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The capacity of tropical whitespotted bamboo sharks Chiloscyllium plagiosum to metabolically

compensate, at both the whole-animal and biochemical levels, to prolonged exposure to

temperatures higher (30� C) and lower (20 and 15� C) than their native temperature (24�5� C)

was examined. As expected, whitespotted bamboo shark oxygen consumption increased upon

exposure to 30� C and decreased at 20 and 15� C. Initial changes in oxygen consumption were

maintained even after months at the experimental temperature, indicating that whitespotted

bamboo sharks did not compensate metabolically to the experimental temperatures. Maximal

activities and thermal sensitivity of citrate synthase and lactate dehydrogenase from white-

spotted bamboo shark white locomotor muscle were similar between control animals main-

tained at 24�5� C and those maintained at 15� C, indicating that cold-exposed animals did not

compensate at the biochemical level. Similarly, lactate dehydrogenase activity did not change

following prolonged exposure to 30� C. White muscle from whitespotted bamboo sharks

maintained at 30� C had significantly lower citrate synthase activity than did control animals.

This result was surprising given the lack of metabolic compensation at the whole-animal level.

Overall, whole-animal oxygen consumption measurements supported the hypothesis that ani-

mals from thermally stable environments lacked the capacity to metabolically compensate to

altered temperatures. Enzymatic results, however, suggested that the metabolic potential of

muscle could change following temperature acclimation even in the absence of metabolic

compensation at the whole-animal level. # 2005 The Fisheries Society of the British Isles
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INTRODUCTION

Temperature plays a major role in controlling the physiological function of fishes,
the majority of which are strict ectotherms. Moreover, the high heat capacity of
water and the scarcity of thermal micro-habitats in aquatic environments mean
that the body temperature of fishes generally equals water temperature (Pough
et al., 2002). Acute effects of temperature can be profound; in general, a 10� C
change in temperature leads to two to three-fold changes in metabolic rate
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(Schmidt-Nielsen, 1997; Clarke & Johnston, 1999). Studies have revealed that
diverse teleosts from thermally variable, mostly temperate, environments have
evolved the ability to offset the acute response to temperature through a process
termed metabolic compensation (Hazel & Prosser, 1974; Johnston & Dunn, 1987;
Guderley, 1990; Johnston, 1993). At the whole-animal level, metabolic compensa-
tion is reflected by a partial or complete return of metabolic rate to its original
value, even though an animal remains at a higher or lower temperature. In this
way, metabolic compensation counteracts the acute effects of temperature on
metabolic rate and helps animals maintain a constant level of activity despite
changes in environmental temperature (Sisson & Sidell, 1987; Rome et al., 1985).
Metabolic compensation at the whole-animal level is ultimately determined by

changes at the biochemical and molecular levels (Hazel & Prosser, 1974;
Goldspink & Penney, 1982; Guderley, 1990; Johnston, 1993; Johnson &
Bennett, 1995; Hochachka & Somero, 2002). In general, the activities of meta-
bolic enzymes change directly with temperature, such that enzyme activity
increases with an increase in temperature. Alterations in enzyme activity follow-
ing prolonged exposure to different temperatures can counteract the direct effect
of temperature on enzymatic reaction rates. Specifically, in animals that show
metabolic compensation, activities of key metabolic enzymes increase relative to
initial values as acclimation temperature decreases (Sidell, 1980; Jones & Sidell,
1982; Kleckner & Sidell, 1985; Johnston & Wokoma, 1986; Mwangangi &
Mutungi, 1994). Changes in enzyme activity in response to prolonged exposure
to different temperatures (biochemical compensation) can result from alterations
in enzyme concentration or expression of different isoforms (Hochachka &
Somero, 2002). By whatever mechanism, changes in enzyme activity induced
by prolonged temperature changes contribute to the metabolic compensation
observed at the whole-animal level, and ultimately, the maintenance of locomo-
tor capacity. Changes in enzyme activity, especially those related to the aerobic
capacity of mitochondria, have also been linked to shifts in thermal tolerance
limits that often accompany temperature acclimation (Pörtner, 2002).
Although comparative physiologists have learned a great deal about how

teleosts respond to temperature change, there have been very few studies addres-
sing how temperature affects the physiology of elasmobranchs and no study has
examined the relationship between whole-animal metabolism and enzymatic
activity in elasmobranchs. To date, the temperature dependence of metabolic
rate has been examined in five subtropical elasmobranchs; three within the order
Rajiformes (skates and rays; Du Preez et al., 1988; Hopkins & Cech, 1994) and
two within the order Carcharhiniformes (ground sharks; Butler & Taylor, 1975;
Carlson & Parsons, 1999; Lowe, 2001). The thermal challenge presented in these
studies varied from acute exposure to different temperatures (Hopkins & Cech,
1994), to a 12 h acclimation period (DuPreez et al., 1988), to seasonal exposure
(Butler & Taylor, 1975; Carlson & Parsons, 1999; Lowe, 2001).
The aim of the present study was to examine the metabolic responses of a

