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Project Summary 
 
In 2007, the Partnership for the Delaware Estuary (PDE) launched the Freshwater Mussel 
Recovery Program (FMRP), aimed to conserve and restore native freshwater mussels in the 
Delaware Estuary while communicating  the important relationship between healthy and robust 
shellfish popluations and improved water quality to the public. Our larger vision is to restore 
bivalves from headwater streams to the sea as a means to ecosystem-based restoration and for 
implementation of the Delaware Estuary Comprehensive Conservation Management Plan 
(CCMP).   
 
About a dozen species of freshwater mussels (Unionidae) once inhabited the Delaware River 
Basin, but due to habitat destruction, land-use changes and increasing human population, this 
family of animals is currently considered North America’s most imperiled. Since each adult 
mussel filters more than a gallon of water and suspended particulates every day, the loss of 
mussels from southeastern Pennsylvania streams is contributing to degraded water quality 
throughout the region.  In some areas, environmental conditions are capable of supporting viable 
mussel populations (presumably after some earlier disturbance led to their decline), but the 
animals do not have a readily available mechanism for redispersing or repopulating their former 
habitats. Freshwater mussels have a complicated life history strategy requiring fish for 
reproduction, and they grow very slowly. Our mussel recovery efforts aim to conserve remaining 
populations and facilitate their recovery and expansion through a mix of restoration tactics. 
While we aim to conserve native species diversity, our primary goal is to help maintain and 
enhance water and habitat quality via mussel bed restoration. 
 
This Pennsylvania Coastal Zone project supported the FMRP by funding our mussel surveys 
(2011-2012) in southeastern Pennsylvania, and therefore helping to fill vital data gaps in 
mapping the current species’ ranges..  In addition, community-based outreach programs were 
designed and implemented that helped raise awareness of the importance of mussels and their 
restoration. These programs  added value to the scientific surveys by engaging volunteers to 
conduct additional surveys. Information obtained from the volunteer surveys will be important in 
guiding the strategic expansion of future freshwater mussel conservation and restoration efforts.  
Key outcomes of this project included: 
 

1. Qualitative scientific surveys of southeastern PA streams in 2011  
• Located vestigial beds of diverse, rare species in the tidal Delaware River 
• Identified new potential broodstock sources to support future hatchery propagation 
• Described relationships to define suitable mussel habitat 

 
2. Quantitative scientific survey of tidal freshwater Delaware River in 2012 

• Assessed the relative abundance and potential water quality importance of six species 
at four representative locations totaling approximately 4 hectares 

• Discovered relationships of mussel density and richness with depth and bottom type 
• Mapped bathymetry, bottom type, mussel density, weight and richness using GIS 

maps 
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• Created predictive tools for mussel weight and filtration benefits based on non-
destructive field measurements of mussel demographics and densities 

• Confirmed sufficient mussel abundance to sustain future hatchery propagation  
• Estimated water filtration benefits for typical mussel beds of the Delaware River 

 
3. Volunteer surveys in 2011-2012  

• Created new Freshwater Mussel Volunteer Training Program 
• Engaged and educated  two watershed associations on mussel importance 
• Conducted two training workshops in May 2012, attended by >70 people 
• Volunteer surveys contributing >236 hours and spanning five stream miles  
• Produced new mussel field guide and survey method book, “Freshwater Mussels of 

Delaware Estuary, Identification Guide & Volunteer Survey Guidebook” 
• Created new web-based mussel survey data portal and interactive mapping tool, 

which was populated with data from dozens of volunteers 
• Identified streams that lack mussels, and are therefore in need of mussel 

reintroduction, and found a few new mussel locations not previously known 
 
An unplanned and indirect beneficial outcome of the outreach and training workshops was the 
exceptional media attention, which resulted in more than a dozen placements on radio, print and 
online. The success of our outreach programs can also be gauged by the large number of requests 
received by PDE to expand the training program to other watershed areas of the Delaware 
Estuary. With separate funding, PDE now plans to host three additional workshops in spring 
2013.  The mussel outreach seeded with this grant has led to a growing volunteer-generated data 
set for scientists, as well as enhanced awareness of the status and importance of freshwater 
mussels in our natural waterways of the Delaware Estuary.  
 
Many important lessons were learned from this project which will help us expand and strengthen 
the FMRP in the future. One of the most positive outcomes of these surveys was the 
determination that six freshwater mussel species (half of our native biodiversity) are more 
common and abundant than previously believed within the tidal Delaware River between 
Trenton and Philadelphia. Species inhabiting these mussel beds include those previously 
believed to be locally extinct in Pennsylvania and New Jersey. The tremendous mussel 
abundance found in 2012 verifies that the populations are robust enough to support the 
temporary removal of a few animals for use as hatchery broodstock, thereby enabling potential 
propagation and eventual reseeding of native genetically appropriate mussels to the many 
tributary streams where they have become extirpated. Perhaps more importantly, our results 
indicate that sufficient mussel biomass still exists in the urban corridor to materially increase 
water quality today, which highlights the importance of protecting these mussel beds.   
 
In contrast to the bright news about the tidal mussel populations, our qualitative scientific 
surveys and volunteer survey efforts have reaffirmed that freshwater mussel abundance, richness 
and range is extremely degraded in streams throughout the Delaware River watershed.  Most 
streams have no mussels remaining.  The extremely successful mussel education and training 
programs demonstrate, however, that the public cares deeply about water quality and the health 
of foundational species that help sustain water quality, such as freshwater mussels. Judging from 
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Table 1. List of species and state listings 
Listing of State Status of Freshwater Mussel Species 

 State Conservation Status 
Scientific Name Common Name DE NJ PA 
Alasmidonta heterodon Dwarf Wedgemussel Endangered Endangered Critically Imperiled 
Alasmidonta undulata Triangle Floater Extirpated ? Threatened Vulnerable 
Alasmidonta varicosa Brook Floater Endangered Endangered Imperiled 
Anodonta implicata Alewife Floater Extremely Rare no data Extirpated ? 
Elliptio complanata Eastern Elliptio Common Common Secure 
Lampsilis cariosa Yellow Lampmussel Endangered Threatened Vulnerable 
Lampsilis radiata Eastern Lampmussel Endangered Threatened Imperiled 
Lasmigona subviridis Green Floater no data Endangered Imperiled 
Leptodea ochracea Tidewater Mucket Endangered Threatened Extirpated ? 
Liguma nasuta Eastern Pondmussel Endangered Threatened Critically Imperiled 
Margaritifera margaritifera Eastern Pearlshell no data no data Imperiled 
Pyganodon cataracta Eastern Floater no data no data Vulnerable 
Strophitus undulatus Squawfoot Extremely Rare Species of Concern Apparently Secure 
 

the widespread interest by watershed associations and the public, we anticipate strong support for 
the FMRP in the future. 
 

Program Overview 
 
Mussel Status and Trends.  North America is home to more species of freshwater mussels 
(Families: Unionidae and Margaratiferidae) than anywhere else in the world; however, 
unfortunately, more than 75% of these are imperiled, more than any other animal or plant taxa in 
the United States (Neves 1993, Williams et al. 1993, Strayer et al. 2004).  In the Delaware River 
basin, about a dozen species of freshwater mussels once thrived, but now they are the most 
imperiled of all animals here as well (Table 1). Today, only one species (Elliptio complanata) 
can be easily found in non-tidal streams of the Pennsylvania Coastal Zone, and even they are 
greatly reduced in numbers and range in comparision to historic surveys (Fig. 1). Although a 
richer and more robust mussel assemblage still exists along the tidal Delaware River above 
Philadelphia (discovered partly with PA CZ support), most areas that likely once supported 
mussels no longer do so..   
 

 
The eastern elliptio (Elliptio complanata), the only species that all three states (DE, NJ and PA) 
consider “common,” is very patchy and increasingly difficult to find. There are also questions  
whether the current population is stable and reproductive from a regional standpoint. Despite 
surveying more than 60 stream reaches in southeastern Pennsylvania in recent years, PDE and 
partners have only found about six relic populations of this “common” mussel.  This is a 
significant loss of biodiversity from the seven to eight native mussel species that were once 
abundant in almost every stream in southeast Pennsylvania (Ortmann 1919). An example is that 
in Pennsylvania, Ortmann (1919) recorded approximatly eight species of mussels in Darby, 
Chester, Ridley, and Brandywine Creeks, and the lower Schuylkill River. This mixed species 
assemblage would have filled different ecological niches and contributed to stream health 
throughout the region. The loss of mussel species, declining spatial ranges and lower populations 
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signifies substantial declines in ecological interity.  

 
Importance of Freshwater Mussels. Similar to 
marine bivalves, each adult freshwater mussel 
filters more than a gallon of water per day 
throughout most of the year (for review, see 
Bergstrom et al. 2013).  Therefore, the ecosystem 
service of water filtration is lost when mussels go 
extinct from a waterbody. Healthy and abundant 
freshwater mussel beds impart many additional 
ecological services to streams and other aquatic 
habitats. Mussels stabilize bottom habitats and 
enrich sediments for other fauna. Arguably their 
most important service is their  tremendous 
filtering capacity.  One relic population of 500,000 
eastern elliptio in the lower Brandywine Creek was 
estimated to filter greater than 250 million gallons 
and remove 26 metric tons of dry total suspended 
solids each summer season (Kreeger, 2007).  This 
population is old, may not be reproducing, and 
represents only a fraction of the system’s carrying 
capacity for mussels. By rebuilding the natural 
mussel assemblage of mixed species in streams 
that today have few or no mussels, we aim to 
increase water quality and achieve diverse habitat 
restoration goals across the Delaware Estuary. The 
Freshwater Mussel Recovery Program consists of 
nine different activities (Fig. 2).   
 

 

 

Figure 1. Freshwater mussel species richness per 
watershed unit based on survey data from 1919 
(top) and since 1996 (bottom) (PDE, 2012). 
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Figure 2. Key components of the Partnership for the Delaware Estuary’s 
Freshwater Mussel Recovery. 

The decline of bivalve 
biodiversity and 
abundance, and the 
ecosystem services they 
provide,signifies a drop in 
environmental integrity at 
both the local and 
watershed scales. 
Freshwater mussels and 
marine bivalves (such as 
oysters, scallops and 
clams) are often the 
dominant functional 
component in aquatic 
food webs from the 
headwaters to the coast, 
improving water quality, 
enriching sediments, and 
adding habitat complexity 
(Table 2).  Estimated 
summertime water 
processing rates in the 
Delaware River estuary 
by eastern oysters (~10 
billion L/h), a freshwater mussel species (~10 billion L/h), and an estuarine mussel (~60 billion 
L/h) suggests that populations of all three species furnish important services across the entire 
freshwater to estuarine gradient (Bergstrom, 2011).  Unfortunately, all three groups of bivalves 
are severely threatened by changing conditions (PDE, 2010) 
 
Bivalves live throughout non-tidal and tidal waters, occupy diverse niches, and can dominate the 
structural and functional ecology. They are also world renowned as top-tier bioindicators, 
meaning that their health and abundance reflects that of the aquatic system. For example, the 
successful Mussel Watch contaminant monitoring program (NOAA 2013) has since 1986 relied 
on filter-feeding bivalve molluscs as tools for bioassessment of both specific contaminants as 
well as overall ecological conditions (Kimbrough et al. 2008, NOAA, 2013). Large filter feeders 
must process large amounts of water and particles across soft tissues, leading to relativly greater 
contaminant exposure (Kimbrough et al. 2008).  These animals are not mobile and so their 
fitness is diagnostic of local conditions. Arguably, freshwater mussels are even better indictors 
than marine bivalves because they have long life spans and have reproductive strategies that are 
easily disrupted by habitat alterations (e.g. dams that interfere with critical fish hosts). 

For these reasons, we regard bivalves as the best taxonomic group to target for integrating an 
ecosystem-based approach to conserving, managing, and restoring aquatic resources. The 
Partnership for the Delaware Estuary is currently promoting a new watershed-based restoration 
initiative, titled “Healthy Bivalves = Healthy Watersheds”. This initiative seeks to rebuild native 
bivalve species and abundance across the watershed and estuary, not only because these animals 
will signify a return to better conditions, but also because they are part of the solution.  Bivalves 
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Table 2:  An example of the natural capital values of bivalve shellfish in the Delaware River estuary, and 
their relative importance (numbers of check marks). 

can help to facilitate the overall recovery of degraded aquatic ecosystems.  

 
Integrating conservation and restoration efforts of multiple bivalve species could potentially 
provide synergistic opportunities to improve the health of coastal watersheds. For example, the 
revitalization of native freshwater mussels in rivers may improve water quality downstream, 
thereby benefiting estuarine species. In turn, reef-building oysters can furnish estuarine habitat 
for diadromous fish that, when upstream, serve as hosts for juvenile freshwater mussels.  
 
Freshwater Mussel Recovery Program (FMRP). In 2007, the Partnership for the Delaware 
Estuary (PDE) launched the Freshwater Mussel Recovery Program (FMRP), aimed to conserve 
and restore native freshwater mussels in the Delaware Estuary while communicating the 
important relationship between healthy and robust shellfish popluations and improved water 
quality to the public.  PDE’s mussel recovery efforts seek to protect what remains of historic 
freshwater mussel populations, restore mussels to their natural ranges, and to systematically 
expand this effort to rebuild natural populations of mixed species in streams and rivers 
throughout the Delaware River basin (including Delaware, New Jersey and Pennsylvania). 
 
Our larger vision is to link watershed bivalve restoration (native species of freshwater mussels) 
to estuarine bivalve restoration (oysters and marine mussels) into a holistic shellfish restoration 
strategy that can drive ecosystem-based restoration for implementation of the Delaware Estuary 
Comprehensive Conservation Management Plan (CCMP). Initially, we are focused on restoring 
freshwater mussels principally for water quality improvement, by helping to reduce non-point 
source pollution. In addition, we aim to strengthen awareness of freshwater mussel conservation 
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and restoration, and build a network of supportive volunteers for our mussel recovery efforts by 
expanding our volunteer mussel monitoring and surveying program in cooperation with our local 
watershed organizations and various other service organizations. 
 
The FMRP was developed to restore native species, distributions, and population abundances of 
freshwater mussels across the Delaware river watershed and adjacent regions. The FMRP 
consists of a nine-step, multi-pronged approach  (Fig. 2), described as follows:  
 

1. Surveys.  Despite their importance, freshwater mussels are not routinely monitored as 
part of state or federal assessments, and no survey data exist (or can be obtained) for 
many areas of the Delaware river watershed. But it is critical to establish baseline 
conditions for conservation and restoration.  PDE staff and partners have been 
working to fill vital data gaps on mussel status and trends to estimate current 
ecosystem services provided by mussels, identify areas in need of protection, identify 
areas that once held mussels and need restoration, identify populations for sustaining 
mussel restoration and outreach efforts, and provide data to state heritage programs to 
update the conservation status of native species.  

2. Assessments. Since freshwater mussels are exceptional bioindicators of water quality 
and aquatic system health, they are very useful for assessing the suitability of 
candidate restorationsites or to test toxicity of specific areas for assessment purposes.  
PDE scientists have developed caging and tagging protocols to maximize sustainable 
mussel restoration outcomes and to assist managers in ambient water quality testing. 

3. Conservation. It is vitally important that vestigial mussel populations be identified 
and protected, especially in cases where natural reproduction is occurring or when 
federal or state-listed imperiled species are present. To protect these mussel beds, we 
aim to equip managers with species-habitat maps to prioritize areas for conservation 
or Critical Habitat designation.  

