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(ABSTRACT)

Recent efforts to restore depressed or extirpated populations of freshwater mussels have

focused on artificial propagation as an effective and practical conservation strategy.  Although

artificially cultured juveniles have been produced and released to the wild, no study has

investigated the best time of year or the best developmental stage to release these juveniles.

Several experiments were conducted to gain knowledge of appropriate culture and release

techniques.  Juvenile wavyrayed lampmussels (Lampsilis fasciola) were artificially propagated in

the laboratory and subsequently release into a fish hatchery raceway during June, September and

March.  Juveniles released in June experienced a gradual decline in survival rate, with 50%

survival after 72 days and stable survival thereafter until 200 days.  Juveniles released in

September and March experienced high mortality within the first month, and were unsuccessful

in surviving the cold water conditions typical of those seasons.  Temperature was strongly

associated with growth; thus, juveniles released in June exhibited considerably greater growth

than those released in September and March.  Survival was positively correlated with shell

length in the first 32 days post-metamorphosis.  Fall and spring survival values, shell length-

frequency data, and a significant increase in overwinter mean shell length (p = 0.045) suggest

that overwinter survival is size-dependent.  Survival rates of juveniles released in June exceed

those of previous culture studies reported in the literature.  From these results, I suggest that the

best time for release of propagated juvenile freshwater mussels should be at the beginning of the

growing season in late spring, when water temperatures exceed 15°C (± 1°C).



Offspring of four, gravid female L. fasciola were tested to evaluate the extent of

variability in growth and survival among brood stock.  Comparison of growth and survival of

progeny showed significantly lower performance of only one female (p < 0.05).  Although

results indicate variability in growth and survival among broods, it is not known whether

heritabilities or physiological fitness caused this variability.

Infested fish (IF), newly metamorphosed juveniles (NMJ) and juveniles cultured for 1

month (CJ) were released to a fish hatchery raceway in order to determine the most appropriate

developmental stage to release juveniles.  Significant differences were recorded among the three

release methods, with CJ attaining the greatest growth (2.47 mm ± 0.02), NMJ with the next best

growth (1.86 mm ± 0.02), and IF exhibiting the least growth (1.34 mm ± 0.02) (p < 0.0001).

Survival among release methods was not statistically different because of high variability within

each release method.  High mortality from predacious fish was presumably the cause of this

variability.  With minimal predation, L. fasciola experienced 82.2% (± 3.6) survival at 90 days.

Survival of hatchery-reared juveniles was comparably higher than laboratory-reared juveniles,

suggesting that culturing freshwater mussels in a hatchery raceway is a preferable alternative to

laboratory culture.

An experiment was conducted to compare growth of confined and unconfined juvenile L.

fasciola released to a fish hatchery raceway.  After 72 days, juveniles confined to small open

dishes within the raceway (1.04 mm ± 0.08) exhibited significantly less growth than juveniles

released to the raceway that were not held in containers (2.15 mm ± 0.07) (p < 0.0001).  Results

of additional comparisons with compiled growth data suggest that juvenile growth is retarded

when cultured in small dishes.
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General Introduction

Freshwater mussels (Bivalvia: Unionoida) have evolved over millions of years to inhabit

freshwater environments as burrowing, filter-feeding molluscs that live a predominantly

sedentary lifestyle.  In North America, freshwater mussels are represented by two families,

Margaritiferidae and Unionidae.  The most primitive species group, the Margaritiferidae, are

believed to have evolved somewhere between the upper Paleozoic (Smith, 1976) to the upper

Mesozoic (Walker, 1910).  Although freshwater mussels occur worldwide, their greatest

diversity exists in North America.

Historically, freshwater mussels served as an important food source for Native Americans

(Parmalee and Klippel, 1974).  In the early 1900’s, many species of freshwater mussels were

intensively exploited for button manufacture (Coker, 1921).  Today, freshwater mussels are used

to make seed pearls in the cultured pearl industry (Williams, 1993).  They are an important food

source for some fish and mammals such as muskrats and otters.  In addition, some investigators

have recognized the suspension feeding ability of freshwater mussels and the role this plays in

modifying phytoplankton communities (Nalepa, et al., 1991).  Unionids are a significant

component to aquatic ecosystems, making up as much as 90% of the benthic community biomass

(Ökland, 1963).  Because unionids are long-lived benthic filter-feeders, they serve as excellent

bioindicators of environmental degradation of rivers and streams; this is an important

contribution to humans and environmental protection.

Current Status and Threats

Although freshwater mussels have been considered one of the richest components of

aquatic biodiversity in North America, modern anthropogenic activity has imperiled many

species and has severely depressed populations over the past 30 years.  Of the 297 recognized
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taxa in North America, 213 species (71.7%) are considered endangered, threatened, or of special

concern (Williams et al., 1993).  According to a comprehensive review compiled by Williams et

al. (1993), 21 taxa (7.1%) are listed as endangered but possibly extinct, 77 (20.6%) as

endangered but extant, 43 (14.5%) as threatened, 72 (24.2%) as of special concern, 14 (4.7%) as

undetermined and 70 (23.6%) as currently stable.

Habitat destruction from dams, dredging, channel modification, siltation, and the

introduction of exotic mollusks are believed to be the primary reasons for the decline of

freshwater mussels (Williams et al., 1993).  Loss of habitat is perhaps the greatest factor

influencing the decline of freshwater mussel populations in the United States.  Dams constructed

for hydroelectric power, irrigation, or flood control dramatically change the physical, chemical,

and biological characteristics of streams.  These changes not only destroy vulnerable mussel

habitat but also disrupt the reproductive cycle by eliminating necessary host fish.  This

compounding impact can effectively destroy approximately 30% to 60% of naturally occurring

mussel fauna (Williams et al., 1992; Layzer et al. 1993).

Realizing the ecological, economic, and scientific value of freshwater mussels, a national

strategy has been prepared with the hopes to curtail the continued demise of these delicate

animals in the U.S. (National Native Mussel Conservation Committee, 1998).  However, our

knowledge of the ecology and biology of freshwater mussels is still in its infancy.  More studies,

surveys, and experimentation are needed to enhance the success of any proposed conservation

plan.

Reproductive Cycle

The complex reproductive cycle begins with the production and release of sperm by

mature males (Figure 1).  The sperm are released through the excurrent aperture into the ambient
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Figure 1.  Life cycle of a freshwater mussel.
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water column where it is by chance received through the incurrent aperture of a mature female.

Although fertilization presumably takes place within the superbranchial chamber, embryonic

development occurs within the marsupial gills until embryos fully mature into parasitic larvae

called glochidia.  Depending on the subfamily, glochidia are retained within the gills of the

female for various lengths of time.  Brooding of larvae are categorized by two general

reproductive strategies (Ortmann, 1911).  Long-term brooders (bradytictic) typically spawn in

late summer, brood young over the winter, and release glochidia the following spring and early

summer.  Short-term brooders (tachytictic) spawn in the spring and release glochidia that

summer.  Some mussels are sexually dimorphic and can be easily identified as male or female,

while others have no obvious sexually dimorphic characteristics and can be extremely difficult to

sex.  Although the accepted paradigm suggests a dioecious fertilization process, controversial

evidence suggests hermaphroditism as a possible adaptive fertility mechanism in situations of

adverse reproductive conditions (van der Schalie, 1966; Downing et al., 1993; Neves,1997).

Neves (1997) suggests that extrinsic conditions such as low densities, or highly skewed sex

ratios may induce cross- or perhaps self-fertilization among hermaphroditic females.

Once glochidia have fully developed within the marsupial gills and environmental cues

are appropriate, glochidia are then released into the water column either individually from the

marsupial gills or as conglutinate clusters through the excurrent aperture.  The number of

glochidia released from an individual female has been estimated to range from 100,000 to 3.5

million, depending on the species and size of the female (Yeager and Neves, 1986; Neves and

Wildak, 1988).  Upon release, the obligate glochidia drift in the water column until they attach to

a suitable host fish.  Despite the high fecundity of females, the probability of glochidia coming

into contact with a suitable host is extremely low, resulting in the highest level of mortality
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occurring at this life stage (Neves, 1993).  If glochidia succeed in contacting a suitable host fish,

 they will attach to either the gills, or fins, of the fish depending on the subfamily of the mussel.

The glochidia then become encysted within the tissue and remain encysted over a period of one

to three weeks or even a few months until metamorphosis is complete (Zale and Neves, 1982).

Once metamorphosis is complete, the glochidia drop from the host fish and become established

within the substrate where they will grow and develop into sexually mature individuals, if

conditions are conducive to their survival.  Depending on the species, individuals may live for

more than 50 years (Neves and Moyer, 1988), while some margaritiferid species have been

reported to extend there life span beyond 130 years (Bauer, 1992).
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Chapter 1:  Survival and Growth of Juveniles of the Wavyrayed
Lampmussel (Lampsilis fasciola) Released During Different Seasons

INTRODUCTION

Habitat protection and restoration is an important component of the conservation and

recovery of freshwater mussel populations.  Property rights issues and insufficient social and

political support often hinder a manager’s efforts to activate such conservation measures on a

large-scale.  In addition to habitat protection, translocation, artificial propagation and hatchery

refugia techniques are currently the most progressive means for curtailing the demise of

numerous mussel species.  Some mussel populations are so depleted that their natural

reproductive processes cannot adequately maintain the longevity of the population.  For these

populations, artificial propagation may be the only option for their recovery.

In the past, translocation of adult mussels has been commonly used to re-establish

historic populations and augment existing populations.  Although this strategy may be

appropriate for relocating populations immediately threatened by construction, many

translocations have resulted in mixed results (Cope and Waller, 1995).  Consequently, artificial

propagation of mussels has been emphasized as a viable alternative to translocation and has been

recognized as part of a national strategy for the recovery of freshwater mussels (National Native

Mussel Conservation Committee, 1998).

Although recent attempts to propagate mussels in the laboratory have produced juveniles

in substantial numbers, no studies have investigated how and when to release juveniles to

streams.  Furthermore, knowledge of the growth and mortality of juveniles in natural systems is

limited.  It has been shown in the laboratory that during the first 8 wk post-metamorphosis,

juveniles are most vulnerable to starvation, disease, predation, and adverse environmental
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factors.  After this period, mortality decreases as juveniles grow large enough to resist disease

and withstand harsh environmental conditions and periods of starvation.  Buddensiek (1995)

noted that larger juveniles of Margaritifera margaritifera (Lin.) showed better survival over the

winter than smaller individuals, suggesting that the overwinter survival of juveniles is size-

dependent.  Growth of juvenile mussels has been shown to be positively associated with water

temperature.  Therefore, it seems likely that juveniles released in early summer would have the

greatest opportunity to grow to a sufficient size to survive winter conditions.

I investigated the release of juveniles of the wavyrayed lampmussel, Lampsilis fasciola

(Rafinesque, 1820) during three different seasons to compare growth and survival among

seasons.  The goal of this study was to release newly metamorphosed juveniles of Lampsilis

fasciola into a fish hatchery raceway during March, June and September, and to determine

whether season of release has an effect on survival and growth of juvenile mussels.  The null

hypothesis is as follows:  growth and survival of juvenile mussels do not differ among seasons of

release.  Growth and survival data were used to determine whether size-dependent overwintering

is a potential factor in survival of age-0 mussels.  Results of this study also were used to evaluate

the use of a fish hatchery raceway as an appropriate alternative to indoor culture of freshwater

mussels.
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MATERIALS AND METHODS

Three experiments were conducted to investigate the seasonal release of juvenile mussels

and evaluate the use of a fish hatchery raceway for the culture of young freshwater mussels.  In

Experiment 1, juveniles were released into a fish hatchery raceway in June, September and

March, in order to compare survival.  With the exception of the September release, at least five

gravid Lampsilis fasciola were used to produce offspring and to represent the natural variability

that may be inherent among broods.  However, I obtained only one gravid mussel to produce

juveniles for the September 1998 release.  Growth and survival data from the September 1998

release were considered inadequate in representing population viability and variation.  Therefore,

Experiment 2 was designed to confirm whether there was inherent variability among offspring

derived from different females.  Experiment 3 was conducted to compare growth and survival of

juveniles cultured in the laboratory versus those in the fish hatchery raceway.

Study Site

A fish raceway, located at the Buller Hatchery in Marion, Virginia (Appendix A-1), was

used to conduct experiments on the captive culture of juvenile mussels under semi-natural

conditions.  Hatchery water was supplied from a cool reach of the South Fork Holston River

(SFHR) at river mile 105.  Water was gravity-fed to the facility through underground pipes that

diverted water from a small impoundment, located upstream of the hatchery.  From mid-July to

October 10, 1998, water was piped into a 1000 m2 pond prior to feeding the raceway.  Before

entering the raceway, pond water flowed into a single narrow concrete channel, which led to the

head of the raceway.  Water entered and was controlled at the head of the raceway via three

valves, two of which served each side of the raceway. One central valve was used for additional

inflow volume within the raceway.
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A section of raceway, 18 m long and 2.7 m wide, was renovated and modified during the

winter of 1997 for the purpose of conducting this and related studies (Appendix A-2).  The

raceway was divided longitudinally with plywood (60 cm wide by 18 mm thick) forming four

separate 0.6 m wide sub-raceways.  Each sub-raceway was divided horizontally into 1.2 m long

units using 3mm mesh galvanized screen.  At the base of each horizontal division, a solid piece

of wood was placed to prevent juveniles from moving into adjacent units.  The raceway was

partially covered by a framed structure, yet only the uncovered lower half of the raceway was

utilized for this study.  A maximum flow of 720 L/min (velocity = 0.13 cm/sec) and a water

depth of 29 cm was maintained throughout the study.  Temperature was measured and recorded

continually with an Onset Optic Stowaway temperature data logger (Onset Computer

Corperation, 536 MacArthur Blvd., PO Boxx 3450, Pocasset, MA).

Juvenile Production

The wavyrayed lampmussel was used in this study for several reasons.  First, populations

of this species naturally occur in the Holston River drainage.  Second, L. fasciola is a long-term

brooder, so gravid females can be found most of the year.  Third, large numbers of juveniles can

be reared with success under laboratory conditions (Steg, 1998).  Finally, L. fasciola is

considered to be an appropriate surrogate for mussels in decline since it’s reproductive biology

and habitat are similar to many endangered and threatened mussel species.

Gravid mussels were collected (by snorkeling) from Indian Creek, Tazewell Co., VA and

the Clinch River at Nash Ford, Russell Co., VA.  Individuals were transported to the laboratory

in an aerated cooler and held within a Living Stream maintained at 15°C.

Largemouth bass (Micropterus salmoides) fingerlings (7-8 cm in length) were purchased

from a warmwater fish hatchery (Zetts Tri-State Fish Farm & Hatchery, Inwood, WV),
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transported to the Virginia Tech Aquaculture Center, and held in a recirculating system

(Appendix B-1).  The recirculating fish holding system was designed as a two loop system.  The

first loop consisted of an OASE pond biofilter (OASE-Pumps Inc. Irvine, CA) from which water

was pumped by a 0.5 hp centrifugal pump through 19 mm vinyl hosing to an ultraviolet (UV)

sterilizer.  From the UV sterilizer, water was distributed among four large holding tanks (two

380 L and one 568 L Rubbermaid high density polyethylene troughs and one 757 L Living

Stream) which held a combined total of 1,550 L of water.  Water flowed out of the holding tanks

through a standpipe and was gravity-fed back to the biofilter.  The biofilter contained a series of

foam filters, which removed solid waste and provided surface area for the colonization of

nitrifying bacteria.  From the biofilter, a second loop directed water through a recirculating

chiller unit (Neslab instruments Inc.) from which water was pumped to the head of a trickle filter

to further aid in the conversion of nitrogenous waste.  Within the trickle filter, water was gravity-

fed through a series of bio-surface elements and then returned to the biofilter to complete the

loop.

Once fish had fully acclimated to the recirculating system (1 wk), fish were fed pellet

food daily for at least 3 mo in order to obtain a desirable size (13 cm) for infestation.  Weekly

maintenance consisted of cleaning solid waste from the bottom of holding tanks, cleaning the

foam filters within the biofilter, and partial water exchanges.

Fish were infested with glochidia using a procedure similar to that outlined by Zale and

Neves (1982).  Gravid females were pried open slightly and held open by a small piece of cork

placed between the valves.  A water-filled syringe with a hypodermic needle was inserted into

one of the marsupial gill chambers and used to flush the gill chamber with water, causing the

chamber to rupture and glochidia to be liberated from the gill.  Glochidia were collected in a
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petri dish and tested for viability by adding a few grains of salt to a small sample of glochidia in

a separate petri dish.  Mature glochidia snap shut when exposed to saline solution.

Largemouth bass (LMB) were collected from the holding tanks and placed into a portable

cooler containing aerating water.  All glochidia extracted from L. fasciola were immediately

added to the cooler and continuously suspended to ensure infestation.  This was done by

agitating the water by hand for 2 min.  A few fish were sampled and visually checked every 60

sec to confirm glochidial attachment to the gills.  Glochidial infestation was obvious within 2

min, and fish were immediately removed from the cooler and returned to the holding tank.

Because fecal material complicates the collection of newly metamorphosed juveniles, fish were

deprived of food for the entire infestation period (approximately 8 wk) to minimize the

production of solid waste.  After 2 wk, the holding tank was checked for metamorphosed

juvenile mussels by siphoning the bottom of the tank and capturing juveniles in a 130 µm nylon

mesh screen.  Juveniles were collected every 2 days until sufficient juveniles were obtained for

the experiment.

