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ABSTRACT

We cxaniined the seasonal patterns of physiology and biochemical composition in two unionid bivalves,

Actinopaius-higamenting (svbfamity-Lampsilinac) and-Amblema plicata-(subfamily- Amblemings), We
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found that {{} A. Heamenting and A, plicara displayed different seasonal changes in physiology and bio«
chemical composition, (i) larval brooding affected the physiology but not the biochemical composition
of A, ligamentira, and (1) A. plicata had & greater carbohydrate content and condition index than
A ligamenting. A, ligamenting and 4. plicare had different patterns of ammonia excretion rate, O:N
ratie, and clearance rate, while patterns of oxygen uptake rate were similar between the two species.
Overalt, weight specific metabotic rares were higher in 4, ligamenting than in A, plicara, Both species had
low protein and high carbohydrate content in carly summer. Brooding specimens of A. ligamenting
had lower oxygen uptake and ammonia excretion rates and higher O:N ratios than nen-brooding
specimens. Differences in condition and carbohydrate content between the two species could explain
some of the species-specific mortalities observed since the introduction of zebra mussels.

INTRODUCTION

Freshwater mussels (Order Unionoida) are distributed
worldwide in lotic and lentic habitats. As filter feeders,
freshwater musscls are ecologically important; they
control seston, recycle nutrients, and provide a trophic
link between primary producers and predators {Lewan-
dowski & Stanczykowska, 1975; Kasprzak, 1986;
Nalepa, Gardner & Malczyk, 1991). Unicnid nussels
reached their greatest diversity in North America
{(Willians, Warren, Cummings, Harris & Neves, 1983),
However, their abundance and diversity have declined
in the last 30 years and they are now among the most
imperiled groups of animals in the world. Habitat
destruction, including increased siltation, pollution,
and river modification, loss of fish hosts, commerciaj
exploitation, and introduced species, are among the
causes of their decline (Bogan, 1993),

Despite the importance of freshwater mussels to
riverine systems, relatively little &5 known regarding
their physiological ecology. This is especially surpris-
ing since marine bivalves have been examined exten-
sively in this regard. In marine bivalves, seasonal
variations in physiology and biochemical composition
have been linked to annual cycles of food availability,
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temperature, salimity, oxygen tension and reproduc-
ticn {Bayne, Thompson & Widdows, 1976, Gabbott,
1976, Pieters, Kluytmans, Zurburg & Zandee, 1979).
We chase to study twe species of unionid mussel that
are comumon to the Mississippi River system, Aciing-
naias ligamenting (Lamarck) (subfamily Lampsilinae)
and Amblema plicata (Say) (subfamily Ambleminae).
These mussels belong to different subfamilies and have
distinct reproductive periods; A. ligamenting is a long-
term brooder (bradytictic) while 4. plicata is a short-
term brooder (tachytictic) (Parmalee & Bogan, 1998).
These species also respond differently to infestation by
zebra mussels {Dreissena polymorpha) {Pallas) (Haag,
Berg & Gurton, 1993; Baker & Hornbach, 1997). Based
on their differences in taxonomic status, reproductive
strategy, and response to zebra mussel infestation, we
hypothesized that A. lgamenting and 4. plicata have
different seasonal patterns of physiclogy and bie-
chemical composition. Annual physiological data for
unionid mussels may be useful in scheduling recovery
and management efforts, undersianding species-specific
habitat requirements, and in predicting their response
to long-term changes in the environmen(. We ex-
amined (i) condition index, a commonly used measure
of nutritive status in marine bivalves, (il) metabolism,
as measured by oxygen uptake and ammonia excre-
tion, (3i1} O:N ratio, used as a measure of physiological
stress (Bayne & Widdows, 1978), {iv) food clearance
rates, and {v) biochemical tissue composition (carbo-
hydrate, protein, lipid, and inorganic contents).
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MATERIALS AND METHODS

