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The Partnership for the Delaware Estuary brings together people, businesses, and 

governments to restore and protect the Delaware River and Bay. We are the only 

organization that focuses on the entire environment affecting the River and Bay — 

beginning at Trenton, including the Greater Philadelphia metropolitan area, and ending in 

Cape May, New Jersey and Lewes, Delaware. We focus on science, encourage 

collaboration, and implement programs that help restore the natural vitality of the River 

and Bay, benefiting the plants, wildlife, people, and businesses that rely on a healthy 

estuary. 
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Executive Summary 

Juvenile freshwater mussels were produced in a hatchery and reared in a variety of aquatic 

environments in southeast Pennsylvania, Wild populations of the native freshwater mussel 

Utterbackiana implicata (Alewife Floater) that contained fertilized females were located in 

the tidal Delaware River to serve as broodstock, Mussel larvae from these broodstock were 

then used to produce >50,000 juvenile mussels in partnership with a United States Fish and 

Wildlife Service hatchery in Virginia. These juvenile mussels were grown in a variety of 

environments and systems both in a laboratory and in the wild.  

Many of the propagated mussels quickly grew to a size of more than 50 millimeters (a size 

large enough to seed streams) within 6 months when reared in floating baskets in ponds at 

Longwood Gardens, Van Sciver Lake, Green Lane Reservoir, and the Delaware River. More 

than 8,000 juvenile mussels survived for the first 15 months, at which time they were 

relocated for long-term restoration studies in targeted waterways. Laboratory grown mussels 

did not grow and survive as well as mussels reared in productive and protected natural 

habitats, which reinforced the importance of having quality field sites for grow-out. 

Laboratory based rearing protocols were improved to facilitate future propagation efforts. 

Growth and survival of mussels generally increased with mussel size as well as increased 

maintenance and monitoring. Growth in the field was faster in warm months from spring 

through summer, with minimal growth in winter. Mortality was attributed to biofouling, 

stocking density, and potential effects of winter. Juvenile mussels placed directly into silos 

in natural stream systems such as Ridley, Tacony, and Skippack Creeks also grew and 

survived well. Animals that were free-released in these systems also survived and showed 

adequate bed retention, despite known problems associated with stormwater and runoff. 

Free released mussels grew at rates similar to mussels reared in nutrient rich ponds. 

This project focused on propagation and rearing of the common Alewife Floater and 

confirmed its ability to survive and grow at a sensitive life stage in a range of environments. 

These results provide a foundation for expanded mussel restoration efforts in the region, 

especially projects that aim to boost the population biomass of common species to promote 

water quality through mussel-mediated biofiltration services. Next steps include trials of 

different species native to the region that may have greater sensitivity to stressors or have 

unique habitat requirements. Restoration efforts may now include juvenile mussels and 

protocols shall be developed to incorporate smaller mussels in reintroductions and 

relocations.  
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Introduction 

Importance of Freshwater Mussels 
In North America, more than 70% of nearly 300 native freshwater mussel species are 

endangered, threatened or of special concern (Williams et al. 1993) making them the most 

imperiled taxa nationally (Nobles and Zhang 2011). Freshwater mussels are also considered 

to be the most imperiled animals locally in the Delaware River Basin with declines in 

species richness, range of distribution, and population abundance (PDE 2012a, 2012b). The 

majority of the 13 native species to the Basin are of conservation concern and few areas 

support robust populations of common species (Table 1). Emerging data suggest that healthy 

populations of freshwater bivalves contribute to the maintenance of water quality and have 

other significant ecological roles, and thus the decline of mussel populations may exacerbate 

water quality impairements.  

The ecosystem services contributed by natural mussel beds depend on the composition of 

suspended matter that they feed on as well as the mussel population abundance and body 

sizes, similar to other filter feeding bivalves (e.g., clams, mussels, oysters) (Strayer et al. 

1999, Dame 2012). Due to their imperiled status and potential importance in ecosystem 

functioning and water quality, there has been a rise in national interest in protecting and 

understanding these animals. This expanded interest is reflected by the greater diversity of 

state and federal agencies that are now attentive to freshwater mussels’ status and trends. In 

the past, the main groups that focused on mussel conservation and restoration were state 

heritage programs and a few federal agencies (USFWS, USGS), which focused on 

biodiversity preservation and the protection of listed species. Now, many other agencies 

(e.g., EPA) and water supply companies (e.g., Philadelphia Water Department, SUEZ) are 

focused on the water and habitat benefits that are furnished by healthy mussel beds in 

streams, rivers and lakes.  

As a National Estuary Program, Partnership for the Delaware Estuary is expected to 

establish measurable goals for sustaining and improving water and habitat conditions and to 

implement a Comprehensive Conservation and Management Plan (CCMP) to protect and 

restore natural resources. PDE has elevated healthy freshwater mussel populations as one of 

a limited subset of “driver” goals that facilitate ecosystem-based restoration in the Delaware 

River Basin. This goal is based on the observation that mussels are long-lived (species 

dependent, 30-100 years) and are sensitive to disturbances to environmental and ecological 
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conditions such as water quality, water quantity, riparian cover, and fish passage. Hence, to 

achieve multiple goals for water and habitat conditions in any given water body, a simplified 

focus on achieving a healthy assemblage of native freshwater mussel species living in 

abundance will drive positive decision-making in support of broader CCMP actions and 

needs.  

The water quality benefits of healthy beds of native mussel species is an area of emerging 

research and look to be sizeable. Subject to environmental conditions, each adult mussel 

filters gallons of water every day, averaged throughout the year.  Healthy mussel beds can 

contain 5-100 individuals per square meter and >10,000 animals per site, leading to water 

clearance rates of millions of gallons of water per acre per year.  The actual water quality 

benefits depend not only on mussel population size but also on seston composition; i.e., the 

quantity and quality of suspended particles that comprise the mussels’ diet. Mussels filter 

Table 1. Conservation status of freshwater mussel species in the Delaware River Basin. 
 

Freshwater Mussel Identification State Conservation Status 

Scientific Name Common Name DE NJ PA 

Alasmidonta heterodon 

Dwarf 

Wedgemussel Possibly Extirpated Endangered 

Critically 

Imperiled 

Alasmidonta undulata Triangle Floater Possibly Extirpated Threatened Vulnerable 

Alasmidonta varicosa Brook Floater Extirpated Endangered 

Critically 

Imperiled 

Elliptio complanata Eastern Elliptio Secure Secure Apparently Secure 

Lampsilis cariosa 

Yellow 

Lampmussel Possibly Extirpated Threatened Apparently Secure 

Lampsilis radiata 

Eastern 

Lampmussel 

Critically 

Imperiled Threatened 

Critically 

Imperiled 

Lasmigona subviridis Green Floater no data Endangered Imperiled 

Leptodea ochracea Tidewater Mucket 

Critically 

Imperiled Threatened 

Critically 

Imperiled 

Ligumia nasuta Eastern Pondmussel 

Critically 

Imperiled Threatened Imperiled 

Margaritifera margaritifera Eastern Pearlshell no data no data 

Critically 

Imperiled 

Pyganodon cataracta Eastern Floater Apparently Secure Secure Apparently Secure 

Strophitus undulatus Creeper 

Critically 

Imperiled Species of Concern Secure 

Utterbackiana implicata Alewife Floater 

Critically 

Imperiled Secure Vulnerable 
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seston indiscriminately, and pollutant removal therefore partly depends on the pollutant 

load. 

Many streams that once supported abundant mussels no longer do. The loss of beds of filter-

feeding mussels is thought to contribute to degraded water quality, representing a negative 

feedback for ecosystem health. Hence, mussel restoration should promote positive 

feedbacks to ecosystem health in the form of cleaner water, reduced erosion, and increased 

habitat complexity. For more information on freshwater mussel ecology, life history, and 

Delaware River Basin species, please refer to Freshwater Mussels of the Delaware Estuary: 

Identification Guide & Volunteer Survey Handbook (PDE 2014) and other information at 

the following website: http://www.delawareestuary.org/freshwater-mussels. Additional 

educational material can be found at: http://www.mightymussel.com.  

Although most current mussel populations appear to be extremely depressed and 

geospatially constricted in the Delaware Estuary region relative to historic levels, many 

scientists and managers are increasingly interested in rebuilding mussel populations for 

various conservation and management purposes. Countless streams and rivers that were 

once too polluted to support mussels have since been remediated to the point where mussel 

populations may again be sustained. However, blockages to fish passage, slow growth, and 

other impediments stand in the way of mussels being able to naturally re-disperse and 

colonize these habitats. Assisted recolonization can directly augment and expedite recovery 

since the natural dispersal of native populations can be slow and unpredictable. It is also 

vital that any remaining mussel beds be afforded the greatest possible protection. 

