 0.00 1.00 

Total fish 

abundance Hg 0.0003 3 0.67 -18.11 0.00 0.87 

%Fines 0.4865 3 0.04 -3.03 15.07 0.00 

Hg+%Fines 0.0019 4 0.68 -14.34 3.77 0.13 

Total fish richness Hg 0.0493 3 0.28 -50.04 3.55 0.10 

%Fines 0.0177 3 0.39 -52.18 1.41 0.30 

Hg+%Fines 0.0080 4 0.58 -53.59 0.00 0.60 



Figure 1. Mean (+ s.e.) concentrations of total and methyl mercury in interstitial water from 

reference and downstream stations in the South River watershed. Only data from sites where 

macroinvertebrates and fish were collected are shown. 
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Figure 2. Mean (+ s.e.) concentrations of total and methyl mercury in bulk sediments from 

downstream stations in the South River.  
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Figure 3. Mean (+ s.e.) temperature, pH, conductivity and dissolved oxygen at reference and 

downstream stations in the South River watershed. Only data from sites where 

macroinvertebrates and fish were collected are shown. 
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Figure 4. Spatial variation in geomorphological and substrate characteristics at reference and 

downstream stations in the South River watershed.  Only data from sites where 

macroinvertebrates and fish were collected are shown. 
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Figure 5. Results of multivariate analyses showing separation and overlap of South River 

reference and downstream sites based on habitat and physicochemical characteristics.  The 

amount of variation explained by each axis and the primary factors responsible for separation 

along the axis are shown. Only those data that were collected when fish samples were collected 

are shown. 
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Figure 6A. Mean (+ s.e.) abundance of dominant macroinvertebrate groups at South River study 

sites and reference sites. Asterisks indicate sites that were significantly different from reference 

sites.  
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Figure 6B. Mean (+ s.e.) abundance and species richness of macroinvertebrates at South River 

study sites and reference sites. Asterisks indicate sites that were significantly different from 

reference sites.  
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Figure 7. Mean (+ s.e.) abundance of dominant macroinvertebrate taxa at South River study sites 

and reference sites. Asterisks indicate sites that were significantly different from reference sites.  
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Figure 8. Relative abundance of dominant macroinvertebrate groups at South River study sites 

and reference sites.  
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Figure 9. Results of canonical discriminant analyses showing separation of South River study 

and reference sites.  Analyses were based on abundance of the dominant macroinvertebrate taxa. 

Numbers in parentheses indicate the amount of variation explained by each canonical axis.  
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Figure 10. Mean (+ s.e.) abundance and species richness of fish at reference and downstream 

stations in the South River watershed. Asterisks indicate sites that were significantly different 

from the reference site.  
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Figure 11. Total and methyl mercury concentrations in bulk sediment at South River study sites 

and reference site during the 6 week colonization experiment, May-June, 2011. The figure shows 

mean (+ s.e.) concentrations of total (upper panel) and methyl (lower panel) Hg at each site (n = 

3).  
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Figure 12. Selectivity of substrate-filled trays at South River study sites and reference sites 

during the 6 week colonization experiment, May-June, 2011. The figure shows the proportion 

abundance of major macroinvertebrate groups in trays and Surber samples. Compared to the 

natural substrate, macroinvertebrate groups above the dashed line were overrepresented in trays 

whereas groups below the line were underrepresented in trays. 
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 Figure 13A. Colonization dynamics of macroinvertebrates at South River reference sites and 

study sites, May-June, 2011. Figure shows mean (+ s.e.) abundance and richness of 

macroinvertebrate groups over the 6 week colonization period. Asterisks indicate study sites that 

were significantly different from reference sites across all sample dates.   
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Figure 13B. Colonization dynamics of dominant macroinvertebrate families at South River 

reference sites and study sites, May-June, 2011. Figure shows mean (+ s.e.) abundance of 

dominant macroinvertebrates over the 6 week colonization period. Asterisks indicate study sites 

that were significantly different from reference sites across all sample dates.  
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Figure 14. Results of canonical discriminant analyses showing separation of South River study 

sites and reference sites during the 6 week colonization study, May-June, 2011.  Analyses were 

based on abundance of the dominant macroinvertebrate taxa.  
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Figure 15. Model selection results for macroinvertebrate metrics based on Akaike’s information 

criterion (AIC). Figures show the amount of variation explained (solid line) and model weights 

(bars) for each candidate model. * indicates the best model(s) for each variable.  
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Figure 16. Model selection results for dominant macroinvertebrate taxa based on Akaike’s 

information criterion (AIC). Figures show the amount of variation explained (solid line) and 

model weights (bars) for each candidate model. * indicates the best model(s) for each variable.  
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  Figure 17. Model selection results for dominant fish species based on Akaike’s information 

criterion (AIC). Figures show the amount of variation explained (solid line) and model weights 

(bars) for each candidate model. * indicates the best model(s) for each variable.  
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Appendix K 
 

South River Conceptual System Model Final Report 

This version is the final version of the Conceptual System Model report completed as of 
September 2012. However, this document may be revisited as new data are collected or new data 

analyses become available. 
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Executive!Summary!!!
!

Between!1929!and!1950,!mercury!(Hg)!used!in!the!production!of!rayon!acetate!fiber!at!the!former!
DuPont!plant!in!Waynesboro,!VA!was!released!into!the!South!River.!!Mercury!levels!in!water,!
sediments,!and!fish!in!the!contaminated!reach!of!the!South!River!remain!elevated.!!!Fish!Hg!
concentrations!have!not!declined!as!expected!compared!to!tissue!levels!observed!in!1977Z
1978.!!!Peak!Hg!concentrations!in!water,!sediment,!and!biota!occur!downstream!of!the!original!
point!of!Hg!release.!!Fish!consumption!advisories!exist!156!mi!downstream!of!the!former!DuPont!
plant!in!Waynesboro,!including!sections!of!the!South!River,!the!South!and!North!Fork!Shenandoah!
Rivers,!and!the!Shenandoah!River.!!

A!conceptual!model!representing!the!key!processes!affecting!methylmercury!(MeHg)!levels!in!
smallmouth!bass!has!been!assembled!to!help!explain!how!Hg!moves!through!the!ecosystem!to!
aquatic!biota,!and!to!help!assess!the!potential!benefits!of!remediation.!!!Peak!Hg!concentrations!
downstream!of!the!former!DuPont!plant!are!consistent!with!historical!releases!from!a!point!source,!
now!ceased,!and!a!current!situation!where!inorganic!Hg!and!MeHg!sources!are!broadly!distributed!
along!the!length!of!the!river.!!Multiple!lines!of!evidence!suggest!that!the!largest!source!of!inorganic!
Hg!that!ultimately!bioaccumulates!in!smallmouth!bass!as!MeHg!is!eroding!river!banks!(40Z60%).!!
The!banks!are!a!source!of!legacy!inorganic!Hg!that!was!previously!released!from!the!former!DuPont!
plant!and!deposited!in!the!nearZbank!areas.!!Evidence!also!suggests!that!the!second!largest!source!
of!inorganic!Hg!that!ultimately!bioaccumulates!in!smallmouth!bass!as!MeHg!is!diffusive!fluxes!of!
inorganic!Hg!from!legacy!contamination!deeper!in!the!river!bed!(below!a!depth!of!~!5Z10!cm)!(15Z
35%).!!Releases!from!the!former!DuPont!plant!outfalls!are!estimated!to!be!a!minor!source!of!Hg!that!
bioaccumulates!in!smallmouth!bass.!!!

Ten!miles!downstream!of!the!former!DuPont!plant!footbridge,!the!river!slope!steepens!and!there!
was!(and!still!is)!a!lower!likelihood!for!Hg!releases!from!upstream!to!accumulate!in!this!stretch!of!
the!river!and!floodplain.!!The!primary!source!of!Hg!downstream!of!Relative!River!Mile!(RRM)!10!
under!base!flow!conditions!likely!shifts!from!eroding!river!banks!to!inflows!from!upstream.!!An!
implication!of!this!finding!is!that!fish!MeHg!exposure!downstream!of!RRM!10!will!be!significantly!
reduced!if!Hg!contamination!upstream!is!addressed.!!!!
!
Major!storms!have!the!potential!to!mobilize!Hg!and!induce!a!newly!contaminated!system!state,!but!
may!also!mobilize!lowZmercury!sediments!from!upstream.!One!possibility!for!assessing!the!
influence!of!major!storms!on!Hg!cycling!in!the!South!River!system!is!to!monitor!key!parameters!and!
Hg!distribution!following!a!large!storm.!!The!impact!of!major!storms!will!be!considered!as!the!
conceptual!model!presented!in!this!report!is!further!refined!during!the!remedial!options!phase.!
!
FineZgrained!material!in!the!river!bed!is!gradually!replaced!on!a!scale!of!decades,!but!particles!
newly!supplied!to!the!river!and!sediments!via!river!bank!erosion!remain!contaminated!with!legacy!
Hg!deposits,!sustaining!elevated!MeHg!production!and!concentrations!in!aquatic!biota.!!!In!the!
absence!of!remedial!actions,!elevated!fish!Hg!concentrations!in!the!South!River!will!likely!persist!for!
decades!or!longer.!!!While!current!lines!of!evidence!point!to!bank!erosion!as!likely!the!largest!single!
process!supplying!legacy!inorganic!Hg!contamination!to!the!South!River,!there!are!other!
contributing!processes.!!As!a!result,!the!solution!to!elevated!fish!MeHg!concentrations!in!the!South!
River!will!likely!require!a!phased!or!adaptive!management!approach!that!utilizes!a!suite!of!remedial!
actions!coupled!with!a!wellZdesigned!monitoring!program!for!ongoing!recovery.!!!
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1 Background!!
!

Mercury!(Hg)!was!released!into!the!South!River,!VA!between!1929!and!1950!from!a!former!DuPont!
plant!producing!rayon!acetate!fiber!in!Waynesboro,!VA!(Figure!1).!!In!1976,!globules!of!elemental!
mercury!were!discovered!in!soils!during!onZsite!construction!activities,!and!concentrations!up!to!
7000!µg!gZ1!were!observed!(Carter,!1977).!!Subsequent!fish!sampling!in!the!South!River!and!South!
Fork!Shenandoah!River!led!to!a!1977!consumption!ban!on!eating!fish!from!sections!of!those!rivers!
(Bolgiano,!1980).!!!!

A!monitoring!plan!for!the!South!River,!South!Fork!Shenandoah!River!and!the!adjacent!terrestrial!
floodplains!was!established!in!1984!by!the!state!of!Virginia.!!In!1998,!the!U.S.!EPA!issued!a!Resource!
Conservation!and!Recovery!Act!(RCRA)!permit!to!DuPont!to!investigate!potential!releases!at!the!
former!DuPont!plant!and!to!remediate!contamination!sources,!including!residual!mercury!
contamination.!!RCRA!investigations!are!ongoing!and!have!involved!groundwater,!stormwater,!and!
soil!testing!at!the!former!DuPont!plant.!!!After!completing!the!investigation,!corrective!actions!will!
be!taken!to!address!solid!waste!management!units!that!pose!a!human!health!or!ecological!risk!
(Virginia!DEQ,!2009).!

In!2001,!the!State!of!Virginia!and!DuPont!established!an!integrated,!watershedZlevel,!riskZbased!
program!for!Hg!in!the!South!River.!!This!was!an!important!step!toward!developing!a!comprehensive!
understanding!of!Hg!cycling!and!bioaccumulation!in!the!river.!!!The!group!of!participants!in!the!
program!became!known!as!the!South!River!Science!Team!(SRST),!and!now!includes!DuPont,!the!
Virginia!Department!of!Environmental!Quality,!U.S.!EPA!Region!3,!academic!institutions!and!
environmental!groups.!!SRST!studies!are!designed!to!better!understand!the!behavior!of!Hg!in!the!
river!system!and!floodplain,!particularly!factors!controlling!the!current!levels!and!slow!recovery!of!!

!
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Figure!1.!!Timeline!of!HgFrelated!Milestones!and!Activities!in!the!South!River,!VA!

1930

2004:((DuPont(sells(plant(assets(to(Koch(Industries(but(retains(ownership(
of(site,(now(called(Invista.

2006(B Present:((Studies(under(agreement(with(NRDC(
and(Sierra(Club

1940 1950

1929B1950(Hg(releases(from(former(Dupont manufacturing(Site

1960 1970 1980 1990 2000 2010

X 1976:(Elevated(Hg(found(in(soils(onBsite

X 1977B78:(Initial(sampling(of(fish(shows(elevated(Hg

1984:(State(of(Virginia(establishes(monitoring(plan(for((South(River,(
South(Fork(Shenandoah(River(and(floodplains

X 1998:(RCRA(permit(issued(for(plant(site(studies

2001(B present:(South(River(Science(Team((SRST)(studies

X

X

20121930

2004:((DuPont(sells(plant(assets(to(Koch(Industries(but(retains(ownership(
of(site,(now(called(Invista.

2006(B Present:((Studies(under(agreement(with(NRDC(
and(Sierra(Club

1940 1950

1929B1950(Hg(releases(from(former(Dupont manufacturing(Site

1960 1970 1980 1990 2000 2010

X 1976:(Elevated(Hg(found(in(soils(onBsite

X 1977B78:(Initial(sampling(of(fish(shows(elevated(Hg

1984:(State(of(Virginia(establishes(monitoring(plan(for((South(River,(
South(Fork(Shenandoah(River(and(floodplains

X 1998:(RCRA(permit(issued(for(plant(site(studies

2001(B present:(South(River(Science(Team((SRST)(studies

X

X

20121940 1950

1929B1950(Hg(releases(from(former(Dupont manufacturing(Site

1960 1970 1980 1990 2000 2010

X 1976:(Elevated(Hg(found(in(soils(onBsite

X 1977B78:(Initial(sampling(of(fish(shows(elevated(Hg

1984:(State(of(Virginia(establishes(monitoring(plan(for((South(River,(
South(Fork(Shenandoah(River(and(floodplains

X 1998:(RCRA(permit(issued(for(plant(site(studies

2001(B present:(South(River(Science(Team((SRST)(studies

X

X

2012



!
!

2!

fish!Hg!concentrations!in!the!system.!!!Baseline!studies!of!Hg!and!relevant!site!conditions!carried!
out!since!2001!have!shown!that!Hg!concentrations!in!some!fish!species!in!the!South!River!have!not!
declined!as!expected!compared!to!tissue!levels!observed!in!1977Z1978.!!Hg!levels!in!adult!
smallmouth!bass,!for!example,!currently!range!from!approximately!1!to!4!µg!gZ1!along!a!25Zmile!
river!section!downstream!of!the!former!DuPont!plant!(Virginia!DEQ,!2008a).!!Fish!consumption!
advisories!exist!156!mi!downstream!of!the!former!DuPont!plant,!including!sections!of!the!South!
River,!South!and!North!Fork!Shenandoah!Rivers,!and!Shenandoah!River!(Virginia!DEQ,!2008b).!!!

In!2004,!DuPont!sold!the!manufacturing!assets!of!the!former!DuPont!plant!site!in!Waynesboro!to!
subsidiaries!of!Koch!Industries,!Inc.,!and!the!name!of!the!facility!was!changed!to!Invista.!!!DuPont!
continues!to!own!the!property!and!retains!responsibility!for!environmental!cleanup!under!the!
RCRA!permit.!!Invista!now!owns!and!operates!the!manufacturing!assets,!including!the!stormwater!
and!wastewater!outfalls!permitted!by!the!Virginia!Department!of!Environmental!Quality.!

DuPont!has!also!been!investigating!mercury!contamination!in!the!South!River!ecosystem!as!part!of!
a!settlement!agreement!with!the!Natural!Resources!Defense!Council!and!the!Sierra!Club.!!This!
ongoing!study!began!in!2006!and!includes!a!first!phase!that!characterized!mercury!impacts!in!the!
South!River!ecosystem!and!a!second!phase!that!focuses!on!specific!sources!of!mercury!and!mercury!
methylation!sites.!!

A!remedial!options!team!has!begun!evaluation!of!remediation!alternatives!with!the!goals!of!(1)!
reducing!fish!tissue!Hg!levels!in!smallmouth!bass!to!less!than!the!U.S.!EPA’s!guidance!concentration!
of!0.3!µg!gZ1!in!connection!with!fish!consumption!by!the!general!population!(U.S.!EPA!2001),!and!(2)!
ensuring!the!protection!of!aquatic!and!terrestrial!ecology!with!respect!to!Hg!exposure.!!Remedial!
options!are!being!evaluated!currently!at!a!pilot!scale,!including!engineered!bank!stabilization!to!
reduce!mercury!inputs!from!eroding!banks!and!addition!of!carbon!to!floodplain!sediment!to!reduce!
the!bioavailability!of!mercury.!!A!preliminary!remediation!proposal!will!be!prepared!by!the!South!
River!Science!Team!(SRST)!in!the!third!quarter!of!2013.!

An!evergreen!conceptual!model!representing!the!key!processes!affecting!methylmercury!(MeHg)!
levels!in!biota!of!concern!in!the!system!has!been!assembled!to!help!explain!how!Hg!moves!through!
the!ecosystem!to!biota,!and!to!help!assess!the!potential!benefits!of!remediation!options.!!A!
qualitative!conceptual!model!was!developed!initially!by!DuPont!in!2009!(Dyer!et!al.,!2011a).!!The!
conceptual!model!included!multiple!pathways!that!may!be!involved!in!the!supply,!methylation,!and!
bioaccumulation!of!Hg.!!In!2010!and!2011,!efforts!were!initiated!to!estimate!the!magnitude!of!key!
mercury!fluxes!in!the!conceptual!model,!and!to!identify!gaps!in!the!datasets!or!state!of!knowledge!
of!mercury!cycling!that!should!be!addressed!to!better!assess!remedial!options.!!The!current!version!
of!the!conceptual!model!is!described!in!this!report.!!!!

2 Objectives!and!Approach!
!

Objectives!in!developing!a!conceptual!model!of!Hg!cycling!and!bioaccumulation!in!the!South!River!
include!identifying:!!
!

1. Hg!sources!and!pathways!that!are!primarily!responsible!for!elevated!fish!Hg!levels!in!the!
contaminated!reach!of!the!South!River;!!

2. Factors!controlling!the!slow!natural!rate!of!recovery!of!the!system;!

3. Feasible!pathways!to!intercept!in!order!to!reduce!fish!Hg!levels;!and!
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4. Gaps!in!the!data!or!state!of!knowledge!of!Hg!cycling!that!should!be!addressed!to!better!
assess!remedial!options.!

!
The!conceptual!model!has!focused!to!date!on!the!aquatic!system!and!Hg!bioaccumulation!in!fish.!!An!
analogous!effort!is!currently!underway!for!the!terrestrial!system.!!

The!conceptual!model!was!developed!using!existing!information!from!a!wide!range!of!studies!
already!carried!out!in!the!South!River.!!Multiple!lines!of!evidence!were!used!where!possible,!
including!field!studies,!laboratory!experiments,!and!numerical!models.!!Efforts!focused!initially!on!
the!river!reach!from!the!former!DuPont!plant!at!RRM!0!downstream!to!RRM!5!under!base!flow!
conditions.!!This!section!of!the!river!was!previously!shown!to!be!the!primary!source!of!ongoing!Hg!
loading!to!the!South!River.!!Studies!recently!expanded!to!extend!the!mass!balance!to!include!the!
river!reach!from!RRM!0Z10!and!to!assess!the!effects!of!storm!events!(Dyer!et!al.,!2011b).!!The!
conceptual!model!presented!in!this!report!focuses!on!base!flow!conditions!for!RRM!0!to!10.!!

Hg!fluxes!were!estimated!in!terms!of!the!Hg!ultimately!delivered!to!smallmouth!bass,!a!higher!
trophic!level!species!that!tends!to!have!higher!MeHg!concentrations,!and!which!is!common!in!the!
river.!!A!key!assumption!in!the!assessment!was!that!all!inorganic!Hg!sources!were!equally!
bioavailable!for!methylation,!although!evidence!indicates!that!the!leachability!of!dissolved!and!
colloidal!inorganic!Hg!from!freshly!eroded!bank!and!floodplain!soils!is!much!greater!than!from!
waterZsaturated!river!sediments!that!have!been!exposed!to!river!water!for!some!time.!!This!
important!assumption!regarding!the!bioavailability!of!different!inorganic!mercury!sources!will!
undergo!ongoing!examination.!!! 

3 Former!DuPont!Waynesboro!Facility!and!Study!Area!

3.1 Former!DuPont!Plant!
!
DuPont!acquired!153!acres!near!the!small!town!of!Waynesboro,!Va.,!in!late!1928!as!a!manufacturing!
site!for!acetate!rayon!fibers.!!Although!the!company!had!already!established!viscose!rayon!facilities!
in!Buffalo,!N.Y.,!Waynesboro!became!the!only!plant!devoted!to!the!acetate!process.!(DuPont!2011).!!
In!the!acetate!rayon!process,!elemental!Hg!was!reacted!with!sulfuric!acid!to!produce!a!mercuric!
sulfate!catalyst!for!an!intermediate!reaction!step.!!The!spent!mercuric!sulfate!catalyst!was!sent!to!a!
retort!operation!where!elemental!Hg!was!regenerated!for!reuse.!!Elemental!and!divalent!inorganic!
Hg!were!both!inadvertently!released!and!transported!into!surface!water,!sediment,!floodplain!soil,!
and!biota!of!the!South!River!and!part!of!the!South!Fork!Shenandoah!River.!!Bolgiano!(1981)!
estimated!that!!~44!tons!of!mercury!contamination!were!present!in!South!River!floodplain!soil,!and!
~800!kg!of!Hg!contamination!were!present!in!river!sediment.!

3.2 South!River!Hydrology!and!Geomorphic!Setting!
!
The!South!River!(Figure!2)!is!located!in!the!Valley!and!Ridge!geomorphic!province!of!Virginia.!The!
region!has!a!humid!temperate!climate,!with!average!January!and!July!temperatures!of!6!oC!and!29!
oC!respectively!(Staunton,!VA!sewage!plant).!!!Precipitation!is!highest!from!March!Z!September,!with!
an!annual!average!of!94!cm!(SERCC,!2012).!!!The!South!River!is!50!mi!in!length,!typically!65Z100!ft!
(20Z30!m)!wide!with!bankZfull!depths!ranging!from!7Z10!ft.!!Flowing!north!through!Waynesboro,!
VA,!the!South!River!joins!the!North!River!24!mi!downstream!near!Port!Republic!to!form!the!South!
Fork!Shenandoah!River.!The!South!Fork!Shenandoah!River!flows!~100!mi!to!Front!Royal,!Virginia,!
where!it!joins!the!North!Fork!Shenandoah!River!and!!
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Figure!2.!!South!River,!VA!Study!Area!for!Hg.!!Panel!C!shows!the!study!area!(thick!black!line).!!Panel!D,!
shows!the!sample!locations!and!the!distance!of!the!location!from!the!former!DuPont!plant!in!
Waynesboro,!VA!(located!at!RRM!0).!!From!Flanders!et!al.!(2010).!

!
forms!the!Shenandoah!River.!The!Shenandoah!River!drains!to!the!Potomac!River,!and!then!into!
Chesapeake!Bay.!!!The!South!River!watershed!has!an!area!of!62!mi2!(607!km2)!and!land!use!is!
typically!agricultural,!excluding!municipalities!that!include!Waynesboro!(Figure!3).!!The!river!has!
also!been!influenced!by!a!variety!of!engineering!structures!including!levees,!stabilized!banks,!dams!
and!other!channel!controls!in!Waynesboro!and!other!municipalities.!!!