tropical shark to changes in environmental temperatures. To this end, this study
specifically tested for metabolic and biochemical compensation in juvenile white-
spotted bamboo sharks Chiloscyllium plagiosum (Bennett) following prolonged
exposure to temperatures higher and lower than their native temperature.
Whitespotted bamboo sharks are small, nocturnal, bottom-dwelling sharks
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(Compagno, 2001), which facilitates measurements of standard metabolic rate
(RS; the metabolic rate of a resting, post-absorptive ectotherm at a given
temperature) without the complicating factor of locomotor activity. To assess
biochemical compensation, activities of citrate synthase (CS) and lactate dehy-
drogenase (LDH) from whitespotted bamboo shark white locomotor muscle
were measured. Citrate synthase is a commonly measured index of aerobic
metabolism and would be expected to change in parallel with any changes in
RS. Lactate dehydrogenase is an indicator of the flux through anaerobic meta-
bolism. Although LDH activity should not necessarily change in concert with
metabolic rate, white muscle makes up the vast majority of the swimming
musculature in sharks [e.g. c. 75% in Scyliorhinus canicula (L.) (Bone, 1988); c.
85% in C. plagiosum (A. Tullis, unpubl. data)]. Therefore, assessing white
swimming muscle LDH activity will provide fundamental information about
the metabolic capacity of this predominate muscle type. In addition, changes
in LDH activity may also be important for maintaining glycolytic flux and
locomotor capacity at different temperatures. Whitespotted bamboo sharks
inhabit reefs around the Indo-West Pacific and probably experience very little
temperature change on a daily or annual basis. Because of this, it was expected
that they would show limited tolerance to changes in temperature and lack the
capacity for metabolic compensation to different temperatures at the whole-
animal or biochemical levels.

MATERIALS AND METHODS

ANIMAL CARE

Whitespotted bamboo sharks (Order Orectolobiformes) were obtained as eggs from
Six Flags World of Adventure, Cleveland, OH, U.S.A., and from Sea World in San
Antonio, TX, U.S.A. Eggs were raised at the University of Puget Sound in 76 l tanks at
24�5� C until hatching (water temperature was monitored daily and maintained within c.
24–25� C). Hatchlings were maintained in the laboratory in 76 l tanks equipped with
under-gravel and external filters and air stones. Three or four animals were held in each
tank. Salinity and temperature were measured once per day and corrected if necessary to
maintain desired values (32 salinity). Levels of ammonia, nitrite, nitrate and pH were
tested once per week and water changes (0�25 to 0�50 tank volume) were performed every
2 to 3 weeks or more frequently if necessary. Water used in the tanks was obtained from
the Point Defiance Zoo and Aquarium (Tacoma, WA, U.S.A.). Hatchlings were fed
squid Loligo spp., shrimp Penaeus spp. or scallops Aequipenctin spp. 5 days per week.
Feedings were to near satiation once or twice per week with smaller portions on the
remaining days. Because this study addressed the overall response to temperature change,
food was not differentially restricted for any of the treatment groups. At the start of data
collection, the animals had a mean � S.D. mass of 19�7 � 4�1 g (range 14�0–27�5 g).

TEMPERATURE MANIPULATION

After measuring the oxygen consumption of all whitespotted bamboo sharks at a
mean � S.D. 24�2 � 0�5� C (control temperature), animals were divided into four groups.
One group was placed at 20� C for c. 4 months, and then at 15� C for an additional 5
months (the stepped-cold group; n ¼ 5). A second group was directly subjected to 15� C
for 3 months (the cold group; n ¼ 4). A third group was placed at 30� C for 4 months
(the warm group; n ¼ 5). Finally, a fourth group was maintained at the normal habitat
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temperature of 24�5� C for 7 months (control group; n ¼ 4). To reduce stress to the
animals, temperatures were changed gradually (1–2� C per 3–4 days) and animals were
monitored to ensure that they fed normally for at least two successive feedings before
temperature was increased or decreased further. Because of the nature of this procedure,
target experimental temperatures were reached in 2–3 weeks.

OXYGEN CONSUMPTION MEASUREMENTS

The RS of whitespotted bamboo sharks was determined by measuring the standard
resting oxygen consumption (VO2, mg O2 kg

�1 h�1). Oxygen consumption was measured
using closed-system respirometry one to two times per week for the first 2 months at the
experimental temperature and less frequently thereafter. Respirometers were airtight 1�3 l
cylindrical plastic chambers (15 cm diameter and 8�5 cm high) equipped with a plastic-
mesh partition (mesh-size 1 cm) that separated a small magnetic stir bar from the animal.
To begin each trial, a respirometer was filled with water from the whitespotted bamboo
sharks home tank and the animal was gently placed into the chamber. The lid was placed
loosely on the chamber and the animal was allowed to adjust for a minimum of 1 h prior to
data collection. During this rest period, chamber water was lightly aerated and stirred very
slowly to ensure that the trials began with the water fully air saturated. Measurements of
RS were made on animals after they had settled onto the mesh partition of the respiration
chamber and remained motionless for several minutes. Observations in which respiration
rates of an animal in the metabolic chamber were compared to those in its home tank were
also used to assess when the animal was in a sufficiently non-altered state to estimate RS.
When whitespotted bamboo sharks reached such a state (usually within 1 h), the chamber
lid was secured and an oxygen electrode (DO-051, Cameron Instrument Company, Port
Aransas, TX, U.S.A.) was inserted into the chamber to a depth of c. 1–2 cm. The decline in
oxygen partial pressure within the chamber over time was measured with an oxygen meter
(OM200, Cameron Instrument Company). Output from the oxygen meter was continu-
ously recorded with a MacLab/2e (ADInstruments, Colorado Springs, CO, U.S.A.) and
displayed on a PowerMac 7100/80 computer (Apple Computer Inc., Cupertino, CA,
U.S.A.). Prior to each set of trials for a given day, the oxygen electrode was calibrated
using nitrogen-saturated and air-saturated water. Whitespotted bamboo sharks were
fasted for 48 h prior to measuring oxygen consumption.
To maintain water temperature constant during each experiment, respiration chambers