 

Freshwater Mussel Recovery Program (FMRP) 
The FMRP was launched in 2007 by PDE with the goal of conserving and restoring native 
freshwater mussels within the Delaware Estuary. This program complements PDE’s 

comprehensive watershed-based shellfish restoration strategy, which also includes saltwater 

oysters and saltwater ribbed mussels. Dozens of native bivalve species once inhabited most 

aquatic niches from headwater streams to the mouth of Delaware Bay (Kreeger and Kraeuter 

2010).  

The FMRP consists of eight focal areas (Fig. 1): 

 Surveys of freshwater mussels (qualitative and quantitative) to identify potential 

restoration sites and provide data on extant populations. 

 Conservation of current mussel populations and their habitat. 

http://www.delawareestuary.org/pdf/Restoration/Volunteer%20Guidebook.pdf
http://www.delawareestuary.org/pdf/Restoration/Volunteer%20Guidebook.pdf
http://www.delawareestuary.org/freshwater-mussels
http://www.mightymussel.com/
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 Restoration of freshwater mussel populations through tactics such as reintroductions 

to candidate waters. 

 Propagation using hatchery methods to seed streams for water quality uplift and 

bolster mussel abundance. 

 Habitat suitability for freshwater mussels to aid in restoration practices. 

 Research & Monitoring to understand mussel life history, ecosystem services, and 

their interaction with future environmental conditions. 

 Remediation of negative impacts on freshwater mussels and their habitat. 

 Outreach to educate the public about conservation and restoration of freshwater 

mussels. 

 

 

 

 

 

 

 

  

 

Figure 1. The FMRP bubble graphic highlights each area of focus. 
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Project Overview 
This restoration project aimed to develop a greater capacity to propagate and grow 

freshwater mussels in southeastern Pennsylvania, thereby helping to remove the supply 

bottleneck that thwarts widespread recovery efforts. Freshwater mussel populations in the 

lower Delaware River Basin are severely depressed and may still be in decline in many 

areas (PDE 2012a). This is especially true in southeast Pennsylvania where >95% of 

surveyed stream reaches have no remaining mussel populations.  

Efforts are underway to mitigate losses while promoting recovery of populations where 

possible (see above and PDE 2012b). In addition, the Partnership for the Delaware Estuary 

(PDE) is working with partners to establish a new freshwater mussel hatchery where 

substantial numbers of mussels will be spawned to aid in restoration and research efforts. In 

anticipation of this increase in propagation capacity, this project focused on testing rearing 

locations and methods so that progeny produced in hatcheries can be reliably raised to sizes 

needed for aquatic restoration projects.  

Scientists from PDE and the United States Fish and Wildlife Service (USFWS) worked 

together to propagate the native Alewife Floater, Utterbackiana implicata. Juvenile mussels 

were grown at study sites that included large reservoirs, small ponds, natural streams, and in 

the laboratory. Growth and survival was then compared among rearing methods and sites. 

More information for each research activity is summarized below and methodologies and 

results are reported in subsequent sections. 

Freshwater Mussel Propagation 

Mussel populations typically rebound slowly after historic population losses due to a variety 

of factors, including their lack of critical biomass as well as their complex life cycle. 

Freshwater mussels require a fish host to reproduce, and the mussel population therefore 

depends upon the resident (sometimes migratory) fish assemblage. Dams and other man-

made structures often inhibit fish passage, inhibiting mussel populations. Increasing mussel 

population sizes therefore increases the chance of successful host fish interactions. Even in 

areas devoid of suitable fish hosts, periodic stocking of native species of mussels may be 

deemed worthwhile because of the ecosystem services that they provide. Most common 

hatchery propagation methods simply facilitate the pairing between mussel larvae and fish 

hosts. Once larvae on the fish transform and fall off, the young juvenile mussels can be 

grown to a size that can be deployed into various streams to bolster mussel population 

biomass. 
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Propagation science and technology for freshwater mussels has advanced tremendously 

thanks to various academic researchers and state and federal agencies, especially USFWS. 

PDE scientists partnered with the Harrison Lake National Fish Hatchery (HLNFH) in 

Charles City, Virginia, to successfully cultivate alewife floater mussels propagated from 

native Delaware River broodstock.  

Grow-out Trials 

To determine how well newly produced alewife floaters could grow in southeast 

Pennsylvania waters, different types of environments were targeted for grow-out trials. Sites 

ranged from the main stem of the Delaware River to small ponds. Mussels were 

opportunistically deployed as partnerships arose, and stocking densities and rearing methods 

varied considerably. Deployed mussels also varied in size based on the time of deployment. 

The HLNFH provided two size classes of mussels - small mussels that were recently 

transformed (Class I), and larger mussels that were 2-4 weeks old (Class II). As mussels 

grew, rearing densities were adaptively managed by dividing mussels among an expanding 

number of baskets as of crowding became evident. 

Environmental conditions were monitored at study sites, and various adjustments were made 

depending on the water body type to promote greatest overwintering success.. 

In-stream Mussel Release 

Once “hardened” to field conditions and reared to a size that would be less likely to be 

preyed, juvenile mussels were then relocated to “seed” streams that were targeted in earlier 

studies (e.g. with caging or tagging trials) to be viable for mussel restoration. Mussel 

reintroduction increases the mussel biomass in the system, which may cross a tipping point 

whereby acritical population size is achieved so that the population can sustain themselves 

in perpetuity (assuming fish hosts are present). Reintroduction of mussels into more of their 

historic locations also strengthens metapopulation health because future disturbances are 

less likely to impair all locations at the same time.   

Juvenile mussel reintroductions were completed using tagged juvenile alewife floaters that 

were free-released into Tacony Creek, Ridley Creek, and Skippack Creek. Mussels were 

then monitored for bed retention rates (survival at the site of deployment) and changes in 

shell length (growth).  This free-release approach is a relatively low-cost method that 

permits mussels to burrow into substrate and seek optimal habitats. 
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An auxiliary deployment was performed whereby smaller-sized juvenile mussels were 

contained within concrete “silos” placed onto the bottom of the streams.  This tested 

whether predator protection is needed to promote mussel survival and growth, compared to 

unprotected mussels that were larger but free-released.  

Water Quality Assessment 

Similar to saltwater bivalve species, freshwater mussels are filter-feeders, which means they 

process large volumes of water as a means to extract large quantities of microparticulate 

matter that comprises their diet.  By processing large water volumes over soft tissues, they 

are especially sensitive to dissolved contaminants and pollutants in the water, which can be 

bioaccumulated. In addition, if pollutants are adsorbed or contained with the particulate 

fraction that forms their diet, the pollutants can also be effectively taken up as a result of 

particle sorting and digestive processing within the mussel bodies.  Therefore, mussel  

growth and survival can be doubly impacted by various water quality factors:  by the 

varying food quantity and quality of the particulate fraction, and by the presence of 

pollutants in dissolved or particulate forms. These animals also depend on water to supply 

dissolved oxygen. Scientists routinely monitor physical and chemical metrics associated 

with water quality through active sampling with a water quality sonde, but this approach 

fails to quantify particle conditions that underpin the filter-feeder diet. For this study, 

traditional water quality measurements (with instrumentation) were augmented with 

periodic sampling and analyses of seston quality and quantity.  
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Methods 

Freshwater Mussel Propagation 
 Broodstock mussels of the native species, Utterbackiana implicata, consisted of adult 

females that were observed to be brooding mature larvae.  To be used for propagation in the 

hatchery, broodstock needed to be collected in late winter before the spawning period, and 

then held at cool water temperatures in the hatchery until suitable fish hosts were available. 

The broodstock were collected from the Delaware River on March 15th 2017 using hand 

rakes under Scientific Collection Permit # 2018-01-0069 (Type 1). Broodstock gravidity 

was assessed visually using reverse pliers (Fig. 2). Broodstock were transported in a chilled 

cooler to staff at the USFWS Harrison Lake National Fish Hatchery (HLNFH) on March 16, 

2017. There, HLNFH staff extracted larvae, infested host fish (herring) collected in 

Virginia, and collected 

transformed juveniles within a 

week of infestation. Broodstock 

females were then shipped to 

PDE to be returned into suitable 

habitat in the Delaware River 

near where they were originally 

collected. Newly produced 

juveniles were also shipped 

overnight to PDE in chilled 

containers. 

Multiple batches of juvenile 

mussels of slightly different 

ages and sizes were shipped 

from the HLNFH to PDE 

throughout the first few months. 

