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ABSTRACT: Invasive species can have large impacts on food webs if their metabolic demands are higher
than those of extant species. The clam Corbula amurensis is believed to have caused a large shift in the
pelagic food web in the northern reach of the San Francisco Estuary (USA) since its introduction in the
1980s. This shift has been attributed to the clam’s high density, high suspension-feeding rates, and ability to thrive in a wide range of salinities. To understand how environmental salinity alters the potential
metabolic impacts of C. amurensis on the pelagic food web, we investigated clam metabolism following
acclimation to constant low, constant high, and fluctuating salinities. We measured growth rate, feeding
rate, respiration rate, activity of the metabolic enzyme malate dehydrogenase (MDH), and osmoregulatory performance. Clams did not grow during a 3 mo period at either high or low salinity, although they
fed more rapidly following acclimation to high salinity than low. C. amurensis had higher metabolic rates
in both high and low salinity than in fluctuating salinities. Activity of MDH was positively correlated with
salinity in both foot and mantle tissues. MDH activities of C. amurensis were twice those of other clam
species. Osmotic pressure of C. amurensis tissues was always lower than that in the acclimation water,
but clams hyporegulated to a greater extent in high-salinity conditions. Overall, our results suggest that
clams experiencing higher salinities increase metabolic rates to support greater osmoregulation and
compensate by increasing their filter-feeding rate.
KEY WORDS: Corbula · Clam · Metabolism · Salinity · MDH · Osmoregulation · San Francisco Bay ·
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INTRODUCTION
Many of the world’s freshwater and estuarine ecosystems have been altered in the past century by invasive
species (Strayer 2010). The degree to which invasive
species disturb existing ecological communities depends on the specific dynamics of food webs characterizing those communities (May 1973). The strength of interactions between an introduced species and the
extant community depends in part on the metabolic demands of the invasive species. In particular, altered
community dynamics may occur when the introduced
species is at a low trophic level (e.g. primary consumer).
In this study, we investigated the metabolic demands of
an invasive estuarine filter-feeding bivalve mollusk under conditions of varying salinity.
The overbite clam Corbula amurensis was first
discovered in the San Francisco Estuary (SFE), USA,

in October 1986, and reached densities exceeding
10 000 m–2 within 2 yr (Carlton et al. 1990). By 1990, C.
amurensis was a dominant species in benthic communities throughout the estuary at a wide range of salinities and temperatures (Nichols et al. 1990). Filterfeeding by C. amurensis has been linked to a reduction
in summertime phytoplankton abundance in the shallow brackish northern reaches of the SFE (Alpine &
Cloern 1992). In addition to phytoplankton, C. amurensis is capable of grazing on bacterioplankton (Werner
& Hollibaugh 1993) and copepod nauplii (Kimmerer et
al. 1994), and is thus able to graze on the entire base of
the food web. A decline in abundance of 3 common
estuarine copepod species coincided with the invasion
of C. amurensis, probably through a combination of
predation and competition for food in the form of
phytoplankton and microzooplankton (Kimmerer &
Orsi 1996). Concurrent declines occurred in abun-
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dances of other pelagic taxa including mysid shrimp
Neomysis mercedis (Orsi & Mecum 1996), longfin
smelt Spirinchus thaleichthys (Kimmerer 2002a), and
striped bass Morone saxatilis (Kimmerer et al. 2009),
all presumably due to food limitation. Furthermore,
food limitation has probably played a role in the continuing decline of these and other estuarine fish species (Feyrer et al. 2007, Sommer et al. 2007).
Salinity patterns in the upper estuary respond strongly
to freshwater flow, and climate shifts and water management practices in the Sacramento-San Joaquin Delta
alter the seasonal and interannual patterns of flow
(Roos 1989, Knowles & Cayan 2002, Kimmerer 2002b).
Furthermore, a large area of subsided farmland in
the delta, poorly protected by weak levees, may catastrophically flood, shifting the salinity field far to landward (Mount & Twiss 2005). Shifts in the salinity field
are likely to affect freshwater supplies and alter the
distributions of key estuarine species, and are therefore of key interest for management (Moyle 2008).
Rapid and substantial fluctuations in salinity can
force physiological responses of estuarine organisms
such as Corbula amurensis. Chaparro et al. (2008)
showed that the suspension-feeding gastropod Crepipatella dilatata slows and eventually ceases filtration
at salinities below 20. During exposure to reduced
salinity, the bivalve filter feeder Argopecten purpuratus lowers clearance and ingestion rates (FernándezReiriz et al. 2005). Reduction of digestive enzyme activity has also been observed in A. purpuratus during
hyposmotic stress (Fernández-Reiriz et al. 2005).
Energetic requirements imposed by varying environmental salinity on Corbula amurensis may alter
their energy demand and therefore the impact of these
clams on the pelagic food web. Thus, understanding
the energetic consequences of environmental salinity
in C. amurensis is a key to developing ecological models of predicting the impact of this species under different salinity scenarios. To determine how the energetics
of these clams may vary with the salinity regime, we
investigated metabolic rate, metabolic enzyme activity,
filtration rate, and osmoregulation of this species acclimated at several salinities, including both constant and
fluctuating salinities.

