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ABSTRACT 'The effects of diet and laboratory holding time on survival, growth, and physiological condition of fingernail clams
Muscelium transversum were evaluated in a 112-day study, The diets included a commercial oyster diet, a suspension of commercial
rabbit peliets, a suspension of fine, organic-rich sediment, and a complete sediment renewal every 14 days. Sediment and clams were
obtained from a relatively uncontaminated site in the Upper Mississippi River. The experimental desipn consisted of 18 370-mL
beakers per diet, each containing 5 em of swificial sediment and 15 clams. Survival of clams was measured daily in each unit. Three
units from each diet were randomly removed on days 7, 14, 21, 28, 36, and 112, and clams were measored for shelt length. Glycogen
and cellulase activity were measured in composite samples (5 clams per sample) at each of the six fme intervals. Cellulase activity
did not vary among diets or with time. Survival, growth, and glycogen varied significantly among diets, and glycogen concentrations
varied with time, regardless of diet. Clams exposed to the two sediment diets were 2.4 times more ikely to survive than clams exposed
to the commercial diets. Survival of clams in all diets exceeded 80% through day 21. Although clams maintained an acceptable survival
rate for 21 days, their physiological condition was compromised mach earier, given that glycogen reserves were reduced by 14-54%
after only 7 days. Thus, faboratory tests with fingernall clams should include physiological measures, in addition to survival, to ensure

that clams are in suiable condition before and during testing,
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INTRODUCTION

Fingernail clams are an important component in the benthic
invertebrate community of many large rivers and, in the Upper
Mississippi River, have undergone periodic, pronounced declines
in abundance in recent decades (Wilson et al. 1995). For example,
densities in Pool 19 (near Keokuk, TA) averaged 32,000/m* in
1985 and progressively declined to G in 1990, and river-wide re-
covery has been slow. Toxicity of bulk sediment or pore water has
been suggested as a factor contributing to the decline in fingernail
clams in the river (Wilson et al. 1995), In particular, concentrations
of un-ionized ammonia in sediment pore water from the Upper
Mississippi River often exceed concentrations demonstrated to in-
hibit growth of fingernail clams in laboratory studies (Frazier et al.
1996). To assess these and other potential causes of the decline in
abundance requires that clams be collected from the field, held in
the laboratory, and tested through controlled experimentation.
However, information on the relative condition of clams during
long-term holding and its effect on the outcome of laboratory tests
is facking (Naimo et al. 2000).

The physiological condition of an erganism is dependent upon
its nutritional statns {(Lanno et al. 1989, Foster et al. 1993). Yet, the
impostance of nutrition as a factor modifying physiological con-
dition has been largely overlooked. Data on how the condition of
an organism responds (o its nutritional status are critical for un-
derstanding the importance of diet as a variable in designing ex-
perimental studies with benthic organisms,

Recently, physiological indicators of condition such as glyco-
gen concentration and cellulase activity have been used 1o assess
the relative health of bivalve moliosks (Hemelraad et al. 19990,
Haag et al. 1993, Famis et al, 1994, Naimo et al. 1998), Glvcogen
is the most readily available storage form of glucose in many
animals, including freshwater mussels. As such, glycogen concen-
trations have been used successfully as an indicator of physiologi-
cal condition in unionid mussels after exposure to contaminants
(Hemelraad et al. 1990) and after infestation by zebra mussels
{Haag et al. 1993}, Similaly, cellulase activity is an indirect mea-
sure of feeding because it measures the rate of breakdown of
complex sugars into simple molecules (Farris et al. 1988). Exten-
sive use of cellulase activity in monitoring programs for molinscs
has shown that responses at the biochemical level can be measured
where pollutants or stress first exert their effect {Beeby 1993,
Milam and Farris 1998). In these studies, the predictive capability
of the enzyme assay has been compared with extensive testing of
more traditional biological endpoints in toxicity assessments. Con-
trolled laboratory and field exposures have provided evidence that
reductions in enzyme activity are related to the eventual survival of
the animal and to more subtle changes that occur in filtration,
growth, and bivaccumulation rates {Farris et al. 1994, Milam and
Farris 1998).

