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Effects of Temperature and pO, on the
Heart Rate of Juvenile and Adult Freshwater
Mussels {Bivalvia: Unionidae)

James B. Polhill, V, and Ronald V. Dimock, Jr.
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ABSTRACT. The heart rate of juvenile and adult Utterbackia imbecillis and Pyganodon catdracta was monitored
during experimentral manipulation of temperature and pOy. Animals that had been acclimated o 15 and 25°C
for | week were exposed to an ascending series of temperatures (10, 15, 20, 25 and 30°C). The effects of
oxygen. tension on heart rate were assessed by subjecting mussels to a descending series of oxygen tensions
{100, 75, 50, 25, 5 and 0% air saturation). Results indicated that the heart rates of juvenile and adult mussels
are markedly affected by experimental temperature, with (3,5's approaching 4.5, Acciimation had no effect on
adult mussels. However, juvenile U. imbecillis exhibited inverse acclimation; whereas, juvenile P. cataracia fit
a typical pattern of acclimation {Frosser’s Type IVA). When exposed to a descending series of oxygen tensions,
adult U. imbecillis maintained a constant heart rate until a significant increase occurred at 25% air saturarion,
followed by @ significant decrease at 5 and 0%. Juvenile U. imbecillis maintained a constant rate until bradycardia
accurred at pO,’s of 5 and 0% air saturation. Juvenile and adult P. cataracta exhibited similar patterns, with
sustained rates untit a significant decrease occurred at 0% air saturation. The differences in acclimation patterns
exhibited by juvenile and adult mussels may reflect differenices in the thermal conditions experienced by these
two life-history stages; however, there are no data available that characrerize the microhabitar of juvenile
freshwarer mussels. Utterbackia imbecillis appears to be more sensitive to low oxygen levels than P. cataraces,
and the heart rate of juveniles of both species is more responsive to hypoxia than that of adults. coMP BIOCHEM

pHysioL 114A;2:135-141, 1996.
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INTRODUCTION Crassostrea gigas responded nearly immediately to rapid
changes in temperatute.

Other studies of bivalve molluses have monitored heart
rate in response to experimental manipulation of pG;. In
most adult species, there appeass to be some degree of regu-
larion of heart rate until exposure to some critical pQ,,
which results in a pronounced bradycardia (5,11,14,25).
An increase in heart rate precedes the ultimate bradycardia
that occurs at exposure to hypoxic cenditions in the bi-
valves Mytilus edulis {2}, Modiolus demissus (3}, Pecten max-
imus (4), and Arctica islandica (36). Occasionally the ampli-
tude may be reduced at a higher pO, than that which
induces the bradycardia, as for example in the freshwater
mussel, Anodonta cygnea (25).

The metabolism of smail, juvenile animals often exhibits
an increased sensitivity to environmental stress when com-
pared to larger adults (27). For freshwater mussels, the lim-
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Metabolic rate traditionally is measured by monitoring oxy-
gen consumption (VO,) or heat production via calorime-
try. However, difficulties arise when measuring metabolism
in very small animals, and the requirements of aguatic res-
pirometry are often logistically troublesome {32). Thus, an
assessment of heart tate, a parameter that often reflects
metabolic rate and is amenable to quantification, is com-
monly used in studies on molluses (23,25). Pickens (26)
found higher heart rates with increasing temperature in the
mussels Mytilus edulis and M. californianus, while deFur and
Mangum (11) showed that the heart rate for Spisula solidis-
stma increases and decreases in direct response to increasing
ot decreasing temperature. Similarly, Lowe (21} deter-
mined that the heart rate of the bivalves Mya arenaria and




136

gancdon cataracta {(Say) and Utterbackia imbecillis (Say), to
environmental stress have been investigated. The re-
sponses of heart rates of juvenile and adult mussels to a
series of experimental temperatures for two acclimation
groups have been characterized. Q) values and the pat-
terns elicited by acclimation were determined. The effeces
of a declining series of oxygen tensions on heart rate have
been examined for juvenile and adult P. cataracta and U
mmbecillis.

