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{ABSTRACT)

The survival of 1,729 freshwater mussels (15 species)
was monitored in ponds at study sites in Critz, Blacksburg
and Marion, Virginia. Mussels were held within plastic and
metal screen cages fastened to PVC float collars. Survival
in the pond at Critz was 73% overall, with significant

differences in survival among species after 26 months of

captivity. Cyclonaias tuberculata and three Elliptio spp.

exhibited the highest survivals (x=83%), whereas survival of

Pleurobema cordatum and Lampsilis ovata was significantly

lower, with 54% and 14%, respectively. Survival of five
mussel species in a pond at Blacksburg was high (x=79%)
after 7 months, but a nearly complete die-off of captive
mussels occurred during hot weather in July, 1994, Survival
of six mussel species at the Marion State Fish Hatchery was
low for both the sleeve and unrestricted holding methods,
35% and 8%, respectively, after 14 months. It is suspected
that excessive accumulation of particulates from pelleted
feed contributed to the low survival observed at this site.
Survival of four mussel species at Hoge's Pond in Blacksburg

was 98% after 6 months. Results suggest that pond refugia



are a feasible conservation strategy for many freshwater
mussel species.

Four hundred Elliptio complanata were collected from
the Chickahominy River in Virginia and placed at the Marion
State Fish Hatchery and Prices Fork holding facilities (200
mussels per location). Glycogen content, from an aliquot of
foot tissue, was compared between captive animals and wild-
collected mussels in three assays performed during February,
May and July, 1994. There were no statistical differences
in glycogen content in February and May (p>0.05). However,
highly significant differences in glycogen content occurred
during July, with the highest values recorded for the Marion
State Fish Hatchery (12.55 mg/g) and wild-collected animals
(15.19 mg/g) (p<0.001). The decrease in glycogen content at
the Prices Fork Research Station (5.67 mg/g) mav be
attributed to high summer water temperatures during Julv,
1994. The method of tissue extraction was lethal to captive
mussels, with no survival after thirty days following tissue
removal.

Three trials to rear early metamorphosed juveniles

(Villosa iris) in suspended buckets were performed in June,

1993-94 and September, 1994. No survival occurred in all

replicates within two ponds.
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INTRODUCTION

The Appalachian region contains the highest freshwater
mussel diversity found in the world today (Ortmann 1918).
However, this diversity and that of the entire U. S. has
dramatically declined over the last century. 0f the
approximately 297 known species, 213 are endangered,
threatened or of special concern (including 21 species
presumed extinct); 70 species are stable, and 14 species are
status undetermined (Williams et al. 1993). No other group
of organisms in North America has suffered losses of this
extent. There are a number of factors contributing to the
continuing decline of freshwater mussel diversity. These
factors include commercial overharvest, instream habitat
alterations, water quality degradation and the introduction
of exotic species. Common and scientific names of molluscs
and fishes used in this thesis follow Turgeon et al. (1988)

and Robins et al. (1991).

MUSSEL CULTURE

In the late 1800's, freshwater mussels gained
commercial status due to a flourishing pearl button
industry. In 1912, an estimated 55,671 tons of shells were
indiscriminately harvested within the Ohio River Basin

(Coker 1921). All mussels collected were cooked to remove



the soft tissue. Shells of good quality were sold to pearl
button manufacturers, conveniently located along major
rivers. Shells of inferior quality, which could not be used
by the industry, were casualties of non-specific harvest
methods and insufficient regulation. Because of the near
depletion of several mussel species, the Bureau of Fisheries
began research on the culture and propagation of native
freshwater mussels (Lefevre and Curtis 1910; Coker et al.
1921; Howard 1922).

Europeans were the first to attempt the culture of
freshwater mussels but were unable to hold juveniles for
more than two months (Howard 1917, 1922). Culture of the

marine blue mussel (Mytilus_edulis) began as early as 1235,

by an Irish seaman, unintentionally when he set large nets
to capture skimming birds for food (Sivalingam 1977). Since
that time the culture of marine Mytilus spp. has grown to
immense proportions throughout the world. The annual yield
has fluctuated around 400,000 metric tons (wet weight) per
year since 1982. The world's leading production 1is
harvested throughout Europe. Future increases in production
are restricted by limited cultivation areas (Smaal 1991).
This culture industry uses various methods, of which
suspended culture may be the most efficient and productive
technique (Sivalingam 1977). The culture of these saltwater

molluscs has become a valuable resource that has elicited



significant research efforts to maintain this successful
industry. The information that has accumulated over the
century on mytiliculture (Lutz 1980; Gosling 1992) may prove
invaluable in the conservation and management of their
freshwater relatives.

Early experiments in freshwater mussel culture in the
United States were conducted at the Biological Station in
Fairport, Iowa with only limited success (Coker et al.
1921). These experiments began with the infestation of
suitable fish hosts with glochidia and then holding these

hosts in aquaria, cement and earthen ponds, tanks and

submerged pens until Jjuveniles were produced. When
possible, researchers monitored juvenile survival and
growth. However, disturbances were minimized in order to

maximize survival and growth.

Further investigations by Roy S. Corwin on the culture
of freshwater mussels in enclosures were conducted at Lake
Pepin, Minnesota. Again, infested fish were placed in
crates long enough to produce juveniles, which were
collected, measured and transplanted into crates, submerged
at appropriate depths to prevent freezing, and left for one
year. Success was minimal (0.73%), with only 80 of 11,000
juveniles surviving (Corwin, 1920). It was suggested that
a large number of the deceased mussels were destroyed by

predation. Success was increased the following year with



enclosure modifications; namely, 945 of 1060 Jjuveniles
surviving (89%) from a cage experiment in Lake Pepin
(Corwin, 1921). The modifications made to the enclosures
were not specified in the literature.

Early research suggests that problems associated with
the artificial environment (i.e., agquaria, tanks, ponds)
were a primary cause for poor survival and growth (Howard
1922). Limited food sources consisting of algae, other
phytoplankton and small zooplankton were a problem. Such
food sources are not as quickly replenished in artificial
environments as they are in lotic systems. Cole (1937)
demonstrated that the quality of food rather than water
conditions was ﬁhe primary factor for the success of oyster
mariculture. Gatenby (1994) had good success (755% survival
after 60 days) in rearing two species of juvenile mussels in
the laboratory on tri-algal diets. The presence of silt
proved to be of primary importance as a substratum for
pedal-feeding juveniles and as a grinding surface for the
crystalline style of young mussels (Gatenby 1994).

It was during the early 20th century that the demand
for mussel shells for the button industry was eliminated by
plastic imitations and pearl button imports (Landau 1990).
However, the declining mussel fauna did not recover due to
this sudden change in commercial status. A deteriorating

environment continued to cause declines in mussel



populations throughout the mid-western and eastern United

States.

ZEBRA MUSSEL
The introduction of exotic species, including Corbicula

fluminea and Dreissena polymorpha, may prove to be the final

epitaph for an already crippled group of organisms. The
accidental introduction of D. polymorpha into North American
waters, in 1985 or 1986, has become a primary concern for
biologists and conservationists alike. Since their
introduction, these foreign bivalves have proliferated in
the highly productive waters of the Great Lakes basin,
causing the decline of many native freshwater mollusks.
Lake St. Clair, located between Lake Erie and Lake
Huron, is thought to be the origin of the =zebra mussel
invasion. They were presumably introduced into the lake by
release of ballast water containing veliger larvae or
juveniles (Hebert et al. 1989). This exotic bivalve found
the plankton-rich waters of the lake satisfactory, and the
population began to spread from Lake St. Clair. Dense
colonies are now well established in all of the Great Lakes
as well as many river systems outside of the Great Lakes
region (Hunter and Bailey 1992; Snyder et al. 1992). Zebra
mussel populations now infest native mussel beds in the

upper and lower Mississippi River, Illinois River, lower



Ohio River, Tennessee River, Hudson River, and numerous
other mainstem rivers of the central U.S. (Fig. 1). This
rapid expansion in present distribution has occurred within
less than a decade.

Reasons for the rapid widespread introductions of this
foreign bivalve are linked to specific characteristics of
its biology, which include high fecundity, external
fertilization, the presence of a free-swimming larval stage
(veliger), attachment abilities, and a wide tolerance of
environmental factors (Mackie 1991; O'Neill et al. 1991;
Snyder 1992; Garton and Haag 1992).

The 2zebra mussel's attachment structures (byssal
threads) allow it to secure itself to a variety of
substrates. These substrates include but are not restricted
to PVC, rubber, glass, wood, various metals, shells of
native mollusks, crayfish, macrophytes, and many other
abiotic and biotic structures (Carlton 1993; Mackie and
Kilgour 1993). The encrustation of native bivalve shells is
of particular concern, as it relates to the objectives of
this study.

Native populations of freshwater mussels can serve as
a substrate for the attachment of zebra mussel colonies.
Several thousand zebra mussels have been found attached to
the valves of individual native unionids. Increased

mortality and other nonlethal effects have been documented
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to occur in native mussels in response to zebra mussel
fouling (Snyder 1992; Haag et al. 1993).

Heavy encrustation leads to physical damage to the
shell, interference with valve opening and <c¢losing,
hinderance in mussel mobility, and a decrease in feeding
efficiency and oxygen uptake (Marsden et al. 1991).
Disruption of these daily activities by zebra mussel
encrustation causes deleterious effects on native mussel
populations. This research project was initiated because
of widespread concern about the effects of zebra mussels on
native freshwater mussel populations. The purpose of this
study is to evaluate the use of ponds as refugia for large
river mussel species at greatest risk of extirpation or
extinction due to this exotic invader. Until zebra mussels
can be controlled, protection programs must be implemented
so that the native fauna can survive the presence of this

highly efficient competitor.