We examined survival, growth, and physioclogical condition in
clams provided different food sources in a 112-day laboratory
study. Our specific objective was to evaluate the effect of diet on
the survival, growth, and physiological condition of fingernazil
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clams Musculivm fransversum (Say 1829). Furthermore, because
we were interested in the wansferability of these data to standard-
ized tests with benthic invertebrates, we examined differences in
survival, growth, and physiological condition between clams fed
fwo commercially available diets (easily reproducible, but a non-
indigenous diet} and two dists containing sediment {not as repro-
ducible, but more indigenous},

MATERIALS AND METHODS

Experimental Design

We obtained shout 600 fingernail clams with a Ponar dredge
from Pool 13 of the Upper Mississippi River for use in the labo-
ratory test. During collection, clams were placed in ice chests
containing sediment and water from the river. The water in the ice
chests was aerated and its dissolved oxygen content was measured
at 30-min intervals 1o maintain concentrations above 60% of satu-
ration. To obtain an estimate of the physiological condition of
clams at this point in time, we oblained an additional 15 clams,
placed them on dry ice in the field, and stored them at —84 °C in
the laboratory before analysis of glycogen concentration and cel-
lulase activity.

The uppermost 5 em of sediment from a single sampling site in
Pool 7 of the Upper Mississippi River (Lake Onalaska, river mile
704.5} that contained an abundant fingernail clam population was
obtained with a van Veen dredge. Sediment was placed into 4-L
alass jars, held on ice, transported fo the laboratory, and stored in
a refrigerator for no more than 5 days before the start of the test.
Three subsamples of homogenized sediment (each 20-25 g wet
weighty were analyzed (o describe textural composition (Guy
1969, Plumb 1981} and volatile matter content (American Public
Health Association et al. 1992} Sediments averaged {mean = 1
standard ervor [SED 4 £ 0.2% sand, 54 = 2.4% silt, 42 + 1.8% clay.
and 7.8 = 0.9% volatile matter.

The experimental unit was a 370-mL beaker. All experimental
units were placed into one of two 900-L. water baths (3 m length
% 0.8 m width x 0.4 m height). Each water bath was partitioned
lengthwise with Plexiglas to provide four compartments, one for
each diet. Eighteen experimental units were randomly allocated
into each compartment. A temperature of 17 + 2 "C was main-
tained with submersible quartz heaters. About 24 h before the
addition of clams, 184-188 g of surficial sediment {about 4-5 cm)
and 200 mL of well water from the Upper Midwest Envirenmental
Sciences Center were added 1o each experimental vnit. On day 9,
we randomly allocated 15 clams, each measuring 4-6 mm in shell
length, into each experimental unil.

We measured the temperatore, pH, and dissolved oxygen of the
overlying water every Monday, Wednesday, and Friday in five
randomly selected experimental units in each diet. Because finger-
nail clams are particularly sensitive to un-ionized ammonia
(Hickey and Vickers 1994, we measured concentrations of total
and un-ionized ammonia in three randomly selected experimental
units every 14 days (Frazier et al. 1996). On days 7, 14, 21, 28, 56,
and 112, clams from three randomly selected experimental units
from each diet were sieved from test sediments, counted, recorded
as dead or alive, measured for shell length to the nearest 0.1 mm,
and stored at ~84°C for later analysis of glyeogen concentrations
and cellulase activity. Glycogen concentrations (Naimo et al.
1998) and cellulase activity (Farris et al. 1988) were measured on
composite samples containing five individuals from each experi-
mental unit. Glycogen concentrations were reported as mg/g wet

weight, and cellulase activity was expressed as a product {exocel-
tulase activity times endocelulase activity in [units/g dry
welght]®). One unit of the enzyme is defined as the amount of
enzyme required to liberate 1 mg of reducing sugar equivalest to
that of glucose per howr with carboxymethyleellulose as a sub-
strate.

Diet and Ration

Clams were fed one of four diets daily; two were commercially
available diets, and two were formulated with sediments from the
Upper Mississippi River (sediment diets). The commercial diets
included an oyster diet, which was a mixture of two mavine dia-
wms (30% Thalassiosira pseudoana and 50% Skeletonema sp.)
fed at a rate of sbout TpL/clam/day (8—10 x 10° cells/mL; Pacific
Oyster Diet B, Coast Scafood Company, Quilcene, WA). The sec-
ond commercial diet was a suspension of Kaytee® rabbit feed, with
pellets made largely from alfalfa, fed at a rate of 2.5 me/clam/day.
The two sediment diets contained organic-rich sediments from
relatively uncontaminated areas in the river and were the same
sediment used as the substrate in all experimental units. One was
a suspension of fine sediment fed art a rate of 2.5 mg/clany/day. and
the other was a complete sediment renewal every 14 days.

