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Executive Summary: 
 
The Delaware Estuary Benthic Inventory (DEBI) program was designed to fill a vital data gap in 
our understanding of the estuary’s ecosystem by characterizing the biological communities on 
the bottom.  By adding a more spatially comprehensive biological layer to existing maps of 
physical bottom conditions and historical surveys of benthic communities, findings from DEBI 
are expected to aid scientists and coastal managers interested in trophic relationships, fisheries, 
pollutant distributions, water quality, and other topics.  These results also furnish an important 
baseline for tracking future ecosystem responses to changing climate and expanded development 
in the watershed. 
 
This report summarizes the results of a 3-year EPA-sponsored (Regional Applied Research 
Effort, RARE) grant to launch DEBI. A top priority of this project was to use standard methods 
to examine the spatial distribution and relative abundance of bottom communities living in soft-
bottom substrates that span the broad salinity gradient of the Delaware Estuary.  Sediment 
chemistry and water quality were also examined at the same sample stations.  A second priority 
was to explore biological communities living on selected hard-bottom habitats.  Although the 
RARE-funded project was of foundational importance in launching the program and furnishing 
base layers, follow-up studies are planned to continue DEBI, such as further exploration and 
mapping of hard bottom communities and mapping of benthic ecosystem services. 
 
By creating a biological layer, to complement existing habitat and bathymetry layers, insight can 
be gained to the benthic communities that inhabit the bay and river.  Benthic invertebrates tend 
to live a longer life then most planktonic organism and can therefore suggest the environmental 
conditions over time. The Delaware Bay and River consist of both hard bottom and soft bottom, 
each revealing different knowledge.   The soft bottom is a dynamic system that can reveal 
information about anthropogenic inputs, the history of anthropogenic changes caused to hard 
bottoms in the lower bay and the legacy that it has left is also of relevance. These changes have 
possibly lead to compositional and structural changes to 
the biological communities.  
 
As a first step in launching DEBI, the Partnership for the 
Delaware Estuary (PDE) partnered with US EPA 
Regions 2 and 3, US EPA of Research and Development 
(ORD), and other academic and agency partners to 
create a technical workgroup affiliated with the PDE 
Science and Technical Advisory Committee.  PDE and 
this workgroup held workshops and summarized 
existing benthic data from seven prior bay-wide 
scientific studies.  In addition, specimen collections 
from surveys by William Amos and colleagues in the 
1950’s were retrieved from storage and digitalized to 
augment the growing compendium of existing benthic 
information.  
 

 
Figure 1.  Soft bottom grab 
sample. 
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Figure 2. Sabellaria tubes, knobbed whelk shell with 
slipper snails caught with dredge on hard bottom 
habitats. 

The soft-bottom survey was completed during the summer of 2008, consisting of 230 sampling 
sites from the mouth of Delaware Bay to the confluence of the Schuylkill and Delaware River, 
stratified by three salinity zones and sampled using a probabilistic design.  EPA Region 3 
provided critical in kind support for the 2008 cruises, including ship time and staffing. Bottom 
grab samples were taken at each station and split for biological taxonomic examination and 
chemical analyses.  EPA Region 3 analyzed samples for a suite of sediment chemistry 
parameters, and the Delaware River Basin Commission examined splits samples for PCBs.  
Macroinvertebrate analyses were conducted via a subcontract to Versar Inc.   
 
The distribution of biota was found to depend mainly on salinity, with substrate type, sediment 
chemistry/stressors, and overlying water quality also explaining some of the variance. The 
highest biodiversity was found in polyhaline and lower mesohaline regions, compared to the 
upper mesohaline and oligohaline zones. The mean abundance of organisms over all types of soft 
bottom sites was approximately 9,000 animals per square meter, a value that is consistent with 
historical studies.  The oligohaline reach, which extended from between Delaware City, DE to 
the confluence of the Schuylkill and Delaware Rivers, was found to have the lowest biological 
diversity and the highest concentrations of metals and PCB in sediments. A video camera affixed 
to the bottom sampling gear yielded important additional information about the nature of the 
bottom habitats, including the unexpected discovery of abundant and healthy submerged aquatic 
vegetation (SAV) at some locations.   
 
Exploratory surveys of selected hard bottom habitats were conducted in 2008, 2009 and 2010.  
Hard bottoms are more difficult to survey than soft bottoms in the Delaware Estuary because of 
naturally high turbidity and the ineffectiveness of grab samplers used for soft bottoms.  
Consequently, much less is known about these areas despite the belief that they are biologically 
active and ecologically important. Epibenthic sleds, oyster dredges, divers, and ROVs were used, 
where possible, yielding important new information for areas that were surveyed.  For example 

in the lower bay, extensive “sponge 
gardens” and worm reefs were found 
in deeper troughs using the dredge, 
and divers observed greater fish use of 
these complex habitats compared to 
adjacent sand soft-bottoms.  In the 
freshwater tidal zone of the estuary, at 
least two types of SAV and seven 
species of scarce or rare unionid 
mussels were discovered in substantial 
abundance.  Two of the mussel species 
were considered locally extinct by 
state agencies.  These discoveries of 
sensitive, rare biota were unexpected 
considering that they were found in the 
urban corridor which has had 
historically poor water quality.  
Although further work is needed to 
examine their range and abundance, 
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these beds of freshwater mussels and SAV (which coexisted in many areas) could be important 
for sustaining fish habitat and water quality in the upper estuary. 
  
Taken together, results from the soft- and hard-bottom surveys have yielded important 
discoveries and provided the most spatially complete biological layer ever for the bottom of the 
Delaware Estuary.  The new biological layer clearly shows that bottom communities of the 
Delaware Estuary are spatial complex, spanning the many salinity zones and influenced by the 
presence and absence of sediment chemistry and stressors.  From this layer climate change 
scientists will have a comprehensive baseline to track future changes in biological communities.  
The Delaware Estuary has over 200 migrant and resident finfish species that use the Estuary for 
feeding and spawning, and these new data will also provide managers with a better geospatial 
understanding of how benthic food resources and habitat support fisheries productivity and/or 
critical habitat for endangered species such as sturgeon. Maps of filter-feeding organisms may 
lead to a better understanding of pelagic-benthic coupling and ecosystem services that benefit 
water quality.  Certain hard-bottom communities such as intertidal sabellaria reefs and shallow 
subtital oyster reefs are also increasingly appreciating for helping offset storm surge and coastal 
flooding.   
 
The work supported by the RARE grant greatly increased our understanding of the estuary’s 
bottom ecology and will have a direct bearing on diverse management priorities.  More effort 
will be needed to build on the DEBI data to increase our understanding of benthic processes, 
hard-bottoms, and temporal (seasonal or inter-annual) variability that occurs across the Delaware 
Estuary.  To track anthropogenic and climate driven changes, the benthic biota should also be 
broadly sampled using comparable methods at least every ten years.   
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INTRODUCTION: 
 
In 2005-2006 the science and management community in the Delaware Estuary region identified 
a fundamental need for a benthic ecosystem assessment which would inventory the physical and 
biological conditions of the bottom of the open water tidal system.  This priority need was 
articulated in a two-part science and management conference convened by the Partnership for the 
Delaware Estuary in 2005 (PDE 2005).  Consensus views from that conference were used to 
prepare a “White Paper on the Status and Needs of Science in the Delaware Estuary” (Kreeger, 
et al 2006), which called for a better understanding of benthic conditions.   
 
In particular, this white paper cited a general need for a characterization of ecologically 
significant species and critical habitats therein, excerpted as follows: 
 

“In general, our overall knowledge of benthic habitats and communities in the Delaware 
Estuary is poor.  What little we do know is limited to benthic species surveys, and some of 
these have pointed to the existence of interesting assemblages of worms and other fauna.  
The functional aspects of the benthic ecosystem are completely unknown”. 

 
The white paper provided examples of how this knowledge gap limits our ability to understand 
and manage natural resources in the Delaware Estuary: 
 

“Biological processes at the sediment-water interface are likely to be important for 
carbon balance, biogeochemical cycling, and the fate and effects of contaminants. What 
are the main nutrient cycling dynamics through benthic communities?  How does 
sediment and water quality affect benthic organisms, and vice versa?  What is the 
functional significance of oyster reefs and other communities of benthic suspension-
feeders in governing water quality?  What is the ecological significance of mysids and 
swarming amphipods that live near the bottom?  What ecosystem services are rendered 
by healthy benthic communities, and are these functions impaired anywhere in the 
Estuary?” 

 
In addition to these examples, the white paper also discussed our limited understanding of how 
fisheries and food web dynamics are coupled to benthic communities, particularly those 
presumed “hot spots” for biological activity.  Hence, a more holistic understanding of the benthic 
communities was thought necessary for environmental resource management and policy-setters 
in the region.  For example, monitoring and assessment programs often look to benthic 
community conditions as a leading indicator of environmental health.  Protection programs must 
know where (and when) key biological communities exist that should be prioritized for 
conservation and safeguarding during spill response.  Fisheries managers are often in the dark 
about where, when and how food resources, often benthic-derived, govern fisheries production in 
the system. 
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Figure 3. Study area of the Partnership for the 
Delaware Estuary (PDE) 

This call for a better understanding of 
benthic community resources extended 
beyond the Partnership’s conference 
and white paper.  For example, 
Delaware coastal managers indicated 
that “what is lacking is an integrated 
biologic, bathymetric, and sediment 
distribution data set of Delaware Bay’s 
benthic environment” (DNREC 2004).  
A qualitative and quantitative inventory 
of benthic communities and habitats 
was seen as having broad utility for 
addressing many important challenges 
confronting environmental resource 
managers in addition to strengthening 
our basic scientific understanding of 
the Delaware Estuary ecosystem. 
 
Acting on these needs, the Partnership 
investigated options to work with other 
leaders in the regional science and 
management community to work 
towards the development of a 
comprehensive inventory and 
description of the benthic ecosystem in 
the tidal portion of the Delaware Estuary extending from the mouth of Delaware Bay up to at 
least the Delaware/Pennsylvania state line (Figure 3).  A benthic investigation strategy was 
developed that built on recent acoustic mapping of physical bottom conditions for >350 square 
miles of the bottom of the Delaware Estuary. The mapping effort was by the Delaware’s 
Department of Natural Resources and Environmental Control (DNREC),  Coastal Program and 
referred to as the Delaware Bay and River Benthic Mapping Project (Wilson and Carter 2007, 
Wilson and Madsen 2010).  Our idea was to attempt to add a biological layer to this new, high 
resolution map of the physical bottom conditions.  Together, a full benthic characterization 
would consist of a bathymetric image of the estuary’s bottom conditions, including spatial and 
temporal distributions of principal physical and biological components.  For example, the 
strategy would produce maps and descriptive keys of bottom habitats that would consider 
attributes for substrate conditions, biological communities, dominant flora and fauna, functional 
processes, and locations of species or habitats of special concern.   
 
This benthic investigation strategy formed the foundation for the Delaware Estuary Benthic 
Inventory (DEBI) Program. The Partnership formed a benthic inventory workgroup affiliated 
with its Science and Technical Advisory Committee (STAC), which helped refine the strategy 
and provided peer review for grant proposals and methodologies.  In 2007, PDE submitted a 
grant proposal to EPA Region 2 through its Regional Applied Research Effort (RARE)  program 
for support to launch DEBI, including the most comprehensive field plan ever undertaken for a 
biological assessment in the Delaware Estuary.  One limitation of the proposed research would 
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Figure 4. Deploying Young grab for soft bottom sampling. 

have been its geographical restriction to only New Jersey waters because it was a Region 2 
proposal, and the DE-led acoustic mapping was most complete in Delaware waters (Region 3).  
Therefore, PDE also applied to EPA Region 3 for RARE support to strengthen to range of the 
planned study.  In late 2007, PDE received notice that the project would be funded, including a 
substantial commitment for in-kind staff, lab and ship time support from EPA.   

 
Many additional state and 
regional partners were then 
enlisted to contribute to the 
effort.  PDE and the DEBI 
workgroup then worked closely 
with EPA Office of Research 
and Development (ORD) staff 
to rapidly refine the study 
design and prepare pertinent 
standard operating procedures, 
a Quality Assurance Project 
Plan (QAPP), and a cruise plan 
for the extensive field effort 
during the summer of 2008.  A 
full description of the study’s 
approach, design, and outcomes 
is provided later in this report.  
In short, the 2008 effort 

focused on assessing the biological community, sediment chemistry, and quality of overlying 
waters at 230 stations spanning the salinity gradient of the Delaware Estuary.  Soft-bottom 
habitats were targeted in 2008, guided by the DNREC’s acoustic survey maps.  Established 
methods were followed for the soft-bottom exploration (Fig. 4), following a probabilistic, 
random design that was salinity-stratified. Roughly equal survey efforts were spent on the 
polyhaline, mesohaline and oligohaline portions of the system, which is unusual in having such 
as expansive salinity gradient with corresponding ecological variability.  The soft bottom survey 
was the top priority of the RARE-funded DEBI project, and most funds were spent on this 
element. 
 
In 2009, the DEBI project continued, focusing instead on hard-bottom (including shell hash and 
shellfish beds) habitats.  Since the Delaware Estuary is generally turbid and hard bottoms are 
difficult to survey, a diverse array of tactics was used to examine selected hard bottom areas. 
Since the hard bottom surveys were of secondary importance in the RARE-funded DEBI project, 
insufficient funding remained to pursue a comprehensive survey using a probabilistic, random 
design; therefore, sites were targeted in 2009.  Hard bottom areas that were studied included 
deep water trench communities dominated by sabellid worms and newly discovered “sponge 
gardens”, and oyster reefs and freshwater mussel beds. A few sites were also re-visited in 2010.  
Sampling tactics included a remote underwater vehicle, divers and snorkelers, and dredge/sled 
samplers (Fig. 5). 
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Figure 5. Example of oyster dredge with catch, 
a form of hard bottom sampling. 