MATERIALS AND METHODS
Cellection and Maintenance of Animals

Non-gravid adult mussels (Utterbackia imbecillis, 8.0-8.5
cm shell length; Pyganodon cataracta, 13.5-14.5 cm shell
length) were collected from Davis Pond (Davidson,
Mecklenberg County, North Carclina) and Meyer's Pond
{Winston-Salem, Forsyth County, North Carolina), re-
spectively. Mussels collected in June (U. imbecillis, water
temperature = 29°C) and April {P. cataracta, water tem-
perarure = 17°C) were brought to the two acclimation
temperatures (15 or 25°CY over a peried of 3 days. They
then were held at the acclimation temperature for 7 days
prior to conducting experiments. For the pO, experiments,
adult mussels of both species collected in August (water
temperature = 29°C) were brought to the experimental
terperature of 22°C over a period of 3 days. All pO, exper-
iments were conducted between the fifth and seventh day
following collection. .

luvenile mussels were reared from glochidia larvae re-
moved from gravid adult U. imbecillis in May and June
(water temperatire = 25°C) and from gravid adult P. cata-
racta collected in December {water temperature = 7°C).
Glochidia of U. imbecillis were cultured at 22°C, Gravid
adult P. cataracta were brought to 15°C over a period of 7
days before glochidia of P. cataracta were cultured such that
the temperature of the incubaror was increased 1°C/day to
22°C. Juvenile mussels (400-60C pm in length) used in
these studies were obtained by transformartion of glochidia
using in vitro culturing techniques outlined by Isom and
Hudson (20), and modified by Hudson and Shelbourne
(18) and Dimock and Wright (13).

Temperature Effects

The effect of acute changes in temperature on the heart
rate of adult mussels (N = 10 for each species) acclimated
to 15 and 25°C was determined by impedance conversion
of cardiac contractions using stainless steel electrodes
{A-M Systems, Inc.}. To minimize trauma to a mussel, a
dental drill was used to drill about *: of the way through
the valves, and a small hole then was completed by careful
rotation of a steel needle. The electrodes were carefully
positioned on either side of the pericardial cavity of the
mussei and were held in place by modeling clay. Electrodes
were connected to an impedance converter (UFI Instru-
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ments, Model 2991), which detected changes in imped-
ance accompanying each contraction and relayed the sig-
rals to an A/D converter {MacPag Model MP100,
BIOPAC Systems, Inc.) connected to a Macintosh Quadra
650 computer. Data acquisition software {Acgknowledge
III for the MP10OWS, BIOPAC Systems, Inc.), running
on the Macintosh computer, provided recordings of the
heart rate of the adult mussels.

After the placement of electrodes, a mussel was mounted
to a Plexiglas stand by gluing one of the valves to a 1-em
diameter plastic bolt. The mussel was then placed in 3.5
liters of aerated artificial pond water (APW: .5 mM Na(l,
0.4 mM Call;, 0.2 mM NaHCO;, 0.05 mM KCI, 0.25
mM CaCO5; pH 7.8 toral Ca = 25 mg/liter) in a Lucite
chamber (23 cm L x 15 cm W X 16 cm H) that was held
at the appropriate acclimation temperature (15 or 25°C).
The mussel was considered adjusted to the chamber when
it opened its valves and began wo siphon {(30-60 min). A
measurement of the animal’s acclimated heart rate was
then recorded for 2 min, following which the animal was
exposed to an ascending series of temperatures (10, 13,
20, 25 and 30°C). Preliminary experiments showed that a
hypodermic thermister probe inserted into the viscera near
the pericardial cavity required =15--20 min to reach the
new target temperature; thus, a 30-min exposure allowed
for the tissues of the animal to reach each new target tem-
perature. The appropriate expetrimental temperatures were
achieved by mixing 6 and 40°C APW from temperature-
controlled reservoirs. Because sex could affect the animal's
response, immediately following experiments with P. cata-
racta, the animals were sexed by examining the structure
of the water-tubes of the cuter demibranchs (34) {(five
males and five females were used)., U. imbecillis is a her-
maphroditic species.