MATERIALS AND METHODS
Specimen collection and maintenance. Corbula amurensis were collected by dredge in November 2008 from
Spoonbill Creek in North San Pablo Bay (38° 5’ 10” N,
122° 1’ 40“ W) where salinity at time of collection was
13. Clams were acclimated for 4 to 8 wk in 10 l aquaria
to 3 different salinities: 2 (low), 28 (high), or 4 to 14
(fluctuating) at 15°C. Clam valve lengths, heights, and

widths ranged from 13.1 to 19.3 mm, 8.0 to 11.2 mm,
and 4.0 to 6.6 mm, respectively, using clam morphometric nomenclature of Gaspar et al. (2002).
Salinity fluctuations from salinities of 4 to 14 at 12 h
intervals were produced by alternately pumping
COMBO artificial fresh water (Kilham et al. 1998) and
synthetic seawater (Seachem ReefSalt) into aquaria.
Water for constant salinity acclimation treatments at
salinity of 2 and a salinity of 28 was seawater diluted
with COMBO. Clams were fed Shellfish Diet © (www.
Shellfish-Diet.com) to chlorophyll a (chl a) concentrations of 100 to 120 µg l–1 every other day. This concentration is equivalent to the historical upper limit of
phytoplankton biomass in the northern SFE (Arthur &
Ball 1979). Shellfish Diet© is a mixture of 4 marine
microalgae (30% Isochrysis, 20% Pavlova, 20% Tetraselmis, and 30% Thalassiosira weissflogii), each of
which can be used to rear a variety of mollusks including oysters, clams, mussels, and scallops. To compare
metabolic enzyme activities of Corbula amurensis to
other common bivalves, Manila clam Venerupis philippinarum and cherrystone clam Mercenaria mercenaria
were purchased from a San Francisco seafood market
and acclimated to a salinity of 28 for 4 to 8 wk.
Whole organism physiology. To determine growth
rate, clam shell dimensions (length, width, and height)
were measured weekly for 15 wk in 10 clams treatment–1 at 10 µm precision using Fisherbrand digital
traceable calipers. Clam weight in shell, wet tissue
mass, and dry tissue mass were determined for a large
number of clams to assess the relationship among
these variables (Fig. 1), specifically whether shell density or thickness differed among acclimation groups.
Clearance rate was measured by placing individual
clams in 30 ml jars with 23 ml of corresponding acclimation water at 14 to 15°C and 12 g of crushed coral
sand (Aragamax, Brand Carib Sea). Sand was used
because growth has been shown to be greatest in sediments with 70 to 80% sand, and slower in soft muds
(Carlton et al. 1990). Clams exhibited typical behavior:
they siphoned, burrowed, and searched for substrate
in the Aragamax sand. A small water volume of 23 ml
was used in clearance rate experiments so that a large
decrease in chl a would be observed over a short
experimental duration. Water was mixed with gentle
aeration to keep food suspended and homogeneous.
Shellfish Diet© was added to a final density of 300 ±
10 µg l–1 chl a in each jar. Nine percent of the volume
of Shellfish Diet© is dry weight (www.Shellfish-Diet.
com). Light microscopy was used to verify that phytoplankton cells in Shellfish Diet© did not lyse at any of
the experimental salinities. Phytoplankton relative
fluorescence (RFU) measured at 10 min intervals for
80 min did not differ between salinity of 2 and 28
(mean ± SD = 37 436 ± 1395 and 37 146 ± 777 respec-
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Fig. 1. Corbula amurensis. Correlation and regression analyses of mass measurements. (A) Dry weights vs. wet weights,
(B) weight in shell vs. wet weight, and (C) weight in shell vs.
dry weight. All equations expressed in units of 10– 3 g. In (A),
dashed line represents regression through the origin