MONITORING CONDITION

In attempts to monitor the success of such a holding
program, it is necessary to evaluate not only the survival,
but also the condition of captive species throughout the
holding period. The preferred method should be one that can
easily be done in the laboratory and is non-lethal to the

specimens being monitored.



Glucose content is often examined to determine the
nutritional condition of molluscs under stressful conditions
(Hummel et al. 1989; Haag et al. 1993). Glycogen is a major
form of stored energy in freshwater mussels and has proven
to be an excellent indicator of the "health", or nutritional
condition of these organisms, with decreases observed during
stressful conditions (Hummel et al. 1989). The foot organ
(muscle tissue) is a site for glucose storage and is easily
accessible through a small gape in the valves of the shell.
Haag et al. (1993) used glycogen analyses as one parameter
to monitor fitness of native mussels. Their research
indicated a decrease in fitness with an increased amount of
zebra mussel (D. polymorpha) fouling. Other researchers
have used this type of analysis to determine the nonlethal
effects of certain chemical control strategies on exotics
(Bidwell 1993). Due to its simplicity and direct connection
to condition assessments, glycogen analysis was selected as

the appropriate assay in my study.

OBJECTIVES

This project was initiated to test the feasibility of
using ponds as refuge and culture areas for riverine species
of native freshwater mussels. Specific objectives of this
study were: 1) evaluate the survival of riverine mussels

suspended in ponds, 2) assess the nutritional condition of
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adult mussels using a glycogen assay, and 3) evaluate the

survival of juvenile mussels suspended in buckets in ponds.

STUDY SITES

REYNOLDS HOMESTEAD

Reynolds Homestead Agricultural Research Station is one
of thirteen such stations owned by Virginia Polytechnic
Institute and State University. It is located 1.2 km north
of Critz, Patrick County, Virginia. At this location are
two earthen ponds (0.3 ha surface area, 3 m mean depth)
oriented in series to one another. Water is diverted to
each pond separately from a laterally positioned first order
tributary of Mills Creek (Figure 2). The lower pond was
chosen for use in the adult holding portion of this project.
A 23 m x 1.2 m wooden dock is a permanent structure that
proved to be a valuable asset during monitoring of mussel
survival. Alkalinity and hardness values were 17.0 mg/L
when measured in August 1992. Dissolved oxygen and pH
values were 11.0 mg/L and 8.0, respectively, when measured
in August 1992. These values are consistent with those
reported by Conner (1977) for sites above and below the

ponds.
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\ a = stream entrance
\Q\ b = stream entrance
N\ ¢ = pond inlet
\\ ¢ d = pond inlet
Nt e = pond discharge
f = pond discharge
g = dock
h = standpipes
e 4

lst order tributary

W+E
S

Figure 2. A diagram of the ponds at the Reynolds
Homestead Agricultural Research Station.
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MARION STATE FISH HATCHERY

Located 2.4 km east of Interstate 81 is one of two
state hatcheries located in Marion, Smyth County, Virginia.
A large 23 m X 9 m x 0.9 m (water depth), cobble-bottom
raceway was made available for use in this project. The
large raceways, including the one used for this project and
several smaller raceways, were simultaneously being used in

rainbow trout (Oncorhynchus mykiss) production. The water

supply for this facility is a 50:50 mixture of spring and
adjacent river water (Middle Fork Holston River).
Alkalinity and hardness values were 102.7 mg/L when measured
in November 1993. Dissolved oxygen and pH values were 9.0

mg/L and 7.5, respectively, when measured in November 1993.

PRICES FORK RESEARCH STATION

A lined man-made 36 m x 36 m X 2m (depth) irrigation
pond was made available at the Prices Fork Research Station
in Blacksburg, Montgomery County, Virginia. The pond has no
outlet and serves as a water supply for a rain simulation
unit used to demonstrate runoff differences among various
vegetative states. The pond is filled with well water
through a 12.5 cm diameter hose. Water is pumped out of the
pond as needed during demonstrations, with fluctuations in
water level of 0.3 m to 0.9 m during each simulation.

Alkalinity and hardness values were 205 and 257 wmg/L,

12



respectively, when measured in August 1993. Dissolved
oxygen and pH values were 10.0 mg/L and 8.0, respectively,

when measured in August 1993.

HOGE'S POND

During November 1994, Hoge's pond (1.2 ha, 2.0 m
maximum depth) was acquired for use in holding mussels.
This earthen pond is located in Blacksburg, Montgomery
County, Virginia, approximately 4.0 km from the university
campus. The pond was formed by damming a tributary of Toms
Creek and is located on a farm currently being used for
cattle grazing. Alkalinity and hardness values were 194
mg/L when measured in November 1994. Dissolved oxygen and
pH values were 10.0 mg/L and 9.0, respectively, when
measured in November 1994. During May 1995, there was

extensive growth of Potamogeton crispus throughout the

impoundment (surface coverage="50% to 60%).

METHODS AND MATERIALS

ADULT HOLDING

Reynolds Homestead
Three cages of 1 m x 1 m x 1 m dimensions were
constructed of 1.9 cm diameter reinforcement rod covered

with 2.5 cm mesh hardware cloth. Float c¢ollars were

13



constructed of 10 cm diameter PVC and attached to cages with
20 mm braided nylon rope. Each cage was attached securely
to the dock (20 mm braided nylon rope) in water depths of
1.5 m to 2.0 m. Adult mussels were collected from the
Tennessee, New, and Hazel rivers and placed within 10 mm
mesh plastic sleeves (purchased from the NSW Corp. 1in
Roanoke, Virginia), hung horizontally from the cage tops.
The sleeves were attached to plastic-coated clothesline wire
using 20 cm plastic ties. Mussels from the Tennessee River,
Rhea and Meigs counties, Tennessee, were collected by
Tennessee Valley Authority (TVA) divers, during a mussel
survey below Watts Bar Dam. All mussels collected were from
a large, old and nonreproducing population below the dam.
These mussels were placed in the pond in July 1992 at
densities of < 100 mussels per cage. All mussels in my
study were scrubbed on site using hand-held stiff bristle
brushes immediately following collection. Mussels were then
transported (4-7 hr) to a holding facility or guarantine
pond in coolers, covered with wet burlap cooled by ice packs
(Appendix 2). Transport mortality was evaluated after 5
days for all mussels collected and held in my study.
Mussels from the New and Hazel rivers, Virginia, were
collected by snorkeling shallow areas and placed on site in
August and October, 1992, respectively. A summary of

species held and stocking and sampling dates for each adult
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holding site 1is listed in Table 1. A total of six
freshwater species of varying numbers were held at this
location (Table 2). These species include the purple

wartyback (Cyclonaias tuberculata), eastern elliptio

(Elliptio complanata), spike (Elliptio dilatata), northern

lance (Elliptio fisheriana), pocketbook (Lampsilis ovata)

and the Ohio pigtoe (Pleurobema cordatum).

All adult mussels were checked at least quarterly for
mortalities. Mortalities were recorded during each
observation, and cumulative mortality was determined for the
26 mo period (October 1992 - December 1994). Percent
survival was calculated by dividing the number of live
mussels remaining by the total number held for each species.
The Pearson chi-square statistic (2 x 7 contingency table)
was used to determine an initial significant difference in
survival among the species held (p=0.05). This analysis was
followed by 21 pair-wise comparisons to further distinguish
species differences. The Bonferroni correction was used to
establish a more stringent alpha level and decrease the
probability of a type I error (0.05/21=0.002; then p=0.005).
Mussels stocked at Reynolds Homestead in July and August
1992, had no mortalities until October 1992. Statistical
analyses were performed for this 26 mo period only (October
1992 - December 1994),

Water chemistry metrics (alkalinity, hardness, pH.
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Table 1. Mussel species held at each location, including dates stocked and
dates sampled for mortality.
Date Dates Sampled
Location Species Stocked at Each Location
Reynolds Homestead Cyclonaias tuberculata July 1992 October 1992
{Tennessee River) December 1992
Pleurobema cordatum July 1992 February 1993
Cyclonaias tuberculata August 1992 May 1993
{New River) Rugust 1993
Elliptio dilatata August 1992 November 1993
Lampsilis ovata August 1992 February 1994

Marion State Fish
Hatchery

Prices Fark

Hoge's Pond

Elliptio complanata
Elliptio fisheriana

Elliptic crassidens
Ellipsaria lineolata
Megalonaias nervosa
Pleurcbema cordatum
Quadrula metanevra
Quadrula pustulosa

Elliptio crassidens

Lasmigona complanata

Megalonaias nervesa
Pleurobema cordatum

Quadrula pustulosa

Amblema plicata
Fusconaia ebena
Megalonaias nervosa

Quadrula quadrula

October 1992
October 1992

September 1993
November 1993
November 1993
November 1993
November 1993
November 1993

November 1993
November 1993
November 1993
November 1993
November 1993

November 1994
November 1994
November 1994
November 1994

May 1994
Rugust 1994
December 1994

November 1993
January 1994
March 1994
May 1994

July 1994
September 1994
January 1995

November 1993
January 1994
March 1994
May 1994

July 1994
September 1994
May 1995

January 1995
May 1995
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Table 2. Mussel species and numbers held at Reynolds
Homestead Agricultural Research Station.

Species

Total No.

