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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 

More than 80,000 juvenile freshwater mussels were produced in a hatchery and reared in a 

variety of aquatic habitats and aquaculture gear within Kent and New Castle County, 

Delaware, to identify suitable locations and practices that will be needed for expanded mussel 

restoration in the future. The main species used in this study was the native Alewife Floater 

(Utterbackiana implicata) because it can be a functional dominant of natural mussel 

assemblages of the lower Delaware River Basin, and its large size and abundance can 

materially contribute to improved water quality.  

A small number of gravid females were collected from the tidal Delaware River to serve as 

broodstock for this study. Mussel larvae from these broodstock were then used to produce 

transformed juvenile mussels in partnership with a United States Fish and Wildlife Service 

hatchery in Virginia. These juvenile mussels were then grown in a variety of environments 

and systems. Juvenile mussels of a different species, the Eastern Pondmussel (Ligumia 

nasuta), were provided by a complimentary study, enabling interspecific comparisons in 

addition to main factors of rearing location and culture gear type. Water quality and seston 

food resources were also monitored at the rearing locations. Mussel growth and survival was 

then compared species, site, gear type, and ambient water quality to deduce best rearing 

practices that will guide future mussel propagation, rearing and recovery in the State of 

Delaware.  

Due to the excess mussel production and access to a second species, outcomes from this study 

exceeded the original objectives. With one exception, all rearing sites tested were found to 

sustain positive growth and moderate to high survival of native freshwater mussels. In some 

cases, mussels grew at an extraordinary pace, increasing from <1 mm to >50 mm in a span of 

<6 months. The site that did not support juvenile mussels was a man-made aquaculture pond 

at Delaware State University, and the mortality at that location is unclear but could have been 

due to the use of herbicides to control algae in the vicinity. Elsewhere, suitable rearing 

locations included lentic systems such as ponds at Winterthur Gardens and Bellevue Lake, 

and lotic systems such as Wilson Run, White Clay Creek and Red Clay Creek. Although 

seasonally and spatially variable, water quality and food conditions at all sites was found to 

be acceptable for mussels.  

Interestingly, we had successful survival and growth of extremely young <1 mm juveniles in 

floating basket cultures held in ponds. Typically, juvenile mussels perish when moved to field 

sites at such a small size, or they can be easily washed out of the baskets. We did not originally 
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intend to test outplanting of these Class-I mussels, but the surplus seed production provided 

an opportunity to test whether this could work if the mussels were very carefully added to the 

baskets, following guidelines from USFWS. Although mortality was considerably higher than 

when mussels were outplanted at a larger Class-II size, many of these mussels survived and 

achieved much larger sizes than their cohorts that were moved to ponds later. Presumably, 

this result was due to richer and more suitable natural food resources in the pond, compared 

to the hatchery. This survival-growth trade-off will be useful to guide appropriate rearing 

protocols for future projects that have different needs (e.g., large animals versus large 

numbers). 

In general, aquaculture systems developed for marine shellfish such as oysters supported 

equivalent or better survival and growth of mussels as compared to floating baskets used by 

USFWS and in previous PDE mussel studies. The floating baskets are preferable for small, 

young mussels because of tighter controls of mesh sizes and the opportunity to provide 

sediments which juvenile mussels benefit from. Once mussels are more than 2.5 cm in shell 

height, they can be moved into floating aquaculture systems that have larger mesh openings 

and which have much higher capacity due to the tiered racks. The off-bottom aquaculture 

cages also supported mussel growth and survival, but they were not as easy to maintain and 

had lower capacity compared to the floating culture systems. 

Juvenile mussels that were relocated to streams fared very well when they were held in silo 

pens that supply ample water flow but which protect the animals from predators and flood-

associated wash-out. The only exception was that silos placed into White Clay Creek were 

themselves damaged or washed out, either by stormwater flooding or human vandalism. 

Mussels held in silos in Red Clay Creek and Wilson Run grew very quickly and exhibited 

high survival. Until the silos were lost, White Clay also supported good mussel growth. In 

contrast, mussels that were free-released into these same streams either perished or were 

washed downstream. As we have found in earlier studies, most streams in northern Delaware 

are very flashy and mussels are rarely retained for very long at the point where they are 

released because of high bed transport rates. This was the case in this study in Red Clay and 

White Clay Creeks, where retention quickly dropped to 0%. In Wilson Run, our free-released 

juveniles were retained where they were released, but they appeared to all be preyed upon 

since the juveniles were found dead with pierced or cracked shells.  

The poor retention and survival of the free-released juvenile mussels, compared to the 

protected mussels held in silos, reinforces the belief that mussels should be reared to larger 

sizes (e.g., in ponds) prior to being relocated to restoration sites in streams and rivers. 

Predators appear to focus on smaller sized mussels (and Asian clams). For mussel restoration 
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projects in small streams, it might also be advised to focus on a mussel species that has a 

thicker shell and is more adapted to streams, such as Eastern Elliptio (Elliptio complanata). 

The primary mussel we tested here was the Alewife Floater, which has a more ovoid shape, 

thinner shell, and more typically inhabits deeper, slower moving rivers and tidal tributaries.   

This study demonstrated that native freshwater mussel species can be propagated and reared 

to support mussel restoration projects in Delaware, which will directly support the state’s 

clean water goals. This study focused on just one mussel species, which will be useful for 

restoration projects in the types of waters that mussel species is adapted for. With over a dozen 

native mussel species that are adapted to different types of aquatic habitats, future studies 

should expand on this project’s success by developing similar hatchery and rearing methods 

for the others, especially Eastern Elliptio, which is the dominant mussel in streams and rivers. 

More work is also needed to understand the habitat conditions upon which mussels depend, 

and to pair mussel restoration efforts with stream restoration projects that include mussel bed 

habitat in the project goals. Many of our state’s streams are impaired by stormwater or contain 

too much mobile fine sediments, and the carrying capacity for mussels in systems with high 

bed transport rates will remain low to nil until the root problems are addressed or until those 

systems are enhanced with refugia for mussels. 
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Importance of Freshwater Mussels 
In North America, more than 70% of the 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 in 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 

impairments.  

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, Vaughn 2017). 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 

(FMCS 2016). 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 the coordinator for the Delaware Estuary Program, the Partnership for the Delaware 

Estuary (PDE) 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 
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environmental and ecological 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 (Atkinson and Vaughn 2015, Hollein et al. 2017, Kreeger et al. 2018). Subject to 

environmental conditions, an adult mussel can filter up to ten or more gallons of water every 

day. Healthy mussel beds can contain up to 100 individuals per square meter, leading to water 

clearance rates of more than a million gallons of water per hectare per day (e.g., see Kreeger 

et al. 2015). 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 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 

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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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. 

  

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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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: 

 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. 

 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. 
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Project Overview 
This project aimed to develop the technology and knowledge to propagate and grow 

freshwater mussels in Delaware, thereby helping to increase the capacity to scale future 

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). 