tively; t-test, p = 0.59). Water samples of 110 µl were
taken from each jar every 10 min for 60 min and placed
into wells of a Corning flat black 96-well microplate.
Fluorescence of chl a was measured with a Tecan Infinite 200 microplate spectrophotometer using 480 nm
excitation and 680 nm emission filters. The experimental duration of 60 min resulted in sufficient reductions in chl a to get a representative feeding response
(Fig. 2). Clearance rates were calculated as:
Fi = (bC – bi )V/W
–1

–1

(1)

where Fi is clearance rate (l g h ) for clam i, bC is
the mean slope of ln fluorescence versus time in the
controls, bi is the slope of ln fluorescence versus time
for clam i, V is water volume (l), and W is dry weight of
the clam (g). Clams were weighed in shell, wet tissues
were dissected and weighed, and then tissues were
dried and weighed again. Linear regression models
were used to estimate dry weights from wet weights
(Fig. 1). This model was used to determine dry mass
when only wet weights were available.
Respiration rate was determined at 15°C using a single-valve differential manometric respirometer (Gilson
International). Clams were placed in individual 20 ml
respirometry flasks with 11 ml of corresponding acclimation water and 9 ml air. Each flask housed a side
compartment in which a 2 cm long piece of filter paper
was placed to wick from a reservoir containing 0.6 ml
of 3 M KOH to scrub gaseous CO2. Respiration rates for
each individual were measured in triplicate 90 min
assays, with consumption of O2 measured at 15 min
intervals during each assay. Oxygen consumption rates
were calculated as µmol O2 h–1 g dry weight–1.
Sub-organismal physiology. Malate dehydrogenase
(MDH) is a metabolic enzyme that plays critical roles in
a variety of metabolic pathways (Goward & Nicholls
1994) and is correlated with overall metabolism in
mussels (Dahlhoff et al. 2002). Activity of the MDH was
determined following Siebenaller & Somero (1982) in
mantle and foot tissues from 8 Corbula amurensis per
salinity acclimation treatment, as well as from Venerupis philippinarum and Mercenaria mercenaria. Mantle
was chosen because it is an osmoregulatory tissue in
bivalve mollusks (Deaton 1987, 1992), and foot because it is actively used during burrowing and maintenance of position. Each tissue sample was homogenized in Kontes-Duall ground glass homogenizers in 29
volumes (weight volume–1) of 50 mM potassium phosphate buffer and centrifuged for 15 min at 16 000 × g.
Five µl of tissue homogenate was added to wells of a
Corning flat black 96-well microplate and inserted into
a Tecan Infinite 200 Microplate Spectrophotometer.
Using an automatic injection system, 200 µl of MDH
assay cocktail (200 mM imidazole/Cl pH 7.2, 0.15 mM
NADH, and 0.2 mM oxaloacetate) was injected into
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each well. Absorbance of NADH was followed at
340 nm for 1 to 2 min, and temperature was held constant at 25°C. MDH activity (µmol oxaloacetate oxidized min–1) is expressed in international units (IU) g–1
