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Critical swimming speed (Ucrit) and rate of oxygen consumption of Pacific cod Gadus

macrocephalus acclimated to 4 and 11° C were determined to assess the influence of water

temperature on performance. The physiological effect of exercise trials on fish held at two

temperatures was also assessed by comparing haematocrit and plasma concentrations of

cortisol, metabolites and ions collected from fish before and after testing. The Ucrit of fish

acclimated and exercised at 4° C did not differ from those acclimated and exercised at 11° C

[1�07 body lengths (total length) s�1]. While the standard metabolic rate of 11° C acclimated fish

was 28% higher than that of 4° C fish, no significant difference was observed between fish

acclimated at the two temperatures. Plasma concentrations of cortisol, glucose and lactate

increased significantly from pre- to post-swim in both groups, yet only concentrations of

cortisol differed significantly between temperature treatments. Higher concentrations of cortisol

in association with greater osmoregulatory disturbance in animals acclimated at the lower

temperature indicate that the lower water temperature acted as an environmental stressor. Lack

of significant differences in Ucrit between temperature treatments, however, suggests that Pacific

cod have robust physiological resilience with respect to swimming performance within

temperature changes from 4 to 11° C. # 2008 The Authors
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INTRODUCTION

Environmental conditions can exert profound effects on the physiology of an
organism and are often manifest as changes in metabolism. For marine fishes,
abiotic variables that strongly influence physiology include salinity (Claireaux
et al., 1995), temperature (Johnston & Dunn, 1987), oxygen tension (Claireaux
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et al., 1995), toxins (Beyers et al., 1999) and a myriad of other factors. This
influence of environmental variability on metabolism affects the energy require-
ments for necessary activities such as predator–prey interactions, migration and
reproduction and can affect the fitness and survival of an organism. Metrics of
swimming performance such as sprint speed, rate of acceleration, or endurance
are considered reliable indicators of the effects of both biotic and abiotic fac-
tors on the condition of an individual (Beamish, 1978; Wood, 1991). Critical
swimming speed (Ucrit), the speed at which fishes can no longer swim against
a current, has been used widely to determine the effects of environmental
changes on the swimming ability of fishes (Beamish, 1978; Farrell et al.,
1998; Lee et al., 2003; MacNutt et al., 2004). Repeated determination of Ucrit

has also been used to assess the general health or condition of a fish (Farrell
et al., 1998; Jain et al., 1998). A reduction in Ucrit over the course of repeated
exercise trials is suggestive of a failure to completely recover between bouts of
strenuous exercise and overall condition can be inferred by calculating the ratio
of the results of subsequent swim trials (Jain et al., 1998).
Aerobic and anaerobic capacity determines the point at which a fish fails

during Ucrit trials (Wood, 1991). Swimming performance may change as a result
of nutritional status (Martinez et al., 2003) or when oxygen concentrations
(Davis et al., 1963) or temperature (Larimore & Duever, 1968; Farrell, 2002)
are outside the fish’s optimal range. Water temperature exerts a systematic
influence on processes such as metabolic rate and swimming performance but
variation in the responses within and between species is observed. For example,
Claireaux et al. (2000) detail a 2�7-fold increase in both standard metabolic rate
(Rs) and active metabolic rate (Ra) for Atlantic cod Gadus morhua L. acclimated
and tested at 10° C compared to those at 2° C. Schurmann & Steffensen (1997)
found a 2�2-fold increase in Rs but only a 1�4-fold increase in Ra for Atlantic cod
evaluated at 15° C compared to those at 5° C. Similarly, variation in Ucrit has
also been observed. He (1991) found that the Ucrit of Atlantic cod at 0° C are
about half that of those found by Beamish (1966) at 5° C, whereas Schurmann &
Steffensen (1997) indicate only a 1�2-fold increase in Ucrit, with speeds reaching just
<2 body lengths (total length, LT) per s (BL s�1) for fish tested at 15°C compared to
those at 5° C.
Interdecadal climate shifts leading to changes in water temperature have