This report summarizes the main 
findings and outcomes from the RARE-
funded DEBI studies, 2008-2010.  
Taken together, the DEBI project was a 
multi-faceted scientific expedition that 
is expected to yield diverse outcomes 
for scientists and managers for years to 
come.  Those interested in benthic 
conditions assessment will be able to 
relate benthic communities to sediment 
chemistry in different areas of the 
system.  Climate change scientists now 
have a comprehensive baseline with 
which to track future changes in benthic 
ecology.  Fisheries managers now have 
the best ever geospatial information on 
benthic food resources, which should 
strengthen trophic models describing 
production.   New communities of 
extensive deepwater sponges and beds 
of rare freshwater mussels were 
discovered that will enhance our 
understanding of functional ecology of 
the system and lead to new research on 
their ecological importance as fish 
habitat and for water quality maintenance.   
This final report for the EPA RARE sponsored research has not addressed all of our needs for 
developing a comprehensive biological inventory of what lives where on the bottom of the 
Delaware Estuary.  Since our focus was on geospatial variability in benthic communities during 
peak growing conditions (summer), we still know little about their temporal (seasonal or inter-
annual) variability. The hard-bottom surveys were also spatially limited, and since hard bottom 
habitats tend to be high in diversity and functional importance they should be further studied.  
PDE and its benthic workgroup will need to update the DEBI strategy to capture the progress 
reflected in this report and chart a prioritized plan for building on these outcomes.  
 

PAST BENTHIC MAPPING AND ASSESSMENT IN THE DELAWARE ESTUARY: 
 
 

Federal Programs:  
 
There is a long history over the past 60 years of benthic sampling in the Delaware River and 
Estuary (Table 1). Since 1990, surveys have used probabilistic designs for station selection as 
well as consistent methodologies for sample collection and processing, faunal identification and 
taxonomy, and data summarization and compilation. Specifically, there have been five separate 
federal programs using the benthos as indicators in Delaware Bay.  
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A broader-scale approach was taken by the EPA with their National Coastal Assessment (NCA) 
study that began in 2000 and continued through 2006.  The NCA reports appear online at: 
http://water.epa.gov/type/oceb/assessmonitor/nccr/index.cfm, specifically the  
"National Estuary Program Coastal Condition Report- NEP CCR (2007)."  While it can be seen 
in Figure 5 that sampling through the NCA program, and its predecessor Mid-Atlantic Integrated 
Assessment (MAIA), spatially covered the bay and river over six years, only a total of 138 sites 
were sampled.  The DEBI project sampled 230 sites all within the same year, providing a larger 
study area within a smaller time scale. All or most of the federal data are hosted online although 
distributed over several federal agency web sites and presented in various data formats. In at 
least some cases, data are as species abundances, and fortunately the consistency of sampling, 
laboratory analysis and ready availability of these data will allow synthesis by modern statistical 
techniques. Any trends in these data over the past 30 years should be resolvable once challenges 
of data formatting and merging are overcome. 

 
Research Studies:  

 
 In addition to these more recent federal studies, there are “historical” surveys undertaken by 
Amos in the 1950’s and Maurer and colleagues in the 1970’s (Table 1). In the 1950’s,  
pioneering benthic sampling in the Delaware River and Estuary was conducted by William H. 
Amos during the summers he was in residence at the University of Delaware’s marine laboratory 
in Lewes, DE. Today his findings are represented by the Delaware River Invertebrate Collection 
(DRIC), a reference collection of preserved master specimens used for species identification, as 
well as numerous handwritten 5” x 8” “data cards” recording species occurrences. Amos 
documented his progress in this faunal survey project in regular reports issued by the Marine 
Laboratories (Amos 1952, 1954, and 1956). In the summer of 2008-2009 Dr. Doug Miller of 
University of Delaware College of Marine and Earth Studies, with funding from this project, set 
out to digitize this historical study as well as initiate further analysis of its data. This was also 
accomplished with the help of Dr. Stephen L. Gardiner of Bryn Mawr College, an expert in 
polychaete taxonomy.  Findings from this reinterpretation can be found in the addendum to this 
report titled “Digitization of Historical Benthic Survey Data from the Amos Delaware River 
Invertebrate Collection Card Files”, Miller & Gardiner, 2009. 



 
Figure 6. Left; map of various national benthic surveys conducted in Delaware Estuary conducted over 9 years.  Right; map of probabilistic soft 
bottom survey for DEBI during the year 2008. 

 



DNREC Acoustic Surveys: 
 
In order to increase the understanding of the Delaware Estuary’s physical environment and better 
inform management decisions, for several years the Delaware Coastal Programs of DNREC has 
been performing a benthic habitat and sub-bottom sediment mapping project using remote 
acoustics (i.e., Roxann Seabed Classification, Chirp Sub-Bottom Profiler, and multi-beam 
surface imaging system).  This work will ultimately be completed on both the Delaware and New 
Jersey sides of the Estuary, as of the date of this report only sections of the Delaware waters and 
significantly small portions of the New Jersey and Pennsylvania were completed.  The DNREC 
mapping has been supported by multiple federal and state agencies, non-profits, and academic 
institutions including the National Oceanic and Atmospheric Administration (NOAA), the New 
Jersey Department of Environmental Protection (NJDEP) Coastal Management Program, the 
Partnership for the Delaware Estuary, and the University of Delaware.  The goals of the acoustic 
mapping work are to: (1) determine the roughness, hardness, and the type of sediment on the 
benthic surface; (2) provide an image of the stratigraphy and sediment type up to 30 feet below 
the surface; and (3) provide a complete image of the Estuary bottom, showing topographic relief 
(DNREC 2006).   
 

DEBI RARE Project:   
 
The highly detailed bottom substrate maps have furnished important new information about the 
diversity and geospatial character of physical conditions across the estuary.  However, a 
comprehensive benthic assessment should ideally capture spatial variation in physical, chemical 
and biological attributes.  Although DNREC has always intended to launch concomitant 
biological studies, it was unclear whether their capacity and funding would allow for this to 
happen in the near future.  Hence, PDE worked with DNREC, EPA and many other partners to 
design and implement DEBI (see also above) to develop a biological and chemical conditions 
layer that could accompany the physical conditions layer.   
 
 

IMPORTANCE OF BENTHIC BIOLOGICAL INFORMATION 
 
Estuarine benthic communities are made up of organisms that live in and on the bottom of the 
estuary floor.  These organisms play an important role in the Delaware Estuary’s food chain as 
food for more than 200 migrant and resident finfish species that use the Estuary for feeding, 
spawning, or nursery grounds (Dove and Nyman 1995).  They are also important in maintaining 
water and sediment quality by cycling nutrients and contaminants between sediments and the 
water column.  Hard-bottom reefs also deliver ecosystem services such as providing habitat for a 
diverse array of species, improving water quality as they filter algae for food, and protecting 
shorelines from wave energy and erosion.  Biological information on these diverse communities 
is therefore necessary to confirm or refute hypotheses about physical-biological relationships and 
to develop a comprehensive characterization of the benthic environment.   
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USE OF DEBI RARE FINDINGS 
 
Initial outcomes and applications from this project are demonstrated as follows: 
 

• Although the geographical range and habitat types studied in this RARE project was 
constrained, the new biological data fills a vital need and greatly improves our general 
understanding of the spatial complexity of the estuary’s benthic environment (Russell et 
al. 2009).  They also allow for some trend analysis by comparing current findings to 
limited historical survey data that are being resurrected (Miller and Gardiner, 2009).   

 
• New reef assemblages (Miller and Kreeger 2009) and beds of extremely rare freshwater 

mussels (Kreeger et al. 2011) were also discovered, and the implications for habitat 
protection and ecosystem function studies are not yet known. 
 

• The core sampling approach for soft-bottom habitats followed EPA standardized methods 
for benthic condition assessment; therefore, information from this RARE study will 
directly benefit managers interested in the current condition of coastal resources.  This 
information also provides a sound baseline for tracking future climate change effects on 
resources of the system, a priority for PDE (Kreeger et al 2010). 

 
• Results of this survey can be used by the Delaware River Basin Commission (DRBC) in 

its required Consolidated Assessment reports.  The State of Delaware also has used this 
study’s data to examine whether sediment-associated metals may cause toxic impacts to 
benthic aquatic by comparing concentrations that were found to acute and chronic aquatic 
life criteria (Greene 2011).   
 

• EPA’s Office of Water (OWOW) is strongly recommending that states implement 
probabilistic surveys for assessing the condition of their surface waters.  OWOW is also 
emphasizing the need for biological indicators of condition.  The findings from this 
survey should provide some of the data needed to produce a biological assessment for the 
Delaware Estuary.  
 

• PDE and partners have begun to use RARE project findings to develop new 
environmental indicators of benthic condition for State of the Estuary reporting purposes 
(Miller and Padeletti 2011).  
 

• Taken together with DNREC acoustic maps, DEBI data are helping to guide fisheries 
managers on the location of critical habitat, such as for sturgeon. 

 
Integration of past, ongoing and new physical and biological assessments of bottom habitats and 
communities into a comprehensive and linked assessment is the central objective of the 
Delaware Estuary Benthic Inventory.  DEBI is expected to be of value for diverse decision-
makers, managers and policy-makers.
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 Table 1.  Summary of benthic Surveys in the Delaware River and Estuary conducted 1951-2008. 
 

Metadata 
Amos 
DRIC 

Maurer et 
al. 

EMAP 
(EPA) 

NOAA 
S&T MAIA (EPA) 

NCA 
(EPA) DEBI Comments 

Year(s) and 
Seasonality 

1950’s, 
mostly 
summer 

1972-73, 
summers 

1990-1993, 
summers 

1997, 
September 

1997-98, 
summers 

2000-2006, 
summers 

2008, summers Summertime for peak 
abundances, most 
favorable weather 

Spatial Domain Delaware 
River and 
Estuary 

Delaware Bay Delaware 
Bay 

Delaware 
River and 
Bay and 
coastal 
Atlantic 

Delaware River 
(to Trenton) and 
Bay 

Northeast 
US, 
Delaware 
Bay to 
Maine 

Delaware River 
and Bay 

 

Number of 
Stations 

Estimated to 
be about 130  

207 25 81 88 138 230 Remarkably, almost 
stations 900 over all 7 
surveys 

Sampling 
Design 

Various, 
piggybacked 
on 
hydrographic 
and 
zooplankton 
projects 

Lines running 
along channels, 
bathymetry 

Probabilistic Probabilistic 
with strata 

Probabilistic Probabilistic 
with strata 

Probabilistic 
with salinity 
and sediment 
strata 

 

Sampling Gear Grabs, 
dredges, buoy 
scrapings, 
plankton tows 

0.1 m2 Petersen 
grab and 1.0-
mm mesh 

EMAP grabs 
and water 
quality, 0.5-
mm mesh 
sieve 

Young 
modified Van 
Veen, 0.5-
mm mesh 
sieve 

0.04-m2 Young-
modified Van 
Veen grab 
sampler, 0.5-mm 
mesh screen 

0.04 m2 
Young-
modified 
Van Veen, 
0.5-mm 
mesh sieve 

0.04 m2 Young-
modified Van 
Veen, 0.5-mm 
mesh sieve 

Note differences in 
sampling gear and sieve 
mesh sizes 

Additional Data Hydrographic Hydrographic 
and sediment 

Hydro-
graphic, 
sediment 
and stressors 

Hydrographic
, sediment 
and stressors 

Hydrographic, 
sediment and 
stressors 

Hydro-
graphic, 
sediment 
and stressors 

Hydrographic, 
sediment and 
stressors 

Hydrographic: 
temperature and 
salinity; sediment: grain 
size or  % sand,  % silt-
clay; stressors: DO, 
heavy metals, organic 
pollutants 

Total Number 
of Species  

≈396, but 
includes 
plankton, 
epifauna 
species 

169 268 239 179 203 235 with 
Taxonomic 
Serial Numbers 
(TSN’s) 
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Metadata 
Amos 
DRIC 

Maurer et 
al. 

EMAP 
(EPA) 

NOAA 
S&T MAIA (EPA) 

NCA 
(EPA) DEBI Comments 

Mean 
Abundance 

Not 
applicable, 
presence/ 
absence 
sampling 
only, 
abundances 
not recorded 

722 m-2 [to be 
computed] 

Mean 
densities: 
1412.5 m-2 to 
26985.0 m-2, 
but Hartwell 
and Hameedi 
report mean 
of 451 m-2(?) 

[to be computed] 770 m-2 from 
all stations 
[to be 
computed 
for just 
Delaware 
Bay] 

Nearly 9000 m-2 Values to be recomputed  
to ensure valid compariso  

 

Statistical 
Methodology 

n/a, see 
below 

Cluster analysis EMAP BI Cluster 
analyses 

Benthic indices PRIMER 
MDS 
ordination 
and VPI and 
B-IBI 
indices 

Diversity 
indices, 
ordination plots, 
dominance 
plots 

 

Overall 
Conclusions 

1st survey, 
data exceeded 
manual 
analysis, 
data awaits 
analysis 
(2011) 

Low abundance 
implies low 
productivity, 
faunal 
assemblages 
better related to 
sediment than 
salinity 

One-fourth 
of the 
Delaware 
Estuary has 
impacted 
benthic 
commun-
ities 

Diversity and 
abundance 
lowest in low 
salinity 
dominated by 
tubificids and 
oligochaetes; 
species 
richness 
correlated 
with grain 
size 

One-third of 
Delaware 
Estuary received 
poor score using 
Paul, et al (1999) 
benthic index 
(EMAP-VP) 

Ordination 
suggests 
salinity and 
latitude 
subregions; 
NCA data 
with VPI: 
34% good, 
29% poor, 
37% missing  

Salinity drives 
distribution and 
diversity overall 

Distinct estuarine fauna 
as in, e.g., Remane 
diagram, but recent 
studies discount 
existence of true 
“estuary species” and 
interpret distribution 
and assemblages in 
light of salinity, 
sediment and stressors 

Key References Amos (1952, 
1954 and 
1956)  but 
largely 
unpublished  

Maurer et al. 
(1978),  Kinner 
et al. (1974) 

Billheimer 
et al. (1997), 
Billheimer 
et al. (2001) 

Vittor  
(1998), 
Hartwell et 
al. (2001) 
Tech Memo 
148 

USEPA 2002.  
EPA/620/R-
02/003 
 

Hale (2011) [This report is 
the  first look at 
these data] 

 

Web URL for 
Data 

Digitized, 
awaiting 
analysis 

Results 
published, 
availability of 
raw data 
unknown 

http://www.
epa.gov/ema
p/html/data/
geographic.h
tml 

http://ccma.n
os.noaa.gov/a
bout/coast/ns
andt/downloa
d.aspx 

http://www.epa.g
ov/emap/maia/ht
ml/data/estuary/9
798/index.html 

http://www.
epa.gov/ema
p/nca/index.
html 

http://www.dela
wareestuary.org
/science_project
s_baybottom.as
p 

 

 



21 Delaware Estuary Benthic Inventory                                        PDE 11-06 
 

 

 
Figure 7. Salinity readings obtained from the Delaware River and Bay Commission, of which the salinity 
zones for the DEBI project were acquired.  