fresh weight (FW).
Osmolarity of clam tissues was determined by dissecting whole clams and homogenizing in 5-fold dilutions of deionised H2O with Kontes-Duall ground
glass homogenizers. Ten µl of homogenate was used to
determine osmolarity using an Osmette freeze-point
depression osmometer. Osmolarity of the acclimation
water was also determined by the same method.
Na+/K+ ATPase is an enzyme that controls the membrane-bound Na+/K+ ion pump and therefore controls
the cell’s ion concentration, or its osmolarity. Mantle
tissue was dissected from clams and homogenized in
Kontes-Duall ground glass homogenizers in a 15-fold
dilution of 50 mM Imidazole/Cl, pH 7.3, 20 mM
Na2EDTA, and 300 mM sucrose buffer, and centrifuged for 2 min at 16 000 × g to remove large particles. Assays were performed in a Corning flat black
96-well microplate using a Tecan Infinite 200 Microplate Spectrophotometer at 25°C. Six wells sample–1
were prepared in which 5 µl supernatant was placed
in each well, 3 wells had 40 µl of 10 mM ouabain, a
specific inhibitor of Na+/K+ ATPase (Hilden & Hokin
1976), and 3 wells had 40 µl H2O. To each well we
added 200 µl of Na+/K+ ATPase assay cocktail containing 148 mM NaCl, 23.7 mM KCl, 7.74 mM MgCl2,
35.5 mM imidazole, 0.59 mM EGTA, 0.47 mM KCN,
pH 7.25, 22.5 mM Na2ATP, 4.5 mM Na2NADH, 45 mM
phosphoenolpyruvate mono cyclohexyl ammonium salt,
67.5 U ml–1 pyruvate kinase enzyme (Sigma P138110KU), and 45 U ml–1 lactate dehydrogenase enzyme
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(Sigma L2625-2.5KU). Oxidation of NADH was monitored at 340 nm for approximately 30 min.
Statistical analyses were conducted in Microsoft
Office Excel version 2007 for Windows and SPSS version 15. Regressions for clearance rate analysis were
conducted in MATLAB version 5. In the text, data are
presented as means ± 95% confidence intervals unless
otherwise noted.

RESULTS
Whole organism physiology
We did not observe an effect of acclimation salinity
on growth rate over any of the 3 shell size metrics.
Shell length, width, and height did not increase over
the course of our study.
Clams acclimated to high salinity cleared 2.2 ± 1.0 l
h–1 g–1 dry weight (DW), while clams acclimated to low
salinity cleared 0.9 ± 0.5 l h–1 g–1 DW, about 41% of the
rate at high salinity (t-test, p < 0.05, Fig. 3).
Clams acclimated to high salinity did not show significantly higher oxygen consumption rates (VO2, 41 ±
10 µmol O2 h–1 g–1 DW, n = 8) compared to clams in the
low-salinity acclimation group (34.4 ± 2.2 µmol O2 h–1
g–1 DW, n = 8, ANOVA, p = 0.2; Fig. 4). Clams in fluctuating salinity had 40% lower VO2 (25.6 ± 5.3 µmol O2
h–1 g–1 DW, n = 7) than both low and high salinity
acclimation groups, except for 1 outlier individual
(ANOVA with outlier removed, p < 0.01; Fig. 4). VO2 of
1 clam in the fluctuating salinity group far exceeded
that of any of the other specimens in all salinity acclimation groups (617 µmol O2 h–1 g–1 DW, Fig. 4). We
5

Clearance rate (l h–1 g –1 DW)