Because of their small size and relatively transparent
shells, the heart rate of juvenile U. imbecillis and P. caw-
racta (N = 20 for each species) was measured by direct
visual observation of the heart through the shell. Juvenile
mussels (7 days post-transformation} were acclimated for 1
week at 15 or 25°C. Individual acclimated juveniles were
then placed in 20-pl capillary tubes that partially restricted
normal locomotion but allowed for gaping of the shells and
irrigation of the mantle cavity. The capillary tubes were
immediately placed in 430 ml of APW in a plastic chamber
{(13.5em L X 1l em W x 6 cm H) held at the animal’s
acclimation temperature {15 or 25°C). The capillary tubes
were immobilized by two rows of 5 X 5-mm rubber blocks
that were affixed to the bottom of the chamber. The capil-
lary tubes could be rotated in place, which facilitared posi-
tioning the juveniles for the direct observation of the hearr
using an inverted microscope (130 %) (American Optical
Corporation, Buffalo, NY). Three juveniles could be pro-
cessed sequentially with this system within 4-5 min.

The heart rate of juveniles was determined initially at
their acclimation temperature, and then each was exposed
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to an ascending series of experimental temperatures (10,
15, 20, 25 and 30°C). Exposure to a new experimental
temperature was accomplished by drawing water of the ap-
propriate temperature inte the capillary tbes via a 50-ul
syringe (Hamilton Co., Reno, NV) attached to the capil-
lary tube via polyethylene tubing. Sufficient water was
flushed through the capillary tube to displace the original
volume of water in the tube 2% times. The capillary tube
then was placed back into the plastic chamber, which had
been changed to the desired next experimental temperature
{#0.1°C) by a constant temperature circuiator {Fisher
Madel 90, Pitesburgh, PA). The heart rate was determined
after a 15-min exposure to each new temperature. Since
preliminary trials demonstrated no change in the heart rate
of juveniles after 1 hr of maintenance within the capillary
tubes, any observed changes were atiribured to the experi-
mental treatments.

Effects of pO,

The effect of pO, on the heart rate of adult mussels (N =
10 for each species) was determined by measuring changes
in heart rate when animals were exposed to a descending
series of pOy’s (152, 114, 76, 38, 7.6 and O mm Hg). Heart
rate was determined by impedance changes as described
above. Following the experimental preparation of the mus-
sel, each individual was placed in 16 liters of APW (152
mm Hg = 100% air saturation = 20.3 kPa) in a 40-lirer
aquartum (531 em L X 26 c W X 31 cm H) maintained
at 22°C by a constant temperature circulator (Haake in-
strument, Inc.}. Two magnetic stir bars were positioned to
provide adequate mixing of the water. Preliminary experi-
ments were conducted on both species to determine the
duration of exposure to a new pQ;, which induced a car-
diac response. These results indicated that an exposure of
| br ensured that the heart had been affected by a change
in pO, and had stabilized. Thus, heart rate was recorded
foliowing a 1-hr exposure to each new pQ;. The p(}; was
regulated by two flow meters that provided the proper mix-
ing of N, and compressed air to obtain each targer pO,.
Conrrol animals of both species were exposed continuously
to 100% air saturation {152 mm Hg; 20.3 kPa) and their
heart rates were recorded every hr for 6 hr, which was the
duration of an experimental series. Following each experi-
ment, adult P. cataracta was sexed as described above {six
male and four female mussels were used).

The effects of pO; on the heart rate of juveniles (N =
20 for each species) were examined for 14-day-old animals
that had been reared ar 22°C and 100% air saturation.
Individual juveniles were drawn into 20-ul capillary tubes
that had been filled with fully saturated water (152 mm
Hg; 20.3 kPa). Three capillary tubes, each with one juve-
nile, were positioned in the chamber as described above
except that the chamber was filled with 430 ml of APW
at 100% air saturation held at 22°C. After a 15-min expo-
sure, heart rate was determined by direct observation, as
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above, Following measurements ar 100% air saturation
(152 mm Hg), juveniles were exposed sequentially to a
pQO; of 114, 76, 38, 7.6 and 0 mm Hg. Water of the
appropriate pO; was drawn into the capillary tubes using a
50-ul syringe, which displaced the volume of water in the
tubes 2Y times. Heart rate was counted after a 15-min
exposure to each targer pQ;. To control for effects of exper-
imental manipulation and changes in condition of the ani-
mals over time, control animals in capillary tubes were
exposed to similar experimental manipulations but were
flushed wich 100% air saturated APW for all six of the
15-min exposure periods.