been associated with fluctuations in Pacific cod Gadus macrocephalus Tilesius
recruitment (Hare & Mantua, 2000). It is not known, however, how this tem-
perature variability associated with climate shifts affects Pacific cod physiology.
Since body temperature exerts forces on physiological processes in heterother-
mic organisms, physiological changes leading to performance differences attrib-
uted to water temperature would be expected. It is thus necessary to evaluate
the responses of Pacific cod over a range of temperatures to begin to establish
the mechanistic, organismal and ecological linkages between climate shifts,
Pacific cod physiology and recruitment. In the test described here, the physio-
logical metrics of Ucrit and metabolic rate were determined for Pacific cod accli-
mated to 4 and 11° C to evaluate the effects of water temperature on fish
performance as well as plasma endocrine, metabolic and osmoregulatory
indices. It was hypothesized that both Ucrit and rate of oxygen consumption
would be influenced by water temperature and that there would be significant
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correlations between plasma indices, rate of oxygen consumption and swim-
ming performance.

MATERIALS AND METHODS

Adult Pacific cod were caught in June 2005 in waters surrounding Kodiak Island
(57°459 N; 152°159 W) with cod pots (1�45 � 1�30 � 0�70 m) and were transported back
to the Kodiak Fisheries Science Center wet laboratory facilities. Fish were captured in
water ranging from 7�5 to 9�0° C. A uniquely numbered tag (T-bar tag FD-68B; Floy
Tag�, Seattle, WA, U.S.A.) was applied to each fish prior to being placed into one of
four 6 m3 tanks supplied with sand-filtered sea water drawn from a tidal basin adjacent
to the laboratory at a depth of c. 25 m. Water temperature of two of the tanks was
chilled to the low temperature treatment (4° C) and two others were maintained at
a higher temperature treatment (11° C). A slow, circular current was maintained in each
tank for the duration of the experiment by directing water inflow horizontally along
the tank walls thus allowing the fish to orient themselves against a current during acc-
limation. Fish were fed thawed frozen Pacific herring Clupea pallasii Valenciennes to
satiation every 3 days.

The fish were allowed 2 weeks to recover from the stress of collection and transport,
at which point a blood sample was taken from each fish. Each fish was captured from
the tanks using a low abrasion dip-net and immersed in a 30 l solution of anaesthetic
(tricaine methanesulphonate; 100 ppm) for up to 2 min. Once anesthetized, each fish
was placed on a V-board and 0�5 ml of blood was collected from the caudal vasculature
using a 21 gauge needle and 3 ml syringe. Individual blood samples were placed into
labelled vials coated with ammonium heparin for the preparation of plasma samples.
Each fish was measured for LT (�5 mm), mass (M; �0�01 kg), width (W) and height
(H) (just posterior to the pectoral fins �0�1 mm) and returned to their respective tanks
for an average of 48 days prior to exercise trials (time ranged from 30 to 75 days and
did not include the initial 2 week recovery period).

Sixteen fish were used in the swim trials described below (eight low temperature and
eight high temperature acclimated fish). Individual fish were captured from tanks using
a low abrasion dip-net and placed into a 370 l Brett-type swim tunnel maintained at the
acclimation temperature of the fish. The swimming section of the tunnel was con-
structed of clear acrylic pipe and had a length of 1�87 m and a diameter of 0�20 m.
Measurements of LT, W and H were used to calculate solid blocking effect of individual
fish in the swim tunnel (Bell & Terhune, 1970). Prior to assessment of swimming per-
formance, fish were trained in the swim tunnel through exposures to brief, stepwise in-
creases in water velocity until the fish could no longer maintain position in the current.
The fish was then allowed to acclimate to the tunnel at a water velocity of 0�5 BL (LT)
s�1 for 36 h. During acclimation, water temperature (acclimation temperature � 1�0° C)
and percentage dissolved oxygen (>85%) were monitored by taking readings every
minute using a probe (600R multiparameter water quality sonde; Yellow Springs Inter-
national, Yellow Springs, OH, U.S.A.). Data were recorded using EcoWatch software
(version 3.15; Yellow Springs International). Water temperature and dissolved oxygen
were maintained by periodically adding new sea water as needed to maintain the test
temperature and oxygen concentrations via a valve connected to a reservoir of aerated
sea water maintained at the test temperature. This procedure did not appear to disturb
the fish. Prior to exercise trials, individual fish were fasted for a total of either 4 days
(11° C treatment) or 5 days (4° C treatment) to minimize the effect of digestion and
assimilation on metabolism. The fasting period included the 36 h tunnel acclimation
and did not extend beyond the 4–5 day range.