142

4.5
4
3.5
3
2.5

1.5
1

0

10

20

30

40

50

60

Time (min)
Fig. 2. Examples of raw data acquired from clearance rate experiments. Salinity 28: f(x) = –511.7x + 40589, r2 = 0.97; salinity
2: f(x) = –361.1x + 41070, r2 = 0.98; no clam control: f(x) = –26.8x
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Fig. 3. Corbula amurensis. Clearance rates of clams acclimated to salinities of 2 and 28. Boxplots represent mean (dot),
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and bottom bars). The mean clearance rate at high salinity
was about twice that at low (t-test, df = 1, p < 0.05)
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Sub-organismal physiology
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could not identify any reason to suggest
an external disturbance or other factor that
could have caused a spuriously high metabolic rate. This clam behaved similarly and
was of similar size class to the other clams.
In addition, other clams tested in that particular respirometer channel had VO2s that
were not outliers. We conclude that this was
a genuinely high value showing a capability
of at least some clams to respire at extraordinary rates.
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Clams hyporegulated osmotic content
25
regardless of acclimation salinity, but the
degree of regulation was greater at high
20
salinity (Table 1). Tissue osmolarity of low2
4 –14
28
salinity clams was 3.4 times lower than that
Salinity
of the water, while tissue osmolarity in the
Fig. 4. Corbula amurensis. Oxygen consumption rates of clams acclihigh-salinity group was 8.2 times lower
mated to constant and fluctuating salinity. Boxplots as in Fig. 3. Both the
than that of the water (ANOVA, df = 1, p <
high salinity acclimation group and the low acclimation groups show
higher O2 consumption rates than the fluctuating groups showing an
0.001; Table 1).
overall effect of both high and low salinity stress (ANOVA, p < 0.01). SigWe were unable to determine the fraction
nificant difference represented by different lowercase letter from Tukey’s
of total ATPase activity attributable to the
HSD (df = 2, p < 0.01). The inset includes the outlier individual in the
+
+
Na /K ATPase using inhibition by ouabain
fluctuating group (see ‘Results’), which was excluded from the analysis
or by using a K+-free assay cocktail. Total
ATPase activity was 5.9 ± 0.6 µmol ATP
min–1 g–1 for the low salintiy clams and 3.1 ± 0.9 µmol
Table 1. Corbula amurensis. Osmotic content (mOsm l–1 ±
–1 –1
1 SD) of tissue and acclimation tank water at 2 different
ATP min g FW for the high salinity clams, but total
salinities
ATPase activity was unchanged in the presence of the
inhibitor. Thus, it is possible that Corbula amurensis
Salinity
Clams (n = 5)
Water
Water:clam ratio
osmoregulatory ion pumps are ouabain insensitive, or
that the activities of osmoregulatory ion pumps were
2
31.0 ± 5.40
108
3.4
too low to measure using the enzyme-coupled spec28
99.2 ± 25.6
815
8.2
trophotometric activity assay method.
MDH activity of Corbula amurensis foot tissue ranged
from 270 to 325 µmol oxaloacetate oxidized min–1 g–1
Activities in foot tissue of the 2 other species assayed in
FW with an 18% change in activity from low salinity to
this study, Venerupis philippinarum and Mercenaria
high salinity (Fig. 5, ANOVA, p < 0.05). There was no
mercenaria, were 175 ± 27 and 167 ± 29 µmol oxaloacsignificant difference in foot MDH activity between C.
etate oxidized min–1 g–1 FW, respectively. C. amurenamurensis acclimated to fluctuating salinity and clams
sis, in all treatments, showed higher MDH activities
acclimated to either low or high constant salinity
than other organisms assayed in this and other studies
(Fig. 4). MDH activity in mantle tissue ranged from 94
(Table 2).
to 152 µmol oxaloacetate oxidized min–1 g–1 DW with
a 38% increase in activity from low salinity to high
salinity (ANOVA, p < 0.001). Clams acclimated to high
DISCUSSION
salinity had significantly higher mantle MDH activity
than did clams in either of the other salinity acclimaOur results indicate that the invasive clam Corbula
tion groups (ANOVA, Tukey’s HSD, df = 2, p < 0.01).
amurensis has metabolic demands that positively corFoot tissue assayed from all clams always had higher
relate to environmental salinity. This implies greater
MDH activity than the mantle tissues, but mantle tisscope for growth and energetic reserves for clams at
sue had lower variance within groups and differences
low salinity, and higher feeding rate at high salinity. In
could be seen more clearly between treatment groups.
studies of C. amurensis ammonium excretion rates
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Fig. 5. Malate dehydrogenase (MDH) activity in tissues of overbite clams Corbula amurensis at different acclimation salinities
and in 2 other clam species (Mercenaria mercenaria and Venerupis philippinarum), acclimated to high salinity. Boxplots drawn as
in Fig. 3. Activity (µmol oxaloacetate oxidized min–1) expressed in International Units (IU) per g fresh weight. Different lowercase
letter assignments indicate a significant difference in activity. Differences among mantle tissues based on Tukey’s HSD (df = 2,
p < 0.001) and differences among foot tissues based on Dunnett’s (df = 2, p < 0.05). Species-wise comparison of MDH activities
shows higher activities in C. amurensis than in M. mercenaria or V. philippinarum (ANOVA, df = 2, p < 0.05)