4. Restoration via Reintroduction.  Once water bodies are targeted for mussel 
restoration, the first step is usually to relocate gravid adults from genetically 
appropriate “nearest neighbor” populations. PDE scientists performed a first uccessful 
reintroduction of two mussel species into two southeastern PA streams in 2011, and 
in 2012 PDE worked with the Academy of Natural Sciences of Drexel University to 
reintroduce mussels into a third stream.  Subsequent monitoring of electronic tags 
indicated that most animals have survived despite record flooding and severe erosion.   

5. Restoration via Propagation.  Propagation is the only mussel restoration tactic that 
does not rely on or affect healthy existing populations. Here, broodstock mussels are 
collected from healthy natural beds (and later returned unharmed) at a time of year 
when females are actively brooding larvae (usually spring) and paired with suitable 
fish hosts The resultinglarvae then metamorphose into juvenile mussels, are reared to 
a suitable size and released into appropriate streams.  

6. Restoration via Habitat. PDE works to define the habitat requirements of freshwater 
mussels so that habitat-based restoration will expand the carrying capacity of local 
waterbodies for native mussels (e.g. bed stabilization or living shorelines projects). 
PDE also aims to define Habitat Suitability Indices and other metrics to help guide 
habitat-associated restoration (and mitigation). 
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7. Research & Monitoring.  Research is needed to better predict the habitat needs of 
mussels and the water quality benefits these animals contribute. More detailed 
information on the life history, physiological ecology, and carrying capacity of our 
local mussel fauna would boost FMRP outcomes and likely lead to sustainable 
funding via a better understanding of monetizeable water quality returns on mussel 
restoration investments.   

8. Outreach. PDE works to educate the public about the importance of freshwater 
mussels and their conservation and restoration through a variety of public 
presentations, outreach events, newsletter and website articles, and volunteer survey 
training workshops. Example products and activities include volunteer survey 
training, a guidebook to the Freshwater Mussels of the Delaware Estuary, and a 
mussel data web portal. Future outreach might be expanded to include "mussel 
gardening" of relocated animals or hatchery-produced juveniles. 

9. Coordination. As a tri-state National Estuary Program, PDE has been working to 
launch and coordinate the FMRP among diverse sectors within the Delaware Estuary 
watershed. A new technical advisory work group, affiliated with the Science and 
Technical Advisory Committee, is planned that hopes to expand participation in 
mussel research, provide peer review, facilitate interstate cooperation, and contribute 
information in determining the national mollusk conservation priorities. 

 
The relative balance of these FMRP activities varies from year to year and among different areas 
depending on funding and capacity. This Pennsylvania Coastal Zone grant focused on surveys 
(#1) and outreach (#8) in support of the FMRP in southeastern Pennsylvania.  Habitat 
information was also collected as part of the surveys, laying the basis for activities #6 and #7. 
 

Life History of Freshwater Mussels.  To understand the challenges and promise for the FMRP, 
it is important to know the basics about freshwater mussel ecology. Mussels have a complicated 
life history cycle which contributes to their degradation 
because it is easily disrupted. The first important trait 
that seperates freshwater mussels (unionids) from marine 
mussels is their long lifespan and slow growth rate to 
reach maturity. Freshwater mussels can live to be 
80 to 100 years old and most species do not begin 
reproducing until they reach eight to ten years of age In 
contrast, marine mussels (and oysters and clams) can 
reach maturity in one year under good growing 
conditions, but they rarely live more than five to ten 
years. Due to their slow growth and long lifespan, 
freshwater mussels cannot quickly recover from any 
detrimental disturbance.  In the Delaware river 
watershed, our rich history of human development since 
European settlement has led to environmental decline in 
the region.  During this time, mussels likely became 
progressively extirpated (i.e., extinct) from local streams due to specific incidents such as spills 
that cause acute mortality in a single event, as well as overall declines in water quality and 
habitat conditions. Their long lifespan means that recovery rates are slow following disturbances.  

 
Figure 3. Life cycle of freshwater mussels 
(Illustration by Frank McShane, PDE, 
2012). 
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The second important life history trait that makes freshwater mussels distinct from their marine 
counterparts is the need for a fish host to complete their life cycle. All freshwater mussels 
produce fewer larvae than marine species, and these larvae are brooded by the females; whereas, 
marine species have abundant planktonic larvae. To begin the freswater mussel life cycle, a male 
freshwater mussel needs to be in close proximity to a female for fertilzation to occur. After 
fertilization, a host fish (often a specific specie) needs to be in close proximity to the gravid 
female mussel. In some instances the fish is attracted to the open shell of a female mussel, and 
when the mussel senses the fish the mussel expels the glochidia (larval mussels)near the host 
fish’s mouth where they attach to the gills or sometimes the fins.   
 
This reproductive strategy that uses fish hosts is thought to have evolved as a tactic for dispersal, 
spreads glochidia even upstream of their parents via fish host movement. The glochidia are 
attached to the gills for approximately two to three weeks until they grow larger, release and fall 
to the streambed and are then called juvenile mussels (Figure 3).   
 
This reproductive strategy means that for freshwater mussels to complete their life cycle, they 
need a healthy population of suitable fish hosts in addition to good water and habitat quality.  
Many of the imperiled mussel species are very specific in regards to their fish hosts.Therefore, 
anything that affects the health or the movements of these fish hosts (e.g. dams, water quality, 
habitat degradation) will directly affect the mussel species that rely on them. Of particular 
concern are mussel species that rely on diadromous fish such as American eels or shad.  In 
addition, oneof our native mussel species (eastern pearlshell) relies on brook trout, a species in 
decline due to the impacts of global warming.  

 

 

Program Methodology 
 
Methods and results are described for three components of this program: outreach activities, 
qualitative surveys, and quantitative surveys. 
 
1. Outreach  
 
Workshops 
Partnership for the Delaware Estuary met with the Tookany/Tacony-Frankford Watershed 
Partnership and the Chester-Ridley-Crum Watershed Association in spring 2012 to review the 
roles and responsibilities of the volunteer-based mussel survey program. The month of May was 
chosen for the volunteer training session so water temperatures would be tolerable for the 
volunteers, the mussels would not be buried deeply in the sediment, and to give the watershed 
groups time later in the season for the actual surveying.  
 
The Chester-Ridley Creek Watershed Association decided to reach out to their constituents 
through their newsletter to peak interest in the initial workshop. Ridley Creek State Park in 
Media, PA was chosen as the site to hold the workshop due to the proximity of Ridley Creek, the 
availability of a gathering pavilion, and its known history of supporting mussels. 
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Tookany/Tacony-Frankford (TTF) Watershed Partnership planned a workshop geared towards 
training a group of seventh graders at Cedarbrook Middle School in Wyncote, PA. TTF staff and 
Earth Force staff were in attendance. Following the workshop, TTF planned to work with their 
municipal Environmental Action Committees (EAC), summer camp programs, recreational 
centers, and interested residents to conduct follow up surveys. 
 
Data Portal 
Equally important to training volunteers is the retrieval of data from the public to determine the 
current extent of mussel populations in the Delaware Estuary. It was determined that a web based 
data portal would be the best avenue to retrieve the data in a user-friendly way. A data sheet was 
developed with insight from both the science and outreach teams of PDE. The data sheet was 
kept to four pages to simplify the paperwork and then upload to the internet.  The data sheet was 
used in a small pilot study at the first two workshops and changes were made based on user 
feedback.  
 
Following the May workshops the data sheet was uploaded to the mussel website 
(www.delawareestuary.org/mussel/survey).  A contractor was then bid to develop a data portal.  
The contractor provided an initial website but PDE found it to be complicated and inflexible in 
its construction. After researching various options for data portal construction, PDE selected 
Google Docs because of its ability to create documents, spreadsheets and presentations that can 
be shared across the internet.  This site allowed PDE to easily manipulate and change the data 
portal as it evolved and as volunteer participation increased.  All data submitted to this portal 
from the public were reviewed by PDE science staff for accuracy, clarity and the presence of any 
sensitive species. PDE created data protection systems and policies to ensure that any sensitive 
species information provided by the public were treated as confidential and protected in the same 
way as sensitive species data collected from scientific surveys.  
 
Mussel Guide 
The purpose of the mussel guide is to instruct novice mussel surveyors on how to survey and 
why surveying is important, and to educate the public about the mussel species native to this 
region. Outreach staff condensed large amounts of information on mussel life history and 
surveying methodology into a concise and interesting document. Staff segmented the guide into 
nine sections that included: introduction, why they need our help, freshwater mussel life cycle, 
mussel fun facts, what you can do to protect mussels, mussel body form and habitat, volunteer 
mussel survey program, species identification and "imposters" (invasive clams that can be 
confused with native freshwater mussels).   The general public has never heard about freshwater 
mussels. The Introduction and Why They Need Our Help sections aim to familiarize the public 
with these species. The facts that mussels need fish hosts for reproduction and have "pac-man" 
like juveniles capture the public's attention.  Incorporating fun facts into the document was an 
effective way to capture the public’s attention.such as; mussels can live to be 100 years old, and 
before the use of plastics, mussel shells were used to make buttons for clothing. The "What You 
Can Do to Protect Freshwater Mussels" section aims to teach people that the things they do on 
land have impacts on water quality and the animals that live in the water. 
 
A third of the mussel guide focuses on actual mussel surveying. One section instructs volunteers 
on what supplies they might need and how they should plan a survey. The next section spells out 
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step by step how to carry out a survey in a local stream. The final third of the guide shows a 
picture and basic information on each of the species found in the Delaware River watershed.  
Each mussel has a description that includes size, shape, exterior color, interior color, distinctive 
features, preferred habitat and a rating of it’s rarity in the tri-state region.  
 
Staff from the Partnership drafted text for the guide book which was then sent to a graphic 
designer. A draft volunteer guidebook was created and used at the training sessions. Following 
the workshops and the subsequent surveys, PDE compiled comments and suggestions on how to 
improve the mussel guide.  The guide was printed with on waterproof paper and spiral bound for 
easier use in the field.  
 
 
2. Qualitative Surveys  

 
Qualitative surveys are rapid surveys that seek to determine the presence/absence of freshwater 
mussels over large areas.  Qualitative searches yield important data to delineate the range of 
mussel populations, and are useful for pinpointing locations of rare taxa and more intensive 
studies. Qualitative searches record mussel presence/absence and survey efforts (i.e. catch per 
unit effort) to reveal the relative differences in mussel abundance among locations. PDE 
maintained a PA scientific collecting 
permit for the PA Coastal Zone that 
covered this project. 
 
Qualitative mussel surveys were 
performed between June 2011 and April 
2012 at 26 locations extending from 
Trenton, NJ and Philadelphia, PA. Mussel 
surveyors during qualitative surveys 
consisted of PDE and ANSD staff who 
were trained in mussel survey methods by 
Dr. D. Kreeger who has nearly 30 years of 
experience and is a member of the 
Pennsylvania Biological Survey, Mollusk 
Subcommittee.   
 
Our objective in the 2011-2012 mussel 
surveys was to build upon preliminary 
anecdotal information about the locations 
of rare mussel taxa that had recently been 
discovered in the tidal freshwater region 
of the Delaware River upstream of 
Philadelphia.  A few locations were known where some assemblages of rare and common 
species lived together in seemingly large beds, but it was unknown how widespread those beds 
were or whether similar beds existed close to the City of Philadelphia. Therefore, in 2012 we 

 
Figure 4. Map showing 2011 and 2012 qualitative mussel 
survey locations.  
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Figure 5. Roger Thomas from the Academy of Natural 
Sciences of Drexel University pilots a mussel survey boat 
near Petty Island on June 10, 2011 (Photo: D. Kreeger).  

 
Figure 6. Priscilla Cole from the Partnership for the 
Delaware Estuary uses a viewing bucket to search 
for freshwater mussels on a Pennsylvania 
shoreline on April 11, 2012 (Photo: D. Kreeger). 

sought to build an understanding of how prevalent mussel beds are within this long river reach, 
and to identify candidate locations where intensive quantitative studies could be conducted.  
 
Qualitative surveys consisted of boating to numerous wade able areas between Trenton, NJ, and 
Philadelphia, PA (Fig. 5), and then spending on average 30-60 minutes surveying accessible 
shorelines using the most optimal rapid survey method. The timing of field efforts was generally 
centered on low tide, often extending for six to eight hours between early ebb tide and late flood 
tide. The choice of survey method depended on tidal stage, weather and water conditions. When 
the tide was higher or if visibility was marginal, beach walks were performed for shells.  
 
Although shells can wash into a shoreline reach from upstream, locations that had many shells or 
hinged shell pairs were indicative that living mussel beds existed in the vicinity, often leading to 
more focused searches when conditions improved. When water visibility was conducive, the 
survey team waded and searched with viewing buckets (Fig. 6). Under ideal conditions 
(sunshine, light wind, and clearer water) the survey team snorkeled to search for mussels. All 
surveyors were trained in methods for identifying living mussels buried within the substrate as 
well as differentiating native freshwater mussels 
from invasive Asian clams, Corbicula fluminea. 
The total time at each study area varied, and was 
tailored for the length of available shoreline that 
was accessible and could serve as mussel habitat. 
Typically, five to eight locations were 
qualitatively searched per tidal cycle (i.e. per field 
day).   
 
Surveys are most effective when completed by 
trained snorkelers, and hence snorkeling was the 
preferred method when conditions allowed (Fig. 
7). Snorkelers inspected the shallow sub-tidal 
shoreline moving in a zigzag fashion alternating 

 
Figure 7.  Danielle Kreeger shown snorkeling 
for freshwater mussels in the tidal Delaware 
River (Photo: P. Cole). 
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Figure 9. Assessment of depths (i.e. elevations) using 
RTK GPS at various points at a mussel survey site on the 
tidal Delaware River, July 24, 2012 (Photo: P. Cole).  

between shallow (<1 foot) and deep (maximum of 
about 6 feet) depths. Within a 30-minute timed 
search, trained snorkelers collected as many live 
mussels and empty shells as possible, adding them 
to dive bags, while ensuring that they covered at 
least 100 meters of shoreline, spending 
approximately equal times in shallow, moderate and 
deeper areas. The duration of timed searches was 
increased or decreased depending on actual field 
conditions. GPS points were taken at the start and 
end points of the rapid surveys and in locations with 
significant mussel finds. 
 
Besides the snorkeling surveyors, one staff scientist 
remained on the boat to record data and collect 
measurements of any specimens found (Fig. 8).  
Representative specimens were photographed and 
measured with digital calipers. A few voucher 
specimens were retained (fresh dead shells) for 
positive identification by Dr. Art Bogan, freshwater 
mussel specialist at the North Carolina State 
Museum. The GPS locations of surveyed areas were 
recorded, along with notes on weather, flow and 
substrate. Live animals were returned unharmed, 
except for a few voucher specimens of common 

species that were retained and frozen for potential future laboratory analyses of physiological 
fitness and contaminant body burden, or for positive taxonomic identification.   
 
 
3. Quantitative Surveys  
 
Based on results of 2011-12 qualitative 
searches, four locations that appeared to 
harbor representative live mussel 
communities were selected for intensive, 
quantitative surveys for the summer of 2012. 
Quantitative sampling involves searching for 
all mussels within a quadrat frame randomly 
placed on the river bottom.  Although costly 
and time-consuming, quantitative methods 
are best suited for estimating mussel density, 
relative abundance, and population size 
structure. In order to estimate water quality 
benefits or other ecosystem services, it is 
imperative that actual population 
demographics and abundances be 

 
Figure 8.  Examples of freshwater mussels 
collected during qualitative surveys, measured 
for shell heights, and then returned unharmed 
on June 16, 2011 (Photo: R. Thomas). 
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Figure 10. Stretch of Delaware River containing four quantitative 
survey sites assessed during summer 2012 (Map: P. Cole). 