APPROACH: 

  
The focus of the project was soft-bottom habitats since they are most spatially abundant in the 
estuary and sampling methodologies for soft-bottom habitats are standardized.  More than 200 
soft-bottom stations were sampled in Year 1 (2008) of the two-year study.  However, limited 
hard-bottom habitats were also explored preliminarily in 2008 to deduce which sampling 
methodologies were most effective and to determine if further study was possible and warranted.  
Based on outcomes from this exploratory work, hard-bottom habitats were further explored in 
Year 2 (2009).   
 

 Soft Bottom Sampling 
 
The sampling approach followed US EPA standardized methods for conducting benthic 
condition assessments in soft bottoms; consequently information from this RARE study will be 
directly comparable to data from other similar studies (e.g., NCA).  Formation of the initial 
project team was completed in early 2008, consisting of representatives from 10 organizations.  
A Partnership Science and Technical Advisory Committee (STAC) affiliated group called the 
Delaware Estuary Benthic Inventory Workgroup (chaired by Dr. Dave Russell from EPA R3, 
and Doug Miller from the University of Delaware) was also formed to provide peer review and 
expert advice for the RARE grant.  Workgroup meetings were held to determine the exact extent 
and methodology for the 2008 sampling.  
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Figure 8. Division of sites among polyhaline into 3 
geographic areas. 

 
The soft bottom design was aided largely with the help of Dr. Hal Walker and Charlie Strobel of 
EPA-ORD in the Atlantic Ecology Division.   A design was chosen that included the selection of 
250 potential sampling stations using a random probabilistic design that avoided tributaries and 
focused on the main open waters of the tidal river and estuary. It is consistent with the EPA’s 
National Coastal Assessment (NCA) (US EPA, 2001b) approach in the use of randomly 
generated probabilistic sample locations. However, for DEBI, these were determined within 
targeted strata to ensure sufficient characterization of different soft bottom types and regions, 
such as in the less expansive freshwater tidal regions.  The three salinity strata are shown in 
Figure 7.  Although salinities will vary with climate and flow conditions, for DEBI soft bottom 
sampling purposes, three salinity strata were selected:  oligohaline (between River Miles 58-75), 
mesohaline (between River Miles 31-75), and polyhaline (below River Mile 31) (Fig. 7). It was 
hoped that 25 additional stations would be sampled in the upper freshwater tidal area of the 
estuary (above River Mile 75) at the end of the sampling run, but these stations were not 
completed.  
 
Based on existing substrate characterization from DNREC acoustic survey work, three sediment 
strata were also chosen within each salinity strata; mud, mixed sediment, and sand.  For each of 
the nine primary salinity-substrate strata pairings, 25 random stations were selected using the 
probabilistic approach that is the basis for the NCA approach (n=225 total).  Together with the 
25 additional freshwater tidal stations, 250 stations were selected to be sampled.  This number 
was sufficient to allow for some deletion of stations per stratum if sampling conditions prevent 
collection (i.e., up to 250 stations would be sampled), and only a subset of sampled stations may 
be analyzed for one or more parameters depending on budget considerations. 
 
PDE staff obtained numerous scientific collecting permits from the states of Delaware, New 
Jersey and Pennsylvania that were required for the work. Renee Searfoss, of EPA R3 Office of 
Monitoring and Assessment, was instrumental in the planning of this research.  Ms. Searfoss 
advised PDE staff on protocol, 
prepared the cruise plan, and 
coordinated not only boat time but 
EPA staff from various teams for the 
project.  PDE staff prepared a 
Quality Assurance Project Plan 
(QAPP) for this project (Appendix 
A), which was based largely on the 
EPA’s National Coastal Assessment 
( U.S. EPA, 2001b).   EPA R3 staff 
also obtained an underwater camera 
from EPA ORD to use in the 2008 
soft bottom sampling program.  
  

http://www.epa.gov/emap/nca/index.html�
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Figure 9. Oligohaline sites. 
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Figure 11. Polyhaline with samples sites. 

 
Figure 10. Mesohaline sites. 
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Figure 12: Training at University of Delaware, 
Lewes campus.  

 
Sampling Overview 

 
Sampling was performed off the Research Vessel Lear, a 35 foot Bertram with twin 320 diesel 
engines. The RV Lear can carry four to six scientists and has sleeping facilities. The Lear is 
owned and maintained by EPA Region 3.  At each soft-bottom sampling station, at least two 
benthic samples were collected by boat using a 0.04 m2 Young stainless steel grab.  The 
materials were collected in these two grab samples were processed for benthic communities, 
percent silt/clay, metals, bivalves, total organic carbon and PCBs (Fig. 17).  A Sony 570-line 
color video camera was attached to the grab sampler to record images of habitat corresponding to 
sediment samples collected for benthic faunal assessment.  Each station had water quality 
readings taken at the interface between the sediment and water and at every meter until the 
surface was reached.  As noted above, standard operating procedures for sample collection and 
analysis of soft-bottom samples were adhered to, as described in the National Coastal 
Assessment Quality Assessment Project Plan (US EPA, 2001b). 
 

Training 
 
Training took place on July 8th, 2008 at the 
University of Delaware’s Lewes campus.  
Approximately 30 people from EPA, University 
of Delaware and the Partnership attended the day 
long training. Operating procedures, quality 
assurance and safely plans were covered. By the 
end of the two year survey over 35 people 
including students and professors from 
University of Delaware and Bryn Mawr, EPA 
Region 3 dive team and the staff from the 
Delaware Department of Natural Resources and 
Environmental Control participated in the 
survey.  
 

Sites 
 
Field teams had a degree of onsite flexibility to relocate sampling sites when confronted with 
unexpected obstacles or impediments.  For example, it was likely that some sites may be in water 
that was too shallow to effectively sample. Because the sites are randomly selected, if the site 
could not accommodate sampling, the boat moved 50 m to the north of the nominal station.  If 
that did not put the station in a more amicable site, then the boat was move 50 m to the east, then 
south then west.  If none of these options worked, the station would have been deleted from the 
design. Fortunately no sites were deleted, though some were moved due to obstacles like 
anchored tankers, shallow water, and buried gas lines.  
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Figure 13: Young stainless 
steel grab. 

 
Figure 14. Placing metals sample 
into whirl pack. 

Grab samples 
 
At least two grabs were collected by boat using a 0.04 m2 Young 
stainless steel grab at each station. A successful grab is defined as 
having at least 7 centimeters of sediment at the center of the grab, 
as well as having a relatively level and intact sediment layer over 
the whole grab. If a grab was partially filled or completely filled 
to the top of the grab it was unacceptable, see QAPP for further 
details. It often took multiple grabs at one site to produce two 
acceptable grabs. The contents of the first grab (Grab A in Figure 
17) were sieved to 0.5 mm with a mesh bucket, and the material 
retained by the sieve was transferred to a labeled plastic container 
and preserved in 37% buffered formaldehyde, stained with Rose 
Bengal for benthic analysis.  
 
 For Grab B, approximately 100cc core would be removed for 
sediment organic analyses and placed on ice.  A second small 
core would be removed and placed on ice for metals analyses.  A third 100cc core was removed 
for percent silt/clay analysis. A pre-washed and treated stainless steel spoon was used to collect a 
sample for contaminants analysis for PCB’s which would be added to a pre-cleaned jar and 
stored on ice.  Although samples were collected for sediment contaminant analysis for the 
Delaware River Basin Commission, those samples will be treated as part of a separate study and 
not analyzed as part of this DEBI study.  The Delaware River Basin Commission (DRBC) has a 
separate QAPP (DRBC, 2008) for those analyses and provided a simple standard operating 
procedure for sample collection.  In short, a pre-washed and individually wrapped stainless steel 
spoon was used to collect a sample from the center of the sediment in the grab so as not to touch 
any part of the Young grab.  Samples were added to individual pre-washed jars, held on ice, 

refrigerated, and transferred to DRBC for analysis of 
PCB’s (in a subset of the samples) and archiving of a 
portion for potential future use. 
 
The remainder of Grab B was placed in a 5 gallon 
bucket for a brief search for examples of any whole 
bivalves larger than 1 cm shell height.  If encountered, 
up to 10 individual bivalves (per species) per station 
was added to whirl pack sample bags, placed in ice, 
and later frozen for archiving. Reference Appendix A 
for further detail on standard operating procedures and 
quality assurance.  
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Figure 15: Video equipment. 

 
Figure 16: Recording water quality 
readings.  

 
 
Video Sampling 

 
A housed Sony 570-line color video camera 
was attached to the Young grab sampler to 
record images of habitat corresponding to 
sediment samples collected for benthic faunal 
assessment.  The camera was mounted 
approximately 15 cm from the edge of the bite 
of the grab, with the bottom of the imaged 
frame closest to the grab. Four high-intensity 
6-watt white LEDs were used for illumination.  
Four parallel lasers were set up to show four 
“dots” in each image that define a box with 
sides scaled at 10 cm x 10 cm. Images were 
recorded onto miniDV tape in the field using a 
Sony GVD-1000 miniDV recording/playback unit. Protocol, classifications and data summaries 
that were developed with the same equipment on the coast of New Jersey in summer of 2007 were 
used for DEBI. Guidance in this analysis was provided by Giancarlo Cicchetti of the Habitat Effects 
Branch of the Atlantic Ecology Division of the EPA in Narragansett, RI. 
 

Water Quality Samples 
 
A YSI 650 handheld computer with a 6600 sonde 
(using an optical probe for measuring dissolved oxygen 
concentration) was used to obtain water quality 
measurements. The YSI was US EPA Region 3 
property. Water quality readings included depth, 
salinity, temperature, DO, turbidity, and pH.  The same 
approach and methods was followed for collecting 
hydrographic data at each station that are described in 
the NCA QAPP (U.S. EPA 2001b).  The exception was 
that a YSI system was used instead of a Hydrolab 
system.  The various probes were calibrated according 
to manufactures specifications, ie; pH and dissolved 
oxygen were calibrated daily, conductivity monthly, 
depth every six months, and turbidity yearly. Data was 
saved to the handheld computer as well as the surface 
and bottom readings were recorded into a field note 
book. EPA staff downloaded the YSI data 
approximately weekly, and shared this data with the 
Partnership.  For further detail refer to Appendix A.  
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At Soft-bottom 
 

Hydrographic  
Profile (YSI) 

 
Grab  A 

If AT LEAST 7 cm 
 

Grab  B 

Benthic Community 
Sieve, Jar, Formalin 

TOC 

Grain Size 

Metals 

100 cc core into 
125cc glass vial, 

Frozen 

100 cc core into whirl 
pack 

Refrigerated 

100 cc core into Whirl 
Pack, Frozen 

Bivalves 

Place remainder in bucket, add 
up to 10 whole animals in whirl 

pack bag, Frozen 

Planar Camera 
Photo(s) 

PCBs (for DRBC) 

One spoonful from 
middle of sample into 

pre-washed jar, 
Refrigerated  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
Figure 17. Sampling procedure for soft bottom   
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Figure 18. EPA and Partnership staff sample 
with a Young grab. 

 
Post Sample Handling 

 
At the end of each day’s cruise, samples were transferred to either a freezer, refrigerator, or air-
tight and double-boxed plastic storage bins (formalin-fixed samples).  Samples were transferred 
with the appropriate chain of custody to the Partnership’s offices in Wilmington, DE, for storage 
until they were hand delivered to consultants handling the various analyses.  Formalin-fixed 
benthic samples were sent to Versar Inc. ESM in Columbia, MD. Quotes were received from 
various specialized laboratories in the region and Versar was chosen for this study.  Versar 
performed analysis for species composition and abundance by sorting the samples, identifying 
the organisms to species-level, or if that is not possible, the lowest practical taxonomic level, and 
providing species-specific ash-free dry weight biomass (AFDW) measurements on all samples.  
 
Samples for grain size, TOC, and metals were analyzed by EPA R3 Environmental Science 
Center at Ft. Meade, MD.  PCB samples were transported to DRBC who sent a portion of the 
samples to Axys Analytical Services Ltd. DRBC compiled the analytical results for 52 sediment 
samples analyzed for PCBs. Furthermore, a subset of these samples, 24 plus one additional 
sample were analyzed for dioxin and furans (DxFs). This specific effort was supported by 
DuPont and coordinated by URS Corp. 
 
Samples of whole bivalves were archived for potential future use in calculating benthic 
functional services or other purposes. 
 

Survey Summary 
 
The soft bottom survey started on July 8th, 2008 and ended on September 12th. A total of 36 days 
were spent on the waters of Delaware Bay during summer 2008, with a total of 91 river miles 
being covered.  Two hundred and thirty soft bottom sites were visited, with replication at 23 of 
the sites.  A total of 141 sites were sampled in Delaware waters, 81 in New Jersey waters, and 8 
in Pennsylvania waters.  All 75 stations in 
each of the poly-, meso-, and oligohaline 
were completed. Only five out of the 25 
upper oligohaline stations were sampled, 
due to limited personnel time and boat 
availability.  Approximately 1,500 water 
quality data points were taken to yield a 
robust hydrographic data set that 
characterizes conditions associated with 
each bottom sample and station.  244 PCB 
samples were collected. 
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Figure 19. Large dredge used for 
hard bottom exploration.  