(Vexcr NH4; V. Greene, A. Kleckner & J. H. Stillman
unpubl. data), food-limited clams had elevated Vexcr
NH4 potentially due to the metabolism of body protein
for ATP production. This suggests that if clam metabolic demands increased without concomitant increases
in feeding rate, these clams would likely have smaller
biomass and protein content. Projections based on sea
level rise and potential loss of levees in the upper SFE
indicate greater penetration of salinity into the estuary
in the future (e.g. Knowles & Cayan 2002, Mount &
Twiss 2005). This will result in a greater area of shallow water at high salinity, where the higher metabolic
demands for clam homeostasis may result in a higher

filtration impact. At the same time, the spatial-temporal pattern of settlement and retreat of clams at the
low-salinity limit of their distribution will depend on
their energy reserves and ability to withstand periods
of freshwater inundation.
Clams did not grow during the 15 wk over which
measurements were taken. Clam sizes ranged from 13
to 19 mm, which is close to the largest shell sizes commonly observed in the northern SFE (Carlton et al.
1990), and could imply that the clams may have
reached their maximum size and therefore were no
longer growing. Clams in this study were collected in
late fall when they are at their largest size, thus sea-

Table 2. Malate dehydrogenase (MDH) activity of Corbula amurensis, additional clam species, and fish muscle. Activity (µmol
oxaloacetate oxidized min–1) expressed as International Units per gram fresh weight. A range of values indicates that MDH
activity at 25°C was calculated using Q10 = 2 and Q10 = 3. na: not applicable
Species

Tissue

Original assay
temp (°C)

Original MDH
activity

MDH
activity

Source

Corbula amurensis (bivalve)
Corbula amurensis (bivalve)
Venerupis philippinarum (bivalve)
Venerupis philippinarum (bivalve)
Mercenaria mercenaria (bivalve)
Mercenaria mercenaria (bivalve)
Mytilus californianus (bivalve)

Foot
Mantle
Foot
Mantle
Foot
Mantle
Mantle

25
25
25
25
25
25
25

na
na
na
na
na
na
na

325
153
175
63
167
61
41–71

Foot
Mantle
Foot
White muscle

20
20
20
10

163.3
146.1
62.57
89.9

231–283
207–253
89–108
253–465

Present study
Present study
Present study
Present study
Present study
Present study
Dahlhoff et al. (2002),
Stillman et al. (1996)
Grandón et al. (2008)
Grandón et al. (2008)
González et al. (2008)
Childress & Somero (1979)