The!South!River!is!a!single!thread!sinuous!gravel!bed!river,!and!is!bedrock!controlled.!!!The!bed!
material!consists!predominantly!of!gravelZsized!sedimentary!particles,!and!is!likely!in!motion!only!a!
few!times!per!year!during!flow!events!that!approach!or!exceed!full!stage.!!These!features!suggest!
relatively!low!rates!of!bank!erosion!and!channel!migration,!and!the!river!does!not!exhibit!features!
typical!of!channels!that!have!high!supply!of!sediment.!!Channels!with!a!large!supply!of!gravel!or!
sandZsized!sediment!may!be!braided,!and!they!typically!have!large,!mobile!alternate!or!midZchannel!
bars.!These!features!are!not!abundant!along!South!River.!!Alternatively,!channels!with!a!large!
supply!of!mudZsized!sediment!typically!exhibit!rapid!rates!of!floodplain!growth!and!deposits,!such!
as!alluvial!benches!that!form!on!the!margins!of!the!stream.!!These!features!are!also!not!observed!
along!the!South!River.!!The!river!channel!flows!in!a!valley!at!least!partially!filled!with!sediment!
deposited!by!the!stream!itself,!and!therefore!the!South!River!can!be!considered!to!have!some!
characteristics!of!an!alluvial!channel.!!However,!frequent!exposures!of!bedrock!affect!the!stream’s!!
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Figure!3.!!Land!Use!for!South!River!Watershed!from!Upstream!of!Waynesboro!to!Port!Republic!(From!
Eggleston!2009).!
!
!
ability!to!create!its!own!morphology!through!erosion!and!deposition,!and!a!mixed!classification!of!
bedrock!alluvial!is!appropriate.!!
!
The!section!of!the!South!River!from!Waynesboro!downstream!to!Port!Republic!can!be!divided!into!
two!reaches!with!different!geomorphic!characteristics!(Figure!4).!The!upper!reach!is!located!
between!RRM!0!and!about!RRM!13,!with!an!average!slope!of!0.0013!and!a!wide!floodplain!
composed!of!silty!alluvium.!The!lower!reach!(RRM!13!to!24)!has!an!average!slope!of!0.0024,!a!!

WaynesboroWaynesboro

Port RepublicPort Republic

WaynesboroWaynesboro

Port RepublicPort Republic
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Figure!4.!!Longitudinal!Profile!of!South!River!from!Waynesboro!to!Port!Republic.!(Pizzuto!et!al.,!2006).!

!
narrow!floodplain!composed!of!sandy!or!gravelly!alluvium,!and!abundant!forested!islands.!!!Several!
long!reaches!with!very!low!slope!(0.0005!to!0.0008)!exist!along!the!South!River,!ranging!in!length!
from!approximately!0.4!–!1.3!mi,!often!controlled!by!bedrock!outcrops.!!Floodplain!deposits!
exposed!on!the!banks!vary!from!cohesive!silt!and!clay!to!sand!and!gravel,!but!are!typically!cohesive!
sediments!composed!of!mixtures!of!sand,!silt,!and!clay.!!

While!the!river!bed!is!predominantly!gravel!sized!(approx.!85%!of!total!bed!area!on!average),!there!
are!areas!with!fine!material!(Figure!5),!including!pools!caused!by!bedrock!or!old!mill!dams,!channel!
margins,!side!channel!backwaters!where!flow!separates!around!islands,!and!bank!obstructions!
usually!caused!by!downed!trees,!which!are!common!along!the!channel.!!Storage!of!fineZgrained!
sediment!and!organic!material!is!of!particular!significance!to!Hg!in!the!South!River,!because!Hg!is!
more!strongly!bound!to!these!deposits,!which!are!potential!locations!of!Hg!methylation.!!!

4 Spatial!and!Temporal!Trends!for!Mercury!Contamination!in!the!South!River!
!

4.1 Spatial!extent!of!Mercury!contamination!
!
Elevated!Hg!concentrations!continue!to!be!observed!downstream!of!the!former!DuPont!plant!in!
water,!sediment,!and!fish!(Figure!6).!!!Smallmouth!bass!concentrations!in!excess!of!3!µg!gZ1!were!
measured!in!the!South!River!in!2007.!!At!Port!Republic,!there!is!a!decline!in!fish!Hg!levels!where!the!
South!River!converges!with!the!North!River,!but!fish!remain!elevated!and!continue!to!decline!
downstream!as!far!as!Berryville,!VA!near!the!Route!7!bridge.!!The!current!fish!consumption!
impairment!listing!for!mercury!extends!~150!mi!downstream!of!the!former!DuPont!plant,!including!
a!portion!of!the!South!River!(~24!mi),!the!full!length!of!the!South!Fork!Shenandoah!River!from!Port!
Republic!to!Front!Royal,!VA!(~100!mi),!a!short!section!of!the!North!Fork!Shenandoah!!
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Figure!5.!!Areas!Tending!to!Collect!FineFGrained!Material!in!the!South!River:!!(a)!Pools!with!low!slopes!
(example!looking!upstream!near!Dooms)!where!mud!storage!occurs!on!both!sides!of!the!pool;!(b)!Just!
downstream!of!riffles!in!the!channel!margins!where!large!woody!debris!exists;!(c)!Bank!obstructions!
such!as!living!trees;!(d)!Side!channel!backwaters,!e.g.,!downstream!of!channel!bifurcations!around!
islands.!(Pizzuto!et!al.,!2006).!

!
River!upstream!to!the!Riverton!Dam!(~0.6!mi),!and!the!mainstem!Shenandoah!River!to!its!
confluence!with!Craig!Run!near!the!West!Virginia!State!Line!(~30!mi)!(Eggleston,!2009).!!!!!

Hg!concentrations!also!clearly!increase!downstream!of!the!former!DuPont!plant!in!the!river!banks,!
sediment,!and!water!column!(Figure!!and!Figure!).!!!Peak!Hg!concentrations!in!water!and!sediments!
do!not!occur!in!the!immediate!vicinity!of!the!former!DuPont!plant!facility.!!!Sediment!Hg!and!
unfiltered!inorganic!Hg!concentrations!in!water!peak!in!the!vicinity!of!RRM!5Z10.!!Filtered!inorganic!
Hg!and!filtered!MeHg!concentrations!in!water!and!fish!peak!slightly!farther!downstream!in!the!
vicinity!of!RRM!10Z15.!!This!pattern!is!consistent!with!historical!releases!from!a!point!source,!now!
ceased,!and!a!current!situation!where!inorganic!Hg!and!MeHg!sources!are!broadly!distributed!along!
the!length!of!the!river.!!Increasing!concentrations!are!expected!in!the!water!column!traveling!
downstream!wherever!mercury!supply!from!contaminated!sediments!exceeds!natural!removal!
rates.!!!At!some!point!downstream,!a!tipping!point!is!reached!where!mercury!loading!is!exceeded!by!
losses!in!a!reach,!and!concentrations!begin!to!decline!traveling!farther!downstream.!!While!it!is!
possible!that!there!are!differences!in!methylation!efficiency!along!the!river,!this!is!not!required!to!
explain!observed!peaks!downstream!of!the!facility!(and!would!not!apply!to!inorganic!Hg).!!!

The!concentrations!of!THg!in!interstitial!sediment!were!assessed!at!regular!intervals!up!to!130!
river!miles!from!the!former!DuPont!plant!in!2007!by!VADEQ!(Jordan,!2008).!Samples!were!
collected!from!within!the!gravel!matrix!of!the!river!bed!at!intervals!ranging!from!0.1!to!8.3!miles!
apart.!The!concentrations!of!THg!decline!downstream!of!the!confluence!of!the!North!and!South!
Rivers!at!RRM!25!and!remain!at!levels!<1!µg/g!beyond!that!point!(Figure!7).!!
!
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Figure!6.!!SizeFnormalized!Smallmouth!Bass!Tissue!Methylmercury!and!Water!Column!Mercury!in!the!
South!River!and!South!Fork!Shenandoah!River!Downstream!from!the!Former!DuPont!Plant!in!
Waynesboro,!VA.!(U.S.!Geological!Survey,!2009).!

!

Figure!7.!!The!THg!concentration!in!interstitial!sediment!collected!in!2007!by!the!VADEQ.!Data!are!
taken!from!Jordan!(2008).!The!xFaxis!shows!the!location!of!sampling,!with!the!location!of!the!historic!
point!source!at!RRM!0.!The!confluence!of!the!North!and!South!Rivers!occurs!at!approximately!RRM!25.!!

4.2 Temporal!trends!for!Mercury!in!the!South!River.!
!
The!first!measurements!of!fish!mercury!concentrations!in!the!South!River!were!made!in!1977.!!In!a!
settlement!between!DuPont!and!the!State!Water!Control!Board!in!1984,!DuPont!established!a!trust!
fund!to!support!a!100Zyear!monitoring!program!for!mercury.!This!fund!is!managed!by!the!Virginia!
Department!of!Environmental!Quality!and!has!supported!monitoring!for!fish,!water,!and!sediments!!
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Figure!8.!!Average!THg!Concentrations!in!Eroding!Banks,!Bed!Sediment,!and!FineFGrained!Channel!
Margin!Deposits.!!!Figure!from!Pizzuto!et!al.!(2006).!!Sediment!Data!from!Flanders!et!al.!(2010).!

!

Figure!9.!!Inorganic!Hg!and!MeHg!Concentrations!and!Partitioning!in!South!River!Waters!Downstream!
of!the!Former!DuPont!Plant.!!XFaxis!is!Distance!Downstream!of!Plant.!!(a)!Inorganic!Hg(II)!
concentrations!on!suspended!particulates!and!in!filtered!samples;!(b)!MeHg!concentrations!on!
suspended!particulates!when!temperatures!were!greater!and!less!than!12!oC;!(c)!MeHg!concentrations!
in!filtered!samples!when!temperatures!were!greater!and!less!than!12!oC;!(d)!Inorganic!Hg(II)!and!
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MeHg!particleFwater!distribution!coefficient!(log10!Kd).!!Reprinted!with!permission!from!Flanders!et!
al.!(2010).!!

since!that!time.!!In!1984,!scientists!expected!that!the!mercury!levels!would!decline!over!time.!
However,!information!collected!over!the!last!20!years!indicates!that!fish!tissue!levels!are!remaining!
stable,!with!no!clear!decreases!over!time.!!Mercury!concentrations!in!surface!waters!of!the!South!
River!have!also!showed!no!significant!decline!from!2004!to!2011!(Figure!).!

Sediments!often!contain!valuable!information!on!the!history!of!Hg!loading.!!!Mixing!rates!in!the!
South!River!are!too!active,!however,!to!preserve!the!record!of!Hg!contamination!in!surface!
sediments.!!To!address!the!confounding!effects!of!mixing,!Skalak!and!Pizzuto!(2010)!dated!
sediment!deposits!at!various!depths!using!C,!Pb,!and!Cs!isotopes,!and!developed!a!reconstruction!of!
the!history!of!Hg!contamination!in!the!South!River!(discussed!in!section!5.3).!

!

Figure!10.!!Filtered!THg!and!MeHg!Concentrations!from!2004F2011!at!Various!Locations!in!the!South!
River.!!Figure!from!Flanders!et!al.!(2010).!!Numbers!in!Shaded!Areas!Are!Distances!Downstream!of!the!
Former!DuPont!Plant!(Relative!River!Mile).!

5 Mercury!Cycling!and!Bioaccumulation!in!the!South!River!
!

The!persistence!of!elevated!fish!Hg!concentrations!in!the!South!River!is!due!to!a!combination!of!
factors!(Figure!).!!Hg!releases!from!the!former!DuPont!plant!from!1929Z1950!were!distributed!
widely!downstream!in!the!river!bed,!river!banks!and!floodplain.!!!Erosion!rates!in!the!river!are!not!
rapid!from!a!geomorphological!perspective,!but!the!high!Hg!concentrations!in!eroded!material!are!
sufficient!to!meaningfully!increase!Hg!loading!to!the!river.!!While!storm!flows!were!rare!in!the!
South!River!in!the!1950sZ1970s,!this!period!also!saw!the!removal!of!several!dams!on!the!South!
River,!that!may!have!changed!the!hydraulic!regime!and!remobilized!particles!(Pizzuto!and!O’Neal,!
2009)!and!associated!legacy!Hg!deposits.!!FineZgrained!material!is!stored!in!the!river!bed!in!the!
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interstices!of!coarse!gravel!material!as!well!as!in!fineZgrained!channel!margin!deposits.!!FineZ
grained!material!in!the!river!bed!is!gradually!replaced!on!a!scale!of!decades!(Pizzuto,!2011),!but!
particles!newly!supplied!to!the!river!and!sediments!via!river!bank!erosion!remain!contaminated!
with!legacy!Hg!deposits.!!Dissolved!transport!of!mercury!from!legacy!deposits!also!contributes!Hg!
to!sites!of!methylation!in!river!bed!sediments.!!Multiple!lines!of!evidence!point!to!the!coarseZ
grained!gravel!beds!as!well!as!the!fineZgrained!(channel!margin)!sediment!deposits!as!sites!of!
methylation.!!Increased!MeHg!production!occurs!in!the!river!bed,!resulting!in!higher!MeHg!
concentrations!in!aquatic!biota.!!!While!bank!erosion!is!likely!the!largest!single!process!supplying!
legacy!Hg!contamination!to!the!South!River,!there!are!other!contributing!processes,!and!the!
solution!to!elevated!fish!Hg!concentrations!in!the!South!River!may!require!a!suite!of!remedial!
actions.!!Additional!information!on!the!sources,!transport,!fate!and!bioaccumulation!of!Hg!is!
provided!in!the!remainder!of!this!report!chapter.!
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Figure!11.!!Conceptual!Site!Model!Schematic!of!Hg!Cycling!and!Bioaccumulation!in!the!South!River,!VA.!!
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5.1 Sources+of+Mercury+to+Fish+in+the+South+River+
!

The!conceptual!model!focuses!on!Hg!sources!that!are!methylated!and!ultimately!bioaccumulate!in!
smallmouth!bass.!!These!Hg!sources!may!occur!either!as!direct!MeHg!loads!or!as!inorganic!Hg!loads!
that!are!subsequently!methylated,!and!include:!

• residual!seepage!from!the!former!DuPont!plant!outfall,!!
• tributaries,!!
• groundwater,!!
• floodplain!runoff,!!
• inflows!from!upstream,!!
• bank!erosion,!!
• bank!leaching,!and!!
• fluxes!from!legacy!Hg!contamination!from!deeper!sediments!to!surface!sediments.!!!

The!USGS!showed!during!development!of!the!TMDL!model!that!atmospheric!deposition!is!a!
negligible!contributor!(<!0.03%)!to!Hg!loading!in!the!contaminated!portion!of!the!South!River!
(Eggleston,!2009).!!!

Multiple!lines!of!evidence!(mass!balance!calculations,!benthic!flux!chamber!studies,!and!mass!
transfer!models)!suggest!that!inPsitu!methylation!occurs!in!surface!sediments!in!areas!with!fineP
grained!material!(Yu!et!al.,!2011).!!In!the!South!River,!this!includes!both!the!coarsePgrained!gravel!
beds,!which!comprise!approximately!85%!of!the!total!river!bed!area,!and!finePgrained!(channel!
margin)!sediment!deposits,!which!account!for!the!remaining!15%.!!While!reported!in!anoxic!
freshwaters,!waterPcolumn!production!of!MeHg!is!unlikely!in!this!river!setting.!!Zones!of!
methylation!in!sediments!currently!hold!legacy!inorganic!Hg!contamination!that!will!take!time!to!
dissipate!even!if!external!sources!are!completely!eliminated.!!!However,!there!is!evidence!in!the!
literature!and!from!our!laboratory!studies!at!the!University!of!Waterloo!that!“aged”!particleP
associated!mercury!in!the!river!bed!may!be!less!bioavailable!than!“fresh”!inorganic!Hg!entering!the!
system!from!eroding!banks!and!the!plant!outfall.!!This!is!a!potential!contributor!to!the!natural!
recovery!of!the!system!if!inputs!from!eroding!banks!are!reduced.!!

The!area!of!greatest!Hg!contamination!in!the!river!is!between!RRM!0!and!RRM!10.!!This!reach!not!
only!contains!the!original!point!of!Hg!release,!but!it!also!has!a!gentler!river!slope!and!wider!
floodplain.!!A!conceptual!model!of!Hg!loading,!cycling!and!bioaccumulation!was!first!developed!for!
this!portion!of!the!river.!!Independent!estimates!were!made!for!each!potential!inorganic!Hg!source!
to!zones!of!methylation!in!sediments,!using!data!from!a!wide!range!of!existing!field!and!laboratory!
studies,!including!the!Phase!I!and!II!Ecological!Studies,!RCRA!corrective!action!studies!at!the!former!
DuPont!plant,!Virginia!DEQ!monitoring!studies,!the!South!River!Hg!TMDL,!river!morphology!
studies,!laboratory!sediment!leaching!studies,!and!benthic!chamber!flux!data!(Turner!and!Jensen,!
2007;!!Virginia!DEQ,!2008a,b;!Eggleston,!2009;!HydroQual,!2009;!Pizzuto,!2011;!Pizzuto,!2012;!
Landis!and!Flanders,!2008;!Desrochers!et!al.,!2011;!Desrochers!et!al.,!2010;!Ptacek!et!al.,!2011;!Dyer!
et!al.,!2011b;!Dyer!and!Landis,!2010;!Dyer!et!al.,!2010a;!Dyer,!et!al.,!2010b;!Dyer,!2008;!Dyer,!2007).!!
More!detailed!information!describing!the!approach!and!assumptions!used!to!calculate!each!flux!is!
provided!in!Appendices!A!through!G.!

Estimated!Hg!sources!and!abiotic!fluxes!ultimately!leading!to!MeHg!accumulation!in!smallmouth!
bass!from!RRM!0P10!are!presented!in!Figure!1.!!!The!largest!source!is!estimated!to!be!bank!erosion!
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of!legacy!inorganic!Hg!previously!released!from!the!facility!and!deposited!in!nearPbank!areas!(40P
60%).!!Statistical!models!(Green,!2011)!developed!independently!of!the!conceptual!model!similarly!
predict!bank!erosion!to!be!a!primary!source!of!Hg!affecting!fish!Hg!levels!in!the!South!River.!!
Several!studies!also!demonstrate!increases!in!waterPcolumn!Hg!concentrations!from!RRM!0!to!RRM!
10,!and!strongly!suggest!bank!erosion!as!an!important!component!of!the!increase.!!During!a!oneP
day!sampling!study,!increases!in!Hg!mass!in!the!water!column!from!RRM!P2.7!to!5.0!were!observed!
(Dyer!et!al.,!2011a).!!Independent!studies!by!HydroQual,!Inc.!(2009)!concluded!that!bank!erosion!
was!needed!to!explain!net!loading!of!THg!to!the!water!column!for!the!reach!from!RRM!0!to!RRM!24.!!
Hg!loading!from!banks!ranges!from!1!to!4!g!Hg!dP1!per!mile!from!RRM!0!to!10!according!to!Pizzuto!
(2012).!!Modeling!by!the!USGS!(Eggleston,!2009)!using!a!numerical!watershed!simulation!model!
(HSPF)!concluded!that!the!combined!river!banks!and!sediment/gravel!beds!(termed!channel!
margin!inputs!by!the!USGS)!accounted!for!84%!of!the!inorganic!Hg!mass!loading!in!the!bulk!water!
column!in!the!South!River.!!This!was!inferred!by!difference,!however,!because!the!sum!of!the!HSPF!
model!loading!terms!(i.e.,!floodplain!runPoff,!groundwater!discharge,!point!sources,!direct!
precipitation,!and!interflow!discharge)!was!largely!unable!to!explain!observed!increases!in!Hg!
concentrations!along!the!river.!
!
Bulk!loading!of!Hg!to!the!water!column!from!bank!erosion!is!not!necessarily!equivalent!to!the!
loading!of!Hg!that!is!delivered!to!sites!of!methylation.!!Particles!with!low!sorbed!Hg!concentrations,!
for!example,!could!actually!adsorb!additional!dissolved!Hg,!rather!than!release!it!to!the!dissolved!
phase.!!Addition!of!lowPHgPconcentration!particles!to!a!contaminated!system!could!in!fact!be!
considered!as!a!remedial!option!to!lower!the!concentration!of!Hg!available!for!methylation,!even!
though!the!particles!would!add!some!Hg!to!the!bulk!phase!water.!!Hg!contamination!on!particles!
could!also!be!so!strongly!bound!in!some!situations!that!little!of!the!Hg!loaded!to!the!water!column!
will!desorb!and!become!available!for!methylation.!!In!the!South!River,!however,!sediment!and!soil!
leaching!experiments!at!the!University!of!Waterloo!(Desrochers!et!al.,!2011)!have!clearly!shown!
that!Hg!contamination!is!readily!desorbed!from!bank!material!and!floodplain!soils!into!dissolved!
and!colloidal!forms!of!inorganic!Hg.!!While!it!is!difficult!to!quantify!the!precise!fraction!of!the!Hg!on!
solids!that!leaches/desorbs!and!contributes!to!methylation,!there!is!a!high!potential!for!this!to!
occur.!!Filtered!concentrations!of!inorganic!Hg!also!increase!from!RRM!0!to!RRM!10.!

Attempts!to!close!the!mass!balance!for!filtered!(dissolved)!inorganic!Hg!in!the!water!column!had!an!
insufficient!supply!of!dissolved!Hg!unless!desorption!of!inorganic!Hg!from!eroding!bank!soils!was!
included!in!the!mass!balance!model.!!Benthic!flux!chamber!data!and!predictive!mass!transfer!flux!
models!could,!at!most,!account!for!~50%!(5!g/d)!of!the!filterPpassing!inorganic!Hg!load!in!the!water!
column!(9.5!g/d)!over!the!10Pmile!reach!from!RRM!0!to!10.!!The!remaining!4.5!g/d!is!attributed!to!
desorption!from!eroding!bank!soils!and/or!bank!leaching.!!Independent!calculations!indicate!that!
less!than!0.5%!of!the!total!inorganic!Hg!available!in!eroding!bank!soils!needs!to!desorb!to!close!the!!
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!
Figure+12.+Hg+Sources+and+Abiotic+Pathways+Leading+to+MeHg+Accumulation+in+Smallmouth+Bass+in+the+
South+River+Under+Baseflow+Conditions+from+RRM+0+to+10.++Figure!from!Dyer!et!al.!(2011a).!!Values!are!
the!percent!of!MeHg!supply!to!smallmouth!bass.!!The!green!box!represents!compartments!at!base!of!
ecosystem!that!are!primary!connections!to!MeHg!in!the!food!web.+

!
mass!balance!for!filtered!inorganic!Hg.!!This!is!in!contrast!to!MeHg!where!both!filtered!and!total!
loads!in!the!water!column!can!be!accounted!for!by!measured!and!modeled!fluxes!from!the!river!
bed.!!More!detail!on!the!reconciliation!of!the!benthic!flux!chamber!studies!with!the!mass!balance!
calculations!can!be!found!in!Appendices!B!through!F.!
!
The!second!largest!source!of!inorganic!Hg!that!ultimately!bioaccumulates!as!MeHg!in!smallmouth!
bass!is!advective/diffusive!fluxes!of!inorganic!Hg!from!legacy!contamination!in!deeper!sediments!
(15P35%).!!Benthic!flux!chamber!studies!and!mass!transfer!model!calculations!indicate!that!average!
total!Hg!flux!rates!due!to!advection!plus!diffusion!from!the!river!bed!are!on!the!order!of!0.5!g!dP1!per!
mile!from!RRM!0!to!10!as!compared!to!Hg!loading!from!banks!which!ranges!from!1!to!4!g!Hg!dP1!per!
mile!from!RRM!0!to!10!(Dyer!et!al.!2010a,b;!Dyer!and!Landis!2010).!!For!MeHg,!benthic!flux!
chamber!studies!and!mass!transfer!model!calculations!indicate!that!average!total!MeHg!flux!rates!
due!to!advection!plus!diffusion!from!the!river!bed!are!on!the!order!of!0.05!g!dP1!per!mile!from!RRM!
0!to!10!(Dyer!et!al.!2010a,b;!Dyer!and!Landis!2010).!!Refer!to!Appendix!G!for!more!details.!!!

Residual!seepage!from!the!former!DuPont!plant,!bank!leaching,!and!inflows!from!upstream!are!all!
estimated!to!be!less!significant!sources!of!inorganic!Hg!that!ultimately!bioaccumulate!in!
smallmouth!bass!as!MeHg!(Figure!1).!!Direct!external!loads!of!MeHg!from!banks!and!the!floodplain!
are!also!estimated!to!be!of!minor!importance.!!Due!to!the!greater!presence!of!coarserPgrained!
embedded!gravel!beds!in!the!river!compared!to!finePgrained!sediment!areas!(roughly!85%!vs.!15%!
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on!an!area!basis),!the!majority!of!MeHg!supply!in!the!river!is!expected!to!be!from!interstitial!areas!
of!the!embedded!gravel!beds.!!Higher!inorganic!Hg!and!MeHg!porewater!concentrations!in!fineP
grained!sediment!areas!of!the!river!resulted!in!slightly!greater!weighting!of!finePgrained!sediment!
areas!compared!to!using!just!areal!coverage.!!