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

possible (see above and PDE 2012b). In addition, PDE is working with partners to establish 

a new freshwater mussel hatchery where substantial numbers of mussels will be spawned to 

be used in restoration and research efforts throughout the basin. The principal focus of this 

new “Mussels for Clean Water Initiative” will be to restore healthy and functional mussel 

beds throughout the Delaware Estuary watershed and vicinity for the main goal of promoting 

ecosystem services such as water quality (for more info, see 

http://www.delawareestuary.org/science-and-research/mussels-clean-water-initiative-

mucwi/). In anticipation of this increase in propagation capacity, this project focused on 

testing rearing locations and methods within Delaware so that mussels produced in the 

hatchery can be locally and reliably grown to a size that can resist predation, this promoting 

enhanced success of mussels that can then be relocated into streams targeted for mussel 

restoration.  

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 in both ponds and free-flowing streams. Growth and survival were 

compared among rearing methods and sites. Research activities are summarized below and 

methodologies and results are reported in subsequent sections. Some activities were integrated 

with a concurrent project to bolster both project scopes via economy of scale savings. See 

Cheng and Kreeger 2018 for a detailed report on that project. 

  

http://www.delawareestuary.org/science-and-research/mussels-clean-water-initiative-mucwi/
http://www.delawareestuary.org/science-and-research/mussels-clean-water-initiative-mucwi/
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Freshwater Mussel Propagation 

Freshwater mussels require a fish host to reproduce, making mussel population reproduction 

contingent upon local and/or migratory fish assemblages. Dams and other man-made 

structures often inhibit fish passage, thereby impeding mussel population reproduction. 

Increasing mussel population size increases the probability of successful host fish to mussel 

interactions. Most common hatchery propagation methods merely facilitate this interaction by 

pairing mussel larvae with appropriate fish hosts. As larvae attach to fish, eventually 

metamorphose, and fall off, scientists collect and grow juvenile mussels. Once mussels reach 

a deployable size, they may be released into streams to bolster mussel population biomass. 

Grow-out Trials 

The primary goal of this project was to determine how to grow the Alewife Floater in 

Delaware to a deployable size efficiently. Study sites included multiple ponds, an aquaculture 

pond, and an old water reservoir. As partnerships were developed, scientists deployed mussels 

at different properties. Deployed mussels varied in size based on the time of deployment. 

Scientists at HLNFH provided two size classes of mussels, recently transformed animals 

(Class-I), and two weeks or older animals (Class-II). As mussels grew, population density in 

containers was managed by separating mussels into additional baskets to avoid issues of 

crowding. Water quality conditions were monitored at study sites to provide context for 

possible differences in observed mussel growth throughout the project. 

In-stream Mussel Release 

As mussels acclimated to field conditions and reached a shell size less likely to be preyed 

upon, juvenile mussels were released into streams that were previously studied to strengthen 

our understanding of local mussel survival (Kreeger et al. 2014). Mussel reintroductions 

increase the mussel biomass in the system, which may cross a tipping point whereby mussels 

achieve some critical population size so that the population can sustain itself in perpetuity 

(assuming fish hosts are present). Reintroduction of mussels into diverse niches within their 

historic range also strengthens the health of the metapopulation, reducing the likelihood that 

future disturbances would impair all locations at the same time. 

To monitor mussels effectively, juvenile Alewife Floater mussels were dual tagged and 

released into White Clay Creek, Red Clay Creek, and Wilson Run. Field crews monitored 

mussels to determine bed retention rate (persistence at the site of deployment) and increases 
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in shell length (growth). While risky in nature, free-releases allow mussels to provide water 

quality services to the waters they inhabit while providing data for researchers on proper 

release techniques.  

Scientists complemented free release reintroductions with small populations of mussels that 

were held within specially designed cages, referred to as “silos.” These are cement-based 

structures that are deploy near the bottom of study streams. Mussels placed into silos were 

smaller in size than those that were free released. This deployment provided growth data on 

mussels protected from currents and predation. 
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Water Quality Assessment 

Freshwater mussels are filter feeders (similar to many saltwater bivalves), which requires the 

animal to process large volumes of water to collect microparticulate matter for nourishment.  

By processing large water volumes over soft tissues, they can be sensitive to dissolved 

contaminants and pollutants in the water. In addition, if pollutants are adsorbed or contained 

within the microparticulate matter that forms their diet (a.k.a. “seston”), the pollutants can be 

effectively taken up as a result of particle sorting and digestive processing within the mussel 

bodies.  

Accordingly, mussel growth and survival can be directly affected by diverse water quality 

factors. Dissolved contaminants, specific conductivity, pH, hardness and dissolved oxygen 

are examples of water quality metrics that can impair mussels via chronic and acute toxicity.  

The quantity and quality of the seston affects mussel health and productivity via nutritional 

limitations. To deduce whether various water quality factors contributed to mussel success, 

various physical and chemical metrics were monitored and compared among sites. Some 

water quality metrics were assessed with a sonde, and others via periodic sampling and 

analyses of seston quality and quantity.  

Scientific Training and Presentations 

The FMRP values education and outreach among the public and scientific professionals alike. 

PDE scientists regularly attend regional and national scientific conferences and meetings, 

where they learn from other researchers and share their own research. PDE staff also help to 

provide educational programming to the public of Delaware through presentations and 

trainings. typically coordinating with partner organizations. PDE maintains an online data 

portal where trained volunteers can upload any observations they have made in nature. 

Together, these activities facilitate the dissemination of data and general knowledge about 

freshwater mussels, why they are important for our water’s health, and how anyone can be 

involved. 



May, 2020 | Report No.20-03 

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

18 

 

 

Methods 

Freshwater Mussel Propagation 
The Alewife Floater (hereafter: “UTIM”), was targeted for propagation and grow-out in this 

study due to its relatively common regional conservation status, known fecundity, and known 

local populations. The Alewife Floater is one of the functional dominant mussels of many 

Delaware River Basin mussel beds, and since they can achieve large body sizes and dense 

populations, they represent an excellent target for water quality improvement.  

Broodstock collection occurred in late winter before mussels naturally released their larvae. 

Field scientists collected adult UTIM from a freshwater tidal location on the lower Delaware 

River on March 15, 2017 under Pennsylvania Scientific Collection Permit # 2018-01-0069 

(Type 1). Using reverse pliers, scientists inspected mussels and kept those mussels that were 

observed to be gravid with larvae as broodstock for this project (Fig. 1). Mussels that were 

not gravid were either males or unfertilized females. All non-gravid mussels were returned to 

their habitat. Scientists transported broodstock in a chilled cooler to Harrison Lake National 

Fish Hatchery (HLNFH) on March 16, 2017.  

HLNFH scientists subsequently extracted larvae from UTIM and infested the host fish 

(Blueback Herring, Alosa aestivalis) that hatchery personnel collected near HLNFH. After 

metamorphosis, transformed juveniles were collected and initially grown at HLNFH. Batches 

of juvenile UTIM were subsequently provided to PDE. The first batch contained very small 

juveniles under 500 µm in shell length (hereafter “Class-I”). PDE scientists visited HLNFH 

twice to collect batches of larger juveniles between 15-20 mm in shell length (hereafter 

“Class-II”). Figure 2 depicts both classes of juveniles.
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Figure 1. A scientist uses a set of reverse pliers to check mussel gills for larvae in the 

field. 
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Figure 2. Class-I (top) and Class-II (bottom) UTIM juveniles propagated through 

this project. 
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Grow-out Trials 
PDE researchers grew juvenile UTIM at multiple sites in Delaware for this project. Towards 

the end of this study, the Eastern Pondmussel was integrated into some sites (donated from 

another PDE project). Growth and survival of these juvenile mussels was then monitored and 

compared among multiple rearing locations within Delaware, providing baseline data and new 

insights into factors that sustain optimal mussel performance in the state.  