 
Figure 11. Setting up transects. 

determined, and then related to 
known services that are scaled to 
population biomass and 
diversity. 
 
Methods Overview.  Our 
quantitative surveys employed 
methods based on Strayer and 
Smith (2003) and adapted by 
Kreeger (2004). The approach 
followed a random stratified 
design whereby random 
shoreline points were selected 
within each study locations, and 
then a transect was laid out 
perpendicular to the shoreline 
from the approximate mean low 
water line to a depth of six to 
eight feet below mean low water. 
Along each transect, three quadrats were positioned, stratified by depth zone; i.e. <4 feet deep, 4-
6 feet deep, 6-8 feet and >8 feet deep, in relation to North America mean sea level (NAD 83).   
 
Depth Measurements. Because the exact depth in relation to true Global Mean Sea Level was 
impossible to gauge on any day due to local hydrodynamic factors, and weather and wind 
conditions, we estimated the appropriate depths based on wadable conditions, and then used a 
Real-Time Kinetic Global Positioning System (RTK-GPS, Trimble R6-Model 2 5800/R 8 
GNSS, ±2 cm elevation) to assess true elevations at the transect origin, within each actual 
quadrat, and at various points along and between transects (Fig. 9). RTK-GPS data were later 
used to develop GIS bathymetry maps of the study areas and to calculate the relative depths of 
every sampling quadrat. 
 

Study Sites. The four Delaware River locations assessed 
using quantitative methods were located between Trenton, 
NJ to northeastern Philadelphia, PA (Fig. 10). Since 
Pennsylvania state-listed endangered species were found in 
some areas, the exact locations of the surveyed sites are not 
reported here due to their confidential nature; however, 
specific locality data are presented in the Pennsylvania 
Heritage Program and Pennsylvania Fish and Boat 
Commission supplement to this report (PDE Report No. 
13-02S).  
 
Transects.  Each of the four survey locations was assessed 
during two low tide cycles on subsequent field days. Up to 
eight replicate transect lines (100-m tape measures) were 
anchored to stakes onshore and then staked seaward using 



 

15 Connecting People and Freshwater Mussels, PDE Report 13-01 
 

 
Figure 12. Schematic diagram showing the general layout of 
quantitative survey transects, quadrants and sampling activities. 
(Diagram: P. Cole) 

 

        

weighted PVC poles (or PVC over rebar) so that they were oriented perpendicular to the 
shoreline and extended from the low intertidal zone to approximately 6-8 feet below the mean 
low waterline (Fig. 11). The number of transects per sampling point (per day) depended on field 
logistics and visibility; however, six to eight transects were typically surveyed per site.   
 
Quadrats.  Along each transect, three points were established at depths of approximately <4 feet 
deep, 4-6 feet deep, 6-8 feet and >8 feet. A one meter square quadrat, constructed of aluminum 
or steel, was then placed at each of the three sites and marked with a PVC pole. Sampling of 
mussels and sediments then commenced. On each sampling day, the total number of quadrats 
and transects completed depended on weather and water conditions. Typically, tidal currents 
were strong during mid ebb and mid flood running tides. For safety purposes, underwater 
samplers were restricted to working a narrow four hour window between approximately two 
hours before and after low slack tide. 

Field Team, Training and Logistics.  The Delaware River mussel survey team consisted of six 
regular members and numerous volunteers and temporary staff assistants. Core survey staff was 
from PDE, PWD and ANSD (Table 3). After finishing the initial setup, the survey team routinely 
was divided into four groups having responsibility for either: 1) mussel collections, 2) sediment 
collections and observations, 3) RTK-GPS surveying, or 4) mussel identification, measuring and 

data management.  PDE staff led 
mussel collections and assisted with 
species identifications, guided by 
Dr. D. Kreeger who participated in 
every field survey and directly 
sampled the majority of underwater 
quadrats. The PWD, led by Lance 
Butler, performed most sediment 
sampling. PDE staff led by Laura 
Whalen performed RTK-GPS 
surveying. Melanie Mills from 
ANSD was the onshore team leader 
responsible for mussel 
measurements, and sample and data 
management. Figure 12 depicts the 
typical layout and division of tasks 
by mussel survey field crews. 
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Figure 13.  A one meter square quadrant was used to 
sample mussels in three locations along each 

 

 

 
Figure 14. Scoops were used to excavate the 
mussel quadrats and locate smaller mussels.  

 Figure 15. Lance Butler with freshly collected 
mussel. 

Table 3:  Summary of roles and responsibilities for field survey tasks.  
 

Team Role # of people Organization 
Boat Drivers 2 PWD 
Data  1-2 1 ANSD lead, optional 1 intern from ANSD or PDE 
RTK-GPS  2 1 PDE lead, 1 intern from either PDE or ANSD 
Sediment 2-3 1 PWD lead, 1-2 PWD assistants 
Mussel 2-3 1-2 PDE staff, optional 3rd assistant 

 
Mussel Sampling. Quantitative 
surveying requires that every mussel be 
recovered from within the 1 m2 quadrat 
frame (Fig. 13). To locate and collect 
mussels by hand, the substrate surface 
within a quadrat was first examined 
visually using a systematic grid search 
approach to ensure all surfaces were 
carefully examined, including the edge 
directly beneath the frame. After visual 
searching, fingers combed the top 10-cm of 
substrate, first passing horizontally in 
grids and second passing vertically in 
grids. Finally, a hand scoop was used to 
sift all surface sediments to 10-cm deep to 
find any missed mussels and to look for smaller juveniles missed during the initial search (Fig. 
14). One lead sampler was responsible for collecting mussels underwater (Fig. 15), typically D. 
Kreeger, L. Butler or K. Cheng. A second collector stayed beside the quadrat to transfer 
collected mussels to dive collecting bags held inside a float tube, manage sampling gear, and to 
serve as safety spotter. Depending on currents, visibility and mussel density, the search time per 
quadrat typically lasted 10 to 30 minutes.  A total of 85 quadrats were searched during 2012, 
varying from 16 to 27 quadrats per site.   
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Mussel Size Measurements. As soon as a 
transect was sampled, (three quadrats),  the 
collected mussels were ferried to shore 
(Figs. 16, 17) where they were identified, 
sized, recorded, and then returned to the 
river unharmed (Fig. 18). Mussels were 
identified to species level by M. Mills or R. 
Thomas of ANSD, confirmed by Dr. D. 
Kreeger, and voucher specimen species 
were subsequently shipped to freshwater 
mussel taxonomist, Dr. A. Bogan (North 
Carolina State Museum) to provide a second 
confirmation of species identifications. The 
shell heights of 1612 collected mussels were recorded using digital calipers (±0.01 mm).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The teams sampled three complete transects per day, and attempted a fourth if time permitted. It 
took two days to complete one whole study site, with three to four transects completed per day.  
 
Substrate Sampling.  Additional samples were collected to characterize substrate conditions.   
The sediment team (two to three people) collected substrate samples using a 10-cm diameter x 
30-cm long PVC corer that was inserted horizontally into the substrate just outside each of the 
quadrat (since the area within the quadrat was left undisturbed for mussel searches). After 
insertion into the substrate, both ends of the corer were capped, the core was taken to the surface, 
and then one end was uncapped so the sample could be transferred into one gallon zip loc bags 
(Fig. 19). Bagged samples were then placed on ice in coolers, and at the conclusion of each field 
day, they were transported to the Philadelphia Water Department analytical lab for analyses. The 
sediment team recorded visual observations of bottom conditions within each quadrat, including 
the general substrate grain size and composition, the percent cover and species of submerged 
aquatic vegetation (SAV) (Fig. 20).   

 
Figure 16. Transporting samples of mussels to 
shore. 

 
Figure 18. Melanie Mills measuring shell height and 
identifying species of mussels on shore. 

 
Figure 17. Two boats, a canoe and other gear 
were required for surveying. 
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Laboratory Analysis of Substrates.  The Philadelphia Water Department contributed 
significant laboratory analyses of substrate samples  for: soil composition, percent organic 
matter, pH, aluminum, calcium, magnesium, iron, phosphorus, nitrogen and silica. Standard 
methods for sieve particle size analyses included ASTM C-117, ASTM C-136, and ASTM D-
422. Soil composition  was based on three size classes: gravel (4.75mm - 75 mm), sand 
(0.075mm - 4.75mm) and silt/clay (<0.075mm). 
 
GIS and Mapping.   
Real time kinetic (RTK) GPS points were captured at each site, and recorded the latitude, 
longitude and elevation for every point. Elevation is reported in the NAD 83 datum, whose zero 
mark is at mean sea level for North America. RTK data from each survey plot was added to the 
initial spatial data collected at each quadrat. Transect lines were drawn in ArcGIS to connect the 
survey plots. The overview maps (Figs. 25-28) of each site show the RTK points, survey plots, 
and transect lines.  
 
To create the depth maps (Figs. 52, 54, 56, 58), the Spline tool was used in ArcGIS to interpolate 
depths throughout the survey areas, using the RTK points. The Spline method was selected due 
to the fact that it mathematically forces the interpolated surface to pass through the recorded 
elevations, making it the most useful for these analyses. Upon later investigation, we discovered 
that the Empirical Bayesian Kriging (EBK) tool also produced highly useful surfaces, having the 
added advantage of calculating spatial error between predicted and measured points. Spline 
surfaces are slightly more visually appealing, but EBK surfaces are likely more accurate, and are 
recommended for use if statistical accuracy is desired. All of the depth maps, with the exception 
of Site 4 use Spline. EBK was used for Site 4 because fewer RTK points were recorded at this 
location, and the results using the  Spline tool for this site were inconclusive. The Contour tool in 
ArcGIS was run on the depth surfaces to create the contour lines on the maps.  

The Slope tool was run in ArcGIS on the depth surfaces to create the slope maps (Figs. 53, 55, 
57, 59). The option of “percent rise” produces the effect seen in the maps. The sediment maps 
(Figs. 60-63) were created using the EBK tool in ArcGIS. We selected the dominant sediment 

 
Figure 20. Submerged aquatic vegetation (SAV) was 
found with mussels in many areas.  

 
Figure 19. Substrate sampling by staff of the 
Philadelphia Water Department. 
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types recorded at each plot, and used EBK (ArcGIS version 10.1) to predict sediment patterns for 
the remainder of the site. ArcGIS version 10.1 was used in this analysis.  

 
Data Analysis and Statistics. Parametric statistical procedures were used to test for spatial 
differences in mussel density and richness and to examine relationships between mussel 
population metrics and physical conditions (e.g., depth, substrate type) (Statgraphics Centurion, 
version XVI).  In some cases, data were transformed prior to statistical analyses to achieve 
normal data distribution and satisfy assumptions of equal variances among means.   
 
Mussel Biomass Estimates. To assess the typical physiological processing rates by mussels that 
were surveyed in 2012, and their potential water quality benefits,  it was important to first 
estimate their tissue dry mass. Since mussels were not sacrificed in 2012, a large body of data 
from previous studies performed by D. Kreeger between 2000 and2011 was re-examined to 
derive new predictive equations for the dry tissue weights of mussels based on their measured 
shell heights. It was determined that sufficient data existed to derive species-specific allometric 
relationships for five of the six species encountered during the 2012 surveys.  To predict dry 
tissue weights for the sixth species, a general allometric equation was derived for 653 mussels 
representing eleven mussel species and which included representatives of Atlantic, Mississippi, 
and Pacific Slope assemblages. Following standard allometric protocols, shell height and dry 
tissue weight data were transformed by natural logarithm, and then contrasted by linear 
regression. Appropriate equations were then applied to predict the dry tissue weight for each 
individual mussel that was collected and sized during the 2012 survey (n=1612).  Summary data 
for mussel number and estimated total dry tissue weight was then calculated per sampled 
quadrat. 
 
Mussel Filtration Rate Estimates. Existing literature was consulted to derive an estimate of the 
typical clearance rates for representative species of freshwater mussels that were surveyed during 
2012, scaled for dry tissue weights. Most of the published literature on mussel clearance rates is 
not usable in this context because researchers did not record body sizes (mussels can be very 
small or large, with concomitant effects of effective water processing).  Eight different studies 
provided suitable data for deriving a representative weight-specific relationship between mussel 
dry tissue weight and clearance rate. This standard rate was then applied to estimates of mussel 
dry tissue weight per quadrat to predict their collective water clearance rates in liters per hour per 
gram dry tissue weight. 
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Figure 21. PDE staff introducing students 
at Cedarbrook Middle school to the 
importance of freshwater mussels.  

Mass Balance Estimates of Water Processing. Mussel densities and estimated dry tissue 
weights were summed per sampled quadrat and averaged across each site. Average mussel 
densities and weights were then extrapolated for the entire area that was searched (i.e., the area 
of the polygon bounded by the mean low tide shoreline and seaward transect terminus), resulting 
in an estimated total mussel number and dry tissue mass for the site. Representative weight-
specific clearance rates were then compared to the total dry tissue biomass of mussels to estimate 
the combined water processing rate for each studied population within the bounded study area 
(i.e. the shallow subtidal zone). For each site, the predicted population-level clearance rates 
(L/hour) were then related to a typical concentration of total suspended solids in the Delaware 
River (5 mg/L) to estimate that population’s potential filtration rate (weight of TSS filtered per 
unit time).   
 
 

Summary and Results of the Program 
 
1. Outreach 
 
Workshop 
Two workshops took place to educate and train watershed organization staff and volunteers to 
safely search for freshwater mussels in their local streams (Fig. 21).  On May 12, 2012, the 
Partnership for the Delaware Estuary (PDE) staff along with the Chester Ridley Crum Watershed 
Association (CRC) staff trained over 50 volunteers in a search that yielded several dozen live 
mussels.  On May 22nd, PDE worked with staff from the Tookany/Tacony-Frankford Watershed 
Partnership (TTF) and trained 20 volunteers in a search that yielded no live animals or shells.  
Both organizations were trained to safely search for, handle and reposition mussels, and upload 

their findings (or lack thereof) to a webpage specially 
created for this purpose on the PDE website. See more 
pictures of volunteers at workshops in Appendix A.  
 
Prior to the actual workshops, PDE worked with staff 
from the CRC and TTF to develop the Freshwater 
Mussels of the Delaware Estuary Identification Guide 
& Volunteer Survey Guidebook as well as a data form 
for field use.  A paper draft version of the guidebook 
was used at each workshop, as was the data form. 
Feedback from the workshops was used to develop the 
final version of the guidebook which was then printed 
as a full color, laminated, spiral bound booklet suitable 
for actual field use – the first of its kind ever available 
for Delaware Estuary freshwater mussels (Attachment 
A).  The guidebook was also made available for 
download on the PDE website at 
www.DelawareEstuary.org/mussel-survey-program . 
The data form, also finalized with input from the 
watershed organizations, was also made available for 
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Figure 22. Volunteers found freshwater 
mussels while being trained at Ridley Creek.  

download on the PDE website. 
 