were placed into individual water baths, the temperature of which was continuously
monitored and adjusted with ice or warm water as necessary to remain at the target
experimental temperature (15, 20, 24�5 or 30� C). Measurements of water temperature
immediately before and after each trial revealed that chamber temperature generally
varied by <1� C during a single experiment. Control trials that were identical to the
experiments described above but without a whitespotted bamboo shark revealed that
background oxygen consumption of the system was insignificant. Data were used only
from trials in which the animal remained quiescent during the data collection period.
Animals were weighed to the nearest 0�1 g after each trial. Oxygen consumption values
for each individual were calculated following both short- and long-term exposure to an
experimental temperature; oxygen consumption following short-term exposure was deter-
mined by averaging two to four measurements early (2–3 weeks) in the acclimation
process, while VO2 following long-term exposure was determined by averaging two to
four measurements late (10–14 weeks) in the acclimation process.

ENZYME ACTIVITY MEASUREMENTS

After the completion of the oxygen consumption experiments, animals were sacrificed
by decapitation and tails were cut into steaks and frozen in isopentane cooled in liquid
nitrogen. All tissue was stored at �70� C until analysed.
Enzyme assays were performed exclusively on white swimming muscle because this

muscle type represents the majority of the swimming muscle in whitespotted bamboo
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sharks (A. Tullis, unpubl. data). Assays were performed according to established proto-
cols for fish muscle designed to elicit maximal enzyme activities (Sidell et al., 1987), with
buffers modified for elasmobranch tissue (Watson & Dickson, 2001). Enzyme activities
were measured in four control animals maintained at 24�5� C, five animals maintained at
30� C and five animals from the stepped-cold group maintained at 15� C. Enzyme
activities for cold-exposed animals were only measured in animals from the stepped-
cold group because these animals appeared healthier than those from the cold group,
some of which had lost mass during the course of the study.

To begin each enzyme assay, frozen tail samples were thawed on an ice-cold stage and
all skin, cartilage and red muscle were removed. The remaining white muscle was
collected and weighed (c. 0�1–0�2 g wet mass). Five to 10% mass:volume homogenates
of white muscle were prepared by mincing the tissue, adding the appropriate volume of
extraction medium and homogenizing with a ground-glass homogenizer. The extraction
medium consisted of 80 mM Imidizole, 2 mM EDTA, 400 mM urea, 200 mM TMAO,
150 mM KCl, 3 mM MgCl2, 10 mM NaCl, pH 7�0 at 20� C. After homogenization,
samples were sonicated at c. 30% maximal power for two 15 s bursts, separated by a 15 s
cooling interval (60 Sonic Dismembrator, Fisher Scientific, Pittsburgh, PA, U.S.A.). All
assays were conducted on crude homogenates without centrifugation. Enzyme activities
were monitored with a Hitachi U2000 UV/visible spectrophotometer (Hitachi High-
Technologies Inc., San Jose, CA, U.S.A.) equipped with a water-jacketed cuvette holder
to maintain a constant temperature. Enzymes were assayed at 15, 20, 25 and 30� C to
determine if acclimation temperature had altered the sensitivity of the enzymes to
changes in assay temperature. All assays were run in duplicate. Enzyme activities are
expressed in units of activity (micromoles of substrate converted to product per min) per
gram wet-mass of tissue (U g-tissue�1).

The lactate dehydrogenase activity was monitored by measuring the oxidation of
NADH at 340 nm during the reduction of pyruvate to lactate. The reaction mixture
consisted of 400 mM urea, 200 mM TMAO, 150 mM KCl, 3 mM MgCl2, 10 mM NaCl,
0�15 mM NADH, 1 mM potassium cyanide, 1 mM pyruvate and 50 mM Imidizole, pH
7�4 at 20� C. Reactions were initiated by the addition of pyruvate. Control reactions,
which lacked pyruvate, showed virtually no background reducing activity.

Activity of CS was measured by monitoring the reduction of DTNB [5,50-dithiobis(2-
nitrobenzoic acid)] by free coenzyme A at 412 nm. The reaction mixture consisted of
400 mM urea, 200 mM TMAO, 150 mM KCl, 3 mM MgCl2, 10 mM NaCl, 0�5 mM
oxaloacetic acid, 0�25 mM DTNB, 0�4 mM acetyl-CoA and 75 mM Tris, pH 8�0 at
20� C. Prior to initiating the reactions with oxaloacetic acid, background deacylase
activity was measured in all samples. Background activity was subsequently subtracted
from activity following addition of oxaloacetic acid.