The first shipment consisted of 

very small juveniles no larger than 500 µm in shell length (hereafter “Class I”). PDE also 

visited HLNFH twice to collect batches of larger juveniles between 15-20 mm in shell 

length (hereafter “Class II”). Figure 3 depicts both classes of juveniles. 

 

 

 

Figure 2. A set of reverse pliers opening a mussel to 

reveal gills inflated with mature larvae, (left side of 

mussel). 
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Figure 3. Class I (top) and Class II (bottom) juvenile Alewife Floaters that were 

produced at the HLNFH and provided to PDE. Class I juveniles are shown under 

magnification. 
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Grow-out Trials 
A variety of techniques and settings to grow juvenile mussels were tested and compared, 

including laboratory culture and field rearing in diverse pond and river settings. The 

comparative study identified strengths and weaknesses associated with the various 

approaches. Laboratory culture systems were constructed at the Fairmount Water Works 

Interpretive Center (FWWIC) as part of a newly constructed demonstration mussel hatchery. 

Pond and river grow-out entailed placing mussels in floating baskets at a variety of ponds 

and properties. Sites largely spanned southeast Pennsylvania with one site in Delaware (Fig. 

4).  More sites were studied than originally planned because a greater number of juveniles 

were produced than anticipated, and this robust replication strengthened outcome 

comparisons. At two locations (Longwood, Winterthur), mussels were also reared in at least 

two different ponds. 

Laboratory Grow-out 

All Class I juveniles were held at least initially in laboratory culture systems since small 

juveniles require more care such as consistent climate and diet control. Culture systems 

consisted of Hruska Boxes (static aquaria with aeration and cleaned sediment) and Barnhart 

Buckets (recirculating downweller systems with mesh containers). The same food type and 

regime was delivered to mussels in both systems. Diets consisted of a blend of commercial 

shellfish feeds (Shellfish 1800 and Nanno 3600) purchased from Reed Mariculture. These 

diets are concentrated microalgae of different species. The ratio of Shellfish 1800 to Nanno 

3600 diets was 2:1 v/v. This concentrated mixture was then diluted 1000X with 

commercially obtained spring water to form a primary diet stock. A sufficient volume of the 

primary stock diet was then delivered to the mussel culture systems to maintain a slight 

green tinge. This specific feeding regiment has been regularly used in other successful 

hatchery facilities. 

Hruska Boxes consisted of rectangular plastic containers that were partially filled with clean 

sand and an air stone (Fig. 5). Air supply was continuous. Juveniles were added to the 

sediment and allowed to crawl freely. Boxes were covered except for a small opening to add 

food and water, when necessary.  
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Figure 4. Grow-out sites spanned southeast Pennsylvania and northern 

Delaware. Locations were either a laboratory, private pond, or flowing river. 
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Barnhart Buckets consisted of a 5-gallon bucket with a 2.5-gallon bucket nested inside (Fig. 

5). Five 2” diameter holes were drilled along the bottom perimeter of the 2.5-gallon bucket 

as well as a small hole in the center of the bottom. A 150-µm Nitex screen was placed over a 

small 2” diameter PVC pipe and secured with a 2” coupler to create a “screen cup”. Pairs of 

screen cups were fit together to create a housing container for small juvenile mussels. 

Juveniles were placed into pairs of cups and tightly placed into each of the five 2” holes of 

the 2.5-gallon bucket. A piece of tubing and a small water pump was fitted in the center of 

the 2.5-gallon bucket. The pump was always active, except during maintenance. The water 

level in the 5-gallon bucket was a few inches from the top. The pump recirculated water 

from the bottom of the system to the top, gently directing water flow down through each of 

the mussel housings.  

The primary food stock was delivered similarly to both Hruska Boxes and Barnhart Buckets. 

Each feeding apparatus was installed above each box/bucket and contained a food reservoir 

which was connected to a solenoid valve and tubing. A fixed amount of food was then 

periodically delivered to each culture container via gravity by the opening and closing of the 

valve. Timers regulated the solenoid valves to deliver primary stock for one minute every 

two-hours. In addition to the gravity fed apparatus, a peristaltic pump was also used later in 

the project to supply a more consistent ration to juvenile mussels held in the Barnhart 

Buckets (Fig. 5). This pump allowed a more precise volume of food to be actively delivered 

through tubes directly into the buckets.  The peristaltic delivery approach was found to 

reduce potential issues with clogging compared to the gravity delivery system. 

Six Hruska Boxes and six Barnhart Buckets were used to culture Class I juveniles received 

initially from HLNFH. To compare water type, 3 of the 6 replicates of each culture system 

contained spring water, and the other 3 contained filtered water from the Schuylkill River. 

Water was changed, cultures systems were cleaned, and food rations were replenished 

approximately 3 times per week.  More frequent screen cleanings were needed at times in 

Barnhart Buckets because smaller mussels required smaller mesh screens that clog faster.  

Juvenile mussels were periodically examine to ensure they had food in their guts and 

appeared healthy, and screens were routinely cleaned within Barnhart Buckets to maintain 

flow.  Subsets of live mussels were periodically counted and sized to track survival and 

growth rates, using microscopy and an optical micrometer (Fig. 6). Dead mussels were 

removed from containers and disposed of. Surviving mussels were transferred to field 

rearing systems in rearing ponds when they had grown to 0.5 to 1 mm long. 
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Figure 5. Laboratory grow-out systems were positioned on a rack (top left) with Hruska 

boxes on the top shelf (top right), and a peristaltic pump (bottom left) feeding Barnhart 

Buckets on the bottom shelf (bottom right).  
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Pond and River Grow-out 

Field sites included two ponds at Longwood 

Gardens, Van Sciver Lake, Green Lane Reservoir, 

Independence Seaport Museum’s boat basin on 

the Delaware River, and two ponds at Winterthur 

Museum Garden & Library in Delaware. After 

access agreements and permission were obtained 

for all sites, mussels were moved to the different 

locations from a central “staging pond” at 

Winterthur. Mussels were deployed in the various 

sites at different times depending on partner availability and mussel availability. A 

supplemental redeployment was performed at Longwood Gardens towards the end of the 

project, which consisted of reduced stocking densities after observations of mortality from 

densely stocked baskets. 

The most common method of field-rearing consisted of holding mussels in floating baskets 

containing sand and covered to inhibit predation. Both Class I and Class II juveniles were 

reared in these baskets, which have been successfully used elsewhere in the country. Each 

basket consisted of a commercial plastic bushel basket that had flotation materials (pool 

noodles) affixed to the rim using cable ties. The bottom the basket was reinforced inside 

with 150-µm Nitex screen that was bolted down with nylon washers to prevent juvenile 

mussels and sand from washing out through the basket bottom. An oversized 200-µm Nitex 

screen was fitted on top of the bottom screen and approximately 2” of washed sand 

(commercial “play sand”) was placed on top of the screen to provide substrate for mussels to 

burrow within. Baskets were anchored to the bottom of ponds using a cinderblock and rope 

tether with enough line scope to ensure that baskets could rise and fall with changing water 

level, and other disturbances (e.g. wind, currents). The top of each basket was covered with 

plastic aquaculture mesh to prevent predatory birds and mammals from accessing mussels in 

the basket. Baskets were periodically cleaned of any biofouling organisms.  

The number of mussels added to each basket depended on mean mussel size to minimize 

crowding stress. To deploy Class I juveniles, a 2’ long 3” diameter PVC pipe was inserted 

into the basket’s sand layer, and juveniles were slowly rinsed into the top of the pipe and 

allowed to settle into the sand for up to 10 minutes. This method was used with success at 

other hatcheries and provided small juveniles time to settle into the sand to minimize any 

flocculation and loss the smaller and lighter animals out of the basket. Class II mussels were 

 

Figure 6. Juvenile Alewife Floater 

mussels viewed under microscopy. 
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simply hand placed into baskets on top of the sand. Covers were attached after deployment 

and baskets were deployed in triplicate to facilitate statistical tests and reduce the risk of 

mussel loss. Since different numbers of mussels of different sizes were available on 

different dates, it was not possible to standardize stocking density or deployment date 

among the different rearing locations.  Furthermore, some mussels grew faster than expected 

and crowding stress became apparent at times, which would have biased direct comparative 

analysis.  To prevent ice damage during winter, baskets were sunk in Green Lane Reservoir, 

whereas all baskets at other sites were left floating. Figure 7 depicts various pond grow-out 

activities. 

