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Executive Summary 
Coastal wetlands are a hallmark feature of the Delaware Estuary. The nearly contiguous band of tidal 

wetlands performs many critical functions, including:  entrapment/absorption of pollutants; provision of 

habitat and nurseries for fish, crabs, birds, and filter feeding bivalves; and protection against storms and 

flooding. The loss of tidal wetlands in the Delaware Estuary is estimated at an acre per day (PDE 2012), 

and modeling studies suggest that with 1 meter of sea level rise, over 42,500 acres of tidal wetlands – 

more than one-quarter of the total in the estuary – are likely to be lost by 2100 (PDE 2010).  Hence, 

coastal managers and residents are increasingly interested in developing and implementing new tactics to 

help stem the loss of critical tidal wetland habitat and enhance water quality.  

Living shorelines are an example of nature-based erosion control tactics that seek to stem the landward 

retreat of tidal marshes while also enhancing the resilience and ecological health along the seaward edge.  

The Partnership for the Delaware Estuary (PDE) has been working for the past 10 years to develop and 

test new living shoreline approaches for stemming marsh erosion and enhancing ecological benefits such 

as those related to water quality enhancement.  Building on this work, in 2013 PDE partnered with 

Delaware Department of Natural Resources and Environmental Control (DNREC) to install an innovative 

new type of hybrid living shoreline at the mouth of the Mispillion River near Milford, Delaware.  In 

addition to testing this new approach, this project also addressed a top goal of the Delaware Living 

Shoreline Committee to install more demonstration projects, providing numerous new opportunities for 

education and outreach, as well as facilitating ongoing research regarding the ecological benefits from 

living shoreline investments.  

The Mispillion River, DE living shoreline is best characterized as a hybrid attenuating design, consisting 

of both a constructed oyster breakwater in the low intertidal zone and erosion control structures along the 

eroding marsh in the mid intertidal zone.  Three treatments were installed immediately adjacent to the 

DuPont Nature Center. The primary goal of the installations was to provide enhanced water quality via an 

increase in shellfish filtration capacity.  The secondary goal was to provide ecological enhancement along 

the existing salt marsh edge by stemming the current erosion and creating suitable habitat for the 

indigenous vegetation and the salt marsh bivalve community.  To meet these goals, while also providing 

an opportunity for research and development studies, the three treatments tested slightly different tactics, 

enabling comparisons of which approach yielded the best outcomes pursuant to the goals. 

Two of the three treatments aimed to capitalize on and expand the carrying capacity of existing 

populations of indigenous shellfish: ribbed mussels and oyster, the third was primarily ecological 

enhancement. Based on site characterization data and best scientific judgment, a bio-based living 

shoreline design was selected as the most appropriate alternative to stabilize, and potentially increase, 

ribbed mussel habitat along the naturally existing marsh edge.  The presence of an intertidal oyster reef in 

one section of the shoreline provided an opportunity to test whether the reef footprint could be increased 

by installing oyster recruitment substrates, which, if successful, would serve as wave attenuating 

breakwaters.  The three treatments were therefore:  1) intertidal bio-based cell nearest the Nature Center 

(named “Nature Center”), 2) intertidal bio-based cell situated landward of a protective extant oyster reef 

(named “Oyster”), and 3) intertidal bio-based cell landward of a new oyster breakwater at the river bend 

(named “Bend”).  The oyster breakwater was built using two types of oyster recruitment substrates: 

bagged oyster shell and commercially obtained oyster castles.   
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The initial living shoreline construction was completed in June, 2014, consisting of placed substrates (but 

not yet planted).  Prior to installation, baseline monitoring was performed for key physical and biological 

metrics, and high resolution elevation measurements were used to denote the exact placement of materials 

within the local tidal spectrum.  Salvaged clumps of Spartina alterniflora from intertidal areas in close 

proximity to each site, as well as purchased Spartina plugs were planted in the bio-based treatments in fall 

2014, summer 2015, and summer 2016. Adaptive management and augmentation of limited additional 

materials occurred periodically through 2015 and 2016.   

A goal-based monitoring plan was developed to evaluate the ability of each living shoreline treatment to 

meet its objectives and to persist at the site. Metrics relevant to each goal were chosen based on their 

ability to produce a meaningful result regarding treatment effects. Stratified replicate plot monitoring and 

feature-based RTK-GPS survey strategies were employed for data collection at the bio-based living 

shoreline sites. Metrics included: shoreline position; platform elevation; vegetation robustness; marsh 

ribbed mussel density; accretion rates; and material structural integrity.  Oyster and ribbed mussel 

population demographics (count and population size structure) were also collected on the placed 

breakwater substrates, as well as in augmented treatment areas not associated with the established plots.  

Monitoring followed a Before-After-Control-Impact (BACI) paired design.  Each installation area 

(Impact) was paired with an untreated area (Control), within which identical spatial and temporal data 

were collected.  Two-way ANOVA of BACI data were used to identify significant differences in metric 

values between treatments and controls over time.  The USGS Digital Shoreline Analysis Software 

(DSAS) and ArcGIS Geostatistical and 3D Analyst extensions were employed to measure lateral and 

vertical marsh movement.  Shellfish filtration of total suspended solids (TSS) and particulate nitrogen 

(pN) was estimated based on assessed shellfish densities and size demographics on all new surfaces 

created.  

The goal of ecological enhancement was met at two of the three bio-based living shoreline sites.  

Ecological enhancement is best evidenced by the increase in vegetated salt marsh area.  The Nature 

Center treatment gained 69.0 m2 of salt marsh habitat, whereas its adjacent untreated control lost 12.0 m2.  

The Oyster site gained 16.3 m2 and its control lost 6.2 m2.  In contrast, the Bend site, located at a higher 

energy position along the site, lost area in both the treatment and control (10.2 m2 and 15.1 m2, 

respectively), but the reduction in the loss at the treatment may still be indicative of some erosion 

suppression by the living shoreline.  The vertical position (sediment elevation) of all three treatment areas 

was either enhanced or maintained relative to the tidal datum and baseline conditions. Vegetation 

robustness increased at the Nature Center treatment.  The shoreline position, delineated by the contiguous 

vegetated margin, advanced waterward at the Oyster site.  Additionally, no adverse impacts (e.g. erosion 

or scour of nearby untreated areas) were found for any of the living shoreline treatments.  

The goal of water quality enhancement through increased bivalve shellfish filtration capacity was 

achieved, demonstrated by quantitatively robust recruitment and growth of oysters and ribbed mussels.  

Oysters and mussels were carefully monitored on the new breakwater substrates, as well as within bio-

based living shoreline treatments.  Two of the three bio-based treatments yielded statistically robust 

shellfish enhancements, and the greatest shellfish biomass was achieved on the breakwater structures at 

the Bend treatment.  Oyster recruitment increased each year, as expected, with 2,419, 7,510, and 24,540 

individuals counted on the breakwater structures in 2014, 2015, and 2016 respectively. As expected, since 

they live higher in the tidal zone, ribbed mussel recruitment dominated new shellfish counts on the bio-

based living shorelines where 206 and 274 new ribbed mussels were counted in the Nature Center and 

Oyster site, respectively.  Ribbed mussel counts were conservative due to the non-destructive (no marsh 

excavation) monitoring efforts. 
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Importantly, oysters from 2014 and 2015 survived very difficult winters, resulting in an increase and 

diversification of the age structure of the population over time. Approximately 46.5% of the individuals 

measured in 2016 were older than one year, and several oysters had grown to more than 9 cm in shell 

length.  Since the relationship between oyster size (shell length) and physiological functioning (both of 

which scales proportionally with tissue biomass) is non-linear, 2016 marked a dramatic increase in water 

quality benefits due to the increasing number of larger animals that provide much greater ecosystem 

services.  Water quality impacts by oysters and ribbed mussels were estimated by integrating our 

measured increases in shellfish biomass (by fall 2016) with previously collected data on oyster and ribbed 

mussel filtration rates and previous data on seston quantity and quality in nearby areas of Delaware Bay.   

The total estimated annual filtration capacity of TSS by new oysters and ribbed mussels was 404.7 and 

11.1 kg per year, respectively.  The total estimated removal of particulate nitrogen by oysters and ribbed 

mussels was 2.63 and 0.09 kg per year, respectively.  Greatest pollutant removal was by oysters and 

ribbed mussels that had colonized the new breakwater (>75%). Annual pollutant removal by shellfish 

occurred mainly during the growing season: spring (33%), summer (34%), fall (30%) and winter (3%).   

The estimated water quality benefits of the Mispillion River living shoreline project should be considered 

as early evidence that the goal is beginning to be met.  Our conservative counts of oyster and ribbed 

mussel density only accounted for visible animals that were measured without disturbing the integrity of 

the structures.  Additional animals certainly exist within the oyster shell bags, interior of the oyster castle 

pods, and the sediments of the vegetated marsh which were not included in current ecosystem service 

calculations. Moreover, the parabolic increase between 2015 and 2016 in shellfish population biomass is 

likely to continue based on recruitment trajectories and available substrate.  We aim to continue to track 

shellfish populations at the Mispillion River living shoreline as part of our robust monitoring plan.  We 

also intend to strengthen our local measures of physiological rate functions. For these reasons, we 

anticipate that the water quality benefits of this living shoreline will continue to increase as the ecological 

communities continue to expand and mature. 

Continued monitoring of physical and biological conditions at the Mispillion River living shoreline 

project will provide valuable data to help further understanding of succession trajectories and persistence 

of nature-based infrastructure.   In addition to assessing long-term outcomes, such monitoring is vital for 

tracking and responding to any negative developments, such as might occur after a severe disturbance 

event.  As these shorelines continue to mature, long-term monitoring data will help inform design, 

adaptive management, and temporal expectations of other living shorelines in the state of Delaware.  

Finally, education and outreach is planned for the Mispillion River living shoreline site, taking advantage 

of its direct proximity to the DuPont Nature Center.  

Introduction 
Coastal wetlands are one of the Delaware Estuary’s most important and characteristic habitats, and they 

are a premier environmental indicator to track ecosystem health. The Estuary system has a nearly 

contiguous perimeter of tidal wetlands which perform a number of critical functions, including acting as 

“kidneys” to absorb suspended sediments and pollutants, “fish factories” crucial to the region’s fish and 

blue crab fisheries, and providing a first line of defense against storms and flooding. Sea level rise 

presents numerous challenges for preserving these critical natural habitats and protecting people and 

communities located along throughout the Estuary. Tidal wetlands typically are situated between 

Bayshore communities and rising seas. Wetland losses have been estimated at approximately an acre per 

day (PDE 2012). Modeling studies indicate that with 1 meter of sea level rise, over 42,500 acres of tidal 

wetlands are likely to be lost by 2100 (PDE 2010).  Rates of loss appear to be higher in areas where other 
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stressors (e.g. boat wakes from navigation, sediment deficits from dredging, hydrological restrictions) 

interact with rising sea level and storm energies.   

In addition to making local communities even more vulnerable to storms and sea level rise, the loss of 

wetlands will result in decreased water quality since these wetlands serve as natural filters that remove 

pollutants; whereas, degraded and eroding wetlands can actually represent a source of pollutants due to 

the re-release of formerly sequestered materials. Innovative, practical solutions are critical and needed to 

help marshes sustain themselves keep pace with sea level rise, and building the understanding within local 

communities of how important it is to maintain natural infrastructure. 

Traditionally, salt marsh protection consisted of hardened structures, such as seawalls and bulkheads that 

separated the marsh and subtidal ecosystems.  This separation can decouple important hydrological and 

biogeochemical interactions, which are reflected in significantly reduced biota near bulkheads compared 

to salt marsh edges (Seitz et al., 2006; Bilkovic and Roggero, 2008; Partyka and Peterson, 2008; Currin et 

al., 2010; Balouskus and Targett, 2016; Gitman et al., 2016a; Torre and Targett, 2016).  Additionally, 

hardened structures reflect wave energy, scouring the substrate waterward of the structure and creating 

impact zones for waves and debris behind the structures (Pilkey and Wright, 1989; Pilkey et al., 1998, 

Rogers and Skrabal, 2001; Bozek and Burdick, 2005; National Research Council, 2007; Currin et al., 

2010; Gitman et al., 2016b).  Recent research has indicated that stabilizing degraded marshes with 

natural, softer materials can provide stabilization and sediment capture services, facilitate marsh 

regeneration, absorb (rather than reflect) wave energy, and retain connectivity between terrestrial and 

aquatic environments.  Many of the benefits conveyed by coastal marshes and soft armoring techniques 

were witnessed during and after Hurricane Sandy, which caused tremendous damage to both built and 

natural infrastructure in the upper mid-Atlantic region in late October, 2012. Storm damages were much 

lower in areas protected by tidal wetlands.  PDE’s living shorelines that were constructed in New Jersey 

prior to Hurricanes Irene and Sandy still persist and appeared unscathed after the storms, whereas nearby 

bulkheads were severely damaged and associated buildings torn down. 

Living shorelines consist of a wide variety of tactics that typically enhance ecological conditions while 

also achieving coastal management goals, such as shoreline protection, erosion control, fish and wildlife 

enhancement, and water quality enhancement.  They therefore represent more environmentally friendly 

alternatives to more traditional shoreline protection tactics such as seawalls, bulkheads, dikes, and tidal 

control systems.  Traditional hard tactics typically degrade natural ecosystems and reduce the ecological 

goods and services that the unaltered shorelines would provide.  By enhancing ecological conditions that 

lead to more diverse, abundant and functional natural plant and animal communities, living shorelines can 

also enhance water quality and bolster pollutant and carbon sequestration while still providing armoring 

to stabilize erosion and help abate flooding.  In many cases, living shorelines can also increase their 

elevation in the tidal zone and keep pace with rising sea level, whereas hard structures such as bulkheads 

do not.  

Different types of living shorelines vary in effectiveness and ecological value.  They can be used on their 

own in low energy areas, or as hybrids in tandem with hard tactics (bulkheads, seawalls) for higher 

energy sites.  They can also be used along existing natural habitats to stem erosion and protect those 

habitats, or they can be used to “green up” and stabilize degraded or built-up shorelines or to cap 

contaminants. For example, subtidal breakwaters or sills can be constructed to dampen wave energy and 
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currents, allowing for intertidal biological colonization and ecological enrichment.  A levee or rip-rap 

shoreline can be strengthened by establishing tidal marsh in front of it.  Unstable bottom habitats with 

little biological activity near river mouths can be stabilized, allowing for beds of submerged grass and 

invertebrates to flourish. Every site is different, and the type of living shoreline selected must usually be 

tailored to local physical, chemical, and biological conditions.  

In the southern US, oyster reefs naturally exist along the waterward edge of salt marshes where they 

intercept wave energy that would otherwise directly impact the marsh edge. The porous network of shell 

that comprises the reef matrix attenuates wave and current energy by deconstructing and 

compartmentalizing portions of the energy as it passes through interstitial spaces between shells.  Oyster 

shell complexes also absorb some of the energy by progressively redirecting the flow of energy into 

multiple blind ended hollows from which reflection is prohibited.  In contrast, rigid and flat faced 

structures such as riprap, seawalls and bulkheads typically simply reflect energy rather than dissipate it.    

Historically, oyster reefs were precluded from intertidal areas in the Delaware Estuary due to the 

physiological constraints associated with winter freezing plus the physical disturbances associated with 

ice scour.  However, in the Carolinas, Virginia, and, more recently, Maryland, oysters typically form vast 

flat reefs in the low and mid-intertidal zone, providing tremendous ecosystem services.  The colonization 

and persistence of oysters in the intertidal zone represent an important indicator of climate change, and 

the geographical extent of intertidal oysters appears to be advancing northward.  Despite several recent 

harsh winters, low intertidal oyster reefs can now be found persisting in many areas of the lower 

Delaware Estuary, such as in certain lower tributary locations of the Broadkill, Mispillion and St. Jones 

Rivers.  As temperatures continue to rise, the expansion of intertidal oyster reefs represents one positive 

climate change outcome that now provides new opportunities for nature-based shoreline protection 

strategies.   Facilitating the horizontal and vertical expansion of fledgling intertidal oyster reefs, especially 

when fronting eroding tidal wetlands, is expected to help stem marsh loss while promoting water quality 

and coastal flood protection, among other benefits. 

In temperate climates around the world, bivalve shellfish arguably represent the most ecologically 

important animal group. Similar to coral reefs in tropical latitudes, bivalves can build their own habitats 

or significantly enhance the structural complexity of aquatic habitats. As filter-feeding animals processing 

large volumes of water, bivalves such as oysters are known for their beneficial effects on water quality.  

Investments in the conservation and restoration of native bivalve species are now being considered and 

justified based partly on the expected pollutant removal benefits.  Even though most bivalve populations 

are depressed in the Delaware Estuary watershed, they collectively filter hundreds of billions of liters of 

water every hour during spring to fall (Kreeger and Gatenby 2007).  Removal of suspended solids 

promotes greater light availability for submerged vegetation, which benefits fish, blue crabs, and other 

species.  Bivalve grazing of phytoplankton helps to prevent algal blooms, which can help avert anoxic 

conditions.  The filtration, transformation and partial sequestration of particulate pollutants such as 

nitrogen and phosphorus helps address key water quality targets.  Stabilization of bottom sediments can 

further help control turbidity and reduce erosion. And the complex, three-dimensional habitats formed by 

many bivalves serve as hot spots for biodiversity and fisheries productivity.  For all of these reasons, the 

incorporation of bivalve shellfish, both eastern oysters and ribbed mussels, into living shorelines 

represents an important step forward in living shoreline research and development in Delaware Bay and 

its many saltwater tributaries.  
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Since 2007, PDE worked with Rutgers to develop a novel new bio-based LS approach that takes 

advantage of the natural, resilience-building properties of a mutualistic relationship between dominant 

fauna and flora, ribbed mussels, and smooth cordgrass.  These research and development efforts have 

been a key element of the Delaware Estuary Living Shoreline Initiative (DELSI), and the fiber log and 

shell bag approach is now being used throughout the Mid-Atlantic region. In recent years, this initiative 

has expanded to design and test a variety of other tactics, including hybrid living shorelines that tackle 

more diverse goals in higher energy landscapes. To address erosion in higher energy areas, the hybrid 

living shoreline approach first attends to wave and current energies by erecting or enhancing natural reef 

structures in the low intertidal zone.  In tandem, lateral shoreline erosion (e.g., along nearby marsh edges) 

is stemmed by our coir-log method, or other similar strategies, within the mid-to-high intertidal zone. 