Hard Bottom 
 
Hard-bottom reefs deliver ecosystem services such as 
providing habitat for a diverse array of species, 
improving water quality as they filter algae for food, and 
protecting shorelines from wave energy and erosion.  
Biological information on these and other diverse hard 
bottom communities is therefore necessary to confirm or 
refute hypotheses about physical-biological relationships 
and to develop a comprehensive characterization of the 
benthic environment.   Hard-bottom sampling was 
exploratory and did not have a specific sampling goal, 
except to test which various gear types were most 
effective and to sample as many high value target areas 
as possible.  The intent of the hard-bottom efforts was to 
provide enough information to develop a science based 
approach for more extensive surveys in the future, 
potentially funded with other sources.  A hard-bottoms 
was considered to be any bottom type that was not 
readily sampled by the soft-bottom sampling gear, and 
these included anything from bare rock to compacted 
shell hash and shell reefs.  Of particular interest were sabellid worm communities and shellfish 
reefs since they are believed to be productive ecological hot spots.  Since anecdotal reports 
(fishermen, local lore) and limited past studies documented unusual reef communities in some of 
the deeper natural trenches, the initial exploration began there. 
 
Hard bottom sampling consisted of 1) photodocumentation with the grab-mounted planar 
camera, 2) hand-collected scrapes and photodocumentation by divers, 3) dredge sampling, and 4) 
sled sampling.  The dredge and sled were expected to be most effective at sampling large areas 
as well as murky waters where divers and cameras are ineffective.  On the other hand, small 
material is known to be missed by dredges and sleds, and if visibility permits the divers are 
expected to be more effective at documenting fine scale communities. Later in the study two 
Remotely Operated Vehicles (ROVs) were borrowed from NOAA and EPA.  These ROVs were 
used during a limited time for this study.  
 
Hard-bottom sampling occurred during a 1-week period from July 21 through the 24th, 2008.  
During this reconnaissance phase, various types of gear were used to determine the most 
effective way to sample the hard bottoms.  With the help of Dr. Doug Miller of the University of 
Delaware, further exploration of hard bottoms continued in summer 2009, with the added benefit 
of a remote underwater vehicle on loan from NOAA.  Sampling of hard-bottom habitats in 2009 
were limited to approximately two weeks due to boat and personnel availability.  The group 
compiled a new list of high value sample targets in New Jersey, Delaware, and Pennsylvanian 
waters.  With limited boat time, the DEBI group narrowed the list of potential sites and started 
on July 29th, with the first week yielding new video of bottom fauna.   
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Figure 20. Schematic of hard bottom sampling 
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Efforts by EPA divers and a larger EPA ROV were thwarted by low visibility and bad weather in 
the second week so a week was planned for late September to continue the survey. 
 
Sampling continued in September in the Delaware River between Marcus Hook and 
Philadelphia, as well as upstream in the Schuylkill.  Freshwater hard bottoms and the often 
unexplored urban corridor was the focus of this 4 day study.  The RV Lear was used for the 
study but it was found too large of a draft to get into some of the sites, half way into the study a 
smaller skimmer boat was obtained.  
 

Data formatting 
 
In early 2010, the Partnership fielded numerous requests for DEBI data but  had been working to 
address new data formatting needs identified by EPA.  The DEBI workgroup was informed that 
all EPA data must now be placed into federal geographic data committee (FGDC) compliance.  
The workgroup was unfamiliar with the FGDC compliance rules and as a result, the Partnership 
staff and workgroup members had strived to learn more about this format and to ascertain how to 
comply.  After contacting multiple individuals within EPA and USGS, the Partnership staff had 
begun to transfer the data sets from the current MS Excel format into geographical information 
system (GIS) layers.  These processes took some time and required some data formatting 
manipulation.  With the Partnership’s summer field season approaching, it was determined that 
the Partnership staff would not have sufficient time to address these data manipulation issues.  
The University of Delaware’s Institute for Public Administration (IPA) was hired to convert all 
data into FGDC compliance.  IPA staff worked with staff at the EPA as well as closely with 
Partnership staff to traverse the idioms of FGDC.  After much back and forth between the 
parties, IPA staff delivered the spatial data in ArcGIS files to the Partnership.  These files were 
then loaded onto the Partnership website for other researchers in the region to use. The files are 
currently being housed at http://www.delawareestuary.org/science_projects_baybottom_data.asp.  
 
 
 
 
 
  

 
Figure 21. US EPA region 3, RV Lear, used for the 
DEBI study.  

http://www.delawareestuary.org/science_projects_baybottom_data.asp�
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Figure 22. Sieving grab for benthic species. 

ANALYSIS  
 
 

Benthic Organisms- Soft bottom 
 
Benthic organisms have long been used to assess the “health” of estuarine systems, and in 
particular, the response of the benthos to disturbance, organic enrichment (eutrophication) and 
pollution (oil and heavy metals). Most often using a grab sampler deployed from a surface vessel 
(ship), a bottom sample is collected, and then sieved to retain animals above a certain size, which 
are then preserved. In the laboratory, macrofauna are identified and enumerated, allowing 
metrics such as the number of species, diversity indices or other statistical comparisons of 
stations to be computed. Examinations of patterns in these data are then used to infer the state of, 
or trends in, the benthic community, particularly using some measure of species diversity or 
biomass, for all (or selected groups of) organisms, or alternatively by direct comparison of 
potentially impacted and reference sites. 
 
The condition of the benthic community 
as reflected in species presence or 
absence and abundance is inherently 
multivariate. It is well known to respond 
to physical (especially salinity and 
sediment properties such as particle size, 
plus flow and sediment transport) and 
biological (primary productivity, food 
web structure, especially predators) 
factors as well as to chemical stressors. 
Typically, estuaries are spatially and 
temporally variable in these physical and 
biological factors and benthic occurrence 
or abundance is commonly found to be 
variable in time and space as well. In addition, the faunal or assemblage response(s) to a given 
factor are often not unique, that is, an observed change or difference cannot always be associated 
with a unique causative agent (i.e., chemical), trend or process, whether natural or 
anthropogenic.  Cause and effect may thus be difficult to resolve, especially where observed 
differences are embedded within the overall variability of the estuarine environment. 
 
Benthic species composition, sediment characteristics and measurements of metal concentrations 
as potential stressors were analyzed using diversity indices and multivariate ordination 
techniques. Overall, 235 benthic species were identified in 112 families and 9 phyla. Five 
stations had 40 or more species and the mean species richness (number of species) was 14 for the 
sampled stations. The most diverse groups were: polychaetes (27 families, 79 species), 
amphipods (15 families, 35 species), bivalves (17 families, 27 species), and gastropods (15 
families, 25 species). The mean benthic invertebrate abundance was 9000 individuals per square 
meter.  The greatest total abundance was 142,000 individuals per square meter at Egg Island 
Point; this abundance was dominated by the polychaetes, Sabellaria vulgaris and Polydora 
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cornuta. The most abundant single species at any station was the bivalve, Gemma gemma 
(71,000 individuals per square meter) near Nantuxent Creek. The dominance by polychaetes, 
bivalves and amphipods was expected for the estuary’s mixed sand-silt sediment substrates as 
well as from previously published studies, yet the abundances reported here are considerably 
larger than some previous reports (as discussed below). Together, these data represent the most 
intensive and comprehensive assessment of the Delaware Estuary’s benthic fauna ever conducted 
and these data  are especially valuable in comparison with surveys of Delaware Bay conducted in 
the 1950’s, 1970’s and more regularly since 1990 (Table 1). 
 
Data Analysis 
 
Measurements taken in the field along with results from laboratory analyses were compiled and 
quality checked in separate spreadsheets. Benthic faunal abundance and biomass by species, 
water-column, bottom sand-silt composition, and trace metals concentration data were converted 
to uniformly arranged, plain-text, flat files in the comma separated value format (".csv" file 
extension) for subsequent analysis. These individual csv files were merged by station designation 
to create a single, csv file with 229 stations as rows (identified by a column of station identifiers) 
and 274 columns (variables are identified in a header line). Two hundred and thirty-three 
columns report the faunal abundances for each species and are denoted by the species' taxonomic 
serial number or "TSN". Data reformatting and manipulation was facilitated with the statistical 
programming language R (R Development Core Team 2010) version 2.13.1 (released 2011-07-
08). R was also used to produce summary tables and plots describing these data.  
 
For certain environmental variables, measured values were grouped into classes to facilitate 
analysis. For salinity, stations were coded according to the standard Venice classification: 
freshwater <0.5, oligohaline 0.5-5, mesohaline 5-18, polyhaline 18-30, and euhaline >30 ppt. 
Sediment classes were identified by inspection of the histogram of percent sand values: silt 0-
30%, silty-sand 30-70% and sand >70% sand. 
 
The original files report data from as many as 230 individually identified stations. One station, 
NJ08-0554, was sampled twice, and recorded as "NJ08-0554A" and "NJ08-0554B." To avoid 
duplication, only data designated as "NJ08-0554A" were retained for subsequent analysis, and 
thus the working files include data from all unique stations. The faunal analysis reported some 
abundances without a TSN (i.e., as "NOTSN"), in particular, for tubificid oligochaete worms as 
"Tubificidae imm." with or without "capilliform chaetae." Since these do not represent definitive 
species identifications, they were excluded from subsequent analysis of diversity, total 
abundance and multivariate analyses. 
 
Description of soft-bottom benthic community 
 
Benthic abundance and environmental data from the merged file were imported and analyzed 
using PRIMER-E 6.1.13. PRIMER packages were employed to summarize benthic diversity in 
simple indices, generate MDS (non-metric multidimensional scaling) ordinations plots, as well 
as to relate MDS patterns to environmental variables. In particular, to obtain the MDS 
ordinations presented herein, abundances were fourth-root transformed and used to compute 
Bray-Curtis similarity metrics, a common pre-treatment applied to such benthic data. The 
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Figure 23. Species Richness by River mile, left. Species Richness by bottom salinity, right. 

ordination of these data resulted in a stress value of 0.13, which means that the two-dimensional 
plot is a adequate representation of station similarities in higher dimensions based on all species. 
The usage of PRIMER and the interpretation of these results are described in Clarke and Gorley 
(2006) and Clarke and Warwick (2006), respectively. PRIMER is used extensively in benthic 
ecological studies published in the recent primary literature and secondary sources (e.g., Gray 
and Elliott, 2009). One station's sample, DE08-0558, contained no organisms and was omitted as 
appropriate for some statistical analyses. 
 
 
Figure 23: Species richness (number of species) versus river mile with lowest fitted line and 
approximate demarcations of polyhaline, mesohaline, oligohaline and tidal freshwater zones. 
This is a text-book Remane diagram and reading left to right, the pattern is of high diversity at 
the mouth, decreasing upstream into the mesohaline, reaching a minimum, then higher (or at 
least more variable) in the oligohaline. 
 
 
Figure 24: Species diversity (Shannon-Wiener index, H’) plotted by station locations across 
Delaware Bay. The overall interpretations here are similar to those in Fig. 13, the concentration 
of red bubbles in the lower bay suggests higher diversity there as compared to the riverine 
sections of the bay (green and yellow bubbles).  
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Figure 24. Species diversity (Shannon-Wiener index, H’) plotted by station locations. 
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Figure 25. Species accumulation curve showing number of 
species versus number of samples taken in the DEBI survey. 

Figure 25: Species accumulation curve showing number of species versus number of samples 
taken in the DEBI survey. A leveling off of this curve indicates that few new species would be 
recorded by additional sampling, and represents the total number of species. The DEBI curve 
shows that the 230 samples included 235 species, yet the upward slope at the right of the curve 
indicates that even this survey did not capture the full (alpha) diversity of the Delaware Bay soft-
bottom benthos. [The shapes of these curves (i.e. initial slope and asymptote) can be compared 
among studies, maybe when those data are available locally.] 
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Figure 26: DEBI benthic abundance data ordination plot of all stations based on all species 
abundances, fourth-root transformed and using the Bray-Curtis similarity index to produce a 
non-metric multidimensional scaling (MDS) plot using the PRIMER-E package. Each symbol 
represents a station: symbols close together have similar species composition, while points far 
apart differ in species composition in accordance of their separation. Top: Overall patterns in 
benthic assemblages relate to salinity (based on measured bottom salinities). Freshwater and 
oligohaline stations group together on the left, mesohaline stations are concentrated in the middle 
and polyhaline and euhaline fall together to the right. Bottom: MDS plot with the same 
ordination as above, except with comparison to sediment type. Note that the station grouping and 
association with sediment classes is much less apparent than those found with salinity. 
 

 

Figure 26. Top; MDS ordination of benthic assemblages related to 
salinity. Bottom; MDS ordination of benthic assemblages related to 
sediment class.  
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Figure 27. DEBI benthic abundance data ordination plot of all stations based on all species 
abundances, fourth-root transformed and using the Bray-Curtis similarity index to produce a 
non-metric multidimensional scaling (MDS) plot using the PRIMER-E package. Each bubble 
represents a station: bubbles close together have similar species composition, while points far 
apart differ in species composition in accordance of their separation. The dominant pattern in 
species composition reflects salinity, indicated by the size of the bubbles, generally increasing 
from left to right. Thus in addition to species diversity shown in Figs. 13 and 14, the composition 
of the benthic assemblage at a station can be related to salinity. The stress value reported here, 
0.13, indicates that the two-dimensional plot adequately represents the (high-dimensional) 
dissimilarity of assemblages according to the chosen distance metric. 
 