Mussel rearing sites were located in both New Castle and Kent Counties (Fig. 3). The primary 

grow-out site was Winterthur Garden, Museum, and Library (Winterthur) located in 

Wilmington. Additional sites were added to the project as partnerships developed. Scientists 

deployed mussels at an aquaculture pond at Delaware State University (DSU) working with 

the university’s aquaculture department. Mussels were also deployed in Bellevue Lake in 

partnership with the company SUEZ. Free release sites included the White Clay Creek, Red 

Clay Creek, and Wilson Run (within Winterthur property).  

Several different mussel rearing gear were utilized, and different overwintering methods were 

also tested. Some rearing methods and protocols were held consistent among rearing sites, 

whereas other methods and protocols were adaptively managed based on observed growth 

and survivorship. As the study progressed, best practices were discerned.  

 

Figure 3. Mussel rearing locations in Delaware for this study. 
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Pond Grow-out 

Grow-out sites included an aquaculture pond at 

Delaware State University in Dover, an old 

reservoir maintained by SUEZ in Wilmington, and 

two ponds at Winterthur Museum Garden & 

Library. After access agreements and permission 

were obtained for all sites, mussels were moved to 

the different locations from a central “staging 

pond” at Winterthur. Scientists deployed mussels 

at all sites, while coordinating partner and mussel 

availability.  

Mussels were predominantly reared in covered 

floating baskets containing sand (Fig. 4). The 

cover inhibited predation and the sand provided 

burrowing habitat. Both Class-I and Class-II 

juveniles were contained in these baskets. 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. A large disc shaped 200-µm Nitex screen was fitted 

on top of the bottom screen and approximately 2” of washed play sand was poured over the 

screen to provide substrate for mussels to burrow within. Cinderblock anchors held baskets 

steady in ponds with rope tethers long enough to ensure that baskets could rise and fall with 

changing water level and other disturbances (e.g. wind, currents). Plastic aquaculture mesh 

covered baskets to prevent predatory birds and mammals from accessing mussels in the 

basket. Scientists regularly inspected and cleaned biofouling organisms off baskets. 

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

effects. 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 hand placed into 

 

Figure 4. PDE scientist removing a 

floating basket from a pond for 

inspection. 
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baskets on top of the sand. Basket 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. Figure 5 depicts 

various pond grow-out activities.  

 

Figure 5. Deployment of Class-I juveniles (top left). Removing fouling agents 

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

contents and 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 performed and coordinated the overall deployment 

and monitoring effort, managed most sites, and analyzed the overall datasets for mussel 

performance. DSU staff and students assisted in deploying and monitoring mussels (Fig. 6). 

Class II juveniles that remained smaller through the majority of the study (under 50 mm) were 

redeployed at Winterthur and Bellevue Lake for additional investigation. Any mussels that 

were not free released as part of this study were retained in baskets or other grow-out 

containers to be repurposed for future projects and continue to provide researchers and 

educators with live animals for other projects.  

  

 

Figure 6. Mussel basket setup (top) and deployment (bottom) in an 

aquaculture pond.  
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Experimental Gear 

As burrowing bivalves, freshwater mussels naturally dig into their habitat, particularly during 

winter. To develop and test best practices for growing mussels (and holding over winter 

months), mussels were deployed in equipment designed for saltwater oyster aquaculture. 

Initially, one OysterGro® cage and a custom made bottom culture system (Fig. 7) were used 

in winter 2017-2018. In winter 2019-2020, a 6-bay Flow N Grow ™ cage (FNG) and a Low 

Pro Grow cage (LPG) were used to supplement the OysterGro® cage. Both new cages allowed 

for maximum water flow around animals. Mussels held in FNG cages were contained within 

“mesh pillowcase bags” (Fig. 8). Mussels in the LPG were placed directly into the cage (Fig. 

9). The cages differed in their mesh width (necessitating secondary containment for FNG 

system). Both of these systems were purchased through Ketcham Supply Co Inc. Twelve 

baskets were deployed concurrent with aquaculture gear, each with 100 juveniles. An 

additional species, the Eastern Pondmussel (Ligumia nasuta, LINA), was included for the 

2019-2020 trials. 

  

 

Figure 7. Custom built rack and bag system (left) and an “OysterGro®” cage 

(right).  
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Figure 9. Deployed LPG cage (left) and a close up of mussels inside cage (right).  

 

Figure 8. Deployed FNG cage (top) and a “pillowcase bag” with mussels 

(bottom).  
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In-stream Mussel Rearing 
Juvenile mussels were deployed in streams via two methods to account for different mussel 

shell sizes. Smaller juveniles were contained in cement “silos” which secured mussels in place 

while allowing mussels to grow. Larger mussels were free released after marked (unique 

markings, plastic tags, and/or electronic tags) which facilitated recapture and identification. 

Mussels were deployed via both methods in White Clay Creek, Red Clay Creek and Wilson 

Run (on Winterthur property, downstream of Winterthur-2).  

Mussel Silos 

Mussel researchers have used cement silos in streams across the country with success. 

However, streams within the Delaware Estuary present unique challenges due to stormwater, 

sedimentation and high amounts of fine, soft sediments. Therefore, PDE staff adapted 

previous silo designs by adding “legs” to the bottom of the silos to account for sandy and silty 

streams (Fig. 10). This adaptation elevated the silos above the stream bottom to allow 

sufficient water flow both above and below the chamber holding the mussels. Researchers in 

other regions did not need legs on their silos because their stream bottoms were largely cobble 

or stone, which allowed water flow underneath silos. The domed shape of the silo and 

constricted space beneath the silo cause faster current speeds above the silo compared to 

below, which creates a sustained upwelling current within the central chamber holding the 

mussels. It is important that this flow be sufficient to deliver food and remove wastes. 

The central chamber for the mussels consisted of a 4” diameter polyvinyl chloride (PVC) pipe.  

Portland cement was poured around this column, which was held within the center of a large 

metal mixing bowl that was used as a mold form. Prior to the cement drying, three pieces of 

rebar were inserted into the concrete after bending it into a ‘V’ shape, creating a triangular 

pattern (see Fig. 10). Rebar sections were held in place by three small shock cords until cement 

dried. After the cement cured, the center chamber of the silo was topped with a PVC grate. A 

PVC coupler and pipe secured a small screen, which served as a removable cover at the bottom 

of the pipe secured with cable ties.  