Until this project, no hybrid living shoreline project had been funded and installed in the Delaware 

Estuary, to our knowledge.   

The aim of this project was to test whether oyster reef enhancements and bio-based living shoreline 

designs can be paired to boost water quality and help stem salt marsh erosion at a moderate energy 

location, the first of its kind in the Delaware Estuary.  Since this was a research and development study, 

several different treatments were designed, implemented, and scientifically monitored for the first two 

years, and this report summarizes the comparative results.  Since living shorelines are similar to gardens 

that may need 5-10 years to fully mature, continued monitoring and periodic augmentation will be needed 

to fully assess whether the project’s long-term goals were met. 

Location  
The living shoreline components were installed at the mouth of the Mispillion River near Milford, 

Delaware, at a site immediately adjacent to the DuPont Mispillion Nature Center (Figure 1). The location 

stretches from the Nature Center at the southern end, north approximately 140m where the river bends to 

the northwest.  The southernmost end was heavily rip-rapped between the Nature Center and the marsh, 

and reflection of wave energy from the rip-rap appeared to have created a scoured, denuded mud flat 

where historical imagery showed that salt marsh had once existed. Along the entire marsh edge from the 

Nature Center to the river bend, sloughing and lateral erosion was prominent, with the height and slope of 

the marsh-foreshore interface increasing to the north (Figure 2).   

 

http://delawareestuary.org/Living_Shorelines
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Ribbed mussels were present 

along the entire marsh edge in 

high densities, extending 

landward into the high marsh at 

decreasing densities.  An 

intertidal oyster reef was present 

30m north of the rip-rap, and 

extending for 61m to the north, 

parallel with the existing marsh’s 

vegetated edge (Figure 2). The 

reef was approximately 3.3m 

wide, and was positioned just 

landward of mean low water 

(MLW).   

 

The close proximity of the living 

shoreline installations to the 

DuPont Mispillion Nature Center 

facilitated easy viewing of this 

research and development by 

resource managers and Nature 

Center visitors.  The site offers 

many future opportunities to 

boost education and outreach 

regarding living shorelines and 

coastal resilience concepts.   

  

 

Figure 1. Location of living shorelines and oyster reef expansion at the 
DuPont Nature Center at the mouth of the Mispillion River, Delaware. 

 

 

 

Mispillion Living
Shoreline Site
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Figure 2.  Pre-existing conditions along the intertidal area at the DuPont Nature Center at the mouth 
of the Mispillion River, Delaware. 
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             MLW -0.71m 

 
        MLLW -0.76m 
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Site Descriptions  
Living Shoreline Treatment Locations 
Extending from the Nature Center to the river bend to the north, three living shoreline sites were 

delineated and paired treatment and adjacent control areas were demarcated within each (Figure 3).  The 

living shoreline treatment in the site 

nearest the Nature Center consisted of 

bio-based marsh edge enhancements 

alone, and was named the “Nature 

Center” treatment cell.  The middle site 

living shoreline treatment, situated 

landward of the low intertidal natural 

oyster reef (Figure 4), was also a bio-

based marsh edge enhancement that 

was named the “Oyster” treatment cell.  

The most northern living shoreline site 

consisted of both a constructed oyster 

breakwater in the low intertidal zone 

that was paired with a bio-based marsh 

edge enhancement in the mid intertidal 

zone, which was named the “Bend” 

treatment cell. Therefore, each area 

contained both a treatment and control 

sub-area named using the scheme 

described above (e.g. Oyster treatment 

and Oyster control areas within the 

Oyster site). 

 

The bio-based enhancements were 

situated just waterward of the existing 

vegetated edge of the salt marsh, and 

were constructed to stabilize erosion 

and integrate with the existing 

contiguous vegetation. The 

predominant vegetation was Spartina 

alterniflora along the lower intertidal 

area of the marsh with short form S. 

alterniflora dominating the high marsh 

area.  Each site consisted of a paired 

treatment and control located next to 

each other, but separated by a varying 

distance per site. Control areas were intended to provide information regarding current lateral marsh 

movement, biological health, and elevation profiles in a natural marsh experiencing the same chemical 

and physical conditions with the same aspect and foreshore slope against which the living shoreline could 

be compared.  Additionally, the control area could provide information regarding effects of living 

shoreline treatments on adjacent marshes.  For each treatment, the associated paired control was located 

to the north. 

 

Figure 3. Overview of the three living shoreline sites at the 
mouth of the Mispillion River, DE. Each site consisted of a 
paired treatment and control along an eroding stretch of salt 
marsh.  The Oyster Reef site (green box) was constructed 
behind an existing, naturally-occurring, inter tidal oyster reef. 
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Nature Center 

The Nature Center site was located at the south end of the Mispillion Area of Interest (AOI). It abutted a 

large area of rip-rap which had been previously installed to stabilize the bank leading to the Nature Center 

building.  The Nature Center site extended 38m north along the intertidal zone starting at the edge of the 

rip-rap to the south (Figure 3). The treatment and control were each 14m wide with an approximate 9m 

gap between them. The vegetated upland portion extended 20m to the west.  The intertidal area was 

characterized by very thick and soupy mud with the vegetation sloping down to the unvegetated mudflat.  

A large denuded cusp was present in the area to be treated, and the control area exhibited a linear 

vegetated edge (Figure 3).  Although the Nature Center control area did not contain the rip-rap abutment 

of the treatment area, it was chosen as the best available reference for the marsh habitat intended to be 

established in the treatment area due to proximity.  

Oyster  

The Oyster treatment was positioned 20m north of the Nature Center site and was 54m wide (Figure 3). 

The treatment and control areas were 27m and 24m wide, respectively, with an approximate 3m buffer 

between them. The salt marsh within the area was characterized by a sloughing edge with a short (<1m) 

ledge between the substrate and the platform.  The vegetated upland portion extended 30m to the west, 

consisting of primarily S. alterniflora. The intertidal area was very firm and was composed of a mix of 

shell, pebble, and cobble. The distinguishing feature of this area was the naturally occurring intertidal 

oyster bed that stretches the length of the site (Figure 4).  

 

Bend 

The Bend was located directly north of the Oyster site, along a slight northwest bend in the shoreline and 

extended 52m to the north along the intertidal zone (Figure 3). The treatment area was 22m long and the 

control 26m, with an approximately 4m buffer between the two areas. The vegetated upland portion 

extended 35m to the west, consisting primarily of S. alterniflora. The intertidal area was wide compared 

to the other two sites and consisted of a very firm substrate with an abundant mix of shell, gravel, and 

some rocks.   

Breakwater Treatment at Bend 

The oyster breakwater treatment, which was designed and installed for only treating the Bend site, was 

situated immediately to the north, and abutted the pre-existing, natural oyster reef (Figure 5).  The 

footprint of the breakwater installation spanned the entire length of both the Bend treatment and its 

control (Figure 5).  The pre-existing oyster reef, 61m in length and ~3.3m wide, was located in front of 

the adjacent Oyster site and its control.  The design approach was to facilitate the northward expansion of 

the existing oyster reef by providing hospitable settlement surfaces to recruit new bivalves, which were 

positioned at similar vertical and horizontal locations to the natural oyster reef.  The position of the 

natural reef was just landward of the mean low water line (MLW; -0.71m NAVD88; Figures 2 & 5).  The 

Oyster treatment area extended from the north terminus of this natural reef, extending further northward 

around the arc of the intertidal shell shoal within the Bend site.  The treatment area was positioned at the 

same tidal datum along its waterward margin and extended landward 6.2m at the southern end and 4.1m 

at the northern end. 
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a 

b 

Figure 4. Photographs showing the location of the pre-existing natural oyster reef near the mouth 
of the Mispillion River, DE during exposure at low tide.  Photo a shows the proximity to the rip 
rap at the DuPont Nature Center, and photo b is a closer view of the relative position of the 
breakwaters. 

 

Credit: PDE 

 

Credit: PDE 
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Figure 5. Outline of the location of the pre-existing natural oyster reef and the newly created oyster castle breakwater at the Mispillion River, 
DE, living shoreline project site, 2014. 
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Project Goals and Key Metrics 
Clear identification of project goals is important as to guide project design and performance monitoring.  

In order to properly gauge if a living shoreline is having an impact on the environment where it is 

installed, there should be standards and reference benchmarks with which to evaluate performance.  

Metrics identify data used to evaluate if goals were met by a project, and can provide additional 

information to advance broader scientific or outreach interests. The metrics and methods chosen for this 

project are more fully discussed below in the Monitoring section. 

The primary goal of the living shoreline was water quality enhancement.  In order to document water 

quality treatment effects of the living shoreline, we focused on assessing bivalve shellfish populations that 

were created as a result of the project.  The abundance and size class demographics of dominant bivalve 

species, oysters and ribbed mussels, were therefore quantified as a proxy for assessing whether the project 

attained water quality uplift.  Of course, salt marsh vegetation and associated fauna can capture, transform 

and sequester various types of pollutants in many ways, not just via shellfish-mediated filtration. For the 

short duration of this project’s monitoring period, however, success was judged simply by documenting 

whether shellfish-mediated water quality benefits could be seen as increasing, relative to baseline 

conditions and controls.   

 

The ability of bivalve shellfish to filter suspended solid matter (TSS) and nutrients from the water column 

is a key ecological role that has been widely documented.  From earlier studies, the authors have 

documented water clearance rates and seston filtration rates for oysters and ribbed mussels, per season 

and for different sized animals.  These weight-specific physiological processing rates for natural 

suspended matter were extrapolated to the densities of different size classes of oysters and ribbed mussels 

that were tallied by census on the project sites to estimate total clearance rates per season and for all of 

2016 combined.  These rates were then converted to TSS and particulate nitrogen (pN) filtration rates by 

comparing past monthly assessments of seston quantity and quality at a nearby monitoring station in 

Delaware Bay, which was assumed to be similar to the Mispillion River project site.  Since we quantified 

shellfish demographics and abundance on different treatments and substrate types, we were able to also 

differentiate which species and tactics were likely to facilitate the greatest uplift in water quality.   

 

The secondary goal of the living shoreline was ecological enhancement.  Ecological enhancement 

refers to the promotion of positive health and stable ecological conditions (e.g. community complexity, 

structure, and composition) in the habitat intended to be created by the living shoreline.  Although the 

breakwater structures also promote ecological enhancement, for assessing this goal we focused on 

physical and biotic conditions within the bio-based marsh edge treatments, as well as the integrity of the 

marsh platform behind the treatments.  

 

Bio-based edge treatments targeted the optimal growth ranges of the dominant salt marsh plant (Spartina 

alterniflora) and animal (ribbed mussels, Geukensia demissa).   Potential ribbed mussel habitat within the 

bio-based treatments needed to meet specific physical (position within the tidal prism) and biological 

(presence of salt marsh vegetation conducive to recruitment and persistence) conditions to provide 

suitable habitat for mussel recruitment and expansion.  As mussel colonization may lag behind habitat 

creation, the success in meeting the goal of ecological enhancement was judged by both the creation, or 

maintaining relative to controls, of appropriate physical conditions for healthy marsh vegetation and the 

presence of new ribbed mussels recruiting into the created vegetation zone, and/or enhanced landward 

densities relative to similar positions in untreated control plots.  
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Site Characterizations 
Living Shorelines 
 

Once the sites were identified and goals were established, preliminary RTK-GPS and biological surveys 

were conducted to collect accurate baseline data needed for designing living shoreline projects. As all 

living shoreline designs are tailored to local conditions, slope, gradient, aspect, substrate type, habitat 

boundaries, and community structure (flora and fauna) were assessed in late 2013 and early 2014, prior to 

implementation of the project (Figure 6).  

Physical Data: To determine the appropriate placement of materials within the local tidal prism to 

facilitate marsh enhancement, physical data concerning marsh platform elevation and topography were 

collected using a Trimble R6 Real-Time Kinematic GPS (RTK) and analyzed using the Geospatial 

Analyst Tool extension in ArcGIS 10.2. The RTK unit uses a global navigation satellite system (GNSS) 

to measure latitudinal/longitudinal and vertical (elevation) position with an accuracy of 8mm ±1ppm 

RMS and 15mm ±1ppm RMS, respectively.  The additional error attached to each measurement reflects 

the distance of the unit from the base station; for every 1km of distance an additional 1mm of potential 

measurement error is added.  The average accuracy, including error is within ±16mm horizontal and 

±30mm vertical error.   

Biological Data: In addition to horizontal and vertical positioning of the salt marsh within the local tidal 

prism, data concerning the vegetation type and substrate at each point were also collected.  These data 

were used to assess the spatial variation in vegetative communities, and their elevation ranges across the 

marsh platform.   

The following characterizations discuss relative positions of site-specific features of each treatment cell 

and control.  Quantitative elevation positions of these features and their relationship to living shoreline 

materials is discussed below in the Design and Implementation section. 

Nature Center 

 The marsh at this location exhibited a steep slope from the high marsh platform to the surface of the 

sloping mud flat at its waterward most point. The vegetation along the sloping portion of the marsh was 

patchy with many areas of denuded mudflat interspersed with tall, leggy plants.  The contiguous 

vegetation edge exhibited a sinuous morphology, undulating water and landward at different positions 

along its extent. A deeply eroded cusp was present on the southern end near the rip-rap. The mudflat was 

very steep between the vegetated edge and mean low water, and was very soft with knee-deep mud along 

its entire length. Ribbed mussels existed in dense patches approximately 1-2m landward of the vegetated 

edge, but the patchy, sparse grass along the waterward margins did not contain shellfish.  

Oyster  

The gradient from marsh platform to the contiguous vegetated edge, as well as the intertidal area 

waterward of the vegetated area, exhibited a gentle slope.  The vegetated transition from high marsh to 

edge was smooth with the exception of a ponding area ~2m landward of the vegetated edge.  The 

vegetated edge was relatively straight and without directional change, and met the non-vegetated 

intertidal area without a drastic change in elevation (e.g., terrace, ledge, etc.).  The vegetation along the 

edge was shorter than the vegetation ~1m landward. The substrate along the vegetated portion of the edge 

was noticeably softer and contained more fine and organic sediments than on the non-vegetated portion 

which was sandier with lots of pebble.  Moving waterward from the edge, the substrate became firmer 

and contained much more cobble and rock.  Shells from the oyster reef that existed along the MLW 

margin collected in the denuded area between the reef and marsh, although no oyster recruitment was 
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visible in this area. Ribbed mussels were present in high densities from the taller grass ~1m landward of 

the edge to the low/high marsh interface. 

Bend 

The marsh/denuded intertidal interface at this site was demarcated by a steep ledge from the marsh 

platform to soft, muddy substrate.  Landward, the high marsh to low marsh transition exhibited the same 

gentle sloping characteristics as the Oyster site.  The steep marsh edge was linear except along the 

northern end where the marsh curved northwest moving upriver.  The denuded intertidal area was softer 

along the northern margin close to the northwest bend, and more similar to the shell/cobble/sand substrate 

of the Oyster site at its southern end. The width of the intertidal area decreased moving north towards the 

northwest bend when the substrate became softer.  Although in close proximity to the natural oyster reef 

at the Oyster site, minimal recruitment was observed on the rocky substrate that was scattered throughout 

the intertidal foreshore.  The marsh contained a high density of ribbed mussels from the high marsh to the 

edge. 

Breakwater Treatment at Bend 

The breakwater treatment area along the waterward margin of the Bend site exhibited very little change in 

elevation across its expansive foreshore.  The relatively flat, firm substrate was largely composed of shell, 

sand, and cobble, and was firm to walk on. There were no remnant vascular plant clumps living within the 

treatment area. Just below the mean low water line, there was a steep drop-off into sub-tidal areas 

waterward of the treatment area.  No shellfish (oyster, ribbed mussels, clams, etc...) were observed on any 

pre-existing materials, or lodged in the substrate, within this foreshore area of the Bend treatment or 

control.
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Figure 6. Summary of pre-existing habitat boundaries (left) and topographic contours (right) along the Mispillion River, DE living 
shoreline project site, 2014. Tidal datums are denoted by colored points.  
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Design, Implementation, and Adaptive 
Management 
In order to meet the primary goal of water quality enhancement, treatments were designed to maximize 

shellfish recruitment.  Although some living shoreline projects seeking to build shellfish beds pre-spat 

their substrates because of low natural recruitment, this was not deemed necessary for the Mispillion 

River because of our earlier recruitment observations and the presence of live oysters and ribbed mussels 

nearby; hence, no live bivalves were brought into this project.  Similarly, due to typically high TSS in 

Mispillion waters, we relied on natural sedimentation to fill in behind our treatments rather than 

attempting to bring in (and get a permit for) fill material. 