Major!storms!(e.g.,!flow!>!1000!ft3!sP1)!have!the!potential!to!mobilize!Hg!and!induce!a!newly!
contaminated!system!state!via!mechanisms!including:!
!

• Increased!erosion!rates!in!river!banks!and!the!river!bed;!!
• Higher!water!levels,!resulting!in!greater!areas!of!inundated!banks;!
• Increased!loading!of!inorganic!Hg!to!the!river!via!floodplain!runoff;!
• Increased!interflow!(soil!water!drainage);!
• Side!channels!that!are!not!part!of!the!lowPflow!regime!may!become!inundated!and!better!

connected!hydrodynamically!with!the!river.!!These!areas!may!also!experience!increased!
erosion!compared!to!lowPflow!conditions.!

!
The!above!mechanisms!may!be!at!least!partly!offset!by!the!introduction!of!lowPmercury!sediments!
from!upstream!and!reduced!erosion!of!contaminated!soil!from!stabilized!river!banks.!!!Flanders!et!
al.!(2010),!for!example,!reported!lower!Hg!concentrations!on!particles!during!periods!of!high!flow!
in!the!South!River,!presumably!due!to!the!influx!of!lowerPHg!solids!and!water!from!upstream.!!The!
impact!of!major!storms!will!be!considered!as!the!evergreen!conceptual!model!presented!in!this!
report!is!further!refined!during!the!remedial!options!phase.!!!!
!
Downstream!of!RRM!10,!river!conditions!change,!and!it!cannot!be!assumed!that!the!conclusions!
reached!upstream!of!RRM!10!also!apply!downstream.!!The!river!slope!steepens!from!an!average!of!
0.0013!m/m!from!RRM!0P10!to!0.0024!m/m!from!RRM!10P24!(Pizzuto!et!al.,!2006).!!FinePgrained!
deposits!are!less!common!in!the!steeper!river!reach,!and!the!floodplain!is!narrower.!!There!was!
therefore!less!of!a!tendency!for!mercury!releases!from!the!former!DuPont!plant!to!accumulate!in!
this!stretch!of!the!river!and!floodplain.!!Under!baseflow!conditions,!an!incremental!loading!analysis!
performed!by!HydroQual!(2009)!showed!that!net!loading!of!total!Hg!to!the!water!column!is!often!
negative!downstream!of!RRM10.!!It!is!expected!that!the!primary!source!of!Hg!downstream!of!RRM!
10!under!baseflow!conditions!shifts!from!river!banks!to!inflows!from!upstream.!!An!implication!of!
this!finding!is!that!fish!MeHg!exposure!downstream!of!RRM!10!might!be!significantly!reduced!if!Hg!
contamination!upstream!was!addressed.!!The!HSPF!model!used!by!the!USGS!in!the!development!of!
the!Hg!TMDL!for!the!South!River!(Eggleston,!2009)!suggests!that!floodplain!runoff!during!storms!
becomes!a!more!important!contributor!to!annual!Hg!loading!to!the!water!column!downstream!of!
RRM!10.!!During!highPflow!events!(>!1000!ft3!sP1),!net!Hg!loading!to!the!water!column!becomes!
positive!downstream!of!RRM!10!due!to!increased!contributions!from!bank!erosion!and!floodplain!
runoff!(HydroQual,!2009).!!!
!

5.2 MeHg+Bioaccumulation+in+the+South+River.+
+

MeHg!produced!in!sediments!moves!into!the!base!of!the!foodweb!before!ultimately!being!
accumulated!by!smallmouth!bass!(excluding!the!minor!direct!uptake!across!the!gills).!!
Compartments!at!the!base!of!the!foodweb!include!periphyton,!surface!coatings!on!rocks,!seston!
(TSS),!submerged!aquatic!vegetation,!and!detritus/fine!sediments!(Figure!1).!!Bioenergetics!
modeling!by!predicted!differing!degrees!of!importance!for!each!of!these!compartments!as!a!source!
of!MeHg!that!ends!up!in!smallmouth!bass!(Figure!1).!!Field!studies!and!modeling!were!used!to!
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identify!the!trophic!structure!of!the!aquatic!foodweb!in!the!South!River!and!associated!MeHg!fluxes!
(Figure!13).!!Field!studies!included!fish!capture!and!stomach!content!analyses!for!several!fish!
species,!foodweb!C/N!isotopic!studies!(Newman!et!al.,!2011),!invertebrate!dietary!studies!(Merritt!
and!Aotoni,!2008),!and!MeHg!uptake!studies!for!mayfly!nymph!and!crayfish.!!MeHg!dynamics!in!
smallmouth!bass,!redbreast!sunfish!and!common!shiner!were!simulated!using!the!BASS!
bioenergetics!model!(Barber,!2006).!!Consistent!with!several!other!studies,!90%!or!more!of!the!
estimated!MeHg!supply!to!fish!was!via!the!diet,!rather!than!gill!uptake.!!Approximately!90%!of!the!
predicted!dietary!uptake!of!MeHg!by!smallmouth!bass!was!via!aquatic!organisms,!while!~10%!was!
via!consumption!of!terrestrial!insects.!!When!the!origin!of!MeHg!supply!to!smallmouth!bass!was!
traced!back!to!the!base!of!the!food!web!in!simulations,!an!important!link!to!the!water!column!was!
predicted,!with!half!or!more!of!the!MeHg!ultimately!accumulated!by!smallmouth!bass!being!derived!
from!seston!and!filtered!water,!while!roughly!one!third!was!taken!up!by!periphyton,!surface!
coatings,!and!detritus!associated!with!sediments!or!the!sedimentPwater!interface!(where!a!water!
component!to!MeHg!exposure!is!also!likely!involved).!!It!is!not!clear!how!quickly!MeHg!exchange!
occurs!among!these!various!compartments!at!the!base!of!the!food!web,!but!it!could!be!rapid.!!!
!
!

!

Figure+13.++Conceptual+Model+of+the+Flow+of+MeHg+Through+the+Foodweb+to+Smallmouth+Bass+in+the+
South+River.+

Additional!information!on!the!estimation!of!food!web!transfer!of!MeHg!to!smallmouth!bass!is!
included!in!Appendix!H.!
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Storms!have!the!potential!to!impact!the!biological!conditions!affecting!MeHg!production!and!
bioaccumulation!in!aquatic!(and!terrestrial)!biota!via:!
!

• Increased!MeHg!production!associated!with!wet/dry!cycling.!!This!has!been!observed!in!
some!situations!(e.g.,!Gustin!et!al.,!2006)!and!could!be!relevant!for!storms!in!the!South!River!
and!its!floodplain;!

• Potential!changes!in!aquatic!invertebrate!biomasses!and!community!structure,!although!
evidence!exists!that!effects!are!shortPterm!in!duration!(Hendricks!et!al.,!1995);!

• Shifts!in!fish!food!habits,!reproduction,!bioenergetics,!and!MeHg!uptake.!

!
These!hypotheses!on!the!effects!of!storms!require!further!evaluation,!as!well!as!the!assumption!that!
all!MeHg!supplied!to!different!compartments!at!the!base!of!the!aquatic!system!is!quickly!
exchangeable!among!compartments.!!!
!

5.3 What+Controls+the+Natural+Rate+of+Recovery+of+Mercury+in+the+System?+
!

Mercury!is!largely!associated!with!fines!(fine!sands,!silts,!and!clays)!in!the!South!River!channel.!!
Fine!sediments!are!mainly!found!in!two!places!within!the!river!channel—the!interstices!of!the!
coarse!embedded!gravel!beds!and!along!the!channel!margins!as!finePgrained!channel!deposits.!!
These!might!be!considered!internal!or!secondary!sources!of!inorganic!Hg—a!portion!of!which!is!
bioavailable!to!methylating!bacteria.!!There!are!also!ongoing!external!or!primary!sources!of!
inorganic!Hg,!including!the!former!DuPont!plant!outfall!(minor)!and!eroding!HgPcontaminated!bank!
soils!(a!major!external!source).!!The!presence!of!these!ongoing!external!sources!helps!explain!why!
the!system!has!not!recovered!to!date.!!!

FinePgrained!channel!margin!(FGCM)!deposits!in!the!river!bed!typically!include!a!mix!of!newer!and!
older!deposits,!whose!sediments!are!supplied!from!local!bank!erosion!and!other!sources!upstream!
in!the!watershed.!!!Average!FGCM!deposits!are!in!the!range!of!10P30!years!old,!although!some!
sediments!in!FGCM!deposit!may!be!nearly!100!years!old!(Pizzuto!et!al.,!2006).!!Over!a!period!of!
decades,!solids!contaminated!with!Hg!mix!with!lower!Hg!particles,!resulting!in!declining!Hg!
concentrations!in!finePgrained!deposits!in!the!river!bed.!!!The!decline!in!Hg!concentrations!at!a!
given!location!is!not!necessarily!linear!with!time.!!Three!stages!in!the!evolution!of!FGCM!deposits!
are!shown!conceptually!in!Figure!1.!!FGCM!deposits!begin!to!form!when!obstacles!such!as!fallen!
trees!or!dams!occur,!creating!relatively!quiescent!zones.!!!FGCM!deposits!then!accumulate!where!
the!velocities!and!particle!sizes!are!favorable,!with!intermittent!periods!of!erosion!and!deposition,!
until!a!relatively!stable!layer!thickness!develops.!!Particle!exchange!may!occur!as!new!particles!
deposit!and!older!particles!are!resuspended.!!This!scenario!continues!until!high!flow!rates!or!
human!intervention!removes!the!obstruction,!resulting!in!the!mobilization!and!destruction!of!the!
deposit.!!!!!

Tree!obstructions!are!ongoing!occurrences!in!the!river!as!treed!banks!erode.!!It!is!difficult!to!assign!
a!lifetime!to!large!woody!debris!in!the!river,!as!this!could!range!from!decades!if!fallen!trees!are!left!
in!place,!to!much!shorter!periods!if!the!trees!are!actively!removed.!!Nine!dams!were!visible!on!aerial!
photographs!taken!in!1937.!!All!of!these!dams!had!been!breached!by!2005,!and!only!the!dam!at!!

!
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!

Figure+14.++Conceptual+Model+for+Temporal+Evolution+of+FineNGrained+Channel+Margin+Deposits+in+the+
South+River+(from+Pizzuto+et+al.,+2006).+

!

Dooms!(~RRM!5)!continues!to!exert!a!significant!control!on!the!water!surface!elevation.!!Thus,!the!
majority!of!the!fine!material!that!collected!due!to!dam!creation!has!likely!been!remobilized!and!
deposited!elsewhere,!although!several!dams!still!have!remains!of!foundations,!creating!pooled!
reaches!along!the!river!that!likely!have!enhanced!storage!of!finePgrained!sediment.!!!

Another!factor!that!may!have!affected!the!historical!rate!of!recovery!of!Hg!levels!in!the!South!River!
is!changes!in!land!use.!!Jacobson!and!Coleman!(1986)!proposed!a!history!of!floodplain!and!river!
morphology!for!the!midPAtlantic!region!where!land!use!for!agriculture!in!the!early!20th!century!
resulted!in!increased!river!erosion!and!floodplain!deposition!of!solids.!!The!subsequent!conversion!
of!agricultural!lands!back!to!forested!areas!in!the!mid!20th!century!would!then!reduce!discharges!
and!accumulation!of!solids!in!floodplains,!and!result!in!lateral!migration!of!streams!(Figure!).!!If!the!
Jacobson!and!Coleman!model!is!applicable!to!the!South!River,!the!operation!of!the!former!DuPont!
plant!at!a!time!of!peak!agricultural!land!use!could!have!resulted!in!more!extensive!floodplain!
deposits!of!Hg.!!Site!investigations!over!the!past!6!years!indicate,!however,!that!at!least!some!
features!of!the!South!River!are!not!consistent!with!the!Jacobson!and!Coleman!model.!!Current!rates!
of!bank!erosion!and!lateral!migration!of!the!river!are!slower,!for!example,!than!would!be!expected!
using!the!Jacobson!and!Coleman!model,!although!still!important!for!Hg.!!!

A!basic!question!for!Hg!in!the!South!River!is!how!long!will!60+!yearPold!Hg!deposits!in!the!river!and!
floodplains!continue!to!be!mobilized!and!biologically!available.!!Skalak!and!Pizzuto!(2012)!
reconstructed!the!history!of!Hg!concentrations!on!particles!in!the!South!River!from!1930!to!the!
present,!and!forecasted!future!scenarios!if!eroding!banks!continue!to!contribute!mercury!to!the!
river!(Figure!16).!!Peak!Hg!concentrations!on!particles!supplying!the!FGCM!deposits!were!assumed!
to!occur!in!1950!and!range!from!820!and!900!µg!gP1,!based!on!the!maximum!observed!sediment!Hg!
concentration!in!the!river.!!This!information!was!combined!with!observed!distributions!for!Hg!
concentrations!and!ages!of!sampled!FGCM!deposits,!and!a!probabilistic!technique!was!used!to!!
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Figure+15.+Model+of+the+development+of+midNAtlantic+floodplains+and+river+channels+proposed+by+
Jacobson+and+Coleman+(1986)+

!
estimate!the!historical!pattern!of!Hg!concentrations!in!particles!in!the!river.!!The!reconstruction!is!
characterized!by!peak!Hg!levels!in!the!water!column!in!1950!and!in!sediments!circa!the!late!1950s,!
followed!by!declines!of!two!orders!of!magnitude!to!current!observed!FGCM!concentrations!on!the!
order!of!10!µg!gP1.!!A!lag!between!Hg!peaks!in!the!water!column!and!sediments!is!reasonable!given!
that!it!takes!time!for!sediments!to!respond!to!a!change!in!load!from!the!water!column.!!The!above!
approach!suggests!that!sediments!could!respond!to!a!change!in!load!with!a!half!life!of!
approximately!20!years.!!The!equations!used!in!the!reconstruction!also!predicted!continuing!
declines!in!Hg!concentrations!in!sediments!in!the!future,!on!a!decadal!scale.!!!Data!from!an!
individual!sediment!core!at!Dooms!(Figure!16)!showed!a!lower!peak!(~300!µg!gP1)!and!more!rapid!
decline!to!concentrations!which!remained!relatively!stable,!on!the!order!of!10!µg!gP1!since!about!
1970.!!It!is!not!currently!clear!whether!the!future!trajectory!implied!from!the!Dooms!core!or!the!
reconstruction!approach!is!most!likely.!!This!is!relevant!when!assessing!the!likely!rate!of!decline!of!
fish!Hg!concentrations,!given!the!significant!relationship!observed!in!the!South!River!between!THg!
in!water!and!fish!Hg!(U.S.!Geological!Survey,!2009).!!Both!scenarios!described!above!suggest,!
however,!that!particle!concentrations!in!fine!grained!channel!margin!deposits,!and!fish!Hg!levels!by!
inference,!would!remain!at!elevated!levels!for!decades!or!longer!in!the!absence!of!remedial!actions.!!!

Pizzuto!(2011)!estimated!that!the!primary!repository!for!Hg!eroded!in!the!contaminated!river!
reach!is!the!floodplain.!!Between!RRM!0!and!RRM!23.6,!overbank!deposition!of!solids!in!the!
floodplain!(~650!tonnes!of!solids!yrP1)!currently!exceeds!bank!erosion!(~240!tonnes!yrP1).!!Once!!
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!
Figure+16.+Preliminary+Reconstruction+of+the+History+of+Hg+Contamination+in+the+South+River+(from+
Skalak+and+Pizzuto,+2012).+

!
deposited!in!the!floodplain,!particles!have!long!estimated!storage!times,!on!the!order!of!4500P5000!
years.!!Given!the!strong!binding!capacity!for!Hg!on!solids,!this!suggests!that!Hg!deposits!in!the!
floodplain!will!remain!in!storage!for!long!periods.!!Solids!and!associated!Hg!deposits!in!the!river!
and!floodplain!from!RRM!0P24!are!estimated!to!be!slowly!moving!downstream!with!a!velocity!on!
the!order!of!9!±7!m!yrP1!(treating!Hg!as!a!conservative!substance!bound!to!solids).!!!

6 Implications+of+the+Conceptual+Model+for+Remediation+
+

The!current!evergreen!conceptual!model!suggests!remedial!alternatives!that!address!Hg!loading!
from!banks!(physical!erosion!and!leaching)!may!substantially!reduce!fish!Hg!levels!in!the!South!
River,!but!not!necessarily!to!background!levels.!!In!addition!to!bank!inputs,!Hg!contamination!is!also!
supplied!to!the!river!to!a!lesser!degree!via!other!pathways,!including!diffusion!from!deeper!
sediments!and!delivery!from!the!floodplain.!!Although!multiple!lines!of!evidence!indicate!that!the!
leachability!of!dissolved!and!colloidal!inorganic!Hg!from!freshly!eroded!bank!and!floodplain!soils!is!
much!greater!than!from!waterPsaturated!river!sediments!that!have!been!exposed!to!river!water!for!
some!time!(legacy!sediments),!this!assumption!regarding!the!bioavailability!of!different!inorganic!
mercury!sources!requires!further!examination.!!!!!!
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As!a!result,!a!suite!of!actions!may!be!needed!to!maximize!reductions!in!the!supply!of!legacy!Hg!
contamination!and!associated!fish!Hg!levels!in!the!river.!!The!solution!to!elevated!fish!MeHg!
concentrations!in!the!South!River!will!likely!require!a!phased!or!adaptive!management!approach!
that!utilizes!a!number!of!remedial!actions!coupled!with!a!wellPdesigned,!focused!monitoring!
program!for!ongoing!recovery.!!

7 Uncertainty+and+Future+Needs+
!

Conceptual!models!evolve!and!are!refined!as!improved!information!becomes!available.!!!In!the!case!
of!the!conceptual!model!for!Hg!in!the!South!River,!uncertainty!currently!remains!regarding!the!
potential!influence!of!large!storms!on!the!benefits!of!bank!stabilization.!!To!what!extent!will!preP
stabilization!loadings!be!renewed!or,!alternatively,!will!a!large!supply!of!lowPHg!content!solids!from!
upstream!actually!accelerate!the!recovery!of!the!system,!as!long!as!stabilized!banks!remain!intact.!!
An!assessment!of!the!expected!relationships!between!storm!flow,!erosion,!new!deposition!of!HgP
contaminated!and!lowPHg!particles,!and!renewal!of!elevated!MeHg!production!may!provide!
guidance!for!the!necessary!extent!of!bank!stabilization!(e.g.,!90%!of!stabilized!banks!must!be!stable!
in!a!30Pyear!flood!event).!!!
!
As!introduced!above,!one!way!to!manage!uncertainty!is!to!use!a!phased!or!adaptive!implementation!
approach!to!remediation.!!Adaptive!implementation!permits!a!plan!to!be!executed!in!a!way!that!
measures!results!over!time!and!includes!a!process!for!adapting!the!plan!(including!tactics!and!
timelines)!based!on!feedback!received!from!performance!measurement!data.!

8 References+
!

Barber,!M.C.!(2006)!Bioaccumulation!and!Aquatic!System!Simulator!(BASS)!User’s!Manual,!Ver!2.2.!
EPA/600/RP01/035!Update!2.2.!U.S.!Environmental!Protection!Agency,!National!Exposure!
Research!Laboratory,!Ecosystems!Research!Division,!Athens,!GA.!

Bolgiano,!R.W.!(1981)!!Mercury!Contamination!of!the!Floodplains!of!the!South!River!and!South!Fork!
Shenandoah!River.!!Basic!Data!Bulletin!48.!!Virginia!State!Water!Control!Board,!Division!of!
Surveillance!and!Field!Studies,!Valley!Regional!Office.!

Bolgiano.!R.W.!(1980)!!Mercury!Contamination!of!the!South,!South!Fork!Shenandoah!and!
Shenandoah!Rivers.!!Basic!Data!Bulletin!46.!!Virginia!State!Water!Control!Board,!Division!of!
Surveillance!and!Field!Studies,!Valley!Regional!Office.!!

Carter,!L.J.,!1977.!Chemical!Plants!Leave!Unexpected!Legacy!for!Two!Virginia!Rivers.!Science!198:!!
1015P1020.!

Desrochers,!K.!A.!N.,!C.!J.!Ptacek,!B.!D.!Gibson,!D.!W.!Blowes,!R.!C.!Landis,!J.!A.!Dyer,!and!N.!R.!Grosso!
(2011)!Geochemical!Characterization!and!Assessment!of!Treatment!Mechanisms!for!MercuryP
Contaminated!Riverbank!Sediments!from!the!South!River,!VA.!!Poster!presented!at!the!10th!
International!Conference!on!Mercury!as!a!Global!Pollutant,!Halifax,!Nova!Scotia,!Canada,!July!24P
29,!2011.!



!
!

23!

Desrochers,!K.!A.!N.,!C.!J.!Ptacek,!B.!D.!Gibson,!D.!W.!Blowes,!R.!C.!Landis,!J.!A.!Dyer,!and!N.!R.!Grosso!
(2010)!Characterization!of!MercuryPContaminated!Sediments!from!the!South!River!Bank!
Stabilization!Pilot!Site.!!Poster!presented!at!the!SETAC!North!America!31st!Annual!Meeting,!
Portland,!OR,!November!7P11,!2010.!

DuPont!(2011)!http://www2.dupont.com/Heritage/en_US/related_topics/waynesboro_va.html!

Dyer,!J.!A.,!R.!C.!Landis,!N.!R.!Grosso,!G.!Murphy,!J.!R.!Flanders,!and!R.!Harris!(2011a)!Quantifying!a!
Conceptual!Pathway!and!Exposure!Model!for!Mercury!and!Methylmercury!on!the!South!River,!
Waynesboro,!Virginia,!USA.!!Poster!presented!at!the!10th!International!Conference!on!Mercury!as!
a!Global!Pollutant,!Halifax,!Nova!Scotia,!Canada,!July!24P29,!2011.!

Dyer,!J.!A.,!R.!C.!Landis,!N.!R.!Grosso,!G.!Murphy,!J.!R.!Flanders,!and!R.!Harris!(2011b)!Conceptual!Site!
Model!for!the!South!River:!!Aquatic!System!Abiotic!and!Biotic!Pathways!Diagrams!And!More.!!
Presentation!to!South!River!Science!Team!at!Annual!Expert!Panel!Meeting,!Harrisonburg,!VA,!
October!12,!2011.!

Dyer,!J.!A.,!R.!C.!Landis,!and!D.!Reible!(2010a)!Filtered!Inorganic!Hg!Flux!Calculations!for!South!
River:!!Monte!Carlo!Simulations!Using!a!SteadyPState,!Lumped!MassPTransferPCoefficient!Model.!!
Presentation!to!the!South!River!Science!Team,!December!2,!2010.!

Dyer,!J.!A.,!R.!C.!Landis,!and!D.!Reible!(2010b)!Methylmercury!Flux!Calculations!for!the!South!River:!
Monte!Carlo!Simulations!Using!a!SteadyPState,!Lumped!MassPTransferPCoefficient!Model.!!
Presentation!to!the!South!River!Science!Team,!November!24,!2010.!

Dyer,!J.!A.!(2008)!South!River!Mercury!Mass!Balance!Model!Updated!Results!of!Monte!Carlo!
Simulations!to!Identify!Dominant!Mass!Transport!Process(es)!and!Location(s)!Within!River!
Channel.!!Presentation!to!the!South!River!Science!Team,!December!12,!2008.!

Dyer,!J.!A.,!and!R.!C.!Landis!(2010)!Mass!Transfer!Calculations!for!Mercury!on!the!South!River:!Data!
Analysis!&!Reconciliation;!Model!Development!&!Application.!!Presentation!to!the!South!River!
Science!Team,!August!2,!2010.!

Dyer,!J.!A.!(2007)!Mercury!Loading!to!South!River!from!Plant!OutfallsPAnalysis!of!Base!Flow!and!
Storm!Flow!Data.!!Presentation!to!the!South!River!Science!Team,!November!9,!2007. 

Eggleston!(2009).!Mercury!loads!in!the!South!River!and!simulation!of!mercury!total!maximum!daily!
loads!(TMDLs)!for!the!South!River,!South!Fork!Shenandoah!River,!and!Shenandoah!River—
Shenandoah!Valley,!Virginia:!U.S.!Geological!Survey!Scientific!Investigations!Report!2009–5076.!
!
Flanders,!J.R.,!R.R.!Turner,!T.!Morrison,!R.!Jensen,!J.!Pizzuto,!K.!Skalak,!and!R.!Stahl!(2010)!
Distribution,!behavior,!and!transport!of!inorganic!and!methylmercury!in!a!high!gradient!stream.!
Applied!Geochemistry!25(11):!1756P1769.!