The oyster diet, rabbit pellet diet, and suspended sediment diet
were prepared about 2 days before the start of the experiment. The
oyster diet comes in liquid form and was kept refrigerated. The
rabbit pellet and the suspended sediment dicts were prepared by
blending 38 g of rabbit pellets or sediment with 400 mL of well
water in a commercial blender for 5 min. The contents of the
blender were transferred into a 1,000-mk. volumetric flask and
filled to the meniscus with well water. This process was repeated
ontil we obtained 32 140-mL bottles of each diet. Once a week,
one bottle of food for cach diet was removed from a —20°C freezer
and placed into a refrigerator; the quantity of food in each bottle
was sufficient lo feed all clams receiving those diets for 1 wk.
Clams in the sediment-renewal diet were sieved from test sedi-
ments every [4 days, and another aliquot of sediment was replaced
into each experimental unit. Sediments for this diel were the same
sediments that were obtained at the start of the test, stored in a
refrigerator until needed.

Statistical Analyses

Survival of clams was assessed by daily counts of dead shells
on the sediment surface. Tn addition, at the six tme intervals in
which clams from three beakers were removed for physiological
measuremnents, we also made direct mortality estimates; these data
allowed us to check the accuracy of the daily mortality counts.
Because these two estimates agreed more than 90% of the time,
analyses of survival rate were performed on daily survival counts.
We used the Cox proportional hazards modetl to determine whether
survival rates of clams varied among diets (Cox 1972). To test for
differences in survival between the commercial and sediment diets,
we used the Wald test of equality (Parmar and Machin 1995).

We analyzed growth, glycogen concentrafions, and cellulase
activity with analysis of covariance (ANCOVA), with time in the
laboratory as the covariate. Because most clams did not susvive
after day 56, statistical analyses were only conducted antil day 56.
Orthogonal contrasts were used to compare differences in growth
and physiological condition between the comumercial and sediment
diets when the ANCOVA was significant. We did not record the
shell Tength of each clam on day O; instead. we ensured that all
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clams ranged from 4 to 6 mm in length. Becanse sheil length did

not differ among diets at day 7 (P = 0.21), subsequent analyses
were performed on shell length measures from day 7 through day
56. A type L error o of 0.05 was used to reject all null hypotheses.

RESULTS

The guality of the overlying test water was similar among diets
(Fig. 1). For example, grand means {(averaged over all diets and
time periods) ranged from 15.4°C o 15.7°C for temperature, 8.2 to
8.3 for pH, and 9.7 to 9.8 mg/L for dissolved oxygen. Concentra-
tions of total {range, 0.03-0.13 mg/L) and un-ionized (0.002-0.008
mg/l.y ammonia were well below concentrations that adversely
affect fingernail clams in laboratory exposures {Sparks and
Sandusky 1981).

The survival rate of fingernail clams varied significantly among
diets (P = 0.00G1). Survival rates were lowest in clams fed the
oyster diet, whereas survival was highest in clams receiving the
sediment-renewal treatment (Fig. 2). For example, survival aver-
aged 44% in the oyster diet, 66% in the rabbit-pellet diet, 73% in
the suspended-sediment diet, and 84% in the sediment-renewal
diet at day 56. By day 112, only 6% of the clams in the sediment-
renewal treatment were alive, and none survived in the other three
dictary treatments.

Survival was significantly greater in clams provided the sedi-
ment diets, relative to the commercial diets (P = 0.0001). After 56
days in the laboratory, for example, survival of clams fed the
sediment diets averaged 79%, whereas survival averaged 55% in
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Figure 1. Mean temperatore, pH, and dissolved oxygen in overlying
test water from five randomly selected experimental units containing
fingernail clams Musculium transversum fed one of four diets daily for
112 days.
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Tigare 2. Sarvival of fingernail clams Musculium fransversum fed one
of four diets in a 112-day laboratory test.

clams fed the commercial diets. However, there was litile differ-
ence in survival of clams among diets early in the test; survival of
clams in all diets exceeded 80% through 21 days of exposure. A
unique feature of the proportional hazards model is the ability to
caleulate a risk ratio, or the estimated hazard of surviving in one
diet versus another. For exampie, clams provided the oyster diet
were 1.9 times more likely to die than clams fed rabbit pellets
(Table 1), Addionally, clams fed the ovyster diet were almost 3
times more likely to die than clams in the sediment-renewal treat-
ment. Furthermore, clams fed the commercial diets were 2.4 times
more likely to die than clams fed the two sediment diets.

The shell length of fingernail clams also varied significant]ly
among diets (P = 0.02). Ciams recetving the sediment-renewal
treatment were significantly larger than clams in the other three
dietary treatments. For example, clams in the sediment-renewal

TABLE 1,

Estimated probability values, risk ratios, and apper and lower 95%
confidence limits from the survival rate analysis in fingernail clams
fed four different diets in a 112-day laboratory experiment.