Experiment 1:  Seasonal Release

Juveniles were produced and released to the hatchery raceway on June 26 and September

16, 1998, and March 8 and September 16, 1999.  With the exception of the September 1998 trial,

glochidia were extracted from a minimum of 4 gravid females.  Only one gravid female was

available for the September 1998 trial.  For each trial, 500 juveniles were collected by siphoning

the bottom of the fish holding tank.  Juveniles were collected in a 120 µm sieve and transferred

to a petri dish with water.  Juveniles were counted, and a subsample of ten randomly selected

individuals were measured for initial mean shell length and height using an ocular micrometer.

Juveniles were placed in a 1 L container of well water and immediately transported to the
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hatchery.  After arrival to the hatchery, juveniles were distributed among ten 200 ml plastic

dishes (8 cm2 and 3.5 cm deep), each containing 5 mm of limestone sand (1000 ≥ 2500 µm).

Dishes were placed in the hatchery water which was 1 cm deep.  Water temperature within the

dishes was monitored periodically to confirm acclimation.  After full acclimation, all dishes were

submerged within a section of the raceway and were covered with a 3 mm mesh galvanized wire

screen to protect the contents in dishes from potential disturbances.

Dishes were sampled initially after 32 days and then at 20-day intervals thereafter over a

92-day period.  However, juveniles introduced to the raceway in June also were sampled

periodically after 92 days to collect subsequent growth and survival data.  To reduce the effect of

sampling, five dishes were selected systematically during each sampling period to evaluate

growth and survival.  No dishes were sampled three times consecutively, and all dishes were

sampled at least once within three sample periods.  Each randomly selected dish was removed

from the raceway, and the contents were decanted through 2 different mesh size sieves (e.g. 1000

µm→120 µm).  The sample was rinsed with hatchery water for 1 min to separate juveniles from

the substrate.  Sediment that naturally accumulated in the raceway was discarded during the

rinsing process, and the limestone sand (retained in the 1000 µm sieve) was returned to the dish.

Juveniles were rinsed from the lower sieve (120 µm) into a petri dish.  Once juvenile mussels

attained a size equivalent to that of the limestone sand, they were separated from the substrate

using an elutriator (Appendix C-1).  With a stereozoom microscope, live juveniles were counted

to determine survival. Empty shell material was counted to confirm mortality.  The shell length

and height of ten randomly selected individuals was measured each time to calculate growth for

each replicate.  Shell length was determined by measuring the anterior to posterior distance of

the valve.  Shell height was determined by measuring the ventral to dorsal distance of the valve.
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Because shell height is proportional to shell length, only shell length was used for statistical

analysis and comparison of growth.  Because some juveniles moved out of dishes, the bottom of

the raceway unit was vacuumed with a 3 hp shop vacuum to collect escaped juveniles.  The

vacuumed matter was poured through a series of sieves to collect juveniles.  Assuming that

juvenile migration was equal among replicates, escaped juveniles were reallocated equally

among the ten dishes and survival was adjusted accordingly.  Once growth and survival data

were obtained for each replicate, juveniles were placed back into their original dish and returned

to the raceway.

The production of juveniles, release to the hatchery raceway and sampling protocols were

repeated for each seasonal release.  Analysis of individual regression (SAS statistical package)

was used to compare differences in growth and survival among the four trials at an alpha of 0.05.

Experiment 2: Viability

Four groups of five largemouth bass each were infested with glochidia extracted from

four gravid L. fasciola (female F1, F2, F3 and F4) (Appendix D-1).  Each group of infested fish

was placed in a separate aquarium, submerged in a Living Stream.  Plastic screening (5 mm

mesh) was placed over each tank to isolate the four groups of fish.  The Living Stream received

water from the recirculating system described earlier.  This method of holding fish ensured that

all fish were exposed to the same water quality and holding conditions.  Two wk after

infestation, the bottom of each aquarium was siphoned to collect newly metamorphosed

juveniles.  Two hundred and fifty juveniles from each group were collected, and immediately

transported to the Buller Hatchery in separate containers.  After arrival at the hatchery, each

group of juveniles was distributed equally among five 430 ml glass containers (10.5 cm long x 7

cm wide x 8.5 cm deep), each containing 5 mm of limestone sand (1000 µm - 2500 µm).  Coarse
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limestone sand was chosen as a substrate for purposes of sampling ease because of its contrasting

size and color to small, juvenile mussels.  In addition, I speculated that limestone sand may

improve water conditions for juvenile mussels by increasing alkalinity levels in the hatchery

raceway.  Since juveniles escaped from containers, all five replicates of each treatment were not

randomized but placed together within a 583 ml Rubbermaid container (32 cm long x 19 cm

wide x 11 cm deep).  All four plastic containers containing five replicates were submerged

within a single raceway unit.  Replicates of each group were repeatedly sampled at 14, 28, 42,

56, 70 and 84 days.  Each glass container was sampled by pouring the contents through a series

of sieves to separate juveniles from substrate.  Juveniles that escaped glass containers were

collected from the 583 ml rubbermaid containers and redistributed equally among the replicates.

Juveniles that may have escaped the outer plastic container were not considered in analysis.

Survival at each sampling date was determined by counting the number of live juveniles

collected from each replicate.  Growth was computed from shell length and height, using an

ocular micrometer, of ten arbitrarily selected juveniles from each replicate.  All juveniles were

measured in those replicates containing less than ten individuals.  Groups were compared using

repeated measures analysis with auto-correlations (SAS statistical package, α = 0.05).

Experiment 3: Hatchery versus Laboratory Culture

For this experiment, a total of 5,500 juveniles were obtained from the same batch of

juveniles produced for the June release in Experiment 1.  Twentyfive hundred newly

metamorphosed juveniles were collected from the host-fish holding tank and distributed equally

among two plastic containers filled with water.  The containers were sealed and immediately

transported to the Buller Hatchery.  After juveniles were acclimated to hatchery water conditions
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as previously described, they were released unconfined into two raceway units each containing

20 mm of a mixture of very coarse limestone sand and fine gravel (1000 - 6000 µm).

A total of 3,000 newly metamorphosed juveniles were distributed equally among thirty

200 ml plastic dishes (8 cm2 and 3.5 cm deep).  Each dish contained well water and 10 mm of a

mixture of very coarse limestone sand and fine gravel (1000 - 6000 µm).  The dishes were placed

in a recirculating culture system, similar in design to that described by O’Beirn et al. (1998) and

Steg (1998).  Juveniles were fed daily with a mixed algal culture containing primarily Neochloris

oleoabundans, Scenedesmus sp. and Microspora sp. at a density of 10-20 thousand cells/ml.

These algae have been previously documented to support growth in juvenile mussels (Gatenby et

al., 1996; Steg, 1998).

The recirculating culture system was located within a greenhouse facility at the Virginia

Tech Aquaculture Center and was constructed of a plastic cattle watering trough 240 cm long x

60 cm wide x 25 cm deep (Appendix E-1).  Water drained from one end of the trough through a

3.2 cm PVC standpipe to a 198 L reservoir (88 cm long x 50 cm wide x 45 cm deep).  Here, the

water was aerated and pumped back to the head of the trough through 13 mm PVC line via a

0.04 hp magnetic drive pump.  Water depth within the trough was maintained at 15 cm, and flow

was controlled by a valve maintained at a maximum of 17 L/min.  A Styrofoam sheet (5 cm

thick) covered the trough to reduce the growth of filamentous algae.

Juveniles cultured in the laboratory were sampled for growth and survival after the first

and second growing season (118 days and 474 days, respectively).  During the second sampling,

height and length of the first growth ring on the valves was measured and compared with

empirically determined first year growth.  Growth and survival data of juveniles released to the

hatchery were not obtained until 474 days post-metamorphosis.  First-year growth was calculated
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from height and length measurements of the first growth ring on the valves.  Shell length data of

hatchery and laborator-reared juveniles were compared using an analysis of variance (SAS

statistical package, α = 0.05).
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RESULTS

Experiment 1:  Seasonal Release

Survival

Juveniles released in June experienced an initial decline in survival between 32 and 72

days, and remained at approximately 50% survival between 72 and 200 days post-

metamorphosis (Table 1-1, Figure 1-1, 1-2).  As a result of presumed error in systematic

sampling, mean survival values at 92 days were higher than at 72 days.  However, survival data

among the 52, 72, and 92-day sampling periods were not statistically significant (ANOVA; p =

0.122).  After 200 days, survival declined steadily to 13.2% at 441 days.  Survival values

stabilized thereafter.  Juveniles released during September 1998 experienced low survival

(28.8%) within the first month.  Survival declined gradually thereafter, to 9.2% and 0% at 52 and

92 days, respectively.  Similarly, juveniles released in March 1999 exhibited a sharp decrease in

survival between 0 and 32 days post-metamorphosis, resulting in 3.6% and 0% survival at 32 and

52 days, respectively.  Survival of juveniles released in September 1999 also showed a

significant decrease in survival (44.4%) between 0 and 32 days post-metamorphosis.  Survival

declined gradually after 32 days, resulting in survival of 26% at 72 days.  However, mortality

rate increased after 72 days, resulting in 8% survival at 92 days.  Repeated measures analysis of

variance with individual regressions confirmed significant differences among all seasonal

releases comparing survival data up to 92 days post-metamorphosis (p < 0.0001).  Juveniles

released in June exhibited the greatest survival and were able to survive through the winter

months.  Survival of juveniles released in September 1999 exceeded that of juveniles released in

September 1998.  None of the juveniles released in March survived beyond 52 days.



18

Table 1-1.  Mean survival of Lampsilis fasciola released to a fish hatchery raceway during June and September
1998, and March and September 1999.  N = number of replicates sampled to calculate mean.

Age Time of Survival (%)
(days) Release N Mean (± SE) Range
32 June 1998 5 80.4 ± 3.31 68-86
32 September 1998 5 28.8 ± 3.83 18-40
32 March 1999 5 3.6 ± 1.60 0-8
32 September 1999 5 44.4 ± 5.71 34-66

52 June 1998 5 54.8 ± 4.32 38-62
52 September 1998 5 9.2 ± 1.96 4-16
52 March 1999 5 0.0 ± NA NA
52 September 1999 5 33.2 ± 5.68 22-54

72 June 1998 5 41.2 ± 4.87 24-53
72 September 1998 5 4.4 ± 2.14 0-12
72 September 1999 5 26.0 ± 4.90 16-44

92 June 1998 5 48.0 ± 6.84 30-64
92 September 1998 5 0.0 ± NA NA
92 September 1999 5 8.0 ± 2.00 3-6

122 June 1998 5 50.0 ± 5.87 28-60

152 June 1998 5 41.6 ± 7.60 26-64

200 June 1998 5 41.2 ± 5.89 26-56

287 June 1998 5 22.0 ± 5.33 6-38

334 June 1998 5 16.8 ± 5.78 2-36

441 June 1998 5 13.2 ± 1.84 6-22

474 June 1998 1 13.0 ± NA NA
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Figure 1-1.  Survival (mean ± SE) of Lampsilis fasciola released to a fish hatchery raceway during June and
September 1998, and March and September 1999.  Growth trends are significantly different among all releases by
repeated measures analysis with individual regressions (p < 0.0001).
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Figure 1-2.  Water temperature and survival (mean ± SE) through two growing seasons of Lampsilis fasciola
juveniles released in a fish hatchery raceway, June 1998 – October 1999.
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 Growth

Juveniles released in June showed steady growth between 0 and 92 days, attaining a

mean shell length of 1.52 mm at 92 days (Table 1-2, Figure 1-3).  Growth rate decreased

markedly between 92 and 122 days, and seemingly ceased after 122 days when temperatures

remained below 15°C (Figure 1-4).  Mean shell length of juveniles released in June attained 1.67

mm at 122 days and seemingly increased over the winter months, reaching a mean of 1.88 mm at

334 days post-metamorphosis.  Juveniles were not sampled again until 441 and 474 days, at

which time mean shell length was 7.87 and 9.37 mm, respectively, and all juveniles had

produced a byssal thread.  I observed that while mean shell length increased slightly over the

winter, the range in shell length decreased and survival decreased markedly between 122 and

334 days.  Based on individual growth values obtained at 122 and 334 days, frequency

distributions of shell length were constructed to test for size-dependent overwintering (Figure 1-

5).  Pre-winter and post-winter shell lengths were on average 1.73 mm and 1.92 mm,

respectively, and were significantly different (ANOVA, p = 0.045) (Table 1-3).

Juveniles released in September 1998 grew during the first 32 days, to attain a mean shell

length of 0.42 mm (Table 1-2, Figure 1-3).  Mean shell length at 52 and 72 days was 0.45 mm

and 0.48 mm, respectively.  Although growth seemingly increased slightly from 32 to 72 days,

differences were not statistically different (ANOVA; p = 0.155) and are probably do to error in

systematic sampling.  Temperatures during the September 1998 release decreased throughout the

trial and remained below 15°C after day 34 (See Table 1-4).  Juveniles released in March 1999

experienced no days above 15°C and exhibited very little growth, reaching only 0.27 mm at 32

days (Table 1-2, Figure 1-6).  This small increase in growth occurred in warm water within the

laboratory, and was not associated with hatchery conditions.  Growth of juveniles released in
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September 1999 was almost identical to growth trends experienced by those released in

September 1998.  Juveniles attained a mean shell length of only 0.42 mm at 32 days, and growth

ceased thereafter.  However, water temperatures remained below 15°C after day 19 and were on

average lower during September 1999 than they were during September 1998.

Table 1-2.  Mean shell lengths of juveniles of Lampsilis fasciola released to a fish hatchery raceway during June
and September 1998, and March and September 1999.  N = number of replicates sampled to calculate mean.

Age Time of Mean Shell Length (mm)
(days) Released N Mean (± SE) Range
32 June 1998 5 0.62 ± 0.01 (0.59-0.64)
32 September 1998 5 0.42 ± 0.01 (0.38-0.45)
32 March 1999 5 0.27 ± 0.00 (0.26-0.27)
32 September 1999 5 0.42 ± 0.00 (0.42-0.43)

52 June 1998 5 0.75 ± 0.03 (0.71-0.85)
52 September 1998 5 0.45 ± 0.01 (0.42-0.46)
52 September 1999 5 0.42 ± 0.01 (0.41-0.43)

72 June 1998 5 1.06 ± 0.06 (0.90-1.27)
72 September 1998 5 0.48 ± 0.01 (0.46-0.49)
72 September 1999 5 0.42 ± 0.01 (0.42-0.44)

92 June 1998 5 1.52 ± 0.10 (1.31-1.86)
92 September 1999 5 0.40 ± 0.01 (0.38-0.42)

122 June 1998 5 1.67 ± 0.09 (1.40-1.93)

152 June 1998 5 1.66 ± 0.06 (1.50-1.86)

200 June 1998 5 1.63 + 0.08 (1.51-1.95)

287 June 1998 5 1.84 ± 0.09 (1.62-2.09)

334 June 1998 5 1.88 ± 0.07 (1.67-2.08)

441 June 1998 10 7.87 ± 0.21 (6.54-8.72)

474 June 1998 1 9.37 ± NA NA
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Figure 1-3  Water temperatures in the hatchery raceway and growth (mean ± SE) of Lampsilis fasciola juveniles
released during June and September of 1998.  Numbers between plotted points are the average temperatures that
juveniles experienced between those points.
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Figure 1-4.  Water temperature and mean shell length (mean ± SE) through two growing seasons of Lampsilis
fasciola juveniles released in a fish hatchery raceway, June 1998 – October 1999.
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Figure 1-5.  Size frequency distribution of juveniles of Lampsilis fasciola sampled from the hatchery raceway
during fall (October 26, 1998) and spring (May 26, 1999).  Analysis of variance indicating that mean shell lengths
(± SD) in fall and spring were significantly different (p = 0.045).
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Table 1-3.  Mean shell lengths of juveniles and overwinter increase in mean shell length (∆L) for Lampsilis fasciola
juveniles released to a fish hatchery raceway in mid-June (ANOVA; *p = 0.045).

Number Shell Length (mm)
Season Measured Mean SD Range
Fall 50 1.73 0.45 1.08-2.92
Spring 31 1.92 0.32 1.33-2.56
∆L 0.19*

Table 1-4.  Summary of mean water temperatures (°C ± SD) in the hatchery raceway calculated between each
sampling period and through the 92-day study period.

Number Mean Temperature (°C) ± SD
Time Period of Days Jun-98 Sep-98 Mar-99 Sep-99
1-32 32 19.4 ± 2.3 18.6 ± 3.0 8.4 ± 2.9 14.5 ± 1.4
32-52 20 22.8 ± 0.6 10.8 ± 2.3 12.0 ±.1.9 9.4 ± 2.1
52-72 20 23.1 ± 1.2 8.5 ± 1.6 12.9 ± 1.5 9.5 ± 2.1
72-92 20 20.8 ± 1.7 8.0 ± 1.8 15.6 ± 1.3 6.5 ± 1.6
1-92 92 21.2 ± 2.3 12.4 ± 5.2 11.7 ± 3.4 10.6 ± 3.6
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Figure 1-6.  Water temperatures in the hatchery raceway and growth (mean ± SE) of Lampsilis fasciola juveniles
released during March and September of 1999.  Numbers between plotted points are the average temperatures that
juveniles experienced between those points.
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Observations

Juveniles intended for the September 1999 release were affected by intense predation just

prior to collecting them from the host fish holding tanks.  While counting newly metamorphosed

juveniles, small turbellarian worms (Macrostomum sp.), were observed devouring live juveniles.

After digesting the soft tissue of the juvenile mussel, the flat-worms regurgitated the shell

remains, leaving both valves in tact.  Due to a prevalence of empty valves recovered from the

holding tank, the majority of juveniles that excysted from host fish apparently died from

predation by Macrostomum sp.