Green,!J.!W.!(2011)!Statistical!Models!for!South!River!Mercury:!Update.!!Presentation!to!the!NRDC,!
May!3,!2011.!

Gustin,!M.S.,!P.V.!Chavan,!K.E.!Dennett,!E.A.!Marchand!and!S.!Donaldson!(2006)!Evaluation!of!
Wetland!Methyl!Mercury!Export!as!a!Function!of!Experimental!Manipulations.!!Journal!of!
Environmental!Quality!35(6):!2352P2359.!



!
!

24!

Hendricks,!A.C.,!L.D.!Willis,!and!C.!Snyder!(1995)!Impact!of!Flooding!on!the!Densities!of!Selected!
Aquatic!Insects.!!Hydrobiologia!299(3!):!241P247.!

HydroQual,!Inc.!(2009)!Conceptual!Site!Model!for!Mercury!in!the!South!River,!Virginia.!Prepared!for!
the!DuPont!Corporate!Remediation!Group,!Wilmington,!DE.!!Prepared!by!A.!Redman!and!E.!
Garland.!

Jacobson,!R.B.,!and!D.J.!Coleman!(1986)!Stratigraphy!and!recent!evolution!of!Maryland!Piedmont!
floodplains.!American!Journal!of!Science,!286:!617P637.!!!

Jordan,!C.!(2008)!2007!Fish!and!Sediment!Mercury!Trust!Fund!Monitoring.!South!River!Science!
Team!Expert!Panel!meeting,!Harrisonburg,!VA.!October!2008.!

Landis,!R.!C.,!and!J.!R.!Flanders!(2008)!2008!Benthic!Flux!Chamber!Study!Update.!!Presentation!to!
South!River!Science!Team!at!Annual!Expert!Panel!Meeting,!Harrisonburg,!VA,!October!21,!2008.!

Merritt,!D.J.,!and!S.!Aotani!(2008)!Circadian!Regulation!of!Bioluminescence!in!the!PreyPLuring!
Glowworm,!Arachnocampa!flava.!!Journal!of!Biological!Rhythms!23(4):!319P329.!

Newman,!M.C.,!X.!Xu,!A.!Condon!and!L.!Liang!(2011)!Floodplain!methylmercury!biomagnification!
factor!higher!than!that!of!the!contiguous!river!(South!River,!Virginia!USA).!Environmental!
Pollution!159:!2840P2844.!

Pizzuto,!J.E.!(2012)!Geomorphic!Processes!and!Inorganic!Mercury:!Studies!of!the!South!River,!
Virginia,!2004P2012.!!Summary!report!from!Jim!Pizzuto!(University!of!Delaware)!to!Nancy!Grosso!
(DuPont!Corporate!Remediation!Group).!!University!of!Delaware,!Newark,!DE.!

Pizzuto,!J.E.!(2011)!Geomorphology!Update!P!Fall!2011!Expert!Panel!Meeting.!!Presentation!to!
DuPont!Expert!Panel!Meeting!on!Mercury!in!the!South!River,!October!12,!2011.!

Pizzuto,!J.!and!M.!O’Neal!(2009)!Increased!midPtwentieth!century!riverbank!erosion!rates!related!to!
the!demise!of!mill!dams,!South!River,!Virginia.!!!Geology!37!(1):!19P22.!

Pizzuto,!J.E.,!K.J.!Skalak,!M.!O’Neal,!P.!Narinesing,!E.!Rhoades,!and!J.!Hess!(2006)!Geomorphology!of!
the!South!River!Between!Waynesboro!and!Port!Republic,!Virginia:!Geomorphic!Characterization!
and!Annual!Sediment!Budget!for!Silt!and!Clay.!!!Report!prepared!for!DuPont.!June!2006!

Ptacek,!C.!J.,!D.!W.!Blowes,!S.!D.!Daugherty,!K.!A.!N.!Desrochers,!B.!D.!Gibson,!O.!Wang,!P.!Liu,!M.!B.!J.!
Lindsay,!R.!C.!Landis,!J.!A.!Dyer,!N.!R.!Grosso,!and!W.!R.!Berti!(2011)!SolidPPhase!Reactive!
Materials!for!the!Stabilization!of!Mercury!in!Fluvial!Environments.!!Paper!presented!at!the!10th!
International!Conference!on!Mercury!as!a!Global!Pollutant,!Halifax,!Nova!Scotia,!Canada,!July!24P
29,!2011.!

SERCC!(Southeast!Regional!Climate!Center)!(2012).!!Mean!values!for!1893!–!2010,!Staunton,!VA!
sewage!treatment!plant!448062.!http://www.sercc.com/cgiPbin/sercc/cliMAIN.pl?va8062.!!!

Skalak,!K.,!and!J.!Pizzuto!(2012)!Reconstructing!mercury!contamination!of!a!steep,!gravelPbed!river!
using!reservoir!theory.!!Geology!(In!Review).!

Skalak,!K.,!and!J.!Pizzuto!(2010)!The!Distribution!and!Residence!Time!of!Suspended!Sediment!
Stored!Within!the!Channel!Margins!of!a!GravelPBed!Bedrock!River.!!Earth!Surface!Processes!and!
Landforms!35(4):!435P446.!



!
!

25!

Turner,!R.!R.,!and!R.!Jensen!(2007)!Mechanistic!Source!Studies!Update.!!Presentation!to!the!South!
River!Science!Team,!July!2007.!!!

U.S.!EPA!(2001).!Water!Quality!Criterion!for!the!Protection!of!Human!Health:!!Methylmercury.!!U.S.!
Environmental!Protection!Agency,!Office!of!Science!and!Technology,!Office!of!Water,!Washington,!
DC.!!EPAP823PRP01P001.!!January!2001.!

Virginia!Department!of!Environmental!Quality!(2009)!Total!Maximum!Daily!Load!Development!for!
Mercury!in!the!South!River,!South!Fork!Shenandoah!River,!and!Shenandoah!River,!Virginia,!
August!2009.!

Virginia!Department!of!Environmental!Quality!(DEQ)!(2008a).!Fish!Tissue!Mercury!in!2007!P!South!
River,!South!Fork!Shenandoah!River,!and!Shenandoah!River.!
http://www.deq.state.va.us/export/sites/default/fishtissue/documents/2007_Fish_Hg_Results.pdf!

Virginia!DEQ!(Department!of!Environmental!Quality)(2008b)!Total!Maximum!Daily!Load!
Development!for!Mercury!in!the!South!River,!South!Fork!Shenandoah!River,!and!Shenandoah!
River,!Virginia.!December!2008!

Yu,!X.,!C.!T.!Driscoll,!M.!Montesdeoca,!D.!Evers,!M.!Duron,!K.!Williams,!N.!Schoch,!and!N.!C.!Kamman!
(2011)!Spatial!Patterns!of!Mercury!in!Biota!of!Adirondack,!New!York!Lakes.!!Ecotoxicology!20:!
1543–1554.!



!
!

!

+

+

+

+

+

+

Appendix+A++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
Calculation+Bases+for+Abiotic+Hg+Fluxes+for+RRM+0N10+

+ +



South River Conceptual Site Model
Abiotic Pathways Diagram - RRM 0 to 10
Calculation Bases and Lines of Evidence for Diagram Construction

Source Description
Percent 

Contribution
Uncertainty 

Range Calculation Basis Lines of Evidence Data/Document References

Inorganic Mercury Supply

Other

Contributions of 
inorganic Hg from 
minor sources, 
including tributaries, 
floodplain surface run-
off, wetlands, 
millraces, direct 
precipitation, and 
bedrock groundwater 

10 5-15

Short Timescale (1-Day) Mercury Budget for the South River April/May/June 
2008 developed by URS during Phase I of EcoStudy.  Tributaries 1.5%, 
wetlands/millraces 0.2%, bedrock groundwater 0.6%.

Developed short-term filter-passing inorganic mercury (FIHg) mass balance for 
reaches between RRM -2.7 and RRM 9.9.  Measured discharge (Q) and IHg loads 
at tributaries and bridges (May 2008); assumed maximum for tributaries; 
assigned Q for other point sources.  Assumed that groundwater made up 
difference (32%).  Used median concentrations to calculate groundwater 
contributions (RT Geosciences/UES, EPA).  Used median fluxes from FGCM 
deposits and gravel beds from (May and June 2008).  Point sources (Invista, 
Waynesboro STP, Genicom outfall) used median measured values or data from 
NPDES permits/TMDL.

No evidence of ongoing mercury source to alluvial groundwater based on multiple sampling events.

Daily filtered inorganic Hg and water budgets from Phase I EcoStudy indicate that tributaries, floodplain surface run-off, wetlands, 
and millraces account for less than 10% of the filtered Hg load to the river. 

Mercury TMDL model developed by USGS concluded that > 84% of total unfiltered inorganic Hg flux to river originates from river 
banks inward.  Next most important input was floodplain runnoff at 15% (EcoStudy data shows this to be smaller).  Groundwater 
discharge 0.05%, point sources 0.34%, direct precipitation to river 0.03%, and interflow discharge 0.35%. 

"Updated Statistical Models for South River Mercury 2011" by John Green further supports conclusion that runoff, tribs, and 
groundwater are small contributors.

Total Maximum Daily Load Development for Mercury in the South River, South Fork Shenandoah River, 
and Shenandoah River, Virginia, USGS, June 2009

Short Time Scale (1-Day) Mercury Budget for the South River April/May/June 2008, J.R. Flanders

Groundwater: Turner wells 2006; EPA study Shiftlett Farm 2006; Bank stabilization pilot data 2010; 
Invista/DuPont reference site data; Grosso white paper

Bank pilot monitoring report

Final Soil, Groundwater, and Surface Water Assessment Report for Genicom Facility/Shifflet Property
Waynesboro, VA (January 16, 2007)

Floodplain Runoff:  Mercury floodplain study and analysis

Statistical Models for South River Mercury: Update, John Green (December 2, 2010)

Invista Outfalls

Contributions of 
inorganic Hg from 
Invista plant outfalls 
during baseline 
conditions

4 3-5

Base flow loads for Outfalls 001, 003, 004, 006, 008, and 101 calculated using 
data from Phase III stormwater outfall monitoring program (12/2005 – 3/2007)

USGS instantaneous flow data from Waynesboro and Dooms gauges for river flow 
rate

Mercury data for RRM 0.6 and 5.2 from Phase I eco study (SRST database)

Outfall monitoring program over > 5 year period at Invista plant measures 0.5 g/d filter-passing inorganic Hg and 1 g/d total mercury 
to South River under base-flow conditions.

Daily filtered inorganic Hg and water budgets from Phase I EcoStudy indicate that point sources account for 5.1% of filtered 
inorganic Hg load to the river. 

Mercury TMDL model developed by USGS concluded that point sources account for 0.34% of total unfiltered inorganic Hg mass input 
to river.  This is much lower than 4% assumed in 0 to 5 RRM conceptual model, because TMDL averages over entire 25+ miles.

Mercury Loading to South River from Plant Outfalls-Analysis of Base Flow and Storm Flow Data
Dyer, November 2007

Total Maximum Daily Load Development for Mercury in the South River, South Fork Shenandoah River, 
and Shenandoah River, Virginia, USGS, June 2009

Advective/Diffusive 
Flux from Beds at 
Depth (Legacy 
Sediments)

Upward flux of 
inorganic mercury that 
originates deeper 
within the embedded 
gravel beds and FGCM 
deposits below the 
optimum redox zone 
where methylation 
occurs.  Includes 
diffusion of IHg 
driven by elevated 
pore water 
concentrations and 
advection driven by 
upwelling alluvial 
groundwater.

25 15-35

Basic Data for Mass Transfer Calculations
- 2008 FIHg daily mass budget, RRM -2.7 to 9.9 (Lyndhurst Ave. to Crimora Rd.)
- 2009 pore water data, Phase II EcoStudy
- 2010 DGT probe data, Univ. of Texas at Austin

- Eroding bank/floodplain soils & embedded gravel beds within the river channel 
are two sources of FIHg flux to water column.
- FIHg flux measured by benthic flux chambers (BFCs) should fall within 
uncertainty bounds of mass flux predicted by a suitable MT model.
- Flux measured by BFC best represented by a steady-state model (snapshot in 
time).
- An overall lumped mass transfer coefficient will capture all mass transport 
mechanisms in a single parameter (diffusion, advection, hyporheic exchange, 
colloidal transport), thereby simplifying the model calculations.
- IHg (log Kd = 6) partitions more strongly to sediment solids than MeHg (log Kd = 
5).
- For constituents with a very large Kd (such as IHg), mass transfer will often be 
water-film controlled.

Calculate 50% & 75% probability values for FIHg mass load based on 2009 pore 
water data.  Use a correlation based on turbulent flow mass transfer theory to
estimate an overall kA and sum load contributions from 2 substrate types:
gravel/cobble/sand & silt/clay.  Compare to measured reach-wide FIHg mass load
(based on 2008 MeHg daily mass budget) from Lyndhurst Ave. to Crimora Rd.
(RRM -2.7 to 9.9).

Benthic flux chamber studies from May to August 2008 measured -82 to 222 ng FIHg/m2.hr with a median of 37 ng/m2.hr from 
embedded gravel beds and -45 to 214 FIHg/m2.hr with a median of 17 ng/m2.hr from FGCM deposits.

Ex-situ desorption studies by Turner/Jensen at Basic Park using cartridge filters preloaded with contaminated sediment generate 
FIHg flux rates ranging from 50 to 200 ng/m2.hr

Monte Carlo simulations using a steady-state mass transfer model (k estimated from published correlation for water-film-controlled 
mass transfer) predict that 20-40% of the reach-wide FIHg river load can be accounted for by diffusive/advective flux from the 
river bed at rates that agree well with the 2008 BFC studies.  

For a worst-case scenario using calculated k values for FMeHg, Monte Carlo model simulations predict that 40-80% of the reach-wide 
FIHg river load can be accounted for by the river bed, but at areal flux rates much greater than those measured in any of the 2008 
BFC studies.

2009 porewater measurements by URS using Henry probes in 4 study areas provide evidence for significant concentration gradients 
for mass transfer at > 5 cm depth.

DGT probe studies in 2010 by Danny Reible at UT-Austin provide evidence for an even larger concentration gradient for mass 
transfer
at > 5 cm depth.

Fine particle residence times in the hyporheic zone calculated by Jim Pizzuto:  residence time of fine-grained sediment in the stream
bed is ~ 2 years; 20 years will be required to rework 90% of the streambed.

Filtered Inorganic Hg Flux Calculations for South River
Monte Carlo Simulations Using a Steady-State, Lumped Mass-Transfer-Coefficient Model, Dyer, Landis, 
Reible (December 2010)

South River Mercury Mass Balance Model
Updated Results of Monte Carlo Simulations to Identify Dominant Mass Transport Process(es) and 
Location(s) Within River Channel, Dyer (December 2008)

Mass Transfer Calculations for Mercury on the South River Data Analysis & Reconciliation; Model 
Development & Application, Dyer and Landis (August 2010)

Benthic Flux Chamber Study Summary, Landis (February 2011)

2008 Benthic Flux Chamber Study Update at Expert Panel Meeting, Landis (October 2008)

Geomorphological Studies, 2009-2010, Pizzuto et al. (Expert Panel Meeting, October 2010)

Field Testing of Diffusive Gradient in Thin Film Probes for the Measurement of Hg/MeHg, Danny Reible, 
Tim Chess, YS Hong, University of Texas at Austin (October 2008)

Inflow at Upstream 
Boundary

Inorganic Hg entering 
at upstream flow 
boundary (will be a 
function of RRM)

1 0-2

Filtered inorganic Hg concentrations upstream of plant (Lyndhurst Ave, RRM -
2.7) are typically 0.1-0.5 ng/L at baseflow conditions of 30-100 cfs for a load of 
0.04-0.12 g FIHg/d.  Total unfiltered inorganic Hg concentrations at RRM -2.7 
are typically 0.6-1.5 ng/L at baseflow conditions of 30-100 cfs for a load of 0.1-
0.4 g TIHg/d.  Loads at RRM 5.2 range from 1-2.2 g FIHg/d and 10-30 g TIHg/d.    

Phase I EcoStudy data and HydroQual conceptual modeling report indicate that TIHg and FIHg loads at RRM 0 relative to RRM 5.2 
are 0.5-2% and 2-10%, respectively.

2006-2011 surface water sampling by URS from EcoStudy

Conceptual Site Model for Mercury in the South River, Virginia
Aaron Redman and Edward Garland, HydroQual, Inc (February 2009)

Flanders et al. 2010 manuscript

Bank Leaching

Colloidal and soluble 
inorganic Hg "leached" 
from river bank soils 
by infiltrating 
rainwater and alluvial 
groundwater 
(interflow in TMDL 
language). 

5 1-5

Packed-column percolation tests at University of Waterloo using South River 
bank soils from RRM 0.1 yielded the following filtered inorganic Hg flux rates on 
an areal basis (assume these rates are representative of bank leaching rates due 
to GW advection and/or rainwater infiltration):  HRAD (SR-6) @ 250 to 570 
ng/m2/hr; SR-5 @ 40-60 ng/m2/hr; SR-3 @ 240-1300 ng/m2/hr.  Water/Hg 
daily budget completed in 2008 by URS (RRM -2.7 to 9.9 = 12.6 mi) showed an 
increase in FIHg load of 9.4 g/d.  Consider bank heights subject to leaching = 0.3, 
0.6, and 1.0 m.  Consider bank lengths = 12.6 mi and 25.2 mi (banks on both sides).  
This equates to a bank leaching area of 6000 m2 for 12.6 mi x 0.3 m high to 
40,560 m2 for 25.2 mi x 1 m high.  FIHg Load Due to Bank Leaching = mass flux 
rate x bank area x [24 hr/d] / [1E09 ng/g].  % Contribution Bank Leaching = 
[FIHg load due to bank leaching] / [9.6 g/d] x 100%. 

% FIHg contribution from bank leaching ranges from 0.1% to 13% for the 
extreme cases of 6000 m2 and 40,560 m2, respectively.  The more probable 
values for bank leaching range from 1 to 5% of total IHg loading.  

Batch shaker tests, sequential extractions, sequential filtration studies, humidity test cells, and column flow tests with bank soil and 
near-bank sediment from RRM 0.1 and 3.5 at University of Waterloo indicate the following:

- Colloid formation is an important factor in Hg fate and transport in the SR system.
- Approx. 10-15% of IHg in the sediment/soil is readily "leachable" or "available for transport" (F1, F2, and possibly F3 fractions 
from sequential extraction tests).
- Packed-column irrigation tests with bank soils from the unsaturated zone at RRM 0.1 generate an effluent containing 200-2000 
ng/L FIHg for  > 100 pore volumes at flowrates of 1-3 PV/week.
- Submerged near-bank sediment from RRM 0.1 that has been "flushed" with river water for many months/years generates a column 
effluent on the order of 50 ng/L.
- Mass flux rates calculated from column tests range from 28 ng/m2.hr for SR1 to 56 ng/m2.hr for SR5 to 237 ng/m2.hr for SR3 & 
SR6 at 1 PV/week.  At 3 PV/week, mass flux rates increase to 1100-1200 ng/m2.hr for SR3 & SR6, and remain the same for SR5.

Shake-and-Bake tests by Rob Mason with contaminated soil reveal a readily "leachable" fraction of IHg at short mixing time.

Multiple sequential extractions of contaminated soil/sediment with SR water by Turner/Jensen suggest a significant pool of
leachable IHg. 

Flanders et al. 2010 manuscript

An Examination of the Release of Mercury and Methylmercury from River Sediment and Bank Soils, and 
the Potential for Mercury Net Methylation, During Sediment Resuspension Typical of High River Flow 
Conditions.
Rob Mason (October 2006)

Turner/Jensen Data Dump (July 2007)

University of Waterloo Project Updates for South River
Krista Desrochers (February 22, 2011)

Bases for Bank Leaching.xls by Dyer (3/29/2011)



South River Conceptual Site Model
Abiotic Pathways Diagram - RRM 0 to 10
Calculation Bases and Lines of Evidence for Diagram Construction

Source Description
Percent 

Contribution
Uncertainty 

Range Calculation Basis Lines of Evidence Data/Document References

Bank Erosion

Physical erosion of 
river bank soil 
containing sorbed Hg 
during base and storm 
flow conditions.  
Includes physical 
attrition by flowing 
water, freeze/thaw 
events, bank collapse 
from humans/cattle/ 
falling trees, etc.  A 
fraction of the sorbed 
mercury will readily 
leach as described 
under bank leaching 
above.  The remainder 
will desorb over a 
much longer time scale. 

45 40-60

Consider RRM -2.7 to 5

Bank loading estimate from Pizzuto:  5.2 kg THg/yr = 14.2 g THg/d

Unfiltered THg incremental load between RRM -2.7 to 5 (average) = 9.4 +/- 7.5 
kg/yr (baseline data only)

% THg contribution from bank erosion = 55% 

Bank erosion rate estimates by Jim Pizzuto based on LIDAR measurements for short-term rates and aerial photo analysis for long-
term rates.  To estimate average bank concentrations, used regression analysis to generate equation for average bank Hg 
concentrations vs. distance downstream.  Estimated loading rate based on unfiltered THg was 5.2 kg/yr for RRM -2.7 to 5.0.

TMDL model by USGS found that 84% of unfiltered THg load to river originated from as "channel margin inputs," which includes bank 
erosion, bank leaching, and flux from river bed.

Monte Carlo simulations using a steady-state mass transfer model (k estimated from published correlation for water-film-controlled 
mass transfer) predict that 60-80% of the reach-wide FIHg river load cannot be accounted for by diffusive/advective flux from the 
river bed at rates that agree well with the 2008 BFC studies.  For a worst-case scenario using calculated k values for FMeHg, Monte 
Carlo model simulations predict that 20-60% of the reach-wide FIHg river load cannot be accounted for by the river bed, but at 
areal flux rates much greater than those measured in any of the 2008 BFC studies.

Near-bank sediment samples collected at the foot of the pilot bank stabilization site showed strong spatial correspondence to 
average
soil concentrations in the bank.   Pilot stabilization site:  THg loading from the bank accounted for 50% (0.7 g/d) of the UTHg load 
between RRM -2.7 and 0.2.

Independent analysis by HydroQual of Hg loading under baseline conditions concluded that bank erosion was necessary to account for 
THg load to river.

"Updated Statistical Models for South River Mercury 2011" by John Green concluded that (1) THg in banks is strongly correlated
to THg concentrations in surface water; (2) elimination of THg inputs from bank erosion is predicted to substantially reduce THg
levels in fish tissue, surface water, and sediment; (3) major storm events drive high Hg content in fish tissue up to 3 years later.  

Filtered Inorganic Hg Flux Calculations for South River
Monte Carlo Simulations Using a Steady-State, Lumped Mass-Transfer-Coefficient Model
Dyer, Landis, Reible (December 2010)

Fluvial Geomorphology of the South River:  Implications for Mercury Cycling
Jim Pizzuto (Expert Panel Meeting, October 2009)

Geomorphological Studies, 2009-2010
Pizzuto et al. (Expert Panel Meeting, October 2010)

Decadal and Contemporary Particle-Bound Mercury Cycling of the South River Defined by Fluvial 
Geomorphology
Pizzuto et al. (SETAC, November 2010)

Statistical Models for South River Mercury: Update, John Green (December 2, 2010)

Total 90



South River Conceptual Site Model
Abiotic Pathways Diagram - RRM 0 to 10
Calculation Bases and Lines of Evidence for Diagram Construction

Source Description
Percent 

Contribution
Uncertainty 

Range Calculation Basis Lines of Evidence Data/Document References

Methylmercury Production Compartments

Interstitial Fines 
Within Coarse- & 
Medium- Grained 
Gravel Beds

Gravel/cobble/sand 
beds within river 
channel.  Large 
portions exposed 
during dry periods.  
Subject to gradient-
driven hyporheic flow 
and SAV growth during 
summer season.  

70 65-85

Gravel/Cobble beds comprise approx. 85% of total bed area in river based on 4 
study areas mapped during Phase II EcoStudy in 2009.