To facilitate recruitment, while enabling comparative study, two substrate types were identified to attract 

natural recruitment of larval oysters and ribbed mussels from within the Mispillion system: oyster castles 

and oyster shell bags.  Both substrates were used to build the shellfish breakwater in front of the Bend 

treatment.  Since the breakwater was installed in the low intertidal zone, the main targeted bivalve species 

here were oysters.  Although there are a variety of commercial products available for constructing oyster 

reefs, oyster castles and oyster shell bags were chosen for this project as the most appropriate alternatives, 

due to their portability, adaptability to various configurations, availability, and relatively lower cost.   

For all three treatments, the marsh edge enhancements additionally included oyster shell bags, castles, and 

coir fiber logs and mats.  Being higher in the intertidal zone, the main targeted bivalve species for these 

installations were ribbed mussels.  Each bio-based living shoreline was comprised of mainly natural 

materials (e.g., coir coconut fiber logs and mats, wooden stakes, oyster shell, native plants and shellfish, 

etc.), but augmented with some extra oyster castles leftover from the breakwater installation.  

The lack of fine sediments and steeper eroding scarp at the Bend site was an indication that higher 

energies were present in this area relative to the Nature Center site.  This was the main reason for 

implementing the hybrid tactic (with breakwater) at that location. Additionally, the presence of the 

naturally-occurring oyster reef in front of a similar bio-based design on similar substrate at the Oyster site 

allowed for comparison of bio-based treatment results when positioned behind a natural oyster reef or a 

series of oyster-castle breakwaters. 

Living Shorelines 
The bio-based living shoreline design for all three living shoreline sites consisted of coir logs, mats, and 

twine, wooden stakes, and oyster shell bags, and followed design standards and material components of 

previous installed projects (Whalen et al. 2011). Materials were installed generally parallel to the existing 

shoreline in a series of arc cusps. For each cusp, local site conditions were examined and best professional 

judgment used based on past experiences regarding the most appropriate placement configuration. For 

example, the presence of sand/silt indicates micro-environments that are depositional and capable of 

capturing sediment, and in such areas we would create open pools bounded by coir logs to create areas for 

sediment capture. In contrast, erosion scouring evidenced by linear micro-troughs were treated with more 

oyster shell bags to create “speed bumps” and “baffles” to slow and redirect water flow.  In all cases, the 

materials were selected and configured to create a stable refuge for the development of a resilient 

ecological community.  Placement of materials along the elevation gradient was situated to meet the site-

specific goal of ecological enhancement, such as by ensuring that the elevation of any new terraces 

matches the vertical growth needs of the targeted plants. Across all treatments, materials were positioned 

only between mean low water and mean high water.   
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Based on baseline measurements and site characterizations, top and side view conceptual designs were 

composed in Adobe Illustrator.  Additional high resolution elevation measurements were gathered at each 

site to denote the placement of materials within the local tidal spectrum during installation (Figure 7).   

Installations occurred in 2 phases.  Phase 1 consisted of installing the main substrates and living shoreline 

infrastructure, timed to be just before peak oyster and mussel spawning (June 30) so that larvae would 

more readily recruit onto clean surfaces before other fouling organisms.  Installations prior to June 15th 

(and after April 15th) were avoided to minimize disturbance to migratory shorebirds and spawning 

horseshoe crabs, which are dense in the project area.   

Phase 2 consisted of planting with Spartina alterniflora plugs and augmenting with structural materials to 

attend to any weak spots. The timing of Phase 2 depended on the rate of sedimentation in the various 

treatments, which was the main determinant of planting readiness.  Some planting and augmentation with 

logs and shell bags occurred sporadically during all 3 years (but avoiding April 15-June15), as 

summarized in Table 1.   

Please refer to Whalen et al. 2011 for a more detailed summary of installation methods for the 

coir/shellbag bio-based living shoreline tactic. In brief, at all sites installation began by rolling coir 

matting along the mudflat across the entire treatment area.  The mat acted as a secure base for the coir 

logs, prevented sinking, and protected the logs against sharp shells and/or rock buried in the mud.  Coir 

logs were then positioned, end to end, and were tied tightly together using coir twine.  Stakes (with pre-

drilled 5/8" holes) were then positioned along the logs, one pair every two feet (n=12stakes per 12'log).  

Stakes were hammered into the substrate at a slight angle to create an "A" formation until the top of the 

stake was uniform with the top of the logs.   

Coir twine was threaded through the logs and stakes to connect them.  Stakes were then hammered further 

down so that the twine cinched the log down, providing additional security.  Shellbags were then placed 

against the outer face of the waterward cusp and on the landward side at joints.  Additional bags were 

placed at the ends of each cusp to armor the ends and prevent movement.   

 

Specific design considerations for each location and treatment are described below. 
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Figure 7. Cross-sectional conceptual design for the Bend treatment cell at the Mispillion, DE, living shoreline project site, which was prepared in 
January, 2014. A key to installation materials is provided below the graphic. Note that the Reef Ball breakwater (“WAD” in diagram) was later 
replaced with oyster castles and shell bags (see text). 
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Site Year Coir Logs Coir Mat 
Wooden 

Stakes 

Oyster 

Shellbags 

Salvaged 

Plants 

Purchased 

Plugs 

Oyster 

Castles 

Nature Center 2014 7 1 110 120 Yes 300 - 

Nature Center 2015 2 - 24 - Yes 200 25 

Nature Center 2016 - - - - - - - 

Oyster 2014 13 1 147 300 Yes 675 - 

Oyster 2015 - - - - Yes 500 125 

Oyster 2016 - - - 175 Yes - 45 

Bend 2014 19 1 135 280 Yes 675  

Bend 2015 - - - - Yes 500 90 

Bend 2016 - - - 175 Yes - 30 

Breakwaters 2014 - - - 350 - - 650 

Breakwaters 2015 - - - - - - 560 

Totals  41 3 416 1400 - 2850 1525 

 

Table 1. Materials used to construct and maintain living shoreline treatments at each site.  Material installation is delineated by year.  A “Yes” denotation in the 
Salvaged Plants column indicated that local, eroded material was salvaged and planted into a living shoreline treatment. A”-” denotation indicates that no 
material specified in the column header was installed in that time period. 
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Nature Center 

Phase 1 of the Nature Center treatment was installed between June 23-26, 2014.  The waterward cusp was 

placed ~7m at center from the existing marsh edge at an elevation of ~-0.3m where the top of the logs 

would be above mean water, the lower threshold for optimum growth of Spartina alterniflora.  The length 

of the waterward cusp was ~14.5 (4 coir logs) and was anchored at the southern end by tucking the logs 

into the rip-rap and staking it in.  At the northern end of the treatment area, the coir fiber logs extended 

into the existing marsh edge where they were secured with stakes and extensively shellbagged to impeded 

sediment transport out of the treatment.  The landward tier was ~ 10.9m long (3 logs) installed at an 

elevation of -0.15m to bring the final elevation to just above MW.  The landward log tier was attached to 

the waterward tier at the northern end of the treatment area where it was tucked into the marsh vegetation.  

At the southern end, the end of the second tier was tucked into the rip rap. 

Sedimentation occurred rapidly at this site, with trapped sediment filling ~3/4 of the treatment area by 

September, 2014, allowing for the start of Phase 2 at that time.  A primary planting of salvaged materials 

collected along shorelines in close proximity to the site as well purchased plugs occurred on September 

15, 2014. Planting efforts helped the treatment trap additional sediment, and the logs were filled to 

capacity prior to winter of 2014/2015.  Severe icing in January and February 2015 resulted in the loss of 

two of the logs in the second tier.  These logs were replaced on March 30, 2015 when a secondary 

planting occurred to augment the original 2014 effort.   

Plants installed late in 2014 successfully came out of senescence in spring 2015, and with the new 

augmentation, the vegetation community appeared full by peak growing season in late summer 2015.  

Deterioration of one log along the north end of the waterward cusp in fall 2015 was stabilized using 25 

oyster castles.  No augmentation or additional plantings were needed for the Nature Center site during 

2016 (Table 1; Appendix C, Figures C2 & C3).   

Combining all years, the total materials installed at the Nature Center site were:  1 coir mat, 9 coir logs, 

134 wooden stakes, 120 oyster shellbags, 25 oyster castles, 500 purchased Spartina plugs, and augmented 

with miscellaneous local-salvaged Spartina clumps (Table 1). 

Oyster  

The Oyster treatment was installed between June 23-26, 2014.  The waterward cusp was placed ~8m at 

center from the existing marsh edge at an elevation of ~-0.3m where the top of the logs would be above 

mean water, the lower threshold for optimum growth of Spartina alterniflora.  The length of the 

waterward cusp was ~25.5m (7 coir logs) and was anchored at each end by tucking the logs into the 

existing marsh edge where they were secured with stakes and extensively shell-bagged to impede 

sediment export from the treatment. The landward tier was ~ 21.8m long (6 logs) installed at an elevation 

of -0.01m to place the final elevation between mean water and mean high water.  The landward log tier 

was attached to the waterward tier at the northern end of the treatment area where they tucked into the 

marsh vegetation.   

Natural sedimentation was slow to occur at this site.  A primary planting of salvaged materials collected 

along shorelines in close proximity to the site, as well as purchased plugs, occurred on September 15, 

2014 with the strategy that the tall vegetation would facilitate sedimentation into the treatment. 

Additionally, as sedimentation progressed slowly during fall 2014, a series of internal oyster castle baffles 

positioned perpendicular to the marsh edge were installed between the cusps and between the landward 

cusp and the marsh edge on November 4, 2014.  Planting efforts and the baffles had little impact on fall 

2014 sedimentation, and the treatment entered the winter of 2014/2015 with minimal internal sediment.  

Most of the vegetation planted in 2014 did not survive the winter; some had washed out of the treatment 

(likely due to a lack of sediment to hold it in place) and some did not emerge from senescence. Additional 

planting of salvaged and purchased occurred on March 30, 2015, although a continued lack of sediment 

made stabilizing the materials difficult.  
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To fortify the soft, coir materials from summer storms and prepare for winter, a series of oyster castle 

groins were installed on June 24, 2015, extending from the front cusp of coir logs waterward.  The goal of 

the groins was to trap sediment along the front of the treatment, stabilize the waterward margin of the coir 

logs, and to prevent ice scour/damage along the front of the treatment.  The treatment persisted through 

the summer and fall of 2015 without any significant sedimentation. Severe icing in January and February 

2016 resulted in log deterioration. Hence, on April 13, 2016, 45 oyster castles were used to augment this 

cell and provide a sturdier first line of defense.   

Continued deterioration of the coir materials occurred during spring and early summer of 2016. In 

response, oyster shellbags and salvaged plant materials were added to this treatment on July 13, 2016.  

Subsequently, sedimentation began to occur during 2016, and the newer salvaged plants performed much 

better than in 2015, holding their planted positions.  As of November 2016, the new plants appeared to be 

firmly rooted.  Another positive outcome was that between spring 2015 and fall 2016, the original 

vegetated edge began to advance waterward into the treatment area (Table 1; Appendix C, Figure C4).    

Combining all years, the total materials installed at the Oyster site were:  1 coir mat, 13 coir logs, 147 

wooden stakes, 475 oyster shellbags, 125 oyster castles, 1175 purchased Spartina plugs, and augmented 

with miscellaneous local-salvaged Spartina clumps (Table 1). 

Bend 

The marsh edge portion of the Bend treatment was installed between June 23-26, 2014.  The waterward 

cusp was placed ~5.5m at center from the existing marsh edge at an elevation of ~-0.25m where the top of 

the logs would be above mean water, which was the lower threshold for optimum growth of Spartina 

alterniflora.  The length of the waterward cusp was ~21.8m (6 coir logs). This was anchored at each end 

by tucking the logs into the existing marsh edge where they were secured with stakes and extensively 

shell-bagged to impede sediment export from the treatment. The landward tier was ~ 18.2m long (5 logs) 

installed at an elevation of -0.01m to place the final elevation between mean water and mean high water.  

The landward log tier was attached to the waterward tier at the southern end of the treatment area where 

they tucked into the marsh vegetation.   

A large storm during late October, 2014 dislodged eight of the coir logs and damaged two others.  The 

inability of the logs to maintain position at this site, compared to stable logs at the other two sites, 

indicated that the energetic regime at the Bend site was higher relative to the others, despite being 

landward of the new shellfish breakwater.  Instead of replacing the logs in the same configuration as the 

June installation, a new log configuration with more interlocking joints was employed.  This "spider-web" 

design connected eight new logs in an angular configuration. Each log was attached to a minimum of 

three others at 90o angles.  This new configuration resulted in a treatment without "landward" and 

"waterward" cusps, but with a networked series of interlocking logs that created smaller interior partitions 

for trapping sediment and holding planted vegetation. 

As with the Oyster site, sedimentation was slow to occur in 2014. Plantings of salvaged materials 

collected along shorelines in close proximity to the site on September 15, 2014, as well as purchased 

plugs, were intended to facilitate sedimentation into the treatment and provide a jump-start to the 

treatment ecology. However, most of the vegetation planted in 2014 did not survive the winter of 

2014/2015.  Similar to the Oyster site, a second phase of planting occurred on March 30, 2015, but this 

also had little effect on sedimentation.  Therefore, a series of oyster castle groins were installed on June 

25, 2015, on the waterward side of the treatment in the same manner as at the Oyster treatment.   

Severe icing in January and February 2016 resulted in log deterioration.  In response, on April 13, 2016, 

30 oyster castles were added to take the place of the lost coir logs. Continued deterioration of the 

remaining coir materials occurred during the spring and early summer of 2016.  Hence, on July 13, 2016 

175 oyster shellbags and additional salvaged plant materials were deployed to restore the degraded front 

edge of the Bend treatment (Table 1; Appendix C, Figure C5-C7).  At some other living shoreline sites 
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where we have also found coir log persistence to be a problem, we have seen lasting benefits of replacing 

coir logs with just oyster shell bags. As of November, 2016, this modification seems to be holding up at 

the Bend site; however, longer monitoring will be needed.  

Combining all years, the total materials installed at the Bend site were:  1 coir mat, 19 coir logs, 135 

wooden stakes, 455 oyster shell bags, 120 oyster castles, 1175 purchased Spartina plugs, and augmented 

with miscellaneous local-salvaged Spartina clumps (Table 1). 

Shellfish Breakwaters at Bend 

The oyster castle and shell bag breakwater design was intended to serve two functions: to provide 

substrate for oysters to propagate; and to protect the marsh edge and bio-based materials from wave 

impacts.  This was the first significant installation of oyster castles in the Delaware Estuary, to our 

knowledge.  

The treatment extended north from the upriver end of the naturally-existing oyster reef, which acted as a 

source for oyster spat.  Placement was generally parallel to the shoreline just landward of mean low 

water, and this “line” actually consisted of two separate parallel, fragmented lines.  The segments were 

individual rectangular “pods” of either oyster castles or shell bags.  The segmented windows in the 

waterward line were offset from windows of the landward line. The two-row configuration was intended 

to provide a solid line of protection against incoming wave energy, while allowing for free faunal 

movement from the land to water without impediment from the breakwater structures.   

Pods of oyster castles or oyster shell bags were interlocked into 3-D structures and positioned in the 

primary direction of incoming energy.  The height of each pod was determined by its position on the 

foreshore slope. Each was built to a height equal to, or just above, the current marsh platform.  This 

height standard was intended to place the pod crest at an elevation to attenuate surface waves that would 

otherwise impact the current marsh edge.  Although the substrate was firm, and sinking of materials was 

not expected, coir matting was placed under half of the oyster castle pods to test whether matting helps to 

protect the geotechnical integrity and avoid scouring or undercutting.  

The main configuration of 21 pods (5 shell bags and 16 oyster castle) was constructed June 23-25, 2014 

(Figure 8).  Materials were transported through the marsh to the site in wheelbarrows on transportable 

boardwalks made of light-weight plywood.  Boardwalk position was periodically shifted to minimize 

long-term vegetation impacts.  There was a minimum of 1.5m (~5') between structures.   

There was damage to some of the oyster castles as a result of the severe icing during the winter 

2014/2015.  The main damage consisted of what appeared to be freezing water causing the castles to 

break apart.  The damage was not consistent across or within pods.  Additionally, a few “scour lanes” had 

appeared on the substrate in areas where water was able to move unimpeded through the breakwater 

structures, possibly as a result of damage from large ice chunks.  Despite this damage, the vertical and 

horizontal integrity of most pods remained. After cataloging damage, two augmentations were completed 

in 2015:  replacement of damaged castles that would not compromise current recruitment on the 

structures; and the placement of additional low-relief structures in vulnerable locations between pods, 

such as the scour lanes described above.  

As the pods had recruited oysters during the summer of 2014 and survivorship was high when surveyed in 

spring 2015, care was taken when identifying damaged castles to be replaced.  If a damaged castle was 

not structurally integral to the overall design, or was in a position where removal or disturbance may have 

a negative impact of the recruited oysters, it was not replaced. A total of 178 oyster castles were replaced 

(27% of the initial 650 deployed, Table 1).  To address the gaps allowing energy funneling and wave 

transgression, 382 oyster castles were added to construct 13 low relief structures (“miscellaneous” oyster 

castles in Figure 8).  Both pods and the new miscellaneous structures survived the winter of 2015/2016 
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with minimal damage- only ~30 castles had deteriorated, possibly indicating that the castles damaged in 

the winter of 2014/2015 were structurally unsound.  

Combining all years, the total materials installed at the Oyster site were:  350 oyster shell bags, and 1210 

oyster castles (Table 1).
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Figure 8.  Configuration of oyster castle and shell bag “pods” in the Bend site, as of November, 2016.  
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Monitoring 
A goal-based monitoring plan was developed to evaluate the ability of each treatment (bio-based living 

shorelines at 3 sites and breakwaters) to meet this project’s objectives and to persist. Metrics relevant to 

each goal were chosen based on their ability to produce a meaningful result regarding treatment effects.  