  

 

Figure 7. Deployment of Class I juveniles (top left). Floating baskets deployed at a pond 

(top right). Monitoring mussel survival in a basket (bottom left). Large juvenile mussels 

sieved from a basket (bottom right).  
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Survival and growth of mussels were assessed in floating baskets by removing all basket 

contents were, separating mussels from sand using sieves. Live mussels were counted and 

dead shells were removed. Mussels were measured for shell length using digital calipers 

(Mitutoyo CD-6” CXR, ±0.03 mm). PDE scientists coordinated the overall deployment and 

monitoring effort, managing most sites, and analyzing the overall datasets for mussel 

performance. PWD scientists served as stewards of mussels at Van Sciver Lake and 

ANSDU scientists served as stewards of mussels at Green Lane Reservoir.  

In-stream Mussel Rearing 
Two methods were used to deploy juvenile mussels into free-flowing streams. One method 

involved placing juvenile mussels into “silos” to help secure them in place while allowing 

mussels to grow. The second method was a free release method whereby deployed mussels 

were scored with unique markings, plastic tags, and/or electronic tags to facilitate recapture 

and identification. Mussels were both free-released and reared in silos at each stream site 

including Ridley Creek, Tacony Creek, and Skippack Creek (Fig. 8).  

Mussel Silos 

Various silo designs have been developed by the mussel community.  The method used in 

this study was an adaptation of methods used by others, including addition of feet that lift 

silos off the stream bottom for use in sandy environments. Silos were constructed by placing 

a 4” diameter polyvinyl chloride (PVC) pipe in the center of a large mixing bowl and 

pouring Portland cement around the pipe. Prior to the cement drying, three rebar pieces were 

bent into a ‘V’ using two pipes and placed into the cement in a triangular pattern.  

Rebar sections were held in place by three small shock cords until cement dried. The center 

of the silo was capped with a PVC grate at the top. A PVC coupler and pipe secured a small 

screen, which served as a removable cap at the bottom of the pipe held in place with cable 

ties. Twenty-five juvenile mussels were placed into every silo. An identification tag was 

secured onto one of the legs of each silo. Cable ties served as a backup identification 

mechanism whereby the number of cable ties equaled the silo identification number. (Fig. 

9).  Four silos containing juvenile mussels were deployed at each project site at 

approximately three-meter intervals.  
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Silos were periodically retrieved and opened to monitor mussel survivorship and sizes. Dead 

mussels were removed. Shell lengths were recorded at the time of initial deployment and at 

each monitoring event, using digital calipers. Silos were removed from sites at the final 

monitoring event and all remaining mussels were free-released into the stream at the same 

locations. 

 

 

 

Figure 8. In-stream mussel deployment sites for silos and free released mussels. 
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Figure 9. A top-down view of a mussel silo (top left). An upside-down silo revealing 

rebar feet and center pipe (bottom cap removed) where mussels are contained (top right). 

Mud collected inside a silo with mussels migrating to the top (bottom left). Live mussels 

contained within a silo (bottom right). 
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Free Release 

To provide the best chance for survival and retention at the release sites, only the largest 

juveniles were free released. All free released mussels were marked using black epoxy to 

provide surveyors with a definitive way to indicate a deployed mussel from this project. 

Additionally, a subset of mussels was dual tagged with a plastic tag and a Passive Integrated 

Transponder (PIT) tag. Plastic tags were affixed using cyanoacrylate while the PIT tag was 

secured on mussel shells and encased in a marine epoxy. Data were collected using a PIT 

tag reader (HPR+) and mussels were measured for shell length using digital calipers. 

At each of the three stream sites, 200 juvenile mussels were free-released on June 13 2018, 

including a subset of 15 mussels tagged with plastic and PIT tags. Per stream site, three 

different locations having visibly suitable habitat were chosen, to allow a more robust 

comparison and reduce the risk of total loss. Mussels with PIT tags were electronically 

detected using a PIT tag reader, facilitating recapture  efficiency. Non-tagged animals were 

recovered by sight or using hand tools such as a clam rake where possible. Therefore, 

monitoring surveys were conservative by design and do not reflect 100% capture efficiency. 

Mussels were enumerated, sized, and returned to the stream. Aspects of free-release 

activities are presented in Figure 10.  
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Figure 10. A field crew tags mussels (top left). Mussels with black epoxy markings, 

plastic ID tags, and electronic tags encased in white marine epoxy (top right). A PDE 

scientist monitors electronically tagged mussels in a stream with a PIT tag reader 

(bottom left). Sieving out mussels from smaller sediments (bottom right).  
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Water Quality Assessment 
Water quality data were recorded routinely during mussel activities using a Eureka Manta 

+35 probe. Water quality parameters measured included dissolved oxygen (mg/L and % 

saturation), water temperature (°C), pH, and conductivity (uS/cm). Field scientists fully 

submerged probes, avoided contact with the stream bottom and gently circulated probes for 

accurate dissolved oxygen reading in lentic systems. The Manta probe was calibrated prior 

to use for each field day. The data were captured via handheld device (Fig. 11). When 

scientists only recorded conductance without also recording specific conductance, 

conductance readings were converted to specific conductance (conductance at 25 °C) 

according to the formula: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 =
𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒

1 + 0.0185(𝑡 − 25)
 

where t is the temperature recorded concurrent with the conductance reading and 0.0185 is a 

useful conversion factor for temperatures between 0-30 °C following Hayashi (2004). 

In addition to assessing basic physical and chemical parameters, seston composition was 

periodically examined to monitor the 

quantity and quality of the microparticulate 

diet that sustained filter-feeding bivalve 

populations. Seston composition in 

ambient water was assessed following the 

approach and methods described by 

Kreeger et al. (1997). Per site and time, 

water samples of approximately 4 L were 

collected in triplicate using clean 

cubitainers in triplicate. Water was passed 

through a 53-µm sieve and subsequently 

filtered onto pre-weighed glass fiber filters 

through vacuum filtration. Filters were 

frozen until analyses could be performed. 

To assess particulate matter (PM; a.k.a. total suspended solids), filters were dried in a drying 

oven for 48 hours at 60 °C and weighed (in comparison to the original pre-ashed and dried 

filter weight; FW), yielding the dry weight of PM plus (dry seston weight. Filters were then 

combusted for 24 hours at 450 °C in a muffle furnace and re-weighed to determine seston 

ash weight (in comparison to the original pre-ashed and dried filter weight), enably 

 

Figure 11. Measurement of water quality 

parameters in Skippack Creek. 
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calculation of the particulate organic matter (difference between PM and Ash; see equations 

below). All weights were measured using an analytical balance (VWR, ±0.01 mg). 

The concentration of PM (mg/L) was calculated by dividing the PM weight by the volume 

of water (V) of water filtered, according to the formula: 

[𝑃𝑀] =
(𝑑𝑟𝑦 𝑠𝑒𝑠𝑡𝑜𝑛 + 𝑓𝑖𝑙𝑡𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡) − (𝑑𝑟𝑦 𝑓𝑖𝑙𝑡𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡)

𝑉
 

Particulate Organic Matter (POM) was calculated as follows: 

[𝑃𝑂𝑀] =
(𝑑𝑟𝑦 𝑠𝑒𝑠𝑡𝑜𝑛 + 𝑓𝑖𝑙𝑡𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡) − (𝑑𝑟𝑦 𝑎𝑠ℎ 𝑠𝑒𝑠𝑡𝑜𝑛 + 𝑓𝑖𝑙𝑡𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡)

𝑉
 

POM was expressed as mg/L. The percentage organic content of seston was calculated using 

the following formula: 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 = (
𝑃𝑂𝑀

𝑃𝑀
) ∗ 100% 

 

Statistical Analysis 
Statistical analyses were performed in the statistical software R 3.0.0 (R Core Team 2013). 

Limited statistical comparisons were performed due to differences in deployment times, lack 

of robust sample sizes (specifically for filter analyses), and other factors. 
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Results 

Freshwater Mussel Propagation 
Propagation efforts were very successful and HLNFH delivered considerably greater 

numbers of juveniles than originally predicted. In total, PDE received an estimated 50,000 

Class I and 30,000 Class II juveniles, which served as the mussels for all subsequent project 

activities. Mussels were received over multiple days depending on the size class. A 

breakdown of all juvenile mussels received is presented in Table 2. 

 

Class I juvenile numbers were estimated upon delivery due to their small size. Due to this 

overabundance of juveniles, scientists were able to increase types of grow-out trials and 

replication. Additionally, some Class II juveniles were set aside for supplemental trials or 

transplants in the event of low survivorship during the first round of rearing tests. 

Ultimately, extra juveniles were simply free-released into the streams targeting for 

restoration, enhancing the overall chances of seeding new populations at those sites.  

  

Table 2. All juvenile mussel transfers from HLNFH to PDE scientists. 
 