Mussel collection and maintenance

Specimens of Actfinonaias ligamenting were collected by
SCUBA from the St. Croix River at Wild River State Park,
Minnesota {USA}, in June, August, and October 1994 and
April and June 1993, At the time of collection, water tempera-
tures were 235, 20, 11, 9, and 24°C, respectively, Specimens of
Amblema plicare were collected from the §t. Croix River at
Lakeland, Minnesota in May, July, September, and Novem-
ber 1993, River temperatures were 11, 25, 20, and 5°C, respect-

of water and a mixture of preserved diatoms (Diet C, Coast
Seafoods, Coo., Quilcene, WA), was added 1o the chambers to
an initial concentration of 12.3 mg dry mass I”* (6.8 mg ash-
free dry mass). This concentration approximates the mean
total suspended solids observed in the St. Croix River (Horn-
bach, nnpublished data). Light absorbance of each chamber
was recorded every {5 min for 90 min. Clearance rates were
calenlated according to Coughlan (1969) and Sprung (1984)
using a standard curve and corrected for any absorbance
changes in a control chamber (see Baker & Hornbach, 1997).

tvely, Mussels were transported t8 THe TABETIETY 15 butkety
of aerated river water, Physiological measurements were
completed within three days of collection. Mussels were main-
tained until use in 20-gallon aquaria, where they were in-
serted into fine gravel i their natural infaunal position, The
acuaria were maintained at collection temperature {+ 1°C) in
environmental chambers, On & daily basis, half of the water
was removed from the aquaria and replaced with 2 combina-
tion of river water and aged, dechlorinated tap water,
Mussels were fed either dried Chioreila (Algae-Feast, The
Earthrise Co., Callpatria, CA) or a preserved diatom paste
(Diet C, Coast Seafoods, Co., Quilcene, WA) at a rate of
approximately 2% of their dry tissue mass per day. On each
sampling date, 10 to 19 specimens were used. Specimens of
A ligamentinag used in the experiments ranged froms 5410 159 g
total wet mass; specimens of 4. plicate ranged from 78 t0 259 g
total wet mass.
Physiological measurements

Meagures of oxygen uptake, smmoniz excretion, O:N ratio,
and clearance rates were performed as in Baker & Hornbach
{1997). Individual mussels were placed in filtered water (0,43
wm) i acryiie chambers (1400 mL). Temperature was main-
tained the same as when collected by mmersing the chambers
in a controfled water bath containing submersible magnetic
stirrers, Individual rates of oxygen uptake were measured as
the exygen depletion in the chambers. Oxygen concentra-
fions were measured every 30 min for two to four h with YSI
oxygen probes (5331) and monitors (5300). Oxygen uptake
rates were corrected for the volume of water displaced by the
mussels, barometric pressure, and any changes in oxygen
concentration in control chambers (sec Baker & Hosnbach,
1697). Nitrogen excretion, measured as the accumulation of
arumonia and wrea during the oxygen uptake experiments,
was measured using an Orion ammonia eleotrode (model 95-
12y and meter {mode! 920A). Ammonia excretion rates were
caloulated using standard curves and corrected for the
ammonia concentrations in control chambers (see Baker &
Hornbach, 1997). Atomic ratics of O:N were caloulated from
the oxygen uptake and nitrogen exeretion rates,

Clearance rates
Clearance rates of individual mussels were measured as the
decrease in light absorbance of an algal suspension using a
Brinkman probe colotimeter (PC 800) cquipped with a
450 nm filter (see Hornbach, Wilcox, Powers, Layne & Davis,
1981). Individual mussels were placed in the chambersin 1 L
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Intact mussels were weighed wet and measured for height,
length and width. Upon completion of the physiological
measurements, the tissues were removed from the shells and
the presence or absence of brooded glochidia in the gills was
noted. Tissue dry mass of each mussel was determined by
freeze~-drying to constant mass. Tissues were stored at —70°C
until use in the biochemical analyses. Mussel shells were dried
for several days at room temperature and weighed.

Condition index is a commeonly used measure of gross
nutrient reserves or “fatness” in marine bivalves and is essen-
tially a ratio of tissue to shell mass, Condition index was
calcnfated according to Crosby & Gale (1990):

Condition Index = [dry tissue mass (g) - 1000] / internal
shell cavity capacity {g} where, internal shell cavity capacity
(g} = total animal wet mass (g} — dry shell mass (g),