STATISTICAL AND DATA ANALYSES

Statistical analyses were performed using StatView 5.0.1 (SAS Institute, Inc., Cary,
NC, U.S.A.) or SPSS 11.0.2 (SPSS Science, Chicago, IL, U.S.A.). To determine if
acclimation temperature influenced VO2 a one-way ANOVA with acclimation tempera-
ture as a factor and mass as a covariate was used (ANCOVA). If these results indicated a
significant effect, a Tukey’s HSD post hoc test was used to determine which treatment
groups were different. A one-way ANOVA, with time as a factor and mass as a covariate,
was also used to determine if VO2 differed between short- and long-term exposure to an
experimental temperature. To determine if assay temperature influenced enzyme activity,
one-way ANOVAs, with assay temperature as a factor, were performed separately for
each acclimation group. Finally, to determine if acclimation temperature influenced
enzyme activity at a given assay temperature, a one-way ANOVA, with acclimation
temperature as a factor and mass as a covariate, was used. If these results indicated a
significant effect, then a Tukey’s HSD post hoc test was employed to determine which
treatment groups were different.
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Temperature quotients (Q10) were calculated to determine how sensitive VO2 and
enzyme activities were to changes in temperature. Two types of Q10 values were calcu-
lated: acclimation Q10 values and assay Q10 values. Acclimation Q10 values represented
how much VO2 changed following exposure to a given experimental temperature. In this
analysis, VO2 was always measured at the acclimation temperature. Acclimation Q10s
were calculated using the equation: Q10 ¼ (R2R1

�1)½10ðT2 � T1Þ�1�, where R1 and R2 are
initial and final rates of oxygen consumption, respectively, and T1 and T2 are initial and
final acclimation temperatures, respectively (Schmidt-Nielsen, 1997). Differences between
acclimation Q10 values were assessed using a t-test.
Assay Q10 values were determined for the enzyme activities. In this analysis, the

objective was to determine if prolonged exposure of whitespotted bamboo sharks to
different temperatures subsequently influenced how sensitive their enzymes were to acute
changes in assay temperature. To calculate assay Q10, the linear regression of
log10(enzyme activity at Tn) v. [0�1(Tn � T(n�1))] was generated, where Tn is the assay
temperature. By this method, Q10 is equal to 10b, where b is the slope (Schmidt-Nielsen,
1997). An ANCOVA, with acclimation temperature as a factor and assay temperature as
a covariate, was used to determine if assay Q10 values for enzyme activity changed
following prolonged exposure to experimental temperatures.
A significance level of alpha ¼ 0�05 was used in all analyses and means are

presented � S.E.

RESULTS

TEMPERATURE TOLERANCE

Experimental temperature influenced feeding behaviour and body mass of
whitespotted bamboo sharks. Control animals and those maintained at 20 and
30� C, ate readily and increased in mass. On average, control whitespotted
bamboo sharks increased in body mass by 0�07 � 0�01 g day�1, while 20� C
animals increased by 0�03 � 0�01 g day�1, and those at 30� C by 0�11 � 0�01 g
day�1. By contrast, cold and stepped-cold whitespotted bamboo sharks main-
tained at 15� C did not eat as readily and only two of the nine animals gained
body mass (c. 0�01 g day�1). Of the remaining cold-exposed animals, three
maintained a constant body mass and four decreased in body mass. All animals
that decreased in body mass were from the group that was transferred directly
from 24�5 to 15� C (cold group) without prolonged exposure to 20� C in between
(stepped-cold group). By the end of the oxygen consumption portion of the
study, whitespotted bamboo sharks in the cold group weighed significantly less
than those in all other treatment groups (18�2 � 0�8 g; ANOVA, d.f. ¼ 3 and
14, P < 0�05). Final body mass of stepped-cold (26�9 � 2�9 g) and warm white-
spotted bamboo sharks (35�1 � 2�5 g) were not significantly different from
control animals (28�2 � 1�0 g; Tukey’s HSD, P > 0�05), but were significantly
different from each other (Tukey’s HSD, P < 0�05).

OXYGEN CONSUMPTION

The initial oxygen consumption of whitespotted bamboo sharks when mea-
sured at the control temperature of 24�5� C was not significantly different among
all treatment groups (ANOVA, d.f. ¼ 3 and 13, P ¼ 0�33). Therefore, all VO2

values at 24�5� C were combined to yield an average control VO2 of
91�2 � 5�3 mg O2 kg

�1 h�1 (n ¼ 18). This average was used as a baseline VO2
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for which all comparisons were made following exposure to experimental
temperatures.
Whitespotted bamboo shark oxygen consumption decreased when water tem-

perature was lowered from 24�5� C to 20 and 15� C and increased when water
temperature was raised to 30� C (Fig. 1). When water temperature was lowered
from 24�5 to 20� C in the stepped-cold group, VO2 decreased to
79�3 � 6�1 mg O2 kg