Twenty-five juveniles were placed into each silo. Silos were identified using affixed cards 

tied onto one leg of the silo. The silo number was also marked underneath using black 

rubberized epoxy. Cable ties served as a backup identification mechanism whereby the 

number of cable ties equaled the identification number. Four silos with mussels were deployed 

at each project site in approximately three-meter intervals. Silos were routinely retrieved and 

opened to monitor mussel survivorship and sizes. Dead mussels were removed. Shell lengths 
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were measured using digital calipers and recorded at the time of initial deployment and at 

monitoring events. Silos were removed from sites at the final monitoring event, and any 

remaining mussels were free-released into the stream.  

  

 

Figure 10. A top-down view of a mussel silo (top left). An upside-down silo reveals rebar 

legs and center pipe where mussels are contained (top right). PDE scientist deploying 

mussels in silos (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. Larger mussels are more likely to avoid predation and survive 

environmental stressors they may face. All free released mussels were marked using black 

epoxy to provide surveyors with a unique mark to differentiate a deployed mussel from a 

naturally occurring mussel. To aid in detection, a subset of mussels was tagged with a plastic 

tag and a Passive Integrated Transponder (PIT) tag. Plastic tags were affixed using 

cyanoacrylate and PIT tags were secured on shells within a marine epoxy (Fig. 11). Data were 

recorded using a PIT tag reader (Biomark HPR+) and mussels were measured for shell length 

using digital calipers during monitoring events. 

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

a subset of 15 mussels tagged with plastic and PIT tags. Three different locations having 

visibly suitable habitat were chosen to allow a more robust comparison and reduce the risk of 

total loss at each site. PIT tags allowed researchers to electronically detect mussels using a 

PIT tag reader, facilitating recapture efficiency (Fig. 12). Non-tagged animals were recovered 

by sight and hand tools such as a clam rake. By design, monitoring surveys were conservative 

and do not reflect 100% capture efficiency. Mussels were enumerated, measured for shell 

length, and returned to their habitat. 

 

  

 

Figure 11. A field crew tags mussels (left). A subset of mussels tagged with PIT tags 

encased in white marine epoxy in a basket (right).  



May, 2020 | Report No.20-03 

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

30 

 

 

 

  

 

Figure 12. A PDE researcher deploying mussels in two streams (top). Monitoring mussels 

with a PIT tag reader (bottom left) and sieving stream sediments for mussels (bottom right).  
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Water Quality Assessment 
Water quality data were recorded routinely 

during mussel activities using a Eureka Manta 

+35 probe. The probe was regularly calibrated 

prior to field use. Water quality parameters 

measured included dissolved oxygen (mg/L 

and percent saturation), water temperature 

(°C), pH, and conductivity (uS/cm). Field 

scientists submerged probes, avoided contact 

with the stream bottom and gently circulated 

probes for accurate dissolved oxygen reading 

in lentic systems (Fig. 13). Water quality data 

were captured via handheld device.  

In addition to monitoring basic physical and 

chemical parameters, seston composition was 

assessed at some sites and times to gauge the 

quantity and quality of the microparticulate 

diet that sustains filter-feeding animals. Seston composition in ambient water was assessed 

following the approach and methods described by Kreeger et al. (1997). Per site and sampling 

period, 4-liter water samples were collected in triplicate using plastic cubitainers. Collectors 

submerged cubitainers beneath the water’s surface and avoided kicking up sediment during 

sampling. In the lab, water was passed through a 53-µm sieve and subsequently filtered 

through pre-weighed glass fiber filters via vacuum filtration (Fig. 14). Sample 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), enabling 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).  

 

Figure 13. Use of a sonde to monitor 

water quality at WTR.  
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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 based on differences in deployment times, 

lack of robust sample sizes, and other factors.  

 

Figure 14. A researcher collects a water seston sample using a filtration setup. 
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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, 

for this project, larger juveniles were free-released into the streams targeted for restoration. 

This free-release enhanced the overall probability 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 

Pond Grow-out 

Class-I Juveniles 

Class-I juvenile mussels were deployed at two ponds at Winterthur and exhibited relatively 

strong survival and growth. High mortality is typical for very early stage juvenile mussels that 

are deployed directly into field conditions.  Here, survivorship ranged from 1.9-6.6 % of the 

original estimated 1700 deployed juveniles per basket. For reference, a similar deployment 

occurred at a property in Pennsylvania and survival was 0% after 49 days.  

Mussels survived best in Winterthur-1 (Table 3). 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-1, one basket was 

lost prior to day 183 due to a severe flooding event. Baskets at Winterthur-1 were relocated 

after the very large storm and flooding, thereby ending the trial at Winterthur-1. Mussels in 

Winterthur-2 were maintained through the entire trial, to day 399. Beyond, mussels were 

redeployed in various methods, including some overwintering experimental gear. 

 

Class-II Juveniles 

Class-II juveniles exhibited consistent and robust growth at both Winterthur ponds and 

Bellevue Lake (0.055-0.074 mm/day), and survival was above 80% for the majority of baskets 

(Table 4). One basket at Winterthur-1 was washed away in a flood, and those mussels were 

lost after 40 days. Remaining baskets at Winterthur-1 were transferred to Winterthur-2 after 

105 days to protect against flooding and for logistical purposes. Mussels at Winterthur-2 grew 

well and demonstrated low survival (8-32%).  

Mussels at Bellevue Lake saw greatest survival up to 89%. Mussels deployed at DSU 

demonstrated poor survival and did not live long enough for researchers to record quality 

growth data despite six replicate baskets deployed. Mussels deployed at DSU were larger than 

mussels deployed at other sites and were held at lower stocking densities, and so it is unclear 

why they performed so poorly there. 
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Supplemental Redeployment 

Redeployed Class-II juveniles demonstrated highly variable growth (0.0059-0.056 mm/day) 

and survival (35-85%) at Winterthur and Bellevue Lake (Tables 5 & 6). Overall, mussels fared 

better in Bellevue Lake than in Winterthur-2. Winter conditions resulted in some mortality at 

Winterthur but additional mortality was observed after winter months at Winterthur, whereas 

little additional mortality was observed in Bellevue Lake. Scientists made qualitative 

observations of a substantial mussel die-off in spring 2019, which was consistent with 

observations in the redeployment baskets. This die-off was not observed in Bellevue Lake.  

Mussels at Bellevue Lake averaged an overall growth rate (over 364 days) of nearly 0.48 

mm/day, slightly lower than the daily growth rate (over 309 days) observed during the original 

deployment in 2017 (0.69 mm/day). Survivorship at Bellevue Lake during both deployments 

never dropped below 71% and was as high as 89%.  