Energy stores were determined as in Baker & Hornbach
(2000}. Freeze-dried tissnes were ground to a fing powder and
stored overnight in a desiccator. Total lipid was extracted
from a preweighed amount of tissue {~50 mg) using a
chloroforni-methanal method and measured gravimetrically
(Barnes & Blackstock, 1973; Barber, Ford & Haskin, 1988).
Carbohydrate was measured colorimetrically using a phenol-
suifuric acid method {Dubols, Gilles, Hamilton, Rebers &
Smith, 19306; Barber et af., 1988). Absorbance was read at
490 nm, calibrated against 2 blank solution, A standard curve
of giycogen (Type 11, from oyster, Sigma Chemical Co., St.
Lonis, MO} was run concurrently. Protein was measured
colorimetrically using the Folin-phenol method (Lowry,
Rosebrough, Farr & Randall, 1951; Barber ef g/, 1988),
Absorbance was read at 730 nm, calibrated against a blank
sofution. A standard curve of bovine albumin (A-2153,
Sigma Chemical Co.} was run concurrently. Inorganic ash
content of the tissues was determined by placing a weighed
amount of tissuc in a tared, pre-combusted aluminum pan.
The pan and tissue were combusted for Th at 500°C, A blank
pan was combusted concurrently.

Statistical analyses
For statistical analyses, O¢N ratios were arcsine transformed
while oxygen uptake rates, ammonia eXerction rates, and
clearance rates were natural log transformed (Zar, 1984).
Biochemical variables were initially expressed as propor-
tions, and then comverted to milligrams - g™' dry mussel
tissue. Total calorific values were calenlated from the bio-
chemical contents, using the carbohydrate, protein, and lipid
energy conversion factors of 4.3, 4.3, and $.4 keal g},
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respectively {(Beukema & De Bruin, 1979). Analyses of vari-
ance were performed to test for an effect of collection date on
physiological and biochemical measures. If significant, Tukey-
Kramer multiple comparison tests were used to identify
differences between specific dates. Brooding females were
excluded from these analyses.

For months in which sufficient brooding mussels were
found, £ tests were conducted to test for effects of reproduc-
tive state on physiological and biochemical measures. All
statistical analyses were conducted using FMP Version 3.1.6
Software (SAS Institute Inc., 1994),

RESULTS

Actinonaias ligamentina

Al physiological variables of 4, ligamenting varied asa
function of collection date (Table 1; Fig. 1). Although
analysis of variance indicated that condition index
varied with collection date (Table 1), multiple com-
parisons did not reveal differences between specific
months. June 1994 and June 1995 oxygen uptake rates
were not significantly different from each other and
both were greater than those measured in October.
June 1995 oxygen uptake rates were also greater than
those in April or August; August and October oxygen
uptake rates were significantly different from each
other (Table 1; Fig. 1C). Ammonia excretion rafes in
all months, except Aprit and October, were signifi-
cantly different from each other (Table 1; Fig. 1D).
April O:N ratios were greater than those measured in
any other month. June 1995 and October O:N ratios
also differed from each other (Table 1; Fig, 1E). Octo-

ber clearance rates were significantly lower than those
measured in June 1994, Fune 1995, or August. August
clearance rates were significantly greater than those in
April or October, and April and June 1994 clearance
rates were significantly different from each other
(Table 1; Fig. 1F).

All chemical constituents and total calorific value
varied as a function of collection month (Table 1; Fig.
2A}. Protein level ranged from 40 to 53% of the total
tissue dry mass, carbohydrate from 20 to 36%, in-
organic-ash.-from.-15.to-18%, and lipid from-5 to-7%.
Multiple comparisons revealed that protein contents
were significantly greater in October than those mea-
sured in June 1994 or June 1993: all other pairs of
months were not significantly different (Table 1; Fig.
2A). June 1994 and June 1995 carbohydrate contents
were not significantly different from each other and
both were greater than those measured in October.
June 1994 carbohydrate contents were also greater
than those measured in April and August (Table I; Fig.
2A). Only June 1994 and October ash contents were
significantly different from each other; all other pairs
of monaths were not significantly different (Table 1; Fig.
2A). April lipid contents were significantly greater than
those measured in Jupe 1994, June 1995, and August.
All other pairs of months were not significantly dif-
ferent from each other (Table 1; Fig. 2A). Total calor-
ific values were significantly greater in Fune 1994 than
in August, while all other pairs of months were not sig-
nificantly different (Table 1; Fig. 2A).

Two of 12 specimens of 4. ligamenting were brood-
ing glochidia in April 1995, and six of 15 were brooding

Table 1 Actinonafas ligamentina. ANOVA: effect of collection date on physiclogy and bio-

chemical composition.