Diplodon chilensis (bivalve)
Diplodon chilensis (bivalve)
Calyptogena gallardoi (bivalve)
Vinciguerria lucetia (mesopelagic fish)
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sonal or life-history growth cessation is a possibility. If
the clams in this study did have a programmed growth
cessation, then the energetic needs of these clams
would be less than that of actively growing clams. An
alternative energetic explanation for the lack of
growth observed in our study is that clams in the acclimation aquaria may have been food-limited and thus
were unable to partition energy towards growth once
energetic demands for basic cellular functions and
osmoregulation had been allocated. Clams were fed
Shellfish Diet© to chl a concentrations equivalent to
some of the highest chl a values recorded in the Suisun
Bay (Arthur & Ball 1979). Since clams were fed every
other day, addition of more food to the clam acclimation tanks may have given the clams additional energy
required for growth. However, feeding had to be limited to minimize water fouling in the small acclimation
aquaria. Shell deposition may have been restricted by
unfavorable water chemistry (e.g. low calcite saturation) in the acclimation aquaria. We did not measure
parameters of water chemistry such as dissolved inorganic carbon, alkalinity, or calcium ion concentration.
However, the clams were held in aragonitic calcium
carbonate sand, which has a more sensitive carbonate
dissolution threshold than the calcitic calcium carbonate of bivalve shells (Feely et al. 2009). Thus, the sand
would have dissolved preferentially to Corbula amurensis shells, and that dissolution would have maintained
high alkalinity and calcium ion content in the water.
The increase of clearance rate of Corbula amurensis
with salinity (Fig. 3) follows from other studies of marine
and freshwater mollusks. In marine mollusks, reduced
environmental salinity can reduce feeding rates. For example, the suspension-feeding gastropod Crepipatella
dilatata reduced filtration rates by 31% from a salinity of
25 to 22.5, and stopped filtration when salinity decreased
to 20 (Chaparro et al. 2008). The filter-feeding scallop
Argopecten purpuratus (Fernández-Reiriz et al. 2005)
slows and ultimately ceases filtration in brackish water.
In the euryhaline mussel Choromytilus chorus, filtration
rates were highest between salinities of 24 and 30 (~1.5 l
h–1 g–1 DW), decreased by 62% to 0.6 l h–1 g–1 DW at a
salinity of 18 and decreased by 96% to 0.06 l h–1 g–1 DW
at a salinity of 15 (Navarro 1988). Other euryhaline estuarine clams such as Mactra veneriformis, Venerupis
philippinarum, and Meretrix lusoria have shown that
clearance rates are reduced below a salinity of 10 where
significant decreases in clearance and growth rates occur (Nakamura et al. 2005). Our results indicate that C.
amurensis is less sensitive to salinity as it can not only
maintain high clearance rates but also active filtration in
salinity that ranges from at least 2 (0.9 ± 0.5 l h–1 g–1 DW)
to 28 (2.2 ± 1.0 l h–1 g–1 DW) with a 53% change in clearance rate across that range (Fig. 3), allowing C. amurensis to thrive in a wide range of salinities.
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Clearance rates observed for Corbula amurensis in
our study were much lower than the range of rates
determined previously for similar size specimens of
C. amurensis held under laboratory conditions but
not under conditions of controlled salinity, viz. 4.8 to
17.8 l h–1 g–1 DW (Werner & Hollibaugh 1993). This
may indicate that our clams had reached maximum
size by the time acclimation began and the demand
for food intake was not as large as that of a growing
clam in the field; juvenile clams could require more
food per unit biomass and therefore would filter at
higher rates.
Osmotic response of Corbula amurensis to both high
and low salinity indicates that these clams are hyposmoregulators over a wide range of environmental
salinity (Table 1), and that they likely expend more
energy in osmoregulation when exposed to higher
salinity. Strong metabolic responses to environmental
salinity variability have been demonstrated in specimens of Venerupis philippinarum in which oxygen
consumption rate decreased initially by 75% during
salinity transitions from salinities of 31 to 10 (Kim et al.
2001). Yet, in our lab study, C. amurensis did not show
an apparent decrease in oxygen consumption from
high to low salinity. Nakamura et al. (2005) warned