Utilizing the created materials and web portal, both watershed organizations continued to hold 
mussel surveys with volunteer teams throughout the summer of 2012, totaling 236 volunteer 
hours and 5 total miles of stream lengths surveyed.  Photos and data collected from these survey 
events were uploaded via the web portal for inclusion in the PDE mussel survey database and 
mapping. Both TTF and CRC did a great job communicating the mussel surveying projects in 
their newsletters and event calendars. 
 
For participating in the pilot mussel volunteer surveying program, TTF and CRC were given 
$1,500 to cover their costs as well as funds to purchase equipment for mussel surveying such as 
waders, boot racks and underwater viewing scopes.  
 
Interest in this pilot program was evident in the large number of volunteers that participated.  
Only 25 volunteers were sought, but over 70 reported for training at the workshops.  In the 
following months, this led to 160 volunteers surveying 5 miles of local streams (Fig. 22).   
 
It was determined that the primary focus for 
volunteers would be reporting the presence or 
absence of freshwater mussels.  Follow-up, 
measurement, species identification and tagging 
are best performed by trained scientists due to the 
need for specialized training and the high cost of 
tagging materials. The important findings of the 
volunteers will allow freshwater mussel 
researchers to evaluate these stream segments for 
mussel reintroduction in future project phases.   
 
Following the success of this pilot program, three 
workshops for environmental educators are 
planned for spring of 2013, one each in PA, DE 
and NJ.  Our plan is to get the presence and absence of mussels in the vast number of Delaware 
Estuary streams mapped using the data collected by the many trained volunteers.  PDE scientists 
will follow up on these findings to determine whether any of the species found could be suitable 
for  hatchery propagation, while streams without mussels will be analyzed for future mussel 
restoration efforts. 
 
The news media picked up the project in radio, print and online editions. Below is a list of the 
media placements that resulted from this program; 
 

1. Newsworks; On the hunt for disappearing fresh water mussels. May 18, 2012. 
http://www.newsworks.org/index.php/local/item/38584-on-the-hunt-for-disappearing-
fresh-water-mussels/ 

 
2. Aston Township Times; Does your creek have "mussel power"? April 2012, Volume 8, 

Issue 4 
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Figure 23. Screen shot of mussel survey website showing interactive 
map of where surveys have occurred. 
www.delawareestuary.org/mussel-survey-program 

3. National Geographic; Delaware River Basin Mussels: Freshwater Species of the week. 
May 18, 2012. http://newswatch.nationalgeographic.com/2012/05/18/delaware-river-
basin-mussels-freshwater-species-of-the-week/ 

 
4. KYW 1060 AM Newsradio; Partnership for the Delaware Estuary needs help finding 

mussels. May 27, 2012. http://philadelphia.cbslocal.com/2012/05/27/partnership-for-the-
delaware-estuary-needs-help-finding-mussels/ 

 
5. Newsworks; Local volunteers search for increasingly rare shellfish. May 27, 2012. 

http://www.newsworks.org/index.php/the-feed/item/39127-local-volunteers-search-for-
increasingly-rare-shellfish- 

 
6. Northeast Times Star. A fresh perspective: local volunteers wade through Tacony Creek 

on the hunt for freshwater mussels. September 14, 2012. 
http://www.bsmphilly.com/northeast-times/5915-a-fresh-perspective.html 

 
 
Data Portal 
A data portal was created using Google Docs. This software allows the Partnership to easily 
manipulate the input fields.  After designing and adjusting the data sheet (Appendix B) following 
the workshops, PDE designed the data portal to look identical to the data sheet as to make it as 
easy as possible for the public to input their data.  A data portal that looks like a sheet of lined 
paper gives the illusion that the volunteers are transferring their data onto just another sheet.  The 
portal has simple drop down options, check boxes and short boxes to write things like the names 
of participants. The data portal, and data sheet, are broken into six simple sections; general 
information, start location information, end location information, general survey results, and 
individual mussel specimen data.  It was important in the workshops, data sheets, and data portal 
to stress to the volunteers that 
even if they did not find any 
mussels on their surveys that this 
was just as important to report 
because the absence of mussels is 
still data that researchers can use.  
 
Volunteers can also send any 
pictures of mussels or sites to the 
Partnership's Data Specialist 
through email.  After data has 
been submitted through the portal, 
Partnership scientists review the 
results then post a tack on an 
interactive ArcGIS map that is 
hosted on the Volunteer Mussel 
Survey Program website. This 
interactive map lets a viewer 
scroll in to an area of interest to 
see if it has already been 

http://www.delawareestuary.org/mussel-survey-program�
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Figure 24. Cover of Freshwater 
Mussels of Delaware Estuary 
Identification Guide & Volunteer 
Survey Guidebook. 

surveyed.  If a site has been surveyed an orange line will cover that area and a visitor can click 
on the line to see who has already surveyed there (for instance the Chester Ridley Crum 
Watershed Association).  To date four organizations have been uploaded to the map.  
 
To date, four organizations’ survey data have been uploaded to the data portal map. All data 
submitted to this portal from the public were reviewed by PDE science staff for accuracy, clarity 
and the presence of any sensitive species in location information. PDE created data protection 
systems and policies to ensure that any sensitive species information provided by the public are 
treated as confidential and protected in the same way as sensitive species data collected from 
scientific surveys. 
 
 
Mussel Guide 
Prior to the actual workshops, PDE worked with staff from 
the CRC and TTF organizations to develop the Freshwater 
Mussels of the Delaware Estuary Identification Guide & 
Volunteer Survey Guidebook as well as a data form for 
field use.  A paper draft version of the guidebook was used 
at each workshop as was the data form. Feedback from the 
workshops was used to develop the final version of the 
guidebook which was then printed as a full color, 
laminated, spiral bound booklet suitable for actual field use 
– the first of its kind ever available for Delaware Estuary 
freshwater mussels (Attachment A).  The guidebook was 
also made available for download on the PDE website at 
www.DelawareEstuary.org/mussel-survey-program. The 
data form, also finalized with input from the watershed 
organizations, was also made available for download on 
the PDE website. 
 

 
2.  Qualitative Scientific Surveys 

 
Although the main scientific focus of this project was the 2012 quantitative survey (below), 
preliminary site selection surveys using the qualitative survey approach were completed at 26 
locations along the tidal Delaware River upstream from Philadelphia between June, 2011, and 
April 2012. Of the 26 shoreline sites visited, 22 revealed evidence of live freshwater mussels 
living nearby or within the watershed as evidenced by observations of either live animals or 
“fresh dead” shells. Fresh dead shells either contained some residual tissues (e.g. adductor 
muscle) or were dual hinged shell pairs with clean, non-eroded shell inside.  The presence of 
shells alone was not considered evidence of live mussels because old shells can erode from 
riverbanks or wash in from upstream. 
 
Six species of freshwater mussels were recorded in qualitative surveys including  Elliptio 
complanta, Ligumia nasuta, Pyganodon cataracta, Leptodea ochracea, Lampsilis cariosa, and 
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Figure 25. Aerial image of mussel survey Site 1, 
showing positioning of transects, quadrat sample 
plots, and RTK-GPS measurement points (Plot: P. 
Cole). 

Anodonta implicata. A total of 33 person-hours in 2011, and 20 in 2012 were spent searching for 
mussels in the field. 
 

3.  Quantitative Scientific Surveys 
 
Study Sites. Four sites were surveyed during 2012: June 20-21 (Site 1), July 23-25 (Site 2), 
August 22-23 (Site 3), and August 6-8 (Site 4). To protect the locations of sensitive species, site 
names and specific locations are provided in a confidential supplement to this report (PDE 
Report No. 13-02A), and are herein referred to by site number. All sites were shallow sub-tidal 
sites with generally undeveloped or lightly developed shorelines. Three sites were surveyed in 
Pennsylvania, and to understand the larger river mussel metapopulation we also sampled one site 
along the NJ shoreline. Summary data for the site size and level of effort are provided by site in 
Table 4. The average depth of surveyed quadrats across all four sites was -1.54 m relative to 
North American mean sea level.  Sites were located between river miles 100 and 125. 
 
 Table 4. Number of transects and quadrats completed per survey location and the range of  
 depths and areas surveyed. 
 

Site 
Number 

Number of 
Transects 

Number of 
Quadrats 

Minimum Depth 
(Elevation, m) 

Maximum 
Depth 

(Elevation, m) 

Polygon 
Search Area 

(m2) 
1 7 21 0.00 -2.52 4,230 
2 9 27 -0.91 -2.08 9,504 
3 8 23 -1.00 -2.48 13,983 
4 8 24 -1.04 -2.30 10,658 

 
 
Mussel survey Site 1 was located in 
Pennsylvania just downstream from a rocky 
point, creating a semi-protected cove-like 
area (Fig. 25). Quadrat depths, assessed as 
RTK-GPS elevations, ranged between 0.0 
and -2.5 m (Table 4), which was the 
broadest depth range (2.5 m) surveyed 
among the four sites. Total area surveyed 
was 0.42 hectares. 
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Figure 26. Aerial image of mussel survey Site 2, showing positioning 
of transects, quadrat sample plots, and RTK-GPS measurement 
points (Plot: P. Cole). 

 
Figure 27. Aerial image of mussel survey Site 3, showing positioning 
of transects, quadrat sample plots, and RTK-GPS measurement 
points (Plot: P. Cole). 

In contrast to Site 1, mussel 
survey Site 2 was located on a 
shoreline point that extended into 
the Delaware River increasingly 
as one moved from upstream to 
downstream. This site was located 
in New Jersey and was 
characterized as having a wide 
shallow area at the upstream end, 
tapering to a narrow shallow 
subtidal zone at the downstream 
end of the surveyed shoreline 
reach (Fig. 26). Quadrat depths, 
assessed as RTK-GPS elevations, 
ranged between -0.9 and -2.1 m 
(Table 4). The total area surveyed 
was 0.95 hectares. 
 
Site 3 was located on a rather 
straight shoreline along the 
Delaware River in Pennsylvania. 
Here, the slope was steeper and 
transects were shorter (Fig. 27). Quadrat depths, assessed as RTK-GPS elevations, ranged 
between -1.0 and -2.5 m (Table 4).The total area surveyed was 1.40 hectares. 
 
Site 4 was located on another straight shoreline along the Delaware River in Pennsylvania. The 
slope was steep at Site 4, similar to Site 3, and transects were short (Fig. 28). Quadrat depths, 
assessed as RTK-GPS elevations, ranged between -1.0 and -2.3 m (Table 4. The total area 
surveyed was 1.07 hectares. 
 
In total, the surveyed area for all 
four sites was 3.84 hectares.  
Importantly, this surveyed area 
should not be interpreted as the 
total size of the mussel beds at 
these sites. Mussels were observed 
in similar shallow subtidal areas 
beyond the bounds of the 
surveyed shoreline reach, and 
mussels were also viewed in 
abundance in areas that were too 
deep to be surveyed by this 
study’s methods. Rather, the 
results reported here should be 
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Figure 28. Aerial image of mussel survey Site 4, showing positioning 
of transects, quadrat sample plots, and RTK-GPS measurement 
points (Plot: P. Cole). 

 
Figure 29. Stacked bar plot of mussel numbers by species and site during the quantitative survey of the 
tidal Delaware River, 2012. Species codes are: Ai = Anodonta implicata, Ec = Elliptio complanata, Lc = 
Lampsilis cariosa, Ln = Ligumia nasuta, Lo = Leptodea ochracea, and Pc = Pyganodon cataracta (Plot: P. 
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considered as representative of 
typical mussel assemblages for areas 
that are inhabited by mussels within 
the general study area (i.e. mainstem 
Delaware River between Trenton, NJ 
and Philadelphia, PA). 
 
Mussel Abundance and Richness. 
The average mussel density of all 95 
quadrats for the four survey sites was 
17.0 m-2. This is a greater density 
than the lead investigator (D. 
Kreeger) has seen in previous 
quantitative mussel surveys of rivers 
and streams, ranging from the John 
Day River in Oregon, Allegheny River in western Pennsylvania, and the Brandywine River in 
southeastern Pennsylvania.  The mean density varied significantly (ANOVA, P=0.0003) among 
the four sites, as evidenced by the total mussel numbers encountered (Fig. 29).  Greatest density 
was at Site 2 (30.2 m-2) and lowest at Site 1 (5.5 m-2).   
 
Six species of freshwater mussels were found in the 2012 quantitative survey: Anodonta 
implicata, Elliptio complanata, Lampsilis cariosa, Ligumia nasuta, Leptodea ochracea and 
Pyganodon cataracta. Similar to mussel density, species composition was variable among sites. 
The three most abundant species at all sites were Anodonta implicata, Elliptio complanata and 
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Figure 30. Pie chart of relative percentage 
composition of freshwater mussels (n; %) of different 
species collected at survey Site 1 in the tidal 
Delaware River, 2012 (Plot: P. Cole). 
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Figure 31. Pie chart of relative percentage 
composition of freshwater mussels (n; %) of different 
species collected at survey Site 2 in the tidal 
Delaware River, 2012 (Plot: P. Cole). 
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Figure 32. Pie chart of relative percentage 
composition of freshwater mussels (n; %) of different 
species collected at survey Site 3 in the tidal 
Delaware River, 2012 (Plot: P. Cole). 
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Figure 33. Pie chart of relative percentage 
composition of freshwater mussels (n; %) of different 
species collected at survey Site 4 in the tidal 
Delaware River, 2012 (Plot: P. Cole). 
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Pyganodon cataracta (Fig. 29). The relative scarcity of the other three species was not 
unexpected because all three are reported as either threatened or endangered by the states of New 
Jersey and Pennsylvania.   
 
At Site 1, 50% of the collection was composed of P. cataracta, 29% by E. complanata, and 18% 
by A. implicata (Fig. 30). At Site 2, about half of the collection (385 individuals and 47% of the 
collection) was E. complanata (Fig. 31). This was the greatest number of individuals of a single 
species collected at any of the four sites. P. cataracta was common at Site 2 and made up 40% of 
the collection. Site 3 was dominated by A. implicata (70%) while P. cataracta and L. ochracea 
contributed to an additional 22% of the collection (Fig. 32). E. complanata was dominant at Site 
4 where it comprised 53% of the collection, but most significant at this site were the 43 L. nasuta 
collected, a species of concern that was believed locally extinct until recently rediscovered (Fig. 
33). 
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Figure 34.  Mean (±SE) density of six species of freshwater mussels and 
unidentified juveniles contrasted among for survey sites on the tidal 
Delaware River, 2012 (Plot: D. Kreeger). 

Interestingly, juvenile mussels were found at two of the four sites (Sites 2 and 3). This finding 
confirms that the mussel assemblage in the tidal Delaware River is healthy and successfully 
reproducing for at least one of the species. Since mussel coloration, shape and other 
morphometric body form metrics can differ markedly between juveniles and adults, we were 
unable to positively identify  the species. A small sample of these juveniles was collected for 
future dissection and 
analysis of hinge teeth 
to potentially help 
identify them to the 
species level. 
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Figure 35. Least squares linear regression of freshwater 
mussel species richness versus the natural logarithm of 
mussel density for four sites surveyed in the tidal Delaware 
River, 2012 (Stat: D. Kreeger). 

 
Figure 36. Least squares linear regression of mussel density 
(natural logarithm transformed) versus depth (relative to 
mean sea level) at four sites surveyed in the tidal Delaware 
River, 2012 (Stat: D. Kreeger). 