Median FIHg pore water concs. for cobble/gravel/sand substrates are 1/4X to 
1X the median pore water concs. for silt/clay substrates based on statistical 
analysis of 2009 data for the 4 study areas.

Resulting 70%/20% split in MeHg production between gravel beds & fine-grained 
sediment areas is based on a weighting factor of (bed area x pore water conc.).

Substrate mapping for 4 study areas from Phase II Ecostudy shows 85/15 areal split between gravel/cobble/sand and silt/clay.  
Substrate mapping will be conducted in 2011.

Median FIHg pore water concs. for silt/clay substrates are 1X to 4X median pore water concs. for cobble/gravel/sand substrates 
based on statistical analysis of 2009 pore water data for the 4 study areas.

MeHg concentrations on fine-grained sediment within the gravel beds are comparable to MeHg concentrations on sediment solids in 
FGCM deposits.

Mass transfer calculations by Dyer, Landis, and Reible between RRM -2.7 to 9.9:   Both BFC measurements and mass transfer 
calculations support the hypothesis that FMeHg primarily enters the water column from the river bed.

Evidence of reduced geochemical conditions (based on low DO and Fe/Mn reductive dissolution) in BFC studies and anecdotal 
observations of purported MnOx staining on underside of rocks.

Potential microbial methylation rates (203Hg-based) in embedded gravels are equivalent between FGCM deposit sediments and 
embedded gravel bed interstitial sediments (Yu et al. 2009, ASM Meeting). 

Fine particle residence times in the hyporheic zone calculated by Jim Pizzuto:  Residence time of fine-grained sediment in the 
stream
bed is ~ 2 years; 20 years will be required to rework 90% of the streambed.

"Updated Statistical Models for South River Mercury 2011" by John Green concludes that MeHg in surface water and sediment is
more strongly correlated with sediment THg than with bank THg.

Methylmercury Flux Calculations for the South River
Monte Carlo Simulations Using a Steady-State, Lumped Mass-Transfer-Coefficient Model
Dyer and Landis (November 24, 2010)

Geomorphological Studies, 2009-2010
Pizzuto et al. (Expert Panel Meeting, October 2010)

Yu et al. 2009, ASM Meeting

Statistical Models for South River Mercury: Update, John Green (December 2, 2010)

Fine-Grained 
Sediment, Near-Bank

Fine-grained channel 
margin deposits that 
accumulate in storage 
areas near banks, 
behind large woody 
debris, etc.

20 15-25

Fine-grained, near-bank sediment comprises approx. 15% of the total bed area in 
the river based on 4 study areas mapped during Phase II EcoStudy in 2009.

Median FIHg pore water concs. for silt/clay substrates are 1X to 4X median pore 
water concs. for cobble/gravel/sand substrates based on statistical analysis of 
2009 data for the 4 study areas.

Resulting 70%/20% split in MeHg production between gravel beds & fine-grained 
sediment areas is based on a weighting factor of (bed area x pore water conc.).

Substrate mapping for 4 study areas from Phase II Ecostudy shows 85/15 areal split between gravel/cobble/sand and silt/clay.  
Substrate mapping will be conducted in 2011.

Median FIHg pore water concs. for silt/clay substrates are 1X to 4X median pore water concs. for cobble/gravel/sand substrates 
based on statistical analysis of 2009 pore water data for the 4 study areas.

Larger deposits greater than 30 m3 with an average lifetime of 12 years have been mapped by Skalak and Pizzuto .  Smaller deposits 
believed to be prevalent, but with a much shorter lifetime.

Potential microbial methylation rates (203Hg-based) in embedded gravels are equivalent between FGCM deposit sediments and 
embedded gravel bed interstitial sediments (Yu et al. 2009, ASM Meeting). 

"Updated Statistical Models for South River Mercury 2011" by John Green concludes that MeHg in surface water and sediment is
more strongly correlated with sediment THg than with bank THg.

Skalak and Pizzuto paper

Yu et al. 2009, ASM Meeting

Methylmercury Flux Calculations for the South River
Monte Carlo Simulations Using a Steady-State, Lumped Mass-Transfer-Coefficient Model
Dyer and Landis (November 24, 2010)

Statistical Models for South River Mercury: Update, John Green (December 2, 2010)

Total 90
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South River Mercury Mass 
Balance Model
Updated Results of Monte Carlo Simulations to Identify 
Dominant Mass Transport Process(es) and Location(s) 
Within River Channel 

April 23, 2009
Jim Dyer
DuPont Engineering Research and Technology
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Toolbox

• Reference for Mass Transport Equations
Environmental Chemodynamics:  Movement of Chemicals in 
Air, Water, and Soil, 2nd Ed.
Louis J. Thibodeaux
Chapter 5
Wiley-Interscience (1996)

• Nonlinear Equation Solver
TK Solver with Monte Carlo simulation module

• Basic Data for Mass Transport Calculations
Daily mercury mass budget for RRM -2.7 to 9.9 mi 
(Lyndhurst Ave. to Crimora Rd.)

• Benthic Flux Chamber Data from Landis/Flanders
• Filter Desorption Studies by Turner/Jensen
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Scenario #1 – Purpose and Assumptions
Using the daily mercury mass budget from Morrison and Flanders 
(URS) as a basis (see charts at end for background), what would 
the filtered inorganic mercury (FIHg) and methylmercury
(FMeHg) concentrations need to be in groundwater (alluvial + 
bedrock) entering the South River to account for the missing 
mass of FIHg and FMeHg over the 12.6 mi reach from Lyndhurst 
Ave. to Crimora Rd.?

Assumptions
• Total volumetric input GW to river reach:  4.2E07 L (33% of total 

water input to reach in May 2008)
• Unaccounted for mass

• FIHg:  9.6 g in – 0.2 g out – 1.07 g (PS + Tribs + Wetlands + FGCM + 
Gravel) = 8.33 g

• FMeHg:  0.3 g in – 0.01 g out – 0.07 g = 0.22 g
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Scenario #1 - Results
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Typical Hg Loadings on TSS:  IHg:  10-70 mg/kg     MeHg: 0.1-0.2 mg/kg
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Scenario #1 - Conclusions

• In order for GW to account for the majority of the missing 
mass of FIHg, 50-100% of the bedrock GW would need to 
approach equilibrium with Hg-contaminated sediment at 
loadings >> typical contaminated TSS/sediment.

• The necessary water-phase concentrations of 200-400 
ng/L for FIHg and 5-10 ng/L for FMeHg are more typical 
of equilibrium pore water concentrations. 

• If GW contribution increases to 66% of the total 
volumetric input of water to the reach, then the required 
water-phase concentrations would drop to  100-200 ng/L 
and 2.5-5 ng/L for FIHg and FMeHg, respectively. 
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Scenario #2
Compare benthic flux chamber (BFC) and Basic Park (BP) filter 
desorption data to average reach-wide river flux

Benthic Flux Chamber (May, June , August 2008)
IHg:  -65 to 220 ng/m2.hr
MeHg:  -12 to 160 ng/m2.hr

Basic Park Sediment Filter
IHg:  50-200 ng/m2.hr
MeHg:  7-15 ng/m2.hr

Average Reach-Wide River Flux (May, June , August 2008) **
IHg:  50-1600 ng/m2.hr
MeHg:  15-60 ng/m2.hr

** The lower half of these flux ranges is more representative of the 
Basic Park location.
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Scenario #3 – Purpose, Equations and 
Assumptions
Conduct a Monte Carlo simulation using the steady-state diffusive flux equation with 
an effective diffusion coefficient to predict the 50% and 90% probability values for 
the diffusive flux of FIHg and FMeHg from embedded gravel bed sediment. 

Assumptions
• Triangular distributions for variables in MC simulation

• !z = 0.04, 0.1, 1 cm
• Dmol = 7E-10, 1E-09, 2E-09 m2/s
• "A22 = 10, 50, 100 ng FIHg/L (range FIHg pore water concs.)
• "A22 = 0.4, 2, 4 ng FMeHg/L (range FMeHg pore water concs.)
• "A21 = 0.5, 5, 20 ng FIHg/L (range FIHg water column concs.)
• "A21 = 0.02, 0.2, 0.8 ng FMeHg/L (range FMeHg water column concs.)
• # = 0.25, 0.35, 0.45
• y = 1.2, 1.33, 2.0 (exponent)

( )
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21223
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D
n AAA

A
$

$
=

""Effective Diffusion 
Coeff. (m2/s)

Flux (g/m2.s) Interfacial Distance (m)

Conc. Driving 
Force (g/m3)

y

molA DD #=3

Molecular Diffusivity (m2/s)

Porosity (m3/m3)
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Scenario #3 – Results and Conclusions

Diffusion alone cannot 
account for the average 
reach-wide river flux 
rates, the upper-end BFC 
flux rates, or the flux 
rates seen in the filter 
desorption studies.  

Advection must also be 
active (or we are missing a 
source).1.54090% Less 

Than

0.51250% Less 
Than

FMeHg Flux 
(ng/m2.h)

FIHg Flux 
(ng/m2.h)

Probability
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Scenario #4 - Purpose, Equations and 
Assumptions
Using published mass transfer coefficients for Hg “diffusion” from sediment, predict 
the 50% and 90% probability values for the daily mass load (g/day) of FIHg and 
FMeHg from river banks and the river gravel bed.     

Assumptions
• Triangular distributions for variables in MC simulation

• kA2 = 0.1, 0.5, 1.0 cm/hr (2.4, 12, 24 cm/day)
• !A22 = 10, 50, 100 ng FIHg/L (range FIHg pore water concs.)
• !A22 = 0.4, 2, 4 ng FMeHg/L (range FMeHg pore water concs.)
• !A21 = 0.5, 5, 20 ng FIHg/L (range FIHg water column concs.)
• !A21 = 0.02, 0.2, 0.8 ng FMeHg/L (range FMeHg water column concs.)
• Lbank = 10, 18, 25 miles (total length bank surface)
• Hbank = 0.3, 0.6, 1.0 m (height of bank surface in contact with water)
• Abank = Lbank * Hbank
• Abed = 0.3, 0.5, 0.55 km2 (total gravel bed area)

( )21222 AAAA Akm !! "=

Mass Transfer Coeff. (m/d)

Mass Load 
(g/d)

Conc. Driving 
Force (g/m3)

Interfacial Area (m2)
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Scenario #4 – Bank Results

0.270.00758.70.290% Less 
Than

0.270.0038.70.150% Less 
Than

Unaccounted for 
Reach-wide 
FMeHg Mass 
Load (g/d)

Predicted 
FMeHg Mass 
Load (g/d)

Unaccounted 
for Reach-wide 

FIHg Mass 
Load (g/d)

Predicted 
FIHg Mass 
Load (g/d)

Probability

FIHg:  9.6 g/d in – 0.2 g/d out – 0.675 g/d (PS + Tribs + Wetlands + FGCM + GW) = 
8.73 g/d
FMeHg:  0.3 g/d in – 0.01 g/d out – 0.0184 g/d = 0.272 g/d
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Scenario #4 – Gravel Bed Results

0.270.28.74.690% Less 
Than

0.270.098.72.350% Less 
Than

Unaccounted for 
Reach-wide 
FMeHg Mass 
Load (g/d)

Predicted 
FMeHg Mass 
Load (g/d)

Unaccounted 
for Reach-wide 

FIHg Mass 
Load (g/d)

Predicted 
FIHg Mass 
Load (g/d)

Probability

FIHg:  9.6 g/d in – 0.2 g/d out – 0.675 g/d (PS + Tribs + Wetlands + FGCM + GW) = 
8.73 g/d
FMeHg:  0.3 g/d in – 0.01 g/d out – 0.0184 g/d = 0.272 g/d
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Scenario #4 – Gravel Bed Results if kA2 Triangular 
Distribution Increased to 5, 20, 30 cm/d

0.270.258.76.290% Less 
Than

0.270.148.73.350% Less 
Than

Unaccounted for 
Reach-wide 
FMeHg Mass 
Load (g/d)

Predicted 
FMeHg Mass 
Load (g/d)

Unaccounted 
for Reach-wide 

FIHg Mass 
Load (g/d)

Predicted 
FIHg Mass 
Load (g/d)

Probability

FIHg:  9.6 g/d in – 0.2 g/d out – 0.675 g/d (PS + Tribs + Wetlands + FGCM + GW) = 
8.73 g/d
FMeHg:  0.3 g/d in – 0.01 g/d out – 0.0184 g/d = 0.272 g/d
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Scenario #4 – Conclusions

• Diffusion from river banks can account for only a small 
percentage of the “unaccounted for” daily mass load of 
FIHg and FMeHg into the river reach.
• This refers specifically to diffusional mass transfer of 

dissolved inorganic and methyl Hg from pore water to surface 
water.  It does not address the input of FIHg and FMeHG to 
the water column via desorption from eroding bank soils. This 
will be looked at in a subsequent analysis. 

• Using published mass transfer coefficients for trace metal 
“diffusion” from sediment, embedded gravel beds can 
account for a large percentage of the “unaccounted for”
daily mass load of FIHg and FMeHg into the river reach.
• This is because of their large areal extent.
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Scenario #4A - Purpose, Equations and 
Assumptions
Calculate the 50% and 90% probability values for the diffusional
mass transfer coefficient (kA2) from embedded gravel beds to 
satisfy the mass balance for FIHg.     

Assumptions
• Triangular distributions for variables in MC simulation

• Missing Mass FIHg = 6.6, 8.73, 10.5 g/d
• !A22 = 10, 50, 100 ng FIHg/L (range FIHg pore water concs.)
• !A21 = 0.5, 5, 20 ng FIHg/L (range FIHg water column concs.)
• Abed = 0.3, 0.5, 0.55 km2 (total gravel bed area)

( )21222 AAAA Akm !! "=

Mass Transfer Coeff. (m/d)

Mass Load 
(g/d)

Conc. Driving 
Force (g/m3)

Interfacial Area (m2)
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Scenario #4A – Gravel Bed Results

490% Less 
Than

250% Less 
Than

Predicted 
Mass 

Transfer 
Coefficient 
for FIHg
(cm/hr)

Probability

These values are 2-4 
times greater than the 
rule-of-thumb value of 
1 cm/hr provided by 
Danny Reible.
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Scenario #4B - Purpose, Equations and 
Assumptions
Calculate the 50% and 90% probability values for the embedded 
gravel bed pore water concentration necessary to satisfy the mass 
balance for FIHg.     

Assumptions
• Triangular distributions for variables in MC simulation

• Missing Mass FIHg = 6.6, 8.73, 10.5 g/d
• kA2 = 0.1, 1.0, 2.0 cm/hr
• !A21 = 0.5, 5, 20 ng FIHg/L (range FIHg water column concs.)
• Abed = 0.3, 0.5, 0.55 km2 (total gravel bed area)

( )21222 AAAA Akm !! "=

Mass Transfer Coeff. (m/d)

Mass Load 
(g/d)

Conc. Driving 
Force (g/m3)

Interfacial Area (m2)
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Scenario #4B – Gravel Bed Results

17590% Less 
Than

9050% Less 
Than

Predicted 
Pore Water 

Concentration 
for FIHg
(ng/L)

Probability

These values are more typical 
of pore water concentrations 
that are in equilibrium with 
South River sediments 
contaminated with 10 to 100 
mg/kg inorganic Hg (see next 
slide).
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90-175 ng/L

10-100 mg IHg/kg
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Scenario #4A & 4B – Conclusions

• No matter how one poses the problem, we come up 
short on the dependent variable
• insufficient bed area,
• measured pore water concentrations too dilute, or
• published values for the diffusional mass transfer coefficient 

too low.

• This suggests that we are 
• overlooking a source

• colloidal transport of Hg which would not be accounted for in 
mass transfer eqns?

• elemental Hg?
• rapid desorption of Hg from eroding/ collapsing bank soils 

• using a flawed/insufficient calculation methodology, and/or 
• our input parameter assumptions are incorrect.
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Scenario #5 – Purpose and Equations

Conduct a Monte Carlo simulation using the coupled steady-state 
diffusion-advection flux equation to predict the 50% and 90% 
probability values for the diffusive-advective flux of FIHg and 
FMeHg from the bed sediment 

( )[ ]
( ) 
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Scenario #5 – Peclet Number

• Ratio of advective flux to diffusive flux
• Pe = 1 implies that the contributions of diffusion 

and advection are equal
• Advection dominates when Pe > 1
• Diffusion dominates when Pe < 1
• The Pe Number can be negative or positive 

depending on the flow directions for diffusion and 
advection
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Scenario #5
Fix Mass Load, Calculate Required Mass Flux

Assumptions
• Afluxchamber = 0.0974 m2 (BFC cross-sectional area)
• t = 3 hours (length of BFC test)
• mFIHg = 8.73 g/d
• mFMeHg = 0.272 g/d
• Triangular distributions for variables in MC simulation

• !z = 0.04, 0.1, 1 cm
• Dmol = 7E-10, 1E-09, 2E-09 m2/s
• "A22 = 10, 50, 100 ng FIHg/L (range FIHg pore water concs.)
• "A22 = 0.4, 2, 4 ng FMeHg/L (range FMeHg pore water concs.)
• "A21 = 0.5, 5, 20 ng FIHg/L (range FIHg water column concs.)
• "A21 = 0.02, 0.2, 0.8 ng FMeHg/L (range FMeHg water column concs.)
• # = 0.25, 0.35, 0.45
• y = 1.2, 1.33, 2.0 (exponent)
• Abed = 0.3, 0.5, 0.55 km2
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Scenario #5 – FIHg Results

8.516096590% Less 
Than

4.860800
50% 

Greater 
Than

Total 
Advected
Volume (L)

Peclet Number
Predicted 
FIHg Mass 

Flux 
(ng/m2.h)

Probability

Predicted mass fluxes are 5-10X those measured in the field with BFC
Peclet Number >> 1 implies that advection must dominate in order to account 
for missing 8.73 g FIHg/day
Total advected volumes >> volumes collected in field over 3 hrs (0.3-0.5 L)
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Scenario #5 – FMeHg Results

71303090% Less 
Than

3.74625
50% 

Greater 
Than

Total 
Advected
Volume (L)

Peclet Number
Predicted 

FMeHg Mass 
Flux 

(ng/m2.h)

Probability

Predicted mass fluxes are comparable to those measured in field with BFC
Peclet Number >> 1 implies that advection must dominate in order to account 
for missing 0.272 g FMeHg/day
Total advected volumes >> volumes collected in field over 3 hrs (0.3-0.5 L)
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Scenario #5A
Fix Mass Load, Calculate Required Bed Area

• Change from Scenario #5
• FIHg and FMeHg fluxes are now input variables

• NFIHg (ng/m2/hr):  50, 100, 220
• NFMeHg (ng/m2/hr):  5, 30, 160

• bed area is now an output variable

• Predict 50% and 90% probability values for bed 
area
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Scenario #5A – FIHg Results

1.4304,500,00090% Less 
Than

0.65103,000,000
50% 

Greater 
Than

Total 
Advected
Volume (L)

Peclet Number
Predicted 
Bed Area 

(m2)

Probability

Required bed areas are 6 to 9 times actual (500,000 m2)
Total advected volumes closer to volumes collected in field over 3 hrs 
(0.3-0.5 L)
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Scenario #5A – FMeHg Results

20300420,00090% Less 
Than

10112180,000
50% 

Greater 
Than

Total 
Advected
Volume (L)

Peclet Number
Predicted 
Bed Area 

(m2)

Probability

Required bed areas are less than actual (500,000 m2)
Total advected volumes >> volumes collected in field over 3 hrs (0.3-0.5 L)
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Scenario #5B
Fix Bed Area at 500,000 m2, Calculate Mass Load

• Change from Scenario #5
• FIHg and FMeHg fluxes are now input variables

• NFIHg (ng/m2/hr):  50, 100, 220

• NFMeHg (ng/m2/hr):  5, 30, 160

• daily mercury mass load is now an output variable

• Predict 50% and 90% probability values for % of 
total “unaccounted for” FIHg and FMeHg mass 
loads (% of 8.73 g FIHg/d & 0.272 g FMeHg/d)
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Scenario #5B – FIHg Results

1.3252290% Less 
Than

0.61015
50% 

Greater 
Than

Total 
Advected
Volume (L)

Peclet
Number

% of Total 
Unaccounted for 

Hg Mass
(% of 8.73 g/d)

Probability

Measured flux rates from BFC account for < 22% of the total 
“unaccounted for” mercury mass of 8.73 g/d. 
Total advected volumes closer to volumes collected in field over 3 hrs 
(0.3-0.5 L)
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Scenario #5B – FMeHg Results

1833041090% Less 
Than

8100240
50% 

Greater 
Than

Total 
Advected
Volume (L)

Peclet
Number

% of Total 
Unaccounted for 

MeHg Mass
(% of 0.272 g/d)

Probability

Measured flux rates from BFC easily account for the total “unaccounted 
for” methylmercury mass of 0.272 g/d. 
Total advected volumes >> volumes collected in field over 3 hrs (0.3-0.5 L)
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Scenario #5 – Conclusions

• The diffusion-advection equation suggests that advection is 
important in accounting for the total influx of FIHg and 
FMeHg into the system.

• For Hg pore water concentrations measured to date, the 
model predicts advection volumes that are much greater 
than those measured in the field.
• Higher pore water concentrations will result in smaller 

advection volumes
• Need to increase our confidence in pore water measurements 

• The diffusion-advection equation yields predicted FIHg
flux rates that are 5 times greater than those measured so 
far in the BFC tests.  In other words, the BFCs can account 
for only 20% of the missing mass of FIHg.

• Conversely, the diffusion-advection equation can easily 
account for the missing mass of FMeHg
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Scenario #6 – Desorption of FIHg from Eroding 
Bank Soil
Conduct a Monte Carlo simulation using an equilibrium partitioning 
mass balance model to predict the 50% & 90% probability values for 
the mass of eroding bank soil (and equivalent incremental TSS) that 
is necessary to account for the missing mass of FIHg (8.73 g/d)**

• Assume eroding soil falls into river and desorbs IHg from the solid 
phase until it reaches a soil-phase Hg loading that is in equilibrium with 
the FIHg water column concentration (typically 3-10 ng/L at RRM 2.3-
5.0)

• using equilibrium isotherm (slide 18), TSS with 10-20 mg Hg/kg loading 
will be in equilibrium with 3-10 ng/L water for log Kd ~ 6.0

• River flow rate based on USGS gauge at Dooms (flow rates over 500 
cfs were considered storm flow and were excluded)  

• Parameters with uncertainty ranges 
• Missing mass FIHg (g/d): 6.6, 8.73, 10.5 (triangular)
• IHg loading on bank soil (mg/kg): 15, 60, 800 (triangular)
• IHg loading on river TSS (mg/kg): 10, 15, 20 (triangular)
• River flow rate @ Dooms (cfs): 60, 156, 490 (triangular)

** Based on daily mercury mass budget for RRM -2.7 to 9.9 mi (Lyndhurst Ave. to Crimora Rd.)
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Scenario #6 – Desorption of FIHg from Eroding 
Bank Soil (cont’d)

Calculation Methodology

M_soil
Mass_Hg

Hg_bank Hg_TSS-
=

∆TSS_erosion
M_soil

Q
=

Mass Soil 
Eroded (kg/d)

Incremental 
TSS (kg/L)

Unaccounted 
for mass FIHg

(mg/d)

Bank Soil Hg Loading 
less Equil. TSS Hg 
Loading (mg/kg)

River Flow Rate 
(L/d)
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Scenario #6 – Results for FIHg
Desorption from Eroding Bank Soils

80.2718,000
(40% banks eroding 

at 15 cm/yr)

13090% Less 
Than

3-40.0752,300
(25% banks eroding 

at 3 cm/yr)

4050% Less 
Than

Typical River 
TSS at 

Baseflow (mg/L)

Incremental 
TSS Based on 
Eroded Mass 

(mg/L)

Pizzuto Soil Erosion 
Rate Estimate for 
0.2 mi Segment 
Adjusted Upward 

for 12.6 mi 
Segment (kg/d)**

Required 
Mass Soil 
Eroded 
(kg/d)

Probability

Model predictions for required mass of eroding soil are less than 1.7% 
of Jim Pizzuto’s estimates of historical soil erosion rates. 
Incremental TSS is only very small fraction of baseflow TSS in river. 
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Scenario #6 – Conclusions

• The Monte Carlo results suggest that desorption 
of IHg from eroding bank soil can easily account 
for the unaccounted for mass of FIHg in this 12.6 
mi reach.