Methods appropriate for the collection of data required for statistical analysis (see next section) were 

used.    

Living Shorelines 
The monitoring approach for the three living shoreline installations followed a Before-After-Control-

Impact paired design (BACI).  Each installed treatment, or impact area, was paired with an untreated but 

similar control area, within which identical spatial and temporal data collection occurred.   

Data were collected at two resolutions: feature-based and replicate-based.  Feature-based data collection 

occurred along a feature of interest, and was not necessarily collected at equal intervals or in replicate.  At 

the sites, shoreline position was considered a feature of interest and its position was surveyed twice a 

year, using an RTK-GPS.  Replicate-based data collection occurred in replicated plots situated at specific 

positions relative to the sites.  At the sites, metrics regarding marsh platform elevation, sediment 

accretion, vegetation robustness, and the extent of the bivalve community were evaluated in replicate 

plots at specific positions relative to the treatment and control areas.    

Five transects, oriented perpendicular to the existing vegetated edge, were established at each treatment 

and control area prior to the installation of each living shoreline in 2014. Transects 1 and 5 delineated the 

outer bounds of the treatment and control areas.  Transects two, three, and four contained sampling plots 

within which data were collected.  Six sampling plots were positioned along transects 2-4, at the 

following locations. These are also schematically depicted in Figure 9 and mapped for each treatment and 

control in Figure 10.  

 Plot A: positioned at approximately mean low water.  This area was considered part of the 

foreshore as it was located waterward of the living shoreline. 

 Plot B: positioned just waterward of the living shoreline.  This area was considered part of the 

foreshore, but more likely to experience treatment effects due to its proximity to the installation 

materials in the treatment areas. 

 Plot C: positioned between the two locations of coir log cusps.  This was considered the impact 

area as it was located within the area between living shoreline materials and the pre-existing 

marsh edge. 

 Plot D: positioned behind the landward coir log cusp and the existing 2014 contiguous vegetated 

edge. This was considered the impact area as it was located within the area between living 

shoreline materials and the pre-existing marsh edge. 

 Plot E: positioned on the marsh levee ~1-2m landward of the 2014 contiguous vegetated edge.  

This was considered the marsh platform as it was located landward of the treatment area on the 

pre-existing marsh platform. 

 Plot F: positioned approximately 1m landward of the low marsh/high marsh boundary in high 

marsh vegetation.  This was considered the high marsh as it was located landward of the 

treatment area, in high marsh vegetation on the pre-existing marsh platform.
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Figure 9. Living shorelines monitoring plot layout for all three sites.  The top of the schematic denotes metrics collected in each plot:  E= elevation; 
MLC=ribbed mussel lip counts; BC=bearing capacity; VR-V= vegetation robustness vertical density; VR-H=vegetation robustness horizontal density; 
BH=blade height.  The orange box with “Fld” denotes the placement of the feldspar marker horizon plots.  No data were collected along transects 1 and 5, 
which delineated the end of the paired treatment and controls.  Locations of prominent features are denoted on the left of the schematic. 
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Figure 10. Position of monitoring plots along treatment transects. Monitoring plot locations and log positions collected using RTK-GPS. 
Replicate monitoring plots located in the control areas are omitted in this map to reduce points congestion for ease of visualization. 
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At each treatment's paired control, Plots A-D were installed at a similar lateral position from the existing 

marsh edge.  Monitoring was performed by PDE staff.  A description of each metric and method is given 

below, and their associated goal, spatial and temporal sampling resolution, and analysis question with 

primary analysis method to evaluate treatment impacts are summarized in Table 2.   

 Horizontal Position of the Vegetated Edge: measured the geospatial position of the vegetated 

marsh edge as surveyed using an RTK-GPS over time.  Data collected twice annually at a 

minimum resolution of ~3m intervals. 

 Vertical Position of the Marsh:  measured the vertical position of the marsh platform as surveyed 

using an RTK-GPS over time. Data collected twice annually in each monitoring plot. 

 Sediment Accretion:  measured the sediment deposited on the marsh surface as measured above a 

feldspar marker horizon.  Feldspar was deposited on the marsh surface in 0.5m2 plot in 2014.  

During spring monitoring in 2015 and 2016 a 3in2 plug of marsh was removed from the plot and 

accretion above the marker horizon was measured using calipers. Three replicate measurements 

were taken per plot/year in each treatment and control. 

 Vegetation Robustness: vegetation robustness is a unitless index that integrated the vertical and 

horizontal density of vegetation within a plot, normalized for vegetation height. The formula for 

calculation was: 

 𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑅𝑜𝑏𝑢𝑠𝑡𝑛𝑒𝑠𝑠 =
𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝐷𝑒𝑛𝑠𝑖𝑡𝑦+𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

2
 

 Three replicate measurements were taken per plot/year in each treatment and control. The 

following three metrics were used to calculate vegetation robustness: 

o Blade Height: Twenty-five stems were measured, moving from the waterward corner 

towards the interior.  Max blade height was used to normalize the Horizontal Vegetation 

Density calculation. 

 

o Horizontal Vegetation Density: measured horizontal density by counting the number of 

bars visible (out of 10; 10cm width each) on a 1m obstruction board from 3m away 

within the same band of vegetation.  The count was conducted at three heights: 0.25m; 

0.50m; 0.75m.  The height to which data was used for calculations (number of bars 

available; max=30, 10 at each height) was determined by the max vegetation height as 

measured by Blade Height.  Calculations were as follows:  

 

𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑎𝑟𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 − 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑎𝑟𝑠 𝑣𝑖𝑠𝑖𝑏𝑙𝑒

𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓 𝑏𝑎𝑟𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
 

 

o Vertical Vegetation Density (Canopy Cover):  Five measurements of ambient light were 

taken above each plot (corners and center) and at the ground level (penetrative light) 

beneath canopy using a light meter.  Calculations were as follows:  

 

𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑉𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  1 − (ratio of penetrative light: ambiant light) 

 Marsh Ribbed Mussel Community: measured the number of ribbed mussels and oysters in each 

plot by counting the number visible.  Three replicate measurements were taken per plot/year in 

each treatment and control. 
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Each metric was collected once annually (Table 2), either in the spring or in late summer after the 

peak growing season for vegetation.  RTK data were collected at each monitoring event in spring and 

later summer.  Sampling of each metric began in 2014 (spring collection of Marsh Ribbed Mussel 

Community was conducted prior to installation), and was considered to reflect the pre-existing 

conditions at the site for each metric.  Vegetation robustness data could not be collected until after 

installation in late summer 2014, but these data were still considered to be representative of the pre-

existing site conditions as the living shoreline infrastructure had not been present at the site long 

enough to affect growth and health.
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Table 2. Goal-based metrics and methods applied to all three living shoreline treatments and controls.  Included are the spatial and temporal 
resolution at which the metrics were collected, and the analysis question asked to gauge differences between the treatment and control over time.  
These metrics were collected at all three sites.  

Goal Metric Methods Temporal Resolution Spatial Resolution Analysis Question Analysis Method 

Ecological 

Enhancement 

Horizontal Position of 

Vegetated Edge 

RTK-GPS Survey Spring and  Late 

Summer/Fall 

Collected along the contiguous 

vegetated edge (~1m) 

Did the horizontal position of the 

marsh change; in what direction? 

DSAS 

ArcGIS 3D Analyst 

Ecological 

Enhancement 

Vertical Position of Marsh RTK-GPS Survey Spring and  Late 

Summer/Fall 

Collected  along each transect  

(~1m) and in each monitoring plot 

(n=15) 

Is the vertical position of the marsh 

appropriate for marsh vegetation? 

BACI 

ArcGIS 3D Analyst 

Ecological 

Enhancement 

Sediment Accretion Feldspar Marker 

Horizon  

Spring: Prior to 

Vegetation Emergence 

 Placed in triplicate at each 

treatment and control  adjacent to 

plot 4. 

Did sediment accrete on the marsh 

surface? 

BACI 

Ecological 

Enhancement 

Vegetation Robustness: 

Horizontal Vegetation Density 

Vegetation 

Obstruction Board 

Late Summer/Fall: Peak 

Vegetation Growing 

Season 

Collected in each monitoring plot 

(n=15) 

Did vegetation robustness change? BACI 
Ecological 

Enhancement 

Vegetation Robustness: Vertical 

Vegetation Density (Canopy 

Cover) 

Light Meter Late Summer/Fall: Peak 

Vegetation Growing 

Season 

Collected in each monitoring plot 

(n=15) 

Ecological 

Enhancement 

Vegetation Robustness: Blade 

Height 

Replicate Blade 

Measurement 

Late Summer/Fall: Peak 

Vegetation Growing 

Season 

Collected in each monitoring plot 

along transect 3 (n=15) 

Water Quality 

Enhancement 

Marsh Ribbed Mussel 

Community 

Ribbed Mussel Lip 

Counts 

Spring: Prior to 

Vegetation Emergence 

Collected in each monitoring plot 

(n=15) 

Did ribbed mussel density change in  

or behind treatment areas? 

BACI 

Water Quality 

Enhancement 

Treatment Shellfish Community Counts Fall after annual 

recruitment and growth 

period 

On  all breakwaters and oyster 

castle/shell material placed 

waterward of treatments 

Are shellfish recruiting to the 

treatment materials, and does the 

number change over time? 

Counts 

Filtration Rate 

Calculations 

Water Quality 

Enhancement 

Oyster Community 

Demographics 

Oyster Size 

Measurement 

Fall after annual 

recruitment and growth 

period 

On  all breakwaters and oyster 

castle/shell material placed 

waterward of treatments 

Is the new oyster population 

surviving and becoming stable? 

Histogram of size 

demographics over 

time 

 Photo  

Documentation 

Camera Spring and  Late 

Summer/Fall 

At each end, in front of, and behind 

each treatment 
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Breakwater Recruitment and Population Demographics 
The monitoring approach for the breakwater system followed a simple observation and count 

methodology. The analysis questions for data collected at this treatment were phrased to identify if 

recruitment was occurring and, if so, were shellfish surviving (Table 2).  Breakwaters were stratified by 

deck and face (Figure 11), and coir logs and shell bags along living shoreline treatments were treated as 

single entities per site (all logs at a site pooled for "log count" and all shell bags pooled as "shell bag 

count"). Metrics included: 

 Treatment Shellfish Community: count the number of oysters and ribbed mussels per deck/face 

on each breakwater and on each coir log and treatment shell bag annually in the fall.  Total ribbed 

mussel counts were only conducted in 2016 outside of replicate plots. 

 Oyster Community Demographics: measure size (mm) of 10 individuals per deck and face of 

each breakwater annually in the fall. 

Monitoring was performed by PDE staff.  A description of each metric and method is given below, and 

their associated goal, spatial and temporal sampling resolution, and analysis question with primary 

analysis method to evaluate treatment impacts are summarized in Table 2.   

 

 

 

 

 

 

 

 

a b 

Figure 11. Monitoring oyster recruitment and population dynamics: a) schematic of oyster castle pod 
with levels (decks), b) aerial view of example oyster pod, depicting the naming scheme used to identify 
the sides (Face) of the oyster pod in relation to the river.  
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Data Analysis Methods 
Living Shorelines 

Shoreline Position Change 

The Digital Shoreline Analysis Software (DSAS) was used to calculate the rate and distance of lateral 

marsh movement at each treatment and control area.  The basic instructions found in the DSAS 

instruction manual were used (see: http://woodshole.er.usgs.gov/project-

pages/DSAS/version4/index.html). Geodatabases that contained all shorelines were constructed in 

ArcGIS 10.2 using point data collected with the RTK-GPS. ArcGIS 10.2 was used as the primary 

software interface, and all DSAS utilities were downloaded and installed.   

An offshore baseline shapefile was created for each site treatment (and saved to the created geodatabase). 

The baseline was designated based on information found in DSAS instruction manual, and is used as a 

location for DSAS to base subsequent shoreline measurements. Attribute tables for both the baseline file 

and the shoreline file were organized per the DSAS instructions, included adding a “Date” and ID field. 

For each site, DSAS “Default Parameters” were established. The created baseline was selected as 

“offshore”.  

Transect Spacing was set to 1m. The shorelines in this data set were not of great length. Use of a 1m 

transect spacing was selected as it provided the most data and yielded the most useful graphical 

information. Transect length was 15m, ensuring that each passed through all shoreline shapefiles. Cast 

Direction was set to LEFT (default). The shoreline shapefiles for the site were entered, and the “Date” 

field selected. Shoreline uncertainty was set to 4.4 meters, which is the default, but as the shoreline 

positions were surveyed, uncertainty tables generated were not generated. “Closest Intersection” was 

selected for intersection parameters. All Metadata fields were completed. “Smoothed Baseline Cast” was 

selected for “Set Casting Method.”  Transects were then Cast.  

Using the casted transects layer, statistics were then calculated. Net Shoreline Movement (NSM) and End 

Point Rate (EPR) were both selected and a 95% confidence interval was used (default). “Intersect” and 

“Rates” databases were created as products.  

Transects were then clipped to fit within the boundaries of the existing shorelines. This required entering 

the transect layer and the “intersect” database created via the statistical calculations. The “rates” database 

was joined to the clipped transect file to spatially see which NSM and EPR applied to which transects. 

The “rates” data were added into Excel and the NSM and EPR among all sites were examined together.  

Histograms of these data were created to explore relationships and enable thresholds to be created to 

visually separate the data. For Net Shoreline Movement (NSM): RED-high negative shoreline movement 

= -1.71m to -0.865m; Yellow-negative shoreline movement = -0.864m to -0.01m; Green-positive 

shoreline movement = 0.00m to Max.  Quantitative symbology was then applied based on these 

thresholds (NSM and EPR separately) to the clipped transect file (joined to the “rate” database) for each 

location.  For NSM, the clipped transect file with applied symbology was used to draw a continuous line 

along the 2016 shoreline. Transects were then removed.  

Additionally, a side-view cross section was created to visualize the horizontal and vertical change over 

time along the center transect at each paired treatment and control.  These visuals were created in ArcGIS 

10.2 using the Geostatistical and 3D Analyst tools.  The high resolution RTK data were used to create a 

Digital Elevation Model (DEM) of each treatment and control area in spring 2014 (pre-existing 

conditions) and in late summer 2016 (most recent survey).  The DEM was created using the Empirical 

http://woodshole.er.usgs.gov/project-pages/DSAS/version4/index.html
http://woodshole.er.usgs.gov/project-pages/DSAS/version4/index.html
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Bayesian Kriging method (EBK-default parameters used) in the Geostatistical Analyst tool extension.  A 

new shapefile representing Transect 3 (center transect) at each site was created using the survey data, and 

the elevations from the DEM were interpolated into the shapefile along its length using the Interpolate 

Shape tool (DEM was set as the input surface and transect line as the feature class) located in the 3D 

Analyst toolbox.  The transects containing the spatial elevation values were selected and displayed 

graphically using the Profile Graph tool on the 3D Analyst toolbar. 

BACI Analysis 

A Before-After-Control-Impact (BACI) statistical design was employed to ascertain significant treatment 

effects of the living shoreline relative to the paired control over time.  The temporal component (BA) of 

the model considered 2014 to be the "before time" point and 2015 and 2016 the "after time" points.  The 

paired control area (C) was differentiated from the area of impact (I).   

Subsamples collected in each plot (n=3/metric/control or impact/year) were used to calculate temporal 

and spatial variances of each metric (response variable).  A full factorial linear model was then 

constructed. Differences in variance were analyzed as a two-way ANOVA test to assess the effects of 

Time and Location on each metric.  An alpha threshold of 0.05 was set to detect significant differences. 

An interactive effect between Time and Location indicated a significant effect as a result of the living 

shoreline.  For example, if the value of a metric significantly changed over time between the treatment 

area and the control area, it was likely that the variation regarding that change between the two locations 

over time was a result of the only other documented difference, the installation of the living shoreline at 

the treatment area.  

 All BACI analyses were conducted using R version 3.0.3 (2014-03-06) -- "Warm Puppy".   The linear 

model was constructed using the "lm()" function and variance analysis using the "anova()" function (Type 

I sum of squares, design was balanced). BACI plot graphics were created using the gplots package and 

the barplot2 command.  All R code was delivered with the report.  

Oyster and Ribbed Mussel Populations  
Oyster counts were compared and graphed by substrate type.  Oyster shell lengths were assessed and 

enumerated in each up to ten size class increments, each spanning 10 mm (i.e., 0-10 mm, 10-20 mm, …, 

90-100 mm). Size was used as a proxy for age when plotting aging demographics over time.  Although 

we could not be certain about the age of some intermediate sized oysters, size frequency histograms were 

useful in discerning the general size range for different year classes. Histograms of size frequencies were 

generated using the histogram () function contained in the lattice package.  Bin size was set to 10 mm.  

The results were plotted by year as size class (x axis) versus the percent of the numerical abundance (y 

axis). The significant increase in the percentage of larger oysters between 2014 and 2015, and between 

2015 and 2016, was interpreted as evidence for overwintering survivorship and subsequent growth over 

time. All graphs and analysis were conducted using R version 3.0.3 (2014-03-06) -- "Warm Puppy".    