Mussel density and richness 
differences per site are depicted in 
Figure 34 with identical y-axes to 
facilitate comparisons among 
locations. For statistical comparison 
among sites, densities were 
transformed by natural logarithm. A 
one-way ANOVA and Tukey’s 
multiple range analysis (α=0.05) 
indicated that mussel density for all 
species combined was significantly 
greater at Site 2 (30.2 mussels m-2) 
than all other sites. Sites 3 and 4 were 
intermediate and not significantly 
different from each other, having 18.3 
and 10.8 mussels m-2, respectively. 
Site 1 had significantly lower density 
than all other sites, 5.5 mussels m-2.   

An interesting finding was that 
freshwater mussel density was strongly 
correlated with species richness. A 
least squares linear regression of 
quadrat mussel density (natural 
logarithm transformed) versus quadrat 
mussel richness was highly significant 
(p<0.0001, n=85), yielding a R2 value 
of 67.6% (Fig. 35). Hence, two-thirds 
of the variability in richness was 
explained by mussel density. This 
result suggests that any potential 
competition among different co-
occurring mussel species does not 
negatively affect mussel densities. It is 
commonly believed that healthy 
mussel beds are comprised of diverse 
co-occurring species filling different 
niches (Aldridge et al. 2007, Vaughn 
2010), although the nature of niche 
separation is not well understood with 



 

30 Connecting People and Freshwater Mussels, PDE Report 13-01 
 

these animals. 

Mussel Relationship with Depth.   
When all sites and species were examined together, freshwater mussel density was strongly 
correlated with depth (expressed as elevation using RTK-GPS). Mussel density increased with 
depth. Indeed, at the deepest areas accessible by the snorkelers, they reported seeing seemingly 
even greater mussel densities outside their reach in deeper areas.   
 
A least squares linear regression of quadrat mussel density (natural logarithm transformed) 
versus elevation was highly significant (p<0.0001, n=85), although the low R2 value of 19.0% 
(Fig. 36) suggests that many other factors may affect this relationship. It appears that some of 
this variability could be explained by interspecific differences in depth relationships (Table 5). 
Only three of the six species showed a positive relationship between density and depth. The 
strongest relationship was found for tidewater muckets, L. ochracea (p=0.0007). Both alewife 
floaters, A. implicata (p=0.017), and eastern pondmussels, L. nasuta (p=0.007), appeared to also 
favor deeper areas (Table 5). Juvenile mussels were not more or less abundant in deeper areas, 
similar to E. complanata, Lampsilis cariosa, or P. cataracta (Table 5). These relationships are 
shown graphically in Figure 37.   
 

Table 5. Least squares linear regression outputs for the relationship between the density of 
different freshwater mussel species (natural logarithm transformed) and depth for four sites 
surveyed in the tidal Delaware River, 2012 (Stats: D. Kreeger). 

 

Species Df F-ratio p-value R2 Slope Intercept 

Anodonta implicata 34 6.4 0.0167 16.2 -0.838 0.148 

Elliptio complanata 51 0.7 NS 1.3 - - 

Lampsilis cariosa 20 0.1 NS 0.7 - - 

Ligumia nasuta 20 9.1 0.0072 32.3 -0.921 -0.831 

Leptodea ochracea 57 13.1 0.0007 18.9 -0.638 -0.314 

Pyganodon cataracta 47 1.2 NS 2.6 - - 

Unidentified Juveniles 9 0.0 NS 0.0 - - 



 

31 Connecting People and Freshwater Mussels, PDE Report 13-01 
 

 
 
Figure 37. Average mussel density versus depth zone for various species 
across four sites studied in the 2012 quantitative surveys of the tidal 
Delaware River (Plot: R. Thomas). 

 
One product of GIS 
mapping of site 
bathymetry (see below) 
was a calculation of 
estimated slope at each 
quadrat. Slope is the rate 
of change in depth within 
the area. High slopes 
reflect steeper bathymetric 
changes, and low slopes 
represent comparatively 
flat areas. To examine 
whether slope exerted 
additional predictive 
influence on mussel 
densities across all sites, a 
multiple regression was 
run for the parameters of 
depth (elevation) and 
slope. In this analysis, depth was again found to be predictive (p<0.0001, R2=18.3%), whereas 
slope was not statistically related to mussel density; however, the marginal p-value of 0.052 for a 
potential negative relationship between slope and mussel density (i.e., mussels might be less 
abundant on steep inclines) suggests that future studies should continue to examine slope as a 
possible factor governing mussel density. 
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Figure 38. Average mussel richness and density (±SE) versus depth zone for four sites studied in the 2012 
quantitative surveys of the tidal Delaware River (Plot: M. Mills, R. Thomas). 

Similar to mussel density, species richness also increased with depth, as determined by least 
squares linear regression (p=0.0008, R2=11.6%).  The relationships of mussel density and 
richness  varied positively with each other (see above), and are  portrayed with depth in Figure 
38. 

 

Mussel Sizes. Shell heights were determined for 1612 live freshwater mussels sampled in 2012 
across the four study sites, and their average height was 73.03 mm overall.  In average, the 
largest mussels were found at Site 1, 91.6 mm (±2.0 mm SE, n=114), and this mean was 
significantly greater (ANOVA, Tukey’s multiple range analysis, p<0.05) than all other sites.  
The mean size at Site 2 (78.9 mm, ±0.8 mm SE, n=816) was significantly smaller than Site 1 but 
greater than Sites 3 (62.5 mm, ±1.1 mm SE, n=422) and 4 (63.5 mm, ±1.3 mm SE, n=260), 
which were statistically similar. These differences in mean size among sites likely reflect the 
different species that dominated, as some mussel species have a larger adult body form than 
others. In addition, the presence of juvenile mussels at some sites may have biased the mean 
sizes. Indeed,  average mussel population size is not a useful indicator of overall population 
health because healthy populations should have a diverse range of animals reflecting multiple 
successful reproductive cohorts and include very young recruits. 
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Therefore, a more informative measure of healthy mussel populations is to examine the 
demographics and size frequency. As an example, the size frequencies for the species found 
(plus juveniles) are shown in Figures 39-45. For alewife floaters, A. implicata, a majority of the 
animals were very large, averaging 104.6 mm in shell height (Fig. 39). The lack of smaller 
individuals could represent a lack of reproduction, perhaps due to a lack of suitable fish hosts or 
habitat preference by larger individuals. The preferred fish host for A. implicata is reported  to be 
the alewife (Alosa pseudoharengus) (Johnson 1946), and the species is also thought to rely on 
American shad (Alosa sapidissima) and blueback herring (Alosa aestivalis) (Nedeau 2003, 
Strayer & Jirka 1997). Since these fish species should be readily available in the study area, 
another possible reason for the lack of small A. implicata could be our misidentification of 
smaller specimens as eastern floaters, P. cataracta. Without an ability to examine interior shell 
characteristics and thickness, it is easy to confuse these two floater species since both have 
similar sizes, coloration, and shape.  Anodonta implicata I at Site 2 were significantly larger 
(109.3 mm, ±1.4 mm SE, n=35) than at Sites 1 (99.9 mm, ±1.8 mm, n=21) or 3 (98.6 mm, ±2.5 
mm, n=11) (ANOVA, p<0.05). 

The size distribution of eastern elliptios, E. complanata, was an excellent example of a healthy 
size range and population (Fig. 40). Eight hundred and fifty four E. complanata were collected in 
this study, representing more than half of all mussels encountered. The Elliptio size distribution 
ranged from approximately 10-120 mm shell height, and the pattern reflected a normal bell-
shaped curve with several separate cohorts (Fig. 40). The average shell height was 66.5 mm.  

Similar to A. implicata, average sizes of E. complanata were statistically larger (ANOVA, 
p<0.05) at Site 1 (80.6 mm, ±3.1 mm, n=33) than all other sites. The shell heights of mussels at 
Sites 2 (68.4 mm, ±0.9 mm, n=385) and 4 (66.4 mm, ±1.5 mm, n=139) were not significantly 
different, and were larger (p<0.05) than mussels at Site 3 (62.5 mm, ±1.0 mm, n=297). Due to 
the undammed nature of the mainstem Delaware River, populations of eastern elliptios are 
known to be greater in this system than elsewhere (Anderson and Kreeger 2010). This species is 
also believed to require American eels (Anguilla rostrata) as its preferred fish host (W. Lellis, 
pers. comm.), which are abundant in the tidal Delaware River. 

Thirty two specimens of the yellow lampmussel, L. cariosa, were collected in this study, and 
were located at 3 of the 4 sites.  Yellow lampmussels are ranked as a S3S4 rare species by the 
Pennsylvania Natural Heritage Program.  Importantly, the size frequencies for L. cariosa suggest 
that the population is reproductive and healthy, even though it was not exceptionally abundant in 
our surveys (Fig. 41).  Mean shell heights for L. cariosa at Sites 2, 3 and 4 were 53.7 (±3.5 mm, 
n=14), 57.7 mm (±5.3  
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Figure 39. Size frequency histogram for the shell 
heights of freshwater mussels, Anodonta 
implicata, collected at four sites surveyed in the 
tidal Delaware River, 2012 (Plot: D. Kreeger). 
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Figure 40. Size frequency histogram for the shell 
heights of freshwater mussels, Elliptio 
complanata, collected at four sites surveyed in 
the tidal Delaware River, 2012 (Plot: D. Kreeger). 
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Figure 41. Size frequency histogram for the shell 
heights of freshwater mussels, Lampsilis cariosa, 
collected at four sites surveyed in the tidal 
Delaware River, 2012 (Plot: D. Kreeger). 
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Figure 42. Size frequency histogram for the shell 
heights of freshwater mussels, Ligumia nasuta, 
collected at four sites surveyed in the tidal 
Delaware River, 2012 (Plot: D. Kreeger). 
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Figure 43. Tidewater muckets, Leptodea ochracea, found at 
Site 4 on the tidal Delaware River, 2012. 

mm, n=6), and 52.7 mm ( ±3.8 mm, n=12), respectively, and not significantly different among 
sites (ANOVA, p>0.05).  

Forty seven live specimens of the eastern pondmussel, L. nasuta, were recorded from Sites 2, 3 
and 4, as well as the rare L. cariosa.  Eastern pondmussels have been assigned the rarest S1 
ranking by the Pennsylvania Natural Heritage Program.  Similar to L. cariosa, L. nasuta 
specimens also reflected a healthy size range (Fig. 42).  Mean shell heights for L. nasuta at Sites 
2, 3 and 4 were 60.6 (±9.5 mm, n=2), 58.7 mm (±9.5 mm, n=2), and 68.4 mm ( ±2.1 mm, n=43), 
respectively, and not significantly different among sites (ANOVA, p>0.05). Unlike other species, 
the prevalence of L. nasuta appeared to increase upstream through the study area, although shells 
of L. nasuta were found at even the most downstream location. 

Tidewater muckets were one of the most 
targeted species in this study, and are of 
high interest because of their seemingly 
unique specialization for tidal freshwater 
habitats (Fig. 43). Since the Delaware 
Estuary has the largest freshwater tidal 
prism in the world (PDE, 2010), there is 
perhaps more suitable habitat in this 
system for this uncommon to rare Atlantic 
Slope specialist. Live L. ochracea were 
found at all four sites, although only two 
specimens were collected at Site 1.  The 
size distribution of tidewater muckets, L. 
ochracea, included a healthy distribution 
of animal sizes (Fig. 44).  The mean shell heights for L. ochracea did not differ significantly 
(ANOVA, p>0.05) among sites: Site 1, 40.3 mm (±7.3 mm, n=2); Site 2, 52.1 mm (±1.5 mm, 
n=48); Site 3, 51.9 mm (±1.6 mm, n=41); and Site 4, 53.0 mm (±1.4 mm, n=56).  Host fish 
species for L. ochracea have not been reported in the literature, although recently scientists in 
Virginia have been successfully propagating them using various herring species (B. Watson, 
Pers. Commun.). 

Eastern floaters, P. cataracta, were the second most abundant species recorded across the four 
survey sites Four hundred and forty three P. cataracta were collected. This species does not have 
very specific fish host requirements and is known to rely on common carp, bluegill, 
pumpkinseed, yellow perch and white sucker as fish hosts.  This species is listed by the 
Pennsylvania Natural Heritage Program as S3/S4 species (vulnerable). This species has a very 
thin shell and can be easily damaged by erosion or physical disturbance. We found eastern 
floaters at all sites, but they varied greatly in abundance and shell height. The P. cataracta at Site 
1 (58 animals) were statistically  
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Figure 44. Size frequency histogram for the shell 
heights of freshwater mussels, Leptodea ochracea, 
collected at four sites surveyed in the tidal 
Delaware River, 2012 (Plot: D. Kreeger). 
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Figure 45. Size frequency histogram for the shell 
heights of freshwater mussels, Pyganodon 
cataracta, collected at four sites surveyed in the 
tidal Delaware River, 2012 (Plot: D. Kreeger). 
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similar  (ANOVA, p>0.05) in mean shell height (96.7 mm ±2.5SE) to the 324 P. cataracta that 
were sized at Site 2 (94.8 mm ±1.0SE). Significantly smaller (p<0.05) P. cataracta were 
measured at Sites 3 (n=51, mean 73.8 mm ± 2.6SE) and 4 (n=10, mean=73.0 mm ±5.9SE), 
compared to Sites 1 and 2. Taken together across all sites, the sizes of P. cataracta were diverse 
(Fig. 45), reflecting young and old animals in a healthy, reproducing population.   

The successful collection of 22 juvenile mussels, averaging 22.9 mm shell height (Fig. 46) was 
important because it demonstrates that at least one freshwater mussel species (and likely several) 
have reproduced recently. It is difficult to find juveniles, especially very small recruits, because 
they are usually buried in the sediment and large quantities of sediment need to be sieved 
carefully to locate them. Another complication in the Delaware River is the tremendous numbers 
of Asian clams, Corbicula fluminea, that were present in high densities in virtually every scoop 
of substrate examined. These clams are of similar sizes to juvenile mussels, and while they are 
quite easy to distinguish from native mussels, they slowed sieving and made it more difficult to 
sort. Dozens of additional juvenile mussels were easily located outside of survey quadrats using 
a visual technique. Future research is necessary to identify which species are reproducing and to 
more closely examine the prevalence of juvenile mussels in situ.  
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Figure 46. Size frequency histogram for the 
shell heights of unidentified juvenile 
freshwater mussels collected at four sites 
surveyed in the tidal Delaware River, 2012 
(Plot: D. Kreeger). 
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Sediment Findings.  Sediment physical grain 
size character varied widely among sites and 
was likely a factor governing mussel 
presence/absence and density. Averaging among 
quadrats, Sites 1 and 4 had more fine sediments 
(clay and silt) than Sites 2 and 3 (Table 6).  Site 
2 was especially more course, with a 
significantly greater proportion of gravel 
(ANOVA, p<0.05) than the other three sites. 
Across all sites, sand averaged 60.6% of bottom 
sediments, followed by silt (17.2%), gravel 
(15.6%) and clay (6.5%).  
 
Biological traits varied among sites as well 
(Table 6).  In particular, the presence of 
submerged aquatic vegetation (SAV) was 
especially prevalent at Site 2 (17.8% cover 
averaged among all quadrats), which was 
significantly greater (ANOVA, p<0.05) than the 
other three sites (0-7.7%).  In contrast, the 
sediment organic content was significantly lower 
(p<0.05) at Site 2 (1.0%) than at Site 3 (2.3%), 
which, in turn, was significantly lower than 
similar Sites 1 (4.7%) and 4 (4.9%). 
 