Escapement

Of the juveniles released in June, 9.6%, 15.1%, 8.08% and 1% were collected outside of

replicate containers at 72, 92, 122 and 152 days, respectively.  Very little escapement was

evident in all other seasonal releases, with less than 1% observed during any given sampling

period.  During the 92-day sampling period, juveniles collected outside of containers had a mean

shell length of 1.81 mm, and those collected within containers were 1.45 mm in mean shell

length (Table 1-5).  Analysis of variance indicated that juveniles that had escaped containers

were significantly larger than juveniles confined to containers (p < 0.0001).

Table 1-5.  Mean shell length and difference in mean shell length (∆L) for Lampsilis fasciola juveniles confined in
containers and those that escaped containers (ANOVA; *p < 0.0001) at 92 days post-metamorphosis.

Number Shell Length (mm)
Treatment Measured Mean SD Range
Confined 50 1.45 0.30 0.90-2.31
Escaped 20 1.81 0.28 1.21-2.38
∆L 0.36*
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Experiment 2:  Growth and Survivorship Among Broods

Survival of juveniles in brood F1, F3 and F4 declined gradually between 0 and 56 days,

with survival values of 34.6%, 40.8% and 46.6%, respectively at 56 days post-metamorphosis

(Table 1-6, Figure 1-7).  Survival for these three groups decreased only slightly after 56 days,

resulting in values of 26.8%, 37.6% and 39.4%, respectively at 84 days.  Juveniles from group

F2 exhibited a sharp decline in survival between 14 and 28 days, and then gradually declined to

14.6% survival at 84 days.  Repeated measures analysis indicated that group F2 had significantly

lower survival than all other groups (p < 0.05).

Trends in growth were similar among all broods of juveniles, with a slight depression in

growth rates between 28 and 42 days post-metamorphosis (Table 1-7, Figure 1-8).  Growth of

juveniles in broods F1, F2, F3 and F4 resulted in mean shell lengths of 1.31, 1.13, 1.43 and 1.44

mm, respectively, at the termination of the experiment (84 days).  Repeated measures analysis

with auto-correlated linear regressions indicated no significant differences among broods F1, F3

and F4.  However, brood F2 was significantly smaller than all other broods (p < 0.05).

Experiment 3: Hatchery versus Laboratory Culture

Unconfined juveniles released to the raceway attained a mean shell length of 11.39 mm at

474 days post-metamorphosis (Table 1-8, Figure 1-9).  Based on an obvious growth ring present

on each individual, a mean shell length of 2.65 mm was achieved after the first growing season.

Similarly, juveniles cultured in the laboratory reached a mean shell length of 2.66 mm after the

first growing season, and 11.96 mm at 474 days.  First and second year growth was not

statistically different between laboratory-reared and hatchery-reared juveniles.  Survival of

juveniles in the hatchery raceway and those cultured in the laboratory was 17% and 0.5%,

respectively, at 474 days.
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Table 1-6.  Mean percent survival of juveniles of Lampsilis fasciola derived from four different female mussels.
Five replicates were used to calculate mean.

Age Survival (%)
(Days) Female N Mean (± SE) Range
14 F1 5 79.6 ± 3.3 (68-88)
14 F2 5 80.0 ± 3.4 (72-92)
14 F3 5 77.2 ± 5.4 (58-90)
14 F4 5 91.4 ± 3.7 (78-98)

28 F1 5 59.8 ± 5.4 (40-72)
28 F2 5 35.0 ± 7.2 (16-52)
28 F3 5 56.8 ± 4.8 (48-74)
28 F4 5 76.4 ± 4.1 (62-86)

42 F1 5 43.8 ± 5.6 (24-55)
42 F2 5 21.6 ± 5.0 (10-36)
42 F3 5 46.0 ± 2.8 (38-54)
42 F4 5 59.0 ± 8.3 (32-82)

56 F1 5 34.6 ± 5.1 (22-48)
56 F2 5 18.0 ± 5.4 (06-36)
56 F3 5 40.8 ± 2.2 (36-48)
56 F4 5 46.6 ± 7.6 (20-66)

70 F1 5 27.2 ± 5.5 (16-42)
70 F2 5 15.4 ± 4.8 (06-31)
70 F3 5 37.2 ± 2.1 (32-44)
70 F4 5 39.8 ± 7.2 (16-60)

84 F1 5 26.8 ± 6.6 (12-44)
84 F2 5 14.6 ± 5.0 (04-33)
84 F3 5 37.6 ± 2.5 (30-44)
84 F4 5 39.4 ± 7.6 (16-60)
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Figure 1-7.  Mean survival of Lampsilis fasciola juveniles derived from four different female mussels over 84 days.
Survival of F2 juveniles was significantly lower (p < 0.05) after 84 days.
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Table 1-7.  Mean shell lengths of juveniles of Lampsilis fasciola derived from four female mussels. N = number of
replicates sampled to calculate mean.

Age Shell Length (mm)
(Days) Female N Mean (± SE) Range

14 F1 5 0.42 ± 0.01 (0.40-0.44)
14 F2 5 0.43 ± 0.01 (0.40-0.45)
14 F3 5 0.44 ± 0.00 (0.42-0.44)
14 F4 5 0.42 ± 0.00 (0.42-0.43)

28 F1 5 0.58 ± 0.01 (0.55-0.60)
28 F2 5 0.51 ± 0.01 (0.49-0.54)
28 F3 5 0.59 ± 0.01 (0.55-0.63)
28 F4 5 0.62 ± 0.00 (0.60-0.63)

42 F1 5 0.68 ± 0.02 (0.61-0.74)
42 F2 5 0.61 ± 0.03 (0.55-0.72)
42 F3 5 0.72 ± 0.02 (0.68-0.78)
42 F4 5 0.73 ± 0.03 (0.66-0.83)

56 F1 5 0.89 ± 0.04 (0.78-1.01)
56 F2 5 0.85 ± 0.05 (0.74-1.03)
56 F3 5 1.00 ± 0.02 (0.95-1.07)
56 F4 5 0.99 ± 0.04 (0.86-1.10)

70 F1 5 1.14 ± 0.06 (0.99-1.25)
70 F2 5 1.04 ± 0.04 (0.96-1.17)
70 F3 5 1.18 ± 0.06 (1.01-1.31)
70 F4 5 1.23 ± 0.05 (1.09-1.37)

84 F1 5 1.31 ± 0.06 (1.12-1.47)
84 F2 5 1.13 ± 0.05 (0.97-1.26)
84 F3 5 1.43 ± 0.07 (1.23-1.64)
84 F4 5 1.44 ± 0.10 (1.23-1.77)
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Figure 1-8.  Mean shell length of Lampsilis fasciola juveniles from four different female mussels over 84 days.
Shell lengths of F2 juveniles was significantly lower (p < 0.05) after 84 days.
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Table 1-8.  Mean shell lengths of Lampsilis fasciola juveniles at the end of the 1998 and 1999 growing seasons.
CHJ = juveniles released to the hatchery raceway confined, UHJ = juveniles released to the hatchery raceway
unconfined, LCJ = juveniles cultured under laboratory conditions.  Means with different letters are statistically
different (ANOVA; p < 0.0001).  N = number of juveniles measured to calculate mean.

Growing Shell Length (mm)
Treatment Season N Mean (± SE) Range
CHJ 1998 60 1.67d (± 0.06) 1.08-2.92
CHJ 1999 25 9.37b (± 0.28) 7.33-12.16

UHJ 1998 25 2.65c (± 0.01) 1.61-3.37
UHJ 1999 25 11.39a (± 0.29) 8.35-13.63

LCJ 1998 20 2.66c (± 0.19) 1.33-4.62
LCJ 1999 25 11.96a (± 0.41) 8.21-15.97

Figure 1-9.  First and second year growth of Lampsilis fasciola juveniles cultured in the laboratory and in a fish
hatchery raceway.  CHJ = confined in hatchery as newly metamorphosed juveniles, UHJ = unconfined in hatchery
as newly metamorphosed juveniles, LCJ = laboratory-cultured juveniles.  Bars with different letters are statistically
different (ANOVA; P < 0.0001).
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Combined Analysis

To describe growth of juveniles, data from Experiments 1 and 2 were compiled, and

mean shell length was plotted against cumulative daily mean temperatures greater than 15°C

[CDMT (> 15°C)] to normalize growth data (Figure 1-10).  The relationship between mean shell

length and CDMT (> 15°C) during the first growing season was positively correlated and

exponential, with an R2 value of 0.94.  Using the same analysis with first and second year growth

data, the growth curve was best described as quadratic with an R2 value of nearly 0.99 (Figure 1-

11).

From data analyses, I observed that juvenile size at 30 days was negatively related to

juvenile survival.  A linear regression was performed on compiled survival and growth data

obtained at 28 and 30 days post-metamorphosis, from experiments conducted in Chapter 1 and

Chapter 2 (Figure 1-12).  A positive correlation was found between juvenile survival and mean

shell length at 30 days post-metamorphosis (R2 = 0.86), indicating that slow growth rates in the

first 30 days are associated with low survival.
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Figure 1-10.  Exponential relationship between growth of Lampsilis fasciola juveniles released in a fish hatchery
raceway and cumulative daily mean temperatures for days greater than 15°C [CDMT > (15°C)].
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Figure 1-11.  Growth of Lampsilis fasciola juveniles and its relationship to cumulative daily mean temperature for
days greater than 15°C [CDMT > (15°C)].  Data points were obtained up to 474 days post-metamorphosis.
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Figure 1-12.  Linear relationship between survival (%) and mean shell length (mm) at approximately 30 days post-
metamorphosis.
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DISCUSSION

Seasonal Release

My results suggest that age-0 recruitment of freshwater mussels can be highly dependent

on the time of year that juveniles are released.  In my study, 17% of juveniles released during

June were able to survive their first winter, whereas juveniles released in September and in

March did not survive.  Beaty (1999) reported similar findings in juvenile Villosa iris cultured in

an artificial stream channel supplied with water from the Clinch River, Virginia.  In his study,

newly metamorphosed juveniles introduced to the culture system during June and August

showed significantly better survival than those released in September.  Survival trends in my

study indicate that mortality of juveniles released in September and March occurred within the

first 30 days post-metamorphosis.  However, juveniles released in June maintained high survival

during the first 30 days.  Linear regression of growth versus survival showed a strong positive

relationship between juvenile size and survival at 30 days post-metamorphosis.  This suggests

that the first few weeks post-metamorphosis are critical, in which juveniles must acquire

adequate nutrition in order to grow and survive, and factors which affect growth, may ultimately

affect survival.  Therefore, the high mortality exhibited by juveniles released in September and

March was most likely nutrition related.

The relationship between juvenile size and overwinter survival was positively correlated,

suggesting that larger juveniles have a greater ability to overwinter than smaller individuals.

Juveniles released in June showed a gradual decrease in survival throughout the winter months.

Changes in shell length-frequency distribution and an apparent increase in mean shell length of

juveniles from fall to spring provided evidence of size-selective, overwinter mortality.

Buddenseik (1995) found that the overwinter survival of age-0 juvenile Margaritifera
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margaritifera was size-dependent.  In his study, 100% of juveniles less than 700 µm in shell

length died during winter months, and only juveniles greater than 900 µm had a 50% chance of

surviving through the winter.  Similarly, in my study, juveniles released in September and March

exhibited minimal growth and were unable to survive for 2 mo.  These results concur with

similar findings in studies of marine bivalves (Beal et al. 1995) and many fish species (Gutreuter

and Anderson, 1985; McGovern and Olney, 1996; Toneys and Coble, 1979; Post and Evans,

1989).  In fish, larger members of a cohort possess greater energy reserves and usually exhibit a

significant survival advantage over smaller members of the same cohort (Paloheimo and Dickie,

1966).  Furthermore, weight-specific metabolic costs are usually reduced in larger individuals

(Werner, 1984).  Presumably, these common size-dependent relationships occur in unionids as

well.

Like many long-term brooders, L. fasciola spawns in the late summer and broods young

over the winter.  Gravid females are typically found active (fully gravid and displaying their

modified mantle flaps) in spring and early summer.  Active gravid females are usually not found

from mid summer to mid-fall.  Although a small percent of glochidia may be released in mid-

summer, the majority of glochidia are most likely released from mid-spring to early summer.

Glochidia that are released and successfully attach to host fish early in the year (winter and early

spring) will probably remain encysted within the gill tissue of the host fish until water

temperatures increase in mid-spring.  This brooding cycle ensures that the great majority of

newly metamorphosed juveniles will excyst from host fish at an opportune time to maximize pre-

winter growth.  Results of my study concur with this natural spawning and brooding cycle.

A few studies have reported that, within the natural range of temperatures in rivers,

mortality increases as temperature increases (Buddensiek, 1995; Beaty, 1999).  Contrary to these
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findings, my results showed that juvenile survival varied seasonally, suggesting that temperature

is negatively associated with mortality.  These opposing conclusions may be more related to

issues of resource availability than temperature.  Results reported by Buddensiek (1995) and

Beaty (1999) were derived from experiments that confined juveniles to cages and small dishes,

which may have limited the availability of food and suitable substratum to those juveniles.

Juveniles limited in their access to adequate nutrition may find it difficult to satisfy the demands

of increased metabolic activity resulting from higher water temperatures.  As a result, these

juveniles may experience higher levels in mortality.  Conversely, food may not be limiting to

juveniles living under cooler water temperatures because of decreases in metabolic demand.

Consequently, these juveniles may experience lower mortality.

The relationship between temperature and juvenile survival is unclear; however, the

relationship between temperature and growth of mussels is obvious and has been described in

several previous studies.  Buddensiek (1995) reported higher growth rates of M. margaritifera in

streams with higher mean temperatures.  Beaty (1999) also reported that higher temperatures

resulting in greater growth.  Previous experimentation conducted by Beaty (1999) suggests that

juvenile V. iris do not grow appreciably at temperatures below 15°C.  Based on growth and

temperature data, my results with L. fasciola support this conclusion.  Juveniles released in June

experienced much higher daily water temperatures than those released in September and March.

Consequently, juveniles released in June had more suitable conditions for growth.  Under

conditions of declining water temperatures, juveniles released in September grew in their first

month when early September water temperatures were above 15°C (± 1°C), but ceased growth

when temperatures dropped below 15°C (± 1°C).  Juveniles released in March experienced no

days above 15°C for the first 52 days, and thus exhibited no growth.
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In a previous study conducted by Beaty (1999), growth of laboratory-cultured V. iris was

described as having a positive linear relationship with the number of days above 15°C (degree

days >15°C; R2 = 0.89).  In my study, regression analyses of water temperatures and shell length

data were used to describe growth of juvenile mussels reared outdoors in natural river water.

Assuming the relationship between temperature and growth is positive within a particular range,

cumulative daily mean temperature CDMT (> 15°C) was used to normalize growth data and

describe this relationship.  The relationship between growth of L. fasciola juveniles and CDMT

(> 15°C) was best described as exponential in the first growing season (R2 = 0.942).  However,

during the second year, growth does not follow an exponential curve, and as mussels develop

and become reproductively viable, their growth becomes asymptotic in nature (Chamberlain,

1930).  Because CDMT (> 15°C) uses the value of temperatures above 15°C, the growth curve

expresses higher growth rates with higher daily mean temperatures.  Conversely, degree-days (>

15°C) are threshold values, which assume that growth rates are the same for any daily mean

temperature above 15°C.  Therefore, CDMT (> 15°C) showed a stronger correlation and is more

biologically realistic.  Despite this correlation, growth of laboratory-cultured juveniles is

variable, suggesting factors other than temperature also influence growth.

Although juveniles released in June and September experienced similar mean

temperatures during the first 32 days, growth of juveniles released in June was significantly

greater.  Seasonal patterns in phytoplankton and organic seston may be one possible explanation

for this difference in growth.  Phytoplankton densities and organic seston levels typically peak in

spring and early summer and decline in late summer (Admiraal et al., 1994; Biggs, 1996;

Francoeur et al., 1999).  Therefore, food availability is likely to be greater for juveniles released

in June than in September.  However, variable growth of juvenile mussels may not be caused
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solely by seasonal food and temperature fluctuation.  Studies conducted with marine bivalves

(Placopecten magellanicus and Mytilus edulis) suggest that physiological regulation of feeding

and digestion may ultimately control growth (Cranford, 1999).