�1 h�1 (n ¼ 5), a 13% decrease from the initial control
value of 91�2 � 5�3 mg O2 kg

�1 h�1. Although this decrease was not significant
(ANOVA, d.f. ¼ 1 and 20, P ¼ 0�31), it was maintained even after 10–12 weeks at
20� C (Fig. 1). When water temperature was subsequently reduced from 20� C to
15� C, VO2 decreased to 34�7 � 2�3 mg O2 kg

�1 h�1 (n ¼ 5), 62% below the con-
trol value. The whitespotted bamboo sharks that were placed directly at 15� C from
24�5� C showed the same metabolic response to decrease in temperature as did the
stepped-cold group (ANOVA, d.f. ¼ 1 and 6, P ¼ 0�21); therefore, data for
15� C-exposed animals from both the cold group and stepped-cold groups were
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FIG. 1. Effects of acclimation temperature on the resting oxygen consumption (VO2) of juvenile

Chiloscyllium plagiosum. Mean � S.E. oxygen consumption rates are shown for short-term (S; 2–3

weeks) and long-term (L; 10–14 weeks) exposure to the experimental temperatures. *, values that

were significantly different from the control value (C) (ANOVA, P < 0�05). #, long-term VO2 values
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(ANOVA, P < 0�05). Sample sizes are shown in parentheses below each temperature.
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combined. Importantly, the VO2 values from all 15� C-exposed whitespotted bam-
boo sharks measured early and late into the acclimation period were not signifi-
cantly different (ANOVA, d.f. ¼ 1 and 15, P ¼ 0�65; Fig. 1) but were significantly
lower than the control value (ANOVA, d.f. ¼ 1 and 24, P < 0�001).
After being maintained at 30� C for 2–3 weeks, whitespotted bamboo shark

VO2 was 32% higher than the control value (120�2 � 5�7 mg O2 kg
�1 h�1,

n ¼ 5; Fig. 1). After 10–12 weeks the VO2 of these animals increased further to
149�6 � 9�0 mg O2 kg

�1 h�1 (n ¼ 5; Fig. 1). This final 30� C VO2 value was
significantly different than the initial VO2 measured at 30� C (ANOVA,
d.f. ¼ 1 and 7, P < 0�05), and represented a significant 64% increase over the
control VO2 (ANOVA, d.f. ¼ 1 and 20, P < 0�001).
As expected from the VO2 measurements, there was no significant difference

between the initial and final acclimation Q10 values for whitespotted bamboo
sharks exposed to either 20 or 15� C (t-test, P ¼ 0�53 and 0�42, respectively;
Table I). These results indicate that the initial metabolic response to temperature
change was not altered following prolonged exposure to these experimental tem-
peratures. The initial acclimation Q10 for whitespotted bamboo sharks placed at
30� C, however, was significantly lower than the final acclimation Q10 (t-test,
P < 0�05; Table I), indicating that prolonged exposure to high temperature accen-
tuated the effect of temperature on the whitespotted bamboo shark RS. The
acclimation Q10 over the entire temperature range of 15–30� C was 2�70 (Table I).

ENZYME ACTIVITY

White muscle CS and LDH activities from control whitespotted bamboo
sharks increased significantly with increasing assay temperature [ANOVA,

TABLE I. Acclimation Q10 values (mean � S.E.) for whitespotted bamboo shark oxygen
consumption following exposure to short- and long-term experimental temperatures

Duration of exposure to experimental temperature

Temperature range, � C (n) Short-term (2–3 weeks) Long-term (11–14 weeks)

15–24�5† (9) 3�06 � 0�22 2�89 � 0�11
20–24�5¥ (5) 1�51 � 0�32 1�32 � 0�14
24�5–30 (5) 1�66 � 0�14 2�49 � 0�26*
15–30$ NA 2�70
†Q10 s for 15–24�5� C were calculated using VO2 values for cold and stepped-cold whitespotted

bamboo sharks following exposure to 15� C (n ¼ 9) because the mean VO2 values from these

groups were not significantly different (ANOVA, d.f. ¼ 1 and 16, P ¼ 0�21), and the average

VO2 for all animals measured at 24�5� C (91�2 mg O2 kg
�1 h�1).

¥Q10 s for 20–24�5� C were calculated using VO2 values from stepped-cold whitespotted bamboo

sharks while they were maintained at 20� C, and the average VO2 for all animals measured at

24�5� C (91�2 mg O2 kg
�1 h�1).