Variable df F P Pairs of significantly different months
Condition index 59 3.4 0.0138 NS
Oxygen uptake 58 11.6 0.0007  Jun’94vs. Qct

Jun "85 vs, Apr, Aug, and Oct
Aug vs, Oct

Ammonia excretion 58 55.1 0.0007  Jun "84 vs, Apr, Aug, and Oct
Jun 95 vs. Apr, Jun '24, Aug, and Oct
Aug vs. Apr and Qct
Q=N ratio 58 18.5 0.0001  Aprvs. Jun 94, Jun '9%, Aug, and Oct
Jun '95 vs. Oct
Clearance rate B8 12.3 0.0001  Jun 94 vs. Apr, and QOct
Jun ‘85 vs. QOct
Aug vs. Apr and Oct
Protein 58 4.9 0.0018  Octvs.Jun 'S4 and.Jun ‘95
Carbohydrate 58 14.0 90001 Jun'%4vs. Apr, Aug, and Qct
Jun 95 vs, Oct
inorganic ash 58 3.3 0.0158  Jun'@4vs, Oct
Lipid 59 4.8 0.0020  Aprvs.Jun 94, Jun 95, and Aug
keal 57 3.1 0.0215  Jun’94vs. Aug
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in June 1995. The number brooding in June 1995 was
sufficient to test the effects of brooding on physiology
and biochemical composition. Oxygen uptake, ammo-
nia excretion, and O:N ratie varied as a function of
brooding (Fig. 3). Brooding individuals had lower oxy-
gen upiake rates (f = 2.2, P = (.0482), lower ammonia
excretion rates (¢ = 3.0, P = (.0105), and greater O:N
ratios {t = —2.7, P = 0.0187) than non-brooding mus-
sels. Brooding had no effect on biochemical contents or
total calorific value,
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Figure 3, Actinonaias Hgamenting. Effects of brooding on oxygen
uptake rates, ammonia excretion rates and O:N ratios in June
1995, Asterisks indicate significant differences. (Means « s.e,, non-
brooding n = 9, broeding n = 6},

Amblema plicata

No broeding specimens of A. plicata were collected. All
physiological variables of A, plicara varied as a func-
tion of cotlection month (Table 2; Fig. 1). Multiple
comparisons revealed that condition indices were sig-
nificanily greater in May than those measured in July
or September; al} other pairs of months were not signifi-
cantly different (Table 2; Fig. 1B). Oxygen uptake rates
were significantly different between all pairs of collec-
tion dates {Table 2; Fig. 1C). July and September
ammenta- excretion- rates were-not-significantly-dif-
ferent from each other and both were greater than those
measured in May or November (Table 2; Fig. 1D). Tuly
O:N rattos were significantly lower than those meas-
ured in any other month. May and November O:N
ratios also differed from each other {Table 2; Fig. 1E).
November clearance rates were significantly lower
than those measured in any other month. July and Sep-
tember clearance rates also differed (Table 2; Fig. 1F),

All biochemical constituents except inorganic ash
varied as a function of collection month (Table 2; Fig.
2B). Protein level ranged from 40 to 534% of the total
tissue dry mass, carbohydrate from 26 to 37%, in-
organic ash from 9 to 11%, and lipid from 5 to 8%.
Multiple comparisons revealed that protein contents
were significantly greater in September than those mea-
sured in May or July; all other pairs of months were not
significantly different (Table 2; Fig. 2B). May carbo-
hydrate contents were significantly greater than those
measured in September or November. July and Sep-
tember carbohydrate contents also differed from each
other (Table 2; Fig. 2B}, May lipid contents and total
calorific value were significantly greater than those
measured in July; all other pairs of months were not
significantly different (Table 2; Fig. 2B).

DISCUSSION

In our seasonal study of A. ligamentina and A. plicata,
we found that (i} 4. ligamenting and A. plicata dis-
played different seasonal changes in physiclogy and
biochemical composition, (i) larval brooding affected
the physiology but not the biochemical composition of
A ligamentinag, and (i11) A. plicata had a greater carbo-
hydrate content and condition index than A. liga-
nienting.

A. ligamenting and A. plicata had differing seasonal
patterns of ammonia excretion rate, O:N ratio, and
clearance rate, while patterns of oxygen uptake rate
were similar between the two species. Overall, weight
specific metabolic rates were higher in 4. ligamentina
than in A. plicata. In both species, oxygen uptake rates
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Table 2. Amblema plicata. ANOVA: effects of collection date on physiology and biochemical
composition.