Another factor that may influence growth of cultured juveniles may be containers or

enclosures used to confine juveniles during experimental trials.  Early juvenile feeding consists

of suspension-feeding and pedal-feeding within interstitial spaces (Yeager et al., 1994).  I

observed that during this period of development in the laboratory, locomotory activity of

juveniles was remarkably high.  Juveniles in small plastic containers submerged in the raceway

occasionally escaped containment and were recovered from fine sediment that naturally

accumulated within the raceway.  Juveniles that had escaped containers were on average 25%

larger than juveniles that remained in the replicate containers at 92 days post-metamorphosis.  It

is not clear whether juveniles that escaped confinement were larger, and therefore had a greater

capability to escape, or whether their greater size resulted from better food and growth

conditions outside of the containers.  Based on first winter growth ring deposition and second

year growth, juveniles cultured in dishes at the hatchery were significantly smaller than those

cultured without dishes.  This evidence suggests that juveniles cultured in these small containers

were subjected to conditions that are sub-optimal for growth.  However, juveniles held in

containers were sampled many times over the course of the seasonal release study.  Thus,

multiple sampling may have contributed to the reduced growth of these juveniles.  During

experimental growth trials, O’Beirn et al. (1998) reported that disturbing juveniles through

sampling significantly reduced the growth of L. fasciola.
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Growth and Survivorship Among Broods

Juveniles released into the raceway in September 1998 exhibited a drastic decrease in

survival, resulting in 0% at 92 days post-metamorphosis.  Because juveniles released in this trial

were produced from only one gravid female, a possible reason for the high mortality could have

been a low viability brood.  In response to this uncertainty, I conducted a supplementary study to

identify possible variability in growth and survival.  The offspring of four gravid L. fasciola were

compared for differences in growth and survival over an 84-day study period.  Growth and

survival among three of the four broods were not significantly different.  However, survival and

growth of brood F2 was significantly lower than those of the other three broods (Figure 1-7 and

1-8).  Interestingly, offspring that showed no statistical differences in growth and survival were

derived from adults collected from Indian Creek, Tazewell County, Virginia.  Brood F2 was

produced from a female collected from the Clinch River, Hancock Co., TN.  Although this

suggests that survivorship and growth may be partly influenced by genetic factors among

offspring of different individuals or populations, inferences cannot be made regarding

heretabilities given the insufficient sample size and absence of electrophoretic data.  Other

factors such as differences in the fecundity of females and water chemistry conditions within

Indian Creek, the Clinch River, and the SFHR may also influence growth and survival of

juvenile mussels.  Water chemistry conditions may be more similar between Indian Creek and

the SFHR, and therefore the SFHR may be more suitable for the progeny of females collected

from Indian Creek than those collected from the Clinch River, which may have much different

water chemistry conditions.  The relationship between heritability and performance

characteristics, such as growth and survival, has been extensively studied in marine bivalves

(Gaffney and Scott, 1984; Mallet et al., 1985; Jones et al., 1996; Saavedra and Guerra, 1996).
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Studies suggest that different growth rates among families of conspecific marine bivalves are, in

part, genotype-dependent (Gaffney and Scott, 1984; Jones et al., 1996).  However, evidence of

genotype-dependent mortality of marine bivalve larval is not clear (Mallet et al., 1985; Saavedra

and Guerra, 1996).  It is likely that the variability in growth that exists among juvenile freshwater

mussels of different broods may be influenced by genotype; however, heritability of performance

traits of freshwater mussels has not been evaluated.

Hatchery versus Laboratory Culture

My results suggest that use of the Buller Hatchery raceway for culturing juvenile mussels

is an effective conservation practice.  Survival of juveniles released in June was 50% after 122

days post-metamorphosis.  This exceeds survivorship values reported in other recent culture

studies (Gatenby et al., 1996, 1997; O’Beirn et al., 1998; Steg, 1998; Westbrook and Layzer,

1998; Beaty, 1999).  Juveniles reared within the hatchery raceway exhibited 17% survival after

the second growing season.  This was substantially better than 0.5% survival experienced by the

laboratory-reared juveniles, and far exceeds the estimates proposed by Young and Williams

(1984) in naturally reproducing M. margaritifera.  Because river water was used in this study,

survival rates of juveniles cultured within the hatchery raceway should be similar to those of

juveniles released to the river.  It is likely that natural stream conditions provide more suitable

food, water quality, and growth conditions than available with current laboratory culture

systems.

The reach of the SFHR at the hatchery is a coolwater stream, supporting a reproducing

population of rainbow trout.  As a result, water temperatures and length of the growing season at

the hatchery are less than other rivers in the upper Tennessee River system and are likely sub-

optimal for juvenile growth.  This is especially pertinent, given evidence for size-dependent,
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overwinter survival of juveniles at the hatchery.  Despite the enormous growth advantage of

juveniles released to the raceway during June, survival of these juveniles declined substantially

throughout the winter.  I hypothesize that age-0 juveniles would exhibit higher winter survival if

given the greatest opportunity for pre-winter growth.  To maximize growth of juveniles at the

hatchery, I recommend releasing juveniles to the raceway in late May, when mean daily

temperatures begin to exceed 15°C (± 1°C).  Water temperatures within the SFHR do not

typically exceed 15°C until late May and begin to fall below 15°C in late September, providing

an 18-week growing season.  The use of pond water may extend the growing season and provide

the opportunity to introduce juveniles to the raceway in early May.  The use of the 1000 m2 pond

extended the growing season within the raceway 1 wk.  Given that seasonal warming trends in

warmwater streams probably occur earlier and at a more rapid rate than the upper SFHR,

juveniles would probably benefit if released earlier in the spring when temperatures begin to

exceed 15°C (± 1°C).
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Chapter 2:  Survival and Growth of Developmental Stages of
Juvenile Mussels (Lampsilis fasciola) Indoors and Outdoors

Investigations in artificial propagation and culture of freshwater mussels began early in

the 20th century by the U.S. Bureau of Fisheries in response to declining populations of

commercial species used in the manufacturing of pearl buttons.  Lefevre and Curtis (1908) were

the first to document successful artificial propagation of juvenile freshwater mussels; however,

they were unable to maintain survival of the juveniles beyond four weeks.  Howard (1914, 1916,

1922) experimented with several Lampsilis species, resulting in limited success with the

exception of a few individuals.  Early attempts to culture unionids were limited because

scientists had an insufficient understanding of the ecological requirements of juvenile unionids.

Experimentation was typically crude, while data were vague and often anecdotal (Lefevre and

Curtis, 1912; Coker et al., 1921; Corwin, Howard, 1914, 1916, 1922).  Despite the progress

made by early investigators, interest in artificial propagation of freshwater mussels diminished

when the demand and value of mussel shells collapsed from newly fabricated plastic buttons.

In the latter part of the 20th century, interest in artificial propagation and culture was

reborn, for purposes of conserving threatened and endangered species, by reestablishing species

to their historic ranges and augmenting relic populations.  Recent advances in culture techniques

have enabled scientists to produce a substantial number of juveniles for experimental

reintroduction.  A study conducted by Hudson and Isom (1984) was the first successful attempt

at rearing juveniles in a laboratory setting.  Since then, other studies (Buddensiek, 1995; Gatenby

et al., 1996, 1997; Westbrook and Lazer, 1997; O’Beirn et al., 1998; Steg, 1998; Beaty, 1999)

have improved culturing techniques and have further succeeded in culturing juvenile freshwater

mussels in considerable numbers.
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Despite the apparent success of laboratory culture, no published studies have addressed

the success of reintroducing juveniles into a natural system.  Additionally, little is known about

growth and mortality of juvenile mussels as they occur in nature.  Several investigators have

conducted experimental trials with juvenile mussels using natural river water (Buddenseik, 1995;

Westbrook and Layzer, 1997).  However, juveniles in these experiments were confined to cages,

which may have interfered with access to necessary resources for optimal growth and survival.

Similarly, recent laboratory studies have used small containers to isolate juveniles for replication

purposes (Gatenby et al., 1996, 1997; O’Beirn, 1998; Steg, 1998; Beaty, 1999).

In Chapter 1, culturing efforts showed that juvenile mussels are extremely mobile during

the first two months of their development.  Because of their excellent climbing ability, these

juveniles frequently escaped from the containers used for experimental replication. The juveniles

that escaped confinement exhibited higher growth rates.  It is not clear whether those that

escaped confinement were more developed, and therefore had a greater ability to escape, or

whether accelerated rate of development was a result of better access to food resources outside of

the containers.

In this study, experiments were conducted to provide recommendations and guidelines

for the captive culture and release of juvenile mussels to natural systems using growth and

survival data.  Comparisons were made between three different methods of releasing juvenile

mussels to a fish hatchery raceway.   Comparisons were also made between confined and

unconfined juveniles.  My first objective was to determine whether age of juveniles at release

affects survival in a hatchery raceway.  The null hypothesis is that there is no difference in

survival of juveniles released at different ages.  My second objective was to determine whether
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the confinement of juveniles to small containers affects growth and survival.  The null

hypothesis is that growth and survival of juvenile mussels is not affected by confinement.
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METHODS AND MATERIALS

Study Site

Experiments were conducted under semi-natural conditions in a fish raceway located at

the Buller Hatchery in Marion, Virginia (Appendix A-1), and also at the Virginia Tech

Aquaculture Center.  The use of the fish hatchery facility was in cooperation with the Virginia

Department of Game and Inland Fisheries and was described in Chapter 1 (Appendix A-2).

From June 6 to July 10, 1999, water was piped from an upstream impoundment of the South

Fork Holston River (SFHR) into a 1000 m2 pond prior to feeding the raceway.  The water piped

from the pond provided a warmer, more productive water supply for the raceway than available

directly from the SFHR, due to solar exposure of pond water.  Consequently, water conditions

more closely resembled those of warmwater streams.  In mid-June, a secondary 1000 m2 pond

was restored by lining it with sand overlain with a 20 mil polyethylene liner.  This pond served

to condition water in times when the larger pond was in disrepair.  By mid-July, the larger pond

was unable to maintain sufficient water levels to adequately supply the raceways because of

drought conditions and pond leakage.  Consequently the secondary 1000 m2 pond was used

thereafter.  A maximum flow of 720 L/min (velocity = 0.13 cm/sec) and a water depth of 29 cm

was maintained throughout the study.  Dissolved oxygen, pH, and temperature were measured

and recorded on a continual basis with a Hydrolab unit.  An Onset Optic Stowaway data logger

was placed in the raceway and served as a back up source of continuous temperature data.  Water

temperature within the river was also continuously measured and recorded with an Onset Optic

Stowaway data logger (Onset Computer Corperation, 536 MacArthur Blvd., PO Boxx 3450,

Pocasset, MA).  Water samples were taken periodically and tested in the laboratory for hardness,
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alkalinity, nitrates, and ammonia.  Hardness and alkalinity were measured using EDTA titration.

Nitrates and ammonia were analyzed using a Hach DR/2000 Spectrophotometer.

Juvenile Production

The wavy-rayed lampmussel (Lampsilis fasciola Rafinesque, 1820) was used in this

study because stable populations naturally occur in the Holston River drainage, and large

numbers of juveniles can be reared successfully under laboratory conditions (Steg, 1998).

Although populations of this species are currently considered stable, 25 of the 32 species within

the genus Lampsilis are considered either extinct, endangered, threatened or of special concern

(Williams et al., 1992).  I considered L. fasciola to be a good surrogate for mussels in decline

because its reproductive biology and habitat are similar to many endangered and threatened

mussel species.

Seven gravid mussels were collected from Indian Creek, Tazewell Co., VA, and from the

Clinch River at Hancock Co., TN, by snorkeling.  Individuals were tagged (Hallprint tags,

Holden Hill, Australia) transported to the laboratory in an aerated cooler, and held within a

Living Stream maintained at 15°C to reduce the likelyhood of premature release of glochidia.

Largemouth bass (Micropterus salmoides) fingerlings (7-8 cm in length) were purchased

from a warmwater fish hatchery (Zetts Tri-State Fish Farm & Hatchery, Inwood, WV),

transported to the Virginia Tech Aquaculture Center, and held in a recirculating system

(Appendix B-1).  The recirculating system used to hold fish was designed as a two loop system.

The first loop consisted of a OASE pond biofilter (OASE-Pumps Inc. Irvine, CA) from which

water was pumped by a 0.5 hp centrifugal pump through 19 mm vinyl hosing to an ultraviolet

(UV) sterilizer.  From the UV sterilizer, water was distributed among four large holding tanks

(two 380 L and one 568 L Rubbermaid high density polyethylene troughs, and one 757 L Living
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Stream) which held a combined total of 1,550 L of water.  Water flowed out of the holding tanks

through a standpipe and was gravity-fed back to the biofilter.  The biofilter contained a series of

foam filters that removed solid waste and provided surface area for the colonization of nitrifying

bacteria.  From the biofilter, a second loop directed water through a recirculating chiller unit

(Neslab Instruments Inc.), from which water was pumped to the head of a trickle filter that

further aided in the conversion of toxic un-ionized ammonia to the less toxic ionized form of

nitrogenous waste.  Within the trickle filter, water was gravity-fed through a series of bio-surface

elements and then returned to the biofilter to complete the loop.

Once fish had fully acclimated to the recirculating system (1 wk), sodium chloride

(30,000 mg/L) and 10% formalin (200 mg/L) was added to the system to treat a moderate

infection of ich (Ichthyophthirius multifiliis), which was observed on the fish 3 days after

obtaining them from the hatchery.  After successful treatment, fish were fed pellet food daily for

6 mo in order to obtain a desirable size (13 cm) for infestation.  Weekly maintenance consisted

of cleaning solid waste from the bottom of holding tanks, cleaning the foam filters within the

biofilter, and partial water changes.

Experiment 1: Release Techniques

Three developmental stages for reintroducing young mussels were tested to determine the

most effective method of release to streams: release of glochidia-infested host fish (IF), release

of newly metamorphosed juveniles <2 days old (NMJ), and release of juveniles cultured for 30

days in the laboratory (CJ).

Artificial Infestation

The following artificial infestation procedure is primarily based on methods outlined by

Zale and Neves (1982).  Gravid females were pried open slightly and held open by a small piece
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of cork placed between the valves.  A water-filled syringe with a hypodermic needle was inserted

into one of the marsupial gill chambers and used to flush the gill chamber with water, causing the

chamber to rupture and glochidia to be liberated from the gill.  Glochidia were collected in a

petri dish and tested for viability by adding a few grains of salt to a small sample of glochidia in

a separate petri dish.  Mature glochidia snap shut when exposed to saline solution.

One hundred and fifty largemouth bass (LMB) were placed into a portable cooler

containing aerating water.  All glochidia extracted from seven L. fasciola were immediately

added to the cooler and continuously suspended to ensure infestation.  This was done by

agitating the water by hand for 2 min.  A few fish were sampled and visually checked every 60

sec to confirm glochidial attachment to the gills.  Glochidial infestation was obvious within 2

min, and fish were immediately removed from the cooler and returned to the holding tank.  Fecal

material complicated the collection of newly metamorphosed juveniles.  Therefore, fish were

deprived of food for the entire infestation period (approximately 8 wk) to minimize the

production of solid waste.  After 2 wk, the holding tank was checked for metamorphosed

juvenile mussels by siphoning the bottom of the tank and capturing juveniles in a 130 µm nylon

mesh screen.  Juveniles were collected every 2 days until 14,000 were obtained for the study.

Live juveniles were counted using a stereoscope, and a sample of 20 individuals were measured

using an ocular micrometer to determine height and length of valves.

Release of Host Fish

Once juvenile excystment was evident, 30 LMB were promptly transported to the Buller

Hatchery for release.  Three fish were placed in each of ten 12 L cages.  Cages were 18 cm wide

x 22 cm deep x 31 cm long, constructed with a 13 mm PVC pipe frame and covered with plastic

mesh (1 cm2).  Cages were placed over 5.83 L plastic Rubbermaid containers (32 cm long x 19
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cm wide x 11 cm deep).  A substrate 5 mm deep, consisting of limestone sand (1000 µm ≥ 2500

µm), was placed in each plastic container.  Fine silt (< 100 µm) naturally accumulated within

each replicate over the course of the study period.  The ten replicates were split into two groups.

One group of five replicates of infested fish (IF) was repeatedly sampled throughout the study

period to obtain trends in growth and survival.  The other group was sampled only once at the

end of the study.  Because juveniles often escape containers, replicates were not fully

randomized but placed among three units within the raceway.  This prevented intermixing of

escaped juveniles between treatments and enabled me to account for these juveniles.  I assumed

that environmental conditions throughout the raceway were equal.  After 18 days from the

introduction of IF, cages and host fish were removed, leaving the plastic containers with

substrate in the raceway.  A 3 mm mesh galvanized screen was placed over each replicate to

protect the contents of each container from disturbance.

Release of Newly Metamorphosed Juveniles

A few days after release of IF, 2000 newly metamorphosed juveniles (NMJ), obtained

from fish that remained at the laboratory, were equally distributed among ten small plastic dishes

containing  water.  The dishes were sealed with lids and immediately transported to the hatchery.

Juveniles in each dish were transferred into ten plastic Rubbermaid containers with substrate

identical to that used for the IF treatment.  Juveniles acclimated to hatchery water conditions

over a 2 hr period and were subsequently released to the raceway in a manner similar to the IF

release.  Five replicates of repeatedly sampled NMJ were randomly assigned among two units

within the raceway.  The other five replicates of NMJ, not repeatedly sampled, were assigned to

a single unit.
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Release of Cultured Juveniles

Ten thousand newly metamorphosed juveniles were collected from fish maintained at the

laboratory and distributed among ten containers, identical to those used for the previous

treatments.  Each container contained 5 mm of limestone sand and approximately 1 mm of fine

sediment collected from deposits that naturally occurred within the raceways at the Buller

Hatchery.  Containers were placed within a recirculating culture system similar in design to that

described by O’Beirn et al. (1998).

The recirculating culture system was located within the greenhouse facility at the

Virginia Tech Aquaculture Center and was constructed of a plastic cattle watering trough 240 cm

long x 60 cm wide x 25 cm deep (Appendix E-1).  Water drained from one end of the trough

through a 32 mm PVC standpipe to a 198 L reservoir (88 cm long x 50 cm wide x 45 cm deep).

Here, the water was aerated and pumped back to the head of the trough through 13 mm PVC line

via a 0.04 hp magnetic drive pump.  Water depth within the trough was maintained at 15 cm, and

flow was controlled by a valve maintained at a maximum of 17 L/min.  A Styrofoam sheet (5 cm

thick) covered the trough to prevent the growth of filamentous algae.  Juvenile mussels were fed

twice daily with a mixed algal culture, primarily containing Neochloris oleoabundans,

Scenedesmus sp. and Microspora sp. at a density of 10-20 thousand cells/ml.  These algae have

been previously used and were shown to support growth in juvenile mussels (Gatenby et al.,

1996; Steg, 1998).  Water within the recirculating system was changed every 2 wk.