 

Table 6. Mean (±SE) substrate conditions for each of four mussel survey sites on the tidal Delaware 
River, assessed from field samples by the Philadelphia Water Department analytical laboratory 
(Contact: L. Butler).. For each metric, different superscript letters denote significant differences 
among site means as determined by ANOVA and multiple range analyses (Stats: D. Kreeger).  

 

Type Metric Site 1 Site 2 Site 3 Site 4 All Sites 

Physical % Clay 9.9 ±1.3A 1.8 ±1.1B 2.9 ±1.2B 12.2 ±1.2A 6.5 
 % Silt 26.0 ±2.6A 2.8 ±2.3B 8.1 ±2.5B 34.1 ±2.4A 17.2 
 % Sand 56.6 ±3.7B 54.4 ±3.3B 83.3 ±3.5A 49.1 ±3.4B 60.6 
 % Gravel 7.5 ±2.6B 40.8 ±2.3A 5.7 ±2.4B 4.6 ±2.4B 15.6 
Biological % cover SAV 0.0 ±3.0B 17.8 ±2.7A 2.3 ±2.8B 7.7 ±2.8B 7.3 
 organics 4.7 ±0.3A 1.0 ±0.3C 2.3 ±0.3B 4.9 ±0.3A 3.1 
Chemical pH 6.9 ±0.1B 7.3 ±0.1A 6.9 ±0.1B 6.5 ±0.1C 6.89 
 Aluminum (wt%) 6.4 ±0.2A 0.4 ±0.2B 0.7 ±0.2B 0.8 ±0.2B 1.87 
 Calcium (wt%) 2.2 ±0.4A 0.2 ±0.4B 0.7 ±0.4B 0.4 ±0.4B 0.83 
 Magnesium (wt%) 2.2 ±0.4A 0.2 ±0.4B 0.7 ±0.4B 0.4 ±0.4B 0.83 
 Iron (wt%) 3.5 ±0.2A 0.9 ±0.1D 1.8 ±0.1C 3.0 ±0.1B 2.21 
 Phosphorus (wt%) 0.20 ±0.02A 0.02±0.02B 0.04±0.02B 0.17±0.02A 0.103 
 Nitrogen (wt%) 0.31±0.02A 0.06±0.02C 0.08±0.02C 0.16±0.02B 0.142 
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 Factor 1 Factor 2 
Gravel  0.774661 -0.490406 
Sand  0.385678 0.867186 
Fines  -0.961078 -0.231290 
Organic Matter  -0.952300 -0.086642 
Vegetative Cover  0.383521 -0.676243 
 
Figure 47. Principal components analysis of example sediment 
metrics in relation to each other.  Factor coordinates of the 
variables (Loading Coefficients) are listed in the table. Stat: L. 
Butler). 
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The chemistry of the bottom 
sediments also varied 
considerably. Site 2 had the 
greatest pH (7.3) and the 
lowest concentrations of 
aluminum, calcium, 
magnesium, iron, phosphorus, 
and nitrogen (Table 6). In 
contrast, the other three sites 
had pH values averaging below 
7, significantly lower than Site 
2. Site 1 had the greatest metal 
and nutrient concentrations of 
all the sites, possibly indicating 
some source of contaminants 
(or legacy sources) in the area.  
 
Across all sites, organic matter 
appeared to be associated with 
fine sediments, and SAV 
tended to be found in areas 
with more gravel (Fig. 47.) 
More detailed site comparisons 
are depicted in Figure 48, 
which suggest that Sites 1 and 
4 were comparable and 
characterized by higher 
organics and fines. Site 2 was 
rather unique among the sites 
in having higher vegetative 
cover and gravel. Site 3 was 
dominated by sand.  
 
Mussel Relationships with 
Sediments.  Mussel density was correlated with key substrate characteristics, being negatively 
associated with fine grained bottoms (Fig. 48) and organic matter (Fig. 49), and positively 
related to course-grained bottom sediments (Fig. 50) and SAV. Least squares linear regression of 
mussel density versus predictive substrate characteristics yielded positive relationships with 
percent gravel (p=0.005, R2=8.5%), SAV percent cover (p=0.0002, R2=14.3%), pH (p=0.0007, 
R2=12.0%), and silica concentration (p=0.0005, R2=12.6%).  Mussel density was negatively 
correlated with percent silt (p=0.0003, R2=13.4%), percent clay (p=0.025, R2=5.4%), organic 
content (p<0.0001, R2=18.3%), aluminum (p=0.016, R2=6.2%), magnesium (p=0.0009, 
R2=11.5%), iron (p=0.0003, R2=13.6%), phosphorus (p=0.034, R2=4.8%) and nitrogen (p=0.002, 
R2=10.0%).  Mussel density did not correlate with percent sand or calcium concentrations.  
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Figure 48. Variation in main sediment characteristics among sites as determined with principal components 
analysis, and indicating that Sites 1 and 4 were similar and were different from Site 2.  Site 3 was different and 
overlapping in traits of other sites (Stat: L. Butler). 

 

Although more analysis is needed to evaluate the relative influence of various sediment metrics, 
based on these parametric statistics it appears that mussels are most beneficially influenced by 
higher percent cover of SAV > silica > pH > course grain sizes such as gravel.  In the marine 
literature, mutually beneficial relationships have been described between filter-feeding bivalves 
and aquatic plants (e.g. ribbed mussels in marshes, Bertness 1984, clams in SAV beds, Peterson 
and Heck 1999, 2001), and so it is plausible to expect that freshwater mussels and SAV also 
exhibit a mutualistic relationship in the tidal Delaware River. Mussels help to facilitate pelagic-
benthic coupling and transfer usable nutrients to plants via their biodeposits, and their filter-
feeding helps promote light availability by removing suspended solids. In turn, plants can 
provide structure and refugia, helping to stabilize river bottoms. The pH relationship is also of 
great interest because like other mollusks, freshwater mussels must maintain positive shell 
growth and minimize erosion, processes which are especially pH sensitive. Based on these 
findings, it is not surprising that Site 2 supported far greater numbers of mussels (30.2/m2) than 
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Figure 49. Regression relationship between mussel density and the percentage composition of fine particles in 
the substrate examined for all four sites surveyed in the tidal Delaware River, 2012 (Plot: L. Butler). 

Site 3 (statistically significant, p<0.05), and that Site 3 (18.3/m2) was superior to Sites 1 (5.5/m2) 
and 4 (10.8/m2).   

 

 

Spatial variation in mussel densities may have also resulted from the presence of deleterious 
conditions at Sites 1 and 4, including possible contaminants and pH conditions that might impair 
mussels. Clearly, our results suggest that high organic loads could affect mussel density and the 
markedly higher concentrations of aluminum, iron and magnesium could potentially contribute 
to mussel impairment. Site 1 also had higher nitrogen and phosphorus, which was not surprising 
since the site is immediately adjacent to a large and frequently active combined sewer overflow. 
Additional research is needed to differentiate which of these factors could directly contribute to 
lower mussel densities, versus which factors are not harmful to mussels but are simply co-
occurring. 
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Figure 50. Regression relationship between mussel density and the percentage organic content of 
substrates examined from all four sites surveyed in the tidal Delaware River, 2012 (Plot: L. Butler). 

 
 
Figure 51. Regression relationship between mussel density and the percentage gravel in substrates 
examined from all four sites surveyed in the tidal Delaware River, 2012 (Plot: L. Butler). 
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Similar to mussel density, mussel species richness also correlated positively with key benthic 
habitat and sediment particle size and chemistry, when examined by least squares regression 
(α=0.05). For example, richness was positively correlated with SAV percent cover (p=0.0002, 
R2=13.8%), % gravel (p=0.009, R2=7.2%), pH (p=0.022, R2=5.6%) and silica (p<0.0001, 
R2=21.8%).  Richness was negatively correlated with % silt (p=0.0006, R2=12.1%), % clay 
(p=0.033, R2=4.9%), % organics (p<0.0001; R2=21.3%), aluminum (p=0.0004, R2=12.9%), 
calcium (p=0.026, R2=5.3%), magnesium (p<0.0001, R2=19.3%), iron (p=0.0003, R2=13.4%), 
phosphorus (p=0.036, R2=4.7%), and nitrogen (p=0.0008, R2=11.6%). Richness was not 
significantly correlated with % sand. 

GIS Maps.  RTK-GPS maps were generated for a variety of site characteristics, including 
bathymetry (depth zones), substrate types, and mussel density. In order to facilitate interpolation 
and strengthen predictive GIS tools, RTK points needed to be collected randomly throughout the 
survey area, and not solely along transect lines and quadrat locations. The greater the number  of 
random points that were collected, the better the GIS analysis and predictive resolution. Efforts 
are underway to incorporate these lessons learned into new PDE standard procedures guidelines 
to strengthen future mapping capabilities.  

Depth zones are shown as bathymetric maps of Sites 1-4 in Figures 52, 54, 56 and 58, 
respectively.  For comparison, maps for predicted slopes were also prepared for Sites 1-4, and 
these are shown adjacent to the bathymetry maps in Figures 53, 55, 57 and 59, respectively.  As 
discussed above, Site 1 was characterized as a broader flat that dropped off quickly into deeper 
water near the seaward termini of survey transects (see lighter colors in Fig. 53). Site 2 was also 
characterized as having a flat area that tapered to a point downstream, and was bounded by a 
steeper drop-off seaward (Figs. 54 and 55).  Sites 3 and 4 had similar bathymetry and slope 
conditions with both sites being characterized as narrow straight shorelines with a constricted 
shallow subtidal zone. 

GIS analysis tools were also used to generate maps of predicted prevailing substrate types (grain 
size) for each site in Figures 60-63.  Also plotted on these maps are the measured mussel 
densities per quadrat, shown as various sized circles at the quadrat locations. These maps can be 
used to compare mussel densities in relation to sediment conditions, as discussed above. For 
example, Site 1 had a high proportion of small fine substrate types (silt/clay) and virtually no 
course sediments, and mussels were less dense there (Fig. 60). In contrast, Site 2 had a 
significant area dominated by gravel, and mussels were much more abundant in the coarser 
substrates (Fig. 61). Site 4 (Fig. 63) was sand-dominated, as described above in the Mussel 
Relationships With Sediments section. 
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Figure 52.  Depth zones in relation to mussel 
survey transect and quadrat locations at Site 1, 
surveyed during summer 2012 on the tidal 
Delaware River (Map: P. Cole). 

 
Figure 53.  Predicted slope in relation to mussel 
survey transect and quadrat locations at Site 1, 
surveyed during summer 2012 on the tidal 
Delaware River (Map: P. Cole). 
 

 
 
Figure 54.  Depth zones in relation to mussel 
survey transect and quadrat locations at Site 2, 
surveyed during summer 2012 on the tidal 
Delaware River (Map: P. Cole). 

 
 
Figure 55.  Predicted slope in relation to mussel 
survey transect and quadrat locations at Site 2, 
surveyed during summer 2012 on the tidal 
Delaware River (Map: P. Cole). 
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Figure 56.  Depth zones in relation to mussel 
survey transect and quadrat locations at Site 3, 
surveyed during summer 2012 on the tidal 
Delaware River (Map: P. Cole). 

 
Figure 57.  Predicted slope in relation to mussel 
survey transect and quadrat locations at Site 3, 
surveyed during summer 2012 on the tidal 
Delaware River (Map: P. Cole). 

 
 
Figure 58.  Depth zones in relation to mussel 
survey transect and quadrat locations at Site 4, 
surveyed during summer 2012 on the tidal 
Delaware River (Map: P. Cole). 

 
 
Figure 59.  Predicted slope in relation to mussel 
survey transect and quadrat locations at Site 4, 
surveyed during summer 2012 on the tidal 
Delaware River (Map: P. Cole). 
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Figure 60.  Dominant substrates and measured 
mussel densities at Site 1, surveyed during 
summer 2012 on the tidal Delaware River (Map: P. 
Cole). 

 

 
 
Figure 61.  Dominant substrates and measured 
mussel densities at Site 2, surveyed during 
summer 2012 on the tidal Delaware River (Map: P. 
Cole). 

 
 
Figure 62.  Dominant substrates and measured 
mussel densities at Site 3, surveyed during 
summer 2012 on the tidal Delaware River (Map: P. 
Cole). 

 
 
Figure 63. Dominant substrates and measured 
mussel densities at Site 4, surveyed during 
summer 2012 on the tidal Delaware River (Map: P. 
Cole). 
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Figure 64. Relationship between freshwater mussel 
shell height and dry tissue weight (DTW) for 653 
animals representing 11 species (Data and Stat: D. 
Kreeger). 
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Figure 65. Separate relationship between freshwater 
mussel shell height and dry tissue weight (DTW) for 
11 different species (Data and Stat: D. Kreeger). 
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Mussel Biomass. No mussels were sacrificed for tissue analysis during the 2012 quantitative 
survey; however, D. Kreeger has led a variety of earlier research studies where mussels needed 
to be sacrificed to assess weight-specific physiological rate functions or to assess tissue 
condition, biochemistry or contaminant body burden.  A twenty-year, integrated database of such 
information was developed to derive new predictive, allometric equations for the dry tissue 
weights of freshwater mussels based on their measured shell heights. Data and study details for 
more than 1000 individual freshwater mussels (Families Unionidae and Margaritiferidae) were 
scrutinized to discern which values were representative of undisturbed natural conditions (versus 
animals whose fitness may have been compromised by their habitat or experimental conditions).  
The total sample size that met these criteria was 653 animals, representing 11 species of 
freshwater mussels from different areas of the United States.   

Dry tissue weights and corresponding shell heights for appropriate animals from these past 
studies were compared following standard allometric protocols and least squares linear 
regression after transformation by natural logarithm. Despite significant taxonomic, 
morphometric, and geographical variability among the 653 mussels, a strong predictive 
relationship was developed (Fig. 64). Multiple regression was then used to discern species-
specific equations to predict dry tissue weight from measured shell heights, including data for 
five of the six species encountered in the 2012 quantitative survey (Table 7, Fig. 65). For more 
information on this allometric analysis, please see Kreeger (2013).  



 

47 Connecting People and Freshwater Mussels, PDE Report 13-01 
 

Va
lu

e 
pe

r m
2  (m

ea
n 

±S
E

)

Density
    (#)

Dry Tissue
  Weight (g)

0

5

10

15

20

25

30

35

40

45

Site 1
Site 2
Site 3
Site 4

C n=12 n=30
BCB

A

a

bb
b

Figure 66.  Mean (±SE) density and dry tissue weight per square meter at 
four surveyed mussel bed sites on the tidal Delaware River, 2012.  Different 
letters above bars denote statistically significant differences (ANOVA, 
p<0.05, tested on natural logarithm transformed data) (Plot: D. Kreeger). 

Table 7. Model output for regressions to predict freshwater mussel dry tissue weight (natural 
logarithm transformed) from measured shell heights (natural logarithm transformed) for 653 
mussels representing 11 species sacrificed in previous research studies. Delaware River species 
are highlighted in red (Stats: D. Kreeger). 

Scientific Name Intercept Slope 
Actinonaias ligamentina 4.1646 0.295222 
Anodonta californianus 4.08298 0.271591 
Anodonta oregonensis 4.24541 0.370048 
Elliptio complanata 4.28079 0.261918 
Elliptio dilitata 4.31006 0.303118 
Gonidea angulata 4.12445 0.324961 
Lampsilis cariosa 4.10695 0.13494 
Leptodea ochracea 4.06487 0.193646 
Ligumia nasuta 4.22519 0.343101 
Margaratifera falcata 4.18065 0.357268 
Pyganodon cataracta 4.33124 0.191665 
All Mussels 4.22566 0.322226 
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Figure 67. Box and whisker plot of relative 
differences in mussel body size among four survey 
sites on the tidal Delaware River, expressed as the 
logarithm of the ratio of dry tissue weight to density.  
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Figure 68.  Comparison of typical body sizes of freshwater mussels, expressed as dry 
tissue weight divided by density, among sites surveyed in the tidal Delaware River, 
2012. 