• Looking at the results another way. To provide 
the required 40-130 kg/d desorbing soils:
• Only 0.3% to 0.5% of the banks need to erode 

• Only 0.5 to 1 inch of bank height needs to erode

• Only 0.1 to 0.2 mi out of the 12.6 mi reach needs to 
erode   
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Selected Slides from J.R. Flanders and Todd 
Morrison Presentation to SRST, October 2008, 

Harrisonburg, VA
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Mass Transfer Calculations for 
Mercury on the South River
Data Analysis & Reconciliation
Model Development & Application 

August 2, 2010
Jim Dyer and Rich Landis
DuPont Engineering Research and Technology
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Objectives of Effort
Analyze pore water & surface water data from Phase II of 
EcoStudy

• analyze with goal of choosing & applying appropriate mass transfer 
models that will help quantify conceptual models of FIHg & FMeHg
cycling & transport in the river and lead to feasible remedial options

Expand toolbox of mass transfer (MT) models
• steady-state, water-phase-only models with analytical solution
• transient models with analytical solution & equilibrium partitioning
• transient models with no analytical solution

Reconcile model predictions with pore/surface water data from 
Phase II Study Areas and benthic flux chambers

• can we better explain origin & magnitude of Hg mass flux to river?

Identify additional lab/field studies/pilots with goal of selecting 
feasible remedial options
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6/1/2009 Pore 
Water Data 
Collected
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6/1/2009 Pore Water 
Data Collected

6/1/2009 Pore Water 
Data Collected

Dooms and Harriston, VA – June 2009
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8/24/2009 Pore Water 
Data Collected

7/29/2009 Pore Water 
Data Collected

Dooms, VA – July and August 2009
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Filtered Methyl Hg
(By Study Area and Month)
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Filtered Inorganic Hg
(By Study Area and Substrate Type)
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Filtered Methyl Hg
(By Study Area and Substrate Type)
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Study Area #1 – 2009 Pore Water Data
FIHg & FMeHg vs. Distance from Left Bank
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Study Area #3 – 2009 Pore Water Data
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Study Area #6 – 2009 Pore Water Data
FIHg & FMeHg vs. Distance from Left Bank
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Study Area #8 – 2009 Pore Water Data
FIHg & FMeHg vs. Distance from Left Bank
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Results of Minitab Correlation Analysis

Statistically significant correlations between
• River stage and THg

• SA3 for all substrates
• SA6 for gravel/cobble/sand only

• River stage and MeHg
• SA1 & SA3 for all substrates
• SA6 & SA8 for silt/clay only

• THg & MeHg
• SA1 & SA8 for gravel/cobble/sand only
• SA3 for all substrates
• SA6 for silt/clay only

• Distance to Left Bank & THg
• SA1 & SA3 for all substrates

• Distance to Left Bank & MeHg
• SA3 for all substrates

Correlation 
Analysis by SA & Substrate
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Mass Transfer Model Toolbox

Steady-State Models
• Mass transfer in aqueous dissolved phase only

• partitioning to solids not considered (Kd or retardation factor)
• colloidal transport not considered

• Pore water & surface water concs. fixed in time & space
• Model types

• diffusion only model
• overall mass-transfer-coefficient model
• diffusion-advection model

• All have analytical solution
• Source: Environmental Chemodynamics:  Movement of Chemicals 

in Air, Water, and Soil, 2nd Ed., Louis J. Thibodeaux, Wiley-
Interscience (1996)

• Nonlinear equation solver:  TK Solver
• Monte Carlo simulations performed to account for uncertainties 

in data and model
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Steady-State Mass Transfer Models
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Steady-State Mass Transfer Models
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Steady-State Mass Transfer Models

Peclet Number
• Ratio of advective flux to diffusive flux
• Pe = 1 implies that the contributions of diffusion and 

advection are equal
• Advection dominates when Pe >> 1
• Diffusion dominates when Pe << 1
• Pe can be negative or positive depending on the flow 

directions for diffusion and advection
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Steady-State Mass Transfer Models

Primary adjustable parameters for reconciling 
model with data

• Planar bed area (A) 
• Mass transfer area factor (f = fraction of planar bed area 

that participates in mass transfer)
• f can be > or < 1

• !C (cA2 – cA1)
• !z (z2 – z1)
• advective (seepage) velocity (or advective volume)
• mass transfer coefficient (or river flow velocity used to 

calculate ka from empirical correlations)
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Methodology Used for Steady-State 
Model Monte Carlo Simulations

1. Parsed pore water data for filtered inorganic mercury (FIHg) by study area, 
month, and flow regime using Minitab 15 Statistical Software

• Study area = 1, 3, 6, and 8
• Month = June, July, and August
• Flow regime = high (gravel+cobble+sand) and low (silt+clay)
• Generated min., lower quartile, median, upper quartile, and max. values for each data 

set for use in Monte Carlo simulations
2. Used Arc GIS database to

• estimate bed areas for each study area & flow regime
• calculate net FIHg mass flux based on upstream & downstream surface water 

concentrations & volumetric flowrates
• scale calculated surface water flux to smaller pore water sampling bed area

3. Chose lumped mass-transfer-coefficient model after thorough evaluation of 
all 3 model types for several reasons

• lumps transport mechanisms (diffusion and advection) and parameters (Deff, !z, ")
into one overall mass transfer coefficient for simplicity

• acknowledges our inability at this time to define reasonable uncertainty bounds for 
parameters such as !z and "

• diffusion-advection model didn’t substantially improve our ability to reproduce data 
and gain insight on mass flux

4. Defined uncertainty distributions (triangular or trapezoidal) for parameters
5. Simulations performed for cases with net positive FIHg flux only
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Minitab Output
2009 Pore Water Data
Example Output for Study Area 3 (RRM 3.5), High- & Low-Flow Regimes

June-August 
PW Data by SA & Flow Regime
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Study Area #3
High- & Low-Flow Regimes – June 2009
Steady-State Mass Transfer Coefficient Model

Bed Area (estimated from Arc GIS database) 
Gravel + Cobble + Sand ! High-Flow Regime = 1737 m2

Silt + Clay ! Low-Flow Regime = 408 m2

AreaPore Water Data / AreaSurface Water Data = 43%

Surface Water Data
Upstream Avg.:  186 cfs ,  1.57 ng FIHg/L
Downstream Avg.:  184.7 cfs ,  2.54 ng FIHg/L

Net Flux FIHg = [(184.7 cfs)(2.54 ng/L) – (186 cfs)(1.57 ng/L)]*43% = 
0.2 gm/day
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Study Area #3
High- & Low-Flow Regimes – June 2009
Steady-State Mass Transfer Coefficient Model 

TK Solver Rule Sheet
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Study Area #3 – High-Flow Regime – June 2009
Steady-State Mass Transfer Coefficient Model 

TK Solver Variable Sheet for High-Flow Regime
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Study Area #3 – Low-Flow Regime – June 2009
Steady-State Mass Transfer Coefficient Model 

TK Solver Variable Sheet for Low-Flow Regime
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!!!!C

Study Area #3
High- & Low-Flow Regimes – June 2009
Steady-State Mass Transfer Coefficient Model 

TK Solver Monte Carlo Input Distributions

!!!!C

High-
Flow

Low-
Flow
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Study Area #3 – High-Flow Regime – June 2009
Steady-State Mass Transfer Coefficient Model 

TK Solver Monte Carlo Output – % FIHg Mass 
Accounted for by Model

~ 95-100% mass 
IHg accounted for 
in model, BUT…
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Study Area #3 – High-Flow Regime – June 2009
Steady-State Mass Transfer Coefficient Model 

TK Solver Monte Carlo Output – Mass Flux (ng/m2/h)

SA 3 June 
2009 Monte Carlo MT Coeff High

Required mass flux 
from beds is 
unrealistically high
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Study Area #3 – Low-Flow Regime – June 2009
Steady-State Mass Transfer Coefficient Model 

TK Solver Monte Carlo Output – % FIHg Mass 
Accounted for by Model

~ 10-12% mass 
IHg accounted for 
in model, BUT…
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Study Area #3 – Low-Flow Regime – June 2009
Steady-State Mass Transfer Coefficient Model 

TK Solver Monte Carlo Output – Mass Flux (ng/m2/h)

Required mass flux 
from beds is 
unrealistically high

SA 3 June 
2009 Low Flow MT Model
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Steady-State Mass Transfer Coefficient Model Results 
for Cases with a Positive Mass Flux into the River
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Steady-State Mass Transfer Coefficient Model 
Conclusions

• Difficult for model to simultaneously reproduce BFC-
measured FIHg sediment flux rates (ng/m2/h) and 
net FIHg river flux to water column (g/d)   

• Challenge reconciling lower seepage rate measured by 
BFCs (~ 0.5 L/m2/h) with higher advective flow 
needed in model (~3.4 L/m2/h) to account for net 
FIHg river flux to water column (g/d)

• Dissolved phase mass transfer only
• Hg partitioning to solids not included (no Hg sink)

• colloidal transport not considered
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2008 data, but 
note that…

Conductivity is 
inversely 
proportional to 
river flow rate

Sharp drop in 
conductivity 
coinciding with 
high-flow events 
could potentially 
drive colloid 
release
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Steady-State Mass Transfer Coefficient Model
Conclusions (cont’d)

• Mass transfer driving force assumed to be at steady 
state when it probably is not

• Pore water data collected at depth, but mass flux 
measured and calculated at surface

• Pore water data really represent average 
concentration of a sphere of pore water drawn from 
2” radius around tip of probe

• In some cases, the mass transfer area factor (f) had 
to be set equal to 10-40 in order to reduce the 
calculated mass flux to low 100s ng/m2/h
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Mass Transfer Model Toolbox (cont’d)

Transient Models
• Retardation factor accounts for partitioning of Hg to solids
• Consider changes in concentration and flux with time & depth
• Modeled systems

A. Diffusion only
B. Diffusion + mass transfer resistance at sediment-water interface
C. Diffusion + advection
D. Diffusion + advection + mass transfer resistance at interface

• Analytical solutions available for some systems for specific 
sets of boundary conditions

• Source: Diffusion Models of Environmental Transport, Choy & 
Reible, Lewis Publishers (2000)

• TK Solver for solving equations w/ analytical solution 
• Aspen Plus® Custom Modeler PDE Solver for solving equations 

with no analytical solution
• Monte Carlo simulations not practical
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Transient Mass Transfer Models

A) Diffusion in a Semi-Infinite System
Uniform initial conc., zero conc. at surface
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Transient Mass Transfer Models
A) Diffusion in a Semi-Infinite System (Analytical Soln.)
Uniform initial concentration, zero concentration at surface
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A) Diffusion in a Semi-Infinite System (Analytical Soln.)
Uniform initial concentration, zero conc. at surface

Scenario:  Flowing Gravel Bed with Zero Advection & No Mass 
Transfer Resistance at Sediment-Water Interface, C0 = 200 ng/L
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Flowing Gravel Bed with Zero Advection & No Mass 
Transfer Resistance at Sediment-Water Interface

A) Diffusion in a Semi-Infinite System (Analytical Soln.)
Uniform initial concentration, zero concentration at surface

Can get very 
high flux rate 
at small time
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Transient Mass Transfer Models
B) Diffusion in a Semi-Infinite System + Mass Transfer 
Resistance at S-W Interface (Analytical Soln.)
Uniform initial concentration, mass transfer at surface

Flux Profile at S-W Interface as f(time)

Concentration Profile as f(depth,time)
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B) Diffusion in a Semi-Infinite System + Mass Transfer 
Resistance at S-W Interface (Analytical Soln.)
Uniform initial concentration, mass transfer at surface
Scenario:  Non-Flowing Gravel Bed with Mass Transfer Resistance 
at Sediment-Water Interface; Zero Advection
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Non-Flowing Gravel Bed with Mass Transfer Resistance 
at Sediment-Water Interface; Zero Advection

B) Diffusion in a Semi-Infinite System + Mass Transfer 
Resistance at S-W Interface (Analytical Soln.)
Uniform initial concentration, mass transfer at surface

Mass transfer resistance at interface 
suppresses maximum mass flux
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Transient Mass Transfer Models

C) Diffusion-Advection in a Semi-Infinite 
System
Uniform initial conc., constant conc. at surface

D) Diffusion-Advection in a Finite Layer
+ Mass Transfer Resistance at surface
Uniform initial conc., mass transfer at 
surface, zero flux at base
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Transient Mass Transfer Models
C) Diffusion-Advection in a Semi-Infinite System 
(Analytical Soln.)
Uniform initial concentration, constant concentration at surface

Flux Profile at S-W Interface (must be solved numerically or 
approximated by slope in concentration profile at interface)

Concentration Profile as f(depth,time)
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C) Diffusion-Advection in Semi-Infinite System (Anal. Soln.)
Uniform initial concentration, constant conc. at surface

Scenario:  Flowing Gravel Bed with Diffusion & Advection, C0 = 200 
ng/L, High (0.34 cm/h) & Low (0.01 cm/h) Advective Flowrate
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Flowing Gravel Bed with Diffusion and Advection at 
High Advective Flowrate (0.34 cm/h)

C) Diffusion-Advection in Semi-Infinite System (Anal. Soln.)
Uniform initial concentration, constant concentration at surface

At higher advective flow, 
surface flux drops to BFC-
type values for Rf < 106
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Flowing Gravel Bed with Diffusion and Advection at 
Low Advective Flowrate (0.01 cm/h)

C) Diffusion-Advection in Semi-Infinite System (Anal. Soln.)
Uniform initial concentration, constant concentration at surface

60-yr surface flux much higher at 
lower advective flowrates.  
Approaches diffusion-only case
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Transient Mass Transfer Models
D) Diffusion-Advection in a Finite Layer + Mass Transfer Resistance 
at S-W Interface (Numerical Solution Required)
Uniform initial concentration, mass transfer at surface, zero flux at base

Flux Profile as f(depth,time)

Concentration Profile as f(depth,time)
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Transient Mass Transfer Models

• Numerical solutions to the PDE equations for the 
following general “finite layer” mass transfer 
scenarios have been developed in Aspen Plus®
Custom Modeler
• Diffusion only
• Diffusion + mass transfer resistance at sediment-water 

interface
• Diffusion + advection
• Diffusion + advection + mass transfer resistance at 

interface
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Aspen Plus® Custom Modeler Input File
Diffusion+Advection+Mass Transfer Resistance at Interface

Assumptions

CA(t=0) = 100 ng/L

Rf = 105

ka = 1 cm/h

! = 0.34 cm/h

"z = 2 cm
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Aspen Plus® Custom Modeler Output at t = 20 yr
Diffusion+Advection+Mass Transfer Resistance at Interface

Sedim
ent Surface

FIHg Concentration 
vs. Depth



2/28/2011 DUPONT CONFIDENTIAL

57

Aspen Plus® Custom Modeler Output at t = 20 yr
Diffusion+Advection+Mass Transfer Resistance at Interface
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Aspen Plus® Custom Modeler Output at t = 20 yr
Diffusion+Advection+Mass Transfer Resistance at Interface

Sedim
ent Surface

FIHg Mass Flux vs. Depth
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Transient Mass Transfer Model Conclusions

• Transient models provide picture of how mass flux and Hg 
concentration change with time, depth, & equilibrium 
partitioning to sediment

• Retardation factor & time have strong influence on mass flux

• Unclear where we fall on these plots in actual system

• For 
• Rf = 105-106 (reasonable assumption for Hg)

• seepage velocity = 0.34 cm/h (avg. GW influx over 12.6 mi per 2008 
water budget)

• Calculated mass flux at 60 yr is comparable to flux measured 
with BFC

• However, at these lower sediment flux rates, the model greatly 
underestimates the measured net mass flux in the water column
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100-1000 ng/L

10-1000 mg IHg/kg



2/28/2011 DUPONT CONFIDENTIAL

61

Mass Transfer Model Toolbox

Evaluated Danny Reible’s CapSim model
• Better suited for simulating mass transfer through 

multiple sediment cap layers. Useful tool for future ROPs
work
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Overall Conclusions

This exercise, which started out trying to “close the mass 
balance,” has identified the following gaps in our 
understanding of Hg fate and transport in the South River as 
well as how these gaps will impact remedial options selection

• role of colloidal particles transporting Hg
• hydrodynamics of the hyporheic zone
• lack of complete data sets collected in the same location and 

at the same time which help define the complex interactions 
between 
• unfiltered & filtered IHg & MeHg in the water column 
• unfiltered & filtered IHg & MeHg in pore water 
• filtered IHg & MeHg in pore water and Hg on sediment solids
• filtered IHg & MeHg in the water column and Hg on TSS
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Methylmercury Flux Calculations 
for the South River
Monte Carlo Simulations Using a Steady-State, Lumped 
Mass-Transfer-Coefficient Model

November 24, 2010
Jim Dyer1, Rich Landis1, Danny Reible2

1 DuPont Engineering Research & Technology
2 University of Texas at Austin
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Model and Data Sources

• Reference for Mass Transfer Equations
Environmental Chemodynamics:  Movement of Chemicals 

in Air, Water, and Soil, 2nd Ed.
Louis J. Thibodeaux
Chapter 5
Wiley-Interscience (1996)

• Nonlinear Equation Solver
TK Solver with Monte Carlo simulation module

• Basic Data for Mass Transfer Calculations
• 2008 FMeHg daily mass budget, RRM -2.7 to 9.9 

(Lyndhurst Ave. to Crimora Rd.)
• 2009 pore water data, Phase II EcoStudy
• 2010 DGT probe data, Univ. of Texas at Austin

• Benthic Flux Chamber Data from Landis/Flanders



2/28/2011 DUPONT CONFIDENTIAL

3

Measured Filtered MeHg Fluxes

Compare benthic flux chamber and Basic Park filter 
desorption data to average reach-wide river flux

Benthic Flux Chambers (May, June , August 2008)
-12 to +160 ng FMeHg/m2.hr

Basic Park (RRM 3.5) Sediment Filter
+7 to +15 ng FMeHg/m2.hr

Avg. Reach-Wide River Flux (May, June , August 2008)
+15 to +60 ng FMeHg/m2.hr
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Premise for Modeling Approach

• River bed is dominant source of MeHg flux to water column
• Banks and floodplain soils are small to negligible contributors 

of MeHg to water column
• As a result, MeHg flux measured by benthic flux chambers 

(BFCs) should fall within uncertainty bounds of the mass flux 
predicted by an appropriate mass transfer model

• Flux measured by BFC will be best represented by a steady-
state model (snapshot in time)

• An overall lumped mass transfer coefficient will capture all 
mass transport mechanisms in a single parameter (diffusion, 
advection, hyporheic exchange, colloidal transport), thereby 
simplifying the model calculations



2/28/2011 DUPONT CONFIDENTIAL

5

2009 Pore Water Data

• June-August 2009 
pore water data are 
best represented by 
a log-normal 
probability 
distribution where µln
and σln are the mean 
and standard 
deviation of the 
variable’s natural 
logarithm (data 
deviate slightly from 
log-normal dist. at 
extremes)
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RRM 0.6-23 G/C/S

Probability Plot of All Data, RRM 0.6-23 Silt/Clay, RRM 0.6-23 G/C/S
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All Data:  Mean = 6.5 ng/L (µµµµln = 0.8835) , St Dev = 12.0 ng/L (!!!!ln = 1.362)

µln= Loc

!ln = Scale
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Scenario 1: Fix Mass Load, Calculate kA

Calculate 50% & 75% probability values for an overall, riverbed-wide 
mass transfer coefficient, kA, (gravel/cobble/sand/silt/clay) that 
accounts for the reach-wide FMeHg mass load (based on 2008 MeHg
daily mass budget) from Lyndhurst Ave. to Crimora Rd. (RRM -2.7 to 
9.9)

• Probability distributions for variables in Monte Carlo simulations
• FMeHg Mass Load:  Triangular (0.24, 0.272, 0.31) g/d
• 2009 PW (Cpw- Cwc): Log-normal (µln = 0.8835 , !ln = 1.362) Ln(ng/L)
• 2010 DGT Probe (Cpw- Cwc): Triangular (0.3, 4.2, 24) ng/L
• Abed = 0.35, 0.45, 0.50 km2 (total bed area)

( )
wcpwAA CCAkm "=

Overall Mass Transfer Coeff. (m/d)

Mass Load 
(g/d)

Conc. Driving 
Force (g/m3)

Interfacial Area (m2)

2008 FMeHg Mass Load (RRM -2.7 to 9.9):  0.3 g/d in – 0.01 g/d out – 0.0184 g/d = 0.272 g/d
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Scenario 1 – Fix Mass Load, Calculate kA

28

26

Predicted 
FMeHg Mass 

Flux (ng/m2.hr)

2.8

1.2

Predicted kA
for FMeHg
(cm/hr)

2009 Pore Water Data 2010 DGT Probe Data

0.6

0.3

Predicted kA
for FMeHg
(cm/hr)

2875% Less 
Than

2650% Less 
Than

Predicted 
FMeHg Mass 

Flux (ng/m2.hr)Probability

A rule-of-thumb kA for contaminant flux from sediments is 1 cm/hr

2009 PW 
Data Results

2010 DGT 
Probe Results
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Scenario 2: Fix kA, Calculate Mass Load
Calculate 50% & 75% probability values for the mass load of FMeHg based on 
2009 pore water data, assuming an overall mass transfer coefficient (kA) and 
summing load contributions from 2 substrate types:  gravel/cobble/sand & 
silt/clay.  Compare to measured reach-wide FMeHg mass load (based on 2008 
MeHg daily mass budget) from Lyndhurst Ave. to Crimora Rd. (RRM -2.7 to 9.9)

• Probability distributions for variables in Monte Carlo simulations
• kA:  Triangular (0.5, 1.2, 2) cm/hr
• (Cpw- Cwc) Gravel/Cobble/Sand:  Log-normal (µln = 0.52, !ln = 1.25) Ln(ng/L)
• (Cpw- Cwc) Silt/Clay:  Log-normal (µln = 1.33, !ln = 1.37) Ln(ng/L)
• Abed = 0.3 0.4, 0.425 km2 (gravel/cobble/sand)
• Abed = 0.05, 0.07, 0.075 km2 (silt/clay)

( )
wcpwAA CCAkm "=

Overall Mass Transfer Coeff. (m/d)

Mass Load 
(g/d)

Conc. Driving 
Force (g/m3)

Interfacial Area (m2)
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Scenario 2 – Fix kA, Calculate Mass Load

50

18

Gravel/
Cobble/
Sand

0.59

0.24

Total 
River 
Bed

0.14

0.07

Silt/ 
Clay

0.45

0.17
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Predicted FMeHg Mass Load 
(g/d)

Predicted FMeHg Mass Flux 
(ng/m2.hr)

90

46

Silt/ 
Clay

-12 to 
+160

75% Less 
Than

-12 to 
+160

50% Less 
Than

Measured 
by BFC 
(2008)

Probability

2008 FMeHg Mass Load (RRM -2.7 to 9.9) = 0.272 g/dGravel Cobble 
Sand

Silt and Clay
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Conclusions

Scenario 1
• Model-predicted 50-75% probability values for kA (0.3 to 2.8 

cm/hr) based on both 2009 pore water data and 2010 DGT probe 
data compare well with expected kA values for contaminated 
sediment systems (on the order of 1 cm/hr)

Scenario 2
• The 50% probability value for FMeHg mass load (0.24 g/d) is in 

excellent agreement with the 2008 measured reach-wide FMeHg
load of 0.272 g/d

• Calculated FMeHg fluxes (18 to 90 ng/m2.hr) fall within the range 
of fluxes measured by the BFCs (-12 to +160 ng/m2.hr)

In summary, both BFC measurements and mass transfer 
calculations support the hypothesis that FMeHg primarily 
enters the water column from the river bed
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Filtered Inorganic Hg Flux 
Calculations for South River
Monte Carlo Simulations Using a Steady-State, Lumped 
Mass-Transfer-Coefficient Model

December 2, 2010
Jim Dyer1, Rich Landis1, Danny Reible2

1 DuPont Engineering Research & Technology
2 University of Texas at Austin
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Model and Data Sources

• Reference for Mass Transfer Equations
Environmental Chemodynamics:  Movement of Chemicals 

in Air, Water, and Soil, 2nd Ed.
Louis J. Thibodeaux
Chapter 5
Wiley-Interscience (1996)

• Nonlinear Equation Solver
TK Solver with Monte Carlo simulation module

• Basic Data for Mass Transfer Calculations
• 2008 FIHg daily mass budget, RRM -2.7 to 9.9 