Variabie df F P< Pairs of significantly different months
Condition index 53 7.3 0.0063 May vs. Jul and Sep
Oxygen uptake 55 338 2.0001 May vs. Nov

Sepvs. May and Nov
Jutvs. May, Sep, and Nov

Ammonia excretion 54 14.6 G.CGO1 Julvs, May and Nav
Sepvs. May and Nov
Aug vs. Apr and Oct
DN ratioe... 5% 12,00 0.0001 May vs. Nov
Julvs. May, Sep, and NOv
Clearance rate 54 13.8 0.0061 May vs. Nov
Julvs. Nov
Sepvs. Jut and Nov
Protein 55 5.9 0.0014 Sep vs. May and Jul
Carbohydrate B4 10.8 0.0001 May vs. Sep and Nov
Julvs. Sep
Inorganic ash A9 1.5 0.2329 NS
Lipid 55 4.4 0.0072 May vs. Jul
keal 54 2.9 0.0453 May vs. Jul

were positively correlated with temperature, as is typi-
cal of ectothermic animals such as bivalves (Bayne &
Widdows, 1978; Hornbach, Wissing & Burky, 1983). I
is interesting, however, that the oxygen uptake rate of
A, ligamentina was higher in April than might be
expected at a temperature of only 9°C. Summer oxygen
uptake rates (25°C) were 2.5 and 2.9 times greater than
those at the lowest temperatures (9 and 5°C) for A. liga-
menting and A. plicata, respectively. This is similar to
the ratio of 2.3 measured for Pisidium walkeri (1-26°C)
(Burky & Burky, 1976).

The atomic oxygen to nitrogen ratio {O:N) is a meas-
ure of the balance between the breakdown of proteins
and the catabolism of carbohydrates and lipids. Low
O:N ratios (<< 30) in marine bivalves indicate a reliance
on protein catabolism and are usually associated with
starvation (Widdows, 1978). Freshwater mussels, how-
ever, appear to have low O:N ratios even under
favorable conditions, with previously published values
ranging from 13 to 78 (Fujikura, Segawa & Okutani,
1988; Baker & Hornbach, 1997, 2000). Low O:N ratios
in freshwater mussels are attributed to the breakdown
of dietary rather than body protein and may be the
result of low rates of growth and protein deposition. In
this study, O:N ratios were lower than previously pub-
lished for freshwater mussels; O:N ratios of 4. liga-
mentina ranged from 7 to 27, while those of A. plicata
ranged from6to 17.

Seasonal patterns of O:N ratio differed between
A. ligamenting and A. plicata. O:N ratios of 4. liga-
menting were highest in April, as a result of relatively

high oxygen uptake rates and low ammonia excretion
rates, This comparatively high O:N ratio suggests an
increased reliance on carbohydrate and lipid cata-
bolism. Compared to those of A. ligamentina, A. plicata
had a smaller range of O:N ratios throughout the year,
The highest O:N ratio of A. plicata occurred in July, as
a result of a high oxygen uptake rate but a relatively
low ammeonia excretion rate, Again, this combination
suggests a relatively greater use of carbohydrates and
lipids than during the rest of the year.

A, ligamenting and A. plicata also had different
seasonal patterns of clearance rate. In A. ligamentina,
clearance rates were positively correlated with tempera-
ture, as is typical of many freshwater bivalves (Horn-
bach, Way, Wissing & Burky, 1984; Burky, Benjamin,
Conover & Detrick, 1985). In many other bivalves,
there is no consistent seasonal pattern of clearance rate
because temperature acclimation occurs (Bayne & Wid-
dows, 1978; Bayne, Moore, Widdows, Livingstone &
Salkeld, 1979). Such thermal acclimation of clearance
rate appears to have occurred in A. plicata, although
the low clearance rate in July (25°C) may indicate ther-
mal stress (Widdows, 1978).

A. ligamenting and A. plicata had differing patterns
of seasonal biochemical composition. However, both
species had low protein and high carbohydrate con-
tent in early swmnmer (June for A. lgamentina, May for
A. plicata). High carbohydrate content at his time may
have been associated with gonad development (Jadhov
& Lamte, 1982). Protein content within each species
changed more dramatically over the year than did the
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other biochemical constituents. Although glycogen is
regarded as the major form of energy reserve in bi-
valves (de Zwaan & Zandee, 1972), protein reserve may
be used simultaneously with carbohydrate, or even as
the primary energy source (Ansell & Sivadas, 1973;
Riley, 1976), Cycies of nutrient storage and use reflect
complex interactions between food supply, tempera-
ture, growth, and reproduction (Gabbott, 1976},

We found that there were dilferences in phystology
between brooding and non-brooding 4. ligamentina.