Statistical Analysis

The heart rates for juvenile P. cataracta and aduls of both
species were transformed (log X} to normalize the data and
remove heteroscedasticity. Values were back-transformed
prior to plotting in the figures. In order to assess the effects
of acclimation and sex on the response of P. cataracta
to the experimenral temperatures, heart rates were ana-
lyzed using an analysis of variance with repeated measures
(ANOVAR) run from SAS procedure GLM (The SAS (r)
System, Release 6.07, SAS Institute Inc.). Similarly, the
effect of acclimation on the response of adult U. imbecillis

“and juvenile mussels of bath species was analyzed using an

ANOVAR. Separate ANOVAR’s were run on the control
and the experimental groups of juveniles and adults of both
species to determine if there were changes in heart rate as
a function of p(;,. Because the hypothesis of the compound
symmetry of the covariance matrix (Mauchley's criterion)
should be tested prior to the examination of ANOVAR
results, Huynh-Feldt (HF) corrected significance values are
presented when Mauchley’s criterion is rejecred {19). Sta-
tistica! significance is considered as P << 0.05. When sig-
nificance was indicated by ANOVAR, a posteriori compar-
isons were made using Tukey’s Studentized Range (FHSD)
Test (38).

RESULTS
Temperature Effects

Stepwise increases in temperature resulted in subsequent
increases in heart rate for borh acclimation groups (15 and
25°C) of adult and juvenile P. cataracta (Figs 1A, 1C).
Neither acclimation {F = 0.35; df = 1, 16; P = 0.56}
nor sex (F = (0.81;df = 1, 16; P = 0.38) had significant
effects on the response of adult mussels; however, the re-
sponse curve of cold acclimated juvenile P. cataracta was
significantly different (F = 34.23; df = 1, 38; P << 0.001)
from that of warm acclimated animals (Fig. 1C), with sig-
nificant within-subject effects of temperature (F = 1412;
df = 4, 152; (HF) P < 0.001) and the temperature X
acclimation interaction (F = 46.77; df = 4, 152; (HF) P

< 0.001). A comparison of the responses of juvenile and
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Pyganodon cataracta Utterbackia imbecillis
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FIG. 1. Heart rates (& = SE) of adult {(n = 10} and juvenile
{n = 20) mussels, P. cataracta and UL imbecillis, acclimated
for 1 week to 15 and 25°C and exposed to an ascending
series of temperatures {10, 15, 20, 25 and 30°C).

adult P. catavacta revealed that the heart rate of juvenile
mussels was higher than that of adults ar all exposure tem-
peratures in the ascending series when animals were simi-
larly acclimated {Figs 1A, 1C). Not surprisingly, Qo's for
both warm and cold acclimation groups were higher as
lower temperature intervals and decreased as temperature
increased (Table 1). Although a trend of higher {J,'s ex-
isted for warm-acclimated adulss at lower temperature in-
tervals (10-15°C and 15-20°C} and higher {J,¢’s for cold-
acclimated adults at the upper temperature intervals
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(20--25°C and 25-30°C), the mean Qs at each 5-degree
interval were not significantly different between acclima-
tion groups (Table 1}. Mean Qy's of juveniles at 10-15°C
were not significantly different berween the two acclima-
tion groups, but juveniles acclimated ro 25°C had signifi-
cantly higher (2,4's than those of 15°C-acclimated animals
at the remaining three temperature intervals (Table 1).
The responses of comparably acclimated adult U. imbe-
cillis (Fig. IB) resembled those of P. cataracta, with no
overall signihicant difference in response due to acclimarion
(P = 014, df = 1, 18, P = 0.72); however, cold-
acclimated animals did have lower heart rates than warm
acclimated animals when exposed o 30°C (trest: P <
0.05). The response curve of juvenile U. imbecillis accli-
mated to 15°C was significantly different (F = 63.71; df
= 1, 38; P < 0.001) from that of animals acclimated to
25°C (Fig. 1D}, with significant within-subject effects of
temperature (F = 360.8; df = 4, 152; (HE) P = 0.001)
and the temperature X acclimation interaction (F =
36.15; df = 4, 152; (HF) P = 0.001). The heart rate of
juvenile U. imbecillis was substantially higher than that of
adules at all exposure temperatures for similarly acclimared
animals (Figs 1B, 1D). Q¢'s of warm-acclimated adult mus-
sels were significantly higher than those of cold-acclimated
adults at the remperature intervals 10-15°C and 25-30°C,
with no significant differences at the other intervalk (Table
1}. For juvenile UL imbecillis, mean Q's at 10-15°C were
not significantly different, but warm acclimated juveniles
had significantly higher Qo's than those of cold acclimated
animals at the other temperature intervals {Table 1).