Figure 28. DEBI benthic abundance ordination, the same ordination as Fig. 16 (i.e., the positions 
of bubbles representing stations are identical), but here bubble sizes represent sediment 
composition as percent sand.  Sandy, silty-sand and silty sites are not separated, intermixed and 
not clearly related to species composition. Therefore sediment composition is not simply 
associated with broad patterns in species composition across the bay. In addition, sediment 
composition and size vary widely in the river and estuary with no strong trend except for 
generally higher diversity in coarser sediments and the highest diversity stations in sandy 
sediments. 
 
Figure 29. DEBI benthic abundance ordination with bubbles representing two potential stressors 
(A) bottom dissolved oxygen and (B) sediment TOC. Bottom dissolved oxygen values varied 
little at the time of sampling and are not related to species composition overall. This plot shows 
two clusters of station at high TOC values, one in low salinity, the other in high.  
 
Figure 30. DEBI benthic abundance ordination with bubbles representing two potential sediment 
metal stressors (A) chromium and (B) cadmium. High chromium values are associated with a 
loose cluster of assemblages at low salinity stations. Similarly, cadmium also relates to a cluster 
of stations in low salinities.  
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Figure 27 &28. Top; DEBI benthic abundance data ordination plot of all stations based on all 
species abundances. The bottom figure is the same ordination but represent sediment 
composition as percent sand. 
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Figure 29 A & B. DEBI benthic abundance ordination representing two potential stressors (top) 
bottom dissolved oxygen and (bottom) sediment TOC. 
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Figure 30 A & B. DEBI benthic abundance ordination representing two potential sediment 
metal stressors (A) chromium and (B) cadmium. 
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Figure 31: Dominance plots show the cumulative % of fauna by species from the most abundant 
to the least. Left; shows the fresh and oligo assemblages are highly dominated by a few species 
and have relatively few species overall. Polyhaline, euhaline and mesohaline assemblages are not 
so dominated by few species and are much more diverse since curves rise more gradually and 
extend farther to the right. Right; Dominance plot by sediment type showing sandy sediment 
providing the most diverse of the sediment types.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The interim conclusions are that the soft-bottom benthic community of the Delaware has been 
adequately sampled and that broad-scale estuarine patterns are as expected for a temperate 
Atlantic estuary. Overall, these findings lend considerable confidence to inferences about the 
Delaware drawn from these data and can be compared indirectly (via published literature and 
technical reports) and directly by merging data sets and applying consistent statistical 
approaches. Low salinity sites are found to be dominated by relatively few species as compared 
to polyhaline. Consistent evidence also shows that assemblages are driven by salinity, not 
sediments in this study. There may be other stressor effects i.e.; site by site, sub regions, 
particular taxa, but this data is currently not showing it at this level of analysis,  
 

 
Figure 31. Dominance plots of cumulative percent fauna by species, left, and by sediment type, 
right. 
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Figure 32. Sabellaria and bryozoa caught in large 
dredge.  

Benthic Organisms- Hard bottom 
 
Hard-bottom surveying was exploratory and 
the goals were to test which types of various 
gear would be the  most effective and to 
sample as many high value target areas as 
possible.  The intent of the hard-bottom 
efforts was to provide enough information to 
develop a scientific based approach for more 
extensive surveys in the future, potentially 
funded with other sources.  Hard-bottoms 
were considered any bottom type that was 
not readily sampled by the soft-bottom 
sampling gear, and these included anything 
from bedrock to compacted shell hash and 
shell reefs.  Of particular interest were 
sabellid worm communities and shellfish 
reefs since they are believed to be 
productive ecological hot spots.  Since 
anecdotal reports (fishermen, local lore) and limited past studies had documented unusual reef 
communities in some of the deeper natural trenches of the bay, the initial exploration focused 
there. 
 
The hard bottom sampling design was more fluid than the soft bottom survey.  Such questions 
as; what types of hard bottom habitats are not likely to be sampled in the soft-bottom study, 
which are of the greatest biological importance, and which are more prevalent spatially in each 
salinity stratum, were considered when choosing sites. The first step was a “pause” in the soft 
bottom sampling July 21 through the 24th, 2008.  The strategy was to focus on areas based on 
local and fisherman lore. During this reconnaissance phase various types of gear would be tried 
to determine the most effective way to sample the hard bottoms.  

 
EPA and the University of Delaware (Dr. 
Doug Miller) provided gear such as a 
underwater camera, Young grab sampler, 
oyster dredge, large sled (1cm mesh), small 
sled (7mm mesh) and EPA divers.  Often the 
Young grab sampler with attached camera 
was lowered to the bottom to first observe 
what type of bottom habitat was at each site.  
After confirmation with the video a piece of 
gear was chosen to best suit the habitat type 
found.  Areas were explored with the grab, 
sleds and dredge, all while compiling a list of 
interesting sites to be further explored later 
when the EPA dive team was available.  The 

 
Figure 33. Dredge with sponges (Cliona). 
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Delaware Estuary is a high turbidity environment and has strong currents throughout, because of 
this careful planning of the most efficient way to use divers was considered for this project.  EPA 
divers often could only dive at slack tide and often reported that visibility was one foot or less. 
Surveying during this part was concentrated in the sloughs in the Delaware Bay along the 
Delaware side and just to the east of the shipping channel. During dredging the most common 
organisms found were; oysters (Crassostrea), various worms, whelks (Busycon and 
Busycotypus), hermit (Paguriodea), blue (Callinectes sapidus) and lady crabs (Ovalipes 
ocellatus), Sabillaria tubes, moon (Naticidae) and slipper shell (Calytraeidae) snails, rubbery 
bryazoa, hydroides, razor clams (Ensis directus).   

 
During dredging in the Broadkill Slough, large erect sponges were found in abundance. EPA 
divers were deployed to this area and reported finding sponges “as large as 18-24 inches tall and 
the diameter as wide as wrapping your arms around a tree”.  Divers also reported multiple levels 
of organisms around the sponges.  These large sponges turned out to be the gamma stage of the 
boring sponge Cliona celata. The divers found beds of these sponges with columns occurring 
approximately every five to six feet.  Also in these communities were sand dollar beds and 
regions of Sabellaria and Hydroides. The boat moved several times, and the same complex 
bottom community was encountered for at least a mile in length, before survey time ended.  
Although this sponge species had been documented as occurring within Delaware Bay, there are 
no previous reports of the exceptional expansiveness of the communities, which were observed 
by the divers to be used by fish and probably represent hot spots and refugia for finfish and other 
bottom organisms.  This discovery made front page news in the Delaware papers. In all, multiple 
grab, 16 dredge tows, 4 sled attempts, and two days of divers that preformed 6 dives occurred 
during this first attempt at capturing the hard bottom surfaces of the Delaware Bay.   
 
During the weeks of July 27th, and August 3rd 2009 the EPA Region 3 boat RV Lear was again 
used to explore various parts of the Delaware Bay.  Due to bad weather the sampling during this 

 
Figure 34. Left; small ROV. Right J. Govas  steering large ROV and D. Miller watching 
real-time video from ROV.  
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Figure 35. Clips of ROV video. Top left whelk; top right sponge and tube worms; bottom left 
close up of sponge; bottom right sponge columns. 

time was restricted to the sloughs in the bay on the Delaware side including Cedar Bush and 
Hawks Nest. Sampling of hard-bottom habitats was limited to approximately two weeks due to 
boat and personnel availability.  The group had compiled a new list of high value sample targets 
in New Jersey, Delaware, and Pennsylvanian waters.  The Partnership for the Delaware Estuary 
staff, EPA R3 staff, and Dr. Doug Miller of University of Delaware participated. With the help 
of Dr. Doug Miller, further exploration of previously discovered sponge and Sabellaria beds 
continued with the added benefit of a remote operated vehicle remotely operated vehicle (ROV) 
on loan from NOAA. EPA Region 3 also procured a larger ROV which could better withstand 
the intense currents found in the lower bay.   Efforts by EPA divers and the ROVs were thwarted 
by low visibility in the second planned week (early August).  The two ROVs were sent to the 
bottom of the bay 5 times throughout the three day survey.  Organisms observed with ROVs 
included;  hermit crabs, hydroids, rubbery bryozoa, Sabellaria, shells, moon jellyfish, worm 
tubes, razor clams, sea robin, sponges, and  sea squirts. 
 
Due to bad weather and turbid conditions divers only surveyed for one day.   Divers found 
jellyfish, mussels and sponge clumps while diving. At the end of the dive the tripod of the ADCP 
was found and marked for university staff to come and retrieve.  
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The work during summer 2009 was hindered by bad weather and low water column visibility, 
yet 28 dredges were completed during this three day window. During that time organisms that 
were observed included; spider crabs, oyster toad fish, rubbery bryozoa, whelk egg cases, 
Sabellaria, hydroides, mud crabs, hermit crabs, knobbed whelks, horseshoe crabs, sea nettles, 
dove snail, razor clam, hard clam, sea squirts, hogchoker, sponges, and oyster shell. 
 
Sampling continued in September 2009 in the Delaware River between Marcus Hook and 
Philadelphia, as well as up the Schuylkill. During this four day sampling a total of 46 dredges 
were taken. Samples were taken at the mouth of 9 tributaries and around two islands. Two types 
of submerged aquatic vegetation, one species of clams and possibly 5-6 species of mussels (yet 
to be confirmed) were found during this sampling: 
 

• Eastern floater, Pyganodon cataracta – abundant shells of varying sizes  
• Eastern pondmussel, Ligumia nasuta - abundant shells of varying sizes  
• Eastern elliptio, Elliptio complanata – abundant shells of varying sizes including 2 

juveniles  
• Yellow lampmussel, Lampsilis cariosa – 2 shells  
• Tidewater mucket, Leptodea ochracea – 5 shells, including 1 juvenile  
• Creeper, Strophitus undulata – 1 shell 

 
These findings are likely to have implications for how we view benthic diversity and conditions 
in the urban corridor (e.g. after spills), as well as provide potential broodstock for future hatchery 
propagation efforts.   

 
Through DEBI and additional funds provided by DuPont and Pennsylvania Coastal Zone, seven 
native species of mussels were found in total by May 2010 (Thomas, 2011):  the Pond Mussel, 
Ligumia nasuta; Tidewater Mucket, Leptodea ochracea; Alewife Floater, Anodonta implicata; 
Creeper, Strophitus undulatus; Eastern Floater, Pyganodon cataracta; Yellow Lampmussel, 
Lampsilis cariosa, and Elliptio complanata. This represents more than half of the total historic 
biodiversity reported from the Delaware River Basin.  One species was believed to be extinct 
from the state, three species are listed in PA as critically imperiled, one is listed as vulnerable, 
one is apparently secure, and one is secure (Elliptio).  
 
This discovery was picked up by multiple local news agencies including: The Philadelphia 
Inquirer (Fig. 36), Lexington Herald Leader, Sacramento Bee and the Macon Telegraph.  The 
findings were also reported out at the Delaware Estuary Science and Environmental Summit, 
Cape May 2011 (Kreeger, 2011). The presence of seven native species of mussels in the tidal 
freshwater portion of the watershed, but not in smaller tributary streams, likely results from 
differences in water quality or from dams in those streams which  interfere with passage of fish 
hosts that are essential for mussel reproduction.  Since these beds might contain the only 
remaining genetic broodstock for several rare and once ecologically important types of mussels, 
more quantitative surveys are needed to document their  presence and abundance to determine if 
some individuals might be able to be relocated or used as broodstock in support of mussel 
recovery efforts. This population information will also be used to estimate the  biofiltration 
impact of these mussels for water quality maintenance in this stretch of river.  Lastly, since these 
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Figure 36. Front cover of Health & Science section of Philadelphia 
Inquirer, of mussels found on DEBI survey.  

beds reside in the urban corridor, further survey data will determine what level of protection 
might be warranted in the future.  
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Outreach 
 
Preliminary findings and information on this project have been disseminated through two posters 
at the Delaware Estuary Science and Environmental Summit, January 2009.  A poster on the 
project was also presented at the Coastal and Estuarine Research Federation in November of 
2009.  The DEBI data is integral to the analysis of a benthic indicator for a State of the Estuary 
that the Partnership is creating. The data will be used in two publications from this endeavor, a 
technical report will include actual data from the DEBI project.  This technical report will be 
available on the Partnership website, due out early 2012.  A second report, due  at the end of 
2012, will be a more public friendly piece, but both will reference this DEBI project.  
 
A website was created to highlight the benthic inventory on the Delaware Estuary website, it can 
be found at http://www.delawareestuary.org/science_projects_baybottom.asp (Appendix D). 
Here the public as well as fellow researchers can find information about the project and some of 
the results. Scientists can download the FGDC compliant data in GIS form, or request other 
types of files.  The public can learn about the survey, surf pictures or download the fact sheet that 
was specifically designed for this project. The fact sheet (Fig. 37) is handed out a Partnership 
events such as Pennsylvania, New Jersey and Delaware Coast days, University of Delaware 
Agriculture Day, and various festivals around the estuary.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 37. A public friendly outreach piece that is handed out at festivals around the 
estuary.  

http://www.delawareestuary.org/science_projects_baybottom.asp�
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Figure 38. Amos occurrence by 
sector. 

Historical sample Analysis 
 
The Delaware River Invertebrate Collection (DRIC) was one of the first benthic reference 
collections for the Delaware River and Estuary.  Handwritten 5” x 8” data cards along with 
preserved master specimens from the 1950’s collected by William H. Amos are now housed at 
the University of Delaware, Lewes. These data cards stand 25 cm (10”) high when stacked 
vertically and fill an entire standard case for these sized cards. The invertebrate cards were 
scanned for archival purposes in October, 2008 and later digitized into Excel spreadsheets as part 
of this project.  
 
A species nomenclature worksheet includes 531 entries each with the catalog number, genus and 
species name that Amos used, any common name, taxonomic reference or authority, catalog and 
reference numbers and preservation information. In addition to descriptive locality information, 
Amos recorded species occurrences by sector, a geographical grid system consisting of 
rectangles 0.1° on each side (approximately 9 x 11 kilometers), and this information has been 
tabulated in a sectors worksheet. The occurrence records worksheet contains one row for each 
line (a collection record, herein termed occurrence) on the card consisting of date, locality, 
method (sampling gear), water column (e.g., temperature, salinity, dissolved oxygen and depth) 
and collection information (i.e., time, weather, and collector). 
 