Ribbed mussel densities within monitoring plots along survey transects were analyzed and plotted similar 

to other plot metrics, such as vegetation robustness.  On the oyster breakwater substrates, ribbed mussels 

were counted in the same manner and at the same time as counts of oysters.  In all cases, however, no 

ribbed mussels were measured for their sizes.  Visual inspection showed that the bulk of mussels that 

recruited onto both treatments were between 30 and 50 mm in shell length; hence, we simply assumed 

that half of the mussels were 30-40 mm and half were 40-50 mm in length.  Future monitoring will assess 

ribbed mussel sizes to strengthen tracking of their population biomass and water quality benefits. 
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Shellfish Filtration Capacity 
The water quality benefits (TSS and particulate nitrogen removal) of the new oyster and mussel 

populations on the living shoreline structures were estimated by relating previously collected seston and 

bivalve physiology data to measured shellfish densities and sizes, as per the following 5 steps: 

1. Estimate oyster and mussel population biomass.  Previously determined relationships between 

shell height and dry tissue mass have been derived for eastern oysters, Crassostrea virginica 

(Kreeger and Thomas, 2004).  This allometric equation was used to predict the dry tissue weight 

for the geometric mean size of oysters in each Mispillion size class.  The mean dry tissue weight 

per oyster for each size class was then multiplied by the total number of oysters per size class that 

was directly measured each year within each treatment substrate (see above).  Hence, for each 

treatment type within each living shoreline cell, the oyster population biomass was estimated 

based on actual demongraphic data (abundance of different size classes). These biomass totals 

were then summed to tally the total oyster biomass on all treatment surfaces combined, for each 

year respectively. Since ribbed mussels were counted but not sized, we assumed 50% were 20-30 

mm and 50% were 30-40 mm, based on anecdotal observations.  The dry tissue biomass of ribbed 

mussels of different shell heights were derived from a similar allometric equation using data from 

J. Moody (Drexel Ph.D., in progress), and the total ribbed mussel population biomass was then 

estimated in the same manner as for oysters. 

2. Estimate clearance rates of oysters and mussels.  Clearance rates refer to the volume of water 

swept clear of particles per unit time.  For ecosystem service studies and comparative analyses, 

clearance rates should be related to the dry tissue biomass of the animals.  Data from previous 

physiological rate function studies (Kreeger, 1986; J. Moody Ph.D., in progress) were consulted 

to derive weight-specific, seasonal clearance rates for ribbed mussels and oysters feeding at 

ambient temperatures on natural seston.  Most literature studies that describe their clearance rates 

were conducted under ideal lab conditions with unnatural (ideal) lab cultured algae; feeding rates 

on natural seston typically are lower (Kreeger, 1986; J. Moody Ph.D., in progress).   These 

allometric-derived, weight-specific clearance rates were multiplied by the estimated dry tissue 

weights for the different size classes of oysters and ribbed mussels from the Mispillion project.  

Units were, therefore, the water volume cleared per hour per gram of dry tissue weight.  

3. Evaluate TSS and pN in Seston.  Oysters and ribbed mussels are suspension-feeders that derive 

their nutrition by removing vast quantities of microparticulate seston, and hence their water 

quality benefits depend on the quantity and quality of the seston as well as their feeding (filtering) 

rates.  No seston data were collected at the actual project site; however, as a proxy we used seston 

composition data that had been collected recently at a nearby location in Delaware Bay by 

Kreeger et al. (2015). This location is the “Lower Side DE” station (Latitude: 390 08.16’; 

Longitude: 750 22.80’), which was sampled monthly from January to November, during most 

months of 2009-2011. This dataset includes concentrations of TSS as well as particulate protein.  

To estimate particulate N, particulate protein concentrations were divided by the standard 

stoichiometric mass ratio of 6.25.  Since our clearance rate datasets were derived seasonally, 

monthly seston concentrations for TSS and pN were averaged per season (December to February 

= winter, March to May = spring, June to August = summer, September to November = fall).   

4. Calculate seston filtration rates of by individual oysters and mussels. Integrating seasonal seston 

composition and seasonal mussel and oyster clearance rates yielded seston filtration rates, with 

units of weight of seston (TSS or pN) filtered per hour per mass of bivalve dry tissue (oysters or 

ribbed mussels).    
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5. Extrapolate seston filtration to oyster and mussel populations. Integration of weight-specific 

seston filtration rates with the estimated population biomass for mussels and oysters at the living 

shoreline site yielded seasonal seston filtration rates.  However, it was also important to consider 

the limited feeding time per day at the different elevations of structure along the zonation gradient 

since oysters and mussels can only filter seston when inundated. Each treatment was therefore 

divided into a low elevation (the oyster castle and shell bag structures closest to the water), mid 

elevation (miscellaneous oyster castles), and high elevation (shell bag and oyster castles closest to 

the marsh). Different inundation times were assigned to each to correspond to the amount of time 

the shellfish could be feeding and filtering water. Shellfish biomass per treatment, inundation 

time per day per treatment, and seasonal filtration rates per body size were then summed across 

the four seasons to estimate the total mass of seston TSS and pN that would typically be removed 

per year, assuming that the fall population sizes were stable through time and indicative of one 

whole year.  Since our shellfish populations at the Mispillion living shoreline site are increasing, 

this analysis approach simply reflects the year over year trajectory of increasing filtration 

capacity. 

Results and Discussion 
All two-way ANOVA results are located in Appendix A.  Means and associated standard errors are 

furnished for all metrics by plot and year Appendix B. 

Living Shorelines 

Nature Center 

The Nature Center treatment area built 68.97m2 of salt marsh and the control area lost 11.97m2 between 

2014-2016. The net area difference between 2014 and 2016 was 80.94 m2. 

During the two-year assessment period, the contiguous vegetated shoreline at the Nature Center treatment 

area moved waterward an average of 3.02+/-3.59m.  The maximum waterward movement was 10.12m, 

although some landward movement occurred on the western end of -0.56m (Table 3 and Figure 12).  

Averaged over time among all transects, this translated to waterward lateral marsh movement rate (end 

point rate in table) of 1.51+/-1.79m/yr (Table 3).   

This movement was a direct result of the installation of living shoreline materials, which trapped sediment 

and allowed for the natural/salvaged/purchased vegetation to grow waterward to this extent.  Installation 

materials also maintained their lateral position over time, with minimal material failure or event-based 

damage documented to date.  The marsh edge along the entire extent of the control site retreated 

landward.  The central vegetated edge moved landward at a greater rate than the vegetated edge at the 

southern and northern ends (Figure 12).  The average landward retreat was -0.81+/-0.41 at an average rate 

of -0.40+/-0.21 m/yr (Table 3).   

 A high resolution survey of Transect 3 (transect that runs through the center of each treatment and 

control area) shows that along the length of the treatment area, the elevation increased except at the most 

waterward and landward extents (Figure 13a).  The largest vertical difference, between 14m-22m along 

the x-axis, corresponds with the treatment impact area (Plots C and D; between the front coir log and the 

pre-existing natural marsh edge). On average, between 2014-2016, 15cm and 9cm of elevation was 

gained in Plot C and D respectively.  There was a significant interaction in Plot C and D (p<0.001; Figure 

14a) between the treatment and date, indicating that the change was a result of the living shoreline 

treatment.  Of note, is that Plot C in the treatment and control areas was positioned above mean water 

(indicated by red line) before installation of the living shoreline in June 2014.  Post construction, at the 

later dates, Plot C in the treatment area continued to build elevation while Plot C in the control area 
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showed a continual decline in elevation (Figure 14a).  A similar pattern was observed in Plot D between 

the treatment and control, and as of the last survey in November 2016; the control area is close to 

dropping below mean water, the lower threshold of the optimal growth range of S. alterniflora (Figure 

14a).  Proper positioning within the local tidal datum is a requirement for a healthy, resilient marsh. The 

Nature Center living shoreline treatment was able to build and sustain this elevation within the treatment 

impact area.  The vegetation also exhibited a positive response to the living shoreline treatment, showing 

significantly greater robustness over time compared to the control (Figure 14b; Plot C p<0.001 and Plot D 

p<0.003).  Although this vegetation was mostly salvaged and planted material, the 2015 and 2016 

measurements were taken of vegetation that had been planted one year prior and had emerged after 

senescence, and reflected in situ plant growth.   The increase in response in the treatment area relative to 

the control highlights the importance of proper elevation targets in Plot C and the directionality regarding 

elevation building in Plot D, and sets a future goal of maintaining them. 

The decrease in elevation along the foreshore area on transect 3 is supported by plot data collected in 

Plots A and B on Transects 2-4.  The significant difference in elevation by date (p<0.002; Figure 14a Plot 

A) shows that both the treatment and control areas lost elevation at this location in a similar fashion.  This 

is an important measurement as it shows that any changes that occurred waterward of the treatment area 

did not differ from changes at the same location in the control area, and are independent of the living 

shoreline.  These results address concerns regarding energy reflection in front of living shorelines, as is 

common with hard structures. In Plot B, there was also a significant loss (p<0.03 for treatment and 

p<0.002 for date; Figure 14a, Plot B) in elevation over time in both the treatment and control, but was 

slightly less in the treatment area.  

The loss in elevation in the high marsh area along Transect 3 (Figure 13a), was also supported by data 

collected in Plot F across all transects, which showed loss in elevation in the high marsh at both the 

treatment and control areas (p<0.001 for treatment and date; Figure 14a Plot F)   Although positioned 

higher in the tidal datum relative to the treatment area, the vertical movement of the surface in the control 

area along Transect 3 between 2014-2016 reflects a decrease in elevation along the entire length of the 

transect (Figure 13a).  This decrease was captured by the replicate plot data in all plots with the exception 

of Plot E (Figure 14a).   High marsh vegetation robustness also increased over time in treatment and 

control areas but was not interactive (p<0.001 for treatment and date, Plot F).  These data show that 

although there was a difference in the vegetation robustness in the treatment and control areas before the 

installation and that they experienced the same type of change (increasing robustness), the magnitude of 

the changed differed between them. Elevation data for the same plots (Figure 14a, Plot F) shows declining 

elevations within Plot F at the treatment and control areas, but places the treatment a bit higher in the tidal 

datum.  The larger increase in vegetation robustness documented in the control area (Figure 14b, Plot F) 

may be due to increasing inundation at the lower elevation relative to the treatment.  This increase in 

robustness may, in effect, be highlighting a biological response to a change in physical conditions.  A 

similar significant (p<0.02) vegetation and elevation response was measured in Plot E (Figure 14a and b).  

Continued monitoring may shed more light on this difference.  

Accretion in the low marsh interior (feldspar plot adjacent to Plot E) was similar between the treatment 

and control in 2015, and was more variable in 2016 (Table 5).  In 2015, similar accretion of 12.26+/-

2.07mm and 17.25+/-5.78mm were measured at the treatment and control respectively which did not 

differ significantly.  In 2016, 15.66+/-na mm and 43.5+/-19.33mm were measured, indicating the 

potential of additional sediment capture at both sites, but inability to find two of the replicates in the 

treatment area and the high variability in the control do allow for data supported confirmation or 

refutation.   
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Ribbed mussels were largely absent from the replicate monitoring plots, with the exception of Plot E, 

located ~1m in from the original vegetated edge (Figure 14c).  This location along the marsh edge is 

typical ribbed mussel habitat. The highly variable mussel counts at this location between 2014-2016 could 

indicate either mussel migration out of the plots or sampling error in the counts.  The high level of 

variability (standard error of the mean) per year reflects the patchy nature of ribbed mussels in the marsh; 

mussel density differed drastically between the replicate plots.  In order to account for the patchy nature 

of ribbed mussels, especially as they colonize new substrate, a total count of ribbed mussels in the 

treatment impact area (entire area contained between the coir logs and the natural marsh edge in 2014) 

was conducted.  A total of 206 ribbed mussels was counted, showing that ribbed mussels are colonizing 

the living shoreline, but as of yet, have not colonized the replicate monitoring plot (Table 4). 

There was a significant interactive difference between the treatment and control over time in Plot F 

(Figure 14c), but the driving factor of this result was the difference in ribbed mussels counted in the 

control between 2014-2016 (3.00+/-1.53 and 10.00+/-1.73, respectively) differed significantly, and the 

numbers counted in the treatment did not (1.336+/-1.33 and 2.33+/-0.33, respectively).  Although a 

statistical difference was observed, these counts are very low and do not need to be considered an 

ecologically significant increase.  It is not surprising that no significant difference was measured between 

2014-2016 in the replicate monitoring plots regarding the faunal community, as faunal response has been 

shown to be a slower process in, and around, living shorelines in the south.  As the living shoreline 

stabilizes over time, greater response may be observed, and so the weak and insignificant response in this 

two-year time frame is not an indicator of failure.  Additionally, the whole treatment count (Table 4), does 

show that mussels are present in the living shoreline.  Future changes in elevation and vegetation 

robustness will likely set the stage for faunal uplift to continue.
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Table 3. Lateral marsh movement and rate for all living shoreline treatments. Negative values indicated landward marsh movement and positive values 
indicated waterward marsh movement. End Point Rate is the distance of shoreline movement by the time elapsed from the oldest and youngest 
shorelines, measured in meters per year.  Net Shoreline Movement is the distance between the oldest (Spring 2014) and youngest shorelines (late 
summer 2016). These data are based on 1m transects along the length of the shoreline using DSAS analysis.  

Site 
Mean End Point 

Rate (m/yr) 

Mean Net Shoreline 

Movement (m) 

Min Net Shoreline 

Movement (m) 

Max Net Shoreline 

Movement (m) 

Change in 

Area (m2) 

Nature Center-

Treatment 
1.51 ± 1.79 3.02 ± 3.59 -0.56 10.12 68.97 

Nature Center-

Control 
-0.40 ± 0.21 -0.81 ± 0.41 -1.74 0.41 -11.97 

Oyster-Treatment 0.31 ± 0.83 0.62 ± 1.68 -0.58 1.89 16.27 

Oyster-Control -0.15 ± 0.41 -0.31 ± 0.83 -2.21 0.27 -6.22 

Bend-Treatment -0.31 ± 0.20 -0.63 ± 0.40 -1.66 -0.06 -10.16 

Bend-Control -0.62 ± 0.57 -0.94 ± 0.57 -2.17 0.01 -15.12 
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Figure 12. Net Shoreline Movement is overall movement of the shoreline between the oldest shoreline 
measurement and the youngest shoreline measurement. All areas in green represent shoreline segments where 
there was a net gain, or no movement,  in lateral position. Red and yellow represent segments where there was net 
loss of lateral shoreline.  The difference in red and yellow was based on the mean of the overall net shoreline 
movements across all sites. 

  

 

Net Shoreline Movement (m), summer 2014 to 

summer 2016 
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Figure 13. Elevation (m NAVD88) profiles of the Nature Center (a), Oyster (b), and Bend (c) living shoreline 
sites along Transect 3.  The control is denoted by pink lines and treatment is denoted by blue lines.  Lighter 
lines indicate elevations and positions that were measured in 2014, and darker lines denote measurements 
from 2016. All measurements were taken with a Trimble R6 RTK-GPS unit. 
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Figure 14. Barplot representation for the Nature Center site of Before-After-Control-Impact (BACI) two-way ANOVA tests for three metrics: Elevation Above Mean Low 
Water (a), Vegetation Robustness (b), Ribbed Mussel Density (c).  Each row (a,b, and c) contains six plots beginning with plot A on the left moving to plot F on the 
right.  The increase in plot letter corresponds to the plot position relative to the waterward extent of the treatment:  plot A was waterward of the lower extent of the 
natural oyster reef at the Oyster site; Plot B was waterward of treatment area but landward of the oyster reef position; Plot C between log cusps; plot D between 
landward log cusp and preexisting natural marsh edge; plot E on marsh platform just behind levee; plot F in high marsh vegetation. The schematic along the bottom of 
figure provides visual context for plot numbering across the site. “T” and “D” notations indicate significant effects of two-way ANOVA test: T= treatment effect 
(difference in metric between treatment and control); D= temporal effect (difference in metric between dates); and T*D=interactive treatment and temporal effect 
(difference in metric between treatment and control differs over time). 

 

 

T+D T*D T+D T*D 

T*D 
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Oyster  

The Oyster treatment area built 16.27m2 of salt marsh and the control area lost 6.22m2 between 2014-

2016. The net area difference between 2014 and 2016 was 22.49 m2. 

During the two-year assessment period, the contiguous vegetated shoreline at the Oyster treatment area 

moved waterward an average of 0.62+/-1.68m.  The maximum waterward movement was 1.89m, 

although some landward movement occurred on the western end of -0.58m (Table 3 and Figure 12).  

Averaged over time among all transects, this translated to waterward lateral marsh movement rate (end 

point rate in table) of 0.31+/-0.83m/yr (Table 3).   

This movement was a result of the vegetation along the pre-existing marsh edge, moving down into the 

treatment impact area over time. Since persistence of the salvaged/planted materials was not consistent 

over space and time, this movement indicates that the marsh itself moved into the living shoreline.  

Through adaptive management, installation materials maintained their lateral position over time, and the 

energetic refuge created within the treatment impact area was likely the facilitating factor for the 

waterward movement of the shoreline in the treatment when compared with the control.  The net marsh 

area at the control site was a deficit (Table 3).  The average landward retreat was -0.31+/-0.83m at an 

average rate of -0.15+/-0.24 m/yr (Table 3).   