(Lyndhurst Ave. to Crimora Rd.)
• 2009 pore water data, Phase II EcoStudy
• 2010 DGT probe data, Univ. of Texas at Austin

• Benthic Flux Chamber Data from Landis/Flanders
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Measured FIHg Fluxes

Compare benthic flux chamber and Basic Park filter 
desorption data to average reach-wide river flux

Benthic Flux Chambers (May, June , August 2008)
-65 to +220 ng FIHg/m2.hr

Basic Park (RRM 3.5) Sediment Filter
+50 to +200 ng FIHg/m2.hr

Avg. Reach-Wide River Flux (May, June , August 2008)
+50 to +1600 ng FIHg/m2.hr
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Premise for Modeling Approach
• Eroding bank/floodplain soils & embedded gravel beds within the 

river channel are two sources of FIHg flux to water column
• FIHg flux measured by benthic flux chambers (BFCs) should fall 

within uncertainty bounds of mass flux predicted by an appropriate 
mass transfer model

• Flux measured by BFC will be best represented by a steady-state 
model (snapshot in time)

• An overall lumped mass transfer coefficient will capture all mass 
transport mechanisms in a single parameter (diffusion, advection, 
hyporheic exchange, colloidal transport), thereby simplifying the 
model calculations

• IHg (log Kd = 6) partitions more strongly to sediment solids than 
MeHg (log Kd = 5)

• For constituents with a very large Kd (such as IHg), mass transfer 
will often be water-film controlled

• A published correlation based on turbulent flow mass transfer 
theory, therefore, can be used to estimate kA for FIHg
• should be less than kA calculated for FMeHg = 1.2-2.8 cm/hr (p=50-75%)

• Repeat using distribution of kA values required to satisfy the 
FMeHg mass balance (worst case scenario for FIHg)
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2009 Pore Water Data

• June-August 2009 
pore water data are 
best represented by 
a log-normal 
probability 
distribution where µln
and σln are the mean 
and standard 
deviation of the 
variable’s natural 
logarithm (data 
deviate slightly from 
log-normal dist. at 
extremes)

All Data:  Mean = 83.8 ng/L (µµµµln = 3.17) , St Dev =  232 ng/L (!!!!ln = 1.56)
G/C/S:  Mean = 65.1 ng/L (µµµµln = 3.05) , St Dev =  226 ng/L (!!!!ln = 1.37)
Silt/Clay:  Mean = 108 ng/L (µµµµln = 3.32) , St Dev =  237 ng/L (!!!!ln = 1.76)

µln= Loc

!ln = Scale
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Scenario 1: Estimate kA, Calculate FIHg Mass Load
Calculate 50% & 75% probability values for FIHg mass load based on 2009 pore water data.  Use a 
correlation based on turbulent flow mass transfer theory to estimate an overall kA and sum load 
contributions from 2 substrate types:  gravel/cobble/sand & silt/clay.  Compare to measured reach-
wide FIHg mass load (based on 2008 MeHg daily mass budget) from Lyndhurst Ave. to Crimora Rd. 
(RRM -2.7 to 9.9)

• Probability distributions for variables in Monte Carlo simulations
• u (avg. river flow velocity Gravel/Cobble/Sand):  Triangular (0.3, 1, 1.5) ft/sec
• u (avg. river flow velocity Silt/Clay):  Triangular (0.1, 0.4, 1) ft/sec
• (Cpw- Cwc) Gravel/Cobble/Sand:  Log-normal (µln = 3.05, !ln = 1.37) Ln(ng/L)
• (Cpw- Cwc) Silt/Clay:  Log-normal (µln = 3.32, !ln = 1.76) Ln(ng/L)
• Abed = 0.3 0.4, 0.425 km2 (gravel/cobble/sand)
• Abed = 0.05, 0.07, 0.075 km2 (silt/clay)

( )
wcpwAA CCAkm "=

Overall Mass Transfer Coeff. (m/d)

Mass Load 
(g/d)

Conc. Driving 
Force (g/m3)

Interfacial Area (m2)
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Scenario 1: Estimate kA, Calculate FIHg Mass Load
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Probability

(X%) is % of 2008 Total FIHg Mass Load (RRM -2.7 to 
9.9) = 8.73 g/d
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Scenario 2: Use kA for FMeHg, Calculate FIHg Mass Load

Calculate 50% & 75% probability values for the mass load of FIHg based on 2009 pore 
water data.  Use the distribution of kA values required to close the FMeHg mass balance
and sum load contributions from 2 substrate types:  gravel/cobble/sand & silt/clay.  
Compare to measured reach-wide FIHg mass load (based on 2008 MeHg daily mass 
budget) from Lyndhurst Ave. to Crimora Rd. (RRM -2.7 to 9.9)

• Probability distributions for variables in Monte Carlo simulations
• kA = Triangular (0.2, 1.2, 3.5) cm/hr
• (Cpw- Cwc) Gravel/Cobble/Sand:  Log-normal (µln = 3.05, !ln = 1.37) Ln(ng/L)
• (Cpw- Cwc) Silt/Clay:  Log-normal (µln = 3.32, !ln = 1.76) Ln(ng/L)
• Abed = 0.3 0.4, 0.425 km2 (gravel/cobble/sand)
• Abed = 0.05, 0.07, 0.075 km2 (silt/clay)

( )
wcpwAA CCAkm "=

Overall Mass Transfer Coeff. (m/d)

Mass Load 
(g/d)

Conc. Driving 
Force (g/m3)

Interfacial Area (m2)

FIHg Silt 
Clay k MeHg

FIHg Gravel 
Cobble Sand k MeHg



2/28/2011 DUPONT CONFIDENTIAL

9

Scenario 2: Use kA for FMeHg, Calculate FIHg Mass Load
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(X%) is % of 2008 Total FIHg Mass 
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Predicted fluxes much higher 
than measured by BFC in all 
cases
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Conclusions

Scenario 1
• Using a published correlation for water-film-controlled mass transfer to 

estimate kA, the Monte Carlo model predicts that 20-40% of the reach-
wide FIHg river load can be accounted for by the river bed at flux rates 
that agree well with the 2008 BFC studies.

• These results suggest that eroding bank soils contribute 60-80% of the 
reach-wide FIHg river load.

Scenario 2
• Under a worst-case scenario using calculated kA values for FMeHg, the 

Monte Carlo model predicts that 40-80% of the reach-wide FIHg river 
load can be accounted for by the river bed, but at areal flux rates much 
greater than those measured in any of the 2008 BFC studies.

• Still, these worst-case results suggest that the eroding bank soils are 
likely an important contributor to the reach-wide FIHg river load.

In summary, both BFC measurements and mass transfer calculations
support the hypothesis that FIHg primarily enters the water column 
from the eroding banks.
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Conceptual Site Model for the 

South River Aquatic System

Abiotic and Biotic Pathways Diagrams
And More…

Jim Dyer, Rich Landis, Nancy Grosso, Greg 
Murphy, J. R. Flanders, and Reed Harris

October 12, 2011
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Drivers for a Conceptual Site Model (CSM)

• Identify Hg sources and 
pathways that are primarily 
responsible for elevated Hg 
levels in smallmouth bass

• Identify specific pathways 
that are feasible to interrupt 
to effectively reduce Hg 
levels in smallmouth bass
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CSM Identifies and Quantifies…

• Sources of and abiotic pathways by which IHg moves 
through aquatic system to sites of methylation

• MeHg production compartments that supply biota at 
base of aquatic food web

• Biotic pathways by which MeHg bioaccumulates up 
the aquatic food web to smallmouth bass

Emphasis placed on 
multiple lines of 
evidence supported 
by actual field data
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Biotic 
Pathways 
Diagram
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Approach / Key Assumptions for Biotic 
Pathways Diagram

• Approach:  

– Top down approach emphasizes relative importance of final MeHg
pathways (direct) to smallmouth bass

– Lower trophic levels are less important as direct MeHg pathways to 
smallmouth bass, but are important initial pathways into the food web and 
indirect pathways to smallmouth bass by way of secondary consumers 

• Key Assumptions:

– Diet accounts for 55% of MeHg uptake by mayfly, caddisfly, and midge 

– Diet accounts for 66% of MeHg uptake by crayfish and invertivorous
invertebrates

(Diet versus aqueous uptake pathways for invertebrates based on 2010 in 
situ uptake study for mayfly, nymph and crayfish)
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Data Sources for Biotic Pathways Diagram

Biotic Pathway 
Components

Data / References

MeHg in Physical / Biological Media
• South River Science Team databases containing MeHg information 

from various programs

MeHg Uptake Pathways

• Phase II Ecological Study - BASS model outputs for smallmouth bass, 
redbreast sunfish, and common shiner

• Phase II Ecological Study - In situ Hg uptake study for mayfly nymph 
and crayfish

Dietary Composition

• Phase II Ecological Study - Fish stomach content analyses for 
smallmouth bass, redbreast sunfish, and common shiner

• Snyder and Hendricks (1995) - Study on Hydropsychid caddisflies in 
South River

• Merritt et al. (2008) - Invertebrate diet information 

Assimilation Efficiency

• Wiley and Wike (1986) 

• Shuter and Post (1990) - Smallmouth bass

• Headon et al. (1996) - Crayfish

• Trebitz (1997) - Sunfish

• Duffy (1998) - Cyprinids

• Karimi et al. (2007) - Invertebrates
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Abiotic
Pathways 
Diagram
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How Were the Sources and Pathways 
Quantified?

• Tapped collective knowledge and expertise of 
SRST members and outside experts

• Utilized appropriate mix of databases and 
statistical, analytical, & numerical models to 
quantify mass loading and flux

• Where practical, Monte Carlo simulations or 
other error analysis techniques were used to 
estimate uncertainty
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The SR CSM Integrates South River Data and Other Model Results

Notes:
BASS - Bioaccumulation and Aquatic System Simulator

Biotic Pathways

Abiotic Pathways

Numerical Predictive 
Models

• BASS Model
• HSPF Model (TMDL)
• HEC RAS Model

Analytical Modeling
• Statistical Models
• Trophic Transfer
• Geomorphic Models
• Mass Flux Models
• HQI Loading Analysis
• Phase 1 Eco Report

Conceptual Site 
Model

Field Data 
• Eco Study Data (Phases 
1&2)

• SRST Investigations
• Site Outfall Monitoring
• Bank Pilot 

Lab Studies
• U. Waterloo Soil & 
Sed Charac.

• U. Texas DGT
• SERC/UMBC
• Battelle
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Daily Water and Hg Mass Budgets - Lyndhurst to Crimora
(Morrison & Flanders, 2008)

• Tributaries, millraces, wetlands & 
bedrock GW are minor sources

• Bank-to-bank sources important, 
particularly bank erosion and flux 
from embedded gravel beds

Discrete Inputs Lyndhurst Ave Diffuse Inputs

RRM -2.7 Groundwater
Outfalls 0.2 +/-0.03 0.2 +/- 0.05 g/d

1.1 +/- 0.2 g/d g/d 0.8 +/- 0.3%
4.6 +/- 1.1%

  Fine-Grained Sed.

0.6 +/- 0.2 g/d
2.5 +/- 1%

Accounted for: Gravel Beds
85 +/- 26% 2.2 +/- 0.5 g/d

Unfiltered THg 9.2 +/- 2.6%

Tributaries Bank Erosion
1.1 +/- 0.3 g/d 15 +/- 5 g/d
4.6 +/- 1.5% 63 +/- 24%

Dooms Crossing
RRM 5.1 Bank Leachate
25 +/- 3.8 0.14 +/- 0.07 g/d

g/d 0.6 +/- 0.3%

Unfiltered

THg
Discrete Inputs Lyndhurst Ave Diffuse Inputs

RRM -2.7 Groundwater
Outfalls 0.01 +/-0.002 0.02 +/- 0.005 g/d

0.00 g/d g/d 8.3 +/- 2.5%
0.0%

  Fine-Grained Sed.
0.06 +/- 0.02 g/d

25 +/- 9.3%

Accounted for: Gravel Beds
112 +/- 30% 0.18 +/- 0.05 g/d

Unfiltered MeHg 74 +/- 25%
Tributaries

0.0123 +/- Bank Erosion
0.002 g/d -- g/d

5.1 +/- 1.3% --
Dooms Crossing

RRM 5.1 Bank Leachate
0.26 +/- 0.04 -- g/d

g/d --

Unfiltered

MeHg

Note:  All mass flux values were 
calculated independently, not by 
difference.

MeHg:  Methylmercury;     THg:  Total Mercury

Daily Water and Hg Mass Budgets - Lyndhurst to Crimora
(Morrison & Flanders, 2008)

• Tributaries, millraces, wetlands & 
bedrock GW are minor sources

• Bank-to-bank sources important, 
particularly bank erosion and flux 
from embedded gravel beds

Discrete Inputs Lyndhurst Ave Diffuse Inputs
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Outfalls 0.2 +/-0.03 0.2 +/- 0.05 g/d

1.1 +/- 0.2 g/d g/d 0.8 +/- 0.3%
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  Fine-Grained Sed.

0.6 +/- 0.2 g/d
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Accounted for: Gravel Beds
85 +/- 26% 2.2 +/- 0.5 g/d

Unfiltered THg 9.2 +/- 2.6%

Tributaries Bank Erosion
1.1 +/- 0.3 g/d 15 +/- 5 g/d
4.6 +/- 1.5% 63 +/- 24%

Dooms Crossing
RRM 5.1 Bank Leachate
25 +/- 3.8 0.14 +/- 0.07 g/d

g/d 0.6 +/- 0.3%
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0.00 g/d g/d 8.3 +/- 2.5%
0.0%

  Fine-Grained Sed.
0.06 +/- 0.02 g/d

25 +/- 9.3%

Accounted for: Gravel Beds
112 +/- 30% 0.18 +/- 0.05 g/d
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Tributaries

0.0123 +/- Bank Erosion
0.002 g/d -- g/d

5.1 +/- 1.3% --
Dooms Crossing

RRM 5.1 Bank Leachate
0.26 +/- 0.04 -- g/d

g/d --
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MeHg

Note:  All mass flux values were 
calculated independently, not by 
difference.

MeHg:  Methylmercury;     THg:  Total Mercury

Daily Water and Hg Mass Budgets - Lyndhurst to Crimora
(Morrison & Flanders, 2008)

• Tributaries, millraces, wetlands & 
bedrock GW are minor sources

• Bank-to-bank sources important, 
particularly bank erosion and flux 
from embedded gravel beds

Discrete Inputs Lyndhurst Ave Diffuse Inputs

RRM -2.7 Groundwater
Outfalls 0.2 +/-0.03 0.2 +/- 0.05 g/d

1.1 +/- 0.2 g/d g/d 0.8 +/- 0.3%
4.6 +/- 1.1%

  Fine-Grained Sed.

0.6 +/- 0.2 g/d
2.5 +/- 1%

Accounted for: Gravel Beds
85 +/- 26% 2.2 +/- 0.5 g/d

Unfiltered THg 9.2 +/- 2.6%

Tributaries Bank Erosion
1.1 +/- 0.3 g/d 15 +/- 5 g/d
4.6 +/- 1.5% 63 +/- 24%

Dooms Crossing
RRM 5.1 Bank Leachate
25 +/- 3.8 0.14 +/- 0.07 g/d

g/d 0.6 +/- 0.3%

Unfiltered

THg
Discrete Inputs Lyndhurst Ave Diffuse Inputs

RRM -2.7 Groundwater
Outfalls 0.01 +/-0.002 0.02 +/- 0.005 g/d

0.00 g/d g/d 8.3 +/- 2.5%
0.0%

  Fine-Grained Sed.
0.06 +/- 0.02 g/d

25 +/- 9.3%

Accounted for: Gravel Beds
112 +/- 30% 0.18 +/- 0.05 g/d

Unfiltered MeHg 74 +/- 25%
Tributaries

0.0123 +/- Bank Erosion
0.002 g/d -- g/d

5.1 +/- 1.3% --
Dooms Crossing

RRM 5.1 Bank Leachate
0.26 +/- 0.04 -- g/d

g/d --

Unfiltered

MeHg

Note:  All mass flux values were 
calculated independently, not by 
difference.

MeHg:  Methylmercury;     THg:  Total Mercury

(RRM -2.7 to 5.1)

Dooms
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Assumptions & Data Sources for Abiotic Pathways Diagram:
Sources of Inorganic Hg

Hg Sources Data / References
Tributaries Eco Study Data (April/May/June 2008);  Calculated Daily Mercury Budget 

for South River (Dyer and Flanders, revised 4/2011)

Groundwater Genicom Facility / Schifflett Farm Final Soil, Groundwater, and Surface 
Water assessment report, Waynesboro, VA (USEPA, 2007); Bank 
stabilization pilot data and monitoring report (URS, 2011); Comprehensive 
RFI Report Former DuPont Waynesboro Site (URS, 2009);  Report on
Groundwater at Basic Park (Turner & Jensen, 2006)               

Floodplain Runoff Mercury floodplain study and analysis (VA DEQ, 2008);  Phase 1 Eco 
Study Report (URS, 2006)                                   

Invista Plant Outfalls Stormwater outfall monitoring data collected 2003-2006 as part of RCRA 
Corrective Action permit; Mercury Loading to South River from Plant 
Outfalls-Analysis of Base Flow and Storm Flow Data (Dyer, Nov. 2007); 
TMDL Development for Mercury in the South River, South Fork 
Shenandoah River, and Shenandoah River, Virginia (USGS, 2009)

Inflow at Upstream Boundary Phase I & II Eco Study surface water monitoring data (URS, 2005-2010); 
Conceptual Site Model for Mercury in the South River, VA, (HydroQual, 
Inc., 2009)

Bank Erosion Bank Erosion Estimates based on Aerial Photography Analysis, Erosion 
Pins and Land-based LiDAR Surveys (Pizzuto et al.,2006-2011)

Bank Leaching Sediment-column leaching data and flux estimates for bank soils 
(University of Waterloo, 2010-2011)

Flux from Beds (Legacy Sediment) Benthic flux chamber data (Landis, 2006-2008), Mass Transfer analytical 
models to predict flux based on pore water data (Dyer and Landis, 2009-
2011) 
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Assumptions & Data Sources for Abiotic Pathways Diagram:
MeHg Production Compartments

• Direct loading of MeHg from floodplain soil << MeHg
production within wetted perimeter of river

• Embedded Gravel Beds1: Comprise ~85% of river bed 
area

• Fine-Grained Sediment Areas2:  Comprise remaining 15% 
of river bed area 

• Median Filtered IHg (FIHg) Pore Water Concs. for silt/clay 
substrates are 1X-4X median pore water concs. for 
cobble/gravel/sand substrates based on data for four   
2009 study areas

• Resulting 75%/25% Split in MeHg Production between 
gravel beds & fine-grained sediment areas based on 
weighting factor of (bed area x pore water conc.)

1 Areas mapped as cobble/gravel/ sand during 2009 substrate mapping exercise

2 Areas mapped as silt/clay during 2009 substrate mapping exercise
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Lines of Evidence for Abiotic Pathways Diagram

Excel® document containing
– Name of source/compartment

– Description of source/compartment

– % contribution to mass loading

– Uncertainty range

– Calculation basis

– Lines of evidence

– Data and document references
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Lines of Evidence Document
Sample Screen Capture
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Lines of Evidence Document
Sample Screen Capture
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Example: Lines of Evidence for Advective/ 
Diffusive Flux from Beds

Filtered Inorganic Mercury (FIHg)

• Using published equations for diffusive/advective 
mass transfer, Monte Carlo simulations predict 
that 20-40% of reach-wide FIHg river load can 
be accounted for by flux from river bed at rates 
that agree well with benthic flux chamber (BFC) 
and other laboratory studies.

• By difference, results suggest that eroding bank 
soils contribute 60-80% of reach-wide FIHg river 
load.

• Hence, both BFC measurements and mass 
transfer calculations support hypothesis that 
FIHg primarily enters the water column from 
eroding banks.
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Example: Lines of Evidence for Advective/ 
Diffusive Flux from Beds

Filtered Methylmercury (FMeHg)

• Similarly, mass transfer equations 
predict that > 95% of reach-wide 
FMeHg river load can be accounted for 
by flux from river bed at rates that 
agree well with BFC studies.

• For example, model-predicted FMeHg
flux values (18 to 90 ng/m2.hr) fall well 
within range of flux values measured in 
field by BFCs (-12 to +160 ng/m2.hr).

• Hence, both BFC measurements and 
mass transfer calculations support 
hypothesis that FMeHg primarily 
enters the water column from the river 
bed. 
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Working Hypotheses for Absence of a 
Decline in Fish-Tissue Mercury 

• Hg-contaminated soil particles from eroding 
banks and floodplain soil are an ongoing, long-
term, primary source of bioavailable IHg to the 
aquatic ecosystem

• Over time, this has led to an accumulation of Hg-
rich, fine-grained sediment particles in near-
bank areas and sand/gravel/cobble beds within 
the river channel, continuing to supply pore 
water with dissolved and colloidal IHg that 
diffuses to sites of methylation
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What About Downstream of RRM 5?

• What does the TMDL (i.e., HSPF) model 
tell us about unfiltered total Hg?
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Bases For Analysis of TMDL Model Output

• Unfiltered Total Hg (UTHg)

• Model output for 04/01/2005 thru 03/31/2007

• 5 river reaches defined in HSPF model
– #1:  Upstream to RRM -2.8 (Waynesboro)

– #2:  RRM -2.8 to 2.3 (Hopeman Parkway)

– #3:  RRM 2.3 to 5.3 (Dooms)

– #4:  RRM 5.3 to 16.5 (Harriston)

– #5:  RRM 16.5 to 24 (Port Republic)

• Definition of stormflow based on flow duration curves
– defined as “discharge rate that is exceeded 10% of time”

– > 325-350 cfs @ Waynesboro & > 500-600 cfs @ Harriston per 
Figures 32-33 from TMDL modeling report**

** Mercury Loads in the South River and Simulation of Mercury Total Maximum Daily Loads (TMDLs) for the South River, 

South Fork Shenandoah River, and Shenandoah River: Shenandoah Valley, Virginia by USGS
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General Characterization of Reaches 
from UTHg-Loading Perspective

• Waynesboro to Dooms (RRM -2.8 to 5.3)

– Bank erosion & bed flux dominate

• Dooms to Port Republic (RRM 5.3 to 24)

– Floodplain runoff & bank erosion dominate
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1.   Annual Basis by Segment

• RRM -2.8 to 5.3

– 80% of total annual UTHg load of which 97% is channel margin 
inputs (bank erosion, flux from beds, bank leaching, etc.)

• RRM 5.3 to 16.5

– 20% of total annual UTHg load of which 60% is floodplain runoff

Annual Basis (%)

Reach 1 2 3 4 5 Total all Reaches
Point Sources 0.0% 0.3% 0.0% 0.0% 0.0% 0.3%

Direct Precipitation to River 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Interflow Discharge 0.2% 0.0% 0.0% 0.1% 0.0% 0.4%

Groundwater Discharge 0.0% 0.0% 0.0% 0.0% 0.0% 0.1%
Runoff 0.3% 0.1% 2.1% 11.2% 1.8% 15.4%

Channel Margin Inputs 0.0% 31.2% 43.7% 7.7% 1.2% 83.8%
Totals 0.55% 31.67% 45.82% 18.97% 2.98% 100.00%

% of Total Annual UTHg River Load
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2.  Annual Basis, Entire River

• Baseline Conditions

– 25% of total annual UTHg load

– 98% channel margin inputs

• Stormflow Conditions

– 75% of total annual UTHg load

– 80% channel margin inputs + 
20% floodplain runoff
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3. Floodplain Runoff - Daily Basis by 
Segment

• RRM -2.8 to 5.3
– Up to 45-50% of daily

UTHg load can be 
from floodplain runoff

• RRM 5.3 to 24
– Up to 97% of daily

UTHg load can be 
from floodplain runoff
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Conclusions from TMDL Model Output

• 80/20 Rule

– UTHg loading primarily driven by channel margin 
inputs (banks inward) over RRM 0 to 5 under 
stormflow conditions (80)

– Floodplain runoff during storms is a primary input 
downstream of RRM 5, but a secondary 
contributor overall (20)

• Does not necessarily apply to availability of 
inorganic Hg for methylationn & MeHg
production itself



31

What About Downstream of RRM 5?