River Source

Cyclonaias tuberculata
(purple wartyback)

Cyclonaias tuberculata

(purple wartyback)

Elliptio complanata
(eastern elliptio)

Elliptio dilatata
(spike)

Elliptio fisheriana
(northern lance)

Lampsilis ovata
(pocketbook)

Pleurobema cordatum
(Ohio pigtoe)

17

16

53

29

13

14

39

New

Tennessee

Hazel

New

Hazel

New

Tennessee
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etc.) were measured using a limnological HACH Kit and YSI
temperature/dissolved oxygen meter. Measurements were taken
during each assessment of mussel survival at the surface and
a depth of 1 m (n=10). Cages and sleeves were cleaned usinc
a long-handle broom and hand brush after each sampling
event.
Marion State Fish Hatchery

Plastic coated cages with 1 m x 1 m X 0.5 m dimensions
were purchased from Alternative Designs, Siloam Springs,
Arkansas. Six of these cages were transported to the
hatchery and placed within the large raceway, set directly
on the cobble-bottom substrate in a water depth of 0.9 m and
numbered with metallic oval tags (Figure 3). Adult mussels
were collected from the Tennessee and Cumberland rivers by
scuba divers. Three cages (1, 2 and 3) were used to hold
mussels within the plastic sleeves as previously described.
The remaining three cages (4, 5 and 6) were used to hold
mussels unrestricted on the cage bottoms. Mussels were
prlaced on the bottom of each cage oriented on their sides.
Each species was represented in equal number in all cages (3
replicates/method), with the exception of the washboard

(Megalonaias nervosa). This species, due to its large size,

was held by the unrestricted method only. Mussels from the
Tennessee River, Meigs and Rhea counties, Tennessee, were

collected and placed at Marion in September, 1993.
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Figure 3. Diagram of the orientation of numbered cages in
the large raceway at Marion State Fish Hatchery
(1-6=adult holding replicates; Ex=glycogen

experimental ;

Co=glycogen control).
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Specimens from the Cumberland River (RK 468.7), Tennessee,
were collected by a contract diver and quarantined 4-5 weeks
at the Prices Fork Research Station Pond to make certain
there were no zebra mussels attached. After the gquarantine
period, the mussels were transported to the Marion State
Fish Hatchery (MSFH) in November, 1993. Al1l mussels
collected were transported in <coolers as ©previously
described. A total of six species of various numbers were
held at MSFH at densities of 110 mussels per cage using both

holding methods (Table 3). These species included the

elephant-ear (Elliptio crassidens), butterfly (Ellipsaria
linecolata), washboard (M. nervosa), ©Ohio ©pigtoe (P.

cordatum), monkeyface (Quadrula metanevra) and pimpleback

(Quadrula pustulosa). Adult mortality was monitored
bimonthly. During each observation, mortalities were

recorded and percent survival was determined for the 14 mo
period (November 1993 - January 1995).

The Pearson chi-square statistic was used to determine
differences in survival among the species held by the sleeve
and unrestricted methods, separately. Pair-wise comparisons
were then performed to determine species differences among
the holding methods. The Pearson chi- square statistic was
used again to determine differences in survival between the
two holding methods (p=0.05). The elephant-ear (Elliptio

crassidens) stocked at MSFH in September 1993, had no
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Table 3. Mussel species held at Marion State Fish
Hatchery (unrestricted and sleeve methods).

Species

Total No.
Held

River Source

Unrestricted Method

Elliptio crassidens
(elephant-ear)

Ellipsaria lineolata

(butterfly)

Megalonaias nervosa
(washboard)

Pleurobema cordatum
(Ohio pigtoe)

Quadrula pustulosa
(pimpleback)

Sleeve Method

Elliptio crassidens
(elephant-ear)

Ellipsaria lineolata
(butterfly)

Pleurobema cordatum
(Ohio pigtoe)

Quadrula metanevra
(monkeyface)

Quadrula pustulosa
(pimpleback)

60

30

90

60

60

60

30

60

30

60

Tennessee

Cumberland

Cumberland

Cumberland

Cumberland

Tennessee

Cumberland

Cumberland

Cumberland

Cumberland
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mortalities through November 1993. Statistical analyses
were performed for this 14 mo period only {(November 1993 -
January 1995).

Water chemistry parameters (alkalinity, hardness, pH,
etc.) were measured bimonthly as previously described (n=8).
Temperature was recorded continuously with a Ryan
thermograph placed within the raceway. Cages, sleeves and
mussels were cleaned bimonthly.

Prices Fork Research Station

Six plastic-coated cages were numbered with oval tags,
attached to 0.10 m PVC float collars, and anchored to cement
blocks (20 mm braided nylon rope). The cages were
positioned along the margin of the pond. Mussels were
collected from the Tennessee and Cumberland rivers by scuba
divers. Three cages (1, 2 and 3) were used to hold mussels
within plastic sleeves. The remaining cages (4, 5 and 6)
were used to hold mussels unrestricted on the cage bottoms,
oriented on their sides. Each species was represented in
equal number in all cages (3 replicates/method), with the

exception of the white heelsplitter (Lasmigona complanata)

and washboard (M. nervosa) due to their large size. These
mussels were held by the unrestricted method only. Mussels
from the Tennessee and Cumberland rivers were placed at
Prices Fork in November, 1993 at densities of 100 mussels

per cage. A total of five species of varying numbers were
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held at the Prices Fork Research Station (Table 4). Species
held at this location are identical to those at MSFH, with

the addition of the white heelsplitter (L. complanata) and

the deletion of the butterfly (E. lineolata) and monkeyface
(Q. metanevra). Adult mortality was monitored bimonthly,
with percent survival calculated and statistical analysis
performed as previously described. Water chemistry
parameters were monitored weekly as referenced in the
previous section. Weekly maximum and minimum temperatures
were recorded using a max-min thermometer suspended within
the pond at a water depth of 0.50 m (n=72). Cages and
sleeves were cleaned bimonthly to remove filamentous algae.
Hoge's Pond

Three plastic-coated cages (three-tiered design),
purchased from Alternative Designs were numbered using oval
tags. The cages were then attached to 10 cm diameter PVC
float collars and anchored within this impoundment (Figure
4). The cages were attached to a wooden structure (20 mm
braided nylon rope) approximately 1.0 m from the overflow
standpipe, at a water depth of 1.5 m to 1.8 m. Four mussel
species were purchased from Tennessee Shell Company in
Camden, Benton County, Tennessee on September 15, 1994. The
four species purchased were the ebonyshell (Fusconaia

ebena), mapleleaf (Quadrula guadrula), threeridge (Amblema

plicata) and washboard (M. nervosa). The mussels, collected
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Table 4. Mussel species held at the Prices Fork Research
Station (unrestricted and sleeve methods).

Species

Total No.
Held

River Source

Unrestricted Method

Elliptio crassidens
(elephant-ear)

Lasmigona complanata
(white heelsplitter)

Megalonaias nervosa
(washboard)

Pleurobema cordatum
(Ohio pigtoe)

Quadrula pustulosa
(pimpleback)

Sleeve Method

Elliptio crassidens
(elephant-ear)

Pleurobema cordatum
(Ohio pigtoe)

Quadrula pustulosa
(pimpleback)

60

30

90

60

60

60

60

60

Tennessee

Cumberland

Cumberland

Cumberland

Cumberland

Tennessee

Cumberland

Cumberland
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Figure 4. Schematic of tiered cages used at Hoge's Pond.
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from Kentucky Lake, Tennessee, were taken directly from the
buying station, placed in coolers, and transported to the
Prices Fork pond, using methods previously described. The
mussels were held at this site for 4 wks (quarantine period)
to make certain there were no young zebra mussels attached.
After the quarantine period, the mussels were transported to
Hoge's Pond on November 4, 1994 and placed within cages at
densities of 176 mussels per cage. Cages (1, 2 and 3) were
used to hold mussels unrestricted on each of three tiers.
Each species was represented in equal number in all three
cages (Table 5).

Adult mortality was monitored bimonthly. The Pearson
chi-square statistic was used to determine statistical
differences in survival among the species held (p=0.05).
Water chemistry parameters were monitored during adult
survival sample periods, using methods previously described

(n=5).

GLYCOGEN ANALYSIS

Four hundred eastern elliptios (E. complanata) were
collected from the Chickahominy River, Henrico County,
Virginia, at the I-95 overpass. Mussels were transported to
the Prices Fork Research Station pond and placed within
cages for a period of 3 wks. On September 14, 1993, 200 of

these mussels were transported to the Marion State Fish
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Table 5. Mussel species held at Hoge's Pond (unrestricted
only).

Species Total No. Location
Collected Held

Amblema plicata 150 Kentucky
Lake
(threeridge)

Fusconaia ebena 240 Kentucky
Lake
(ebonyshell)

Megalonaias nervosa 48 Kentucky
Lake
(washboard) ' .

Quadrula guadrula 90 Kentucky
Lake

(mapleleaf)
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Hatchery and divided into four groups of 50 mussels each.
All mussels were transported in coolers as previously
described. Mussels from two groups were placed within
plastic sleeves, and each group was suspended in two
separate cages (experimental and control). The remaining
two groups were placed unrestricted on the cage bottoms (1
group per cage).