After 1 mo, two hundred cultured juveniles (CJ) from each replicate were collected and

placed within corresponding containers and transported to the hatchery for release.  The

remaining juveniles were maintained in the laboratory to compare survival and growth with

hatchery-reared juveniles.  Juveniles transported to the hatchery were transferred to containers
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and substrate identical to those in the previous treatments.  Five replicates were randomly

assigned among two units within the raceway and were repeatedly sampled.  The remaining five

replicates were assigned to a single raceway unit and were not repeatedly sampled.  The

introduction of CJ juveniles to the hatchery concurred with the first sampling of IF and NMJ

treatments (at 30 days).

Thirty-five days after introducing juveniles to the hatchery raceway, the entire raceway

was covered with 70% shade cloth netting to filter sunlight in an effort to reduce undesirable

filamentous algae.

Sampling and Analysis

Five replicates of each treatment (IF, NMJ, CJ) were repeatedly sampled at 30, 50, 70,

and 90 days.  To evaluate the effect of sampling, the remaining replicates (IF, NMJ and CJ) were

not sampled until the final sampling day (90 days).  Juveniles reared in the laboratory (LCJ) were

not sampled during the 50 and 70 day periods, but were sampled at 30, 60 and 90 days.  At 30

days, the initial number of juveniles that excysted from repeatedly sampled IF replicates was

estimated by counting live juveniles and shell remains from each replicate.  In my previous trials,

juveniles that were free living, even for a short period of time, showed evidence of growth by an

obvious growth ring apparent at the shell margin (Figure 2-1).  In the same trials, a low

percentage of juveniles did not successfully transform and were shed from host fish.
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Figure 2-1.  Diagram of early development of Lampsilis fasciola juveniles.  (a) untransformed glochidial stage; (b)
newly metamorphosed stage; (c) initial growth of juvenile within two days post-metamorphosis at 22ºC.
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Therefore, shells in this study that showed no evidence of growth were not counted.  The

estimate obtained for repeatedly sampled IF was applied to the unsampled IF treatment, and an

assumption was made that a similar number of juveniles transformed from the unsampled IF

replicates.  To test the accuracy of the repeatedly sampled IF estimate, live juveniles and empty

shell material of the repeatedly sampled NMJ treatment were counted for comparison.

When sampled, juveniles were separated from the substrate using a series of sieves with

varous mesh sizes.  Once juveniles had grown to a size equivalent to substrate > 1 mm, an

elutriator (Appendix C-1) was used to separate juveniles from the substrate.  The sample was

poured in to the top end of the elutriator which was set at a 60° angle.  By forcing water up the

tube, particles became entrained.  Higher density particles such as sand and gravel remained in

the tube, and lower density particles such as juvenile mussels traveled up and out of the sample

tube and were captured in a 300 µm sieve set just below the outlet.  After 3 min, the remaining

contents within the elutriator were returned to the plastic container and the process was repeated

for subsequent samples.  The elutriator was effective in separating approximately 93% of

juveniles 500 µm to 2000µm in shell length from the substratum.  However, the elutriator was

less effective in separating juveniles larger than 2500µm from the substratum because many

juveniles that size and larger are attached to the substratum by a byssal thread.

Using a binocular stereo-zoom dissecting microscope, live juveniles were counted to

estimate percent survival.  Shell length and height of ten randomly selected juveniles from each

replicate were measured with an ocular micrometer to estimate growth.  Shell length was

determined by measuring the anterior to posterior distance of the valve (Figure 2-1).  Shell height

was determined by measuring the ventral to dorsal distance of the valve.  Because shell height is

proportional to shell length, only shell length was used for statistical analysis and comparison of
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growth.  After survival and growth data were collected, juveniles and substrate were placed back

into their appropriate container and returned to their assigned space within the raceway.

At 90 days, all raceway units containing repeatedly sampled IF, NMJ and CJ containers

were inspected for juveniles that may have escaped.  This was achieved by vacuuming the

bottom of the raceway within each unit with a 3 hp shop vacuum and pouring the collected

contents through a series of sieves to separate juveniles from fine sediment.  Juveniles collected

outside of containers and those that remained in containers were included in the estimate of

survival in the raceway.  However, juveniles collected outside of containers were not included in

data for analyzing comparisons among release techniques.  Trends in growth and survival were

compared among repeatedly sampled IF, NMJ and CJ using repeated measures analysis.  An

analysis of variance (SAS statistical package) was used to compare growth among treatments

repeatedly sampled (rs) and those sampled only during the final sampling period (ns).  Growth

and survival data of hatchery-reared juveniles and laboratory-reared juveniles were used to draw

conclusions on factors that may influence growth and survival.

Experiment 2: Confined versus Unconfined Juveniles

Two thousand newly metamorphosed juveniles were collected from the same batch of

juveniles produced in Experiment 1 and transported to the Buller Hatchery on the same day of

collection.  One thousand of those juveniles were divided among ten 200 ml dishes (8 cm2 and

3.5 cm deep), each containing 5 mm of fine sediment.  Water temperature within these dishes

was identical to hatchery water temperature; therefore, acclimation was not required.  All ten

dishes were placed within a raceway unit, and a 3 mm mesh galvanized screen was placed over

them.  The remaining one thousand juveniles were not confined to dishes and were introduced



60

directly to another raceway unit.  The entire bottom of this raceway unit contained 5 mm of fine

sediment.

At 72 days, all ten dishes were lifted from the raceway.  Juveniles that escaped containers

and unconfined juveniles were collected by vacuuming the bottom of each raceway unit with a 3

hp shop vacuum.  Juveniles were separated from the fine sediment by sorting each collection

through a 200 µm sieve.  Growth was determined by measuring the shell length and height of all

juveniles from each treatment using an ocular micrometer.  The number of juveniles recovered

for each treatment was used to calculate survivorship.  Analysis of variance compared growth

and survivorship between confined, unconfined and those juveniles that escaped confinement.

Statistical differences were determined using a significance level of p<0.05.

Growth of juveniles reared in two containers of different size was also compared using

specimen sizes obtained from the study of release techniques, the seasonal release study, and the

viability study.  Comparisons in growth were made between juveniles cultured in small

containers (SC) (200 L plastic dishes and 430 ml glass dishes) and the larger 5.83 L plastic

containers (LC).  Because the experiments were conducted under different temperature regimes,

cumulative daily mean temperature (CDMT) data were generated to normalize growth data.

Growth was plotted against CDMT, and regressions were fit for both sets of data.  An analysis of

variance with repeated measures was used to compare differences in growth.  A significance

level of p<0.05 was used to determined statistical differences.
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RESULTS

Experiment 1: Release Techniques

Juvenile Production

Fish mortality within the recirculating system prior to infestation was 4%.  All mortality

occurred either within the first few days after obtaining them or during the treatment of I.

multifiliis with salt and 10% formalin.  Fish grew from a mean initial length of 78 mm (5 g) to

130 mm (24 g) over a 6 mo period.  All fish survived during the grow out period or post-

infestation.  Newly metamorphosed mussels began excysting from host fish at 15 days and

continued beyond 33 days, with peak excystment occurring at 23 days post-infestation

(Appendix F-1). Collection of juveniles began on day 15 and was discontinued on day 33.

During this period, a total of 45,974 juveniles was collected.

Juvenile Survival

During the 50-day sampling period, the number of recovered juveniles was highly

variable among replicates.  Some replicates were almost entirely void of live juvenile mussels

and empty shell material.  I realized during the 70-day sampling period that predation by fathead

minnows Pimephales promelas was primarily responsible for this variability.  Other species of

fish were observed throughout the raceway, but did not occur in the same abundance as fathead

minnows.  Six fish species of various abundance (59 Pimephales promelas, 2 Etheostoma

simoterum, 2 Notropis telescopus, 1 Campostoma anomalum, 1 Gambusia holbrooki, and 1

Micropterus dolomieu) were collected throughout the raceway, and stomachs were dissected to

examine the gut contents for bivalves.  However, no juveniles were found in any of the

stomachs.
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Survival of IF(rs) at 30 days was estimated to be 87%.  This estimate was calculated as

the sum of recovered live juveniles divided by the sum of recovered shell material and live

individuals.  This method also was used to determine survival of NMJ(rs) and was compared

with the original number of NMJ in each replicate.  The sum of NMJ(rs) live juveniles and

empty shells was 97% of the original number of released juveniles.

Survival was similar in all treatments at 30 days, with 87.0, 81.6 and 89.0% for IF(rs),

NMJ(rs) and CJ(rs) respectively (Table 2-1, Figure 2-2).  However, IF(rs) exhibited a gradual

decline between 30 and 70 days and began to stabilize after 70 days, resulting in a mean survival

of 38.6% at 90 days.  NMJ(rs) experienced a sharp decrease in survival between 30 and 50 days,

stabilized to 46.2% at 50 days, and achieved 40.6% survival at 90 days.  CJ(rs) showed a severe

decrease in survival between 30 and 50 days, and stabilized thereafter, with 24% survival at 70

and 90 days.  As a result of high variability among replicates, repeated measures analysis

indicated no significant differences in survival among the three release techniques (p = 0.669).

At 90 days, juveniles of IF(ns) and NMJ(ns) exhibited 2.6 and 3.0% survival.  Only a few

empty shells were found in each replicate, indicating that predation by fishes was the cause of

the extremely high mortality.  Unlike IF(ns) and NMJ(ns), CJ(ns) exhibited high survival at

82.2%.  A fine layer of filamentous algae sparsely covered the substrate of all CJ(ns) replicates

and may have deterred fishes from foraging within the substrate for juvenile mussels.

Survival of juveniles maintained in the lab (LCJ) was 89% at 30 days, then declined

dramatically to 26% between 30 and 60 days (Table 2-2).  Survival was stable from 60 to 90

days, estimated at 29%, with a slight increase in the number of juveniles recovered at 90 days

because of improved efficiency in sampling technique.
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Table 2-1.  Mean percent survival of juveniles of Lampsilis fasciola released to a hatchery raceway at three
developmental stages: on infested fish (IF), as newly metamorphosed juveniles (NMJ), and juveniles cultured for
one month (CJ).  N = number of replicate containers sampled to compute mean; (rs) = repeatedly sampled during
experiment, (ns) = not sampled until end of experiment.

Age Release N Survival (%)
(Days) Stage Mean (± SE) Range
30 IF(rs) 5 87.0 (± 1.4) 84-92
30 NMJ(rs) 5 81.6 (± 4.4) 68-93
30 CJ(rs) 5 89.0 (± NA) NA

50 IF(rs) 5 62.6 (± 8.6) 41-86
50 NMJ(rs) 5 46.2 (± 12.1) 23-85
50 CJ(rs) 5 32.4 (± 15.9) 5-76

70 IF(rs) 5 44.2 (± 12.3) 1-69
70 NMJ(rs) 5 43.0 (± 11.7) 20-73
70 CJ(rs) 5 23.8 (± 12.6) 0-59

90 IF(rs) 5 38.6 (± 10.9) 0-59
90 NMJ(rs) 5 40.6 (± 11.1) 19-72
90 CJ(rs) 5 24.0 (± 12.7) 0-59

90 IF(ns) NA 2.6 estimated NA
90 NMJ(ns) 5 3.0 (± 1.0) 2-7
90 CJ(ns) 5 82.2 (± 3.6) 71-91
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Figure 2-2.  Mean percent survival of Lampsilis fasciola juveniles released to a hatchery raceway at three
developmental stages: on infested fish (IF), as newly metamorphosed juveniles (NMJ), and juveniles cultured for
one month (CJ).  Survival rates among the three release techniques are not significantly different, by repeated
measures analysis (p = 0.669).

Table 2-2.  Mean percent survival and shell lengths of juveniles of Lampsilis fasciola cultured in the laboratory
(LCJ) for 90 days.  N = number of replicate containers sampled to compute mean.

Age Survival (%) N Shell Length (mm)
(Days) Mean (± SE) Range

30 89.0 10 0.75 ± 0.02 (0.69-0.83)
60 26.0 10 2.03 ± 0.07 (1.66-2.39)
90 29.0 10 3.25 ± 0.13 (2.71-4.13)
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Juvenile Growth

For all releases, growth was linear from age 0 to 50 days; mean lengths were 0.76, 1.06

and 1.26 mm for IF(rs), NMJ(rs) and CJ(rs), respectively (Table 2-3, Figure 2-3, Appendix G-1,

G-2).  Growth rates for all treatments increased between 50 and 70 days, and then slowed

thereafter.  Growth of CJ(rs) was greatest among the release techniques throughout the study

period; juveniles had a mean shell length of 2.47 mm at 90 days.  NMJ(rs) had a mean shell

length of only 1.86 mm.  IF(rs) juveniles exhibited the least growth, with a mean shell length of

1.34 mm.  Repeated measures analysis with orthogonal contrasts confirmed significant

differences in overall growth trends among the three release techniques (p < 0.0001).

Similar to treatments that were repeatedly sampled, significant differences in growth

were evident among replicates that were not sampled until 90 days  (p = 0.0001, ANOVA, Table

2-3, Figure 2-4).  Juveniles of unsampled IF, NMJ and CJ exhibited mean shell lengths of 0.91,

1.15 and 2.23 mm, respectively.  However, mean shell lengths of juveniles in replicates

repeatedly sampled were larger than replicates sampled only at the end of the experiment.  Mean

shell lengths of repeatedly sampled IF was significantly larger than that of unsampled IF at 90

days (p = 0.004, ANOVA).  Similarly, mean shell length of repeatedly sampled NMJ was

significantly larger than those of unsampled NMJ at 90 days (p < 0.0001, ANOVA).  Although

mean shell length of repeatedly sampled CJ was larger than unsampled CJ, the difference was

not significant (p = 0.069, ANOVA).
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Table 2-3.  Mean shell lengths of juveniles of Lampsilis fasciola released in a hatchery raceway at three
developmental stages: on infested fish (IF), as newly metamorphosed juveniles (NMJ), and at one month old (CJ).
N = number of replicate containers sampled to compute mean, (rs) = repeatedly sampled during experiment, (ns) =
not sampled until end of experiment.

Age Release N Shell Length (mm)
(Days) Stage Mean (± SE) Range

30 IF(rs) 5 0.59 ± 0.02 (0.53-0.63)
30 NMJ(rs) 5 0.70 ± 0.02 (0.65-0.76)
30 CJ(rs) 5 0.76 ± 0.02 (0.71-0.83)

50 IF(rs) 5 0.76 ± 0.05 (0.66-0.91)
50 NMJ(rs) 5 1.06 ± 0.04 (0.93-1.15)
50 CJ(rs) 5 1.26 ± 0.03 (1.19-1.33)

70 IF(rs) 5 1.09 ± 0.08 (0.83-1.27)
70 NMJ(rs) 5 1.59 ± 0.09 (1.34-1.83)
70 CJ(rs) 3 2.03 ± 0.06 (1.91-2.17)

90 IF(rs) 5 1.34 ± 0.09 (1.03-1.54)
90 NMJ(rs) 5 1.86 ± 0.09 (1.55-2.12)
90 CJ(rs) 3 2.47 ± 0.10 (2.28-2.64)
90 IF(ns) 5 0.91 ± 0.05 (0.76-1.03)
90 NMJ(ns) 5 1.15 ± 0.04 (1.07-1.21)
90 CJ(ns) 5 2.23 ± 0.06 (2.05-2.40)
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Figure 2-3.  Growth trends expressed as mean shell length of Lampsilis fasciola juveniles released in the hatchery
raceway at three developmental stages: on infested fish (IF), as newly metamorphosed juveniles (NMJ), and as
juveniles cultured for one month (CJ).  Thermograph is daily mean temperatures measured over the 90-day study
period from June 15 to September 13, 1999.  Growth among the three release techniques is significant different, by
repeated measures analysis (p < 0.0001).
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Figure 2-4.  Mean shell length at 90 days of Lampsilis fasciola juveniles released to the hatchery raceway at three
developmental stages: on infested fish (IF), as newly metamorphosed juveniles (NMJ), and juveniles cultured for
one month (CJ).  (rs) = juveniles repeatedly sampled, (ns) = juveniles not sampled.  Bars with different letters are
significantly different, by analysis of variance and Tukey’s pairwise comparisons (p < 0.005).
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Because natural sedimentation occurred within the raceway, a greater amount of sediment

had accumulated in replicates not sampled until 90 days.  Replicates repeatedly sampled

contained less fine sediment in the substrate, because the process of sampling eliminated most

sediment that had accumulated between sampling periods.  Although accumulated sediment was

not measured in this study, there was a noticeably greater accumulation of sediment in

unsampled replicate containers.  Assuming sediment accumulated in the raceway at a constant

rate, I calculated that the accumulation of sediment in unsampled replicates was equal to the sum

of sediment lost during sampling of the repeatedly sampled replicates.  Since repeatedly sampled

replicates were sampled 4 times, unsampled replicates contained four times as much sediment as

sampled replicates at 90 days.