Two Ucrit trials were performed on each fish with a 1 h rest period in between trials.
During trials, dissolved oxygen concentration and temperature were simultaneously
measured and recorded. The Ucrit1 was determined by increasing water velocity by
0�1 BL s�1 every 0�5 h until the fish was exhausted and observed resting against the
grate at the back of the swim tunnel for c. 10 s. Once exhausted, water velocity was
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decreased and maintained at 0�5 BL s�1 for 1 h. The Ucrit2 was then determined in the
same manner as Ucrit1 and an index of recovery was calculated as the ratio Ucrit2:Ucrit1

(Jain et al., 1998). Immediately after determination of Ucrit2, fish were removed from the
swim tunnel, anaesthetized, sampled for 1 ml of blood, weighed (M) and measured (LT).
Following each trial, the oxygen concentration in the swim tunnel in the absence of
a fish was measured for 1 h to determine the biological activity of the water to correct
rates of oxygen consumption obtained during an exercise trial.

Rate of oxygen consumption, adjusted for fish mass [MF (kg) MO2MS
; mg O2 kg�0�8

h�1], was calculated from dissolved oxygen concentration data in the swim tunnel col-
lected at each velocity during the exercise trial according to the following equation
adapted from Newell et al. (1977): MO2MS

¼ M �0�8
F ðMO2ðexpÞ � BÞ, where MO2ðexpÞ is

the average oxygen depletion (mg O2) per min in the swim tunnel during a specific
swimming speed, and B ‘blank’ is the oxygen depletion in the swim tunnel per min
without an animal present. Oxygen depletion was determined from the slope of the dis-
solved oxygen concentration in the swim tunnel regressed as a function of time (min)
for each time step. MF was raised to the 0�8 power to address the allometric relationship
between mass and metabolic rate (Saunders, 1963; Reidy et al., 1995). The Rs was deter-
mined by extrapolating oxygen consumption data to 0 BL s�1 using the exponential
curve (SigmaPlot 2004 version 9.0; Systat Software, Inc., Richmond, CA, U.S.A.) for
each fish (Brett, 1964; Reidy et al., 2000). A value for Q10 was calculated using the over-
all mean of the extrapolated Rs for each temperature treatment. Similarly, a Q10 was
calculated for the maximum metabolic rate (Rmax) achieved by each fish.

Haematocrit of each sample was determined in duplicate by drawing blood into
micro-haematocrit capillary tubes (Fisherbrand�, Houston, TX, U.S.A.) followed by
centrifugation in a micro-haematocrit centrifuge (Unico�, Dayton, NJ, U.S.A.) at
16 400 g for 10 min. The remainder of the blood sample was refrigerated immediately
(4° C) and was separated via centrifugation (593 g for 15 min; Fisher Scientific accu-
Spin� Micro R, Waltham, MA, U.S.A.) within 30 min of collection. Plasma was trans-
ferred to new vials with a long-stemmed Pasteur pipette and stored at �50° C until
analysis. Plasma was assayed for concentrations of glucose and lactate using commer-
cial enzymatic assay kits (Glucose: Wako Pure Chemical Industries, Richmond, VA,
U.S.A.; Lactate: Trinity Biotech, St Louis, MO, U.S.A.) and protein using a commercial
Bradford method protein assay kit (Pierce, Rockford, IL, U.S.A.). All three plasma
constituents were assayed according to manufacturers protocols adapted for use in 96
well microplates. Optical densities were determined in triplicate with a SPECTRAmax�

microplate spectrophotometer and SOFTmax� PRO software (Molecular Devices, Sun-
nyvale, CA, U.S.A.). Concentrations of glucose, lactate and protein in samples were
determined by comparing optical densities of samples to a standard curve derived from
optical densities of known concentrations for each constituent. The mean intra-assay
variation for the glucose, lactate and protein assays was <6% and the mean inter-assay
variation was <4%. Plasma concentrations of sodium, chloride and potassium were
determined in duplicate using a Medica EasyElectrolytes ion meter (Medica Corpora-
tion, Bedford, MA, U.S.A.). Samples were diluted with deionised water (11:5) to fit
ion concentrations into the working range of the instrument. The mean intra-assay var-
iation for the ion assays was <1%. Concentrations of plasma cortisol were determined
in duplicate using radioimmunoassay techniques originally described by Foster & Dunn
(1974) and further modified by Redding et al. (1984) and verified for Pacific cod (G.
Feist, pers. comm.). The intra-assay variation for the cortisol assay was <5%, inter-
assay variation was <10%. For all analyses, the mean values of the replicates were used
for statistical analyses.

Rates of oxygen consumption were analysed using two-way repeated measures anal-
ysis of variance (RM-ANOVA) with temperature and swim speed as factors. Only those
rates measured at �0�9 BL s�1 were used in the analysis since only six fish completed
steps above this speed. Blood variables were analysed using two-way RM-ANOVA
with temperature and pre- or post-swim (time) as factors. Specific differences among
individual means in each of the RM-ANOVA were determined using the Holm-Sidak
method. A t-test was used to test for differences in Ucrit between temperature treatments.
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SigmaStat 3.0 statistical software (Systat Software, Inc., San Jose, CA, U.S.A.) was
used for all statistical analyses. All tests were performed at a ¼ 0�05. Data are presented
as mean � S.E.

RESULTS

The low temperature group consisted of four males and four females, while the
high temperature group consisted of six males and two females. The mean � S.E.
M of fish was 1�50 � 0�14 kg (range 0�76–2�42 kg) and mean � S.E. LT was 513 �
16mm (range 430–600mm). NeitherM nor LT differed significantly between groups
(both d.f. ¼ 14, P > 0�05).
Mean rates of oxygen consumption increased exponentially with swimming

speed in both the low (y ¼ 29�01e0�18x, r2 ¼ 0�92, P < 0�001) and high (y ¼
49�23e0�13x, r2 ¼ 0�97, P ¼ 0�01) temperature groups during the first swim
(Fig. 1). Rates of oxygen consumption (MO2MS

) for Pacific cod increased signif-
icantly with increased swim speed during the first swim (d.f. ¼ 5, P < 0�001)
but did not differ significantly between temperature treatments (d.f. ¼ 1,
P > 0�05). Fish acclimated to the high temperature, however, tended to have
higher Rs than did fish in the low temperature treatment (48�88 � 6�94 v.
38�08 � 7�91 mg O2 kg�0�8 h�1, respectively) and at each step during the first
swim than low temperature fish. Similarly, Rmax tended to be higher in the high
temperature fish than the low temperature fish (198�73 � 10�09 v. 155�89 �
13�00 mg O2 kg�0�8 h�1, respectively). The Q10 of the extrapolated Rs as well
as the Rmax for these fish measured at 4 and 11° C was 1�5.
Ucrit1 was 1�07 � 0�03 BL s�1 and did not differ significantly between treat-

ments (d.f. ¼ 14, P > 0�05) or between sexes (d.f. ¼ 1, P > 0�05). Ucrit2 was
1�06 � 0�03 BL s�1 and did not differ significantly between temperature treatments