On September 26, 1993, 200 E. complanata were placed
within two cages (experimental and control) at the Prices
Fork Research Station pond. The holding method at this
location was identical to that of Marion, with the exception
of flotation collars. Due to shallow water depth (0.9 m) at
the Marion 1location, cages were placed directly on the
raceway bottom. Cages at the Prices Fork site were
suspended within the water column from PVC float collars.
Tissue Extraction

During February, May and July, 1994, five mussels per
holding method were randomly selected from the experimental
and control cages at both locations. In addition to the
captive specimens, 5 mussels were collected from the
Chickahominy River (I-95 overpass) for comparison during
each sampling event. All mussels were marked, using a
scalpel, on the right valve with the corresponding number of
the subsample (i.e., I, II and III). The mussels from the

wild population and from the experimental cages were opened
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slightly with reversible pliers, so that a small aliquot
(45 to 65 mg wet tissue) of the posterior portion of the
foot muscle could be taken using dissecting scissors. The
tissue was immediately placed on dry ice and frozen for
transport to the laboratory. The mussels from the
experimental and control groups were then placed back within
the appropriate cages. Mussels collected from the wild were
returned to the river following tissue extraction. Tissue
samples in the laboratory were immediately weighed (wet
weight), homogenized using a hand-held Biospec Products
tissue homogenizer in 0.05 M phosphate buffer (pH 4.8), and
refrigerated until glycogen analysis could be performed (3
days). Laboratory assays were performed on February 18, May
27 and July 30, 1994.
Glycogen Analysis

On the day of analysis, the supernatant was removed
from the samples following a 20 min centrifugation, and the
remaining pellet dried in a Napco model 630 oven at 60% for
24 hr. Duplicate 100 ul samples were incubated at 37%%C with
3.5 units of amyloglucosidase (Sigma Chemical Co.) and
phosphate buffer (a final volume of 0.55 mL). Glycogen

standards (from Mytilus edulis) containing 5 to 80 ug

glycogen were prepared and assayed in conjunction with the

samples. After enzymatic conversion of glycogen to glucose
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was completed, the samples and standards were incubated at
37% with freshly prepared oxidase-peroxidase reagent.
Absorbance was measured at 450 nm using a Milton Roy
Spectronic 301, and total concentrations calculated from the
standard curve. Free glucose was determined in duplicate as
described above, with the deletion of amyloglucosidase
treatment. Final glycogen content was determined by
subtracting the free glucose from the total glycogen
content, expressed as mg glycogen/g dry tissue (Roehrig and
Allred 1974). ANOVA was used to determine statistical
differences in»glycogen content among samples, followed by
Tukey's HSD (p=0.05).
Survival Comparisons

Sur&ival of captive mussels in the experimental and
control groups for the glycogen assay was monitored for a 7-
month and 1l4-month period at the Prices Fork Research
Station and the Marion State Fish Hatchery, respectively.
Individuals within the control and experimental groups were
removed and marked with a scalpel on the right valve. The
only difference in handling between groups was tissue
extraction of the experimental animals. The survival of the
experimental and control groups was recorded, and
statistical significance determined using the Pearson chi-

square statistic (p=0.05).
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JUVENILE CULTURE

Juveniles of the rainbow mussel (Villosa iris) were
produced by artificial infestation of rock bass (Ambloplites
rupestris), which were collected by backpack electroshocking
from various sites on Tom's and Poverty creeks and the New
River, Montgomery County, Virginia. Gravid V. iris adults
were collected from Copper Creek, Scott County, Virginia.
The "bucket-method”, used for infestation of host fish, was
described by Gatenby (1994).

Upon <collection, Jjuveniles were measured using an
ocﬁlar micrometer and dissecting microscope. Thirty
individual lengths were taken per replicate, and the
juveniles placed in a small plastic container in © 2.0-2.5
cm of fine silt. Sediment was collected from the New River
upstream of Claytor Lake in Radford, Montgomery County,
Virginia, and filtered through a 120 um nylon mesh screen
before use in juvenile trials. Juveniles were fed Chlorella

vulgaris and Entercbacter aerogenes (once a day) until the

date of placement at study sites. The sources for each food
culture were Carolina Biological Supply, Burlington, NC and
Biology Department, Virginia Tech, respectively (Gatenby
1994). Stocking and sampling dates for each trial are

listed in Table 6.
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Table 6. The dates of stocking and sampling for Villosa
iris juveniles in Prices Fork and Hoge's ponds.

Trial No. Date Stocked First Sample Final Sample
1l June 1993 August 1993 January 1995
2 June 1994 October 1994 January 1995
3 September 1994 N/A January 1995

32



Prices Fork Research Station
Trial One

A total of 1800 (300/replicate) rainbow mussel
juveniles was placed at this study site on June 23, 1993.
Holding containers consisted of 19 L plastic buckets,
submerged within the pond from a 0.10 m PVC float collar.
Two holding methods were used for this trial, with 3
replications per method (Fig. 5). The first design
consisted of a bucket with no modifications (A); juveniles
were placed on the bottom of the container in ™ 0.25-0.75 cm
of silt (< 120 um). The second design (B) consisted of two
15 cm holes cut in the side of each bucket (oppositely
oriented) and covered with 150 um mesh nylon netting. A
1.88 cm PVC tube, 15 cm in length, was placed through the
bottom of each bucket. These modifications were to allow
greater water exchange within the container. Average lengths
of juveniles held per design and replicate ranged from 300
un to 315 um (Table 7). Maximum and minimum water
temperatures were monitored weekly using a max\min
thermometer suspended from the float collar (n=72 readings).
The nylon netting used in the modified design was cleaned
monthly using a soft bristle toothbrush. The first
sample was taken on August 10, 1993. Samples were taken by
siphoning a gquadrant of the bucket with a 1.9 em x 0.91 m

plastic hose. The siphonate was placed in a petri dish and
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Table 7. Mean lengths (um) and number of juveniles held
per containment type for trial one at the
Prices Fork Research Station.

Mean Length + SD

Bucket Design Type Total No. Held (um)
1 B 300 305 + 6.67
2 B 300 309 + 5.35
3 B 300 307 + 4.59
4 A 300 297 + 5.58
5 A 300 315 + 5.23
6 A 300 313 + 62.24
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examined using a dissecting microscope. Numbers of live
mussels and valves were recorded for each sample. Samples
were returned to each bucket immediately following these
observations. On January 18, 1995, all six containers were
removed from the pond, and the contents filtered through a
series of sieves (320, 150 and 120 um), with each series
examined separately using a dissecting microscope. The
number of live mussels and valves was recorded, and percent
survival was calculated.
Trial Two

On June 23, 1994, I placed 900 (300/replicate) juvenile
rainbow mussels within buckets at the Prices Fork Research
Station. A third holding design (C) was used for this trial
(Fig. 5). This was an addition to the previous modified
design of trial one. A 0.10 m PVC end cap was fixed to the
bottom of each bucket, with the PVC pipe extending through
the center. This allowed for a greater depth of sediment
and a smaller area for juvenile placement. Three 19 L
buckets were attached to a 0.10 m PVC float collar, with
only three quarters of the container submerged below the
water surface. This modification was used to prevent the
large accumulation of dead algae and grass clippings within
the buckets. Juveniles were placed in 7 2.0-2.5 em of fine
silt within the inner compartment (0.10 m PVC cap). Average

lengths of juveniles held per replicate ranged from 300 um
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to 310 um (Table 8). Nylon netting was cleaned monthly
using a soft bristle toothbrush.

The first sample was taken on October 12, 1994 by
siphoning a small quadrant of each container. On January
18, 1995, all three containers were removed from the pond,
and the contents were filtered through a series of sieves.
Contents of each sieve were examined separately with a
dissecting microscope. The number of live mussels and
valves were recorded, and percent survival was calculated.
Hoge's Pond

Trial Three

On September 2, 1994, 900 (300/replicate) rainbow
mussel juveniles were placed in containers and attached to
a 0.10 m PVC float collar anchored within the pond. Bucket
design and juvenile placement were identical to trial two,
described previously for the Prices Fork Research Station.
Mean lengths of juveniles held per replicate ranged from 297
um to 320 um (Table 9). Nylon netting was cleaned monthly
(except during ice cover) with a soft bristle toothbrush.

No sampling was done at this location during the four-
month holding period. On January 17, 1995, the three
containers were taken from the pond. The contents were
removed, filtered and examined with a dissecting microscope.
The number of live mussels and valves were recorded, and

percent survival was calculated.
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Table 8. Mean lengths (um) and number of juveniles
held per replicate for trial two at the
Prices Fork Research Station.
Mean Length + SD
Bucket Total No. Held (um)
1 300 292 + 5.00
2 300 285 + 4.60
3 300 285 + 4.87
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Table 9. Mean lengths (um) and number of juveniles
held per replicate for trial three at
Hoge's Pond.
Mean Length + SD
Bucket Total No. Held {um)
1 300 320 + 5.35
2 300 307 + 5.33
3 300 297 + 4.64
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RESULTS

ADULT HOLDING

Reynolds Homestead
After 26 mo (October 1992-December 1994), survival of

mussels in the pond was 73% overall. Cyclonaias tuberculata

and Elliptio spp. exhibited high survival (x=83%), whereas

Pleurobema cordatum and Lampsilis ovata were much lower at

54% and 14%, respectively (Table 10). Seventy-six percent of
the total mortality for all six species combined, occurred
within the first 14 mo of holding, with 24% occurring during
the remaining 12 mo of captivity (Figure 6).

Statistical analysis by Pearson chi-square indicated
significant differences 1in survival among species. A
comparison of 21 pair-wise tests was performed using a
Bonferroni correction to set a more stringent alpha level
(0.05/21=0.002; then p=0.005). The only species which
demonstrated significantly lower survival were Lampsilis

ovata and Pleurobema cordatum, with 14% and 54%,

respectively. Due to a small sample size, survival of

Elliptio fisheriana (77%) was not significantly different

from any of the other species held in captivity (Table 11).
Water chemistry metrics (alkalinity, hardness, pH and

D.0.) measured during each survival observation were
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Table 10. Mussel survival at Reynolds Homestead
Agricultural Research Station after

26 months.