Brooding.specimens.had. lower oxygen uptake, lower.

ammonia excretion rates, and higher O:N ratios than
did non-brooding individuals. This relationship be-
tween larval brooding and metabolism has also been
observed in other freshwater mussels (Tudorancea &
Florescu, 1969; Burky & Burky, 1976; Tankersley &
Dimock, 1993). In some freshwater mussels, however,
oxygen uptake increases during the reproductive
peried {Way, Hornbach & Burky, 1981). Rates of
ammonta excretion and O:N ratios can change during
reproduction depending on the protein source (Kreeger,
Hawkins, Bayne & Lowe, 1995},

The introduction of zebra mussels (Dreissena poly-
morpha) to North American freshwater systems has
caused a dramatic decline in the abundance of unionid
mussels {(Gillis & Mackie, 1994; Nalepa, 1994). Mortal-
ity rates due to infestation are species-specific; for
example, there has been a greater reduction in the
number of unionid mussels belonging to the subfamily
Lampsilinae than in those belonging to the subfamily
Ambleminae (Haag et i, 1993; Ricciardi, Whoriskey
& Rasmussen, 1996). In addition, A. ligamenting
appears to be more physiciogically sensitive to infesta-
tion than is A. plicata (Baker & Hornbach, 1997). In
this study, we found that A. ligementing had a lower
carbohydrate content and condition index than did
A. plicara. 1f this is also true of other species in the sub-
families Lampsilinae and Ambleminae, differences in
catbohydrate content and condition, combined with
greater weight-specific metabolic rates, couid help ex-
plain species-specific mortality rates due to zebra mus-
sel infestation. Based on our observations, we predict
that freshwater mussel species with high metabolic
rates and low energy reserves will starve more quickly
when infested by zebra mussels than will species that
have greater energy reserves and lower weight-specific
metabolic rates.

ACKNOWLEDGMENTS

This study was supported by funds from the Envircnmental
Protection Agency (cooperative agreement CR820081} to

D.J.H. We thank Patrick Baker, Tony Deneka, and Daniel
Schibel for collection of unionids. Maria Cedroni and Tony
Deneka assisted in the physiclogical measurements and
animal maintenance. We especially thank Deborah Bartz
for performing the biochemical analyses and Bruce Barber
(University of Maine) for providing advice. Anonymous
reviewers provided helnful comments on the manuseript.

REFERENCES

ANSELL, A.D. & SIVADAS, P. 1973, Some effects of
temperature and starvation on the bivalve Donax viftatus
(da Costa) in experimental laboratory populations.
Journal of Expertmental Marine Biology and Ecology, 13
220-262.

BAXER, S M. & HORNBACH, D.J, 1597, Acute physio-
logical effects of zebra mussel (Dreissena polpmorpha)
infestation on two unionid mussels, Aectinongias liga-
menting and Amblema plicata, Canadion Journal of Fish-
eries and Aquatic Sciences, 54: 512-519,

BAKER, 8. M. & HORNBACH, D.J. 2000. Physiological
status and biochemical composition of a natural popula-
tion of unionid mussels (Amblema plicata) infested by
zebra mussels (Dreissena polymorpha), American Midland
Nuturalist, 143: 443-452.

BARBER, B.J., FORD, SE & HASKIN, H.H. 1988
Effects of the parasite MSX {( Haplosporidium nelsoni) on
ayster (Crassostrea virginica) energy metabolism - I Tis-
sue biochemical composition. Comparative Biochemistry
and Physiology, 91 A; 603608,

BARNES, H. & BLACKSTOCK, 1. 1973. Estimation of
lipids in marine animals and tissues: detailed investigation
of the sulphophosphovanillin method for ‘“total” lipids,
Journal of Experimenial Marine Biology and Eeology, 12
103-118.

BAYNE, B.L. & WIDDOWS, J. 1878, The physiciogical
ecology of two populations of Mytitus edulis 1. OQecologio,
37 137-162.

BAYNE, B.L., THOMPSON, R.J. & WIDDOWS, 1. 1976.
Physiology. In: Marine Mussels: Their Ecology and Physto-
logy {(B.L. Bayne, ed.), 121--206. Cambridge University
Press, London.