*Significant difference between short- and long-term acclimation Q10 values (paired t-test,

P < 0�05).
$The Q10 value for 15–30� C was calculated from the final mean VO2 values for whitespotted

bamboo sharks maintained at 15 and at 30� C shown in Fig. 1 and presented in Table III.
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d.f. ¼ 3 and 11, and 3 and 12, P < 0�05 for both CS and LDH enzymes,
respectively; Fig. 2(a), (b)], corresponding to assay Q10 of 1�62 and 1�80 for CS
and LDH, respectively (Table II). Activities of CS and LDH from whitespotted
bamboo sharks maintained at 15 and 30� C also increased significantly with
increasing assay temperature [ANOVA, d.f. ¼ 3 and 16, P < 0�05 for all;
Fig. 2(a), (b)]. Moreover, there was no significant difference among the assay
Q10 values for a given enzyme among all experimental groups (ANCOVA,
d.f. ¼ 2 and 6, P ¼ 0�91 for CS and P ¼ 0�44 for LDH; Table II).
Prolonged exposure to 15� C led to mostly insignificant decreases in both CS

and LDH activities relative to control and 30� C animals at all assay tempera-
tures [ANOVA, d.f. ¼ 2 and 10, Tukey’s HSD, P > 0�05; Fig. 2(a), (b)]. The
one exception to this trend was a significant decrease in white muscle CS activity
in 15� C whitespotted bamboo sharks relative to control animals when activity
was assayed at 25� C [Tukey’s HSD, P < 0�05; Fig. 2(a)].
Prolonged exposure to 30� C did not significantly alter LDH activity relative

to control and 15� C whitespotted bamboo sharks at all assay temperatures
[ANOVA, d.f. ¼ 2 and 10, Tukey’s HSD, P > 0�05 for all; Fig. 2(b)]. Muscle
from whitespotted bamboo sharks maintained at 30� C, however, had signifi-
cantly lower CS activity than did muscle from control animals at all assay
temperatures (Tukey’s HSD, P < 0�05 for all), although there was no significant
difference in CS activity between animals maintained at 30� C and those main-
tained at 15� C (Tukey’s HSD, P > 0�05 for all).

DISCUSSION

This study represents one of only a few studies that examines the influence of
temperature on elasmobranch metabolic rate, and the first that combines both
metabolic and enzymatic measurements. Results clearly showed that white-
spotted bamboo sharks could tolerate a wide range of temperatures, the lowest
of which is well below their normal habitat temperature. Whitespotted bamboo
sharks showed no evidence of metabolic compensation at the whole-animal level,
a result expected for a marine stenotherm (i.e. an animal that experiences a very
small range of environmental temperatures). The lack of metabolic compensa-
tion, however, could also reflect an elasmobranch-specific response to changes in
environmental temperature, regardless of native thermal habitat. Interestingly,
enzymatic results suggested that some biochemical compensation occurred fol-
lowing prolonged exposure to warm but not cold conditions.

GENERAL VO2, ENZYME ACTIVITIES AND TEMPERATURE
TOLERANCE

Whitespotted bamboo sharks had an average RS of 91�2 � 5�3 mg O2 kg
�1 h�1

at the control temperature of 24�5� C. Data presented in Table III show that
whitespotted bamboo shark VO2 was within the range expected for similarly sized
sharks with comparable behavioral patterns [e.g. Cephaloschyllium ventriosum
(Garman)]. Activities of CS and LDH from whitespotted bamboo shark white
swimming muscle, and the general response of these enzymes to changing assay
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FIG. 2. The effect of assay temperature on (a) citrate synthase (CS) and (b) lactate dehydrogenase (LDH)
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maintained at 24�5� C ( ), and warm animals maintained at 30� C (&). Enzyme activity increased

significantly with assay temperature in all treatment groups (ANOVA, d.f. ¼ 3 and 11, and 3 and

12, for CS and LDH, respectively, P < 0�05). *, significantly different from the control (ANOVA

followed by Tukey’s HSD post hoc test, P < 0�05). Sample sizes are shown in parentheses below

15� C and apply to all assay temperatures.
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temperature, were also within the ranges reported for other elasmobranchs
(Dickson et al., 1993; Bernal et al., 2003; Treberg et al., 2003).
One of the most surprising results of the present study was that tropical

whitespotted bamboo sharks could tolerate temperatures ranging from 15 to
30� C for several months. Tolerance to 15� C was particularly unexpected given
that this temperature is 10� C below their typical habitat temperature. Although
numerous studies have shown that eurythermal fishes can tolerate a wide range
of temperatures (Hazel & Prosser, 1974; Johnston & Dunn, 1987; Johnston,
1993), long-term tolerance to such a low temperature has not been documented
in a tropical stenotherm. It is important to note, however, that whitespotted
bamboo sharks showed this extreme cold tolerance only if they had first been
maintained at 20� C for several months; animals that were subjected to 15� C
without exposure to this intermediate temperature fed less readily and lost body
mass. It has been proposed that thermal tolerance limits, to both low and high
temperatures, are set by oxygen limitations caused by a progressive mismatch
between oxygen supply and oxygen demand (Pörtner, 2002). According to this
hypothesis, as temperature exceeds these limits, body fluids become increasingly
hypoxic, reliance upon anaerobic metabolism increases, and survival become
increasingly time-limited (Pörtner, 2002). Applying this concept to the present
study suggests that whitespotted bamboo sharks maintained within 20–30� were
not yet oxygen limited because they fed readily and displayed activity levels
similar to control animals. At 15� C, however, whitespotted bamboo sharks
showed evidence of time-limited survival (inactivity, anorexia and decrease in
body mass), possibly due to progressive hypoxia. Results from the stepped-cold
group, however, suggest that cold tolerance of whitespotted bamboo sharks
can shift with thermal history, a phenomenon that is well known in teleosts
(Hoff & Westman, 1966; Schmidt-Nielsen, 1997) but has not been demonstrated
in elasmobranchs until the present study. The shift in cold tolerance may
result from the expression of cold-induced proteins, a class of proteins that
serves to stabilize RNA and prevent the formation of disruptive secondary
structures as temperature decreases (Hochachka & Somero, 2002).
Interestingly, the tolerance of whitespotted bamboo sharks to 15� C shifted
even though there was no evidence metabolic compensation at the whole animal
or biochemical levels.