 A high resolution survey of Transect 3, generally showed a very similar loss of vertical position response 

between the treatment and control areas, except between the 22m-30m along the x-axis where the 

treatment area gains elevation between 2014-2016 (Figure 13b).  This area corresponds with the treatment 

impact area (Plots C and D; between the front coir log and the pre-existing natural marsh edge). On 

average, between 2014-2016, 4cm and 5cm of elevation was gained in Plot C and D respectively at the 

treatment, and -9cm and 1cm changes were documented at the control (Appendix B, Table B1).  At Plot 

C, there was a significant treatment effect (p<0.001; Figure 15a), indicating that the living shoreline 

treatment was able to maintain a position above mean water, while the control lost elevation to below 

mean water (Figure 15a, Plot C).  At Plot D, the treatment and control were both able to gain elevation 

(Figure 15a; Appendix B, Table B1). As stated above, proper positioning within the local tidal datum is a 

requirement for a healthy, resilient marsh, but so are levels of lateral energy. The ability of the vegetated 

edge to move waterward in the treatment area could be related to the protective capacity of the living 

shoreline relative to the control.  In the treatment impact area behind the living shoreline materials, Plots 

C and D gained elevation in the treatment (Figure 15a), and although no persistent vegetation was 

established in the replicate monitoring plots (Figure 15b, Plots C and D), the elevation remained 

appropriate.  At the control area with no lateral protection, elevation was lost in Plot C (Figure 15a) and 

although a slight gain was observed in Plot D, a reduction in vegetation robustness to zero was also 

observed over time (Figure 15b). Although this reduction cannot be attributed to any of the metrics 

monitored between 2014-2016, it is plausible that the reduction was a result of the incoming energy being 

too high for the plants to maintain their position. 

As with the Nature Center site, the similar decrease in elevation along the foreshore area on Transect 3 is 

supported by plot data collected in Plots A and B on Transects 2-4.  The significant difference over time 

in elevation by date in Plot A and B (p<0.007 and p<0.001; Figure 15a) shows that elevation at both the 

treatment and control areas followed a similar pattern over time.  Again, it is important to identify this as 

an important result that shows that any changes that occurred waterward of the treatment area did not 

differ from changes at the same location in the control area, and are independent of the living shoreline.  

The was no difference in elevation or vegetation robustness between the treatment and control or over 

time in Plot E, and no interactive effects that could be attributed to the living shoreline in the high marsh 

Plot F (Figure 15A and B).  The higher elevation of the control relative to the treatment and their 

subsequent decrease in vertical position over time identified along Transect 3 in the high marsh (Figure 

13b), was identified in the BACI output as well.  The significant differences between the treatment and 
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control as well as their similar decreases in elevation over time are denoted by the significant additive 

effect in Plot F (Figure 15a; p< 0.001 for treatment and date).  Additionally, these data show that although 

there was a difference in the vegetation robustness in the treatment and control areas before the 

installation, neither experienced any significant change over time (Figure 15b, Plot F; p<0.001 for 

treatment).  

Accretion in the low marsh interior (feldspar plot adjacent to Plot E) was only able to be documented in 

2015, as the marker horizons were lost in 2016 (Table 5).  In 2015, no significant difference in accretion 

was documented between the treatment and control.   Although the treatment had a larger mean accretion 

(10.77+/-6.03mm; Table 5), the high variability across replicate plots prevented identification of 

significant differences from the control (6.18+/-0.35; Table 5).   

Ribbed mussels were largely absent from the replicate monitoring plots, with the exception of Plot E, 

located ~1m in from the original vegetated edge (Figure 15C), and no significant changes occurred over 

time.  Similar to the Nature Center site, the highly variable mussel counts at this location between 2014-

2016 could indicate either mussel migration out of the plots or sampling errors in the counts and are 

reflective of the patchy nature of ribbed mussels in the salt marsh.  A total count of ribbed mussels in the 

treatment impact area (entire area contained between the coir logs and the natural marsh edge in 2014) 

was conducted and 274 ribbed mussels were counted, showing that ribbed mussels are colonizing the 

living shoreline, but as of yet, have not colonized the replicate monitoring plot (Table 4).  
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Table 5. Mean total accretion +/- standard error of the mean above feldspar marker 
horizons laid in 2014.  The number in parenthesis indicates the number of samples from 
which the mean was calculated.  All feldspar horizons replicates were located in 2015 
(n=3/area/site), but many were unable to be located in 2016, compromising statistical 
evaluation.  Where n=1 in 2016 for an area, “na” was used as the standard error since it 
could not be calculated.  There were no significant differences between a treatment 
and paired controls in 2015.  No statistical tests were conducted for 2016 data due to 
unbalanced designs with low numbers of observations where data were available. 

Site Area 2015 (n) 2016  (n) 

Nature Center 

Treatment 12.26+/-2.07 (3) 15.66+/-na (1) 

Control 17.25+/-5.78 (3) 43.5+/-19.33 (2) 

Oyster 

Treatment 10.77+/-6.03 (3) No data 

Control 6.18+/-0.35 (3) No data 

Bend 

Treatment 3.46+/-1.74 (3) No data 

Control 4.78+/-1.04 (3) 24.50+/-na (1) 

 

Table 4. Total shellfish count by year and substrate.  The 2016 totals reflect all shellfish 
present across all substrates as of November, 2016.  Ribbed mussel totals do not 
include individuals counted in the monitoring plots at each paired treatment/control.  
Ribbed mussel treatment counts reflect total across all living shoreline treatments, and 
totals per living shoreline treatment. 

 OC Pods Shellbags Misc. Castles Treatment Total 

2014 Oysters 1146 1273 - - 2419 

2015 Oysters 5709 - 1801 - 7510 

2016 Oysters 11898 6408 5029 1205 24540 

2016 Ribbed Mussels 50 898 0 485 

NatCent:    206 

Oyster:      274 

Bend:        005 

1433 
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Figure 15. Barplot representation for the Oyster site of Before-After-Control-Impact (BACI) two-way ANOVA tests for three metrics: 
Elevation Above Mean Low Water (a), Vegetation Robustness (b), Ribbed Mussel Density (c).  Each row (a, b, and c) contains six plots 
beginning with Plot A on the left moving to Plot F on the right.  The increase in plot letter corresponds to the plot position relative to the 
waterward extent of the treatment:  Plot A was waterward of the lower extent of the natural oyster reef at the Oyster site; Plot B was 
waterward of treatment area but landward of the oyster reef position; Plot C between log cusps; Plot D between landward log cusp and 
preexisting natural marsh edge; plot E on marsh platform just behind levee; plot F in high marsh vegetation. The schematic along the 
bottom of the figure provides visual context for plot numbering across the site. “T” and “D” notations indicate significant effects of two-
way ANOVA test: T= treatment effect (difference in metric between treatment and control); D= temporal effect (difference in metric 
between dates); and T*D=interactive treatment and temporal effect (difference in metric between treatment and control differs over 
time). 
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Bend 

The Bend treatment and control areas both showed a net loss in salt marsh area between 2014-2016 

(Figure 12).  The treatment area lost 10.16m2 of salt marsh and the control area lost 15.22m2 between 

2014-2016. The net loss between 2014 and 2016 was 25.38m2. 

During the two-year assessment period, the contiguous vegetated shoreline at the Bend treatment area 

moved landward an average of 0.63+/-0.40m.  The maximum landward movement was 1.66m, and the 

minimum retreat was 0.06m (Table 3).  Averaged over time among all transects, this translated to 

landward lateral marsh movement rate (end point rate in table) of -0.31+/-0.20m/yr (Table 3).  The 

average landward retreat at the control area was greater than at the treatment (-0.94+/-0.57m) at an 

average rate of -0.62+/-0.57 m/yr (Table 3).   

 The high resolution survey of Transect 3, generally showed a very similar loss of vertical position 

response between the treatment and control areas along the entire transect (Figure 13c). Elevation was lost 

in every plot in the treatment and control areas between 2014 and 2016 with the exception of Plot D in 

both areas which showed changes of 0.74+/-0.03 to 0.76+/-0.02 at the treatment and 0.46+/-0.07 to 

0.48+/-0.05 in the control, neither of which were significant gains (Appendix B, Table B1).  There were 

no significant interactions regarding vertical position between the treatment and control at the Bend site, 

indicating that the bio-based living shoreline did not appear to have an effect on the vertical marsh 

position (Figure 16a).  As the breakwater system was positioned waterward of the treatment and control 

area, it is not known what the breakwater effect was on vertical and lateral position between the two 

areas.  The bio-based design was intended to trap sediment to an elevation appropriate for the local 

vegetation community (just above mean water).  At this site, the vegetated marsh edge was already 

positioned above mean water (Figure 16a, Plot E), and thusly above the elevation of the coir logs.  It is 

possible that the marsh edge may have been better able to retain its original 2014 position if the bio-based 

protection was afforded to it (i.e. it was positioned higher in the tidal prism).   

Although elevation appropriate for S. alterniflora was retained at Plots C and D in the treatment area, 

vegetation was not able to be retained within the treatment impact area (Figure 16a and b).  Vegetation 

transplanted in 2015 was not able to persist and successfully emerge from senescence.  Accretion in the 

low marsh interior (feldspar plot adjacent to Plot E) was only able to be documented in 2015 in the 

treatment area, as all but one of the control marker horizons were lost in 2016 (Table 5).  In 2015, no 

significant difference in accretion was documented between the treatment (3.46+/-1.74) and control 

(4.78+/-1.04).   The large accretion measurement collected in the control area in 2016 suggests that a 

large amount of sediment may have been transported to that area in 2016, the high variability across the 

other sites and years does not allow us to draw any substantial conclusions.   

Similar to the Nature Center and Oyster sites, ribbed mussels were largely absent from the replicate 

monitoring plots, with the exception of Plot E, located ~1m in from the original vegetated edge (Figure 

16C). As with the other sites, there was large variability regarding measurement over time, which could 

indicate either mussel migration out of the plots or sampling error in the counts and is reflective of the 

patchy nature of ribbed mussels in the salt marsh.  A total count of ribbed mussels in the treatment impact 

area (entire area contained between the logs and the natural marsh edge in 2014) was conducted and only 

5 ribbed mussels were documented in 2016 (Table 4).  
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Figure 16. Barplot representation for the Bend site of Before-After-Control-Impact (BACI) two-way ANOVA tests for three metrics: Elevation Above Mean 
Low Water (a), Vegetation Robustness (b), Ribbed Mussel Density (c).  Each row (a, b, and c) contains six plots beginning with Plot A on the left moving 
to Plot F to the right.  The increase in plot letter corresponds to the plot position relative to the waterward extent of the treatment:  Plot a was 
waterward of the lower extent of the natural oyster reef at the Oyster site; Plot B was waterward of treatment area but landward of the oyster reef 
position; plot C between log cusps; plot D between landward log cusp and preexisting natural marsh edge; Plot E on marsh platform just behind levee; 
plot F in high marsh vegetation. The schematic along the bottom of the figure provides visual context for plot numbering across the site. “T” and “D” 
notations indicate significant effects of two-way ANOVA test: T= treatment effect (difference in metric between treatment and control); D= temporal 
effect (difference in metric between dates); and T*D=interactive treatment and temporal effect (difference in metric between treatment and control 

differs over time). 
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Water Quality Uplift 
Population Demographics 

A total of 24,540 oysters and 1,433 

ribbed mussels recruited into the 

breakwater and living shoreline 

treatment materials between 2014-

2016.  Oyster counts increased over 

time on all structures moving 

waterward from the marsh.  In 2016, 

11,898 (48.5%) and 6,408 (26.1%) 

oysters had recruited to the lower 

oyster castle and shell bag 

breakwater pods respectively, for a 

total of 18,306 (74.6%) on the 

structures positioned closest to mean 

low water.  The intermediately 

positioned miscellaneous oyster 

castles had 5,029 (20.5%) recruits 

and 1,205 (4.9%) were located in the 

bio-based treatments (Table 4 and 

Figure 17).   

In 2014 almost the entirety of the 

population was smaller than 50mm; 

these measurements can be 

considered the maximum size for an 

oyster less than one year of age at 

this site, as all recruits on these 

substrates had to have settled since June, 2014.  In 2015, a small percentage of the population was greater 

than 50mm and represented a small degree of survivorship from 2014.  Approximately 46.5% of the 

individuals measured in 2016 were greater than 50mm, or older than one year (Figure 18).  These data 

show that recruitment on the breakwater materials was able to persist over time and that after year 2, the 

population displayed a broader range of age classes, indicating the population had become more diverse, 

and thusly more stable.  The presence of larger oysters has implications regarding filtration capacity at the 

site.  The relationship between oyster size (biomass) and filtration rate is non-linear, with filtration rate 

increasing at a greater rate than increases in size.  A population that includes older, larger oysters will 

therefore be able to filter a greater amount of material than a population equal in number, but consisting 

of all younger, smaller oysters.  It is for this reason that creating a stable, mixed age-class population is 

desirable; not only does it provide greater stability in regards to population dynamics, it provides a higher 

level of ecosystem services, here regarded as filtration capacity. 

Oysters recruited successfully onto all castles and shellbags, no matter where they were deployed across 

the whole array of three treatments and various deployment zones.  During fall 2016, a total of 24,540 

 

Figure 17.  2016 Oyster density across all recruitment substrates 
deployed since 2014.    OC= Oyster Castle pods; SB= oyster shell 
bag pods constructed just above mean low water; Misc= 
miscellaneous low relief oyster castle structures positioned 
between the waterward pods and the treatment area. 

 

 



PDE Report No. 16-12, April 2017   57 
 

individual oysters were counted.  Importantly, this should be treated as a very conservative tally because 

these were visual counts. We did not deconstruct the installations to quantify oysters living in the 

interstitial spaces of shell bags, nor did we pull castle pods apart to enumerate animals living on interior 

walls.  Spot checks of bags that had ripped open, or castles that had ice damage, revealed that densities 

inside these structures were sometimes greater than on exterior surfaces.  As a rough estimate, we think 

the actual number was likely to be at least double the visual counts.  

Ribbed mussel recruitment onto oyster shell bags, castles and coir logs was lower than oysters, totaling 

1,433 in fall 2016.  This is not surprising since the preferred habitat of ribbed mussels is within the 

sediments of the vegetated marsh in the mid to high intertidal zone (see densities in monitoring plots in 

Figures 15 and 16), which was not well captured in our assessment because we did not excavate our 

monitoring plots.  Our previous work has shown that visual lip counts of ribbed mussels underestimates 

true densities substantially.  Another factor to consider is that it took longer to establish new vegetated 

marsh within 2 of the 3 treatments due to challenges with sedimentation and log survival.  Now that 

solutions appear to be found, we anticipate greater mussel densities in 2017 and beyond once the plant 

canopy fully matures and ribbed mussels are provided more time to recruit into those vegetated canopies. 

Contrasting shellfish recruitment among the substrate types (Figure 17) revealed that oyster castles 

appeared to capture the most oysters (16,927), compared with shell bags (6,408), and coir log treatments 

 

Figure 18. Oyster size demographics as measured in 2014, 2015, and 2016.  These data represent the 
change in age structure of the population over time.  Data are measurements of subpopulation of 
oysters on all breakwater pods (n=10/face/deck). Structures were deployed in 2014, and so no initial 
population was present. 
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(1,205).  This might not necessarily mean that castles are superior since they are easier to visually count 

and these totals are not normalized for the surface area available.  When adjusted for the visible surface 

area, no significant difference was detected in oyster recruitment between oyster castles and shell bags.  

Clearly, this first extensive test of the castles in Delaware Bay yielded very positive recruitment.  Of 

interest, more ribbed mussels recruited into oyster shell bags on the pods (898) than along the coir log 

treatments (485) (Figure 17).  This observation has been noted previously in New Jersey where oyster 

shell bags have shown to be very amenable substrates for ribbed mussel colonization, often resulting in 

tightly packed bags armored with hundreds of mussels per bag. 

Oyster recruitment was documented in the fall of all three years (when it is easy to discern new recruits 

from prior year holdovers).  Despite a very severe winter in 2014/2015, some 2014 animals had clearly 

survived the intertidal zone on the new breakwater structures, as shown by the right tail of the 2015 size 

class distribution in Figure 18.  Overwintering success was seen between 2015 and 2016, as evidenced by 

the size class demographics for 2016 in Figure 18.  A healthy oyster population can partly be confirmed 

when there is a diverse size range including both older broodstock and new recruits.  The 2016 size 

frequency histogram (Figure 18) is a very positive indication that the new oyster population on the 

breakwater is maturing as hoped. 

The tissue biomass of oysters and other bivalves increases geometrically with increasing shell height.  

Hence, the larger abundance and widening size classes seen in 2016 are indicative of a tremendous 

increase in the total oyster population biomass between 2015 and 2016.  The total oyster population 

biomass (estimated dry tissue weight) each fall is summarized in Figure 19, which sums across all 

treatments and substrates.  Note how the biomass is now concentrated in the 60-70 mm long oysters, 

which each total more than a kg of dry tissue weight.  Finally, compare the dramatic increase in biomass 

among 2014, 2015 and 2016 (Figure 19).  Clearly, 2016 marked a turning point whereby the oyster 

population is now taking firm hold on the new structures.  
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Figure 19. Total oyster biomass (g DTW) by size class for all three monitoring years. This graph represents the change in filtration 
capacity of the oysters present over time. Data are measurements of subpopulation of oysters on all breakwater pods 
(n=10/face/deck). Structures were deployed in 2014, so no initial population was present. 

 

 

0

200

400

600

800

1000

1200

1400

1600

1800

10 20 30 40 50 60 70 80 90 100

To
ta

l O
ys

te
r 

B
io

m
as

s 
(g

 D
TW

)

Oyster Size Class (mm)

2014

2015

2016



PDE Report No. 16-12, April 2017   60 
 
 

 

Filtration Capacity 

The biomass curve is especially important because the water quality benefits of bivalves scales with total 

population (tissue) biomass rather than total density of animals. Typical seasonal clearance rates for 

oysters and ribbed mussels are reported in Table 6 (columns 2 and 3), with units of water volume cleared 

per hour per gram dry tissue weight.  Note that on all cases (2 species, 4 seasons), weight specific rates 

are less than 1 liter per hour per gram dry tissue, which is lower than most literature values for oyster and 

mussel clearance rates.  This is because most published values were determined in laboratory settings 

with rich algal diets where bivalves feed more optimally, whereas, the data we used for this study were 

derived under simulated natural conditions with natural diets, and hence, more accurate and conservative 

estimates of in situ benefits. 