Lower Y5%  {pper 95%

P Risk Confidence  Confidence
Contrast Value Ratie Limit Limit

Ovster diet,

suspended sediment  (.0001 26 1.9 35
Rabbit pellets,

suspended sediment  0.1124 1.3 (.9 1.9
Sediment renewal,

suspended sediment  0.0120 4.3 0.3 0.9
COyster diet, rabbit

pellets (.0001 1.8 1.6 2.0
Oyster diet, sediment

renewal 0.0001 4.8 4.0 5.8
Rahbit pellets,

sediment renewal 0.0002 2.4 22 2.8
Commercial diets,

seciment diets §.0001 2.4 1.9 3.2

The risk ratio is the estimated hazard of surviving in one diet versus
another diet; for example, clars fed the oyster diet were 2.6 fimes more
likely to die than clams fed the suspended-sediment diet.
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treatment averaged 4.8 mm in length over the 56-day duration,
whereas clams in the other three dietary treatments ranged from
4.3 to 4.4 mm, Furthermoere, the size of clams did not differ be-
tween clams provided the commercial and sediment diets (P =
0.50), nor did shell length vary with time i the laboratory (P =
0.23; Fig. 3a). Atday 7, clams ranged in length from 4.2 t0 4.8 mm
and at day 56, they ranged in length from 4.5 to 4.8 mm.

Glycogen concentrations in clams varied significantly among
diets (P = 0,049; Fig. 3b). In particuiar, glycogen concentrations
differed between the commercial and sediment diets (P = (.02).
For example, mean glycogen concentration was 3.5 mg/g in clams
fed the oyster diet and 4.1 mg/g in clams fed the rabbit pellets, In
contrast, glycogen concentrations averaged 2.8 mg/g in the sus-
pended-sediment diet and 3.0 mg/g in the sediment-renewal treat-
ment. However, glycogen concentrations declined significantly
with time in the laboratory, regardless of diet (P = 0.0001). For
example, glycogen concentrations in clams in the sediment-
renewal treatment averaged 4.6 mg/g at day 7 and had declined to
only 2.2 mg/g by day 56. Moreover, because there was no
diet*time interaction (P = 0.49), the response of glycogen with
time was similar among diets. For reference, glycogen concentra-
Hons averaged 5.4 & 0.5 (SE} mg/g in clams when they were
removed from the Mississippt River.
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Figore 3. Mean (a) growth, (b) glycogen concentrations, and {c) cel-
lalase activity in lingernail clams Museulinm transversuin {ed one of
four diets in a Fi2~day laboratory test. Glycogen (mg/g wet weight) and
cellulase activity ([units/g dry weight[®) were measured on a composite
of five clams from each of three experimental units sampled on days 7,
14, 21, 28, and 56. Data point at day 0 is the mean (I SE) giycogen and
ceflulase in clams at the tiime they were collecied from the Upper
Mississippi River.

[n contrast, cellulase activity did not vary among diets (P =
0.12) nor with time held in the laboratory (P = 0.32; Fig. 3c).
Cellulase activity, averaged over the 36-day exposure, ranged from
0.8 10 5.3 (units/g dry weight®) in the oyster diet, 0.8 to 4.8 in the
rabbit pellets, 1.1 to 14.7 in the suspended sediment, and 0.6 to
19.8 in the sediment renewal. Eikewise, cellulase activity remained
similar throughout exposure (averaged over al! diets) and ranged
from 1.6 to 10,5 at day 7 and from 1.8 fo0 14.3 at day 56. The lack
of significant diet or time effects was preswmnably due to the large
variance in celiulase activity among replicates. The coefficient of
vartation (CV) usually averaged well over 50%, likely obscuring
any diet or time effects. For reference, cellulase activity averaged
7.3 & 1.6 {5E) in clams when collected from the Mississippi River.

DISCUSSION

Survival of fingernail clams was greater in treatments contain-
ing sediment from the Upper Mississippi River than in treatments
with commercial diets. A similar observation was made by
Gatenby et al. (1996) with juvenile Villosa iris. In a 45-day labo-
ratory experiment, juvenile mussels reared on sediment and algae
had significantly higher survival (67%) than juveniles reared with-
out sediment and fed only algae (22%). Although several investi-
gators have observed higher survival rates in molluscs in experi-
ments with sediment, relative o no sediment (Gatenby et al. 1996,
Naimo et al. 2000, present study), the mechanism(s) contributing
to this are largely unknown. It has been hypothesized that the
addition of a food source, along with fine sediments and their
associated resident bacteria, may enhance digestion in moliuses
{Crosby et al. 1990, Naimo et al. 2000). However, the addition of
bacteria commeon to riverine systems did not improve survival or
ephance growth in laboratory studies with juvenile Villosa iris
{Gatenby et al. 1996). Naimo et al. (2000} hypothesized that physi-
cal contact with sediment may enhance the survival of fingernail
clams relative to exposures without direct sediment contact. They
observed that Musculium rransversum were twice as likely o sur-
vive when provided with direct sediment contact, suggesting that
clams received nutritional benefit from sediment contact by feed-
ing directly on indigenous, sediment-associated food sources.