Amos identified 429 species or other taxa, and after subtracting 33 unidentified (to genus, at 
least) specimens, tubes and eggs, there are ≈396 species of invertebrates represented in the 
Delaware River and Estuary. This estimate of species 
number is generally consistent with numbers Amos 
gave in marine lab reports: 285 species (Amos 1952), 
233 (Amos 1954) and 351 (Amos 1956). Any such 
“biodiversity” estimate is clearly provisional, 
depending on updated nomenclature, taxonomic 
confirmation and assessment of the influence of 
sampling effort and gear bias.  
 
A sampling location table includes the sector number 
and geographical metadata on 40 sectors: 37 from 
Philadelphia south, in the bay or just outside, plus 
Rehoboth Bay, Indian River Bay and the Lewes & 
Rehoboth Canal. Up-bay sectors 112 (Joe Flogger) and 
109 (Leipsic River/"35”) have the most occurrences, 
547 and 317, respectively (Fig. 38), probably reflecting 
the intensity of zooplankton sampling in that part of 
the bay. Sectors 131 (Lewes Beach/Bayside Lab 
beach), 128 (along the main channel in the lower bay), 
127 (Shears/Harbor of Refuge) and 118 (main channel) 
have over 200 records each. Most collections are from 
the main channel and lower Delaware side, and with 
the exception of the Nantuxent Point area (sector 110); 
far fewer are from New Jersey waters. All sectors 
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Figure 39. Distribution of oligohaline 
Cyclops viridis in blue, down-bay 
species Oithona similis in peach, with 
overlap in maroon. 

except 137 and 140 have species recorded from them; these sectors and the adjacent two, 138 
and 139 (off the Delaware Coast) have only 3 records in the database. 
 

Planktonic species dominate the records, and 
virtually all of these records were obtained as part of 
the Delzoop project (Cronin 1952 and 1954b). This 
includes the top 12 species: in order of number of 
records: Acartia tonsa (copepod), Pseudodiaptomos 
coronatus (copepod), Neomysis americana (mysid 
shrimp), Labidocera aestiva (copepod), Sagitta 
elegans (arrow worm), Temora longicornis 
(copepod), Eurytemora hirundoides (copepod), 
Eurytemora affinis (copepod), Nemopsis bachei 
(ctenophore, comb jelly), Cyclops viridis (cyclopoid 
copepod, now Halicyclops fosteri?), and Balanus sp. 
(common barnacle) larvae as nauplii and cyprids. 
The most frequently collected benthic species were: 
the sand shrimp Crangon septemspinosa and a tube-
dwelling amphipod Corophum acherusicum. The 
average number of occurrences per card is 9.9, 
computed by dividing the number of lines in the 
occurrence file (5554) by the number of data-
containing cards (558). About half the species are 
represented by 3 or fewer occurrences.  
 
It is now possible to obtain a species list for a given 
site or cross-tabulated species x sites (as data input to 
multivariate analysis) since this no longer requires 
manually sorting through the entire stack of cards. 
Additional analyses, identifying species consistently 
associated with one another, accounting for false 
absences are all now possible and represent steps that 
can now be taken in data mining this valuable data 

set.  

The Amos DRIC includes over 5500 records of nearly 400 species from over 40 sector locations 
within the Delaware River and Estuary. Information in the locality field in addition to charts 
uncovered over the course of this project promise to yield much more precise locality 
information from up to 130 distinct sites. These data include collection of benthic organisms by 
trawl, dredge and Peterson grab, planktonic organisms by net (Delzoop project, Cronin 1952 and 
1954a,b), and epifauna as part of the "buoy scrapes" sampling (described in Amos 1952). 
Chronologically, these data represent the years 1952-54 and 1956 to a large extent, and primarily 
July and August collections. Many records are included from the Delzoop plankton sampling that 
occurred several times a year from October 1951 through August 1953. These data present a 
uniquely comprehensive picture in terms of the functional group, life habit and taxonomy of the 
fauna of the river and estuary.  Further information can be found in the full report in Appendix B.  
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Video Analysis 
 
All processed images were analyzed by Emily Suzanne Maung to identify the physical and 
biological habitat features present in the area determined to be characteristic of each sampled 
location. It is important to note that NTSC-format video images do not show a high resolution 
view of the bottom, and feature identification requires a certain degree of interpretation. Since 
the video image did not capture the exact footprint sampled by the grab, habitat characterization 
typically considered an area on the order of a square meter near the grab location. This area 
varied with water clarity and with the duration of the video recording. Approximately 1/3 of the 
data were checked for quality by G. Cicchetti. Where applicable, terms in Version III of 
NOAA’s 3 Coastal and Marine Ecological Classification Standard (CMECS) were used for 
descriptions of habitat.  
 
Bottom features were then identified according to the classifications used for the New Jersey 
2007 bottom imaging project. More detailed explanation of these categories and terms may be 
found on the metadata sheet of the accompanying spreadsheet file. The following parameters 
were noted: 
 
Habitat characterization 
• Surface texture: e.g., smooth, rippled, mounds 
• (Sediment) Sorting: unsorted, some sorting, sorted 
• Sediment type: e.g., mud, sand, gravel, cobble, stone 
• Physical habitat: e.g., detritus, shell hash/bits, shell, floc, gravel 
• M-scale patches: describes identifiable patches larger than ripples, here to 
0.33 m x 0.33 m 
• Turbidity: low, medium, high, floc 
• Biotope: up to 3 descriptors of the biota visible in the image 
 
Habitat assessment 
• Faunal class: well developed fauna, small infauna or few/no fauna visible 
• Habitat class: sand/mud and well developed fauna, sand/mud and small 
fauna 
 
Due to various factors (e.g., turbidity and length of video clip), it was possible to gather visual 
information from only 87 of the stations sampled. Seventy-two percent of those stations were a 
mud/sand mixture. Sediments at all other stations either appeared to be composed of fine grained 
sand (~12%) or were indeterminate due to turbidity. Station DE-08-0535 has some sorting 
visible and was the only station to exhibit any variation in sorting. The majority of stations were 
smooth in surface texture and the remaining portion were rippled (~16%) or biologically re-
worked (~12%). In terms of physical habitat descriptors, the majority of these stations (>70%) 
could be categorized as having shell debris of some kind (whole, fragments, bits). The second 
most common physical descriptor present (~10% of stations) were “clades,” here defined as 
mounds that were covered in tubes or had a biologically reworked appearance. 
 
Of the stations for which visual information was available, approximately 15% of them did not 
have any visible signs of fauna, while about 42% were classified as having ‘small infauna’ and 



53 Delaware Estuary Benthic Inventory                                        PDE 11-06 
 

the remainder had ‘well developed fauna’. Stations with small infauna typically had a few 
burrows and tubes present. Stations with the ‘well developed fauna’ classification typically had 
many burrows and tubes (~20 or more) and/or colonizing organisms such as hydroids and 
sponges. Mobile epifauna such as crustaceans were also sometimes present at such stations. Sea 
grass was found at Station DE-08-511 (an apparent bed; south of Marcus Hook), and PA-08-514 
(a few blades; the vicinity of Marcus Hook).  Further information from this report can be found 
in Appendix C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 

   
Figure 40. Annotated photographs from selected stations. From top left to bottom right station ID; 
DE08-0511, DE08-0637, NJ08-0510, NJ08-0587. The two let stations had unique features while 
the two right depict typical features found throughout the study.  
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Sediment Characterization Analysis 
 
 
The DEBI project has collected a large dataset of sediment characterization that fills a vital need 
and greatly improves our general understanding of the spatial complexity of the estuary’s 
sediment.  Future comparisons to Delaware’s DNREC acoustical mapping will hopefully provide 
QA for both projects as well as could provide information as to the frequency in which the 
sediment composition changes in different geographic regions of the estuary (Fig. 41).  Further 
analysis of the interactions between such factor as total organic carbon , salinity and sediment 
type will hopefully occur by regional scientists whose expertise is in this area (Fig. 42). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Figure 41. Sediment characterization, percent sand. 
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Figure 42. Scatter plot showing percent sand, total organic carbon, bottom 
salinity and river mile. 
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Figure 43. Dissolved inorganic arsenic in sediment pore water. For additional metals see 
Appendix E. 
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Sediment Metals Analysis 
 
Metal samples were analyzed for metals by the U.S. EPA Region 3 laboratory in Fort Meade, 
MD using a combination of EPA Method  2007 (ICP-Atomic Emission Spectrometry); EPA 
Method 200.8 (ICP-Mass Spectrometry); and EPA Method 245.5 (Mercury in Sediment  by Cold 
Vapor/Atomic Absorption Spectrophotometry).  The samples were not subjected to a total, hot 
acid digestion and therefore results do not represent total bulk metal concentrations.  Rather, the 
metals data from the DEBI project should be viewed as the labile fraction, which includes all 
dissolved inorganic and organomental species in the pore water plus any readily dissolved solid 
phase metal sorbed to the sediment surface or suspended in the sediment pore water.  It does not 
include metal within the crystal matrix of the mineral grains.   
 
Strictly speaking, the 2008 DEBI metals data are not comparable to bulk metals data collected as 
part of studies on the Delaware Estuary (Hartwell et al. 2001), the larger geographic Virginian 
Province (Paul et al, 1999), and several major U.S. drainage basins (Rice, 1999).  However, 
because the 2008 DEBI sediment metals data excludes metal not readily available to aquatic life 
(i.e, that in the crystal matrix), it probably provides a better measure of the form of metal that can 
potentially do harm.   
 
To avoid double counting (over-representing) of duplicates, averages were calculated for each 
duplicate pair.  On a separate matter, results that were reported as "U" (not detected) were 
assigned a value of one-half of the quantitation limit.  Final concentrations used for assessment 
purposes appear on the tab named 'Metals Data w AVE' under the column name 'Assigned 
Result’ in Addendum E. 
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The most important part of this assessment was to estimate the dissolved inorganic concentration 
of metals in the sediment pore water and to compare those concentrations to applicable water 
quality criteria for the protection of aquatic life.  This was done by first estimating the total 
dissolved concentration of metal in the pore water using mean sediment to water partitioning 
coefficients (EPA, 2005a) and standard equilibrium partitioning equations (Thomann and Muller, 
1987; Schnoor, 1996; Chapra, 1997).  The total dissolved sediment pore water metal 
concentration was further partitioned between inorganic metal species and metal associated with 
dissolved organic carbon (DOC), again using mean partition coefficients published by the EPA 
(EPA, 2005a).  The motivation for parsing out the dissolved inorganic metal concentration is that 
it is a much better predictor of the bioavailable and therefore potentially toxic form of the metal.  
Figure 43 depicts the dissolved inorganic arsenic from upstream to downstream order and so the 
results follow the salinity from the freshwater end member (left side of plot) to the mouth of the 
Delaware Bay (right side of plot).  The predicted dissolved inorganic metal concentrations in the 
pore water were also plotted and appear on the tab 'Dissolved Charts' in Appendix E.  Those 
plots present the data in an upstream to downstream sequence in the same manner as the 
sediment metals plots The ratio of the dissolved inorganic metal concentrations in the pore water 
to the applicable acute criteria was expressed as acute toxic units and the ratio of the dissolved 
inorganic metal concentrations to the chronic criteria was expressed as chronic toxic units.  
Ratios greater than 1 indicate that the predicted dissolved inorganic concentration in the pore 
water exceeds the criterion and that there are potential (not probable) impacts to benthic aquatic 
life.  Consistent with one of the approaches outlined by the EPA for evaluating potential impacts 
of metals in aquatic sediments (EPA, 2005b), toxic units for the divalent metals cadmium, 
copper, lead, mercury, nickel, silver, and zinc were summed to produce an aggregate measure of 
potential aquatic toxicity associated with these metals. 
 
The concentrations of 15 metals were measured in over 200 surface sediment samples collected 
from the Delaware Estuary in the summer of 2008.  Metals that were analyzed included 
aluminum, antimony, arsenic, cadmium, chromium, copper, iron, lead, manganese, mercury, 
nickel, selenium, silver, tin, and zinc.  The peak and greatest mean concentrations occurred 
almost exclusively in Upper Zone 5 (between the Delaware Memorial Bridge and the DE/PA/NJ 
border).  Concentratrations generally declined upstream and downstream from this area (see 
'Metal Charts').  Higher concentrations in Upper Zone 5 may reflect a combination of natural 
particle scavenging and trapping within the estuary turbidity maximum (Sommerfield, 2009) 
along with the presence of local and regional sources. 

 
With regard to potential acute toxicity, nearly all samples had T.U.a values less than 1 (see 'TUa 
and TUc Rollup' and TUa Chart1' tabs).  This suggests that acutely toxic conditions to benthic 
aquatic life from divalent metals in sediment pore water is unlikely.  Only 2 out of 227 samples 
(< 0.5%) had a T.U.a value marginally greater than 1.  Those 2 samples were DE 08-0548 and 
DE 08-0542, both collected near Edgemoor, DE.  From an overall perspective, average and 
median T.U.a values by zone were all well below 1 (see 'TUa Chart2), with slightly higher values 
in Upper and Lower Zone 5 and lower values in Zone 4 and even lower values in Zone 6. 
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Figure 44. Pore water acute and chronic toxic units for divalent metals. 
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Potential Chronic Toxicity

With regard to potential chronic toxicity, approximately 20% of the samples had T.U.c values 
greater than 1; 5.7% of the samples had a T.U.c value greater than 2; and less than 0.5% of the 
samples had a T.U.c greater than 5.  On their face, these results suggest low to moderate potential 
for chronic toxicity to benthic organisms due to dissolved divalent metals in pore water.  Close 
examination of the T.U.c results reveals that one metal, cadmium, drives the overall T.U.c for the 
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sum of the divalent metals.  Interestingly, cadmium is only a driver for T.U.c values in the 
freshwater segments (Zones 4 and Upper Zone 5) and Lower Zone 5, which can be either fresh 
or marine.  Cadmium is a driver in these areas because of the stringency of the freshwater 
chronic aquatic life criterion, which equals 0.32 ug/L (ppb) at an assumed hardness of 148 mg/L 
in the pore water.  In contrast, the marine chronic criterion for cadmium is 8.8 ug/L.   