• What does a preliminary water and Hg 
mass budget look like for RRM 5 to 10?
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Daily Water & Hg Mass Budgets – Holsinger to Crimora
(RRM 5.1 to 9.9) – Unfiltered Total Hg

Discrete Inputs Holsinger Farms Diffuse Inputs

RRM 5.1 Groundwater
Outfalls 25.2 (3.8) g/d 0.1 g/d

0.0 g/d 0.9%
0.0%

FGCM Deposits
0.6 g/d
5%

Accounted for: Gravel/Cobble
196% 2.2 g/d
UTHg 18.0%

Tributaries Bank Erosion
1.0 g/d 19 g/d

8.5% 162%

Crimora Bank Leachate
RRM 9.9 0.13 g/d

37 (7.4) g/d 1.1%

Unfiltered

THg

Negative UTHg loads 
common in this reach 
@ baseflow conditions

Sediment 
Deposition

11 g/d ??

Net 8 g/d

Red = Negative Load

HydroQual Report (2009)
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Daily Water & Hg Mass Budgets – Holsinger to Crimora
(RRM 5.1 to 9.9) – Unfiltered MeHg

Discrete Inputs Lyndhurst Ave Diffuse Inputs

Point Sources RRM -2.7 Groundwater
0.00 g/d 0.26 (0.04) g/d 0.01 g/d
0.0% 4.0%

FGCM Deposits
0.06 g/d
22%

Accounted for: Gravel/Cobble
90% 0.18 g/d

UMeHg 62%
Tributaries

0.01 g/d Bank Erosion
2.0% --

--

Dooms Crossing Bank Leachate
RRM 5.1 --

0.55 (0.1) g/d --

Unfiltered

MeHg Good closure 
of mass 

balance again 
for UMeHg
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Path Forward

• Ongoing activity in support of remedial options team

• CSM will be updated/expanded when new 
information is available and our understanding of 
what is going on evolves

– Updated bank erosion model

– SAV study

– Latest substrate mapping study

– Invista site clean up

– Other reaches and storm conditions

• Document findings in evergreen CSM report



35

Back-up Slides
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Biotic Pathways: From February 2011 NRDC Meeting

Biotic Pathway 

Model 

Notes:

D = Direct uptake from 
physical media / basal 
resources 

I = Indirect uptake from other 
trophic compartments

S = Direct pathway to 
smallmouth bass

F = Indirect pathway to 
smallmouth bass 
through another trophic 
compartments 

L = Low uncertainty

M = Moderate uncertainty

H = High uncertainty

Aqueous pathway

Dietary pathway

Predatory Fishes
Smallmouth Bass

100%

Invertivorous Fishes
Redbreast Sunfish 

D=1%, I=10%, S=11%

Invertivorous Aquatic 
Invertebrates

Dragonfly, Damselfly, 
Stonefly, True Bug, Leach 
D=3%, I=7%, S=4%, F=6%

Omnivorous Aquatic 
Invertebrates

Crayfish 
D=14%, I=11%, S=25%

Detritivorous/Herbivorous 
Aquatic Invertebrates

Mayfly 
D-38%, S=14%, F=24%

Detritivorous Aquatic 
Invertebrates

Midge D=9%, S=2%, F=7%

Omnivorous Aquatic 
Invertebrates

Caddisfly 
D=14%, S=2%, F=12%

FMeHg in Water 
Column

54%

Seston
4%

Periphyton / 
Surface Coatings

7%

Detritus / Fine-
Grained Sediment

26%

Invertivorous Fishes
Forage Fishes 

D=6%, I=30%, S=33%, F=3%

19% (L)

5% (M)

8% (L)

7% (M)

3% (M)

1% (L)5% (L)

6% (L)

5% (M)

3% (M) 1% (M)

2% (L)14% (L)

33% (L) 11% (L)

4% (L)25% (L)2% (L)

13% (M)

3% (M)

4% (M)

5% (M)

2% (M)

3% (M)

2% (M)

Terrestrial Invertebrates
Ant, Beetle, Spider

D=9%, S=3%, F=6%

9%
3% (L)

7% (M) 13% (M) 3% (M) 3% (M) 1% (L) 1% (L)5% (L)

2% (M)

4% (M)

1% (M) 1% (L)

2% (L)

3% (M)

2% (M)

1% (M)

1% (M)

3% (M)1% (M)

12

1% (L)

ColloidsSeston
Periphyton / 

Surface Coatings
Detritus / Fine-

Grained Sediment
91%
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Implications of Storm Event on Biotic Portion of CSM 

• Wet-dry cycling and inundation-induced methylation impact on 

terrestrial biota

• Potential change in aquatic invertebrate biomass and community 

structure; though evidence that effects are short-term in duration 

(ref. Hendricks et al. 1995)

– shift in fish food habits; subsequent bioenergetics & mercury uptake

– change in mercury flux to terrestrial food web

• Change in mercury bioavailability for aquatic invertebrate uptake

– change in mercury uptake by fish

– change in mercury flux to terrestrial food web

• Effect on fish reproduction

– shift in fish food habits; subsequent bioenergetics & mercury uptake
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Implications of Storm Event on Abiotic Portion of CSM 

• Key issue is the potential for a major storm to mobilize Hg and 
induce a newly contaminated state

• A storm may mobilize previously unavailable Hg via

– redistribution of river bed sediment

– loading of floodplain Hg to river

– increased riverbank erosion and collapse

• Above may be partially offset by introduction of clean sediment from 
upstream and reduced erosion of contaminated soil from stabilized river 
banks

• Floodplain runoff contribution likely to increase

• Need to consider impact of wet-dry cycling on methylation in 
banks and on floodplain
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Example: Calculation Basis for Advective/Diffusive FIHg
Flux from Beds - Model and Data Sources

• Reference for Mass Transfer Equations

Environmental Chemodynamics:  Movement of Chemicals in Air, Water, 
and Soil, 2nd Ed.

Louis J. Thibodeaux

Chapter 5

Wiley-Interscience (1996)

• Nonlinear Equation Solver

TK Solver with Monte Carlo simulation module

• Basic Data for Mass Transfer Calculations

– 2008 FIHg daily mass budget, RRM -2.7 to 9.9 (Lyndhurst Ave. to 
Crimora Rd.)

– 2009 pore water data, Phase II EcoStudy

– 2010 DGT probe data, Univ. of Texas at Austin

• Benthic Flux Chamber Data from Landis/Flanders
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Example: Calculation Basis for Advective/Diffusive FIHg
Flux from Beds - Premise for Modeling Approach
• Eroding bank/floodplain soils & embedded gravel beds within the river 

channel are two sources of FIHg flux to water column

• FIHg flux measured by benthic flux chambers (BFCs) should fall within 
uncertainty bounds of mass flux predicted by an appropriate mass transfer 
model

• Flux measured by BFC will be best represented by a steady-state model 
(snapshot in time)

• An overall lumped mass transfer coefficient will capture all mass transport 
mechanisms in a single parameter (diffusion, advection, hyporheic
exchange, colloidal transport), thereby simplifying the model calculations

• IHg (log Kd = 6) partitions more strongly to sediment solids than MeHg (log 
Kd = 5)

• For constituents with a very large Kd (such as IHg), mass transfer will often 
be water-film controlled

• A published correlation based on turbulent flow mass transfer theory, 
therefore, can be used to estimate kA for FIHg

– should be less than kA calculated for FMeHg = 1.2-2.8 cm/hr (p=50-75%)
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Example: Calculation Basis for Advective/Diffusive FIHg
Flux from Beds - 2009 Pore Water Data
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N 260
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P-Value 0.009

RRM 0.6-23 G/C/S

Loc 3.319
Scale 1.760
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AD 0.447
P-Value 0.278
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Scale 1.555
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AD 0.413
P-Value 0.337

All Data

Probability Plot of RRM 0.6-23 G/C/S, RRM 0.6-23 Silt/Clay, All Data
Lognormal - 95% CI

• June-August 2009 
pore water data are 
best represented by 
a log-normal 
probability 
distribution where µln
and σln are the mean 
and standard 
deviation of the 
variable’s natural 
logarithm (data 
deviate slightly from 
log-normal dist. at 
extremes)

All Data:  Mean = 83.8 ng/L (µµµµln = 3.17) , St Dev =  232 ng/L (!!!!ln = 1.56)
G/C/S:  Mean = 65.1 ng/L (µµµµln = 3.05) , St Dev =  226 ng/L (!!!!ln = 1.37)
Silt/Clay:  Mean = 108 ng/L (µµµµln = 3.32) , St Dev =  237 ng/L (!!!!ln = 1.76)

µln= Loc

!ln = Scale
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Calculate 50% & 75% probability values for FIHg mass load based on 2009 pore water data.  Use a 
correlation based on turbulent flow mass transfer theory to estimate an overall kA and sum load 
contributions from 2 substrate types:  gravel/cobble/sand & silt/clay.  Compare to measured reach-
wide FIHg mass load (based on 2008 MeHg daily mass budget) from Lyndhurst Ave. to Crimora Rd. 
(RRM -2.7 to 9.9)

• Probability distributions for variables in Monte Carlo simulations
• u (avg. river flow velocity Gravel/Cobble/Sand):  Triangular (0.3, 1, 1.5) ft/sec
• u (avg. river flow velocity Silt/Clay):  Triangular (0.1, 0.4, 1) ft/sec
• (Cpw- Cwc) Gravel/Cobble/Sand:  Log-normal (µln = 3.05, !ln = 1.37) Ln(ng/L)
• (Cpw- Cwc) Silt/Clay:  Log-normal (µln = 3.32, !ln = 1.76) Ln(ng/L)
• Abed = 0.3 0.4, 0.425 km2 (gravel/cobble/sand)
• Abed = 0.05, 0.07, 0.075 km2 (silt/clay)

( )
wcpwAA CCAkm "=

Overall Mass Transfer Coeff. (m/d)

Mass Load 
(g/d)

Conc. Driving 
Force (g/m3)

Interfacial Area (m2)

( )
wcpwAA CCAkm "=

Overall Mass Transfer Coeff. (m/d)

Mass Load 
(g/d)

Conc. Driving 
Force (g/m3)

Interfacial Area (m2)
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Example: Calculation Basis for Advective/Diffusive FIHg Flux from 
Beds - Steady State Mass Transfer Model to Estimate Flux
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Example: Calculation Basis for Advective/Diffusive FIHg Flux from 
Beds - FIHg Mass Load Predictions
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(X%) is % of 2008 Total FIHg Mass Load (RRM -2.7 to 
9.9) = 8.73 g/d
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Example: Calculation Basis for Advective/Diffusive FMeHg Flux 
from Beds - FMeHg Mass Load Predictions
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TMDL Model Analysis
Insight #2 - Annual Basis, Entire River

% of Total Annual UTHg Load Attributable to Storm Conditions

Reach 1 2 3 4 5 Total
Point Sources 14% 13% 10% 9% 13%

Direct Precipitation to River 53% 54% 26% 24% 23% 42%
Interflow Discharge 62% 63% 62% 62% 64% 62%

Groundwater Discharge 17% 17% 17% 16% 16% 16%
Runoff 99% 94% 100% 100% 100% 100%

Channel Margin Inputs 76% 68% 78% 78% 72%
Total 80% 76% 70% 91% 90% 76%

% of Total Annual UTHg Load Attributable to Storm Conditions

% of Total Annual UTHg Load Attributable to Baseline Conditions

Reach 1 2 3 4 5 Total
Point Sources 86% 87% 90% 91% 87%

Direct Precipitation to River 47% 46% 74% 76% 77% 58%
Interflow Discharge 38% 37% 38% 38% 36% 38%

Groundwater Discharge 83% 83% 83% 84% 84% 83%
Runoff 1% 6% 0% 0% 0% 0%

Channel Margin Inputs 24% 32% 22% 22% 28%
Total 20% 24% 30% 9% 10% 24%

% of Total Annual UTHg Load Attributable to Baseline Conditions



TMDL Model Analysis
Insight #2 - Annual Basis, Entire River

Baseline Days Only, % of Total Baseline Loading

Reach 1 2 3 4 5 Total all Reaches
Point Sources 0.00% 1.17% 0.00% 0.00% 0.08% 1.25%

Direct Precipitation to River 0.03% 0.01% 0.00% 0.02% 0.01% 0.07%
Interflow Discharge 0.32% 0.04% 0.04% 0.13% 0.03% 0.56%

Groundwater Discharge 0.10% 0.01% 0.01% 0.04% 0.01% 0.18%
Runoff 0.01% 0.02% 0.00% 0.01% 0.02% 0.06%

Channel Margin Inputs 0.00% 31.37% 58.15% 7.23% 1.11% 97.87%
Totals 0.47% 32.62% 58.21% 7.43% 1.27% 100.00%

% of Total Baseline Loading

Storm Days Only, % of Total Storm Loading

Reach 1 2 3 4 5 Total all Reaches
Point Sources 0.00% 0.06% 0.00% 0.00% 0.00% 0.06%

Direct Precipitation to River 0.01% 0.00% 0.00% 0.00% 0.00% 0.02%
Interflow Discharge 0.16% 0.02% 0.02% 0.06% 0.02% 0.29%

Groundwater Discharge 0.01% 0.00% 0.00% 0.00% 0.00% 0.01%
Runoff 0.39% 0.09% 2.77% 14.68% 2.29% 20.23%

Channel Margin Inputs 0.00% 31.20% 39.17% 7.82% 1.20% 79.40%
Totals 0.57% 31.37% 41.96% 22.57% 3.52% 100.00%

% of Total Storm Loading
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TMDL Model Analysis
Insight #3 – Floodplain Runoff
Daily Basis by Segment
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Appendix G 
Mass Balance for Inorganic Hg and MeHg from RRM 0 to 10 

Notes: The diagram shows the results of a comprehensive mass balance modeling effort to estimate the 
magnitude of unfiltered THg (UTHg) and methylmercury (UMeHg) sources between RRM -2.7 and 9.9. 
The total load of each discrete or diffuse source is summed and compared to the total load of UTHg or 
UMeHg, which is the difference between the loads at RRM -2.7 and 9.9. Based on the analysis, which 
assumes baseflow conditions for both UTHg and UMeHg, and considers the warm season (April to 
September, inclusive) for UMeHg, a majority of both mercury species can be accounted for from the 
known sources. The methodology, assumptions, and calculation basis are described fully in Appendix L.   

Unfiltered Total 
Mercury (UTHg) 

Unfiltered 
Methylmercury 

(UMeHg) 

Ecological Study Final Report, 27 January 2012 DRAFT 
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Calculation+Bases+for+Biotic+MeHg+Fluxes+&+Pools+for+RRM+0N10+



Taxa

Mean MeHg 

Concentration

(ng/g, wet wt.)

Source Notes
Uptake 

Pathways
Source Notes Dietary Pathways

% Diet 

Composition  

(wet wt.)

Data 

Source
Notes

Mean MeHg 

Concentration 

(ng/g, wet wt.)

Data Source Notes
Assimilation 

Efficiency
Data Source

MeHg Uptake (ng 

assimilated / g wet wt. 

ingested) 

% Uptake by 

Dietary 

Pathway

% Uptake by  Dietary 

Pathway (normalized 

by dietary fraction)

% Uptake by Dietary 

Pathway (normalized by 

dietary fraction of 

smallmouth bass)

% Uptake by 

Aqueous Pathways 

Omnivorous Fishes - Forage Fishes 34% 472 144 55% 53%

Invertivorous Fishes - Redbreast Sunfish 2% 851 15 6% 6%

Omnivorous Aquatic Invertebrates - Caddisfly 4% 140 5 2% 2%

Omnivorous Aquatic Invertebrates - Crayfish 26% 281 65 25% 24%

Invertivorous Aquatic Invertebrates - Dragonfly, Damselfly, etc 4% 225 8 3% 3%

Detritivorous/Herbivorous Aquatic Invertebrates - Mayfly 22% 75 15 6% 5%

Detritivorous Aquatic Invertebrates - Midge 4% 88 3 1% 1%

Terrestrial Invertebrates 4% 156 6 2% 2%

Sub-Total 100% Sub-Total 261 100% 97%

Omnivorous Fishes - Forage Fishes 4% 472 16 14% 13% 1%

Omnivorous Aquatic Invertebrates - Caddisfly 24% 140 28 25% 23% 1%

Omnivorous Aquatic Invertebrates - Crayfish 4% 281 9 8% 8% 0%

Invertivorous Aquatic Invertebrates - Dragonfly, Damselfly, etc 10% 225 19 17% 16% 1%

Detritivorous/Herbivorous Aquatic Invertebrates - Mayfly 21% 75 13 12% 11% 1%

Detritivorous Aquatic Invertebrates - Midge 30% 88 22 19% 18% 1%

Terrestrial Invertebrates 5% 156 6 6% 5% 0%

Macrophyte 2% 8 32%
Wiley and Wike 

(1986)
0 0% 0% 0%

Sub-Total 100% Sub-Total 113 100% 95% 5%

Omnivorous Aquatic Invertebrates - Caddisfly 8% 140 10 29% 27% 15%

Detritivorous/Herbivorous Aquatic Invertebrates - Mayfly 10% 75 7 19% 18% 10%

Detritivorous Aquatic Invertebrates - Midge 10% 88 8 23% 21% 11%

Terrestrial Invertebrates 3% 156 4 12% 11% 6%

Macrophyte 27% 8 1 2% 2% 1%

Periphyton 42% 38 5 15% 14% 7%

Sub-Total 100% Sub-Total 35 100% 94% 50%

Periphyton 20% 38 7 27% 15% 0%

Seston 70% 28 19 69% 38% 1%

Detritus / Fine-Grained Sediment 10% 14 1 5% 3% 0%

Sub-Total 100% Sub-Total 27 100% 55% 1%

Omnivorous Fishes - Forage Fishes 5% 472 23 34% 23% 5%

Omnivorous Aquatic Invertebrates - Caddisfly 5% 140 7 10% 7% 2%

Invertivorous Aquatic Invertebrates - Dragonfly, Damselfly, etc 5% 225 11 16% 11% 3%

Detritivorous/Herbivorous Aquatic Invertebrates - Mayfly 10% 75 7 11% 7% 2%

Detritivorous Aquatic Invertebrates - Midge 10% 88 8 13% 8% 2%

Detritus / Fine-Grained Sediment 45% 14 6 9% 6% 1%

Macrophyte 10% 8 1 1% 1% 0%

Periphyton 10% 38 4 6% 4% 1%

Sub-Total 100% Sub-Total 66 100% 66% 16%

Omnivorous Aquatic Invertebrates - Caddisfly 25% 140 34 36% 24% 1%

Detritivorous/Herbivorous Aquatic Invertebrates - Mayfly 25% 75 18 19% 13% 0%

Detritivorous Aquatic Invertebrates - Midge 50% 88 42 45% 30% 1%

Sub-Total 100% Sub-Total 94 100% 66% 2%

Periphyton 30% 38 11 50% 28% 2%

Seston 10% 28 3 13% 7% 0%

Detritus / Fine-Grained Sediment 60% 14 8 37% 20% 1%

Sub-Total 100% Sub-Total 22 100% 55% 3%

Detritus / Fine-Grained Sediment 100% 14
SRST 

Database

Mean 
concentration from 

RRM 2 to 5.2

Assumed 70% 
moisture for 

sediment

96%
Karimi et al. 

(2007)
13 100% 55% 1%

Sub-Total 100% Sub-Total 13 100% 55% 1%

Phase II 
Ecological 

Study

Karimi et al. 
(2007)

96%

Headon et al. 
(1996)

96%

Trebitz 
(1997)

83%

Primary functional 
feeding behavior is 
engulfer-predator, 
piercer-predator of 

aquatic invertebrates; 
midges important

Primary functional 
feeding behavior is 

collector-filterer; 
however,  also 

demonstrates grazing 
behavior in South 

River

Karimi et al. 
(2007)

Mean concentration 
across size classes 
from RRM 2 to 5.2

Data from 2007 and 
2010

  
Assumed muscle tissue 

plug and fillet tissue 
equal

Muscle tissue data 
converted to whole-

body using 70%

Assumed 88% MeHg

Duffy 
(1998)

90%

Average diet 
composition across 

size classes, seasons, 
and locations

Average diet 
composition across 

size classes, seasons, 
and locations

Average diet 
composition across 

size classes, seasons, 
and locations

Mean 
concentration from 

RRM 2 to 5.2

Assumed 68% 
moisture for 

terrestrial 
invertebrates

Mean 
concentration from 

RRM 2 to 5.2 

Assumed 68% 
moisture for 

terrestrial 
invertebrates and 

89%  for 
macrophytes

SRST 
Database

Wiley and Wike 
(1986)

Average uptake 
across cohorts at 

Study Area RRM 3.5

Average uptake 
across cohorts at 

Study Area RRM 3.5

Average uptake 
across cohorts at 

Study Area RRM 3.5

Assumed mayfly 
values

1%

Merritt et al. 
(2008)

Merritt et al. 
(2008)

Merritt et al. 
(2008)

Omnivores including 
shredder-detritivores, 
shredder-herbivores, 
engulfer-predators, 

and scrapers

Primary food typically 
decaying vegetative 

detrital material

96%

Assumed mayfly 
values

1%

2%

1%
Assumed crayfish 

values

Most taxa in South 
River are collector-

gatherers, followed by 
scrapers, with few 
collector-filterers

Primary functional 
feeding behavior is 
collector-gatherer of 
organic matter in fine 

sediment

Karimi et al. 
(2007)75

Diet 55%
Aqueous 45%

Uptake Study
Phase II Ecological 

Study

SRST Database

SRST 
Database-

Mean 
concentration from 

RRM 2 to 5.2

Assumed 78% 
moisture for 

periphyton, 80% for 
seston, and 70% 

for sediment

Mean concentration 
from RRM 2 to 5.2

Uptake Study
Phase II Ecological 

Study

SRST Database

8%

Uptake Study
Phase II Ecological  

Study

Merritt et al. 
(2008)

Diet 66%
Aqueous 34%

Uptake Study
Phase II Ecological 

Study

SRST 
Database

Diet 66%
Aqueous 34%

0%SRST Database

SRST Database

Mean concentration 
across size classes 
from RRM 2 to 5.2

Data from 2007 and 
2010

  
Assumed muscle tissue 

plug and fillet tissue 
equal

Muscle tissue data 
converted to whole-

body using 70%

Assumed 84% MeHg

Mean whole body 
concentration of 

common shiner across 
size classes from RRM 

2 to 5.2

Detritivorous / Herbivorous 
Aquatic Invertebrates - 

Mayfly

Omnivorous Aquatic 
Invertebrates - Caddisfly

140

Invertivorous Aquatic 
Invertebrates -  Dragonfly, 

Damselfly, etc.
225

Shuter and Post 
(1990)

SRST 
Database

Mean concentration 
from RRM 2 to 5.2

Omnivorous Fishes - 
Forage Fishes

Detritivorous Aquatic 
Invertebrates - Midge

88
Diet 55%

Aqueous 45%

Mean concentration 
from RRM 2 to 5.2

Mean concentration 
from RRM 2 to 5.2

Omnivorous Aquatic 
Invertebrates - Crayfish

1,302 SRST Database 3%

3%

Phase II 
Ecological 

Study

-
90%

Mean concentration 
from RRM 2 to 5.2

-

BASS Model
Phase II Ecological 

Study

BASS Model
Phase II Ecological 

Study

851
Invertivorous Fishes - 

Redbreast Sunfish
Diet 95%
Gill 5%

BASS Model
Phase II Ecological 

Study

Piscivorous Fishes -
Smallmouth Bass

Diet 97%
Gill 3%

Mean 
concentration from 

RRM 2 to 5.2

SRST 
Database

SRST Database

SRST Database

SRST Database

Phase II 
Ecological 

Study

Diet 55%
Aqueous 45%

Uptake Study
Phase II Ecological 

Study

Snyder and 
Hendricks 

(1995)

Diet 94%
Gill 6%

96%

32%

Mean 
concentration from 

RRM 2 to 5.2

Assumed 89% 
moisture for 

macrophytes, 78% 
for periphyton, and 
70% for sediment 

SRST 
Database

472

Mean 
concentration from 

RRM 2 to 5.2

Assumed 68% 
moisture for 

terrestrial 
invertebrates, 89%  
for macrophytes, 

and 78% for 
periphyton 

Mean 
concentration from 

RRM 2 to 5.2

Assumed 78% 
moisture for 

periphyton, 80% for 
seston, and 70% 

for sediment

SRST 
Database
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