Table 3. Growth and survival (2017-2018) 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 

Growth 

(mm) 

Survival 

(%) 
Mean SEM N Mean SEM N 

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 0.68 100 183 0.25 3.3 

Winterthur-1 3 ~1700 6.8 0.23 130 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 4. Growth and survival (2017 – 2018) 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 

Winterthur-1 1 1000 17.2 0.35 100 24.9 0.74 100 105 0.073 87 

Winterthur-1 2 1000 19.2 0.29 100 25.0 0.63 100 105 0.055 81 

Winterthur-1 3 1000 18.6 0.25 100 nd nd nd 40 nd nd 

Winterthur-2 1 1000 17.9 0.32 100 36.0 0.89 20 321 0.056 8 

Winterthur-2 2 1000 18.9 0.25 100 42.7 0.90 20 321 0.074 32 

Winterthur-2 3 1000 18.7 0.30 100 35.9 1.1 20 321 0.054 18 

Bellevue Lake 1 400 

25.2 0.4 100 

47.6 1.06 20 309 0.072 85 

Bellevue Lake 2 400 46.7 1.64 20 309 0.070 87 

Bellevue Lake 3 400 45.5 1.67 20 309 0.066 89 

DSU Pond 1 300 

27.7 0.59 100 34.3 0.93 20 258 0.026 4 

DSU Pond 2 300 

DSU Pond 3 300 

DSU Pond 4 300 

DSU Pond 5 300 

DSU Pond 6 300 
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Table 5. Redeployment of smaller Class II juveniles into Winterthur (2018-2019). SEM = standard error 

of the mean, N = sample size. 
 

Basket 

# 

Deployed 

# 

Start Shell Length 

(mm) 

Post-Winter 

Survival 

End Shell Length 

(mm) Mean Growth 

Rate 

(mm/day) 

End Trial 

Survival 

Mean SEM N % 
Elapsed 

Days 
Mean SEM N % 

Elapsed 

Days 

1 100 

44.9 0.42 100 

79 

175 

46.3 0.95 20 0.0059 35 

236 2 100 85 47.9 0.82 20 0.013 38 

3 100 88 46.8 1.1 20 0.0081 55 

 

Table 6. Redeployment of smaller Class II juveniles into Bellevue Lake (2018-2019). SEM = standard 

error of the mean, N = sample size. 
 

Basket 

# 

Deployed 

# 

Start Shell Length 

(mm) 

Post-Winter 

Survival 

End Shell Length 

(mm) Mean 

Growth Rate 

(mm/day) 

End Trial 

Survival 

Mean SEM N % 
Elapsed 

Days 
Mean SEM N % 

Elapsed 

Days 

1 100 

44.9 0.42 100 

97 

175 

58.1 0.82 71 0.036 71 

364 2 100 91 63.5 1.5 20 0.051 73 

3 100 98 65.4 1.5  0.056 85 
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Experiment Gear 

Experimental gear that contained freshwater mussels over winter months of 2017-2018 

generally performed well. Minimal fouling was observed on structures, which were easy to 

maintain. Off-bottom racks were more troublesome to access and maintain, compared to the 

floating oyster aquaculture system. However, mussel survival was highly variable (32-77%) 

and mussels did not consistently survive better in one structure than another (Table 7). Growth 

was minimal during the winter, which was expected due to dormancy. 

During the 2019-2020 experimental gear trial, floating baskets were found to be more 

susceptible to fouling, compared with other gear types. Oyster aquaculture gear had much 

larger mesh openings, equating to less surface area for macroalgae to accumulate on. Mussel 

survival was above 70% for all treatments and as high as 100% for LINA in Basket-02 and 

FNG-05 (Table 8). Counts of shells (combined live and dead) were sometimes lower than the 

original number of deployed mussels, suggesting escapement of some mussels.  

For floating baskets, mussel survival (retention of live mussels) was significantly different by 

sediment treatment (p<0.05, two-way ANOVA) but also the interaction of sediment and 

species (p<0.05). Survival was not significantly different by either sediment treatment or 

species when tested via one-way ANOVA (p>0.05, each test). Mortality (number of dead 

shells present) was tested via two separate one-way ANOVA tests and demonstrated that 

mortality was significantly different by species (p<0.001) as nearly all dead shells found were 

UTIM shells. 

Numerous empty shells (dead mussels) were found in the FNG systems that contained UTIM, 

whereas no LINA mortality was observed. Both LPG systems contained much larger animals 

and saw 12 total dead shells. Overall, the oyster aquaculture gear successfully contained 

thousands of animals of two species and provided insight in species specific survivorship. In 

accordance with winter conditions, any average growth observed was minimal for mussels 

regardless of containment. 
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Table. 7. Summary of 2017 – 2018 overwintering trial of UTIM mussels at Winterthur. SEM 

= standard error of the mean, N = sample size. 
 

ID 
Deployed 

# 

Initial Shell Length Final Shell Length 
Survival 

(%) 
Mean SEM N Mean SEM N 

Off-Bottom Rack-1 400 25.7 0.55 100 27.3 0.47 100 63 

Off-Bottom Rack-2 400 25.3 0.47 100 27.5 0.57 100 66 

Off-Bottom Rack-3 400 24.8 0.62 100 27.9 0.51 100 32 

OysterGro-1 400 26.5 0.62 100 27.4 0.48 100 45 

OysterGro-2 400 25.5 0.44 100 25.7 0.51 100 77 

OysterGro-3 400 24.5 0.68 100 25.8 0.66 100 56 
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Table 8. Experimental design of overwintering study at Winterthur 2019-2020. Utterbackiana 

implicata is denoted as UTIM and Ligumia nasuta is denoted as LINA. 
 

ID 
Deployed 

# 

Sedimen

t 
Species 

Initial Shell Length Final Shell Length Dead 

Shell 

(#) 

Survival 

(%) 
Mean SEM N Mean SEM N 

Basket-01 100 Yes UTIM 31.2 0.99 20 31.7 0.39 84 12 84 

Basket-02 100 Yes LINA 36.0 0.57 20 36.7 0.36 100 0 100 

Basket-03 100 No UTIM 31.6 0.97 20 32.4 0.49 73 21 73 

Basket-04 100 No LINA 30.2 0.72 20 32.2 0.44 92 0 92 

Basket-05 100 Yes UTIM 34.1 1.0 20 33.3 0.57 80 20 80 

Basket-06 100 Yes LINA 29.8 1.0 20 33.2 0.51 93 0 93 

Basket-07 100 No UTIM 33.8 0.92 20 35.1 0.54 74 21 74 

Basket-08 100 No LINA 33.9 0.94 20 35.7 0.50 84 0 84 

Basket-09 100 Yes UTIM 31.8 0.90 20 31.0 0.42 79 14 79 

Basket-10 100 Yes LINA 37.0 0.66 20 36.8 0.38 99 1 99 

Basket-11 100 No UTIM 36.3 1.1 20 34.3 0.45 92 7 92 

Basket-12 100 No LINA 34.2 1.0 20 36.6 0.62 87 0 87 

FNG-01 1000 No UTIM 25.6 0.31 100 25.4 0.47 50 Many 72 

FNG-02 1000 No UTIM 24.1 0.41 100 26.8 0.54 50 Many 80 

FNG-03 1000 No UTIM 26.9 0.37 100 26.7 0.46 50 Many 85 

FNG-04 990 No LINA 35.0 0.43 100 36.5 0.44 50 0 99 

FNG-05 990 No LINA 35.2 0.46 100 36.3 0.50 50 0 100 

FNG-06 990 No LINA 33.9 0.45 100 35.1 0.51 50 0 97 

LPG-01 350 No UTIM 57.6 0.90 50 56.6 1.2 50 8 98 

LPG-02 144 No UTIM 54.9 0.90 50 55.0 0.94 50 4 97 
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In-stream Mussel Release 

Mussel Silos 

Mussels deployed in cement silos demonstrated variable survival from 13-80% (Table 9). 