Appropriate equations were then applied to 
predict the dry tissue weight for each 
individual mussel that was collected and sized 
during the 2012 survey (n=1612).  Species-
specific equations from Table 7 were used, 
except for A. implicata, for which we applied 
the general equation for all mussels.  
Summary data for mussel density and 
estimated total dry tissue weight were then 
calculated per sampled quadrat by summing 
the species-specific dry tissue weights of all 
animals found within each quadrat. These 
quadrat-summed dry tissue masses were then 
statistically compared among sites using 
ANOVA and Tukey’s multiple range analyses 
(Fig. 66). Similar to density, the mean dry 
tissue weight per square meter (Fig. 66) was 
significantly greater (p<0.05) at Site 2 (76.4 g 
m-2) than at all other sites.  The total mussel biomass per quadrat at Sites 1 (17.5 g m-2), 3 (17.2 g 
m-2), and 4 (9.8 g 
m-2) were not 
statistically 
different (p>0.05) 
from each other 
(Fig . 66). 

Quadrat-specific 
data for mussel dry 
tissue weights were 
also contrasted 
with corresponding 
densities to 
estimate the 
average per-animal 
dry tissue weight 
per site (Fig. 67, 
box and whisker 
plot).  ANOVA and 
Tukey’s multiple 
range analysis 
suggested that Sites 
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a) Relative Abundance

 
b) Relative Biomass 

 
Figure 69.  Interspecific comparison of the relative percentage of mussel number (a) and 
biomass (b) averaged across all four survey sites in the tidal Delaware River, 2012 (Plot: D. 
Kreeger). 
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1 and 2 were statistically similar (p>0.05) in average mussel sizes (dry tissue weights), and sizes 
at Sites 1 and 2 were significantly greater (p<0.05) than at Sites 3 and 4, which were similar to 
each other (Fig. 68, bar plot).  The average mussel dry tissue weights at Sites 1-4 were 3.05 
(±0.26 SE), 2.52 (±0.20 SE), 0.76 (±0.22 SE) and 1.02 (±0.24 SE) g mussel-1. Across all sites, 
the average mussel dry tissue weight was 1.81 g. These values (in Fig. 67) are arithmetical 
means useful for physiological rate function estimates, whereas the means and standard errors 
shown in Figure 68 are statistically derived averages from back-transformed model outputs.  

As can be seen 
from Figure 66, 
small differences 
in body size 
(shell height) can 
be associated 
with large 
differences in dry 
tissue mass, 
which is more 
closely related to 
physiological 
activity and most 
types of 
ecosystem 
services.  Since 
different species 
tend to be larger 
or smaller, on 
average, these 
relationships can 
lead to different 
distributions of 
tissue mass 
among species, 
compared to 
patterns of 
numerical 
abundance per 
species (Fig. 69).  
Whereas the 
numerical 
dominant among 
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all four sites was E. complanata (Fig. 69a), the biomass dominant among the four sites was P. 
cataracta (Fig. 69b), due to the larger average sizes and dry tissue weights for eastern floaters.   

Site specific average mussel density and dry tissue mass data were then extrapolated to the total 
area that was surveyed at each site, determined with GIS as the area within the polygon 
delineated by the outermost transect boundaries (Table 8).  Because of its smaller survey area 
(0.42 ha) and mussel density (5.5 m-2), the surveyed area at Site 1was estimated to contain the 
fewest mussels (23,163) among the four sites.  Mussel numbers were not scaled just to survey 
area though, because Site 2 had the greatest mussels (287,230) despite a moderate survey area 
(0.95 ha) compared to other sites.  Sites 3 (1.40 ha) and 4 (1.07 ha) were estimated to contain 
256,560 and 115,458 mussels, respectively, within the surveyed bed region. Estimated total dry 
tissue weights for Sites 1-4 were 0.074, 0.726, 0.241 and 0.104 metric tons, respectively, and 
totaled 1.15 metric tons across the 3.8 total hectares surveyed (Table 8).  

 
Table 8. Estimated total mussel numbers and dry tissue mass per site surveyed in the tidal Delaware 
River, 2012, based on mean densities, dry tissue weights, and survey areas (Analysis: D. Kreeger). 

 

 

Mussels (# m-2) Dry Tissue (g m-2) 
Area 
(m2) 

Mussel 
Number 

Mussel 
Tissue Dry 

Weight 
(g) Mean Std. Error 

(pooled) Mean Std. Error 
(pooled) 

Site 1 5.5 4.4 17.5 8.8 4,230 23,163 74,210 

Site 2 30.2 3.9 76.4 7.8 9,504 287,230 726,001 

Site 3 18.3 4.1 17.2 8.4 13,983 256,560 241,151 

Site 4 10.8 4.1 9.8 8.3 10,658 115,458 104,226 

4 Bed 
Totals> 16.8  31.8  38,375 682,412 1,145,589 

 
 

Mussel Filtration Rate Estimates. Existing literature on typical clearance rates for freshwater 
mussels was scrutinized for data that are scaled for dry tissue weights.  Compared to marine 
bivalves, there is remarkably little data on their physiological rate functions, and in the studies 
that have been conducted few researchers have obtained dry tissue weight data (often because of 
the desire or need to not to kill the animals).    For the purposes of this study, only reported 
weight-specific clearance rates were examined, and these are summarized in Table 8.  Only 
clearance rate data for studies of natural diet utilization are included here, to best represent 
natural conditions.  However, due to the rarity of suitable studies, we used all available weight-
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specific data.  The average clearance rate from these studies was 0.875 liters per hour per gram 
dry tissue weight (Table 9). 

Table 9. List of known clearance rate data that can be scaled to mussel dry tissue weights (from 
Bergstrom et al. 2013). 

Study Number of 
Species Diet 

Clearance 
Rate             

(L h-1 g-1) 

Kryger and Riisgard (1988)   4 lab algae 1.11 

Pusch et al. (2001)   2 field seston 0.38 

Gatenby (2000)   3 lab algae 1.72 

Silverman et al. (1995, 1997)   5 lab bacteria 0.77 

Patterson (1984)   1 lab algae 0.38 

Vanderploeg et al. (1995)    1 lab algae 1.45 

Gatenby & Kreeger (2003) 6 field seston, lab algae 0.23 

Kreeger (2011) 3 field seston 0.96 

  Mean > 0.875 

 

To avoid confusion, the term clearance rate refers to the volume of water that is cleared of 
particles, which is typically derived from the rate of particle disappearance per unit time and 
volume.  The term filtration rate refers to the actual rate of removal of discrete weights of 
particles, which is typically calculated by multiplying the clearance rate times the particle 
concentration.  Particle filtration rates can be applied to a variety of seston characteristics, 
including dry weight of particles, carbon, chlorophyll, etc. 

The standard clearance rate of 0.875 L h-1 g DTW-1 was applied to estimates of mussel dry tissue 
weight per study site to predict their collective water clearance rates in gallons per hour per total 
dry tissue weight at each site (English units are shown for easy comparison to local flow rates 
and drinking water intake rates). Not unexpectedly, because of mussel demographics, Site 2 was 
estimated to filter the most water, 4.03 million gallons per day, followed by 1.34, 0.58, and 0.41 
million gallons per day at Sites 2-4, respectively (Table 10).   

We did not measure suspended particle concentrations during this study because TSS varies 
quickly and widely depending on weather, tide stage, currents, and the effects of boat wakes.  
Based on previous studies and water quality sensors on the Delaware River, we estimated that a 
characteristic TSS concentration is 5 mg L-1.  This TSS concentration was related to estimated 
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water clearance rates per bed, yielding an estimated filtration rate of 8.4 metric tons of dry 
suspended material per day by the 682,412 mussels living within the four study sites.   

Table 10. Estimated clearance rates of water and filtration rates of total suspended solids (TSS) by 
freshwater mussels living in the four surveyed beds within the tidal Delaware River, 2012.   
Estimates of TSS removal assume a typical TSS concentration of 5 mg L-1 (Analysis: D. Kreeger). 

 

 
 
Mussel physiological rate functions are sensitive to food quantity and quality. Typically, high 
levels of TSS are suboptimal, diluting food quality which can be much more important to fitness 
than food quantity.  Nevertheless, mussels only shut down feeding behavior at extremely high 
suspended particle loads such as can occur during high flow storm events.  Under typical 
conditions, mussels continue feeding at high rates under moderately higher TSS concentrations 
despite the metabolic tradeoffs because they have excellent tactics for sorting captured particles 
and rejecting material of low food quality in pseudofeces when conditions are turbid.  This 
means that these estimated clearance rates can generally be used to predict filtration rates despite 
changes in TSS conditions, and so more refined TSS filtration estimates than what we provide 
can be obtained simply by monitoring TSS levels over mussel beds (future studies). 

The total estimated daily clearance of 6.4 million gallons of water, and filtration of 8.4 metric 
tons of TSS by mussels within the four study sites, is significant.  The City of Philadelphia 
removes approximately 400 million gallons of water from the same reach of the Delaware River 
every day to supply the region’s drinking water needs, for comparison.  We only surveyed 3.8 
hectares of suitable habitat, and the total amount of suitable mussel habitat is not known, but is 
likely to be at least 100 times what we surveyed, especially because a much larger portion of the 
New Jersey shoreline (largely unexamined as yet by us) is less developed than the Pennsylvania 
shoreline.  In addition, our surveys were limited to the shallow subtidal zone where snorkelers 
could safely work.  All snorkelers reported seeing denser beds of mussels in the deeper waters 
past the survey transects.  In some cases, they observed significant increases in water clarity in 
these deeper areas, potentially resulting at least in part from mussel filtration processes, although 
unstudied.   

Bed 
Clearance TSS Filtration

(L hr-1 g   
DTW-1)

 (gal day-1 

g DTW-1)
(gal day-1)

(metric tons DW 
day-1)

Site 1 4,230 23,163 74,210 411,867 0.54

Site 2 9,504 287,230 726,001 4,029,306 5.32

Site 3 13,983 256,560 241,151 1,338,387 1.77

Site 4 10,658 115,458 104,226 578,456 0.76

Total 38,375 682,412 1,145,589 6,358,016 8.40

0.875 5.55

Location
Area 
(m2)

Number Tissue 
Weight (g)

Clearance Rate 
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Taken together, these findings and observations suggest that freshwater mussels are more 
diverse and abundant in the tidal freshwater region of the Delaware River than previously 
thought, and they are likely to play an important role in maintaining water quality and 
ecological health.  Since many areas of the shoreline were degraded and no longer suitable for 
mussels, significant potential exists for enhancing these mussel assemblages by improving 
their benthic habitat conditions. Since no comparable mussel assemblages exist anywhere else 
in the lower Delaware River Basin and few, if any, mussels are left in most Pennsylvania 
streams that drain into the Delaware River, these discoveries offer promise that mussel 
restoration can be achieved throughout their historic range using these tidal river populations 
as a source of genetically appropriate broodstock.  It is vital that these Delaware River mussel 
populations be carefully protected.  In addition, we recommend the restoration of Delaware 
River mussel habitats and expansion of mussel populations back into historical stream niches.  
Data from this study suggest that if successful, these actions can lead to a measureable 
improvement in water quality in this nationally important Delaware Estuary.   

Lessons Learned 
 
We learned many important lessons from this project which will help us expand and strengthen 
the FMRP in the future (Fig. 2).  For example, the results of our study revealed that six 
freshwater mussel species (half of our native biodiversity within the lower Delaware estuary) are 
more common and abundant than previously believed within the tidal Delaware River between 
Trenton and Philadelphia.  These mussel beds included species previously believed to be locally 
extinct in Pennsylvania and New Jersey.   
 
The relatively high abundance (>682,000) of mussels found in 2012 on less than4 hectares of 
river bottom verifies that the populations may be robust enough to measurably contribute to 
increasing river water quality.  These mussels were estimated to clear more than 6.4 million 
gallons per day and filter more than eight metric tons of TSS per day.  Since we sampled less 
than one percent of the estimated suitable shallow shorelines between Trenton and Philadelphia, 
and since mussels appear to be abundant in deeper waters as well, this benthic mussel 
community is an important factor in  helping to maintain cleaner water in the same stretch of the 
river from which Philadelphia removes its drinking water (~400 million gallons per day).   
 
Our qualitative surveys in 2011 and 2012 indicate that many other mussel beds may exist within 
Pennsylvania, and probably still greater numbers in less developed New Jersey waters.  Still, 
many of our surveyed areas did not support mussels despite appropriate depths, substrate and 
seemingly ample food resources.  We believe these findings open the door to new opportunities 
to further enhance stream and river benthic habitats and increase  the resilience capacity of the 
Delaware Estuary to poor water quality. By stabilizing areas that have high bed transport and 
removing local sources of contaminants and organics we can create suitable habitat for important 
freshwater mussel communities. 
 
The high abundance and rich diversity of mussels in the tidal Delaware River is an anomaly in 
the lower Delaware River watershed since most tributary streams have only one or no native 
species remaining.  Historically, every stream surveyed by early mussel biologists was reported 
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to have six to eight species, and they were often found in abundance.  The loss of those animals 
and attendant ecosystem services (e.g., increased bed stability, particulate filtration) has likely 
contributed substantially to water quality degradation, based on the estimates in this study.  The 
results of the study have confirmed that the tidal Delaware River mussel population is robust 
enough to support restoration efforts  throughout historic mussel ranges in southeastern 
Pennsylvania. 
  
In contrast, our qualitative scientific surveys and volunteer survey efforts have reaffirmed that 
freshwater mussel abundance, richness and range is extremely degraded elsewhere in the 
Delaware River watershed.  Most streams are no longer supporting mussels.  The extremely 
successful mussel education and training programs demonstrate, however, that the public cares 
deeply about water quality and the health of foundational species that help sustain water quality. 
Judging from the widespread interest by watershed associations and the public, we anticipate 
strong support for the FMRP in the future. 
 