Species Total No. X size * SD %
Held : {mm) Survival

Elliptio dilatata 29 81.6%2.92 90
Cyclonaias tuberculata 17 84.5%1.49 88
(New River)
Cyclonaias tuberculata 16 81.3%1.91 88
(Tennessee River)
Elliptio complanata 53 69.611.89 83
Elliptio fisheriana 13 99.9%0.53 77
Pleurobema cordatum 39 80.1%1.28 54
Lampsilis ovata 14 100.8%0.54 14
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Table 11. Pair-wise Pearson chi-square statistic for
mussel species held at Reynolds Homestead
Agricultural Research Station.

Species Mean Survival (%)
Elliptio dilatata 90?
Cyclonaias tuberculata gg?

(New River)

Cyclonaias tuberculata ggd
(Tennessee River)

Elliptio complanata 838
Elliptio fisheriana 773b
Pleurobema cordatum 542
Lampsilis ovata 14b

* Means with the same letter are not significantly
different (a=0.05).
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consistent throughout this study (Table 12). Temperature
measurements were taken at 0.30 m to 1 m water depths.
Minimum and maximum readings throughout the study period
were 1 and 28°C, respectively, at this site.
Marion State Fish Hatchery

Overall mean survival of mussels in the raceway was 35%
after 14 mo, and 8% after 9 mo for the sleeve and
unrestricted holding methods, respectively (Table 13).
Mortalities increased consistently, with 73% of the total
combined mortality occurring during the first 12 mo of
captivity (Figure 7).

Unrestricted Method

Elliptioc crassidens, Quadrula pustulosa and P. cordatum

exhibited 100% mortality after 4 mo of holding. Ellipsaria
lineolata was an extremely sensitive species, with 100%
mortality after only 2 mo on site. This species also
exhibited 31% transport mortality after 5 days of holding in
the gquarantine pond (Table 14). Megalonaias nervosa
demonstrated a 22% survival after 9 mo, with significant
differences between replicates (p < .05). At this time the
remaining survivors (M. nervosa) were removed from this

location and transported to the Prices Fork Pond.

Sleeve Method

Overall survival of mussels was 35%, with significant

differences between species held. E. lineolata (sleeve
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Table 12. Water chemistry values for the mussel holding facilities in
Virginia (average values for 1993-1994).

Location (n) Alkalinity  Hardness pH Dissclved
{mg/L) (mg/L) Ozygen
{mg/L)
Reynolds Homestead 10 1740 1740 80  11.0%0.67
Marion 8 10349 103%0 %0 10.0%0.35
Prices Fark 68 176%29.90 181%28.5 80  10.0%0.4%
Hoge's Pond 5 19440 19440 $-0 10,050
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Table 13. Mussel survival at the Marion State Fish
Hatchery after 14 months (unrestricted and
sleeve methods).

Species Total No. Mean Size I SD %
Held Survival
Unrestricted
Megalonaias nervosa 90 140.6%8.56 22
Elliptio crassidens 60 112%6.54 2
Ellipsaria lineolata 30 77112.80 0
Pleurobema cordatum 60 80t6.70 0
Quadrula pustulosa 60 57.7£5.90 0
Sleeve
Elliptio crassidens 60 112t6.54 67
Pleurobema cordatum 60 8ote6.70 33
Quadrula metanevra 30 76.8%1.31 27
Quadrula pustulosa 60 57.715.90 25
Ellipsaria lineolata 30 77%12.80 0
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Table 14. Transport mortality observed after 5 days for
freshwater mussel species used in holding

experiments.

Species Total No. % Mortality
Transported

Amblema plicata 561 1.0
Cyclonaias tuberculata l6 0
(Tennessee River)
Cyclonaias tuberculata 17 0
(New River)
Elliptio crassidens 283 0.7
Elliptio complanata 53 0
Elliptio dilatata 29 0
Elliptio fisheriana 13 0
Ellipsaria lineolata 94 31.0
Fusconaia ebena 705 2.4
Lampsilis ovata 15 6.7
Lasmigona complanata 59 0
Megalonaias nervosa 193 0
Megalonaias nervosa 152 0
Pleurobema cordatum 334 0.6
Pleurobema cordatum 39 0
Quadrula metanevra 36 2.8
Quadrula pustulosa 264 1.9
Quadrula guadrula 179 0.5
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method) exhibited no survival after 13 mo of captivity.

No statistical difference was observed between any
replicates, so they were combined for subsequent analyses.
P. cordatum, Q. metanevra and Q. pustulosa demonstrated no
significant differences in survival using the sleeve method

(Table 15). E. crassidens exhibited significantly higher

survival (67%) on site than other confined species.

Method Comparisons

The survival rate for each species differed
statistically (p < 0.05) with holding method used. E.

crassidens, P. cordatum and Q. pustulosa had greater

survival in sleeves than unrestricted on the cage bottoms.
E. lineolata was the only species with complete mortality
for each holding method.
Prices Fork Research Station

After 7 mo (November 1993-May 1994), survival of
mussels was good for both holding methods, with most species
exhibiting a range of 70% to 95% survival (Table 16). There
was no significant difference in survival among species or
holding methods (p>0.05). Initial mortalities began to
occur in March 1994, after 4 mo of holding, with increasing
mortality through June 1994. Following a temperature
maximum of 31° C in July, 1994, a nearly complete die-off of

adult mussels was observed (Figure 8). L. complanata and M.

nervosa were the only species to demonstrate an initial
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Table 15. Pair-wise Pearson chi-square statistic for
mussel species held at the Marion State
Fish Hatchery for 14 months (sleeve only).

Species Mean Survival (%)
Elliptio crassidens 67°
Pleurobema cordatum 33P
Quadrula metanevra 27h
Quadrula pustulosa 25b
Ellipsaria lineolata 0°¢

* Means with the same letter are not significantly
different (a=0.05).
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Table 16. Mussel survival at the Prices Fork Research Station
after 7 months for both holding methods before the
lethal temperature event.

Species Total No. Mean Size - SD %
Held Survival

Unrestricted

Elliptio crassidens 60 11246.54 83
Lasmigona complanata 30 134.4%4.73 73
Megalonaias nervosa 90 140.6%8.56 78
Pleurobema cordatum 60 80-6.70 78
Quadrula pustulosa 60 57.7%5.90 83
Sleeve

Elliptio crassidens 60  112t6.54 75
Pleurobema cordatum 60 80-6.70 75
Quadrula pustulosa 60 57.7+5.90 87
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resistance to this temperature increase with 43% and 14%
survival, respectively after 9 mo of captivity. However
after 14 mo, survival was lower for these two remaining
species with 13% and 8%, respectively (Table 17).
Hoge's Pond

After 6 mo (November 1994 - May 1995), survival of
mussels in the pond was 98% overall (Table 18). There was
no significant difference in survival among the four species
held (p>0.05).
Updated Survival

Mussel survival at each location was assessed again on
August 31, 1995, to supplement thesis analyses. Survival in
Hoge's Pond has remained high with a recorded range of 98%
(M. nervosa) and 69% (Q. quadrula) after 8 mo (November 1994
- August 1995) of captivity. Earlier survivors at the
Prices Fork Research Station (L. complanata and M. nervosa)
died after 21 mo (November 1993 - August 1995) of holding.
Good survival continues for some species at the Reynolds
Homestead Agricultural Research Station after 34 mo (October
1992 - August 1995). Survival rates range from 90% (E.
dilatata) to a low of 7% (L. ovata) at this location

(Appendix I).

GLYCOGEN ANALYSIS

In February 1994, there was no significant difference
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Table 17. Mussel survival at the Prices Fork Research
Station after 14 months (unrestricted and
sleeve methods).

Species Total No. Size %

Held Mean i sD Survival

Unrestricted

Lasmigona complanata 30 134.4%4.73 13

Megalonaias nervosa 90 140.618.56 8

Elliptio crassidens 60 112t6.54 0

Pleurobema cordatum 60 80t6.70 0

Quadrula pustulosa 60 57.7%5.90 0

Sleeve

Elliptio crassidens 60 112%6.54 0

Pleurobema cordatum 60 80t6.70 0

Quadrula pustulosa 60 57.7t5.90 0

Lasmigona complanata -- 134.4%4.73 --

-- 140.6%8.56 --

Megalonaias nervosa
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Table 18. Mussel survival at Hoge's Pond after 6
months (unrestricted only).