FIG. 1. Mean � S.E. rate of oxygen consumption of Pacific cod. Fish were acclimated to 4 ( ) or 11° C ( )

and swum at increasing swimming speeds; , , extrapolated rates of oxygen consumption,

indicative of standard metabolic rate. A two-way RM-ANOVA detected no significant differences in

rates of oxygen consumption between groups (d.f. ¼ 1, P > 0�05).
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(d.f.¼ 14, P> 0�05) or fromUcrit1 (d.f.¼ 14, P> 0�05). Themean index of recovery
was 0�99 in both temperature groups.
Results of measured blood indices (haematocrit, cortisol, glucose, lactate,

total protein and ion assays) are summarized in Table I. Analysis of haematocrit
data revealed a significant interaction between temperature and time (d.f. ¼ 1,
P < 0�001). Haematocrits increased 31�8% from pre- to post-swim in the high
temperature treatment but decreased 4�3% from pre- to post-swim in the low
temperature treatment. In addition, fish in the low temperature treatment had
higher haematocrits pre-swim than those in the high temperature treatment, a dif-
ference of 18�7%. This relationship was reversed in the post-swim samples with
low temperature fish having 12�0% lower haematocrits than those in the high
temperature group.
Concentrations of plasma cortisol were significantly higher in the low tem-

perature fish than in the high temperature fish throughout the experiment
(d.f. ¼ 1, P < 0�05) and increased significantly in both treatment groups from
pre- to post-swim (d.f. ¼ 1, P < 0�001), an increase of 161% in the low tem-
perature fish and >430% in the high temperature fish. Mean concentrations of
plasma glucose, lactate and total protein did not differ (all d.f. ¼ 1, P > 0�05)
between the two temperature treatment groups. Plasma concentrations of glu-
cose (d.f. ¼ 1, P < 0�01), lactate (d.f. ¼ 1, P < 0�001) and protein (d.f. ¼ 1,
P ¼ 0�001) increased significantly from pre- to post-swim in fish of both tem-
perature treatments.
Analysis of concentrations of plasma Naþ revealed a significant interaction

between temperature and time (d.f. ¼ 1, P < 0�01). The mean concentration
of Naþ in the plasma increased 9�0% from pre- to post-swim in low tempera-
ture fish but decreased 8�6% from pre- to post-swim samples in the high tem-
perature fish. Plasma Cl� concentrations were significantly greater in low
temperature than high temperature fish (d.f. ¼ 1, P < 0�001), a difference of
3�2% pre-swim and 10�9% post-swim, and did not significantly change from
pre- to post-swim (d.f. ¼ 1, P > 0�05). Plasma Kþ concentrations did not

TABLE I. Mean � S.E. concentrations of blood constituents for Pacific cod acclimated to
4 and 11° C

Blood constituent

4° C 11° C

Pre-swim Post-swim Pre-swim Post-swim

Cortisol (ng ml�1) 75�06 � 11 85*,† 181�85 � 14�88*,† 20�96 � 6�42*,† 158�26 � 16�66*,†
Glucose (mmol l�1) 3�26 � 0�22* 5�08 � 0�45* 2�85 � 0�17* 5�21 � 0�71*
Lactate (mmol l�1) 0�61 � 0�09* 4�79 � 0�46* 0�76 � 0�16* 3�78 � 0�64*
Total protein
(mg ml�1)

15�33 � 8�09* 19�97 � 5�86* 15�30 � 9�93* 20�10 � 13�41*

Haematocrit (%) 29�00 � 0�59 27�75 � 1�26 23�58 � 0�91 31�07 � 1�16
Naþ (mmol l�1) 169�39 � 1�73 184�08 � 3�38 168�41 � 1�56 166�79 � 1�34
Cl� (mmol l�1) 158�15 � 1�72† 163�71 � 3�70† 154�29 � 1�83† 147�64 � 1�28†
Kþ (mmol l�1) 4�30 � 0�37 3�24 � 0�15 3�15 � 0�17 3�59 � 0�12

*Significant difference (P < 0�05) between pre-swim and post-swim within a temperature group.

†Significant difference (P < 0�05) between 4 and 11° C within a time group (i.e. pre- or post-swim).
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differ significantly between temperature treatments or between samples col-
lected pre- or post-swim (both d.f. ¼ 1, P > 0�05).