Although susvival of fingernail clams differed substantially
among diefs after 112 days, survival exceeded 80% through day 21
in all diets. In standardized toxicity tests with benthic inverte-
brates, 21-28 days is a standard test duration (American Society
for Testing and Materials 1992), and tests are generally considered
unacceptable if survival of control animals is less than 80%. Thus,
in short-term standardized tests with fingernail clams, excessive
meortality in control organisms would not invalidate test results.

Growth of fingernail clams in the laboratory was minimal over
the 56-day duration. Clams in the sediment renewsl freatment
seemed o maintain their size, whereas shell growth in clams in the
other diets was variable. Differences in shell growth in the sedi-
meni-renewal treatment, relative to the other diets, may be related
to the volume of available food (ie., sediment). Clams in the
sediment renewal treatment received about 736 g of sediment over
56 days, whereas clams in the suspended-sediment and rabbit-
pellet treatments received only 2.1 g of food over this duration.
Although food quality as well as gqoantity are important, the mag-
nitude of the difference in quantity may have contributed to dif-
ferences in growth among diets. In addition, the magsitude of shell
growth observed in our study (0.1-0.6 mm over 56 days) was
sufficiently small such that variation in measurement of shell
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length could be a major source of variation and uncertainty in this
analysis. Thus, future studies should measure individually marked
organisms and should use techniques appropriate for detecting
small changes in size. The lack of shell growth in this experiment
was not unexpected. For example, Gale (1977} observed that
Sphaerium transversum maintained in the laboratory in chambers
containing silt from the Mississippi River grew slowly, with a
mean length increase of 1.3 mm after 33 days.

Glycogen concentrations bave been used exfensively in bi-
valves as an indicator of physiological health (Haag et al. 1993,
Naimo et al. 1998); however, it is unclear how much glycogen is
required for maintenance, growth, and reproduction. In the present
experiment, we documented significant differences in glycogen
concentrations among diets, particularly between the commercial
diets and the sediment diets. However, the pattern in glycogen
concerdrations was such that glycogen was elevated in clams fed
the commercial diets, relative 0 the sediment diets, in contrast 1o
the patterns in survival. Two allernate hypotheses for the reduction
in glycogen in the sediment diets inciude (1) clams were getting
enough nourishment from the sediment for maintenance metabo-
lism but were unable to store glycogen and (2} clams were not
getting enough nourishment from the sediment and were catabo-
lizing carbohydrate stores. Whichever the case, glycogen concen-
trations declined with time in all dietary treatments, suggesting that
health was declining over this time period. Glycogen concentra-
tions declined by 14-54% by day 7 and 30-70% by day 56, rela-
tive to concenfrations in clams when they were taken from the
river.

Some researchers have suggested that the benefit of addition of
sediment to juvenile bivalve cultures is to provide resident bacteria

to enhance enzymatic activity {Crosby et al. 1990}, However, we
did not cbserve any enhancement in cellulase activity between
clams maintained in sediment and clams fed commercial diets.
Cellnlase activity in clams was highly variable (mean CV = 67%),
making detection of dietary effects at an acceplable statistical level
difficult. To our knowledge, measwrement of cellulase activity has
not heen previously performed on fingernail clams; thus, further
refinement of methods could reduce variation associated with this
measure.

In conclusion, we ebserved significant differences in survival,
shell growth, and glycogen concentrations of fingernail clams fed
different diets, implying that some diets were better than others.
However, the general negative slope of most response variables
(survival, shell growth, and glycogen) suggests that clams were
declining in health with time in the laboratory, regardiess of diet.
Therefore, a better diet is needed to maintain clams in a healthy
state in the laboratory. Although clams maintained an acceptable
survival rate for 27 days in the laboratory, their physiological
condition was compromised much eartier. Thus, valid short-term
toxicity tests with fingernail clams can be conducted in the labo-
ratory, but their ability to predict toxicity to field populations is
uncertain. Therefore, laboratory tests with clams should include a
physiological measure, such as glvcogen, i addition to survival to
ensure that clams are in suitable condition before and during test-
tng in laboratory studies.
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