Species Total No. Size %
Held Mean ! spD Survival
Megalonaias nervosa 48 141%t8.56 100
Amblema plicata 150 957,26 99
Fusconaia ebena 240 69.8%2.97 98
Quadrula guadrula 90 62.9%1.25 97
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(p>0.05) in glycogen content between captive mussels, held
by either method, and the wild-collected mussels (Figure 9).
The mean value for captive mussels was 5.30 mg glycogen/a
dry tissue (N=20), as compared to 3.92 mg glycogen/g dry
tissue (N=5) for the wild-collected mussels. The May assay
contained higher glycogen levels, but with no significant
differences in glycogen content among groups (Figure 10).
Mean values were 11.61 mg/g (N=15) and 12.11 mg/g (N=5) for
the captive and wild-collected mussels, respectively.
However, during July there was a significant difference in
glycogen content between the captive and wild-collected
specimens (Figure 11). The ANOVA and Tukey's HSD showed
significantly less glycogen content (p<0.05) in captive
mussels at the Prices Fork location (Table 19). These
mussels exhibited mean glycogen levels of 6.67 ma/g (N=5)
and 4.65 mg/g (N=5) for the sleeve and unrestricted holdina
methods, respectively. There was no difference in glycogen
content between captive mussels at the Marion location
(sleeves) and the wild-collected mussels, with 12.55 mg/g
(N=5) and 15.19 mg/g (N=5), respectively (p>0.05).
Survival Comparisons

It was readily apparent that the method of tissue
extraction was lethal to captive mussels (Table 20). Within
30 days following tissue extraction, all of the tissue-

sampled mussels died, whereas survival was 67% for the
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Table 19. Mean glycogen content (mg glycogen/g dry

tissue) of captive and wild-collected

adult Elliptio complanata, July 1994.
Location n Mean + SD
(mg/g)
Prices Fork (sleeve) 5 6.69° + 4.03
Prices Fork (unréstricted) 5 4.64% + 3.23
Marion (sleeve) 5 12.6h,i 1.77
Wild 5 15.20 + 4.07

* Means followed by the same letter are not significantly

different (experiment-wise), using Tukey's HSD

(p=0.05).
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Table 20. Percent survival (days held) exhibited by the
experimental and control groups of mussels at
Prices Fork and Marion State Fish Hatchery for
the sleeve and unrestricted holding methods.

Experimental Group Control Group
Location Sleeve Unrestricted Sleeve Unrestricted
Marion 0(30) 0(30) 939(429) 0(123)
Prices Fork 0(30) 0(30) 80(215) 93(215)
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control group. The difference in survival was highly

significant (p<0.001).

JUOVENILE CULTURE

Prices Fork Research Station
Trial One

The first sample of juveniles was taken on Aucust 10,
1993 after 2 mo in the buckets. No live mussels or valves
were found in the samples of any bucket. Dead algae and
grass clippings which had accumulated during the two month
period made filtering of the contents difficult and
prevented possible recovery at this time. The contents of
each sample were returned to the appropriate container after
examination.

No samples were collected again until January 18, 1995,
when all containers were removed from the pond and the
contents examined. At this time there was no recovery of
live mussels or valves.

Trial Two

The first sample was taken on October 12, 1994, No
live mussels were found in any of the samples (Table 21).
Further samples were not taken during the following three
months. On January 18, 1995, all three containers were
removed from the pond and the contents examined. No live

mussels were found in the contents analyzed. Zero percent
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Table 21. Survival of Villosa iris juveniles after 4
months of holding at the Prices Fork
Research Station (first sample).

Area Sampled (cm“ No. Live Mussels No. Valves
148 0 25
148 0 12
148 0 23
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survival was recorded for trial two. Overall recovery of
dead paired valves was an average of 25% (Table 22). There
was evidence of valve growth in this trial, with initial
mean shell length (N=90) of 288 um (32.8) in comparison to
a final mean valve length (N=76) of 313 um (i3.3).

Hoge's Pond

Trial Three

No samples were taken during the seven month holding
period. On January 17, 1995, all three containers were
removed from the pond and contents examined. There were
three live mussels found (0.33% survival), with an average
overall recovery (paired valves and live mussels) of 25%
(Table 23). Valves were measured following separation from
debris, with a final mean valve length (N=74) of 365 um
(i4.5) compared to an initial mean shell length (N=90) of
308 um (i3.l). The measurements of the three live juveniles

were 333, 356 and 359 um.

DISCUSSION

ADULT HOLDING

Overall survival of captive mussels was variable among
species and study sites, with as high as 100% (M. nervosa)
after 6 mo and as low as 0% (E. lineolata) after 2 mo of
captivity. Other captive holding projects have reported

high survival for various mussel species. The American Pearl
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Table 22. Survival of Villosa iris juveniles after 7
months of holding! at the Prices Fork
Research Station (final sample).

No. per Bucket No. Live Mossels No. Valves % Recovery

300 0 76 25
300 0 _ 89 30
300 o 64 4 21
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Table 23. Survival of Villosa iris juveniles after 4 months of
holding at Hoge's Pond (final sample).

No. per Bucket No. Live Mussels No. Valves % Recovery
300 2 79 27
300 1 67 22
300 0 74 25
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Company in Camden, Tennessee has been holding threeridae (2.
plicata) and washboards (M. nervosa) in suspended pocket
nets in Kentucky Lake for pearl production. They reported
extremely high survival of captive mussels (797-100%) after
several years, varying with time (season) of purchase and
handling stress from commercial divers (Don Nerrin, American
Pearl Company, pers. comm.).

Don Hubbs, (Tennessee Wildlife Resources Agency, pers.
comm.) recorded 91% survival for four species of mussels
(N=100) held in buried cages in Kentucky Lake; ebony shell
(F. ebena), mapleleaf (Q. guadrula), threeridge (A.
plicata), and washboard (M. nervosa). These mussels were
collected from Kentucky Lake and transported to another
location within the impoundment, placed within cages, and
left for two years.

These holding projects differ from my study in regards
to the holding conditions. The mussels used in the previous
projects were all native to the water body, which could
explain the high survival rates reported. In contrast, my
study collected and transported mussels to different bodies
of water for holding purposes. The differences 1in
temperature regimes and varying water chemistry metrics of
the collection sites and the holding facilities 1likely
played a major role in the mortalities observed in my study.

A similar mussel-holding study is being conducted hy
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Curtis Dunn at Tennessee Technological University,
Cookeville, Tennessee. His study is using two ponds as
holding sites for 12 species of adult freshwater mussels
suspended in pocket nets. 8Six species of adult mussels are
being held in a concrete raceway at the Minor Clark Hatchery
in Tennessee. This raceway is filled with substrate
material, in which the mussels were directly planted.
Reported survivals for ponds and raceway have ranged from
63% to 99% overall, for holding periods of 9 to 21 mo (Jim
Layzer, Tennessee Technological University, pers. comm.).
The raceway setup varies from my study in holding design.
In my study the mussels were held within cages {(unrestricted
and sleeve methods) placed directly on the raceway
substrate. A second difference is that the raceway used by
Tennessee Tech researchers was not being used simultaneously
for fish production as at the Marion State Fish Hatchery.
The problems associated with particulate deposition (uneaten
feed and fish feces) is not a problem at the Minor Clark
Hatchery. In my study, the particulate deposition covered
mussels held on the cage bottoms, which could have affected
filtering activities of <captive animals. Also, the
decomposition of these materials created unsuitable water
conditions within this layer of debris. Dissolved oxygen
readings were taken on two occasions, with readings of 0

mg/L recorded on the cage bottoms. Anoxic conditions and
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possibly high ammonia levels from decomposition contributed
to the mortality of captive mussels. Tsuchiaya (1980)
identified suffocation as a major cause of mortality in
bivalves due to excessive biodeposits. In a Tennessee
Valley Authority report, Donald Wade (1992) reported that
LCqy values for un-ionized ammonia was approximately half the
national acute criterion using juvenile Anodonta imbecillis
(8-day old). He concluded that mussels may be especially
sensitive to un-ionized ammonia levels. With time these
particulates began to fill the interstitial spaces of the
mesh sleeves, and constant maintenance was required to keep
openings free of this debris.

The nutritional condition of eastern elliptios (E.
complanata) was not significantly different from wild-
collected specimens, which suggests that productivity in the
raceway was sufficient to maintain captive populations.
However, low survival results suggest that the simultaneous
use of raceways for holding freshwater mussels and for fish
production is not conducive to successful holding of
bivalves due to increases in the deposition of particulates
without frequent cleaning events. The variation in
survival among species that was recorded in my study
suggests that other factors may have contributed to the
mortalities observed. Physiological differences among

species may explain the species-specific mortality recorded
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in my study. Differences in dissolved oxygen and flow
regquirements, temperature tolerances and metabolic
differences are specific parameters that may have influenced
survival. Welke et al. (1995) also recorded, in an interim
progress report, species-specific mortality among seven
species of freshwater mussels. The deertoe (Truncilla

truncata) and fragile papershell (Leptodea fragilis)

exhibited 35% and 48% survival, respectively. with an
overall survival of 77% after 35 days. In addition teo
physiological differences, other factors that could have
contributed to nmussel mortality in my study were
temperature, calcium levels and age of captive mussels.
Mortalities of bivalves from high and 1low water
temperatures and desiccation have been well-documented
(Suchanik 1978; Peterson 1979; Tsuchiya 1983; Gosling 1992).
In Alaska, 100% mortality was observed in littoral Mytilus

californianus exposed to freezing conditions (Gosling 1992).

Minimum water temperatures were from 1 to 6 °C for the
Reynolds Homestead, Marion, Prices Fork and Hoge's Pond
holding facilities. Ice cover was observed at all locations
except the Marion State Fish Hatchery for a total of 6 to 8
wk, depending on holding site. The mussels were held below
the ice cover at all times (0.20m to 0.90 m below ice), and
no cage damage was observed from ice cover. Low water

temperatures were not an obvious problem, as few mortalities
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were observed during these times.

High water temperatures during the hot summer months
contributed to mortalities at the Prices Fork Research
Station. A maximum water temperature of 31°C was recorded
during July, 1995, and was followed by an almost complete
die-off of all adult mussels. Maximum temperatures for the
other sites were from 18 to 27°C and were not associated with
high mortalities of captive mussels. One factor that could
have contributed to the high temperatures observed at the
Prices Fork location was the black liner in the pond. The
mussels were held in cages that were positioned along the
margins of the pond at a depth of 0.75 mto 1.0 m. This was
probably the warmest area of the pond due to the exposure of
the liner to sunlight and the shallow depth of the pond at
the margins. Survival before this temperature maximum was
exceptionally good, with 79% overall. Secondly, glycogen
levels of E. complanata showed a dramatic decrease during
July 1994, the only month that a significant difference was
observed among holding sites and wild-collected animals.
These results suggest that this pond was suitable for
holding during the cooler months and would regquire
repositioning of the cages during the summer to aveoid hich
temperatures.