DISCUSSION

The results of this test suggest that the temperature range selected has little
effect on metabolic rate and swimming performance of Pacific cod. Pacific cod
acclimated and exercised at 4° C performed just as well as those acclimated and
exercised at 11° C. These results are similar to those found for Atlantic cod in
which Ucrit ranged from 1�6 BL s�1 at 5° C v. 1�7 BL s�1 at 10° C (Schurmann
& Steffensen, 1997). Even though rates of oxygen consumption did not differ
significantly between temperature groups, 11° C acclimated fish tended to con-
sume more oxygen than 4° C fish during exercise trials as would be expected
for heterothermic organisms. Additionally, Pacific cod acclimated to 11° C
had a 28% higher Rs than those acclimated to 4° C whereas Atlantic cod
demonstrate a 61% increase in Rs with only a 5° C increase in temperature
(Schurmann & Steffensen, 1997).
A lack of apparent differences in Ucrit and rates of oxygen consumption

between the two temperature groups might also have resulted from the temper-
atures selected. It is generally accepted that metabolic rate and swimming per-
formance are dependent upon temperature and increase with increasing
temperature up to a point, after which metabolic rate and performance
decrease (Brett, 1971; Beamish, 1978). The point of optimum performance
seems to be related to an optimum temperature (Brett, 1971). Catch studies
indicate that Pacific cod preferentially inhabit waters slightly >7° C (Perry
et al., 1994). Temperature recorders placed in cod pots during the collection
of fish used in this study indicate that fish tested here were captured in water
of c. 7�5–9�0° C. Therefore, if their optimum range is between 7–9° C then the
temperature treatments used in this experiment were on either side of that opti-
mum thus diminishing the anticipated differences associated with Q10. Other
examinations of Pacific cod support this hypothesis. For example, Paul et al.
(1988) measured Rs of Pacific cod between 3�5 and 11�0° C and found that
although oxygen consumption increases from 3�5 to 7�0° C, rates did not differ
between 8 and 11° C.
Higher concentrations of cortisol found in low temperature fish may also

provide an explanation for the failure to detect differences between the low
and high temperature groups. The effects of cortisol on carbohydrate, lipid
and protein metabolism are well documented (Mommsen et al., 1999). Cortisol
acts to mobilize fuel stores to maintain metabolic homeostasis and thus exerts
effects on metabolism directly (van der Boon et al., 1991). Vijayan et al. (1996)
found increased metabolic enzyme activity in the sea raven Hemitripterus amer-
icanus (Gmelin) with increased plasma cortisol and concluded that cortisol in-
creases nitrogen metabolism. Chan & Woo (1978) found increased oxygen
consumption rates in eel Anguilla japonica Temmink & Schlegel injected with
cortisol. Therefore, an increase in circulating cortisol in the low temperature
group may have affected metabolic processes leading to an increase in the rates
of oxygen consumption.
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It is interesting to note that while low temperature fish had higher concentra-
tions of plasma cortisol and were probably more stressed, their swimming per-
formance was not significantly different from the high temperature fish. A
typical response to chronically elevated cortisol in rainbow trout Oncorhynchus
mykiss (Walbaum) includes decreased liver glycogen (Andersen et al., 1991).
Such a reduction in energy stores would be expected to influence swimming
performance. Others have observed that even a three-fold elevation in plasma
cortisol in salmonids does not affect swimming performance (Gregory &
Wood, 1999), however, which is consistent with the results of this study.
Although tissue glycogen concentrations were not measured in this study, it
would be beneficial to collect these data before and after exercise trials to fur-
ther elucidate the effect of this apparent increase in circulating cortisol at lower
water temperatures.
Concentrations of plasma constituents sampled before and after exercise

trials suggest slight osmotic differences between temperature groups but few
differences in concentrations of metabolites. Plasma Cl� concentrations were
greater in low temperature fish post-swim than those of high temperature fish.
Additionally, Naþ concentrations were slightly higher in low temperature fish.
This trend of increasing ionic strength in plasma from marine fishes subjected
to lower temperatures is probably associated with a stress response as osmoreg-
ulatory disturbances are included among the manifestations of the stress
response (Redding & Schreck, 1983; Wendelaar Bonga, 1997). The increase in
plasma protein concentrations is indicative of fluid moving out of the extracel-
lular fluid into the white muscle (Wang et al., 1994) or water moving out of the
fish itself and suggests a stress in both temperature groups associated with the
exercise trial.
Plasma lactate and glucose concentrations did not differ between tempera-