 
The technical basis of the freshwater chronic aquatic life criterion for cadmium was reviewed to 
determine its veracity and applicability to the biota of the Delaware Estuary (Greene, 2010).  The 
criterion was found to be broadly relevant and applicable, but likely over-protective when 
applied to sediment pore water.  The primary reason for this is that the criterion does not account 
for strong metal sulfide complexes and POC in the sediments that act to reduce the 
bioavailability and toxicity of the dissolved free metal ion that is thought to be primarily 
responsible for toxicity. 

 
Two lines of evidence are offered which support the position that cadmium is probably not 
causing a toxicity problem in Delaware Estuary sediments.  The first line of evidence comes 
from specialized sediment testing that was conducted in 1993 under the EPA's EMAP program.  
That testing involved the analysis of acid volatile sulfide (AVS) and simultaneously extracted 
metal (SEM) in 11 sediment samples collected from the Delaware Estuary (6 from freshwater 
sites and 5 from marine sites).  Importantly, a sediment bioassay was also performed on each of 
these samples.  The AVS, SEM, TOC, and bioassay results for these 11 samples are shown on 
the tab 'SEM-AVS 1993' towards the end of this spreadsheet.  Following the approach outlined 
by Di Toro et al. (2005), SEM was normalized based on TOC content and the resulting values 
were compared to toxic effect levels derived from the biotic ligand model (BLM).  The 
calculations for the 1993 samples appear in Appendix E.  No values came close to exceeding the 
effect concentrations and the bioassay results showed little to no toxicity.  Of course, these data 
are limited in terms of the age and number of samples.  Furthermore, the BLM is still under 
development, especially for sediments.  Never less, the approach is highly credible and the result 
is consistent with the bioassay results. 

 
It is concluded that divalent metals, including cadmium, are not likely to be causing toxicity to 
benthic organisms in the Delaware Estuary sediments, despite marginal exceedances of the 
freshwater dissolved cadmium chronic criterion in roughly 20% of the samples. It is important to 
emphasize that the EqP and toxic unit approach utilized in this assessment is still a screening 
level approach.  The fact that it makes use of readily available information on partitioning and 
appears to yield conservative results are strengths for a screening approach.  The approach is 
arguably preferable to simple comparisons to bulk chemistry guidelines (e.g., Long et al. 1995), 
which is an alternative recognized to have serious limitations (Allen, 1996; O'Connor and Paul, 
2000; O'Connor, 2004),  
 
In the event follow-up testing is performed in response to this assessment, strong consideration 
should be given to a TRIAD approach (Chapman et al. 1992).  In a TRIAD approach, 
complementary data on chemistry, toxicity, and biology are collected at the same time and at the 
same locations.  AVS, SEM, and TOC should be among the chemical measurements considered, 
while bioassays, including those which consider sub-lethal effects, should be used to assess 
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Figure 45. Interpolation of metals data shown spatially.  

toxicity.  Due to cost and complexity considerations, a TRIAD approach is normally reserved for 
special cases where circumstances warrant.  Further information can be found in Appendix E.  
 
Maps were created with the help of the University of Delaware using the metals data using 
interpolation in the ArcGis format. Data were cleaned to identify areas of concern or potentially 
bad data points.  In particular, where there were duplicate samples, a mean value for the 
parameter was used.  Also, null or non-detect values were eliminated from the pool of 
interpolation points. Spreadsheet information was used to generate GIS shape files of points 



61 Delaware Estuary Benthic Inventory                                        PDE 11-06 
 

 
Figure 46. Total PCB concentration pg/g (ppt) dry weigh. 

representing each of the various DEBI parameters. Spatial analysis tools in ESRI’s ArcGIS 
software program were used to create a raster surface. Interpolation method used was splining, 
which produces a smoothed output based on a polynomial function for values between the 
sample points. A barrier file representing the estuarine river and bay shore was used to avoid 
interpolating between points that were not directly physically connected, such as could occur in 
areas of the river with relatively tight bends. A cell size for the output raster was set at 250m (1/4 
km). A moderate smoothing factor (0.2) was used. Output grids were clipped using raster 
addition to include only those areas within the water portion of the estuary. All processing 
occurred in the Fall of 2010 and the Spring of 2011 (Fig. 45). 
 
 
 

Sediment PCB Analysis 
 
The Delaware River and Bay Commission (DRBC) received 187 sealed samples during the 
DEBI project.  These samples were collected in DRBC classified Zones 4, 5 and 6 
(www.state.nj.us/drbc/estuary_zones.htm) .  Fifty-two samples were analyzed for PCBs.  The 
EPA method 1668 revision A was used by contractor Axys Analytical Laboratories to analyze all 

209 congers. Results were 
provided in pg/g dry weight 
with an estimated detection 
limit of <1pg/g (ppt).  
Approximately 90% of all 
congeners were detected. 
Twenty-five samples were 
analyzed for dioxin/furans 
(DxFs).  The EPA method 
1613B was also used to 
analyzed for 15 individual 
congeners and 5 homologs. 
Results were provided in pg/g 
dry weight with an estimated 
detection limit of <0.1 pg/g.  
Again greater than 90% of all 
congeners were detected. These 
analyses were cost prohibitive, 
but DuPont provided financial 
support for the analysis.  
 
A Toxic Equivalent (TEQ) 
scheme allows the comparison 
of toxicity of different 
combinations of dioxins and 
dioxin like compounds.  In this 
case it weighs the toxicity of 
the less toxic compound as a 
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fraction of the toxicity of the most toxic compound, for this study is Tetrachlorodibenzo-P-
Dioxin (TCDD).  Each compound is then attributed a specific Toxic Equivalency Factor (TEF), 
which indicated the degree of toxicity compared to 2,3,7,8-TCDD, which is given a reference 
value of 1.  TEQs for both PCBs and DxFs were calculated for the World Health Organization 
standards based off of mammalian TEFs.  
 
In Zone 5, located near Wilmington DE, a maximum amount of PCB and DxFs concentration 
amounts were found.  Predominantly nona and deca homolog signatures were found in this area 
with a greater than 90% of the total PCBs coming from these two homologs. These homolog 
signatures suggest there could be unique source(s) of PCBs in the area. There was limited 
sampling farther up river in Zone 4, with no samples being procured in Zones 2 and 3.  Sampling 
during 2001 in Zone 3, near Philadelphia, PA, found similarly elevated concentrations of PCBs. 
Typically PCB concentration are two orders of magnitude greater than DxFs concentrations.  
Typically 80-99% of the toxic equivalent schemes are represented by DxFs.  These results prove 
that EPA method 1668A and 1613B are necessary to achieve detection limits that provide the 
appropriate resolutions to calculate homolog concentrations and to perform toxic equivalent 
analysis. 
   

 
Figure 47. Total DxFs concentration pg/g (ppt) dry weigh. 



63 Delaware Estuary Benthic Inventory                                        PDE 11-06 
 

 
 
 

  

 
Figure 48. DRBC Zone 5, Wilmington DE to Marcus Hook PA, a strong signature of nona and 
deca homologs can be found.  

 
Figure 49. Sub-sampling grab for PCBs with clean 
stainless steel spoon into a clean glass jar.  
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Water Quality Analysis  
 
Over 1,500 water quality samples were taken just during the soft bottom sampling of this study.  
It is hoped that this data can be used by regional scientists and managers to better flesh out 
hydrodynamic models of the Delaware Estuary in the future.  Metrics that were recorded include; 
depth, salinity, temperature, dissolved oxygen, turbidity and pH.  With the help of the University 
of Delaware, the Partnership intends to mine this water quality data and market it to regional 
hydrodynamic modelers.  Preliminary can be seen in Figures 50-53.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Figure 50. Dissolved oxygen (mg/L) and pH in oligohaline. 
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Figure 51. Turbidity (NTU) and salinity in the 
mesohaline zone. 

 
Figure 52. Temperature in the polyhaline zone. 
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Figure 53. Scatter plot of bottom water quality samples including, river mile, salinity, 
temperature, dissolved oxygen, turbidity, pH and observed secci disk depth.  



67 Delaware Estuary Benthic Inventory                                        PDE 11-06 
 

 

References 
Allen, HE.  1996.  Standards for metals should not be based on total concentrations.  SETAC 

News 16(6): 18-19.   
 
 Amos, W.H. 1956. Biological inventory. Biennial Report, 1955 and 1956. Publication 3:13-14. 

University of Delaware Marine Laboratory. 
 
Amos, W.H. 1954. Biological survey of the Delaware River estuary. Biennial Report, 1953 and 

1954. Publication 2:21-31. University of Delaware Marine Laboratory.  
 
Amos, W.H. 1952. The marine and estuarine fauna of Delaware. Annual Report, 1952. 

Publication 1:14-20. University of Delaware Marine Laboratory. 
 
Billheimer, D., Guttorp, P. and Fagan, W.F. 2001. Statistical interpretation of species 

composition. J. Amer. Stat. Assoc. 96: 1205-1214. 
 
Billheimer, D., Cardoso, T., Freeman, E., Guttorp, P., Ko, H. and Silkey, M. 1997. Natural 

variability of benthic species composition in Delaware Bay. Environ. Ecol. Statistics 4: 
95-115. 

 
Cavallo, Gregory J., T. J. Fikslin.2011. Evaluation of PCB and dioxin/Furan (DxF) 

concentrations in sediment samples from the Delaware Estuary. In: P. Cole and D. 
Kreeger (eds.), Proceedings of the Fourth Delaware Estuary Science and Environmental 
Summit.  Partnership for the Delaware Estuary Report No. 11-01. 154 p. 
http://www.delawareestuary.org/science_reports_partnership.asp (accessed 9/21/11) 

 
Chapra, S.C.  1997.  Surface water-quality modeling.  McGraw-Hill Companies, Inc., Boston, 

MA. 
 
Chapman, PM, EA Power, and GA Burton. 1992. Integrative assessments in aquatic ecosystems.  

In:  G.A. Burton, ed., Sediment Toxicity Assessment, Lewis Publishers, Chelsea, MI. 
 
Clarke, KR and Gorley, RN. 2006. PRIMER v6: User manual/tutorial. PRIMER-E: Plymouth.  

 
Clarke, KR and Warwick, RM. 2001. Change in marine communities: an approach to statistical 

analysis and interpretation, 2nd edition. PRIMER-E: Plymouth.  
 
Cronin, L.E. 1954a. Hydrography. Biennial Report, 1953 and 1954. Publication 2:6-15. 

University of Delaware Marine Laboratory. 
 
Cronin, L.E. 1954b. Plankton studies. Biennial Report, 1953 and 1954. Publication 2:16-20. 

University of Delaware Marine Laboratory. 
 
 

http://www.delawareestuary.org/science_reports_partnership.asp�


68 Delaware Estuary Benthic Inventory                                        PDE 11-06 
 

Cronin, L.E. 1952. Hydrography and plankton. Annual Report, 1952. Publication 1:8-13. 
University of Delaware Marine Laboratory. 

 
Di Toro, DM, JA McGrath, DJ Hansen, WJ Berry, PR Paquin, R Mathew, KB Wu, and RC 

Santore.  2005. Predicting sediment metal toxicity using a sediment biotic ligand model:  
methodology and initial application. Environ. Toxicol. Chem. 24(10): 2410-2427. 

 
DNREC. 2006. Bottom sediment mapping of the central Delaware Bay oyster beds: the New 

Jersey pilot area result. Delaware Department of Natural Resources and Environmental 
Control; Delaware Coastal Program. Dover, DE. 

 
DNREC. 2004.  Benthic habitat brochure. Delaware Department of Natural Resources and 

Environmental control; Division of Soil and Water Conservation; Delaware Coastal 
Programs. Dover, DE. 

 
Dove, L.E. and R.M. Nyman (ed). 1995.  Living Resources of the Delaware Estuary. 

Delaware Estuary Program Report Number 95-07. Partnership for the Delaware Estuary, 
Wilmington, DE. 

 
DRBC. 2008. Sediment PCB analysis project: A subproject of the Delaware Estuary Benthic 

Inventory (DEBI) program. Quality Assurance Project Plan.  Delaware River and Basin 
Commission, Trenton, NJ. 

 
Gray, JS and Elliott, M. 2009.  Ecology of marine sediments. 2nd edition. Oxford. 
 
Greene, R. W. 2011. An assessment of sediment metals data from the Delaware Estuary Benthic 

Inventory.  Abstract, In:  P. Cole and D. Kreeger (eds.), Proceedings of the Fourth 
Delaware Estuary Science and Environmental Summit.  Partnership for the Delaware 
Estuary Report No. 11-01. 154 p. 
http://www.delawareestuary.org/science_reports_partnership.asp (accessed 9/12/11) 

 
Greene, R.  2010.  Cadmium freshwater chronic criterion review.  Spreadsheet analysis.  

Delaware Department of Natural Resources and Environmental Control, Dover, DE. 
 
Hale, S.S. 2010. Biogeographical patterns of marine benthic macroinvertebrates along the 

Atlantic coast of the northeastern USA. Estuaries and Casts 33: 1039-1053 
 
Hartwell, S.I., J. Hameedi, and M. Harmon.  2001.  Magnitude and extent of contaminated 

sediment and toxicity in Delaware Bay (NOAA Technical Memorandum NOS ORCA 
148).  National Oceanic and Atmospheric Administration, Silver Spring, MD. 

 
Kinner, P., Maurer, D. and Leathem, W. 1974. Benthic invertebrates in Delaware Bay: animal-

sediment associations of the dominant species. Int. Revue ges. Hydrobiol. 59: 685-701. 
 