Date Received (2017) Juvenile “Class” Estimated Number 

May 2nd I 30,000 

May 3rd I 20,000 

July 20th II 15,000 

July 26th II 15,000 
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Grow-out Trials 

Laboratory Grow-out 

Laboratory grow-out systems had mixed results due to a myriad of reasons. Juveniles 

stocked in Hruska Boxes did not survive until the first monitoring event. Juveniles held in 

Barnhart Buckets also experienced nearly 100% mortality. Juveniles reared in replicates 

containing filtered Schuylkill River water supported lower survival than juveniles reared in 

spring water. (Table 3). Juveniles that survived until day 120 were transplanted into a pond 

for subsequent grow-out. Juveniles reared in Barnhart Buckets containing spring water and 

ample food demonstrated the most consistent growth over the trial period.  Although 

survival was lower in Schuylkill water than spring water, the final sizes of survivors was 

greater, reaching 4.5 mm and 3.6 mm mean shell length in Schuylkill and spring water 

treatments respectively (Fig. 12). 

 

 

 

 

  

Table 3. Juvenile mussel survival in laboratory grow-out systems for each water type. 
 

System Water Type Replicates Initial # Juveniles Final # Juveniles 

Hruska Box Schuylkill River 3 ~ 3000 / replicate 0 

Hruska Box Spring Water 3 ~ 3000 / replicate 0 

Barnhart Bucket Schuylkill River 3 ~ 3000 / replicate 11 

Barnhart Bucket Spring Water 3 ~ 3000 / replicate 99 
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Figure 12. Mean shell lengths of juveniles held in Barnhart Buckets throughout the 

laboratory grow-out trial. Error bars represent the standard error of the mean. 
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Pond and River Grow-out 

Class I Juveniles 

Overall, Class I juvenile mussels exhibited the ability to survive and grow in floating 

baskets. Survivorship ranged from 1.9-6.6 % of the original estimated 1700 deployed 

juveniles.  

The greatest survival was found in Winterthur Pond 1 (Table 4). Small juveniles placed in 

Longwood were not found in their baskets upon first inspection at day 49. Mussel baskets 

were considerably biofouled, and many macroinvertebrates were present in mussel baskets 

at Longwood ponds. A limited number of dead shells were observed via microscopy.  

Mean daily growth for juveniles within Winterthur ponds ranged between 0.09-0.25 mm. 

Juveniles grew well at Winterthur, ultimately reaching mean shell lengths up to 52.4 mm. 

Within Winterthur Pond 1, one basket was lost prior to day 183 due to a severe flooding 

event. All baskets at Winterthur Pond 1 were relocated after the very large storm and 

flooding, thereby ending the trial at Pond 1. Mussels in Winterthur Pond 2 were sustained 

through the entire trial, to day 399. 

 

Class II Juveniles 

Class II juveniles exhibited consistent and robust growth at all sites (0.05 – 0.11 mm/day), 

and survival was up to 100% (Table 5). Most sites contained mussels that were deployed in 

summer and fall 2017, including an over-wintering period. Mussels in the Delaware River at 

the Independence Seaport Museum were deployed in 2018 and they also demonstrated 

consistent during the subsequent summer and fall, reaching over 50 mm mean shell length 

(Fig. 13). 

 

Supplemental Redeployment at Longwood Gardens 

Mussels stocked at 200 individuals per basket fared very well, exhibiting survival rates 

between 98-100 % (Table 6) at all Longwood ponds. Mussels initially deployed varied in 

shell length (41.4 – 50.5 mm) significantly (p<0.001, 1-way ANOVA). A post-hoc Tukey 

test found that larger mussels were deployed in Pond 2 than in Pond 1 (p<0.01) and Pond 3 

(p<0.001). Mussels in Ponds 1 and 3 were similar in size at deployment (p<0.05). 

After 50 days of deployment, mussels ranged in size from 48.4 to 60.5 mm and grew 
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significantly different in each pond (p<0.001, 1-way ANOVA). A post-hoc Tukey test 

determined that Pond 2 mussels grew larger than Pond 1 mussels (p<0.01), which in turn 

grew larger than Pond 3 mussels (p<0.001). The greatest mean growth rate observed was 

0.20 mm/day. 

 

In-stream Mussel Release 

Mussel Silos 

Mussels deployed in silos demonstrated up to 100% survival (Table 7). Survival was 

greatest for all sites during the first monitoring period (113 days) and subsequently 

decreased for some silos after day 205 down to 0% in some cases. Skippack Creek silos 

performed the best with survival rates of 88-100% after day 205. Tacony Creek silos 

performed variably with survival rates as low as 68% with one silo missing at day 205 likely 

due to vandalism. 

Mussels attained over 25 mm mean shell length in all creeks and approached 30 mm in 

Ridley and Skippack (Fig. 14). Mussels were originally different in size among all sites 

(p<0.05, 1-way ANOVA) with larger mussels deployed in Skippack than in Ridley 

(p<0.05). Upon completion of the trial, mussels were significantly different in size (p<0.001, 

1-way ANOVA, type III). A post-hoc Tukey test found that mussels were smaller in Tacony 

Creek than in Skippack (p<0.001) and Ridley Creeks (p<0.001), which both produced 

similarly larger mussels (p>0.05). 

Within each stream, mussel growth was associated with season. Between day 0 to day 113 

(November-March), a 1-way ANOVA, type III found that mussel size was statistically 

similar for mussels within Ridley, Skippack, and Tacony Creeks (p >0.05). Significant 

growth was observed between day 113 to day 205 (March-June) in Ridley and Skippack 

Creeks (p< 0.001, ANOVA, type III). 

Overall, mussels in silos grew at a rate of up to 0.02 mm/day in Skippack and Tacony while 

reaching 0.04 mm/day in Ridley (Table 8). Without factoring in potential biofouling and 

space constraints, Ridley mussels grew up to 0.08 mm/day while Skippack and Tacony 

mussels grew up to 0.05 and 0.04 mm/day respectively. Spring growth rates nearly rivaled 

rates observed in floating baskets (pond trials). Mussels in one silo in Tacony Creek did not 

demonstrate more than 1 mm of mean growth with 24 of 25 mussels surviving until day 205.  
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Table 4. Shell Length (SL), growth, and survival of Class I juveniles summarized by field 

site. SEM = standard error of the mean, N = sample size, nd = no data. 
  

Site 
Basket 

# 

Deployed 

# 

Start SL (mm) End SL (mm) 

Trial 

Days 

Daily 

Growt

h (mm) 

Surviva

l (%) Mean  ± 

SEM 
N 

Mean  ± 

SEM 
N 

Longwood-1 1 ~1700 

0.5 ± 0.01 20 nd nd 49 nd nd Longwood-1 2 ~1700 

Longwood-1 3 ~1700 

Longwood-2 1 ~1700 

0.5 ± 0.01 20 nd nd 49 nd nd  Longwood-2 2 ~1700 

Longwood-2 3 ~1700 

Winterthur-1 1 ~1700 

0.5 ± 0.01 20 

40.3 ± 

0.74 
57 183 0.22 1.9 

Winterthur-1 2 ~1700 
45.9 ± 

0.68 

10

0 
183 0.25 3.3 

Winterthur-1 3 ~1700 
6.8 ± 

0.23 

13

0 
70 0.09 4.3 

Winterthur-2 1 ~1700 

0.5 ± 0.01 20 

45.5 ± 

1.6 
20 399 0.11 5.9 

Winterthur-2 2 ~1700 
52.4 ± 

1.7 
20 399 0.13 6.6 

Winterthur-2 3 ~1700 
42.3 ± 

1.3 
20 399 0.10 6.1 
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Table 5. Shell Length (SL), growth, and survival of Class II juveniles summarized by field site. SEM = 

standard error of the mean, N = sample size, nd = no data. 
 