A concern for low alkalinity and hardness at the

Reynolds Homestead pond was realized after only 4 mo of
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holding, with the observance of shell dissolution. Holes in
the shell of the pocketbook (L. ovata) were evident
throughout this study. Most freshwater mussels are found in
waters with > 20 mg/L calcium carbonate (Russell-Hunter
1983). The 17 mg/L calcium carbonate measured at the
Reynolds Homestead site would suggest that such low calcium
levels would be marginally suitable for the long-term
holding of freshwater mussels. Greenaway (1971) suggests
that if dissolved calcium levels of the external environment
are low, then there will be a net loss to the external
medium. This could explain the shell dissolution observed
and establish a limiting factor for the Reynolds Homestead
site. My study has shown that this characteristic may not
be limiting for all species. However, low calcium levels of
the external environment will retard the shell growth of
captive mussels (Russell-Hunter 1983).

Adult mussels collected from the Tennessee River, below
Watts Bar Dam in Tennessee, were estimated to be 40 to 50
years old. Although no age determinations were conducted
with any of the collected specimens, surveys conducted by
TVA divers have shown no evidence of reproduction below the
dam since its construction (Steve Ahlstedt, Tennessee Valley
Authority, pers. comm.). Don Hubbs and Dick Wilson
(Tennessee Wildlife Resources Agency, pers. comm.) collected

old adults from a cool water region of the Cumberland River
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in Tennessee and transported those mussels to other holding
areas. Survival rates were “75% to 80% after 1 yr, as
compared to the 91% reported by Don Hubbs during 1993 after
a two year transplant in Kentucky Lake (Don Hubbs, TWRA
pers. comm.). In my study, the Ohio pigtoe (P. cordatum)
collected by TVA divers below Watts Bar Dam exhibited 54%
survival at the Reynolds Homestead pond after the 26 mo.
holding period. This may suggest that due to the old age of
the adults collected, the mortality observed may not be
attributed to the holding technigue.

Sheehan et al. (1989) reported low survival rates for
various transplanted freshwater mussel species (Table 24).
Survival rates of 5 genera were reported to range from 1% to
11% for 1 to 4 yr of observation. However, recovery rates
were only ~ 43%, with those not recovered assumed to have
died. In my study percent survival was much greater, and
recovery was not a problem due to confinement. Sheehan et
al. (1989) suggested that transplants could be a management
option with continued stocking until recruitment was
sufficient. Welke et al. (1995) collected 1,737 mussels
from the Mississippi River and transported these mussels to
a quarantine pond (35 day period) at the Upper Mississippi
Science Center (UMSC). These mussels were then transported
to a holding pond at the National Fish Hatchery in Genoa,

Wisconsin, for further monitoring. While at UMSC the
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Table 24. Species, number held, time period and percent survival of
transplanted freshwater mussels.

NO. TIME %

SPECIES RELOCATED PERIOD SURVIVAL REFERENCE
Fusconaia subrotunda 80 4 yr 11 Sheehan et al. 1989
Actinonaias spp. 1,784 4 yr 2 Sheehan et al. 1989
Villosa spp. 1,436 1 yr 3 Sheehan et al. 1989
Medionidus conradicus 830 1 yr 5 Sheehan et al. 1989
Amblema plicata 275 4 yr 1l Sheehan et al. 1989
Megalonaias nervosa 52 35 day 100 Welke et al. 1995
Quadrula quadrula 192 35 day 96 Welke et al. 1995
Amblema plicata 624 35 day 94 Welke et al. 1995
Fusconaia flava 141 35 day 85 Welke et al. 1995
Obliquaria reflexa 165 35 day 80 Welke et al. 1995
Leptodea fragilis 83 35 day 52 Welke et al. 1995
Truncilla truncata 102 35 day 35 Welke et al. 1995
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mussels were held in net bags (7 1.22 ms). Survival for
seven species of mussels ranged from 35% (Truncilla

truncata) to 100% (Megalonaias nervosa) after a 35 day

gquarantine period.

In a review of freshwater mussel transplant projects,
Cope et al. (1995) documented various reasons for relocation
projects and emphasized the need for established transport
and holding protocol. Cope et al. (1995) reported that 60%
of the relocation projects were not monitored or monitored
for < one year with limited reporting of mortalitv
estimates. Overall survival of 50,b80 transplanted mussels
was ~ 50%, with an average recovery rate of 43% for 28 of
the 37 transplant projects summarized. However, wide
variation in reported mortality among species and projects
made assessment difficult. Cope et al. (1995) suggests that
survival be monitored for at least two years based on high
first year mortality. My study also demonstrated that the
highest mortality at all sites occurred during the first 6
to 12 mo of holding. Affer this time period, the mortality
decreased as observed at the Reynolds Homestead pond after
34 mo of captivity.

These results suggest that mussel survival in ponds is
species-specific, with large variations recorded in mv

study. These variations may be attributed primarily to

physiological differences among species. For 1instance,
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differences in temperature tolerances were evident at the
Prices Fork pond. Secondly, variations in dissolved oxygen
requirements and ammonia level tolerances could have been
primary factors in the low survival reported at the Marion
State Fish Hatchery. Other physiological considerations are
external calcium level requirements necessary to maintain
internal calcium levels and metabolic differences among
species.

Pond refugia are a viable conservation strategy for
some freshwater mussel species. However, certain
recommendations are to be addressed to increase survival of
captive specimens and to facilitate monitoring. FPirst,
cages used in my study were large and difficult to maneuver
during sampling events. Use of pocket nets and bottom racks
would reduce handling difficulty and improve use of
available space. Secondly, a frequent cleaning regime would
need to be followed, not less than twice a month, depending
on season, level of algae growth and particulate deposition.
To reduce maintenance needs, mussels can be placed directly
within the substrate unconfined, depending on substrate
composition. In my study the mussels orientation, on their
sides or upright in sleeves, appeared not to influence
mortality based on the high survival of mussels at the
Prices Fork Research Station pond (x=79%) before lethal

temperatures were reached in July, 1994 and Hoge's Pond
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(x=98%) after 7 and 6 mo, respectively. Liming 1is
recommended for holding facilities with low alkalinitv and
hardness readings so as to increase calcium and probably
survival and growth of some mussel species most sensitive to
soft water conditions (i.e., L. ovata).

Further research in ponds should focus on updating and
expanding holding protocol (Appendix 2) and assessments of

reproduction within ponds by captive specimens.

GLYCOGEN ANALYSIS

Glycogen analyses showed lower levels for captive
mussels (E. complanata) in July, 1994 at the Prices Fork
site in comparison with the Marion site and the natural
population. Coupled with the high mortality observed at the
Prices Fork location after the temperature maximum, the data
suggest that the mussels held at this site were in poor
condition. A low condition index was found to coincide with
low glycogen levels during experiments by Hummel et al.
(1989). These researchers suggested that high water
temperatures cause an increase in metabolic rate, leading to
a rapid decrease in energy reserves {glycogen levels). This
low physiological condition leaves the organisms unable to
cope with stressful conditions, thus increasing mortalities
(Hummel et al. 1989). Gosling (1992) suggests that high

water temperatures increase metabolic stress when energy
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reserves are at their lowest for whatever reason. thus
increasing the mortalities observed at this time. This
suggests that the mussel mortality observed at the Prices
Fork site was directly due to high water temperatures.
Tissue sampling procedures in my study were lethal to
sampled specimens. Due to the lethality of this techniaque.
I do not recommend this procedure for use in condition
monitoring. However, Dave Berg (University of Miami Ohio,
pers. comm.) has used mantle tissue extraction in genetic

~

studies and reported 80% survival for sampled animals.
Research that examines the use of mantle tissue in condition
monitoring is suggested based on the high survival of this

alternative technigque.

JUVENILE CULTURE

Prices Fork Research Station

The first trial at Prices Fork used completely
submerged buckets as holding containers. A significant
accumulation of dead algae and grass clippings, from
biweekly cuttings, settled into the submerged buckets. The
juveniles, due to a small amount of fine sediment (0.25-0.75
cm), would have been unable to burrow deeply enough to avoid
this accumulation of organic material. Gatenby (1994)
suggests that pedal-feeding young mussels require sufficient

substrate for the colonization of bacteria and algae, which

78



is in turn fed wupon by the Jjuvenile mussels. The
accumulation of organic debris in combination with the trace
amount of sediment may have prevented the feeding activities
of the juveniles and resulted in high mortalities.

The second trial at Prices Fork used a partially (75%)
submersed bucket. This modification was initiated to reduce
the amount of organic material that accumulated in trial
one. In addition to this modification, the amount of fine
sediment placed in each container was increased to 2.0 to
2.5 em. This would increase the amount of substrate for
colonization by bacteria and algae that could be fed upon by
the young mussels to increase survival. However, during
July 1994 the water temperature within the lined irrigation
pond reached a maximum of 31%C. Early bivalve life stages
have limited tolerances to environmental changes (Gosling
1992). A strong negative correlation between temperature
and larval shell size has been documented for mytilid
species of molluscs (Bayne 1965; Gosling 1992). The
uncommonly high water temperature at the Prices Fork
location likely explains the complete mortality observed for
the second trial. Therefore the response to increased
amount of sediment and the bucket modification could not bhe
adequately assessed.