BAYNE, B.L., MOORE, M.N., WIDDOWS, J., LIVING-
STONE, D.R. & SALKELD, P. 1979. Measurement of
the responses of individuals to environmental stress and
pollution: studies with bivalve molluscs. Philosophical
Transactions of the Royal Society of London B Series, 286:
363581,

BEUKEMA, 1.7, & DEBRUIN, W. 1979. Calotific values of
the soft parts of the tellinid bivalve Macoma balthica (L.}
as determined by two methods. Journal of Experimental
MarineBiclogy and Ecology 37: 19-30.

BOGAN, A.E. 1993, Freshwater bivalve extinctions (Mo-
lhusca: Enionoidal: a search for causes. American Zoo-
logist, 33; 599--609.

414



SEASONAL METABOLISM OF UNIONID MUSSELS

BURKY, A.J. & BURKY, K.A. 1976. Seasonal respiratory
variatior and acclimation in the pea clam, Pisidium walkeri
Sterki. Comparative Biochemistry and Physiology, 55Ax
106114,

BURKY, AJ., BENJAMIN, R.B., CONOVER, D.G. &
DETRICK, LR, 1985. Seasenal responses of SHration
rates to temperature, oxygen availability, and particle
concentration of the freshwater clam Musculivm pariu-
meiur (Say). American Malacological Bulletin, 3; 210-212.

COUGHLAN, J. 1969. The estimation of filtering rate from
the clearance of suspensions. Marine Biology, 2: 356-358.

T CROSBY, MP & GATE L1 199G, A review and evaina.

tion of bivalve condition index methodologies with a
suggested standard method. Journal of Shellfish Research,
9:233-237.

DEZWAAN, A. & ZANDEE, D.1. 1972, Body distribution
and seasonal changes in the glycogen content of the com-
maon sea musset Mytilus edulis. Comparative Biochemistry
and Physivlogy, 43A: 53-58,

DUBOIS, M., GILLES, KA, HAMILTON, JX.,
REBERS, P.A. & SMITH, F. 1956, Calorimetric methad
for determination of sugars and related substances. Ana-
Iytical Chemistry, 28, 350-336.

FUJTKURA, K., SEGAWA, S. & OKUTANI, T. 1988,
Respiration rate and ammonia excretion rate of fresh-
water mussel Unio douglasice (Griffith Pidgeon). Vemus:
the Japanese Journal of Malacology, 47 207-231.

GABBOTT, P.A, 1976, Energy metabolism. Tn: Muarine
Mussels: Their Ecology and Physiology (B.1.. Bayne, ed.),
121-206. Cambridge University Press,

GILLIS, P.L. & MACKIE, G.L. 1594, Impact of the zebra
mussel, Dreissene polymorpha, on populations of Union-

idae (Bivalvia) in Lake St. Clair. Cunadian Journal of

Zoology, T2 260-1271,

HAAG, W.R., BERG, D.J. & GARTON, D. W. 1993,
Reduced survival and fitness in native bivalves in response
to fouling by the introduced zebra mussel (Dreissena poly-
morpha) in Western Lake Erie. Canadian Journal of Fish-
eries and Aquatic Sciences, 50: 13-19.

HORNBACH, D.J., WISSING, T.E. & BURKY, A.J, 1983,
Seasonal variation in the metabolic rates and Q,pvalues
of the fingernail clam, Sphaerium striatinum Lamarck.
Comparative Biochemisiry and Physiology, T6A: 783790,

HORNBACH, DJ, WAY, CM., WISSING, TE. &
BURKY, A.J. 1984, Effects of particle concentration and
season on the filtration rates of the freshwater clam,
Sphaerivm  striatinwm  Lamarck (Bivalvia: Pisididae).
Hydrobiplogia, 108: §3-96.

HORNBACH, D.J., WILCOX, T., POWERS, L., LAYNE,
I & DAVIS, T. 1991. A method for assessing clearance
rates in suspension-feeding organisms using a fiber-optic
colorimeter. Canadian Jowrnal of Zoology, 69; 2703-2706.

JADHOV, M.L. & LOMTE, V.S. 1982. Seasonal variation
in biochemical composition of the freshwater bivalve,
Lamellidens corrianus, Rivista di Idrobiologta, 21; 1~17.