Mussels at Wilson Run survived best (40-80%). Comparing mussel survival between creek 

sites was complicated by missing silos at White Clay Creek. Silo 4 was never found and silo 

1 was found in pieces downstream. In Red Clay Creek, comparable sized mussels grew 

slightly faster than in White Clay Creek (Table 10). However, mussels in Red Clay Creek 

grew slightly slower (0.047 - 0.057 mm/day) than mussels in most floating baskets where 

significant growth occurred (0.07+ mm/day). Wilson Run mussels grew best, attaining growth 

rates up to 0.096 mm/day. However, growth rates greatly varied with growth rates as low as 

0.029 mm/day. Despite some mortality and variable growth rates, juvenile UTIM exhibited 

positive shell growth in all three study sites (Fig. 15).   

Table 9. Juvenile mussel survival in silos deployed at study sites; nd = no data. 
 

Site Silo # # Deployed 

Day 168 Day 209 

# Live Survival (%) # Live Survival (%) 

Wilson Run 1 15 - - 8 53 

Wilson Run 2 15 - - 9 60 

Wilson Run 3 15 - - 6 40 

Wilson Run 4 15 - - 12 80 

Red Clay Creek 1 15 2 13 - - 

Red Clay Creek 2 15 5 33 - - 

Red Clay Creek 3 15 5 33 - - 

Red Clay Creek 4 15 2 13 - - 

White Clay Creek 1 15 nd nd - - 

White Clay Creek 2 15 6 40 - - 

White Clay Creek 3 15 nd nd - - 

White Clay Creek 4 15 5 33 - - 
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Table 10. 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 168 SL (mm) Day 209 SL (mm) Mean 

Growth 

Rate 

(mm/day) Mean SEM N Mean SEM N Mean SEM N 

Wilson Run 1 25.6 0.99 15 - - - 31.7 1.19 8 0.029 

Wilson Run 2 26.6 0.96 15 - - - 44.4 1.42 9 0.085 

Wilson Run 3 28.3 0.78 15 - - - 48.3 0.68 6 0.096 

Wilson Run 4 27.4 0.77 15 - - - 44.7 1.86 12 0.083 

Red Clay Creek 1 28.0 0.92 15 37.6 5.62 2 - - - 0.057 

Red Clay Creek 2 27.8 0.75 15 36.5 1.05 5 - - - 0.052 

Red Clay Creek 3 28.3 0.64 15 36.2 3.15 5 - - - 0.047 

Red Clay Creek 4 29.3 0.81 15 38.0 0.25 2 - - - 0.052 

White Clay Creek 1 26.6 1.09 15 nd nd nd - - - nd 

White Clay Creek 2 27.0 0.73 15 33.1 2.28 6 - - - 0.036 

White Clay Creek 3 26.9 0.75 15 nd nd nd - - - nd 

White Clay Creek 4 28.2 0.70 15 33.5 3.13 5 - - - 0.032 
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Figure 15. Comparison of juvenile mussel growth in silos deployed at study sites. Error bars 

represent standard errors of the mean. 
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Free-Release 

Free released mussels did not fare well at study sites (Table 11). PDE scientists deployed 200 

mussels at each site and could not find deployed mussels at White Clay Creek and only 

electronically detected one mussel in Red Clay Creek. In Wilson Run, scientists observed 14 

unique shell fragments (identifiable with electronic tags or markings). Shells were crushed or 

had a hole poked through them suggesting predation of some sort. Deployed mussels were 

roughly the same size for all locations (Table 12). 

 

 

  

Table 12. Shell length data of free-released mussels. SEM = standard error of the mean, N = sample 

size, nd = no data. 
 

Site 

Initial Shell Length (mm) Final Shell Length (mm) 
Days 

Deployed 

Growth Rate 

(mm/day) 

Mean SEM N Mean SEM N 

Red Clay Creek 41.4 0.83 65 nd nd nd 323 nd 

White Clay Creek 40.0 0.88 65 nd nd nd 323 nd 

Wilson Run 40.7 1.1 65 nd nd nd 323 nd 

 

Table 11. 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 (%) 

Red Clay Creek 200 15 1 0.5 

White Clay Creek 200 15 0 0 

Wilson Run 200 15 14 (shell fragments) Not applicable 
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Water Quality Assessment 
Water Quality 

Water quality data collected at grow-out and free release sites are summarized in Table 13. 

Overall, grow-out and free-release sites exhibited typical water quality for the region 

throughout the project. Water temperature reflected expected seasonality with no anomalous 

variations. Similarly, dissolved oxygen was well above the necessary levels required for 

freshwater mussels in lentic and lotic environments. Specific conductivity was typical of 

freshwater systems throughout the region with greater conductivity observed in Bellevue and 

Red Clay Creek. Observed pH levels were within typical ranges as well. No water quality 

parameters assessed through spot sampling were considered atypical or warranted concern for 

freshwater mussel health and growth. 

 

Microparticulate Analyses 

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

and free-release sites, are summarized in Table 14. The average concentration of PM (a.k.a. 

Total Suspended Solids, TSS) varied significantly (p<0.001, 1-way ANOVA) from 2.76 mg/L 

in Red Clay Creek to 27.8 mg/L in Bellevue Lake. Bellevue Lake had significantly greater 

PM than all sites (p<0.001, Tukey test). Seasonal differences were not captured but PM varied 

by sampling date in Winterthur (p<0.05, 1-way ANOVA) with over two times greater PM 

observed in October 2018 than November 2019 (p<0.001, Tukey test). Interestingly, White 

Clay Creek contained nearly twice as much bulk material than Red Clay Creek, though not 

statistically significant (p= 0.055, 1-way ANOVA). 

The average concentration of particulate organic matter (POM) observed was significantly 

different among sites (p<0.001, 1-way ANOVA), ranging between 1.42 mg/L in Red Clay 

Creek to 8.38 mg/L in Bellevue Lake. Bellevue Lake had significantly greater POM than all 

sites (p<0.001, Tukey test), though POM among all sites excluding Bellevue Lake was similar 

(p>0.05 all comparisons, Tukey test). 

The percentage organic content (POM/PM x 100%) ranged between 29.4 – 85.5% with no 

clear pattern associated with type of environment or PM concentration. Organic content was 

near 30% for all sites except Red Clay Creek where scientists observed organic content over 

50%. Therefore, Red Clay Creek had the greatest relative amount of organic matter despite 

its lower overall PM concentration.  An inverse relationship between PM and organic content 

is typical of natural aquatic systems. 
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Table 13. Water quality data summarized in chronological order for sites with available data. 
 