that field observations suggest that Mactra veneriformis is the most vulnerable to salinity stress and
Meretrix lusoria the most tolerant to low-salinity water,
whereas the opposite ranking of salinity tolerance is
observed in laboratory experiments. Such inconsistency in response to salinity between field and laboratory results has also been reported in mussels (Gardner
& Thompson 2001).
Overall respiration rates of Corbula amurensis were
comparable to those of other bivalve mollusks. The
deposit-feeding estuarine bivalve Macoma balthica
has respiration rates ranging from 16.6 to 37.4 µmol O2
h–1 g–1 DW (Hummel et al. 2000) and maximal metabolic rates of the Pacific oyster Crassostrea gigas have
been measured at 34 µmol O2 h–1 g–1 DW (Mao et al.
2006), both within the range of rates for C. amurensis
(Fig. 4).
MDH activities indicate that the potential for elevated metabolism increased more with salinity in
mantle tissue than in foot tissue (Fig. 5). MDH activity
represents metabolic potential in the sense that it
demonstrates what the cellular machinery is capable of
at maximum flux; therefore MDH data illustrate the
positive correlation between osmoregulatory energetics and demand for maximal metabolic flux. Higher
absolute MDH activities in foot tissue indicate that the
foot is a more metabolically demanding tissue than
mantle tissue (Fig. 5), yet the energetic costs of salinity
acclimation were observed in mantle, an important
osmoregulatory tissue of clams, where nearly 2-fold
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increases in MDH activity were detected across salinity acclimation treatments. Corbula amurensis had
higher MDH activities in both tissues than the other
clam species that we examined, Mercenaria mercenaria and Venerupis philippinarum (Fig. 5), suggesting
that C. amurensis has a higher metabolic flux capacity
compared to other clam species. By contrast, in the
vesicomyid clam Calyptogena gallardoi, which is known
to have a high metabolic rate, foot MDH activities
fell within the range of 88 to 108 µmol oxaloacetate
oxidized min–1 g–1 FW (Table 2, González et al. 2008),
approximately one-third to one-fourth of the MDH
activity in C. amurensis foot tissue (Fig. 5). Foot MDH
activities of C. amurensis are comparable to those of
more active swimmers, (e.g. fish white skeletal muscle,
Table 2), illustrating the large metabolic potential of
C. amurensis foot tissue.
Corbula amurensis respiration rates coupled with
the enhanced metabolic potential of high MDH activities leads us to hypothesize that these clams maintain
elevated cellular machinery to increase metabolic
activity so that they can rapidly process food when it
becomes available and rapidly respond to changing
salinity. One clam in the fluctuating-salinity acclimation group had an order of magnitude higher respiration rate than any other clams in our study. This clam
was not exceptional in any other way, but perhaps on a
cellular level this clam was actually using its metabolic
machinery at maximal flux rates. In clams with low
metabolic rates that maintain high MDH activities, we
hypothesize that in nature metabolic flux is limited by
availability of metabolic substrate and not metabolic
enzyme activity; thus Corbula may be able to rapidly
oxidize food when it is available. The potential ability
of these clams to modulate their respiration rates has
implications for estimation of their impact in the natural environment since the energetic demands can vary
over an order of magnitude among individual clams.
In sum, our results indicate that Corbula amurensis
have increased metabolic demand at high salinity, that
the increased metabolic demand is likely associated
with hyposmoregulation, and that the clams compensate for the increased metabolic demand by filtering at
a higher rate. Our acclimation studies were performed
under conditions of salinity that were intended to elicit
maximal physiological variations in C. amurensis. In
the northern SFE, salinity at some locations goes to 0, a
regime investigated in pilot experiments in which
clams held in freshwater (not shown here) resulted in
100% mortality. Examination of the metabolic potential immediately following collection of C. amurensis
acclimatized to natural salinity variation is an important next step to understand how changes in water
management practices could alter the impact these
clams have on the pelagic food web.
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