TABLE II. Assay Q10 values for enzymes [citrate synthase (CS) and lactate dehydrogenase
(LDH)] from whitespotted bamboo shark white muscle following long-term exposure to
different acclimation temperatures. Assay Q10 values were calculated for assay tempera-
tures ranging from 15 to 30� C. Values for Q10 were not significantly different for a given
enzyme among the three treatments (ANCOVA, d.f. ¼ 2 and 6, P ¼ 0�91 for CS and

P ¼ 0�44 for LDH)

Acclimation Temperature (� C) CS LDH

15 (n ¼ 5) 1�69 1�70
24�5 (n ¼ 4) 1�62 1�80
30 (n ¼ 5) 1�67 1�69
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VO2 AND METABOLIC COMPENSATION

In spite of their ability to tolerate the imposed temperature challenges, white-
spotted bamboo sharks did not metabolically compensate to the experimental
temperatures. This conclusion is based on the observation that whitespotted
bamboo shark VO2 decreased following cold exposure and increased following
warm exposure and did not return to original control values even after 3–4
months (Fig. 1). Metabolic compensation would also lead to a decrease in
acclimation Q10 values for VO2 over time, a result that was not observed in the
present study (Table I).
Interestingly, the VO2 of whitespotted bamboo sharks placed at 30� C increased

between short- and long-term exposure (Fig. 1). A response to temperature change
such as this, where the initial effects of temperature on metabolic rate are amplified
rather than reduced over time, has been termed inverse or paradoxical compensa-
tion (Hazel & Prosser, 1974). Cases of inverse compensation have generally been
observed following prolonged exposure to low rather than high temperatures and
have also been associated with high acclimation Q10 values for metabolic rate
(Q10 ¼ 4–5; Hazel & Prosser, 1974; Brown & Fitzpatrick, 1981; Walsh et al.,
1983; Hochscheid et al., 2004). The apparent inverse compensation observed in
whitespotted bamboo sharks, therefore, is unusual since it was in response to long-
term exposure to high temperatures rather than low temperatures, and the Q10

value for metabolic rate was not elevated above other values in the present study
(Table I). The possibility that this result is an elasmobranch-specific response to
warm exposure remains to be determined.
When fishes and other ectotherms are acutely exposed to different tempera-

tures, metabolic rates tend to change according to a Q10 of 2–3 (Schmidt-Nielsen,
1997; Clarke & Johnston, 1999). Animals that metabolically compensate to
different temperatures tend to show acclimation Q10 values of less than two as
metabolic rates at the new temperatures revert to the rates observed at the
original temperatures. Acclimation Q10 values for whitespotted bamboo shark
VO2 following long-term exposure to experimental temperatures were generally
within the range expected for short-term exposure to different temperatures
(Table I), reinforcing the notion that these animals did not metabolically com-
pensate. Interestingly, acclimation Q10 values for whitespotted bamboo shark
VO2 are similar to those found for other elasmobranchs, some of which had been
acutely exposed to experimental temperatures while others had been exposed on
a seasonal basis (Table III). Taken together, there does not appear to be any
clear pattern in the magnitude of Q10 for VO2 among elasmobranchs; those that
have been acutely exposed and those that have undergone long-term acclimation
or acclimatization to different temperatures can have similar Q10 values. This
finding suggests that more research is needed to determine if elasmobranchs, in
general, possess the capacity to metabolically compensate to different tempera-
tures, and, if so, under what circumstances this capacity is realized.
The lack of metabolic compensation at the whole-animal level observed in

whitespotted bamboo sharks is similar to what has been found for tropical
stenothermal amphibians and lizards (Feder, 1978, 1982, 1987; Tsuji, 1988). In
these studies, the lack of metabolic compensation was attributed to the lack of
thermal variability in the tropics (Feder, 1978, 1982). Although little is known
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about the exact range of temperatures experienced by whitespotted bamboo
sharks, they are reef-dwelling, tropical sharks from the Indo-West Pacific
(Compagno, 2001). Given this habitat description, it is likely that whitespotted
bamboo sharks do not experience temperature fluctuations of more than a few
degrees on a daily or annual basis (NOAA, 2001). Thus, results from the present
study support the hypothesis that animals inhabiting stable thermal environ-
ments cannot metabolically compensate to different temperatures. It must again
be acknowledged, however, that the absence of metabolic compensation in
whitespotted bamboo sharks could be due to a general lack of compensatory
ability in elasmobranchs, regardless of native thermal habitat.