Type Site Date 
Temperature 

(C°) 

Specific 

Conductivity 

(uS/cm) 

Dissolved 

Oxygen 

(mg/L) 

Dissolved 

Oxygen 

(%) 

pH 

Pond Bellevue Lake 2019-10-17 16.2 326.3 8.11 85.5 7.09 

Pond Bellevue Lake 2019-10-26 11.2 472.3 6.84 64.6 7.12 

Pond Bellevue Lake 2019-12-12 5.95 386.1 10.95 91 7.05 

Pond Winterthur-1 2017-07-12 26.3 268 5.36 66.9 6.58 

Pond Winterthur-1 2017-11-02 13.7 247 10 96.3 6.87 

Pond Winterthur-2 2017-07-12 27.5 261 7.69 95.9 8.18 

Pond Winterthur-2 2017-10-31 12.9 223 9.79 92.8 7.16 

Pond Winterthur-2 2018-05-24 19.1 240 6.31 70.1 6.77 

Pond Winterthur-2 2018-10-18 12.4 258.6 9.94 96.4 6.96 

Pond Winterthur-2 2019-06-11 23.7 222.6 9.68 118.5 7.64 

Pond Winterthur-2 2019-12-12 3.9 232.7 10.49 82.6 6.53 

Pond Winterthur-2 2020-02-05 7.6 218.3 10.73 92.9 6.92 

Stream Red Clay Creek 2018-06-13 18.1 498.6 9.96 109.3 8.06 

Stream Red Clay Creek 2018-11-28 5.5 445.7 12.51 102.6 7.76 

Stream Red Clay Creek 2019-05-02 15.3 475.2 10.28 106.3 7.73 

Stream White Clay Creek 2018-06-13 19.1 376.4 9.38 105 7.98 

Stream White Clay Creek 2018-11-28 5.5 328.3 11.97 98.5 6.82 

Stream White Clay Creek 2019-05-02 16.5 357.3 10.42 110.6 7.89 

Stream Wilson Run 2018-11-28 6.2 208.2 11.99 100.2 6.84 

Stream Wilson Run 2019-05-02 16.4 246.4 9.27 98 6.68 

Stream Wilson Run 2019-07-30 27.8 253.2 7.73 101.9 6.67 

Stream Wilson Run 2019-09-17 23.84 283.7 8.49 104.1 7.47 

Stream Wilson Run 2019-10-17 13.6 224.8 9.44 94.1 7.18 

Stream Wilson Run 2019-10-29 15.35 224.5 9.36 96.8 6.4 
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Table 14. Particulate seston metrics summarized by field site and date. SEM = standard error of the 

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

Type Site Date 
PM (mg/L) POM (mg/L) POM Content (%) 

Mean SEM N Mean SEM N Mean SEM N 

Pond Bellevue Lake 2018-10-26 27.8 2.4 4 8.38 0.52 4 30.3 0.86 4 

Pond Winterthur-2 2018-10-18 8.23 1.6 4 2.23 0.29 4 27.9 1.6 4 

Pond Winterthur-2 2019-09-17 3.88 0.33 4 nd nd nd nd nd nd 

Pond Winterthur-2 2019-10-29 4.77 0.47 4 nd nd nd nd nd nd 

Stream Red Clay Creek 2018-11-28 2.76 0.11 4 1.42 0.03 4 51.6 1.3 4 

Stream White Clay Creek 2018-11-28 5.71 1.2 4 1.61 0.30 4 30.8 5.8 4 

Stream Wilson Run 2018-11-28 6.76 1.3 4 2.40 0.33 4 36.7 2.01 4 

Stream Wilson Run 2019-07-30 4.48 0.77 4 nd nd nd nd nd nd 
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Scientific Training and Presentations 
To expand on this project’s reach, PDE staff disseminated data and shared mussel research 

through a variety of outlets including professional scientific conferences, organized 

educational events, and public outreach. Scientists presented data to colleagues and experts 

around the country at the 110th National Shellfisheries Association Annual Meeting in Seattle, 

Washington. Kurt Cheng presented an oral presentation entitled “Growth of Juvenile 

Freshwater Mussels (Utterbackiana implicata) Reared in Ponds within the Delaware Estuary” 

on March 20th 2018. Additionally, PDE science intern Ashley Chong presented a poster 

entitled “Evaluating Techniques for Growing Alewife Floater Mussels (Utterbackiana 

implicata) in the Delaware Estuary” at the 70th Annual Spring Meeting of the Atlantic 

Estuarine Research Society in Rehoboth Beach, Delaware (April 5-7th 2018). 

PDE also coordinated a series of educational trainings and events related to freshwater 

mussels in Delaware, often integrating multiple projects and partners to bring freshwater 

mussels to a wider audience. Audiences ranged from teenage students to adults. Events are 

summarized in Table 15. Events generally consisted of active mussel surveys combined with 

a mussel overview and open question and answer with trained professional scientists. 

 

  

Table 15. Freshwater mussel outreach events coordinated by PDE staff in Delaware. 
 

Date Event Location 
Attendee 

Count 

2017-05-20 Delaware Nature Society Mussel Training Brandywine Creek State Park 9 

2017-07-19 PDE Teacher Workshop Brandywine Creek State Park 14 

2017-08-04 Delaware Green Jobs Brandywine Creek State Park 15 

2017-08-10 Delaware State Park Youth Conservation Corps Brandywine Creek State Park 5 

2018-07-27 Delaware Green Jobs Brandywine Creek State Park 21 

2018-08-25 Winterthur Delawild Winterthur 5 

2018-09-20 Winterthur Talk & Walk Winterthur 25 

2019-07-26 Delaware Green Jobs Brandywine Creek State Park 14 
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Discussion 

The primary goals of this project were to spawn native mussels, evaluate grow-out methods 

for our region, and seed mussels in natural systems where they can provide ecosystem services 

and boost populations. Thanks to a strong partnership with USFWS scientists, we exceeded 

our mussel production goals using native Delaware River broodstock, providing robust 

opportunities to contrast mussel rearing success among numerous Delaware locations and 

culture systems.  Following the rearing trials, thousands of young mussels were released into 

suitable Delaware streams, supporting both water quality and mussel restoration needs within 

the northern portion of the state.  

Pond Grow-out 
Mussel grow-out exceeded expectations for very young Class-1 juveniles. Typically, early 

outplanting leads to high mortality. Though grow-out methods were risky, mussels proved 

resilient and survived to impressive sizes at Winterthur ponds, achieving growth rates up to 

0.25 mm/day.  It should be noted that as the trial length increased, growth rates decreased. 

This growth rate decrease can be attributed to the natural slower growth of animals that are 

older and larger, and the inclusion of off-peak growth seasons such as winter. Although 

transfer of Class-I juveniles to field conditions is not preferred, these results indicate that some 

survival can be achieved if the animals cannot be held longer in the hatchery, such as when 

the hatchery overproduces animals. This type of grow-out may also be advantageous for 

species that exhibit great fecundity, resulting in large numbers of propagated juveniles that 

would overwhelm small-scale grow-out systems. Still, future success achieved through 

deploying very small juveniles into floating baskets will depend on seasonal and annual 

fluctuations and other stochastic factors that could easily disrupt floating baskets. At such a 

small size, physical disturbances such as bioturbation within basket sediment or flooding 

events could bury, disturb, or even suspend flocculent juveniles out of the basket. PDE staff 

took extreme care in initial juvenile deployment, which resulted in high initial basket retention 

and very large animals in a shorter time period, compared to hatchery-rearing of cohorts to 

Class-II sizes prior to field rearing.  