At 30 days, juveniles cultured in the laboratory (LCJ) had grown to a mean shell length

of 0.75 mm (Table 2-2).  Growth rates after 30 days increased, achieving a mean shell length of

2.03 mm at 60 days and 3.25 mm at 90 days.  Juveniles held in containers located near the inlet

and outlet of the recirculating culture system appeared to exhibit greater growth than juveniles

contained in the middle of the culture system.  For example, juveniles held in the container

closest to the inflow were on average 0.83 mm in shell length, whereas the mean shell length of

juveniles held in the container in the middle of the trough was 0.71 mm.  Because of a high

incidence of escapement from containers before the 60-day sampling period, it was necessary to

redistribute juveniles randomly among all ten containers once that sampling period was

completed.  Despite this redistribution, juveniles continued to exhibit better growth in the

containers closest to the inflow of water.  Dye tests were performed within the recirculating

culture system to identify flow characteristics that may have contributed to this difference in

growth.  Turbulent flow and water circulation within containers decreased from the inflow to
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mid-length of the culturing trough, as did growth.  I characterized three replicate containers at

the head of the trough as having high water circulation and six containers in the middle of the

trough as having low water circulation.  The difference in growth between juveniles in replicate

containers with high versus low water circulation was significantly different at 90 days (p =

0.024, ANOVA), resulting in mean shell lengths of 3.67 mm (range 3.28-4.13) and 3.04 mm

(range 2.71-3.29), respectively (Table 2-4).

Table 2-4.  Mean shell length and difference in mean shell length (∆L) of juveniles of Lampsilis fasciola subject to
high turnover and low turnover conditions within a recirculating culture system after 90 days post-metamorphosis
(ANOVA; *p = 0.024).  N = number of replicates sampled to calculate mean.  Ten juveniles were measured from
each replicate.

Shell Length (mm)
Group N Mean SD Range
High turnover 3 3.67 0.43 3.28-4.13
Low turnover 6 3.04 0.26 2.71-3.29
∆L 0.63*

Escapement

In Chapter 1, I stated that juveniles are highly mobile during the first few months of

development and as a result, some moved out of containers used for experimental replication.

During the course of this study, juveniles cultured within the recirculating culture system were

highly mobile, with 28 and 58% of juveniles escaping from containers at 30 and 60 days,

respectively.  Between the 60-day and 90-day sampling interval, movement decreased markedly,

with only 4.31% of the juveniles found outside of the containers.  The majority of juveniles

collected at 90 days had produced byssal threads attached to the substrate.  In contrast, hatchery-

reared juveniles did not exhibit such high levels of escapement.  On average, only 10% of

juveniles were recovered outside of the containers, and no juveniles had produced a byssal thread

after 90 days.
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Water Quality

Statistical differences in water temperatures were found between the recirculating culture

system, hatchery raceway and the South Fork Holston River (p < 0.01).  Over the 90-day study

period, mean temperatures were 23.2, 20.4 and 17.7°C, respectively (Appendix H-1, H-2).  The

use of the 1000 m2 pond from June 6 to July 10 increased water temperature substantially to a

mean of 22°C.  The use of this larger pond was discontinued after July 10 because of declining

water levels due to drought conditions and leakage through the bottom of the earthen pond.

Subsequently, the newly restored 1000 m2 pond was used to supply the raceway with water at a

temperature of approximately 20.2°C, an average 2.7°C above SFHR temperatures.

There were no statistical differences between the recirculating culture system and the

hatchery raceway in dissolved oxygen (D.O.) levels; each had mean values of 8.94 and 8.5 mg/L,

respectively (Table 2-5, Appendix I-1, I-2).

Mean pH values (8.97 vs 8.27), NH3 levels (0.308 vs 0.085 mg/L), water hardness levels

(202.1 vs 98.1 mg/L CaCO3) and alkalinity levels (169.8 vs 91.1 mg/L) were significantly

different between the recirculating culture system and the hatchery raceway (p < 0.01)

(Appendix I-1, I-2, I-3 and I-4).  Although the mean nitrate level in the recirculating culture

system (1.08 mg/L) was higher than in the hatchery raceway (0.74 mg/L), the difference was not

significant.  Additional water quality data were recorded daily with a Hydrolab unit and are

presented in Appendix J.

Experiment 2: Confined versus Unconfined Juveniles

Survival of juveniles held in confinement was 2.8%, and 1.4% of these survivors had

escaped from the containers during the 72-day study period.  Juveniles recovered from containers

had a mean shell length of 1.04 mm, whereas mean shell length of those that escaped measured
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1.60 mm (Table 2-6, Figure 2-5).  Survival of unconfined juveniles was 4.9%, with an mean

shell length of 2.15 mm.  Significant differences in mean shell length were observed among

confined, unconfined and escaped juveniles (p = 0.0001).  Survival between confined and

unconfined juveniles was not readily comparable because of suspected fish predation.

Growth and temperature data from this study, combined with data from experiments described in

Chapter 1, generated 11 data points for juveniles held in large containers (LC )and 31 data points

for juveniles held in small containers (SC).  Growth responded positively to cumulative daily

mean temperature (CDMT >15°C) (Figure 2-6).  The best-fitting regression equations for growth

versus CDMT (>15°C) were exponential, resulting in R2 values of 0.95 and 0.94 for LC and SC,

respectively.  Based on CDMT (>15°C), repeated measures analysis of variance indicated that

juveniles reared in the larger containers were significantly larger than those reared in smaller

containers (p = 0.0042).

Observation

The common and widespread triclad turbellarian, Dugesia tigrina, was abundant in the hatchery

raceway and was often collected with juveniles during sampling.  In a small observational

experiment, I put several D. tigrina in a petri dish with 50 juvenile mussels to test whether D.

tigrina preyed on juvenile mussels.  The flatworms showed no interest in feeding on the live

juveniles.  In another petri dish, I placed several D. tigrina in a petri dish with several

chironomid larvae.  The flatworms attacked and devoured the midge larvae in less than 1 minute.
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Table 2-5.  Comparison of water chemistry values during the 90-day study period.  Values are the means collected
June 15 to September 13, 1999 from the raceway at Buller Hatchery and the recirculating culture system in the
laboratory.  * =  statistically significant by analysis of variance.  N = number of measurements used to calculate the
mean of the parameter.

Buller Hatchery Laboratory Sig. Diff.
Parameter N Mean (+/- SD) N Mean (+/- SD) (p < 0.01)
Temperature (°C) 90 20.4 (± 0.25) 90 23.2 (± 0.19) *
Dissolved Oxygen (mg/L) 11 8.50 (± 1.85) 14 8.94 (± 0.87) --
pH 10 8.27 (± 0.29) 15 8.97 (± 0.24) *
NH3 (mg/L) 10 0.004 (± 0.003) 15 0.038 (± 0.016) *
Hardness (mg/L CaCO3) 11 98.1 (± 14.8) 15 202.1 (± 48.0) *
Alkalinity (mg/L) 11 91.1 (± 15.5) 15 169.8 (± 33.2) *
Nitrates (mg/L) 11 0.74 (± 0.45) 14 1.08 (± 0.63) --

Table 2-6.  Mean shell lengths of juveniles of Lampsilis fasciola reared in a fish hatchery raceway for 72 days.
Confined juveniles were held in small containers; escaped juveniles climbed out of containers; unconfined juveniles
were not held in containers.  N = number of individuals measured for shell lengths.  Means with different letters are
significantly different by analysis of variance (P = 0.0001).

Holding Survival (%) Shell Length (mm)
Technique N Mean (± SE) Range
Confined 2.8 14 1.04 ± 0.08 c 0.51-1.59
Escapees  14 1.60 ± 0.10 b 0.82-2.05
Unconfined 4.9 49 2.15 ± 0.07 a 1.33-2.97
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Figure 2-5.  Mean shell lengths (mean ± SE) of juveniles of Lampsilis fasciola reared in a fish hatchery raceway for
72 days.  Confined juveniles were held in small containers; escaped juveniles climbed out of containers; unconfined
juveniles were not held in containers.  Bars with different letters are significantly different by analysis of variance (P
= 0.0001).
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Figure 2-6.  Compiled growth data of L. fasciola from culture experiments in Chapters 1 and 2.  Growth data are
expressed as mean shell length (mm) and are normalized using the cumulative daily mean temperature (CDMT)
greater than 15°C.  Exponential curves are fitted for juveniles cultured in large and small containers.
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DISCUSSION

Survival of Juveniles

Because of high variability among replicates, it was not possible to adequately compare

differences among released developmental stages with respect to survival.  High variability was

believed to be caused by fish predation, since very little shell material was recovered.  According

to Jenkins and Burkhead (1993), fathead minnows are considered omnivorous, and have been

reported to eat insects, algae, detritus and micro-crustaceans.  In addition, fathead minnows

mature rapidly, are short-lived (Jenkins and Burkhead, 1993), and likely have high evacuation

rates.  Fathead minnows were prolific throughout the raceway and were often observed foraging

in the substrate.  Attempts to detect juvenile mussels within the stomach of fishes were

unsuccessful, probably because fishes were not examined until after the impact of predation was

realized.  Each replicate container was covered with a 3 mm mesh wire screen, allowing only

very small fathead minnows (~15 mm in length) to invade the containers.  Juveniles 1 mm in

shell length or larger may not have been vulnerable to predation because of size-selective feeding

limitations of smaller fathead minnows.  Because sampled CJ and NMJ attained shell lengths of

greater than 1mm at 50 days post-metamorphosis, the effect of predation seemingly ceased

thereafter.  Whereas IF-sampled juveniles did not reach 1mm in shell length until 70 days post-

metamorphosis and consequently were affected by predation until that time.  This suggests that

the slower growing juveniles may be affected more by predation because they are susceptible to

predation for a longer period of time.  However, sampled CJ replicates were affected more by

predation than sampled NMJ and IF replicates, indicating that predation pressure was not equal

among treatments.  Therefore, final survival values do not reflect this potential predator-related

disadvantage of smaller juveniles.
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Despite the apparent predatory effect, the extent of predation on juvenile mussels in

nature is largely unknown.  The mortality from predators could be substantial, since predation on

juvenile mussels is not limited to fish.  Frequently, invasive aquatic snails (Physella sp.) were

found in the recirculating culture systems.  On one occasion, an individual was observed feeding

on a newly metamorphosed juvenile.  Stomach dissections of several snails confirmed this

observation.  These snails appear to be non-selective, although their threat to juvenile mussels

has not been evaluated.  Corwin (1920) reported that out of the 11,000 juveniles released to a

lake, an estimated 2,085 were devoured by turtles or bottom-feeding fish.  Howard (1914, 1922)

attempted to culture juveniles in aquaria and was unsuccessful because of mortality primarily

due to predacious turbellarians identified as Macrostomum sp. and Stenostomum sp.  An

outbreak of predacious Macrostomum sp. was described in Chapter 1.  The flatworms apparently

ingest juvenile mussels, digest the soft tissues, and then regurgitate the shell material leaving the

shell intact without any evidence that the juveniles had been consumed.  Sickel (1998) reports a

similar incidence of predation by Macrostomum sp. on Asiatic clam larvae (Corbicula fluminea).

The occurrence of this worm can be prolific and devastate propagation attempts.  Sinclair and

Isom (1963) suggest that Dugesia trigrina is a potential predator of C. fluminea.  Contrary to

this, Sickel (1998) observed D. tigrina gliding around and over C. fluminea larvae, apparently

showing no interest.  Similar observations in my study suggest that D. tigrina are not predacious

on juvenile unionids.

Although most replicates in this study were adversely affected by predation, the five

unsampled CJ replicates were impacted the least, resulting in a mean survival of 82.2% at 90

days.  During this study, shade cloth was placed over the raceway to prevent the growth of

filamentous algae, which has previously been shown to cause high juvenile mortality (Yang,
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1996).  However, because of inadequate coverage, sufficient sunlight supported growth of this

algae, which sparsely covered the substrate within all of the unsampled CJ replicates.  This thin

layer of filamentous algae was apparently enough to deter small fathead minnows from foraging

the substrate for juvenile mussels.  In the absence of predation, these results suggest that

juveniles held under natural conditions do not experience the high mortality at 4 to 8 wk of age

that occurs in laboratory culture experiments.  Juvenile survival in the wild, seemingly is affected

by predation, habitat quality and adverse physical conditions such as cold temperatures in winter

and high flow events.

Growth and Development

The growth rate of L. fasciola was highly dependent on the developmental stage

introduced to the hatchery raceway.  Small, incremental differences in the size of juveniles

during early development (30 days) influenced the large differences reported at the 90-day

sampling period.  For example, mean shell length of CJ was only 6.6% larger than that of NMJ at

30 days post-metamorphosis.  However, because of this seemingly small growth advantage,

greater increases in growth occurred earlier for CJ than for NMJ, resulting in an even greater

difference of 24.6% in growth at 90 days.  Similarly, shell length of CJ was 21% and 46% larger

than IF juveniles at 30 and 90 days, respectively.  Juveniles introduced via infested fish (IF)

experienced little exponential growth and consequently, exhibited the least growth at 90 days.

The divergence in growth exhibited by released CJ, NMJ, and IF may be related to the

availability of certain seasonal food resources and a juvenile’s ability to consume them.  For

example: certain seasonal food resources, that may be consumed by larger juveniles, may be too

large to be consumed and metabolized by smaller juveniles.  Larger juveniles would therefore

have a greater food base and exhibit higher growth rates than smaller juveniles.  Juveniles
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released later in the growing season may miss the opportunity to feed on important resources

because of seasonal changes in the food base and feeding limitations based on juvenile size.

This suggests that the time of juvenile release may be critical in determining first year growth

rates.  In my study, IF exhibited the least growth at 30 days and was probably due to delayed

excystment from lower water temperatures at the hatchery.  Mean shell length of IF juveniles at

30 days was applied to the NMJ growth curve to estimate the time of IF excystment.  Based on

the NMJ growth curve, the average time of excystment for IF was estimated to be 9 days later

than the introduction of NMJ.  Because of delayed excystment, juveniles introduced to the

raceway using infested fish may have missed seasonal feeding opportunities, and therefore,

exhibited little exponential growth over the 90-day study period.

The exponential nature of juvenile growth in the first growing season is likely to be

influenced by an increase in feeding efficiency as juvenile size increases (Rice, 1999).  This

phenomenon, known as the size-efficiency hypothesis, has been well documented for numerous

taxa (Werner and Gilliam, 1984) and is primarily a function of an increased resource utilization,

feeding rates, and decreased metabolic activity.  In addition, the ontogenetic niche shift from

pedal-feeding to filter-feeding may also contribute to the exponential growth trend apparent in

the first growing season.  However, no studies have directly addressed size-efficiency or

ontogenetic niche shifts in freshwater mussels.

A sharp decrease in mobility of juveniles cultured in the laboratory between 60 and 90

days and the production of byssal threads observed at 90 days is suggestive of a transition from

pedal-feeding to filter-feeding.  Based on these observations and the sizes of juveniles at 60 and

90 days, I conclude that an ontogenetic transformation from pedal-feeding to filter-feeding

occurs when the juvenile has attained a shell length of approximately 2 mm.
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The presence of byssal threads is further evidence that juveniles have made this shift in

feeding mode.  At 90 days, byssal threads were present on juveniles cultured in the laboratory

but absent on those cultured at the hatchery.  This observation, considered in conjunction with

growth data, suggests that byssal thread production of L. fasciola occurred when juvenile shell

length was between 2.5 and 3.5 mm.  This estimate compares favorably with Isely (1911), who

observed byssal threads produced by juvenile mussels at about 2.9 mm in shell length.  The

production of byssal threads may be important for young juveniles occupying microhabitats in

swift water (Isely, 1911; Neves and Widlak, 1987) and during high flow events that typically

occur in spring.  Assuming that growth and development cease during cold temperatures,

juveniles that have not developed the byssal gland prior to the onset of winter may be at higher

risk of mortality or displacement.

Water Quality

Water quality at the hatchery was seemingly suitable for juvenile mussels.  Temperature

fluctuations were well within the range that juvenile mussels experience in temperate rivers and

streams.  Dissolved oxygen levels were substantially above the 5 mg/L level recommended for

naiades by Havlik and Marking (1987).  Un-ionized ammonia levels were much lower than the

0.52 mg/L, 96 hr LC50 for juveniles of V. iris reported by Scheller (1997).  Likewise, un-ionized

ammonia concentrations were well below the 3.3 to 6.0 mg/L lethal limits reported for marine

molluscs (Edifanio and Srna, 1975; Stickney, 1994).  Hatchery nitrate levels remained far below

the 2500 mg/L level required to reduce the filtration rate of M. mercenaria and Crassostrea

virginica by 50% (Edifanio and Srna, 1975).  Mean water hardness in the hatchery raceway was

98.1 mg/L.  This is substantially lower than some rivers of the Tennessee River drainage which

support substantial mussel populations (Tennessee Valley Authority, 1986a, 1986b) (See
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Appendix K-1).  Steg (1998) reported higher survival and growth in L. fasciola cultured in high

water hardness levels (‘250 mg/L) versus lower water hardness levels (~50 mg/L).  However,

several tributaries of the Tennessee River system are characterized as having low water hardness

levels, yet still support diverse mussel assemblages (Tennessee Valley Authority, 1986a, 1986b).

This suggests that water hardness levels in the hatchery raceway may be sufficient for rearing

juvenile mussels.

Release of Host Fish

Many host fish used for artificial propagation, such as percids and cottids, are sensitive to

confined laboratory conditions.  With the additional stress of glochidial parasitism, these fishes

often experience a high level of mortality during captivity, resulting in inefficient production of

metamorphosed juveniles.  For this reason, the release of infested fish could be the most

productive method for introducing juveniles into rivers.  The low technology and cost

effectiveness of releasing infested fish makes this method an attractive alternative to the

expensive and technologically intensive methods of laboratory propagation and captive culture.