415

KASPRZAK, K. 1986. role of Unionidae and Sphaeriidae
{Mollusca, Bivalviz) in the eutrophic Lake Zbechy and its
outflow. Internationale Revue Gesamten Hydrobiologie,
T1:315-334,

KREEGER, DA, HAWKINS, AJ, BAYNE, BL. &
LOWE, D.M. 1995, Seasonal variation in the relative
utilization of dietary protein and biosynthesis by the
mussel Mytilus edulis. Marine Ecology Progress Series,
126: 177-184.

LEWANDOWSK], K. & STANCZYKOWSKA, A. 1975.

The occurrence and role of bivalves of the family Union-

idaein Mikolajskie Lake. Ekologia Polska, 23:317-334

LOWRY, O.H., ROSEBROUGH, N.J., FARR, AL. &
RANDALL, R.J. 1951, Protein measurement with the
Folin phenol reagent. Journal of Biological Chemisiry,
193: 265-275.

NALEPA, T.F. 1994. Decline of native unionid bivalves in
Lake St Chair after infestation by the zebra mussel,
Dreisseny polymorpha, Canadiarn Journal aof Fisheries and
Aguatie Sciences, 51: 2227-2233,

NALEPA, T.F., GARDINER, W.5. & MALCZYK, I.M.
1991, Phosphorus cycling by mussels (Unionidae: Bi-
valvia) in Lake St. Clair. Hydrobiologia, 219: 239250,

ORION RESEARCH INCORPORATED. 1990. Model
95-12 ammonia electrode instruction manual. 36 ep.

PARMALEE, P.W. & BOGAN, A.E. 1998, The Freshwater
Mussels of Tennessee. University of Tennessee Press.
328 pp.

PIETERS, H., KLUYTMANS, LH,, ZURBURG, W. &
ZANDEE, D1, 1979. The influence of seasonal changes
on energy metabolism in Myt edulis (1L.). 1. Growth
rate and hiochemical composition in relation to environ-
mental parameters and spawning, In: Cyclic Phenomena in
Marine Plants and Animals (E. Naylor & R.G. Hartnol,
eds), 284-292. Pergamon Press Ltd, Oxford.

RICCIARDI, A, WHORISKEY, F.G. & RASMUSSEN,
I.B. 1996. Tmpact of the Dreisseng invasion on native
unionid bivalves in the upper St. Lawrence River. Canadian
Journal of Fisheries and Agquatic Sciences, 83 1434~ 1444,

RILEY,R.T. 1976. Changes in the total protein, lipid, carbo-
hydrate, and extraceilular body fluid free amine acids of
the Pacific oyster, Crassostrea gigas, during starvation.
Proceedings of the National Shellfisheries Association, 65:
84-90,

SASINSTITUTE, INC. 1994. IMP Version 3 Software. SAS
Campus Drive, Cary, NC27513.

SPRUNG, M. 1984. Physiological energetics of mussel lar-
vae (Mytilus edulis). 1L Food intake. Marine Ecology
Progress Series, 17: 295-305.

TANKERSLEY, R A, & DIMOCK, R.V. 1993, The effect
of larval brooding on the respiratory physiology of the
freshwater unionid mussel Pyganodon cataracta. Amer-
tean Midland Noturalist, 130: 146-163,

TUDORANCEA, C. & FLORESCU, M. 1965, Aspects ale
productiei si energeticii populatiei de Anodonta piscinalis
Niisson din Balta Crapina (zona inundabilz a Dunarii),
Studii Cercetari de Biologie Serie Zoologie, 21; 43-53.



5.M. BAKER & D.J. HORNBACH

WAY, CM,, HORNBACH, D.J. & BURKY, A.1. 198].
Seasonal metabolism of the sphaeriid clam, Musculium
partumeiurm, from 4 permanent and temporary pond.
Nautilus, 95: 55--58,

WIDDOWS, J. 1978, Physiological indices of stress in

Myiilus edulis. Journal of the Marine Biological Associa
tion of the United Kingdom, 58: 125-142,

WILLIAMS, I.D.. WARREN, M.L,, IR, CUMMINGS,
K5, BARRIS, L. & NEVES, R.J. 1993, Conservation
status of freshwater mussels of the United States and
Canada. Fisheries, 18;: 6-22.

ZAR, I, 1984, Biostatistical Analysis, 718 pp. Prentice-
Hall, Englewcod Cliffs, New Jersey,