Site 
Basket 

# 

Deployed 

# 

Start SL (mm) End SL (mm) 
Trial 

Days 

Daily 

Growth 

(mm) 

Survival 

(%) 
Mean  ± 

SEM 
N 

Mean  ± 

SEM 
N 

Seaport Museum 1 100 32.1 ± 0.74 100 50.7 ± 1.2 43 67 0.28 43 

Green Lane 

Reservoir 
1 400 24.9 ± 0.46 100 65.8 ± 0.30 316 400 0.10 79 

Green Lane 

Reservoir 
2 400 24.7 ± 0.38 100 38.8 ± 0.47 100 231 0.06 91 

Green Lane 

Reservoir 
3 400 25.5 ± 0.37 100 63.2 ± 0.31 400 400 0.09 100 

Green Lane 

Reservoir 
4 400 26.0 ± 0.38 100 62.7 ± 0.28 399 400 0.09 100 

Green Lane 

Reservoir 
5 400 26.2 ± 0.41 100 63.5 ± 0.30 393 400 0.09 98 

Green Lane 

Reservoir 
6 400 26.6 ± 0.38 100 62.6 ± 0.30 389 400 0.09 97 

Longwood-1 1 1200 18.6 ± 0.32 100 42.9 ± 1.1 20 375 0.06 49 

Longwood-1 2 1200 19.0 ± 0.25 100 44.0 ± 1.1 20 375 0.07 55 

Longwood-1 3 1200 19.1 ± 0.30 100 44.2 ± 1.2 20 375 0.07 47 

Longwood-2 1 1200 19.2 ± 0.31 100 48.1 ± 1.6 20 375 0.08 52 

Longwood-2 2 1200 20.1 ± 0.27 100 51.1 ± 1.3 20 375 0.08 25 

Longwood-2 3 1200 18.9 ± 0.28 100 43.5 ± 1.2 20 375 0.07 33 

Van Sciver Lake 1 400 

20.2 ± 0.42 100 

54.8 ± 0.59 100 389 0.09 

59 Van Sciver Lake 2 400 61.3 ± 0.62 100 389 0.10 

Van Sciver Lake 3 400 63.9 ± 0.52 100 389 0.11 

Winterthur-1 1 1000 17.2 ± 0.35 100 24.9 ± 0.74 100 105 0.07 87 

Winterthur-1 2 1000 19.2 ± 0.29 100 25.0 ± 0.63 100 105 0.06 81 

Winterthur-1 3 1000 18.6 ± 0.25 100 nd nd 4 nd nd 

Winterthur-2 1 1000 17.9 ± 0.32 100 36.0 ± 0.89 20 321 0.06 8 

Winterthur-2 2 1000 18.9 ± 0.25 100 42.7 ± 0.90 20 321 0.07 32 

Winterthur-2 3 1000 18.7 ± 0.30 100 35.9 ± 1.1 20 321 0.05 18 
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Figure 13. Mean shell length for juveniles held in a floating basket in the Delaware River 

(Independence Seaport Museum’s Boat Basin) over time. Error bars represent the standard 

error of the mean. 
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Table 6. Shell Length (SL), growth, and survival of Class II juveniles deployed in a 

supplemental trial in Longwood ponds. SEM = standard error of the mean, N = sample size, 

nd = no data. 
  

Site 
Basket 

# 

Deployed 

# 

Start SL (mm) End SL (mm) 

Trial 

Days 

Daily 

Growth 

(mm) 

Survival 

(%) Mean  ± 

SEM 
N 

Mean  ± 

SEM 
N 

Longwood-

1 
1 200 46.4 ± 1.3 20 54.0 ± 1.4 20 50 0.15 100 

Longwood-

1 
2 200 42.1 ± 1.2 20 51.6 ± 1.2 20 50 0.19 100 

Longwood-

1 
3 200 44.5 ± 1.1 20 52.9 ± 1.2 20 50 0.17 98 

Longwood-

2 
1 200 46.6 ± 2.0 20 55.6 ± 2.2 20 50 0.18 99 

Longwood-

2 
2 200 50.5 ± 2.0 20 60.5 ± 1.2 20 50 0.20 98 

Longwood-

2 
3 200 48.4 ± 1.7 20 53.9 ± 1.8 20 50 0.11 98 

Longwood-

3 
1 200 43.2 ± 1.2 20 48.4 ± 1.4 20 50 0.10 100 

Longwood-

3 
2 200 41.4 ± 1.5 20 47.6 ± 1.4 20 50 0.12 100 

Longwood-

3 
3 200 41.5 ± 1.2 20 47.6 ± 1.4 20 50 0.12 98 
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Figure 14. Mean shell length of mussels in silos observed over 205 days. 
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Table 7. Juvenile mussel survivorship in silos at three field sites. SEM = 

standard error of the mean, nd = no data. 
 

Site Silo # Deployed # 

Day 113 Day 205 

# Live 
Survival 

(%) 
# Live 

Survival 

(%) 

Ridley Creek 1 25 24 96 16 64 

Ridley Creek 2 25 25 100 24 96 

Ridley Creek 3 25 24 96 19 76 

Ridley Creek 4 25 25 100 23 92 

Skippack Creek 1 25 25 100 24 96 

Skippack Creek 2 25 24 96 22 88 

Skippack Creek 3 25 25 100 25 100 

Skippack Creek 4 25 25 100 24 96 

Tacony Creek 1 25 25 100 17 68 

Tacony Creek 2 25 24 96 22 88 

Tacony Creek 3 25 13 52 nd nd 

Tacony Creek 4 25 25 100 24 96 
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Table 8. Shell Length (SL) and growth rate data for juveniles in silos with interim rates during winter 

and spring. SEM = standard error of the mean, N = sample size, nd = no data. 
 

Site Silo # 

Day 0  

SL (mm) 

Day 113  

SL (mm) 

Day 205 

SL (mm) 

Mean Growth Rate 

(mm/day) 

Mean  ± 

SEM 
N 

Mean  ± 

SEM 
N 

Mean  ± 

SEM 
N Winter Spring Overall 

Ridley Creek 1 21.9 ± 0.91 25 22.2 ± 0.94 24 28.2 ± 1.17 16 0.003 0.07 0.03 

Ridley Creek 2 24.3 ± 1.28 25 24.8 ± 1.29 25 29.3 ± 1.32 24 0.004 0.05 0.02 

Ridley Creek 3 24.3 ± 1.29 25 24.9 ± 1.27 24 29.8 ± 1.44 19 0.01 0.05 0.03 

Ridley Creek 4 22.1 ± 0.97 25 22.6 ± 0.97 25 30.0 ± 0.92 23 0.004 0.08 0.04 

Skippack Creek 1 25.0 ± 0.90 25 25.4 ± 0.90 25 29.6 ± 0.86 24 0.003 0.05 0.02 

Skippack Creek 2 26.2 ± 1.04 25 27.0 ± 0.93 24 30.6 ± 0.98 22 0.007 0.04 0.02 

Skippack Creek 3 24.1 ± 1.03 25 23.9 ± 1.02 25 27.7 ± 1.06 25 -0.002 0.04 0.02 

Skippack Creek 4 25.5 ± 1.04 25 25.7 ± 1.05 25 29.0 ± 1.01 24 0.002 0.04 0.02 

Tacony Creek 1 26.7 ± 0.84 25 27.9 ± 0.74 25 28.2 ± 0.98 17 0.01 0.003 0.01 

Tacony Creek 2 24.3 ± 1.04 25 25.0 ± 0.97 24 28.3 ± 0.88 22 0.006 0.04 0.02 

Tacony Creek 3 22.4 ± 0.80 25 22.4 ± 1.13 13 nd nd 4 x10-5 nd nd 

Tacony Creek 4 22.4 ± 0.84 25 22.6 ± 0.84 25 22.7 ± 0.80 24 0.002 0.001 0.002 

 



December, 2018 | Report No.18-06 

A publication of the Partnership for the Delaware Estuary—A National Estuary Program 

42 

 

 

Free-Release 

Free released animals were detected in all streams with the greatest detection rate in 

Skippack Creek (47%), whereas Ridley and Tacony had slightly lower detection rates (33%) 

(Table 9). Mussels from Tacony Creek demonstrated a 9.4% positive change in mean shell 

length (Table 10). The overall growth rate for mussels measured in Tacony Creek was 0.04 

mm/day after 125 days from June-November. 

  

Table 10. Shell Length (SL) and growth data of free-released mussels. SEM = standard 

error of the mean, N = sample size, nd = no data. 
 

Site N 

Initial 

Mean SL 

± SEM 

(mm) 

Final 

Mean SL 

± SEM 

(mm) 

Mean SL 

Change ± 

SEM 

(mm) 

% 

Change 

Days 

Deployed 

Growth 

Rate 

(mm/day) 

Ridley Creek nd nd nd nd nd nd nd 

Skippack Creek nd nd nd nd nd nd nd 

Tacony Creek 5 49.8 ± 1.4 54.5 ± 0.7 +4.7 ± 1.4 9.4% 125 0.04 

 

Table 9. Deployment and retention data for free-released mussels. SEM = standard error of 

the mean, N = sample size. 
 