In order to protect the integrity of native aquatic communities, release of non-native host fish

should be avoided.  Instead, native host fish collected directly from the site of intended release

should be used.  Using the IF technique, host fish can be collected, artificially infested, and

released back to the site within a few hours.  Despite the obvious advantages of releasing

juveniles through infested host fish, the success of this method has not been tested for a variety

of reasons.  The major disadvantages of this technique are: (1) many species are highly mobile

and will disperse from intended sites; (2) excystment of juvenile mussels may occur over habitat

unsuitable for survival; (3) monitoring introduced mussel population is difficult because of wide

dispersal of juveniles and host fish; and (4) insufficient numbers of host fish.  Neves and Widlak
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(1987) estimated that age-0 juveniles in Big Moccasin Creek, southwest Virginia, were on

average 2.7 mm in shell length.  In my study, juveniles released from infested fish fell far short

of that estimate, with a mean shell length of 1.34 mm at the end of the growing season.  Based on

findings presented in Chapter 1, juveniles of this size are at higher risk of overwinter mortality.

Therefore, juveniles produced and released would more likely result in higher overwinter

survival in conditions similar to the upper SFHR since those juveniles attained greater size prior

to winter.  In warmwater streams, the release of infested fish may be a feasible option for re-

establishing populations, as water temperatures should promote more rapid growth and a longer

growth period prior to winter.

Release of Newly Metamorphosed Juveniles

Despite the expense and effort of laboratory propagation, releasing newly

metamorphosed juveniles may be the most effective method for enhancing recruitment or re-

establishing populations.  Once metamorphosed, a known number of juveniles can be released to

suitable habitat and monitored with reasonable effort.  In addition, this method is not limited to

using fish collected only from the site of intended release.  Therefore, appropriate host fish that

are easier to sustain in captivity can be used to maximize the production of juvenile mussels.  For

example, to transform L. fasciola which inhabits riffle areas, I used a large number of hatchery-

reared largemouth bass, a species more typical of lentic habitat.  In the laboratory, temperature

conditions can be adjusted to control the rate of juvenile metamorphosis.  Additionally, releases

can be scheduled to occur at times when the environment is most conducive to optimal growth.

Because artificial propagation is highly dependent on the success of maintaining host fish,

facilities and experience of laboratory personnel are key factors in a successful propagation

program.  As technologies are developed to improve laboratory conditions for sensitive host fish,
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NMJ techniques ultimately may prove to be the most practical method of introducing juveniles

into rivers.

Release of Cultured Juveniles

Culturing freshwater mussels is by far the most intensive method, requiring expensive

equipment and extensive expertise of personnel.  Culture systems must be constructed to

accommodate host fish, rear juveniles, and produce an appropriate food source (algae).  These

systems allow juveniles to be reared beyond the early life stage, when they are most vulnerable

to predation and adverse environmental conditions.  For example, juveniles can be reared in a

temperature-controlled environment that extends the length of the growing season, giving them a

growth advantage over juveniles affected by seasonal water temperatures.  Since juvenile

mussels cultured under laboratory conditions usually experience high mortality between 4 and 8

weeks post-metamorphosis, cultured juveniles in my experiment were released to the raceway

just prior to this mortality period.  It is not clear whether these juveniles had lower incidence of

predation than juveniles from the other two methods of release.  Regardless, the superior growth

rates of cultured juveniles may provide a significant advantage for overwinter survival.  For

warmer streams, newly metamorphosed juveniles and juveniles released via infested fish may

exhibit equivalent or better growth in rivers, especially if the growing season exceeds that at the

Buller Hatchery.

Confinement and Flow Effects

Previous studies commonly used juveniles contained in small dishes or enclosures

constructed of fine mesh screen (Buddensiek, 1995; O’Beirn et al, 1998; Steg, 1998; Beaty,

1999;).  Based on my results, it is apparent that growth can be retarded in juvenile mussels

confined to small containers.  Compiled growth and CDMT data showed greater growth for
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juveniles reared in large containers versus those reared in small containers.  Furthermore, results

discussed in Chapter 1 showed significant differences in growth of confined and unconfined 16

month-old juveniles, with mean shell lengths of 9.4 mm and 11.2 mm, respectively.

Observations from florescent dye tests confirm that the rate of water exchange in the small

dishes was extremely slow, creating a potentially static environment, which may have limited the

availability of food resources and hindered waste removal.  Conversely, the water in the large

containers was not static and therefore provided better culturing conditions for juvenile mussels.

During pedal-feeding, juveniles inhabit the interstitial spaces within the upper 1 cm of

sediment (Yeager et al. 1994).  Resources utilized by juveniles are cycled in a 1 to 2 mm mixing

zone at the interface of sediment and overlaying water (Yeager et al., 1994).  This suggests that

adequate flow is important in maintaining good water quality and nutritional composition within

interstitial spaces.  Juveniles cultured in the recirculating system exhibited differences in growth,

depending on the effect water circulation within replicate containers .  Juveniles held in

containers closest to the inflow of water experienced more turbulent conditions with high water

circulation and were larger than juveniles held in containers that lacked water agitation.  Under

static conditions, water exchange between the water column and the 1 to 2 mm mixing zones was

reduced.  Therefore, juveniles may have been deprived of food or environmental conditions

necessary for optimal growth and survival.  Steg (1998) reported growth to be 63% higher in

juveniles unconfined in a trough culture system versus juveniles confined in a dish culture

system.  Although this growth difference was attributed to higher temperatures in the trough

system, the effect of confinement in the dishes may have also contributed to reported differences

in growth.
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Sediment Effects

Comparisons between juveniles repeatedly sampled and juveniles not sampled were

initially made to determine the effect of sampling on juvenile mussels.  Because juvenile mussels

were heavily preyed upon by fish, the effects of the sampling on survival could not be

determined.  Yet, growth was significantly less in juveniles that were not repeatedly sampled.

This finding is contrary to laboratory results reported by O’Beirn et al. (1998), where unsampled

Villosa iris showed growth greater than that of sampled individuals.  In my study, juveniles that

were not repeatedly sampled were exposed to a gradual accumulation of fine sediment

throughout the 90-day study.  Because fine sediment within repeatedly sampled replicates was

evacuated from containers through the process of sampling, these juveniles were exposed to

lower levels of sedimentation.  Yeager et al. (1994) described the feeding behavior of juvenile

Villosa iris as being restricted to interstitial spaces within the upper 1 cm of substrate.  Results

mentioned earlier suggest that water exchange within these interstitial spaces is beneficial for

juvenile growth and survival during the pedal-feeding stage.  The infiltration of interstitial spaces

by excessive sediment reduces the permeability of the substrate, thus inhibiting water exchange

(Brunke and Gosner, 1997).  Thus, my experiments provide evidence that high levels of

sediment deposition is detrimental to juvenile mussels during their pedal-feeding stage.  Cordone

and Kelley (1961) published a seminal review that summarized a number of articles focused on

sedimentation effects.  They concluded that there was overwhelming evidence that sediment

deposition has a deleterious effect on benthic populations of invertebrates.  However, silt

deposition may be less a factor in juveniles once they develop filter-feeding capabilities.

Because CJ were cultured in the laboratory for the first 30 days post-metamorphosis, they were

not exposed to the accumulating sediment conditions at the hatchery through the majority of their
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pedal-feeding stage.  Although growth of unsampled CJ was less than sampled CJ, the difference

was not significant, indicating that the effect of sediment was minor.  In comparison, the effect

of sedimentation on unsampled IF and NMJ was significant because they were exposed to

accumulated sediment through their entire pedal-feeding stage.

Despite the negative effects of accumulated fine sediment, the presence of a small

amount of fine sediment may be beneficial to juveniles during early development.  Buddensiek

(1995) reported that survival of juveniles of Margaritifera margaritifera held in cages was

highest with moderate amounts of deposited material, and lowest in cages with excessive

amounts of silt and cages with no silt at all.  O’Beirn et al. (1998) reported growth and survival

of V. iris to be significantly greater in juveniles held in sediment (< 350 µm) than those without

sediment.  Similarly, Gatenby et al. (1996, 1997) reported higher growth and survival in V. iris

exposed to fine sediment versus those not exposed to fine sediment during feeding trials.

Evidence suggests that fine sediment in small amounts is naturally occurring and important for

optimal early juvenile development, but detrimental in large amounts.

Rearing Juvenile Mussels in the Laboratory

Escapement of laboratory-cultured juveniles was 58% at 60 days, a substantial number of

juveniles which, if not accounted for, would have resulted in a severe underestimation of

survival.  Juveniles that escape experimental replication have not been accounted for in other

recent propagation studies.  Because of this, actual survival rates of juveniles in previous

attempts may have been higher than reported.

Unlike juveniles reared in the hatchery raceway, laboratory-cultured juveniles were not

subjected to intense fish predation.  However, between 30 and 60 days, these juveniles

experienced a sharp decline in survival.  This phase of high mortality concurs with the 4 to 8 wk
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bottleneck in survival, reported in previous attempts to culture juveniles in the laboratory

(Gatenby, 1996, 1997; O’Beirn et al, 1998; Steg, 1998; Beaty, 1999).  The cause of this survival

bottleneck is not clearly understood; however, the presence of empty valves suggests that the

mass mortality is probably caused by factors other than predation, such as poor diet, water

quality or substratum conditions.  The high incidence of juvenile escapement between the 30-day

and 60-day sampling period coincided with this high mortality, and may be an indication that

unfavorable conditions promoted movement of pedal-feeding juveniles during that time.

As with juveniles cultured in the hatchery raceway, juveniles reared in the laboratory

over the 90-day study period were exposed to minor changes in temperature, dissolved oxygen,

and nitrate levels.  Un-ionized ammonia levels were far below the 0.52 mg/L, 96 hr LC50 for

juveniles of V. iris reported by Scheller (1997).  According to Anderson et al. (1978), ciliary

response of Elliptio complanata was reduced by 50% when exposed to NH3 concentrations of

0.06 mg/L.  Only one recorded measurement in the recirculating culture system exceeded this

level.  Although no other measurements were higher than this, the affect of chronic, low-level

exposure of ammonia on juvenile mussels has not been evaluated.

Juveniles cultured in the laboratory exhibited greater growth than hatchery-reared

juveniles, averaging 3.25 mm in shell length at 90 days.  This growth rate is most likely a result

of significantly higher water temperatures and hardness levels for the laboratory-cultured

juveniles.  Steg (1998) concluded that juvenile L. fasciola cultured in water with high hardness

levels (~ 250 mg/L) exhibited greater growth and survival than juveniles cultured in water with

low hardness levels (~ 50 mg/L).  Despite the high mortality event between 30 and 60 days,

survival was comparable and growth was superior to that of previously conducted culture
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experiments using L. fasciola and V. iris (Yang, 1996; Gatenby, 1996, 1997; O’Beirn et al.,

1998; Steg, 1998; Beaty, 1999).

Rearing Juvenile Mussels at the Buller Hatchery

The fish raceway at the Buller Hatchery provided an excellent facility to conduct

experiments that simulated natural conditions and to test its suitability for rearing threatened and

endangered juvenile mussels.  Rearing juvenile mussels in the hatchery raceway has several

advantages.  The flow-through nature of the raceway provides excellent water quality.  Flow

rates were constant from the gravity-fed pond and did not require mechanical assistance such as

pumps and therefore required minimal maintenance.

Clearly, pre-winter survival of juveniles cultured under these raceway conditions far

exceeds that of previous attempts at culture in the laboratory and under semi-natural conditions

(Table 2-7).  Under conditions of reduced predation, 82% of juveniles survived to 90 days.  This

group of juveniles was sampled again at 166 days, with 75% survival.  These estimates,

however, did not take into account possible escapement.  At the end of the 90 day study, I

calculated an average of 10% of juveniles escaped containers used for replication at the hatchery.

Assuming that escapement was the same for unsampled CJ, juvenile survival may have

approached 92% and 85% at 90 and 166 days, respectfully.  The highest survival estimates

reported in Chapter 1 were approximately 50% at 90 days.  These data were obtained from

juveniles held in the smaller containers, which have been shown to reduce growth and are likely

to retard survival as well.  Although survival of juveniles of L. fasciola was unusually high,

growth rates were much lower than that of juveniles cultured in the laboratory over the 90-day

study period.  Also, juveniles reared in the hatchery raceway did not produce byssal threads.

Lower water temperatures, high levels of sedimentation and low water hardness levels likely



89

influenced this reduced growth.  Despite attempts to increase water temperatures through the use

of ponds, water temperatures in the raceway remained sub-optimal for juvenile growth.  Given

that the Buller Hatchery receives water from SFHR, a coolwater trout stream, the growing season

for freshwater mussels will be shorter than that of other rivers in southwest Virginia.

Table 2-7.  Growth and survival of juvenile freshwater mussels in other propagation studies.

Species
Cultured

Mean Length
(mm)

Mean %
Survival

Age
(days) Source

L. fasciola 1.76 50.0 122 This study
L. fasciola 1.59 41.2 200 This study
L. fasciola 2.23 82.0 90 This study
L. fasciola 2.28 74.6 166 This study
L. fasciola 1.5 47.3 105 Steg 1998
V. iris 2.22 27.7 115 Beaty pers. com.
V. iris 1.2 8.0 165 Gatenby et al. 1996
V. iris 1.8 30.0 140 Gatenby et al. 1997
V. iris 2.7 26.8 154 O’Beirn et al. 1998
U. imbecillis 18.9 7.0 91 Starkey et al. 1998
L. cardium 18.2 3.5 120 Westbrook and Layzer 1998
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Conclusions

•  Juveniles released in June exhibited significantly greater growth and survival than juveniles

released in September and March.

•  Mean shell length values and temperature data suggest that growth of L. fasciola ceases at

temperatures below 15°C (± 1°C).

•  Seasonal survival values, shell length-frequency distribution, and increased mean shell length

in winter suggest that overwinter survival of L. fasciola is correlated with juvenile size.

•  Variability in growth and survival occured among broods of different gravid females.

•  Growth of laboratory-reared and hatchery-reared juveniles was not significantly different

after two growing seasons; however, hatchery-reared juveniles showed significantly better

survival.

•  Significant differences in growth were found among the three release methods with CJ

attaining the greatest growth (2.47 mm ± 0.02), NMJ with the next best growth (1.86 mm ±

0.02), and IF exhibiting the least growth (1.34 mm ± 0.02) (p < 0.0001).  These differences

are hypothesized to result from the availability of certain seasonal food resources and the

ability of juveniles to consume them.

•  The highest survival of juveniles reared in the hatchery raceway was 82% at 90 days,

indicating that they did not experience the 4 to 8 wk bottleneck in survival that laboratory-

cultured juveniles often experience.  The hatchery conditions may provide better water

quality for juvenile survival, and are more indicative of conditions in rivers.

•  While adequate nutrition and water quality may ensure high survival, predation, habitat

quality and adverse environmental conditions are likely to be significant factors determining

juvenile recruitment.
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•  The release of newly metamorphosed juveniles may be the most practical means of

reintroduction; however, cultured juveniles released after 4 wk had the greatest growth

advantage and may have the best chance for over-winter survival and low predation.

•  Juveniles exposed to accumulating sediment deposition exhibited reduced growth.  Juveniles

may be most negatively affected by high levels of sediment during their pedal-feeding stage,

as a result of reduced flow through the interstitial spaces of the substrate.

•  Growth of juveniles cultured in small dishes was significantly less than that of unconfined

juveniles and juveniles reared in larger containers, presumably because of static conditions in

the small dishes.  This suggests that adequate flow is an important factor in juvenile growth.

•  Conditions at the Buller Hatchery resulted in exceptional survival of 82% at 90 days.  This

survival rate far exceeds those reported in previous culture studies and estimates of natural

mortality.  However, conditions in the hatchery raceway were sub-optimal for rapid growth

seemingly important for overwinter survival.  Low water temperatures and hardness levels,

and accumulated sediment were thought to be the primary reasons for slower growth rate.
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Recommendations

Results from this study provided several recommendations for the captive care and

release of juvenile mussels to natal streams.  Recommendations on the release of juvenile

mussels are based on the assumption that the conditions within the Buller Hatchery raceway are

similar to natural river conditions, but may not be reflective of ideal mussel habitat.

Furthermore, the appropriate developmental stage for the release of unionids will largely depend

on the feasibility of culturing specific species of mussels, the ability or inability to maintain host

fish in the laboratory, the time of year for intended release, seasonal conditions of the release

site, and specific management objectives.  The following is a list of recommendations for the

captive culture and release of juvenile freshwater mussels and suggestions for future study.

•  Release of juvenile mussels should occur early in the growing season, to ensure the

maximum opportunity for juvenile growth prior to winter.

•  The release of newly metamorphosed juveniles or cultured juveniles is recommended when

host fish are easily maintained in captivity and management plans identify specific sites for

release and future monitoring.

•  The present study should be replicated in a similar facility that better represents typical

conditions of freshwater mussel habitat.

•  Future experimentation should explore the extent of predation on juvenile mussels as it

occurs in natural systems and the relationship between juvenile growth and predation.

•  Further study with other mussel species, including federally listed species, is necessary to

evaluate the potential of the Buller Hatchery as a viable facility for artificial mussel culture.

•  Juveniles should be held in containers of sufficient shape and size to allow adequate flow.
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•  The effect of sediment on juvenile mussels warrants further investigation.  High levels of

sediment should be avoided, although, juvenile mussels may benefit from a small amount of

sediment.
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APPENDIX A

A- 1.  Topographic map of Buller Fish Hatchery, located in Smyth Co., Marion, VA.
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A- 2.  Aerial schematic of the raceway used in this study, located at the Buller Fish Hatchery, Marion, Virginia.
Letters (A, B and C) correspond to raceways; numbers (5-11) correspond to raceway sections.
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APPENDIX B

B- 1.  Diagram of the recirculating holding system for fish.
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APPENDIX C

C- 1.  Description of the elutriator.  Parts include: a. poly-tubing insert fitting (male adapter), b. PVC ball valve (13
mm), c. PVC male adapters (13 mm), d. PVC pipe (13 mm), e. 1 PVC reducer bushing (13 mm X 19 mm), f. nylon
screening (400µm), g. coupling ( 51 mm slip) h. clear PVC tubing (38 mm), and i. PVC joining-T (38 mm).
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APPENDIX D

D- 1.  Gravid Lampsilis fasciola used to artificially propagate juveniles.  CRSN = Clinch River, Sneedville,
Hancock Co., TN; IC = Indian Creek, Cedar Bluff, Tazewell Co., VA.