Seston data obtained from Kreeger et al. (2016) were from January to November, during most months of 

2009-2011. Although these data are not from the actual living shoreline project site, they are considered 

indicative of typical composition in the vicinity.  Since the Mispillion project site is a tributary, it might 

be expected that these open bay seston values underestimate pollutant loadings at the site, which lead to 

possible underestimation of shellfish ecosystem services.  Therefore, our service estimates can be 

considered conservative. Averaging per season, TSS concentrations ranged from 29 to 41 mg per liter, 

and the particulate nitrogen concentrations (estimated from measured particulate protein) ranged from 1.0 

to 2.7 mg per liter (Table 6).  

 

Table 6. Estimation of seasonal filtration rates of total suspended sediments (TSS) and particulate nitrogen 
(pN) by ribbed mussels and oysters feeding under natural conditions, based on previously assessed seston 
clearance rates and seston composition.  

Season Ribbed 

Mussel CR 

(L/hr/g 

DTW) 

Oyster 

CR 

(L/hr/g 

DTW) 

TSS 

(mg/L) 

Protein 

(mg/L) 

Est. pN 

(mg/L) 

Ribbed 

Mussel FR 

(mg/ hr/ 

gDTW) 

Oyster FR 

(mg/hr/gDTW) 

Spring 

2016 

0.423 0.309 40.95 2.72 0.44 17.33 12.65 

Summer 

2016 

0.610 0.445 29.21 1.68 0.27 17.80 13.00 

Fall 2016 0.423 0.309 37.90 0.96 0.15 16.04 11.71 

Winter 

2016 

0.045 0.033 33.73 1.53 0.25 1.51 1.10 
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Integrating seston composition, mussel and oyster clearance rates, and measured population biomass for 

mussels and oysters at the living shoreline site yielded estimated seasonal seston filtration rates for 

mussels and oysters (columns 7 and 8 in Table 6).  To estimate the filtration capacity over the whole 

treatment, the demographic data collected from the subsample was applied to all oyster castle structures. 

The biomass of each size class was then extrapolated from these demographics. As the living shoreline 

spans an elevation gradient, the site was divided into a low elevation (the oyster castle and shell bag 

structures), mid elevation (miscellaneous oyster castles), and high elevation (shell bag and oyster castles 

closest to the marsh) for assigning inundation times that were measured on site (Table 7). These 

inundation times correspond to the amount of time the shellfish could be feeding and filtering water. The 

filtration rate for the dry tissue weight for each size class was multiplied by the total number of oysters or 

ribbed mussels in that size class across the treatment and elevation range. Each of these size class 

filtration rates was then summed, adjusted for inundation time, and then compiled to derive the total 

filtration capacity of the entire treatment area per year (Table 7).  

Note that particulate processing rates drop significantly in winter when bivalve shellfish are largely 

quiescent (Table 6).  When these weight-specific rates are then compared to the biomass of animals on the 

living shoreline (Table 7), the total estimated TSS filtration by (late 2016) oysters and mussels was 

estimated to be 405 kg and 11 kg per year, respectively.  Filtration of particulate nitrogen was estimated 

to be 2.63 and 0.09 kg per year.  Most of these water quality enhancements were associated with the 

castle and shell bag pods (Table 7), showing that the greatest pollutant removal was by oysters that had 

colonized the new breakwater (>75%). The greatest pollutant removal by ribbed mussels was also by 

mussels that had colonized the breakwater pods in the bio-based marsh treatments (>68%).  Annual 

pollutant removal by shellfish occurred mainly during the growing season: spring (33%), summer (34%), 

fall (30%) and winter (3%).  Table 8 shows the pollutant removed for recruited shellfish per meter of 

shoreline available.  

 

Table 7.  Calculation of the population-level filtration capacity of oysters and ribbed mussels living on new 
structures at the Mispillion River living shoreline, derived by extrapolating the filtration capacities 
calculated in Table 6 to the actual bivalve biomass measured along the shoreline elevation gradient.  

2016 

 
Inundation 

Tide (hr/ 

day) 

TSS 

Filtration by 

Oysters (kg/ 

year) 

TSS Filtration 

by Ribbed 

Mussels (kg/ 

year) 

pN Filtration 

by Oysters 

(g/ year) 

pN Filtration 

by Ribbed 

Mussels (g/ 

year) 

Pods  20 306.51 7.58 2465.31 60.94 

Misc  19 79.99 0 17.30 0 

Treatment  18 18.16 3.49 146.05 28.06 

Total   404.66 11.07 2628.66 89.00 
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Although removal of 416 kg of TSS and 2.72 kg pf pN (oysters and ribbed mussels combined) might not 

initially seem substantial compared to other stormwater nutrient removal BMPs, it’s important to note that 

the estimated water quality benefits of the Mispillion living shoreline project should be considered as 

early evidence that the goal is just beginning to be met.  There are three reasons why these water quality 

benefits underestimate the true current and potential benefits.  First, our counts of oyster and mussel 

coverage were based only on animals that we could see and easily measure without disturbing the 

integrity of the structures.  Many more animals are sure to already exist within the oyster shell bags, 

interior of the oyster castle pods, and within the sediments of the vegetated marsh. Second, the parabolic 

increase in water quality benefits between 2015 and 2016 (Figure 20) is sure to continue rising because 

we had strong recruitment in 2016 and most available surfaces on the new structures are still available for 

continued colonization.  Our estimates of pN removal for healthy natural mussel beds in salt marshes, for 

example, exceed 2,000 pounds pN per acre.    

We expect to continue to track shellfish populations at the Mispillion living shoreline as part of our robust 

monitoring plan.  We also intend to strengthen our local measures of physiological rate functions. For 

these reasons, we anticipate that the water quality benefits of this living shoreline will continue to 

increase as the ecological communities continue to expand and mature in the next five years. 

 

Table 8. Pollutant removal rates estimated per linear meter of living shoreline during fall 2014, 2015 and 
2016.  Pollutants are total suspended solids (TSS) and seston-associated (particulate) nitrogen (pN).  

Year Shoreline 

Treatment 

(m) 

Oysters 

Recruited / 

Shoreline 

meter 

Ribbed Mussels 

Recruited / 

Shoreline meter 

TSS (kg) 

Removed / 

Shoreline 

meter 

pN (g) 

Removed / 

Shoreline 

meter 

2014 200 12.10  0.07 0.59 

2015 200 37.55  0.14 1.13 

2016 200 122.70 7.165 2.08 16.72 
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Figure 20. Cumulative increase in particulate nitrogen (pN) and total suspended solids (TSS) removal per year 
by oysters and ribbed mussels at the Mispillion River living shoreline. Ribbed mussels were only counted in 
2016.  
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Summary, Lessons Learned, and Next Steps 
The living shoreline was able to meet its goals of water quality enhancement and ecological uplift.  Water 

quality enhancement was achieved by increases in shellfish populations along the breakwater structures 

and within two of the three bio-based treatments.  Integration of measured population increases, estimated 

seston composition, and weight-specific physiological rate functions revealed that this fledgling living 

shoreline was already filtering almost a US ton of TSS and several pounds of nitrogen per year.  Given 

the continued rapid increase in bivalve populations and the certain underestimation of these water quality 

benefits, the water quality benefits are likely to be much greater already than what can be confirmed here, 

and continued increases in the future can be expected.  

To specifically meet these goals, the following effects were documented: 

 Increases in Seston Filtration Capacity 

o Oysters were able to recruit and grow on the breakwater structures 

o Ribbed mussels recruited into the bio-based living shorelines at low densities, but 

colonization should increase more quickly now that vegetation is becoming more firmly 

established.  

o Population biomass for both oysters and mussels rapidly increased in 2016 compared to 

2015 and 2014, reflecting increased numbers and body sizes. 

o By fall 2016, the annual estimated removal of suspended matter (TSS) by new shellfish 

on living shoreline structures totaled >400 kg. 

o By fall 2016, the annual estimated removal of particulate nitrogen (pN) by new shellfish 

on living shoreline structures totaled almost 3 kg. 

o As shellfish populations continue to expand and mature in size, these water quality 

benefits are certain to increase, and current benefits are underestimated because densities 

of both oysters and ribbed mussels were determined using a visual count method. 

o Other fauna and flora contribute to water quality enhancement, and their services were 

not tallied. 

 Salt Marsh Creation and Loss 

o Nature Center: Treatment built 68.97m2 of salt marsh; control lost 11.97m2 of salt marsh; 

a net gain of 80.94m2 of salt marsh. 

o Oyster:  Treatment built 16.27m2 of salt marsh; control lost 6.22m2 of salt marsh; a net 

gain of 22.49m2 of salt marsh. 

o Bend:  Treatment lost 10.16m2 of salt marsh; control lost 15.12m2 of salt marsh; 

potentially saving 4.96m2 of salt marsh. 

 Physical Effects 

o Net movement of the contiguous vegetated shoreline was predominantly waterward on 

the Nature Center and Oyster living shoreline treatments (net marsh gain), and landward 

for all those paired controls (net erosion). 

o All living shoreline impact areas (Plots C and D) were either vertically enhanced or 

maintained to be within the optimum growth range relative to the local tidal datum for 

Spartina alterniflora. 

o There were no adverse scouring effects on the substrate in front of living shorelines that 

differed from controls 

o Living shorelines did not have an adverse effect on sedimentation rates relative to 

controls.  

 Vegetation Response 



PDE Report No. 16-12, April 2017   65 
 

o Vegetation robustness increased in Nature Center bio-based living shoreline treatment 

impact areas (Plots C and D) relative to its control. 

o Natural vegetated edge moved waterward into the treatment impact area at the Oyster 

bio-based living shoreline treatment, and vegetation robustness declined at the paired 

control in same location. 

o Salvaged and planted vegetation was successful in persisting in formerly unvegetated 

areas at the Nature Center bio-based living shoreline. 

 Structural Integrity of Materials 

o Coir-fiber materials persisted and trapped sediment at the lower energy (soft, fine 

sediment) Nature Center site; whereas their effectiveness at the other two sites was 

limited and many logs were replaced eventually with shell bags. 

o Shellbags displayed greater resistance to degradation and were equally as successful in 

trapping and retaining sediments at the Oyster site. 

o Adaptive management tactics proved successful in attending to inability of bio-based 

materials to persist at the Oyster and Bend sites. 

To date the following key lessons have been documented and will inform future design and monitoring of 

living shoreline projects: 

 The hybrid design and positioning of the breakwater pods at the Bend site was intended to protect 

the marsh edge from wave energy, but their distance from the edge (due to targeting low intertidal 

elevations in the tidal datum to attract greatest oyster recruitment) may have precluded this 

benefit.  To strengthen this site’s wave attenuation and deflect currents that sweep around the 

bend, it may be beneficial to provide more direct protection to the marsh edge than was 

accomplished here. Filling gaps between the breakwater and marsh edge should be studied, such 

as by creating more expansive but lower relief oyster reefs more similar to the natural reef 

topography. It was also unclear if the hybrid living shoreline at the Bend site was more or less 

effective in shoreline protection than the natural oyster reef at the Oyster site.  Even though the 

vegetated shorelines at the treatment area at the Bend site experienced landward retreat and 

waterward movement was measured at the Oyster site, there could have been energetic 

differences (e.g., wave exposure angles or currents) between the two sites which were not 

measured and which contributed to changes in shoreline position.  Additionally, the scale of 

retreat at the Bend site differed between the treatment and control and could be attributed to a 

beneficial treatment effect. 

 

 Accretion data highlight the spatial and temporal variability in sedimentation at the sites. 

Although they were not significant in terms of identifiable differences among treatments and 

controls due to variability and marker horizon loss, they are an indication of the availability of 

sediment for capture.  Living shorelines in locations with low sediment availability may require 

manual filling, which requires additional time and financial resource investment.  Areas 

exhibiting sediment availability and depositional capacity are ideal sites for living shorelines 

designed to build marsh waterward of the existing vegetated edge and vertically into the proper 

inundation range. The Oyster and Bend treatments appeared less efficient in passively capturing 

the available TSS in the water column, and additional wave and current attenuation may be 

needed to enhance depositional features at the site. 

 

 Comparison of ribbed mussel data in the replicate monitoring plots and in the treatments as a 

whole highlight the importance of understanding the ecology of the faunal community of interest 

when selecting monitoring methods. Replicate plot monitoring did not capture the ribbed mussels 

that were able to take up residence in the Nature Center and Oyster living shoreline treatment 
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impact areas, but mussels were later captured in the 2016 full census count.  Although replicate 

plot monitoring is ideal for attending to assumptions regarding statistical tests, this type of 

monitoring may not always paint a complete picture of slow, ongoing, and patchy ecological 

changes.  It is important for a monitoring plan to identify these spatial sampling issues and utilize 

multiple monitoring strategies when necessary to collect data that reflects the whole nature of 

site-specific changes. 

 

 Although replicate plot monitoring was effective in assessing the changing elevation and 

vegetation conditions between the paired treatments and controls, it was ineffective in identifying 

changes in foreshore elevation as determined using high resolution surveys along Transect 3. The 

Transect 3 survey at the Bend site captured one area just waterward of the bio-based treatment 

where sediment did increase that was not represented in the replicate plot monitoring.  The spatial 

discrepancies indicated that future monitoring of elevation changes across larger areas of space 

(e.g. expanses of mudflat or marsh platform) may benefit from a standardized grid survey to 

better identify patchy areas of gain and loss that would not be captured in plot surveys.  A grid-

system would provide the ability to assess sedimentation at a greater resolution without 

unnecessary loss of time by repeated assessment of high resolution transects that may collect 

redundant and spatially limited data along their length, resulting in differences in point density 

perpendicular-to and parallel-to the marsh edge directions. 

As next steps, monitoring should be continued to document the rapid increases in shellfish populations 

and associated ecosystem services, which only appear to be gaining momentum.  It will also be important 

to track changes in physical attributes, such as the newly added shell bag structures that replaced some 

coir logs in 2016.  The successional sequence of the biological community has also not yet stabilized 

within and around the living shorelines.  These demonstration projects provide valuable baseline and 

early-stage data regarding the trajectories and persistence of natural and nature-based infrastructure, but 

the long-term persistence of new oyster populations along the low intertidal zone remains to be assessed.   

Contingent on funding, another next step will be to build out the project to span the entire shoreline from 

the Nature Center to the Bend site, eliminating the monitoring controls.  Although the controls have been 

useful for documenting short term benefits as per the BACI statistical design, the close proximity of 

controls and treatments nullifies assumptions of complete independence. The untreated gaps between the 

current living shoreline cells likely creates vulnerable openings, and we aim to use lessons learned in this 

project to further build out shellfish populations via addition of new substrates that would mimic the 

natural oyster reef covering part of the site.   

Since we relied on data from other studies and sites to derive oyster and mussel water quality benefits, we 

intend to collect new measures for key metrics at the Mispillion site and potentially other living shorelines 

in Delaware.   For example, seston composition and oyster/mussel clearance rates should be assessed 

seasonally for actual animals living on the projects.  

A living shoreline is more than a sum of its structural components- it is also the functionality of the 

biological components over time. The adaptive implementation approach and rigorous monitoring design 

was vital for maximizing this functionality.  As these shorelines continue to mature, long-term data and 

continued monitoring will help inform the design, adaptive management, and outcome assessments for 

other living shorelines in the State of Delaware and beyond.  