Effects of pO,

Heart rates did not differ at any pO, until aduit P. cataracta
were exposed to anoxic conditions, which resulted in a
significant decrease in heart rate to 6.5 + 0.96 (¥ = SE)
beats/min (F = 4.61; df = 5, 45; P < 0.001) (Fig. 2A).
The mean heart rate for contro! animals {(held continuously

TABLE 1. €35, (% = SE) at each 5-degree temperature interval for the heart rates of cold (15°C) and warm (25°C} acclimated

adult and juvenile P. cataracta and U, imbecillis

Temperature

. Adults Juveniles
interval
Species °C 15°C 25°C 15°C 25°C
P. cauracta
10-15 326 + 0.43 3.79 = 0.40 2.67 + 0.19 2.82 + 0,29
15-20 2.76 = 0.37 355 = 0.49 2.10 = 0.06° 3.16 + 0.18
2025 2.50 = 0.29 2.20 = 0.42 .74 = 0.08° 2.33 = 0.07
25-30 1.93 = 0.27 .56 = 0.16 1.25 = 0.06" 1.66 = 0.06
U, imbeciilis
10-15 3.14 = 0.31° 4,50 + 0.37 2,34 = 016 2.06 + (.10
15-20 .08 + 0.15 2.27 = 018 1.87 = 0.08" 2.59 = 0.16
2025 1.66 + (.09 1.69 = 010 1.69 = 0.067 01 = Q.09
25-30 0.95 = 0.17" 2.07 = 0.11 1.38 = 0.04" 1.61 = 0.09
*Significansly different between acclimation groups (P < 0.05) using Tukey's Studentized Range (HSD) Test.
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Pyganodon cataracta Utterbackia imbeciilis
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FIG. 2. The heart rate (% = SE) of adult (n = 10) and juve-
nile (n = 20} mussels, P. cataracta and U. imbecillis, plotted
as a function of oxygen tension (pO, = 152 o Hg =
100% air saturation). Experimental animals were exposed
to a descending series of oxygen tensions (100, 75, 50, 235,
5 and (0% air saturation), while control animals were held
at pO, = 152 vam Hp for the entire 6-hr exposure.

at 100% air saturation) was not significantly different at
any time throughout the entire 6 hr (F = 2.51; df = 5,
45; P = 0.69). Juvenile P. cataracta had a constant heart
rate to 3% saturation (7.6 mm Hg), and then experienced
a significant reduction to 15.5 = 0.77 (& + SE) beats/
min at 0% saturation (F = 201.46;df = 5, 95; P < 0.001)
{Fig. 2C). Rates for control juveniles were not significantly
different throughout the entire 6 hr at 152 mm Hg (F =
0.59; df = 5, 95, P = 0.70).