ENZYMATIC ACTIVITY AND METABOLIC COMPENSATION

Fishes and other ectotherms that show positive metabolic compensation in
response to changing environmental temperatures possess a suite of changes at
the biochemical and cellular levels that are ultimately responsible for the com-
pensation of RS (Hazel & Prosser, 1974; Goldspink & Penney, 1982; Guderley,
1990; Johnston, 1993; Johnson & Bennett, 1995; Hochachka & Somero, 2002).
Therefore, since whitespotted bamboo sharks showed no metabolic compensa-
tion at the whole-animal level, it was expected that there would be no compensa-
tion at the biochemical level of the measured enzymatic characteristics (i.e. assay
Q10 values and maximal activities).
Results from whitespotted bamboo sharks maintained at 15� C fit these pre-

dictions. First, prolonged exposure to 15� C did not influence the thermal
sensitivity of either CS or LDH, as evidenced by comparable assay Q10 values
between 15� C and control whitespotted bamboo sharks (Table II). This result
implies that prolonged exposure to 15� C did not lead to the expression of
different enzyme isoforms, a phenomenon that occurs in some fishes that exhibit
metabolic compensation (Hochachka & Somero, 2002). Second, prolonged expo-
sure to 15� C led to only insignificant changes in LDH and CS activity relative to
control animals [Fig. 2(a), (b)]. Again, this result is congruent with the oxygen
consumption results that showed no evidence for metabolic compensation of RS

even after 11–14 weeks at 15� C.
Enzymatic results from 30� C whitespotted bamboo sharks matched some of

the predictions described above. For example, prolonged exposure to 30� C did
not influence the assay Q10 values for either CS or LDH (Table II), again
implying no change in enzyme isoforms. In addition, white muscle LDH activity
from 30� C whitespotted bamboo sharks was not significantly different from
control values [Fig. 2(b)]. White muscle CS activity from 30� C whitespotted
bamboo sharks, however, was significantly lower than CS activity from control
animals at all assay temperatures [Fig. 2(a)]. Interestingly, a decrease in CS
activity following prolonged exposure to high temperature is what is expected
for an animal that metabolically compensates to high temperatures (Hazel &
Prosser, 1974; Johnston & Dunn, 1987; Johnston, 1993; Mwangangi & Mutungi,
1994). The decrease in CS activity that accompanies metabolic compensation to
warm conditions is thought to alleviate the temperature-induced increases in the
rates of biochemical processes and cellular energy demand. The reduction in
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enzyme activity ultimately manifests itself as a return of RS to initial control
values even though the animal remains at a higher temperature.
An animal’s RS is determined by the cost of generating ATP that is required for

maintaining cellular homeostasis. Under the resting conditions defined by RS, this
ATP is generated aerobically. Thus, the mismatch between CS results and VO2

measurements in warm-exposed whitespotted bamboo sharks is intriguing given
that CS is involved in aerobic metabolism and is expected to reflect RS. Indeed, a
study which examined CS activity and whole-animal VO2 reveal that these two
components change in parallel in a fish that metabolically compensates to tem-
perature changes (Mwangangi & Mutungi, 1994). Changes in aerobic enzyme
activity that accompany metabolic compensation are often linked to changes in
mitochondrial volume (Johnston & Dunn, 1987). Reduced mitochondrial volume
following warm acclimation has been proposed not only as a mechanism to
compensate for temperature-induced increases in cellular energy demands, but
also as a way to reduce baseline costs caused by proton leakage across the inner
mitochondrial membrane (Pörtner, 2002), a process which has been shown to
increase with increasing temperature (Hardewig et al., 1999). If reduced CS
activity in warm exposed whitespotted bamboo sharks does reflect reduced mito-
chondrial volume, the reason this was not reflected in a lower RS needs to be
explained. One possibility is that reduced baseline maintenance costs caused by a
decrease in mitochondrial volume were exceeded by elevated energetic costs
associated with temperature-induced increases in ATP utilization; when combined,
lower CS activity could be observed with no reduction in RS. Alternatively, or in
addition, because CS is only one factor involved in determining flux through
aerobic pathways, and white locomotor muscle is only one tissue type contributing
to RS, it is possible that other cellular level changes (e.g. substrate availability, co-
factor concentrations or alterations in the activities of other aerobic enzymes) or
tissue level changes (e.g. alterations in the aerobic capacity of other tissues) are
occurring in warm-exposed whitespotted bamboo sharks that offset decreased CS
activity in white locomotor muscle. It will be exciting to see if other elasmobranchs
exhibit the same biochemical and metabolic patterns following prolonged expo-
sure to high temperatures.
Results from the present study reveal that whitespotted bamboo sharks could

tolerate a wide range of environmental temperatures and that thermal history can
influence the level of cold tolerance. Oxygen consumption measurements revealed
no metabolic compensation of RS, although enzymatic measurements suggest that
compensation may occur in some biochemical pathways following prolonged
exposure to warm conditions. These results highlight the importance of using an
integrative approach when studying temperature acclimation since results
observed at one level of biological organization may not always reflect what is
occurring at the level of the whole organism. It is only by studying additional
species of elasmobranchs that physiologists will be able to develop a comprehen-
sive picture of how this group of fishes responds to temperature challenges.
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