ture treatments in this study. The increase in concentrations of plasma lactate
and glucose observed here were in association with exercise and are consistent
with other studies (Milligan & Wood, 1986; Wood et al., 1990). The increase in
lactate is normally associated with increased glycolytic processes associated with
burst activity and the subsequent movement of lactate from the muscle to the
blood (Wood et al., 1990). The increase in glucose may be attributed to the exer-
cise itself, causing the fish to breakdown glycogen stores (Milligan & Wood,
1986), as well as the increase in plasma cortisol, which has been shown to cause
hyperglycemia in fishes (van der Boon et al., 1991).
Haematocrit data in this study suggest that low temperature fish may have

been stressed prior to exercise trials. High temperature fish show an expected
increase in haematocrit from pre- to post-swim samples, yet no change in hae-
matocrit was observed in the low temperature treatment from pre- to post-
swim samples. Animals maintained at low temperatures may not have been
able to respond to exercise with a splenic release of red blood cells associated
with acute stressors (Wells & Weber, 1990). Redding & Schreck (1983) have
shown decreases in haematocrit associated with stress in coho salmon Onco-
rhynchus kisutch (Walbaum). Changes in haematocrit, however, do not always
provide an accurate reflection of cell number due to the changing size of red
blood cells and in the absence of data describing red blood cell counts, conclu-
sions are premature (Barton, 2002). Additionally, an interaction between the

PERFORMANCE AND METABOLIC RATE OF PACIFIC COD 1075

# 2008 The Authors

Journal compilation # 2008 The Fisheries Society of the British Isles, Journal of Fish Biology 2008, 72, 1068–1078



temperature and time factors in the haematocrit and Naþ data may have been
caused by a different response in the low temperature fish than that of the high
temperature fish. The higher plasma cortisol concentrations in the low temper-
ature fish may have affected the haematocrit as well as the plasma Naþ concen-
trations. If the low temperature fish were already stressed prior to swim trials
then their response to the swim trials may have been minimal in comparison to
the high temperature fish.
Changes in Pacific cod recruitment concomitant with interdecadal climate

shifts in the Gulf of Alaska (Hare & Mantua, 2000) may be due to the effects
of thermal stress. Higher circulating resting levels of cortisol and evidence for
osmoregulatory disturbance observed in animals held at low temperatures is
suggestive of chronic stress (Redding & Schreck, 1983; Wendelaar Bonga,
1997). Temperature typically exerts an effect on physiological processes in
a Q10 dependent fashion. This effect is evidenced by commensurate increases
in rates of biochemical reactions and ultimately in metabolic rate associated
with increased temperature. In biological systems, a Q10 in the range of two
to three can be anticipated; that is, for each 10° C increase in temperature,
reactions and thus processes should increase two- to three-fold. In this study,
the effect of acclimation temperature on metabolic rate of Pacific cod was
not significant and the Q10 was below two. Such a response can be explained
either by selection of temperatures in this study that were potentially outside
the optimum for these fish or that Pacific cod are able to acclimate sufficiently
to maintain metabolic rate across a 7° C temperature differential. Low water
temperatures, however, may act as an environmental stressor affecting Pacific
cod recruitment in the Gulf of Alaska and elsewhere. Although swimming per-
formance of Pacific cod in this study was similar at 4 and 11° C, high resting
levels of plasma cortisol and osmoregulatory disturbances observed here are
suggestive of chronic stress in the animals maintained at lower temperatures.
How such a chronic stressor would affect Pacific cod recruitment remains
unclear and thus remains a topic of continued research.

Funding for this research was generously provided to S.K.H. and C.L.B. by the
Rasmuson Fisheries Research Center, to C.L.B. and R.J.F. by USDA-CSREES and
NOAA-NMFS. Special thanks to I. Schimetka for his technical assistance and G. Feist,
Department of Fish and Wildlife, Oregon State University, for performing cortisol
assays. All procedures contained herein were approved by the University of Alaska
Fairbanks’ Institutional Animal Care and Use Committee (IACUC#02-53).
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