Hoge's Pond

Due to the temperature regime of the Prices Fork pond,
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a second location (Hoge's Pond) was chosen for a third
attempt. The modification to the bucket (PVC cap) allowed
for the placement of deeper sediment (™ 2.5 to 3.0 ecm) and
a smaller containment area. However, after four months
(September 1994 - January 1995) no significant survival was
observed at this location. These results may suggest that
the increase in sediment depth had no effect on the survival

of held juveniles. Secondly, Villosa iris appears to be a

species that cannot be cultured in ponds using the
techniques of my study. Corwin (1920) reported 89% survival
of juvenile mussels in a suspended Lake Pepin transplant,
but those mussels were endemic to Lake Pepin. which miaht
explain the high survival rate. The rainbow mussel (V.
iris) used in my study may require a culture system with the
temperature, flow rate, and food gquality and gquantity
controlled. It may be possible after significant growth is
observed in the laboratory, that these individuals could
then be transferred to a holding pond for continued
devel opment.

The bucket method used for culture in my study is not
recommended for V. iris juveniles. Further research with
numerous large river species should be conducted to

adequately assess pond culture methods.
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SUMMARY

Adult Holding

1) Overall survival at Reynolds Homestead Agricultural
Research Station was 71% after a 26 mo holding period, with

significant differences among species. Cyclonaias

tuberculata and Elliptio spp. exhibited > 77% survival.

Lampsilis ovata and Pleurobema cordatum exhibited the lowest

survival with 14% and 54%, respectively.

2) Survival at the Marion State Fish Hatchery was 30% (14
mo) and 5% (8 mo) overall for the sleeve and unrestricted
holding methods, respectively. I believe that the rapid
accumulation of particulates was a primary factor
contributing to the high mortality observed at this holdina
site.

3) Survival at the Prices Fork Research Station was 79%
overall after 7 mo of holding for 5 freshwater mussel
species. During July, 1994, the water temperature peaked at
31%, which caused an almost complete die-off of captive

mussels. Lasmigona complanata and Megalonaias nervosa

demonstrated a tolerance to the temperature increase, with
survival of 43% and 14%, respectively.
4) survival of adult mussels at Hoge's Pond after 6 mo of

holding was 100% for all species held at this location.
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Nutritional Analysis

1) No statistical differences were observed in alvcogen
content among captive and natural populations of Elliptio

complanata in February and May, 1994 after 5 and 7 mo of

captivity, respectively.

2) Captive Elliptio complanata held at the Prices Fork
Research Station exhibited significantly lower alvcogen
content in July, 1994 when compared to the Marion and
natural populations. High water temperatures (25-31°C)

likely contributed to this decrease in glycogen reserves.

Juvenile Culture

1) No survival of Villosa iris juveniles was observed for

the 2 trials at the Prices Fork Research Station (20 and 7
mo) or the third trial at Hoge's Pond (4 mo). Buckets are

not a suitable method for culturing juvenile V. iris.
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APPENDIX I. Mussel survival at Hoge's Pond, Prices Fork Research
Station, and Reynolds Homestead Agricultural Research
Station, evaluated August 31, 1995.

No. % Time
Location Species Held Survival Period
Hoge's Pond Megalonaias nervosa 48 98 8 mo
Fusconaia ebena 240 88 8 mo
Amblema plicata 150 83 8 mo
Quadrula gquadrula 90 69 8 mo
Prices Fork Pond Lasmigona complanata 30 0 21 mo
Megalonaias nervosa 90 0 21 mo
Reynolds Hamestead Elliptio dilatata 29 90 34 mo
Pond Cyclonaias tuberculata 17 88 34 mo
(New River)
Cyclonaias tuberculata 16 88 34 mo
(Tennessee River)
Elliptio camplanata 53 83 34 mo
Elliptio fisheriana 13 62 34 mo
Pleurobema cordatum 39 46 34 mo
L_msilis ovata 14 7 34 mo
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INTRODUCTION

The exotic zebra mussel (Dreissena polymorpha) is
spreading rapidly throughout the Interior Basin rivers of
the U.S. Since its introduction into Lake St. Clair (1986),
it has decimated native mussel populations throughout the
Great Lakes Basin. To protect native species from this
foreign invader, a project was initiated in 1992 to evaluate
the feasibility of pond refugia for adult riverine mussel
populations. After 2.5 years of monitoring the survival of
captive mussels, it is apparent that the use of ponds as
refugia is feasible. However, certain characteristics have
proven unsuitable for the long term holding of native
species. The following protocol is being used at Virginia
Tech for the collection and holding of adult mussels in
several pond environments.

FIELD COLLECTIONS AND TRANSPORTATION

I. Adult mussels are collected from wild populations
(following state and federal regulations) by scuba,
snorkeling, or other means. They are kept in meshed bags
in the river until ready for transport.

II. Mussels collected from rivers known or suspected of
having zebra mussels require cleaning before transportation
to assure removal of zebra mussels. The exterior of all
mussels are cleaned using a knife (removal of adult zebra

mussels) and a stiff bristle brush (removal of veligers),
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paying particular attention to the shell margin and hinge
ligament.

III. Collected adults are transported from the river either
in coolers or in aerated tanks containing river water.
Transportation method depends on available equipment and
transport distances. With long travel distances and large
numbers of 1live mussels, transportation 1in ice-cooled
containers is recommended. Mussels are placed in coolers
and covered with wet burlap. Ice bags are placed on the
burlap to maintain cool tempertures in the containers. To
prevent chlorinated water from contacting the mussels, ice
bags must remain intact.

With short travel distances, transportation in aerated
tanks <containing water from the <collection site 1is
appropriate. Aeration devices are required to maintain
sufficient levels of dissolved oxygen because mussels will
siphon in the tanks.

QUARANTINE HOLDING

I. Mussels collected from rivers containing zebra mussels
or those that are suspected to have zebra populations are

gquarantined to assure that no zebra mussels are

transported.
II. The quarantine area (pond) is isolated from its water
source. Our quarantine pond is 36ém x 36m square, plastic

lined, with water level maintained by pumped well water. No
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inlets (pump system only) or outlets prevent the possible
introduction of veliger larvae (if attachments did occur)
into surrounding systems. Mussels are held (methods of
holding described in next section) 3-4 weeks and reexamined
for zebra mussel attachments at the end of this period.

HOLDING METHODS

I. Adult mussels are held using several methods. Two
methods make use of Im x 1lm x 0.5m cages fastened to PVC
float <collars. The cages (purchased from Alternative
Designs Silom Springs, AR) prevent possible predation by
common molluscivores such as muskrats and facilitate the
periodic examination of mussels for survival assessment. II.
The first method of holding consists of placing the mussels
unrestricted on the cage bottoms (large specimens). We place
mussels only one layer thick on the bottom of cages.
Current holding densities are 100 mussels/cage, depending on
size of specimens.

I11. The second method of holding consists of placing
mussels (small specimens) inside 100mm mesh plastic sleeves
(purchased from NSW Corporation, Roanoke Va.) suspended
horizontally from the cage tops. Horizontal suspension of
sleeves assures that no mussel is restricted by the weight
of other individuals above it. Current holding densities
for this method range from 20-50 mussels/sleeve (depending

on specimen size) and 100-200 mussels/cage. Current total

93



densities (both methods) are ~ 200 mussels/cage.

Iv. The cages used for adult holding present a handling
problem during monitoring events. The cages are awkward,
due to their dimensions, and heavy with the addition of live
mussels. Currently several different holding devices are
being investigated that would significantly decreases this
handling difficulty. These various options include lantern
nets, pocket nets and plastic coated glass racks, which
serve to hold captive mussels in proper orientation. The
lantern nets and pocket nets are currently being used
effectively in the pearl culture industry for oyster
holding.

WATER CHEMISTRY

I. Water gquality is monitored throughout the holding
period. Metrics that are of primary importance are
dissolved oxygen, hardness, alkalinity, PH, and
temperature. Table 1 lists water chemistry values

collected from four locations used in the 1992 project. The
Reynolds Homestead location in Critz, Virginia exhibits low
hardness and alkalinity, which we suspect may be a limiting
factor for survival of some species. Dissolution of the

umbonal region of Lampsilis ovata was evident after several

months, which likely contributed to mortalities.
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In July, 1994, the water temperature at the Prices Fork
holding facility reached a maximum of 31%C. After 2-4 weeks
following this temperature increase, there was an almost
complete mussel die-off within this holding pond. Although
the Prices Fork pond is an unigque situation, it demonstrates
the importance of knowing the temperature regime of your
holding facility.

MAINTENANCE

I. Cages are cleaned with a broom twice a month, depending
on level of algae attachment. This cleaning assures that
there is sufficient water exchange inside the cages at all
times. Sleeves and individual mussels are periodically
cleaned with a hand brush as needed (twice a month minimum)
to maintain needed water exchange and unrestricted feeding.
II. Twice a month all cages are examined and any
mortalities are removed and recorded.

ADDITIONAL SUGGESTIONS

I. Holding ponds can be limed to increase the alkalinity
and hardness as needed (i.e. Reynolds Homestead
Agricultural Research Station).

II. It also may be necessary to fertilize the holding
ponds to increase algae production, thus increasing the

food supply for captive mussels.
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Table 1. Water chemistry data for four locations in use for
adult mussel holding.

Location Alkalinity pH Dissolved Oxygen Temperature
(mg/L) (mg/L) (oC)
Reynolds Homestead 17 8.0 10-12 1-28
Marion 103 9.0 10 6-18
Prices Fork 154-205 8.0 10-11 1-31
Hoge's Pond 194 9.0 10-11 1-24
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