Site # Mussels Deployed 
# Tagged Mussels 

Deployed 

Tagged Mussel Recovery 

# Recovered Bed Retention (%) 

Ridley Creek 200 15 5 33 

Skippack Creek 200 15 7 47 

Tacony Creek 200 15 5 33 
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Water Quality Assessment 
Water Quality 

Water quality data collected at grow-out sites are summarized in Table 11. Water quality 

data collected at free-release sites are summarized in Table 12. Overall, grow-out and free-

release sites exhibited typical water quality for the region throughout the project. Water 

temperature reflected expected seasonality with little variation. Dissolved oxygen was 

consistently above the necessary levels needed to support freshwater mussels in both lentic 

and lotic environments. Specific conductivity was typical of freshwater systems throughout 

the region with notably greater conductivity observed in waters nearest urban areas. 

Observed pH levels were within typical ranges, with a few sites exhibiting slightly alkaline 

conditions. No parameters assessed through spot sampling were found to be concerning for 

freshwater mussel health and growth. 

Particulate Analyses 

Seston data, including the quality and quantity of particulate matter in grow-out ponds and 

free-release sites, are presented in Table 13. Overall, all sites contained sufficient food for 

freshwater mussels to grow with expected decreases in particulate matter and organic 

content from September to October. 

Specifically in October and November, grow-out sites including Longwood Gardens Pond 1, 

Pond 2, Green Lane Reservoir, Winterthur Pond 2, and Van Sciver Lake had different levels 

of particulate matter (p<0.001, 1-way ANOVA, type III). A post-hoc Tukey test revealed 

that Longwood Pond 2 had greater levels of particulate matter compared with Green Lane 

Reservoir (p<0.01) and Van Sciver Lake (p<0.01), and all other sites were similar (p>0.05). 

Collectively, these lentic systems demonstrated greater levels of particulate matter than lotic 

systems such as Ridley, Tacony, and Skippack Creeks (p<0.01, 1-way ANOVA, type III). 

For field sites, Ridley Creek had significantly more particulate matter than Skippack Creek 

(p<0.001, 1-way ANOVA). 

The concentration of particulate organic matter was consistently greater in Longwood 

Garden Ponds than at all lentic and lotic sites. Organic content ranged between 29.4 – 85.5% 

with no clear pattern associated with type of environment or level of particulate matter. 

Organic content was above 50% at most sites, suggesting that general food quality is good.  
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Table 11. Water quality data summarized in chronological order for each field grow-out site, nd 

= no data, * indicates a converted value. 

 

Site Date 
Temperature 

(°C) 

Specific 
Conductivity 

(uS/cm) 

Dissolved 
Oxygen 
(mg/L) 

Dissolved 
Oxygen 

(%) 
pH 

Seaport Museum 24-May-18 17.1 201 7.63 81.8 6.99 

Seaport Museum 6-Jun-18 20.8 nd 5.10 57.4 7.01 

Seaport Museum 2-Jul-18 26.1 nd 5.78 71.2 7.41 

Seaport Museum 30-Jul-18 24.6 nd 6.35 73.3 7.33 

Seaport Museum 31-Aug-18 24.6 nd 6.68 80.9 7.53 

Seaport Museum 11-Sep-18 23.5 442* 5.83 69.0 7.65 

Seaport Museum 24-Sep-18 21.2 366* 6.24 70.6 7.48 

Longwood-1 21-Jun-17 26.6 276 11.7 147.6 8.65 

Longwood-1 1-Nov-17 13.5 246 9.5 92.6 7.17 

Longwood-1 3-Apr-18 9.8 227 11.8 107.2 7.49 

Longwood-1 30-Jul-18 26.7 nd nd nd 7.14 

Longwood-1 19-Sep-18 24.2 274 9.2 113.9 7.38 

Longwood-2 21-Jun-17 26.5 118 10.8 110 8.15 

Longwood-2 1-Nov-17 11.4 125 7.1 65.1 7.09 

Longwood-2 3-Apr-18 9.8 227 11.7 106.8 7.45 

Longwood-2 19-Sep-18 23 98.3 5.4 65.6 6.59 

Longwood-3 19-Sep-18 23.4 189 8.9 108.5 7.28 

Winterthur-1 12-Jul-17 26.3 268 5.4 66.9 6.58 

Winterthur-1 2-Nov-17 13.7 247 10.0 96.3 6.87 

Winterthur-2 12-Jul-17 27.5 261 7.7 95.9 8.18 

Winterthur-2 31-Oct-17 12.9 223 9.8 92.8 7.16 

Winterthur-2 24-May-18 19.1 240 6.3 70.1 6.77 

Green Lane Reservoir 30-Aug-17 22.1 246 7.1 81 8.64 

Green Lane Reservoir 7-Dec-17 6.2 275 11.5 92.4 6.81 

Green Lane Reservoir 18-Apr-18 8.4 250 10.9 92.7 7.46 
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Table 12. Water quality data summarized in chronological order for free-release sites. 
 

Site Date 
Temperature 

(°C) 

Specific 
Conductivity 

(uS/cm) 

Dissolved 
Oxygen 
(mg/L) 

Dissolved 
Oxygen 

(%) 
pH 

Ridley Creek 21-Nov-17 6.0 465 13.5 108.8 8.24 

Ridley Creek 13-Dec-17 1.4 957 13.1 96.4 7.61 

Ridley Creek 14-Mar-18 5.2 552 14.3 117.0 8.19 

Skippack Creek 21-Nov-17 6.4 790 15.9 130.5 8.49 

Skippack Creek 14-Mar-18 4.1 905 13.8 109.2 8.08 

Tacony Creek 21-Nov-17 6.8 601 13.5 111.5 8.02 

Tacony Creek 13-Dec-17 1.7 214 13.7 102.1 7.67 

Tacony Creek 14-Mar-18 4.7 1181 11.9 96.2 7.70 
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Table 13. Particulate seston metrics summarized by field site and date. SEM = standard error 

of the mean, N = sample size, nd = no data.  
 

Site Date 

Particulate Matter 
(mg/L) 

Particulate Organic 
Matter  
(mg/L) 

Organic Content  
(% PM) 

Mean ± SEM N Mean ± SEM N Mean ± SEM N 

Longwood-1 19-Sep-18 11.6 ± 0.49 3 7.66 ± 0.35 3 66.2 ± 1.04 3 

Longwood-1 18-Oct-18 6.50 ± 1.01 3 5.01 ± 0.40 3 78.4 ± 6.05 3 

Longwood-2 19-Sep-18 8.79 ± 0.14 2 6.05 ± 0.12 2 68.8 ± 0.35 2 

Longwood-2 18-Oct-18 7.70 ± 0.14 4 nd nd nd nd 

Longwood-3 19-Sep-18 14.3 ± 0.08 2 12.2 ± 0.09 2 85.5 ± 0.19 2 

Winterthur-2 18-Oct-18 6.62 ± 0.25 3 1.95 ± 0.11 3 29.4 ± 0.93 3 

Tacony Creek 17-Oct-18 1.91 ± 0.15 2 1.04 ± 0.05 2 54.7 ± 1.54 2 

Skippack Creek 17-Oct-18 0.87 ± 0.09 3 nd nd nd nd 

Ridley Creek 17-Oct-18 2.28 ± 0.12 3 1.44 ± 0.08 3 63.4 ± 4.46 3 

Van Sciver Lake 17-Oct-18 5.11 ± 0.34 4 3.90 ± 0.08 4 77.0 ± 4.20 4 

Green Lane Reservoir 21-Nov-18 5.43 ± 0.09 4 1.84 ± 0.05 4 34.0 ± 1.34 4 
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Discussion 

The primary goals of this project were to spawn native mussels, test various grow-out 

methods developed by others, and seed mussels in natural systems where they can 

contribute to mussel recovery and furnish ecosystem services. Identifying suitable rearing 

sites and methods will expedite success of mussel propagation programs aimed at restoring 

native mussel assemblages in southeast Pennsylvania and vicinity. Working with the 

USFWS and HLNFH staff proved to be a very successful partnership for producing native 

Delaware River mussels to perform this rearing study. Assistance from PWD and ANSDU 

was also vital in enabling this comparative study to test more locations and methods. 

Outcomes exceeded expectations for the number of juvenile mussels produced, diversity of 

rearing methods and places tested, and survival and growth of Alewife Floaters.  Eighteen 

months after the single propagation event, more than 8,000 new mussels now exist in 

southeast Pennsylvania waterways, including places that had lost their native mussel 

assemblages.  

  

Laboratory Grow-out 
Despite the better than expected success of many aspects such as field rearing, most Class I 

juveniles held in the laboratory grew slowly and exhibited high mortality. Retaining and 

rearing healthy mussels in captive care systems for long periods of time is a common 

challenge, for reasons we are still striving to understand.  Despite progress in understanding 

how water quality, diet composition, and culture system type affect mussel health, no 

particular culture approach has yet been developed to completely alleviate the “juvenile 

mussel bottleneck,” whereby high mortality tends to occur in the first 1-3 months.  