Adult U. imbecillis responded to the declining pO;'s
somewhat differently from adult P. cataracta (Fig. 2B). This
species maintained a constant rate untit 25% saturation
{38 mm Hg), at which the rate increased significantiy to
12.6 = 0.17 (& % SE) beats/min (F = 45.56; df = 3,
45; P < 0.001). This increase was followed by a significant
decrease at 5% and a further decrease at 0% air saturation
to 6.4 + 0.76 (x = SE) heats/min (Fig. 2B). The heart
rate of control animals after the first hr was significantly
higher (F = 6.39; df = 5, 45; P < 0.001) than rates for
the remaining 2-6 hr of exposure to 152 mm Hg.

Juvenile U. imbecillis maintained a constant heart rate
from full saturation to 25% saturation, but their rate de-
creased significantly to 19.4 = 0.59 (& + SE) beats/min
at 5% (F = 380.53; df = 5, 95; P < (.001) (Fig. 2D).
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The rate declined further ar 0% saturation (11.9 + (.39
(¥ = SE) beats/min). The overall effect was a 75% reduc-
tion in heart rate at 0% saturation as compared to the
normoxic rate. No significant differences occurred among
conerol animals throughout the 6 hr ar 100% saturation (F
= 1.66; &f = 5, 95, P = 0.162).

Heart rates of juvenile P. cataracta and L. imbecillis were
substantially higher than those of adult mussels ar each pO,
{(Fig. 2). Significant bradycardia only occurred at anoxia in
both juvenile and adult P. cataracta, with juveniles having
a 0% decrease (=54 to 15 beats/min) from their initial
rate compared to the 53% decrease (=10.5 t0 8.5 heats/
min) observed in adults (Figs 2A, 2C). In contrast, a sig-
nificant decrease in rate occurred ar 5% air saturation in
both juvenile and adult U. imbecillis, with juveniles experi-
encing a 50% decrease (=40 10 20 beats/min) and adulss
about a 20% decrease (=10.5 to 8.5 beats/min) as com-
pared to the rates at 100% saturation. A further 25% de-
crease in rate occurred in both juvenile and adult U. imbe-
cillis upon exposure to 0% saturation. As shown in Figs 2B
and 2D}, the significant increase in hears rate of adule U
imbecillis exposed to 25% saturation was not observed in
juveniles of that species.

DISCUSSION

Sensitivity of heart rate 1o temperature is typical of many
adult bivalves (9,11,12)}, and is underscored by results from
this study that indicate that both adult and juvenile
unionid mussels are markedly affected by temperature. Fur-
thermore, the results reveal an inverse relationship be-
tween heart rate and body mass for these two size classes
of freshwater mussels (juveniles = 400-600 pm; adules =
8-15 cm). Such scaling effects are common in the physiol-
ogy of most animals (30).

Numerous ectotherms have been shown to exhibit a pat-
tern of thermal acclimation referred to as normal compen-
sation {Prosser’s Type IIA or IVA acclimation) {Z8) in
which animals acclimated at fow temperature have higher
rate functions at a series of experimental temperatures than
those acclimated to a higher temperature (31). In contrast
to this typical pattern, adult P. cataracta (Fig. 1A) and
adult U, imbecillis (Fig. 1B} show no acclimation of their
heart rate in response to maintenance at 15 and 25°C. The
intertidal pulmonate limpet Siphonaria oculus also shows no
acclimation of its heart rate, a response which Marshall and
McQuaid (23) sugpest is an energy-conserving metabolic
adaptaticn that could counteract food shortages and would
allow the metabolic rate to decline with a seasonal decrease
in temperature. Since both adult P, catracta and U, imbe-
cillis experience seasonal fluctuations in environmental
temperature, the absence of acclimation may be an energy-
conserving adaptation at low environmental temperatures.
However, the lack of acclimation of heart rate does not
preclude compensatory changes in other rate functions




140

such as cxygen consumption or enzyme activity. For exam-
ple, the heart rate of Mytilus edulis shows no acclimation
w0 temperature from 5 to 25°C, while oxygen consumption
and ventilation rate acclimate to 10, 15 and 20°C (37).