 

 

http://www.delawareestuary.org/science_reports_partnership.asp�


69 Delaware Estuary Benthic Inventory                                        PDE 11-06 
 

Kreeger, D., R. Thomas, S. Klein, A. Padeletti and W. Lellis. 2011. Recent discoveries of rare 
freshwater mussels (Unionidae) in the urban corridor of the Delaware Estuary.  Abstract, 
In:  P. Cole and D. Kreeger (eds.), Proceedings of the 2009 Delaware Estuary Science & 
Environmental Summit.  Partnership for the Delaware Estuary Report No. 09-01. 131 p. 
http://www.delawareestuary.org/science_reports_partnership.asp (accessed 9/12/11) 

 

Kreeger, D., J. Adkins, P. Cole, R. Najjar, D. Velinsky, P. Conolly, and J. Kraeuter. June 2010. 
Climate change and the Delaware Estuary: Three case studies in vulnerability assessment 
and adaptation planning. Partnership for the Delaware Estuary, PDE Report No. 10-01. 
117 p. http://www.delawareestuary.org/science_reports_partnership.asp (accessed 
9/11/11). 

 
Long, ER, DD MacDonald, SL Smith, and FD Calder. 1995.  Incidence of adverse biological 

effects within ranges of chemical concentrations in marine and estuarine sediments.  
Environ. Manag. 19(1): 81-97. 

 
Maurer, D., Watling, L., Kinner, P., Leathem, W. and Wethe, C. 1978. Benthic invertebrate 

assemblages of Delaware Bay. Mar. Biol. 45: 65-78. 
 
Miller, D.C and A. Padeletti. 2011.  TREB – Sub-tidal habitats: benthic indicators derived from 

the 2008 Delaware Estuary Benthic Inventory (DEBI) sampling. Abstract, In:  P. Cole 
and D. Kreeger (eds.), Proceedings of the Fourth Delaware Estuary Science and 
Environmental Summit.  Partnership for the Delaware Estuary Report No. 11-01. 154 p. 
http://www.delawareestuary.org/science_reports_partnership.asp (accessed 9/12/11) 

 
Miller, D.C. and S.L. Gardiner. 2009. Acquisition, curation and digitization of Delaware Estuary 

benthic invertebrates from over fifty years ago.  Abstract, In:  P. Cole and D. Kreeger 
(eds.), Proceedings of the 2009 Delaware Estuary Science & Environmental Summit.  
Partnership for the Delaware Estuary Report No. 09-01. 131 p. 
http://www.delawareestuary.org/science_reports_partnership.asp (accessed 9/12/11) 

 
Miller, D.C. and D. Kreeger. 2009. Hard-bottom sampling methodology and characterization of a 

“sponge garden” in the Broadkill Slough as part of the Delaware Estuary Benthic 
Inventory. Abstract, In:  P. Cole and D. Kreeger (eds.), Proceedings of the 2009 Delaware 
Estuary Science & Environmental Summit.  Partnership for the Delaware Estuary Report 
No. 09-01. 131 p. http://www.delawareestuary.org/science_reports_partnership.asp 
(accessed 9/12/11) 

 
O'Connor, TP.  2004.  The sediment quality guideline, ERL, is not a chemical concentration at 

the threshold of sediment toxicity.  Mar. Poll. Bull.  49: 383-385. 
 
O'Connor, TP and JF Paul.  2000.  Misfit between sediment toxicity and chemistry.  Mar. Poll. 

Bull.  40: 59-64. 
 

http://www.delawareestuary.org/science_reports_partnership.asp�
http://www.delawareestuary.org/science_reports_partnership.asp�
http://www.delawareestuary.org/science_reports_partnership.asp�
http://www.delawareestuary.org/science_reports_partnership.asp�
http://www.delawareestuary.org/science_reports_partnership.asp�


70 Delaware Estuary Benthic Inventory                                        PDE 11-06 
 

Partnership for the Delaware Estuary. 2005. Proceedings of the first Delaware Estuary science 
conference. D. A. Kreeger (ed.) PDE Report No. 05-01. 110 pp. 
http://www.delawareestuary.org/science_reports_partnership.asp (accessed 9/26/11). 

 
Paul, JF, JH Gentile, KJ Scott, SC Schimmel, DE Campbell, and RW Latimer.  1999.  EMAP-

Virginian province four-year assessment (1990-93), EPA/620/R-99/004.  U.S. 
Environmental Protection Agency, Narragansett, RI. 

 
R Development Core Team. 2010. R: A language and environment for statistical computing. R  

Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL 
http://www.R-project.org/. 

 
Rice, Karen. 1999. Trace-element concentrations in streambed sediment across the conterminous 

United States. Environmental Science Technology. 33; 2499-2504. 
 
Russell, D.E., D. Kreeger, A. Padeletti, L. Whalen, R. Searfoss, J. Gouvas, S. Donohue, A. 

Howell, C. Strobel, H.A. Walker, B. Wilson, D.C. Miller and I. Purdy. 2009. Survey of 
Delaware Estuary soft-bottom benthic communities: sampling design and 2008 field 
work. Abstract, In:  P. Cole and D. Kreeger (eds.), Proceedings of the 2009 Delaware 
Estuary Science & Environmental Summit.  Partnership for the Delaware Estuary Report 
No. 09-01. 131 p. http://www.delawareestuary.org/science_reports_partnership.asp 
(accessed 9/12/11) 

 
Schnoor, JL.  1996.  Environmental modeling fate and transport of pollutants in water, air, and 

soil.  John Wiley & Sons, Inc., New York, NY. 
 
Sommerfield, CK.  2009.  Mechanisms of sediment flux and turbidity maintenance in the 

Delaware River Estuary. Report prepared for the Delaware River Basin Commission, 
West Trenton, NJ. 

 
Thomann, RV and JA Mueller.  1987.  Principles of surface water quality modeling and control.  

Harper & Row, Publishers, Inc., New York, NY 
 
Thomas, Roger et al. 2011.  Occurrence of freshwater mussels (unionidae) in surveyed streams 

of southeastern Pennsylvania, 2000-2010. Proceedings of the Fourth Delaware Estuary 
Science and Environmental Summit.  Partnership for the Delaware Estuary Report No. 
11-01. 154 p. http://www.delawareestuary.org/science_reports_partnership.asp (accessed 
9/25/11)  

U.S. E.P.A. 2007. National estuary program coastal condition report- NEP CCR. EPA 842-F-06-
001. U.S. Environmental Protection Agency, Office of Water/Office of Research and 
Development Washington, DC. 

U.S. EPA.  2005a. Partition coefficients for metals in surface water, soil, and waste (EPA/600/R-
05/074).  U.S. Environmental Protection Agency, Washington, DC. 

 

http://www.delawareestuary.org/science_reports_partnership.asp�
http://www.r-project.org/�
http://www.delawareestuary.org/science_reports_partnership.asp�
http://www.delawareestuary.org/science_reports_partnership.asp�


71 Delaware Estuary Benthic Inventory                                        PDE 11-06 
 

U.S. EPA.  2005b.  Procedures for the derivation of equilibrium partitioning sediment 
benchmarks (ESBs) for the protection of benthic organisms:  Metal mixtures (cadmium, 
copper, lead, nickel, silver and zinc), (EPA/600/R-02/011).  U.S. Environmental 
Protection Agency, Narragansett, RI and Duluth, MN. 

 
U.S. E.P.A.  2002. Mid-Atlantic Integrated Assessment (MAIA) estuaries 1997-98 summary 

report. Environmental Conditions in the  Mid-Atlantic Estuaries2002.EPA/620/R-02/003. 
U.S. Environmental Protection Agency, Atlantic Ecology Division, Narragansett, RI. 

 

U.S. EPA. 2001a. Environmental Monitoring and Assessment Program (EMAP): National 
coastal assessment quality assurance project plan 2001-2004. EPA/620/R-01/002.U. S. 
Environmental Protection Agency, Office of Research and Development, National Health 
and Environmental Effects Research Laboratory, Gulf Ecology Division, Gulf Breeze, 
FL.  

 
U.S. E.P.A. 2001b. National coastal assessment. quality assurance project plan. EPA 620/R-

01/002. U. S. Environmental Protection Agency, Office of Research and Development, 
Washington, DC. 

 
U.S. E.P.A. 2001c. National coastal assessment. Field operations manual. EPA 620/R-01/003. U. 

S. Environmental Protection Agency, Office of Research and Development, Washington, 
DC. 

 
Vittor, B.A. 1998. Delaware Bay and adjacent waters benthic community assessment. Submitted 

to U.S. Department of Commerce, N.O.A.A., Silver Spring, MD 
 
Wilson, B. and J. Madsen. 2010. The Delaware Bay benthic mapping project: Understanding the 

significance of Delaware’s most significant resources.   The Delaware Coastal Program, 
www.dnrec.delaware.gov/coastal/DNERR. (accessed 9/26/11). 

 
Wilson, B.D. and D.B. Carter. 2007. Delaware benthic mapping project: addressing the forgotten 

resource in coastal management.  Proceedings of the First Delaware Estuary Science 
Conference. Abstract, In: D. A. Kreeger (ed.) PDE Report No. 05-01. 110 pp. 
http://www.delawareestuary.org/science_reports_partnership.asp (accessed 9/26/11). 

 
 

 
 
 

http://www.dnrec.delaware.gov/coastal/DNERR�
http://www.delawareestuary.org/science_reports_partnership.asp�

	Acknowledgements
	DEBI Participants
	Executive Summary:
	PAST BENTHIC MAPPING AND ASSESSMENT IN THE DELAWARE ESTUARY:
	Federal Programs:
	Research Studies:
	DNREC Acoustic Surveys:
	DEBI RARE Project:

	IMPORTANCE OF BENTHIC BIOLOGICAL INFORMATION
	USE OF DEBI RARE FINDINGS
	Table 1.  Summary of benthic Surveys in the Delaware River and Estuary conducted 1951-2008.


	Figure 1.  Soft bottom grab sample.
	Figure 2. Sabellaria tubes, knobbed whelk shell with slipper snails caught with dredge on hard bottom habitats.
	Figure 3. Study area of the Partnership for the Delaware Estuary (PDE)
	Figure 4. Deploying Young grab for soft bottom sampling.
	Figure 5. Example of oyster dredge with catch, a form of hard bottom sampling.
	Figure 6. Left; map of various national benthic surveys conducted in Delaware Estuary conducted over 9 years.  Right; map of probabilistic soft bottom survey for DEBI during the year 2008.
	APPROACH:
	Soft Bottom Sampling
	Sampling Overview
	Training
	Sites
	Grab samples
	Video Sampling
	Water Quality Samples
	Figure 17. Sampling procedure for soft bottom

	Post Sample Handling

	Survey Summary
	Hard Bottom
	Figure 20. Schematic of hard bottom sampling

	Data formatting

	Figure 7. Salinity readings obtained from the Delaware River and Bay Commission, of which the salinity zones for the DEBI project were acquired.
	Figure 8. Division of sites among polyhaline into 3 geographic areas.
	Figure 9. Oligohaline sites.
	Figure 11. Polyhaline with samples sites.
	Figure 10. Mesohaline sites.
	Figure 12: Training at University of Delaware, Lewes campus.
	Figure 13: Young stainless steel grab.
	Figure 14. Placing metals sample into whirl pack.
	Figure 15: Video equipment.
	Figure 16: Recording water quality readings.
	Figure 18. EPA and Partnership staff sample with a Young grab.
	Figure 19. Large dredge used for hard bottom exploration.
	Figure 21. US EPA region 3, RV Lear, used for the DEBI study.
	ANALYSIS
	Benthic Organisms- Soft bottom
	Benthic Organisms- Hard bottom
	Outreach
	Historical sample Analysis
	Video Analysis
	Sediment Characterization Analysis
	Sediment Metals Analysis
	Sediment PCB Analysis

	Water Quality Analysis

	Figure 22. Sieving grab for benthic species.
	Figure 23. Species Richness by River mile, left. Species Richness by bottom salinity, right.
	Figure 24. Species diversity (Shannon-Wiener index, H’) plotted by station locations.
	Figure 25. Species accumulation curve showing number of species versus number of samples taken in the DEBI survey.
	Figure 27 &28. Top; DEBI benthic abundance data ordination plot of all stations based on all species abundances. The bottom figure is the same ordination but represent sediment composition as percent sand.
	Figure 29 A & B. DEBI benthic abundance ordination representing two potential stressors (top) bottom dissolved oxygen and (bottom) sediment TOC.
	Figure 30 A & B. DEBI benthic abundance ordination representing two potential sediment metal stressors (A) chromium and (B) cadmium.
	Figure 31. Dominance plots of cumulative percent fauna by species, left, and by sediment type, right.
	Figure 32. Sabellaria and bryozoa caught in large dredge.
	Figure 33. Dredge with sponges (Cliona).
	Figure 34. Left; small ROV. Right J. Govas  steering large ROV and D. Miller watching real-time video from ROV.
	Figure 35. Clips of ROV video. Top left whelk; top right sponge and tube worms; bottom left close up of sponge; bottom right sponge columns.
	Figure 36. Front cover of Health & Science section of Philadelphia Inquirer, of mussels found on DEBI survey.
	Figure 37. A public friendly outreach piece that is handed out at festivals around the estuary.
	Figure 38. Amos occurrence by sector.
	Figure 39. Distribution of oligohaline Cyclops viridis in blue, down-bay species Oithona similis in peach, with overlap in maroon.
	Figure 41. Sediment characterization, percent sand.
	Figure 42. Scatter plot showing percent sand, total organic carbon, bottom salinity and river mile.
	Figure 44. Pore water acute and chronic toxic units for divalent metals.
	Figure 45. Interpolation of metals data shown spatially.
	Figure 46. Total PCB concentration pg/g (ppt) dry weigh.
	Figure 47. Total DxFs concentration pg/g (ppt) dry weigh.
	Figure 48. DRBC Zone 5, Wilmington DE to Marcus Hook PA, a strong signature of nona and deca homologs can be found.
	Figure 49. Sub-sampling grab for PCBs with clean stainless steel spoon into a clean glass jar.
	References