Typically, mussel survival greatly improves once they attain sizes of about 1 mm.   

In this study, new culture systems were constructed in a new demonstration hatchery facility 

at the Fairmount Water Works, and it was not surprising that mortality was greater than 

desired, likely due to maintenance issues. For example, clogging of screens in culture 

systems inhibited water flow and therefore oxygen and food supply to juveniles, at times. 

Although systems were routinely cleaned and maintained, the best timing and best protocols 

needed to be determined initially through trial and error, leading to a loss of many of the 

juveniles that were reared in the laboratory. Class I juveniles (known to be a sensitive life 

stage) faced mortality rates up to 100% in some systems. An additional problem identified 

was the inconsistent feeding mechanisms initially installed due to electronic timers not 
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performing as expected, and concentrated diets clogging feeding tubes. The laboratory team 

quickly adapted methods to deliver food at consistent intervals while minimizing clogs 

through increased maintenance and the addition of peristaltic pumps. Although the new 

Fairmount Water Works demonstration hatchery is award-winning for its artistic and 

educational elements, the facility was challenging to work within due to its limited space for 

technical projects, limited climate control, and multi-purpose designation (e.g., for the 

public to visit). Nevertheless, the facility provided a wonderful opportunity, which was not 

envisioned in the original study design, to test and optimize many key elements that will be 

needed once a mussel production hatchery becomes available for southeast Pennsylvania.  

Factors that were studied and optimized include water type, diet type, diet ration, culture 

system, cleaning frequency, water change frequency, methods for monitoring growth and 

survival, and timing and size of animals for outplanting. 

Mussels that survived in laboratory systems were also grown to sizes that were greater than 

the recommended size to transfer to natural systems.  For example, mussels were reared to 

sizes greater than 3 mm in Barnhart Buckets. Barnhart Buckets were determined to be the 

preferred method of growing small juveniles in the lab, compared to Hruska Boxes. 

Barnhart Buckets provided excellent oxygenation of water, replication in the form of 

multiple chambers per bucket, required a small footprint, and worked well with a peristaltic 

pump food delivery system. Maintenance of buckets was also relatively simple and clean.  

 

Pond Grow-out 
Pond rearing for both Class I and Class II juveniles greatly exceeded expectations. Mussels 

grew well in every site where they were deployed. Class I mussels exhibited excellent 

growth and survival in Winterthur and demonstrated some of the greatest daily growth rates 

up to 0.25 mm/day. Class I mussels in Longwood Ponds may have suffered from heavy 

early season biofouling by macroinvertebrates, which could have either smothered or 

pushed mussels out of baskets. Ponds at Longwood Gardens demonstrated consistently 

strong growth and survival for Class II mussels, however. Similarly, Class II mussels 

deployed at Winterthur and other sites performed well, attaining final shell lengths well 

above 60 mm in some cases after one year. Accordingly, observed growth rates were 

excellent across all ponds (at or above 0.05 mm/day at all sites). Mussels deployed at 

Independence Seaport Museum’s boat basin in the Delaware River attained the greatest 

growth rate (0.28 mm/day) likely due to a low stocking density and favorable seasonality 

since mussels were deployed and assessed solely during a warm month period. Seasonality 
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is important for food quality and quantity, which can directly affect bivalve growth and 

condition (Kreeger et al. 1997). With seasonality not controlled for, daily growth rates for 

grow-out trials that included winter months may be conservative. 

Mortalities of mussels in floating baskets appeared to partly be associated with stocking 

density, particularly in baskets with densely packed mussels (800+ individuals).  To test this 

hypothesis, an extra test was performed in a supplemental set of baskets in three ponds at 

Longwood Gardens. These baskets were stocked with 200 mussels each, compared to higher 

densities in the regular baskets, and they exhibited very low mortality and strong growth.  

The supplemental deployment did not address effects associated with overwintering, which 

may have also played a role in mortality. Due to differences in depth and access among 

rearing sites, some baskets were prepared for winter differently. Baskets were sunk to the 

bottom of Green Lane Reservoir, whereas baskets in small ponds were left floating during 

winter (subjected to surface ice). No clear differences were detected in baskets that were 

sunk or left floating during winter, suggesting that decisions regarding overwintering can be 

based on logistics and expected ice impacts. 

Unfortunately, direct comparisons of mussel growth and survival among rearing sites were 

not possible because of differences in deployment timing, initial mussel size, and stocking 

density. Additional comparative trials (supported by other funding) are underway to 

improve experimental standardization and more directly compare rearing sites, while also 

continuing to determine optimal stocking density, maintenance regime, and stocking size. 

 

In-stream Mussel Trials 
In-stream mussel rearing trials demonstrated that juvenile mussels demonstrate high survival 

when deployed in in silos for at least 125 days. Variable growth rates were observed, 

especially during winter and spring months. Juvenile mussels survived in all three tested 

streams - Ridley, Tacony, and Skippack Creeks. This result suppirts earlier studies that 

suggested that these systems are viable mussel restoration targets because they support high 

survival of adult mussels over multi-year periods (e.g., Cheng et al. 2015, Kreeger et al. 

2015, Kreeger and Thomas 2014). Typically, the early life stages of freshwater mussels are 

the most sensitive, and the current study revealed that subtle differences in mussel viability 

and health may exist among the three creeks, however. Mussels demonstrated a small 

difference in growth with slightly lower growth in Tacony than in Ridley and Skippack, 

which could be related to food availability. Though particulate matter concentration was 

relatively greater in Tacony than in Skippack, the average seston organic matter 
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concentration was near 1.0 mg/L in Tacony compared to almost 1.5 mg/L in Ridley. Despite 

potentially lower growth in Tacony, growth of juveniles in all three streams was promising. 

Comparing these results to growth rates of juveniles in other streams or larger rivers can 

provide vital context into whether juvenile growth in Ridley, Skippack, and Tacony Creeks 

may be considered healthy or suppressed. Future studies should consider monitoring chronic 

stress and fitness of juvenile mussels to gain additional evidence to compare mussel viability 

and carrying capacity in various places targeted for mussel recovery (e.g., as per Gray and 

Kreeger 2014). 

Free released mussels appeared to survive and some stayed in place in streams where they 

were deployed. As is often seen, low retention rates were found at all release locations. Most 

streams in southeast Pennsylvania suffer from flashy stream flows and stormwater, which 

can scour stream beds and cause mussels to be washed out. In this study, juvenile retention 

was especially noteworthy considering their relatively small size and likely reduced ability 

to withstand stormwater.  The species used (alewife floaters) is also regarded as being more 

susceptible to “floating” downstream because of its shell morphology and thinness. 

Retention rates may be improved by habitat stabilization projects, and careful selection of 

mussel deployment locations to avoid areas with high bed transport rates and frictional 

velocities. Of course, traditional measures to reduce stormwater would also benefit native 

mussel populations. Mussels are naturally patchy in their distribution (Strayer 2008), and 

retention rates might also be improved in some areas such as soft sediments simply by 

increasing mussel density because a bed of mussels can itself contribute to sediment stability 

and erosion control.  
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Conclusions 

This project confirmed that juvenile Alewife Floater mussels can be readily propagated and 

reared in a variety of systems and environments, including several aquatic habitat types in 

southeast Pennsylvania ranging from tidal rivers to streams to inland ponds. To our 

knowledge, this project is one of the first to successfully propagate large numbers of native 

mussels from broodstock from the Delaware River Basin, and to use the progeny to support 

local mussel restoration. Many lessons were also learned that will boost the success and 

expedite expanded mussel recovery efforts in the future.   

This project’s success also demonstrates the value of strong partnerships among researchers, 

managers, water companies and private landowners.  Although the motivation for mussel 

restoration varies (e.g. water biofiltration services, conservation goals), an integrated mussel 

recovery program such as the FMRP depends on aligning goals and working together to 

provide the needed facilities, capacity and knowledge.  

Future studies will be needed to continue to refine propagation and rearing protocols for 

freshwater mussels and improve targeting of deployment locations by studying their critical 

habitat needs and local factors that govern their population carrying capacity.  Many of these 

questions will not be able to be addressed until a robust source of mussel seed becomes 

available.  A Philadelphia-based mussel production hatchery is being planned, but funding 

will also be needed to operate the facility.  The research team is grateful to the Pennsylvania 

Coastal Zone Management Program for supporting this study, which helped fill important 

gaps in our understanding of mussel rearing while also directly restoring mussels to some 

locations. 
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