 
Key lessons learned included the following: 
 

Qualitative scientific surveys of southeastern PA streams in 2011  
• Determined the locations of vestigial beds of diverse, rare species in the tidal 

Delaware River 
• Determined that the mussel populations in the Delaware River are abundant and 

diverse enough to serve as broodstock sources to support future hatchery propagation 
• Concluded that suitable mussel habitat does not occur everywhere in the tidal 

Delaware River, and opportunity exists to further strengthen mussel resiliency and 
services by implementing mussel habitat restoration projects 
 

Quantitative scientific survey of tidal freshwater Delaware River in 2012 
• That abundance and water quality importance of six species at four representative 

locations is enormous, in comparison to studies in other areas of the country 
• Mussel density and richness increases with depth, is positively related to submerged 

vegetation, and is affected by bottom type and sediment chemistry 
• RTK-GPS is useful in accurately surveying subtidal sites, and enables the creation of 

GIS maps of bathymetry, substrate type, mussel density, mussel weight and richness 
• Mussel tissue weights and filtration benefits can be accurately predicted from the 

non-destructive measurements of mussel shell heights  
• Confirmed that sufficient mussel abundance exists to sustain future hatchery 

propagation and/or reseeding via relocation 
• Water filtration benefits estimated for typical mussel beds of the Delaware River are 

sizeable, possibly even surpassing the daily total drinking water removals for 
Philadelphia, and may compare to the total tidal flushing volume of the system  
 

Volunteer surveys in 2011-2012  
• A new Freshwater Mussel Volunteer Training Program was of great interest to the 

public 
• We can easily engage and educate local watershed associations on the importance and 
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benefits of mussels 
• Training workshops can attract large numbers of people  
• Volunteer mussel surveys can yield large numbers of contributed surveying hours and 

result in data spanning many stream miles  
• The new mussel field guide and survey method book, “Freshwater Mussels of 

Delaware Estuary, Identification Guide & Volunteer Survey Guidebook” is viewed as 
a widely useful document 

• A new web-based mussel survey data portal and interactive mapping tool would also 
prove to be extremely useful and is now populated with data from dozens of 
volunteers 

• Volunteers can strengthen scientific datasets by confirming streams that lack mussels 
or discovering new mussel sites to be further studied by scientists  
 

An unplanned and indirect lesson learned was that freshwater mussels are of great interest to the 
media, as well as the general public.  Our outreach and training workshops resulted in more than 
a dozen placements on radio, print and online.  
 
 
Proposed Recommendations for the Future 

 
Our mussel recovery efforts seek to restore mussels to additional sections of Pennsylvania’s coastal 
streams, restore mussels to open niches, and to eventually rebuild natural mussel communities of 
mixed species assemblages in streams and rivers throughout the Delaware River Basin, especially in 
areas that today have no mussels remaining.  If successful, this effort will unquestionably augment 
water quality and habitat restoration goals in the Pennsylvania coastal zone and help PDE to 
implement our Delaware Estuary Comprehensive Conservation Management Plan (CCMP).   
 
To be effective, mussel restoration requires multiple steps (Fig. 2). First, surveys are needed to 
determine current mussel species and densities in the stream(s) of interest. Second, streams must be 
evaluated for their capacity to support mussels. Lastly, we need to initiate restoration, which can 
include reintroduction of reproductive adult mussels and/or restocking with large numbers of 
hatchery-produced juvenile mussels. Our next critical need is to find broodstock of other native 
mussel species so we can begin to expand our efforts and work towards restoration of mixed 
assemblages that will be more resilient and functional than just those containing a single species.   
 
We hope to expand our technical mussel surveys in Pennsylvania, and increase our survey coverage 
by building upon the volunteer-based mussel survey program recently established by PDE.  Moving 
beyond the two watershed associations which were part of the pilot project, PDE will likely open this 
training to all watershed associations in the PA Coastal Zone, as well as other community 
organizations such as scout groups, Park “friends” groups, Boys & Girls clubs, and other service 
organizations and clubs looking for volunteer oportunities. The volunteer component will expand 
awareness about the importance of freshwater mussels for stream ecology and water quality, build a 
network of organizations and volunteers in support of our mussel recovery program, and facilitate 
strategic mussel surveys in the future by trained scientific staff.   
 
PDE continues to creatively explore additional ways to rebuild native mussel assemblages. One 
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example is the potential for salvaging mussels that might be affected by dredging or building 
projects.  Salvaging is a preferable method for collecting broodstock as this saves mussels in 
harms way and does not disrupt healthy functioning mussel beds in the river. PDE also supports 
efforts to remove dams that block potential mussel fish hosts, and which can short-circuit mussel 
reproduction.   
 
More information about the next steps of this project where we hope to build on the present 
study can be found in the recent brief titled “Freshwater Mussel Recovery Strategy for the 
Delaware Estuary and River Basin” (PDE 2013).  In that document, nine discrete actions are 
described that would materially advance the FMRP in the three states draining into the Delaware 
Estuary.  The ultimate vision of the FMRP is to fill a vital role within a still larger watershed-
wide bivalve restoration strategy.  Taken together, the goal is to conserve present bivalves and to 
refill vacant ecological niches once occupied by a more diverse and abundant bivalve 
assemblage, especially freshwater mussels.  By supporting the FMRP, results of this study 
suggest that one outcome would be the maintenance or improvement of clean water using natural 
infrastructure that requires little maintenance once established.  Mussel restoration should not be 
considered as an alternative to traditional environmental management, however.  Addressing 
pollution, reducing stormwater runoff, and enhancing upland and riparian habitats are essential 
ingredients to complete mussel recovery. We consider restorative actions to boost mussel 
populations as a helpful supplement to achieving broader watershed goals, and since mussels can 
themselves promote clean water their restoration will promote positive feedbacks for 
environmental integrity and resilience. Conservation and restoration of freshwater mussels also 
represents a potentially useful new tactic to help meet new municipal TMDL requirements and 
address overall water quality and habitat goals in the Comprehensive Conservation Management 
Plan.   
 
Specific next steps needed to build on this study’s results are to: 
 

• Extend the quantitative and qualitative mussel surveys to unsurveyed areas of the tidal 
Delaware Estuary, including areas within and downstream of Philadelphia, within tidal 
tributaries such as the lower Schuylkill, and to deeper waters using divers or other techniques 

• Support physiological rate studies to generate species- and locality-specific information on 
their water and habitat benefits, needed to strengthen the basis for water quality benefits 
modeling 

• Develop habitat suitability indices for local mussel species and tools to predict areas that 
might be enhanced or restored to benefit mussel assemblages 

• Examine whether mussel bed habitat can be incorporated into urban waterfront restorations 
such as living shoreline projects 
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Appendix A: Additional Pictures from Volunteer Mussel Workshops: 
 

 
Photo Credit: Lisa Wool, PDE 

 

 
Photo Credit: Priscilla Cole, PDE 

  
  
 

 

 

 

 

 

 

 

Photo Credit: Priscilla Cole, PDE 

 

Photo Credit: Kurt Cheng, PDE 

Photo Credit: Lisa Wool, PDE Photo Credit: Lisa Wool, PDE 
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Appendix B:Freshwater Mussel Survey Data Sheets 
 
 
Section 1: General Information 
Please complete 1 data sheet per location and survey day! 
 
Date: 
 

Number of Participants: 
 

Organization(s) (if applicable): 
 
Names of Participants: 
 
 
 
 

Phone # / E-mail (if we have questions): 
 

Weather (e.g. sun, clouds, wind): 
 

Air Temperature (°F): 

Water Condition (clear, cloudy, mix): 

 
My/our experience mussel surveying is: 
☐ I’m new at this ☐ I’ve done it 2- 5 times
  
☐ I dream of mussels I do this so often 

Surveying technique used (Check all that apply): 
☐ Shoreline (on bank)  ☐Wading (in creek)  
☐ Snorkel (underwater) 

 
TIP: Always go upstream: the creek should be running from in front of you to behind you.  This will 
keep the cloudy water you kick up behind you. If safe and possible, try to spend equal time on both 
the sides of the creek and middle. 
 
Section 2: Start Location Information 
*Take a picture of the start point, facing upstream* 
 
Starting time (am/pm): 
Name of Water Body/Creek: 
Description: Are there any nearby landmarks? Please provide names and description to help us find the 
exact location (e.g. roads, bridges, trails, feeder streams, other): 
 
 
 
 
Location Coordinates (if possible) Latitude: Longitude: 
Photo name/number that shows start position: 
Notes: 
 
 



 

62 Connecting People and Freshwater Mussels, PDE Report 13-01 
 

 
Section 3: End Location Information 

*Take a picture of the ending point, facing upstream* 
 
Ending Time (am/pm): 
Description: Are there any nearby landmarks? Please provide names and description to help us find the 
exact location (e.g. roads, bridges, trails, feeder streams, other): 
 
 
 
Location Coordinates (if possible) Latitude: Longitude: 
Photo name/number that shows ending position:  
 
Deepest part surveyed: 
☐Ankle deep  ☐Knee deep  
☐Above the hips  ☐Stayed out of water 

Average depth of surveyed area: 
☐Ankle deep  ☐Knee deep  
☐Above the hips  ☐Stayed out 
of water 

Which section(s) of the creek were surveyed?  
(Check all that apply) 
☐Left side ☐Right side ☐Middle  

Describe the slope of the creek banks:  
☐Gradual ☐Sharp 

Did you see any fish or other wildlife? 
Describe if applicable: 
 

Please estimate the length of creek surveyed 
(in feet): 
 

Was anyone else along the creek during the survey?  
☐Yes    ☐No 
If yes, what activities were they engaged in?  
(Check all that apply): 
☐Fishing ☐Canoeing ☐Walking 
☐Driving ☐Swimming ☐Kayaking        
☐Other 

What was along the section you surveyed? 
(Check all that apply) 
☐Homes ☐Lawns 
 ☐Forest  ☐Park  
 ☐Industry   
Or Describe: 

 
Section 4: General Survey Results 
(A specimen is defined as 1 live mussel, 1 individual valve, or 2 valves attached at the hinge.) 
 
Were any mussel specimens found? 
☐ Mussel specimens not found  
☐ Mussel specimens found! 

Did you find any non-native clams?  
(Asian clam, Rangia clam) 
☐ No ☐ Yes 

How many total specimens did you find? 
☐ 0 specimens    ☐ 5 or fewer specimens
  
☐ 6-20 specimens ☐ More than 20 
specimens 

How were the LIVE mussels spaced in the creek? 
☐No LIVE mussels found  
☐Densely clumped 
☐Patchy and spread out 
☐Patchy in some areas; Dense in others 
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Notes: 
 
 
 
Section 5: Individual Mussel Specimen Data 
If you found any mussel specimens, please record up to 4 of your most interesting finds! 
 
Mussel Specimen #1   
Describe the creek’s depth where specimen was found: 
☐Ankle deep  ☐Knee deep 
☐Above the hips  ☐Stayed out of water 

Where was the specimen found: 
☐Bank (out of water) ☐Sides of creek 
☐Middle of creek 

Describe the creek’s bottom (Check all that apply): 
☐Mud  ☐Silt  ☐Sand  
☐Pebbles ☐Rocks  ☐Boulders 

Describe the specimen found: 
☐LIVE mussel ☐Single shell  
☐Two shells attached at hinge 

Describe the exterior color of the shell (Check all that 
apply): 
☐Green/Olive  ☐Yellow ☐Tan     
☐Brown  ☐ Red  ☐ Black     
☐Nacre/Pearl exposed 

Describe the shape of the shell: 
☐Elongate ☐Subtrapezoidal 
☐Ovate  ☐Subovate  
☐Broken shell 

What mussel species can the shell possibly be from? (Check all that apply): 
(The mussel field guide can help with identification!) 
☐Brook Floater  ☐Eastern Pearlshell  ☐Triangle Floater ☐Creeper 
☐Eastern Pondmussel ☐Yellow Lampmussel  ☐Eastern Elliptio  ☐Green 
Floater 
☐Eastern Floater  ☐Tidewater Mucket  ☐Eastern Lampmussel 
Location Coordinates (if possible) Latitude: Longitude: 
Picture of shell(s) found? ☐Yes    ☐No     If yes, photo file name/number: 
Notes: 
 
Mussel Specimen #2  
Describe the creek’s depth where specimen was found: 
☐Ankle deep  ☐Knee deep 
☐Above the hips  ☐Stayed out of water 

Where was the specimen found: 
☐Bank (out of water) ☐Sides of creek 
☐Middle of creek 

Describe the creek’s bottom (Check all that apply): 
☐Mud  ☐Silt  ☐Sand  
☐Pebbles ☐Rocks  ☐Boulders 

Describe the specimen found: 
☐LIVE mussel ☐Single shell  
☐Two shells attached at hinge 

Describe the exterior color of the shell (Check all that 
apply): 
☐Green/Olive  ☐Yellow ☐Tan     
☐Brown  ☐ Red  ☐ Black     
☐Nacre/Pearl exposed 

Describe the shape of the shell: 
☐Elongate ☐Subtrapezoidal 
☐Ovate  ☐Subovate  
☐Broken shell 
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What mussel species can the shell possibly be from? (Check all that apply): 
(The mussel field guide can help with identification!) 
☐Brook Floater  ☐Eastern Pearlshell  ☐Triangle Floater ☐Creeper 
☐Eastern Pondmussel ☐Yellow Lampmussel  ☐Eastern Elliptio  ☐Green 
Floater 
☐Eastern Floater  ☐Tidewater Mucket  ☐Eastern Lampmussel 
Location Coordinates (if possible) Latitude: Longitude: 
Picture of shell(s) found? ☐Yes    ☐No     If yes, photo file name/number: 
Notes: 
 
Mussel Specimen #3  
Describe the creek’s depth where specimen was found: 
☐Ankle deep  ☐Knee deep 
☐Above the hips  ☐Stayed out of water 

Where was the specimen found: 
☐Bank (out of water) ☐Sides of creek 
☐Middle of creek 

Describe the creek’s bottom (Check all that apply): 
☐Mud  ☐Silt  ☐Sand  
☐Pebbles ☐Rocks  ☐Boulders 

Describe the specimen found: 
☐LIVE mussel ☐Single shell  
☐Two shells attached at hinge 

Describe the exterior color of the shell (Check all that 
apply): 
☐Green/Olive  ☐Yellow ☐Tan     
☐Brown  ☐ Red  ☐ Black     
☐Nacre/Pearl exposed 

Describe the shape of the shell: 
☐Elongate ☐Subtrapezoidal 
☐Ovate  ☐Subovate  
☐Broken shell 

What mussel species can the shell possibly be from? (Check all that apply): 
(The mussel field guide can help with identification!) 
☐Brook Floater  ☐Eastern Pearlshell  ☐Triangle Floater ☐Creeper 
☐Eastern Pondmussel ☐Yellow Lampmussel  ☐Eastern Elliptio  ☐Green 
Floater 
☐Eastern Floater  ☐Tidewater Mucket  ☐Eastern Lampmussel 
Location Coordinates (if possible) Latitude: Longitude: 
Picture of shell(s) found? ☐Yes    ☐No     If yes, photo file name/number: 
Notes: 
 
 
 
Mussel Specimen #4  
Describe the creek’s depth where specimen was found: 
☐Ankle deep  ☐Knee deep 
☐Above the hips  ☐Stayed out of water 

Where was the specimen found: 
☐Bank (out of water) ☐Sides of creek 
☐Middle of creek 

Describe the creek’s bottom (Check all that apply): 
☐Mud  ☐Silt  ☐Sand  
☐Pebbles ☐Rocks  ☐Boulders 

Describe the specimen found: 
☐LIVE mussel ☐Single shell  
☐Two shells attached at hinge 

Describe the exterior color of the shell (Check all that 
apply): 
☐Green/Olive  ☐Yellow ☐Tan     
☐Brown  ☐ Red  ☐ Black     

Describe the shape of the shell: 
☐Elongate ☐Subtrapezoidal 
☐Ovate  ☐Subovate  
☐Broken shell 
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☐Nacre/Pearl exposed 

What mussel species can the shell possibly be from? (Check all that apply): 
(The mussel field guide can help with identification!) 
☐Brook Floater  ☐Eastern Pearlshell  ☐Triangle Floater ☐Creeper 
☐Eastern Pondmussel ☐Yellow Lampmussel  ☐Eastern Elliptio  ☐Green 
Floater 
☐Eastern Floater  ☐Tidewater Mucket  ☐Eastern Lampmussel 
Location Coordinates (if possible) Latitude: Longitude: 
Picture of shell(s) found? ☐Yes    ☐No     If yes, photo file name/number: 
Notes: 
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