Class-II mussels deployed at Winterthur also grew well achieving growth rates at or above 

0.05 mm/day. Similarly sized mussels deployed at Bellevue Lake achieved growth rates up to 

0.07 mm/day. Though trial times were variable, stocking density was suspected to play a role 

in the different growth rates observed. Winterthur baskets were stocked with 1000 mussels 

per basket, whereas Bellevue baskets were stocked with 400 mussels per basket. Bellevue 
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mussels resulted in greater growth rates and lower mortality rates. Mortality rates were also 

consistent in Bellevue whereas mortality rates were highly variable in Winterthur, suggesting 

that greater stocking densities may result in unstable conditions. However, other factors that 

could affect stocking density effects include the flow rate of the water body, food availability, 

and mussel size. Larger mussels occupy a greater volume of the basket, require greater 

quantity of food, and produce a greater amount of waste products in baskets.  

Mussel growth rates observed in this project were indicative of the success that can be 

achieved through simple mussel husbandry methods. Additionally, seasonality of food 

conditions (i.e. quality and quantity), which was not explicitly controlled for in this project, 

can directly affect bivalve growth and condition (Kreeger et al. 1997). Therefore, growth rates 

for grow-out trials when asynchronously deployed may be conservative. Mussels grown in 

floating baskets exhibited far greater growth rates than expected. This finding supports the 

hypothesis that mussel size cannot be used to predict age. Some of our animals grew so rapidly 

that our 6-month old animals were similar in size to 10+ year old animals in natural local 

mussel beds. 

Mussel mortality was attributed to a variety of factors. Early mortality was expected to occur 

since mussels were still developing at the Class-I size. Class-II mussels were also very young, 

albeit more developed, and some natural mortality again was expected. However, at DSU 

Pond, the near complete mortality of mussels may have been attributed to the unfortunate 

hydrological linkage to other ponds that received algaecide (containing copper sulfate), such 

that the pond containing juvenile mussels could have been impacted. Copper sulfate is a 

known toxin of many bivalves and this application explained the otherwise anomalous event 

at the site. However, the mussel die-off in spring 2019 was troubling in that the mussels were 

presumed to be beyond the size / age where massive die-offs would occur due to natural 

mortality (such as during the Class-I phase where the mussel’s body is still undergoing 

transformations). Landowners at sites could not provide substantial evidence to suggest that 

land use practices (e.g. fertilizer or pesticide use) could have contributed to the die-off.  

Identifying new techniques to grow mussels and increase growth and survival by utilizing 

oyster aquaculture gear proved to be worthwhile. Results indicated that larger structures 

initially designed for top water oyster aquaculture are well suited to culturing larger freshwater 

mussels. During winter, mussel survivorship was favorable and could have actually been 

lower than reported since some escapement of mussels appeared to occur, and escaped 

mussels may not have perished.   
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This study helped establish new partnerships and cultivated a lasting relationship among many 

partners with interests in water quality and freshwater mussel restoration practices. 

Unfortunately, some of these partnerships were established after this study commenced, and 

this meant that direct comparisons of mussel growth and survival among some of the rearing 

sites was not possible. Even subtle differences in initial age, deployment size and stocking 

density could lead to substantial variability in growth rates and survival due to seasonal 

variation in environmental and food conditions, etc. Still, this study has provided very clear 

baseline data showing that native mussels of very small sizes can be successfully reared to 

large sizes in short periods of time and at numerous locations within Delaware.  

In-stream Mussel Trials 
In-stream mussel trials provided interesting results for growth and survival of mussels in silos. 

Mussels exhibited encouraging growth in silos but also troublingly low survivorship. 

Survivorship rates could have been affected by biofouling or other physical disturbance to the 

silo and associated water flow. Mussels are subject to limited flow due to the silo design and 

even excessive sedimentation could have affected mussels. Silo trials paired with food 

analyses from seston sampling confirm that juvenile UTIM can lay down shell and grow in a 

meaningful way. Still, mussels did not fare similarly well at all sites, suggesting other factors 

could be important for growth. Additionally, winter conditions may have impacted mussel 

survival and growth as juvenile mussels were unable to burrow deep in sediment in a cement 

silo in the same way they would in a natural streambed. A similar study in Pennsylvania 

reported variable growth and survival of mussels in silos (Cheng and Kreeger 2018). 

However, a significant factor may be the difference between adult and juvenile mussel 

biochemical demands. Additional studies may target differences in juvenile mussel fitness 

and condition over time to compare mussel viability and carrying capacity in restoration sites 

(per Gray and Kreeger 2014). 

Free released mussels did not fare very well in this project, likely because of their small sizes 

that made them more prone to wash-out from flooding or higher vulnerability to predators. In 

other regional streams, our previous studies have shown that freshwater mussels can have low 

retention rates at the point of release, due in large part to high stormwater flows and flooding 

events (Cheng and Kreeger 2018). Most streams in Delaware suffer from flashy stream flows 

and stormwater, which can significantly alter streambeds and transport mussels downstream. 

Numerous site-specific characteristics may influence local habitat suitability and mussel 

retention (Cheng and Kreeger 2015). In this study, our selection of the Alewife Floater could 

have also contributed to low retention because this species more typically inhabits larger rivers 



May, 2020 | Report No.20-03 

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

52 

 

 

and tidal systems that are not as flashy. Its shell shape is inflated and could also be more 

susceptible to erosion forces. Researchers continue to refine deployment strategies including 

careful habitat selection based on observable criteria. In the future, mussel reintroductions to 

some streams may not be viable without concomitant efforts to stabilize the habitat or to create 

refugia for the mussel beds. Freshwater mussels are naturally patchy in their distribution and 

where mussels live in dense beds they can also positively contribute to bed stability (Strayer 

2008), suggesting that mussels should be stocked in higher densities at only the best suitable 

locations.  
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Conclusions 

This study provided the opportunity to grow the Alewife Floater in the State of Delaware, 

which has never been done before. Researchers confirmed that mussels can be propagated and 

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

Delaware ranging from streams to inland ponds. This study is the first of its kind in Delaware 

to propagate large numbers of native mussels from regional broodstock for use in local mussel 

restoration. Invaluable lessons have been learned that will increase future restoration success 

and streamline 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. The motivation for mussel restoration 

can include water filtration, conservation, and scientific intrigue. These values are all 

integrated in the FMRP in order to align goals and work together to provide the infrastructure 

and knowledge to restore mussels. 

By establishing baseline data on growing the Alewife Floater, this project has set the 

groundwork for many future studies needed to continue to refine propagation and rearing 

protocols for freshwater mussels. With over a dozen species in the Delaware River Basin, 

researchers are identifying critical research gaps while pursuing active restoration goals such 

as investigating deployment locations to study critical habitat needs under current conditions. 

A Philadelphia-based freshwater mussel hatchery is underway but complementary funding is 

needed to operate the facility. This project provided much needed foundational data on 

freshwater mussel husbandry while simultaneously restoring mussels to local streams.  
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