Photographic time series of all living shorelines treatments is available in Appendix C.  
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Appendix A-ANOVA Results 
 

 

 

Treatment Plot Metric BACI Significance Level BACI Interpretation
Nature Center A Elevation Above Mean Low Water Date (p<0.002) Change in elevation occurred over time independent of treatment and control

Nature Center B Elevation Above Mean Low Water Treatment+Date (p<0.03+p<0.002) Treatment and control differed in elevation and experienced same change over time 

Nature Center C Elevation Above Mean Low Water Treatment:Date (p<0.001) Change in elevation differed between treatment and control over time

Nature Center D Elevation Above Mean Low Water Treatment:Date (p<0.001) Change in elevation differed between treatment and control over time

Nature Center E Elevation Above Mean Low Water n.s. No difference between Treatment and Control over time

Nature Center F Elevation Above Mean Low Water Treatment+Date(p<0.001+p<0.001) Treatment and control differed in elevation and experienced same change over time 

Nature Center A Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Nature Center B Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Nature Center C Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Nature Center D Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Nature Center E Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Nature Center F Ribbed Mussel Density Treatment:Date (p<0.02) Change in mussel density differed between treatment and control over time

Nature Center A Vegetation Robustness n.s. No difference between Treatment and Control over time

Nature Center B Vegetation Robustness n.s. No difference between Treatment and Control over time

Nature Center C Vegetation Robustness Treatment:Date (p<0.001) Change in vegetation robustness differed between treatment and control over time

Nature Center D Vegetation Robustness Treatment:Date (p<0.003) Change in vegetation robustness differed between treatment and control over time

Nature Center E Vegetation Robustness Treatment:Date (p<0.02) Change in vegetation robustness differed between treatment and control over time

Nature Center F Vegetation Robustness Treatment+Date(p<0.001 both) Treatment and control differed in vegetation robustness and experienced  similar change of different magnitudes

Oyster A Elevation Above Mean Low Water Date (p<0.007) Change in elevation occurred over time independent of treatment and control

Oyster B Elevation Above Mean Low Water Date (p<0.001) Change in elevation occurred over time independent of treatment and control

Oyster C Elevation Above Mean Low Water Treatment (p<0.001) Elevation differed between treatment and control and did not significantly change over time

Oyster D Elevation Above Mean Low Water Date (p<0.001) Change in elevation occurred over time independent of treatment and control

Oyster E Elevation Above Mean Low Water n.s. No difference between Treatment and Control over time

Oyster F Elevation Above Mean Low Water Treatment+Date(p<0.001+p<0.001) Treatment and control differed in elevation and experienced same change over time 

Oyster A Ribbed Mussel Density Treatment (p<0.02) Mussel density differed between treatment and control and did not significantly change over time

Oyster B Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Oyster C Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Oyster D Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Oyster E Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Oyster F Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Oyster A Vegetation Robustness n.s. No difference between Treatment and Control over time

Oyster B Vegetation Robustness n.s. No difference between Treatment and Control over time

Oyster C Vegetation Robustness Treatment:Date (p<0.006) Change in vegetation robustness differed between treatment and control over time

Oyster D Vegetation Robustness Treatment:Date (p<0.02) Change in vegetation robustness differed between treatment and control over time

Oyster E Vegetation Robustness n.s. No difference between Treatment and Control over time

Oyster F Vegetation Robustness Treatment (p<0.001) Vegetation robustness differed between treatment and control abd did not significantly change over time

Bend A Elevation Above Mean Low Water Treatment:Date (p<0.03) Change in elevation differed between treatment and control over time

Bend B Elevation Above Mean Low Water Treatment+Date(p<0.001+p<0.001) Treatment and control differed in elevation and experienced same change over time 

Bend C Elevation Above Mean Low Water Treatment (p<0.001) Elevation differed between treatment and control and did not significantly change over time

Bend D Elevation Above Mean Low Water Treatment (p<0.001) Elevation differed between treatment and control and did not significantly change over time

Bend E Elevation Above Mean Low Water n.s. No difference between Treatment and Control over time

Bend F Elevation Above Mean Low Water Treatment+Date(p<0.001+p<0.001) Treatment and control differed in elevation and experienced same change over time 

Bend A Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Bend B Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Bend C Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Bend D Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Bend E Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Bend F Ribbed Mussel Density n.s. No difference between Treatment and Control over time

Bend A Vegetation Robustness n.s. No difference between Treatment and Control over time

Bend B Vegetation Robustness n.s. No difference between Treatment and Control over time

Bend C Vegetation Robustness n.s. No difference between Treatment and Control over time

Bend D Vegetation Robustness Treatment:Date (p<0.001) Change in vegetation robustness differed between treatment and control over time

Bend E Vegetation Robustness n.s. No difference between Treatment and Control over time

Bend F Vegetation Robustness Date (p<0.04) Vegetation robustness changed over time

Table A 1. Two-way ANOVA test results for three metrics (Elevation Above Mean Low Water, Ribbed Mussel Density, and Vegetation Robustness) 
at three sites.  Significant results are denoted by letter (T=treatment effect; Y=temporal effect; T*Y=interactive treatment and temporal effect) 
with associated p-values. Non-significant results are denoted by “n.s.”. 
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Appendix B- Metric Statistical Tables 
 

 

 

 

 

Table B 1. Means and SEMs of elevations relative to Mean Low Water at each site within the Mispillion project’s 
three sites, monitored during 2014 (baseline), 2015, and 2016.  

AOI Site Plot 2014-Spring 2014-Fall 2015-Spring 2015-Fall 2016-Spring 2016-Fall

Mispillion Nature Center Treatment A 0.19 ± 0.03 0.22 ± 0.02 0.13 ± 0.04 (-0.01) ± 0.04 0.07 ± 0.01 0.12 ± 0.01

Mispillion Nature Center Control A 0.20 ± 0.01 0.13 ± 0.00 0.12 ± 0.00 0.06 ± 0.01 0.13 ± 0.09 0.21 ± 0.05

Mispillion Nature Center Treatment B 0.46 ± 0.04 0.45 ± 0.01 0.42 ± 0.02 0.33 ± 0.02 0.41 ± 0.04 0.44 ± 0.01

Mispillion Nature Center Control B 0.53 ± 0.03 0.47 ± 0.03 0.46 ± 0.02 0.43 ± 0.03 0.41 ± 0.01 0.41 ± 0.02

Mispillion Nature Center Treatment C 0.74 ± 0.01 0.75 ± 0.04 0.81 ± 0.00 0.88 ± 0.03 0.85 ± 0.01 0.89 ± 0.02

Mispillion Nature Center Control C 0.68 ± 0.01 0.59 ± 0.01 0.59 ± 0.01 0.56 ± 0.02 0.54 ± 0.01 0.53 ± 0.02

Mispillion Nature Center Treatment D 0.91 ± 0.02 0.95 ± 0.02 0.95 ± 0.01 0.93 ± 0.03 0.67 ± 0.01 1.00 ± 0.02

Mispillion Nature Center Control D 0.79 ± 0.01 0.70 ± 0.01 0.70 ± 0.01 0.69 ± 0.00 0.97 ± 0.01 0.67 ± 0.00

Mispillion Nature Center Treatment E 1.31 ± 0.06 1.25 ± 0.09 1.16 ± 0.06 1.22 ± 0.06 1.27 ± 0.04

Mispillion Nature Center Control E 1.31 ± 0.06 1.25 ± 0.06 1.23 ± 0.04 1.25 ± 0.08 1.25 ± 0.08 1.26 ± 0.07

Mispillion Nature Center Treatment F 1.57 ± 0.02 1.48 ± 0.02 1.46 ± 0.01 1.44 ± 0.02 1.42 ± 0.01 1.37 ± 0.02

Mispillion Nature Center Control F 1.46 ± 0.02 1.36 ± 0.01 1.38 ± 0.02 1.38 ± 0.02 1.37 ± 0.02 1.37 ± 0.02

Mispillion Oyster Reef Treatment A 0.33 ± 0.02 0.25 ± 0.01 0.20 ± 0.02 0.20 ± 0.02 0.33 ± 0.02 0.19 ± 0.02

Mispillion Oyster Reef Control A 0.40 ± 0.03 0.33 ± 0.03 0.22 ± 0.09 0.17 ± 0.09 0.32 ±  0.04 0.22 ± 0.09

Mispillion Oyster Reef Treatment B 0.60 ± 0.01 0.58 ± 0.01 0.56 ± 0.01 0.50 ± 0.01 0.47 ± 0.02 0.49 ± 0.01

Mispillion Oyster Reef Control B 0.62 ± 0.01 0.56 ± 0.01 0.54 ± 0.02 0.51 ± 0.01 0.46 ± 0.02 0.47 ± 0.01

Mispillion Oyster Reef Treatment C 0.70 ±  0.03 0.69 ± 0.02 0.67 ± 0.02 0.64 ± 0.03 0.70 ± 0.03 0.74 ± 0.04

Mispillion Oyster Reef Control C 0.70 ± 0.01 0.62 ± 0.01 0.63 ± 0.00 0.61 ± 0.01 0.61 ± 0.00 0.61 ± 0.01

Mispillion Oyster Reef Treatment D 0.82 ± 0.03 0.77 ± 0.01 0.80 ± 0.01 0.76 ± 0.04 0.80 ± 0.01 0.87 ± 0.02

Mispillion Oyster Reef Control D 0.84 ± 0.00 0.76 ± 0.01 0.77 ± 0.01 0.80 ± 0.01 0.85 ± 0.02 0.85 ± 0.02

Mispillion Oyster Reef Treatment E 1.31 ± 0.03 1.28 ± 0.02 1.28 ± 0.02 1.25 ± 0.01 1.24 ± 0.01 1.24 ± 0.02

Mispillion Oyster Reef Control E 1.29 ± 0.02 1.25 ± 0.03 1.23 ± 0.02 1.20 ± 0.01 1.27 ± 0.04 1.28 ± 0.04

Mispillion Oyster Reef Treatment F 1.52 ± 0.02 1.43 ± 0.02 1.45 ± 0.02 1.39 ± 0.01 1.42 ± 0.02 1.42 ± 0.02

Mispillion Oyster Reef Control F 1.62 ± 0.01 1.57 ± 0.04 1.53 ± 0.01 1.50 ± 0.01 1.53 ± 0.01 1.51 ± 0.01

Mispillion Bend Treatment A 0.30 ± 0.03 0.26 ± 0.03 0.16 ± 0.02 0.09 ± 0.02 0.08 ± 0.02 0.12 ± 0.03

Mispillion Bend Control A 0.32 ± 0.03 0.26 ± 0.04 0.25 ± 0.05 0.13 ± 0.04 (-0.02) ± 0.02 (-0.06) ± 0.08

Mispillion Bend Treatment B 0.59 ± 0.01 0.52 ± 0.02 0.49 ± 0.02 0.45 ± 0.00 0.43 ± 0.02 0.42 ± 0.02

Mispillion Bend Control B 0.54 ± 0.01 0.47 ± 0.01 0.44 ± 0.01 0.38 ± 0.02 0.35 ± 0.03 0.33 ± 0.04

Mispillion Bend Treatment C 0.69 ± 0.02 0.63 ± 0.02 0.77 ± 0.02 0.63 ± 0.04 0.69 ± 0.05 0.66 ± 0.04

Mispillion Bend Control C 0.53 ± 0.03 0.38 ± 0.07 0.41 ± 0.06 0.42 ± 0.02 0.44 ± 0.07 0.41 ± 0.07

Mispillion Bend Treatment D 0.74 ± 0.03 0.72 ± 0.04 0.77 ± 0.07 0.65 ± 0.01 0.77 ± 0.02 0.76 ± 0.02

Mispillion Bend Control D 0.46 ± 0.07 0.51 ± 0.06 0.57 ± 0.03 0.41 ± 0.06 0.51 ± 0.05 0.48 ± 0.05

Mispillion Bend Treatment E 1.29 ± 0.01 1.21 ± 0.02 1.23 ± 0.04 1.16 ± 0.02 1.21 ± 0.04 1.19 ± 0.00

Mispillion Bend Control E 1.22 ± 0.08 1.11 ± 0.07 1.13 ± 0.08 1.07 ± 0.09 1.14 ± 0.10 1.18 ± 0.09

Mispillion Bend Treatment F 1.52 ± 0.02 1.43 ± 0.02 1.45 ± 0.02 1.39 ± 0.01 1.42 ± 0.02 1.42 ± 0.02

Mispillion Bend Control F 1.62 ± 0.01 1.57 ± 0.04 1.53 ± 0.01 1.50 ± 0.01 1.53 ± 0.01 1.51 ± 0.01  
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Table B 2. Means and SEMs of vegetation robustness at each site within the Mispillion project’s three 
sites, monitored during 2014 (baseline), 2015, and 2016. 

AOI Site Plot 2014 2015 2016

Mispillion Nature Center Treatment A 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Nature Center Control A 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Nature Center Treatment B 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Nature Center Control B 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Nature Center Treatment C 0.00 ± 0.00 0.55 ± 0.10 0.96 ± 0.02

Mispillion Nature Center Control C 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Nature Center Treatment D 0.15 ± 0.03 0.57 ± 0.19 0.80 ± 0.07

Mispillion Nature Center Control D 0.13 ± 0.05 0.10 ± 0.02 0.00 ± 0.00

Mispillion Nature Center Treatment E 0.31 ± 0.07 0.64 ± 0.01 0.95 ± 0.02

Mispillion Nature Center Control E 0.72 ± 0.10 0.83 ± 0.06 0.91 ± 0.08

Mispillion Nature Center Treatment F 0.29 ± 0.04 0.61 ± 0.07 0.58 ± 0.10

Mispillion Nature Center Control F 0.51 ± 0.04 0.89 ± 0.02 0.86 ± 0.04

Mispillion Oyster Reef Treatment A 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Oyster Reef Control A 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Oyster Reef Treatment B 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Oyster Reef Control B 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Oyster Reef Treatment C 0.00 ± 0.00 0.22 ± 0.07 0.00 ± 0.00

Mispillion Oyster Reef Control C 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Oyster Reef Treatment D 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Oyster Reef Control D 0.18 ± 0.05 0.05 ± 0.04 0.00 ± 0.00

Mispillion Oyster Reef Treatment E 0.92 ± 0.04 0.69 ± 0.12 0.95 ± 0.03

Mispillion Oyster Reef Control E 0.80 ± 0.10 0.85 ± 0.07 0.96 ± 0.02

Mispillion Oyster Reef Treatment F 0.62 ± 0.04 0.63 ± 0.09 0.69 ± 0.16

Mispillion Oyster Reef Control F 0.30 ± 0.05 0.24 ± 0.04 0.27 ± 0.06

Mispillion Bend Treatment A 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Control A 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Treatment B 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Control B 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Treatment C 0.00 ± 0.00 0.21 ± 0.14 0.00 ± 0.00

Mispillion Bend Control C 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Treatment D 0.00 ± 0.00 0.45 ± 0.09 0.00 ± 0.00

Mispillion Bend Control D 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Treatment E 0.61 ± 0.30 0.91 ± 0.03 0.82 ± 0.06

Mispillion Bend Control E 0.56 ± 0.03 0.88 ± 0.04 0.58 ± 0.22

Mispillion Bend Treatment F 0.28 ± 0.02 0.05 ± 0.01 0.31 ± 0.16

Mispillion Bend Control F 0.31 ± 0.04 0.09 ± 0.03 0.50 ± 0.23  
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Table B 3.  Means and SEMs of ribbed mussel densities at each site within the Mispillion project’s three 
sites, monitored during 2014 (baseline), 2015, and 2016. 

AOI Site Plot 2014 2015 2016

Mispillion Nature Center Treatment A 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Nature Center Control A 9.33 ± 9.33 0.00 ± 0.00 7.33 ± 7.33

Mispillion Nature Center Treatment B 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Nature Center Control B 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Nature Center Treatment C 0.00 ± 0.00 0.00 ± 0.00 11.67 ± 11.67

Mispillion Nature Center Control C 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Nature Center Treatment D 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Nature Center Control D 0.00 ± 0.00 0.00 ± 0.00 1.00 ± 1.00

Mispillion Nature Center Treatment E 336.33 ± 214.81 145.00 ± 80.73 202.67 ± 95.31

Mispillion Nature Center Control E 212.00 ± 179.08 201.33 ± 181.22 149.67 ± 96.26

Mispillion Nature Center Treatment F 1.33 ± 1.33 1.33 ± 0.33 2.33 ± 0.33

Mispillion Nature Center Control F 3.00 ± 1.53 1.67 ± 0.67 10.00 ± 1.73

Mispillion Oyster Reef Treatment A 37.00 ± 15.72 20.67 ± 3.84 41.33 ± 11.84

Mispillion Oyster Reef Control A 3.67 ± 2.33 15.00 ± 9.29 15.67 ± 2.60

Mispillion Oyster Reef Treatment B 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Oyster Reef Control B 0.33 ± 0.33 0.00 ± 0.00 0.00 ± 0.00

Mispillion Oyster Reef Treatment C 0.00 ± 0.00 0.00 ± 0.00 1.00 ± 1.00

Mispillion Oyster Reef Control C 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Oyster Reef Treatment D 0.00 ± 0.00 0.00 ± 0.00 2.00 ± 2.00

Mispillion Oyster Reef Control D 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Oyster Reef Treatment E 167.00 ± 107.61 120.00 ± 59.72 160.67 ± 32.05

Mispillion Oyster Reef Control E 161.00 ± 21.59 196.67 ± 112.23 154.33 ± 115.93

Mispillion Oyster Reef Treatment F 1.67 ± 1.20 3.33 ± 2.85 7.00 ± 4.04

Mispillion Oyster Reef Control F 4.33 ± 4.33 8.67 ± 5.36 6.67 ± 3.38

Mispillion Bend Treatment A 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Control A 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Treatment B 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Control B 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Treatment C 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Control C 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Mispillion Bend Treatment D 0.00 ± 0.00 7.33 ± 7.33 4.33 ± 3.84

Mispillion Bend Control D 0.00 ± 0.00 1.33 ± 1.33 0.00 ± 0.00

Mispillion Bend Treatment E 291.00 ± 16.52 268.33 ± 45.32 267.67 ± 74.17

Mispillion Bend Control E 189.67 ± 86.19 163.00 ± 94.30 182.33 ± 75.12

Mispillion Bend Treatment F 1.67 ± 1.20 3.33 ± 2.85 7.00 ± 4.04

Mispillion Bend Control F 4.33 ± 4.33 8.67 ± 5.36 6.67 ± 3.38  
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Appendix C-Time lapse photos by site 
 

Figure C 1. Time series for Mispillion River site, from rip-rap at Nature Center, looking north: a) pre-installation, March 
2014; b) post-installation July 2014; c) August, 2015; d) August, 2016-this photo shows complete sedimentation in 
treatment area. Photo Credit: PDE 
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Figure C 2. Time series for Nature Center site, looking south: a) pre-installation, March 2014; b) post-installation July 2014; c) August, 2015; d) 
August, 2016- this photo shows complete proliferation of vegetation within treatment area. Photo Credit: PDE 
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Figure C 3. Time series for Nature Center site, looking north: a) pre-installation, March 2014; b) post-installation July 2014; c) August, 2015; d) 
August, 2016. Photo Credit: PDE 
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Figure C 4. Time series for Oyster Reef site, looking south: a) pre-installation, March 2014; b) post-installation July 2014; c) August, 2015; d) August, 
2016. Photo Credit: PDE 
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Figure C 5. Time series for Bend site, looking south: a) pre-installation, March 2014; b) post-installation July 2014; c) August, 2015; d) August, 2016. 
Photo Credit: PDE 
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Figure C 6. Time series for Bend site, looking north: a) pre-installation, March 2014; b) post-installation July 2014; c) August, 2015; d) August, 2016. 
Photo Credit: PDE 
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Figure C 7. Time series for oyster castles on the Bend site, looking south: a) post-installation 
July 2014; d) April, 2016. Photo Credit: PDE 

 