Juvenile P. cataracta exhibit normal acclimation (Pros-
ser’s Type IVA; Fig. 1C). This compensatory ability could
be related to the timing of the life cycle of this mussel,
since glochidia larvae are released from adult mussels in
late winter/early spring to begin their parasitic phase on a
fish host {33). This ectoparasitic phase probably lasts sev-
eral weeks and results in the release of newly metamor-
phosed juveniles into the aquatic environment as tempera-
tures approach 15°C in the Piedmont of North Carolina
{33). This seasonal maturation of juvenile P. cataracta may
be refated to their ability o acclimate to 15°C and main-
rain their metabolism at a relatively constant level during
their early development.

In contrast to P. cataracta, juvenile U. imbecillis exhibit
inverse acclimation (Prosser’s Type IIB), with cold-
acclimated animals having lower heart rates than warm-
acclimated animals at all experimental temperatures {Fig.
1D). Inverse acclimation has been reported for several pui-
monate limpets (7,10,24}, and for a few sphaeriid bivaives
{16,17). It has been proposed that inverse acclimation
functions to conserve energy stores during the overwinter-
ing period, when primary productivity is at a minimum and
the animals may not be actively feeding (1,22). U. mbe-
ciflis has several reproductive cycles per year in North Caro-
lina (perscnal observation). For juveniles thar detach from
their fish host in early winter, inverse acclimation might
serve to conserve energy as animals undergo a metabolic
“shut-down.” In contrast, juveniles that metamorphose
during warmer periods could exploit available resources for
growth and maintenance because of their increased meta-
bolic rate.

The Qs of adult P. cataracte and U. imbecillis were
genezally unaffected by acclimation (Table 1) except for
cold acclimated adult U. imbecillis exposed to 30°C (Fig.
iB; Qo = 0.95 at 25-30°C, Table 1). The pronounced
decrease in heart rate under these conditions may have
foreshadowed lethality for this species. For juvenile mussels
of both species, warm-acclimated animals had significantly
higher Qs at the three higher temperature intervals (Ta-
bie 1}. This increased temperature sensitivity with increas-
ing acclimation or habirat temperature has been reported
for various ectotherms including bivalve molluses (29).
Burky and Burky (8) suggest that the high Q,.'s for warm-
acclimated pea clams may facilitate exploitation of “idea}”
feeding conditions in increased temperatures conducive to
maximal growth.

When adult and juvenile P. cataracta are exposed to
declining oxygen tensions, heart rates do not change unti}
animals are exposed to anoxic conditions (Figs 2A, 2O,
which results in the distinctive bradycardia observed in
other molluses (5,14,25}). However, juvenile P. camracta
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appear to be much more sensitive to anoxia than adults
(=70% decrease vs. 55% decrease}. This observation is
consistent with previous work that demonstrated that juve-
nile P. cataracta succumb to anoxia within 24 hr (13),
while adult bivalves often have extreme tolerance to an-
oxic conditions (6). The absence of tachycardia at interme-
diate oxygen levels in this species suggests that juveniles
as well as adults are unable to regulate their oxvgen con-
sumption. For example, Tankersley and Dimock (35)
showed that adult P. cataracta are oxyconformers from
100% to =40% air saturation.

Adult and juvenile U. imbecillis respond to declining ox-
ygen tensions somewhat differently from P. cataracta, with
bradycardia beginning at 5% air saturation and becoming
more pronounced at 0% (Figs 2B, 2D). The occurrence
of bradycardia at higher oxygen rensions suggests chat U.
imbecillis is more sensitive to low oxygen levels than P.
cataracta. As with P, cataracta, the overall decrease in heart
rate after exposure to anoxia is greater in juvenile L. imbe-
cillis than adults (=70% decrease vs. 45% decrease), which
also is consistent with the observations of Dimock and
Wright (13). The significant increase in heart rate at 25%
air saturation observed in adult U, imbecillis {Fig, 2B), and
not in juveniles (Fig. 2D) could result in increased perfu-
sion of the gills and mantle, which might facilirare oxygen
uptake. This is consistent with the ability of adult U. imbe-
cillis to oxyregulate down to very low oxygen tensions {15).
No comparable analyses of VO, have been accomplished
with any juvenile unionids.

This study was funded by a Robert R. Bryden vesearch grant from the
North Caroling Academy of Science to JBP.
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