Tag Number Date Collected Location Collected Shell Length (mm) Shell Height (mm)
F1 04/23/99 IC 56.7 43.5
F2 04/22/99 CRSN 56.8 44.4
F3 05/19/99 IC 53.9 40.8
F4 05/19/99 IC 53.2 40.8
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APPENDIX E

E- 1.  Diagram and components of the recirculating culture system: a. black plastic cattle trough (1890 L, 288 cm
long x 57 cm wide x 64 cm deep), b. fiberglass reservoir tank (225 L, 91 cm long x 51 cm wide x and 30 cm deep),
c. 0.04 hp chemical resistant magnetic drive pump, d. ten plastic Rubbermaid containers (5.83 L, 32 cm long x 19
cm wide x 11 cm deep), e. stand pipe outlet (38 mm PVC), f. inlet control valve (13 mm PVC ball valve), g. drain
valve (13 mm PVC ball valve), h. pump control valve (13 mm PVC ball valve), i. relief valve (½” PVC ball valve),
and j. reservoir outlet.
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APPENDIX F

F- 1.  Transformation period for Lampsilis fasciola juveniles that metamorphosed from 103 infested Micropterus
salmoides (13 cm in length) held at 23°C.
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APPENDIX G

G- 1.  Mean shell height of juvenile Lampsilis fasciola cultured in the lab for 90 days (LCJ), and juveniles released
to a hatchery raceway at three developmental stages: on infested fish (IF), as newly metamorphosed juveniles
(NMJ), and at one month old (CJ). ).  N = number of replicate containers sampled to compute mean, (rs) =
repeatedly sampled during experiment, (ns) = not sampled until end of experiment.

Age Release Shell Height (mm)
(Days) Technique N Mean (± SE) Range

30 IF(rs) 5 0.45 ± 0.015 (0.41-0.47)
30 NMJ(rs) 5 0.53 ± 0.010 (0.50-0.56)
30 CJ(rs) 5 0.58 ± 0.015 (0.55-0.63)
30 LCJ 10 0.57 ± 0.010 (0.54-0.63)

50 IF(rs) 5 0.55 ± 0.027 (0.48-0.63)
50 NMJ(rs) 5 0.73 ± 0.021 (0.66-0.78)
50 CJ(rs) 5 0.86 ± 0.018 (0.82-0.90)

60 LCJ 10 1.37 ± 0.041 (1.16-1.56)

70 IF(rs) 5 0.76 ± 0.047 (0.61-0.88)
70 NMJ(rs) 5 1.07 ± 0.046 (0.96-1.17)
70 CJ(rs) 3 1.36 ± 0.043 (1.28-1.43)

90 IF(rs) 5 0.92 ± 0.070 (0.68-1.07)
90 NMJ(rs) 5 1.25 ± 0.064 (1.01-1.39)
90 CJ(rs) 3 1.66 ± 0.056 (1.55-1.74)
90 LCJ 10 2.08 ± 0.067 (1.82-2.57)
90 IF(ns) 5 0.63 ± 0.021 (0.56-0.67)
90 NMJ(ns) 5 0.78 ± 0.023 (0.74-0.82)
90 CJ(ns) 5 1.52 ± 0.037 (1.42-1.65)
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G- 2.  Growth trends expressed as shell height (mean +/- SE) of juvenile Lampsilis fasciola released to the hatchery
raceway at three different developmental stages: on infested fish (IF), as newly metamorphosed juveniles (NMJ),
and juveniles cultured for one month (CJ).  Thermograph is daily mean temperatures measured over the 90-day
study period from June 15 to September 13, 1999.  Growth trends among the three release techniques are
significantly different by repeated measures analysis (p < 0.0001).
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APPENDIX H

H- 1.  Daily mean temperatures (°C) obtained from the laboratory recirculating culture system, hatchery raceway,
and South Fork Holston River (SFHR) over the 90 day study period.

Date Laboratory Raceway SFHR Date Laboratory Raceway SFHR
06/15/99 24.30 18.01 17.79 07/31/99 26.79 21.46 18.88
06/16/99 21.72 16.54 16.15 08/01/99 26.16 22.36 18.79
06/17/99 22.22 15.47 15.23 08/02/99 24.17 21.22 18.11
06/18/99 21.38 15.41 14.96 08/03/99 23.23 20.04 16.98
06/19/99 21.05 15.83 15.51 08/04/99 23.33 20.06 17.04
06/20/99 21.48 16.13 15.83 08/05/99 24.07 20.43 17.58
06/21/99 21.84 18.41 16.59 08/06/99 22.99 20.66 17.67
06/22/99 22.18 19.80 17.34 08/07/99 23.17 20.72 17.55
06/23/99 21.03 18.78 17.49 08/08/99 23.95 20.18 17.33
06/24/99 21.76 18.27 16.96 08/09/99 23.76 20.38 17.77
06/25/99 22.32 17.88 16.22 08/10/99 22.49 20.24 17.28
06/26/99 23.38 17.91 16.55 08/11/99 24.50 20.76 17.98
06/27/99 24.21 18.84 17.71 08/12/99 24.24 20.98 18.18
06/28/99 24.77 20.64 19.00 08/13/99 24.88 21.17 18.40
06/29/99 24.37 21.37 18.78 08/14/99 24.94 21.33 18.94
06/30/99 23.77 21.09 18.92 08/15/99 22.89 21.08 18.21
07/01/99 23.79 24.56 19.14 08/16/99 23.76 20.80 18.36
07/02/99 24.36 24.56 18.55 08/17/99 24.37 21.54 18.72
07/03/99 25.28 24.92 19.11 08/18/99 23.98 21.57 18.81
07/04/99 25.84 25.84 19.75 08/19/99 22.87 21.06 18.54
07/05/99 26.10 26.67 20.16 08/20/99 22.53 21.08 18.39
07/06/99 26.33 27.09 20.53 08/21/99 21.89 20.23 17.62
07/07/99 25.92 27.21 20.74 08/22/99 21.08 19.52 16.69
07/08/99 24.60 25.82 20.27 08/23/99 21.92 19.11 17.05
07/09/99 24.81 23.79 19.72 08/24/99 21.90 19.26 17.54
07/10/99 24.89 22.88 19.94 08/25/99 22.09 19.53 17.61
07/11/99 23.00 21.14 17.97 08/26/99 22.72 20.01 17.73
07/12/99 20.34 18.20 15.34 08/27/99 22.36 20.26 17.92
07/13/99 19.63 17.19 15.09 08/28/99 22.80 20.53 18.03
07/14/99 20.72 18.42 16.24 08/29/99 23.12 20.24 17.92
07/15/99 23.21 19.97 17.11 08/30/99 21.51 19.76 17.23
07/16/99 24.46 20.34 17.32 08/31/99 18.75 18.46 15.45
07/17/99 24.73 20.41 17.11 09/01/99 19.33 17.91 15.12
07/18/99 24.89 20.87 18.14 09/02/99 20.83 18.02 15.77
07/19/99 24.39 21.57 18.75 09/03/99 21.10 18.33 16.00
07/20/99 24.04 22.30 18.73 09/04/99 21.99 18.46 16.25
07/21/99 25.10 21.49 18.72 09/05/99 22.31 18.26 16.18
07/22/99 25.90 22.17 18.85 09/06/99 21.85 17.98 16.37
07/23/99 26.55 22.21 19.64 09/07/99 22.88 19.01 17.15
07/24/99 25.34 21.38 18.73 09/08/99 22.47 19.57 16.91
07/25/99 24.80 21.08 17.91 09/09/99 21.72 19.02 16.53
07/26/99 24.90 21.77 18.82 09/10/99 21.22 18.88 16.49
07/27/99 24.91 21.78 18.83 09/11/99 19.04 17.80 14.79
07/28/99 24.63 22.34 19.29 09/12/99 19.60 17.36 15.26
07/29/99 24.32 21.78 18.83 09/13/99 20.06 17.89 15.66

07/30/99 25.45 20.86 18.06
Mean 23.23 20.38 17.66

± SD 1.84 2.41 1.39
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raceway, and South Fork Holston River (SFHR) through the 90-day study period.
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APPENDIX I

I- 1.  Summary of water chemistry values reported through the study period at Buller Hatchery.

Date pH NH3

(mg/L)
Hardness
(mg/L)

Alkalinity
(mg/L)

Nitrates
(mg/L)

DO
(mg/L)

6/7/99 ---- ---- 94 84 0.2 11.3
6/11/99 8.26 0.0027 118 112 0.6 8.9
6/15/99 8.50 0.0054 123 119 0.8 10.2
6/24/99 9.00 0.0101 90 88 0.5 10.8
7/2/99 8.66 0.0077 83 83 0.3 6.8
7/17/99 7.33 0.0002 85 78 0.6 7.0
7/28/99 8.21 0.0032 99 72 0.7 6.2
8/4/99 8.18 0.0006 93 89 1.8 7.8
8/12/99 8.38 0.0032 89 91 1.2 6.9
8/24/99 8.26 0.0026 119 109 1.0 7.4
9/10/99 7.87 0.0026 86 77 0.5 10.3

I- 2.  Summary of water chemistry values obtained during the study period from the recirculating culture system.

Date pH NH3

(mg/L)
Hardness
(mg/L)

Alkalinity
(mg/L)

Nitrates
(mg/L)

DO
(mg/L)

6/8/99 ---- ---- 196 169 ---- ----
6/15/99 9.48 0.0566 158 134 1.6 8.5
6/21/99 9.09 0.0322 180 178 1.7 7.0
6/28/99 8.93 0.0323 123 108 0.7 7.9
7/5/99 8.90 0.0528 135 130 0.4 8.5
7/12/99 8.93 0.0350 151 139 0.8 9.6
7/27/99 9.20 0.0471 228 186 1.7 8.6
8/2/99 9.30 0.0687 244 193 1.6 9.2
8/9/99 9.10 0.0373 255 207 1.5 8.9
8/16/99 8.82 0.0219 189 178 1.8 9.8
8/25/99 8.85 0.0307 259 226 1.7 9.3
8/30/99 8.89 0.0443 281 208 0.2 9.9
9/8/99 8.89 0.0433 240 175 0.7 9.2
9/15/99 8.60 0.0115 189 142 0.0 8.5
9/20/99 8.60 0.0177 203 174 1.3 10.3



112

0.00

0.02

0.04

0.06

0.08

0.10

N
H

3 
(m

g
/l)

Laboratory
Hatchery

Mean = 0.038 +/- 0.016
Mean 0.004 +/- 0.003

0

0.5

1

1.5

2

N
it

ra
te

 (
m

g
/l)

Laboratory

Hatchery

Mean = 1.08 +/- 0.63

Mean = 0.74 +/- 0.45

6

7

8

9

10

6/1 6/21 7/11 7/31 8/20 9/9 9/29

Date

p
H

Laboratory
Hatchery

Mean = 8.97 +/- 0.24
Mean = 8.27 +/- 0.29
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APPENDIX J

J- 1.  Summary of Hydrolab data during the 1999 study period from the Buller Hatchery raceway.  Note: the first 10
days of data are absent because of a malfunction in the Hydrolab unit.

Date Day Temp DO Sal pH Date Day Temp DO Sal pH
°C % Sat. mg/L ppt °C % Sat. mg/L ppt

06/25 11 17.87 71.50 6.78 0.08 8.46 08/05 52 20.28 95.34 8.03 0.07 8.25
06/26 12 17.74 67.52 6.41 0.08 8.25 08/06 53 20.51 89.63 7.52 0.08 8.26
06/27 13 18.68 68.53 6.39 0.08 8.21 08/07 54 20.60 89.68 7.50 0.08 8.31
06/28 14 20.47 67.28 6.06 0.08 8.40 08/08 55 20.06 94.06 7.95 0.08 8.36
06/29 15 21.32 65.15 5.76 0.08 8.45 08/09 56 20.23 93.12 7.85 0.08 8.29
06/30 16 21.82 69.02 6.06 0.08 8.50 08/10 57 20.12 83.52 7.05 0.08 8.31
07/01 17 24.79 70.48 5.84 0.08 8.98 08/11 58 20.64 85.43 7.14 0.08 8.36
07/02 18 24.46 70.85 5.91 0.08 8.96 08/12 59 20.78 85.58 7.13 0.09 8.34
07/03 19 24.71 73.13 6.07 0.08 9.00 08/13 60 21.00 84.38 7.00 0.09 8.35
07/04 20 25.69 70.48 5.75 0.08 9.05 08/14 61 21.22 87.18 7.20 0.08 8.30
07/05 21 26.49 68.61 5.51 0.08 9.09 08/15 62 20.96 85.10 7.06 0.08 8.26
07/06 22 26.93 65.58 5.23 0.08 9.15 08/16 63 20.68 86.18 7.19 0.09 8.32
07/07 23 27.11 65.15 5.18 0.08 9.11 08/17 64 21.40 85.34 7.03 0.09 8.32
07/08 24 25.65 65.77 5.37 0.08 8.75 08/18 65 21.47 87.31 7.18 0.09 8.34
07/09 25 23.56 62.34 5.29 0.08 8.29 08/19 66 20.91 84.82 7.05 0.09 8.31
07/10 26 22.70 65.18 5.62 0.08 8.24 08/20 67 20.97 80.81 6.71 0.09 8.28
07/11 27 21.00 67.58 6.02 0.07 8.17 08/21 68 20.12 82.15 6.93 0.08 8.25
07/12 28 18.09 69.40 6.56 0.07 8.19 08/22 69 19.40 82.71 7.08 0.08 8.26
07/13 29 16.92 71.25 6.90 0.06 8.12 08/23 70 18.96 81.96 7.08 0.09 8.26
07/14 30 17.44 64.76 6.11 0.06 7.52 08/24 71 19.12 77.95 6.71 0.09 8.24
07/15 31 19.65 73.68 6.74 0.07 7.89 08/25 72 20.26 70.54 6.04 0.09 8.57
07/16 32 20.10 72.56 6.58 0.07 8.04 08/26 73 19.83 67.97 5.77 0.08 8.22
07/17 33 20.23 70.28 6.36 0.07 8.13 08/27 74 20.15 69.76 5.89 0.08 8.26
07/18 34 20.73 67.27 6.02 0.08 8.13 08/28 75 20.41 72.51 6.08 0.08 8.27
07/19 35 21.45 63.78 5.63 0.08 8.14 08/29 76 20.13 74.13 6.25 0.09 8.28
07/20 36 22.22 65.50 5.70 0.08 8.15 08/30 77 19.65 77.27 6.58 0.09 8.28
07/21 37 21.34 69.87 6.18 0.08 8.10 08/31 78 18.35 76.68 6.71 0.09 8.23
07/22 38 22.05 69.19 6.04 0.07 8.00 09/01 79 17.79 76.45 6.77 0.09 8.19
07/23 39 22.08 70.29 6.13 0.07 7.95 09/02 80 17.87 78.97 6.97 0.09 8.17
07/24 40 21.27 69.95 6.20 0.08 7.97 09/03 81 18.19 81.20 7.12 0.09 8.18
07/25 41 20.97 68.85 6.14 0.07 7.93 09/04 82 18.32 80.50 7.05 0.09 8.17
07/26 42 21.60 71.92 6.33 0.06 7.96 09/05 83 18.16 77.68 6.82 0.09 8.14
07/27 43 21.67 73.74 6.49 0.06 8.06 09/06 84 17.83 75.12 6.64 0.07 7.96
07/28 44 22.09 72.90 6.36 0.07 8.11 09/07 85 18.88 78.40 6.79 0.07 8.01
07/29 45 20.77 70.33 5.96 0.07 7.81 09/08 86 19.43 80.58 6.90 0.08 8.14
07/30 46 20.76 79.06 6.60 0.07 8.14 09/09 87 18.90 80.92 7.00 0.08 8.17
07/31 47 21.69 81.97 6.71 0.07 8.09 09/10 88 18.76 76.97 6.68 0.09 8.25
08/01 48 22.20 84.15 6.82 0.06 8.06 09/11 89 17.60 75.43 6.70 0.09 8.23
08/02 49 21.20 86.02 7.11 0.06 8.12 09/12 90 17.07 76.95 6.91 0.09 8.22
08/03 50 19.95 87.96 7.45 0.06 8.13 09/13 91 17.67 74.44 6.60 0.09 8.20

08/04 51 19.92 91.62 7.76 0.07 8.21
Mean 20.64 76.11 6.55 0.08 8.27

± SD 2.23 8.20 0.64 0.01 0.29
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APPENDIX K

K- 1.  Water hardness levels in several rivers of the Tennessee River drainage system.  Richness is = the number of
mussel species identified throughout the river.  Data were obtained from Tennessee Valley Authority (1986a,
1986b).

River River Water Hardness mg/L Species
Mile Mean ± SD Range Richness

Powell River 99.2 149.8 ± 17.9 96-170 37
Clinch River 189.5 148.9 ± 19.7 110-190 43
Elk River 91.7 103.4 ± 14.6 70-130 38
Duck River 159.4 92.2 ± 35.2 65-170 35
Nolichucky River 27.8 66.7 ± 9.2 44-76 21
Buffalo River 102.8 51.1 ± 5.1 45-57 7
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