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Abstract

We examined the cardiac responses of different fish species to anaerobic exercise at low temg8rafeEhree
species of sympatric warmwater fish with perceived differences in winter activity were used for this comparative study:
the winter-quiescent largemouth ba3gicropterus salmoides); the winter-active white bass\lorone chrysops); and the
intermediately winter-active black crappi@Pomoxis nigromaculatus). Perceived differences in winter activity were
reflected in cardiac responses; e.g. basal cardiac values were lowest for largemouth bass, highest for white bass, and
intermediate for black crappie. In addition, cardiac recovery was most rapid for white bass, slowest for largemouth bass
and intermediate for black crappie. When disturbed at low temperatures, largemouth bass and black crappie elevated
cardiac output principally through increases in heart rate despite substantial decreases in stroke volume. Conversely,
white bass principally used stroke volume modulation to change cardiac output. The results of this study indicate that
different species respond differently to exercise at low temperatures. Management strategies should recognize that such
variation exists and ensure that management decisions are based upon an understanding of the low temperature exercise
physiology and winter biology of the species of interest.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction their latitude. In the mid-latitude regions of sub-

arctic North America, fish frequently experience

The severity and longevity of winter in North
America varies among regions, with different pop-
ulations of a given species often being exposed to
very different winter conditions depending upon
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water temperatures in lakes and rivers beloWC4
for several months during the wintefPower,
1997). For most fish species, water temperature is
an important determinant of many behavioral
attributes and physiological procesdésy, 1971;
Ultsch, 1989. Low water temperatures experi-
enced during winter by fish generally lead to
restricted food consumptiorffHathaway, 192,
slow digestion rategFange and Grove, 1979
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reduced swimming abilitieéBeamish, 1978 lim-
ited mobility and activity (Fry, 1970, and a
general reduction in metabolisfifrry, 1971; Brett
and Groves, 1979and other physiological proc-
esses. Despite general patterns of reduced activity
in the winter, substantial interspecific variation
does exist(i.e. degree of activity or quiescence
(Crawshaw, 1981 Although studies have docu-
mented various aspects of the winter ecology of
some temperate freshwater figke.g. salmonids;
Cunjak and Power, 1986; Cunjak, 199éhe win-
ter ecology of most fishes is generally poorly
understood.

One of the most robust indicators of metabolic
rate in fish is cardiac output and its components,
heart rate and stroke voluméarrell and Jones,
1992). As with most physiological processes, these
cardiac parameters are intimately linked to water
temperature, usually being lower at cold tempera-
tures and higher at warmer temperatu¢Earrell,
1984, 1996a, 2002 Departures from this pattern
are rare but stroke volume may be higher at lower
temperatures in some fish speci@riedzic et al.,
1996). Investigations of cardiac parameters at tem-
peratures below BC in fish have been restricted
to species that occupy Antarctic regiorig.qg.
Axelsson et al., 1992; Macdonald, 1997emper-
ate investigations have examined cardiac activity
at cool water temperatures but these are generally
in the 5—-12°C temperature rangéesee Kolok and
Farrell, 1994; Webber et al., 198&everal degrees
warmer than the water temperatures occupied by
many fish in the winter.

Additionally, there is also little known about the
response of fish to anaerobic exercise at winter
water temperatures(Kieffer, 2000. Sustained
swimming and recovery from burst swimming at
low temperatures require support from the cardio-
vascular system to deliver oxygen and transport
nutrients and waste products to and from skeletal
muscle(Driedzic et al., 1998 The ability of fish
to perform anaerobically in the winter is important
for several biological activities such as predator
avoidance and food acquisition, as well as to
survive environmental disturbancég.g. adjust-
ment to ice dynamics including frazil ice and
hanging dams, and variable water flow#\bility
to respond to exercise in the winter is also impor-
tant for coping with human induced disturbance in
the form of recreational catch-and-release angling.

Three species of closely related sympatric warm-
water fish common in sub-arctic North America
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are largemouth bas{Micropterus salmoides),
white bass(Morone chrysops), and black crappie
(Pomoxis nigromaculatus). Each of these species,
has different levels of winter activity as reflected
in feeding, movement rates, catchability, and
metabolism. Largemouth bass are sluggish at water
temperatures below 8C (Johnson and Charlton,
1960), leading to the notion that they are dormant
in the winter (Crawshaw, 1984; Lemons and
Crawshaw, 198b Furthermore, during the winter
largemouth bass are rarely captured by anglers
(Scott and Crossman, 19¥Zease feeding in both
laboratory(Johnson and Charlton, 196and field
conditions(Keast, 1968a; Sullivan, 1985exhibit
substantial reductions in swimming performance
(Beamish, 1970; Cooke et al., 2001and under-
take very little movementDemers et al., 1996;
Raibley et al., 199¥ In contrast, white bass
remain much more active in the winter. Evidence
supporting that supposition consists of their rela-
tive ease of capture by angle¢Scott and Cross-
man, 1973; Jenkins and Burkhead, 199their
continued food consumptioWillis et al., 2002,
and their mobility(Beck and Willis, 2000. Black
crappie are intermediate to these two species in
activity during the winter. Despite reducing food
consumption substantially during the winter, black
crappie continue to foragéPearse, 1919; Keast,
1968b and are frequently targeted and occasion-
ally captured by angleréKeast, 1968b; Scott and
Crossman, 1973

The objective of this study was to compare the
low temperature cardiac response to exhaustive
exercise in three species of fish with different
winter activity levels; largemouth bass which are
dormant in the winter, white bass, which are
relatively active during the winter, and black crap-
pie which exhibit intermediate winter activity lev-
els. We hypothesized that winter activity levels of
the fish would correspond to patterns in cardiac
response to exercise. Specifically, we hypothesized
that more winter active fiski.e. white basswould
have higher basal cardiac values, take longer to
exhaust, and recover most rapidly relative to spe-
cies with intermediate winter activit¢black crap-
pie) and winter quiescent speciedargemouth
bass.

2. Materials and methods
2.1. Study animals

All fish used for this study were captured from
Coal Dock Cove, an off-channel area of the La
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Table 1

Meristics and basal cardiac parameters for white bass, black crappie, and largemouth b¥@s at 3

Parameter White Black Largemouth
bass crappie bass

N 10 9 12

Total length(mm) 311+ 72 234413 333+4°

Mass(g) 388+ 307 222+ 46° 611+ 38°

AVM (g) 0.368+0.029 0.198+0.03C¢° 0.488+0.017

RVM 0.095+0.003 0.097+0.008 0.082+0.004

Diameter of ventral aortémm) 1.46+0.05 1.22+0.09 1.8240.06°

All values are means 1 S.E. Dissimilar letters indicate significantly differef® <0.05) values among species.

Grange Reach, a 125.6-km segment of the lllinois
River, near Havana, lllinois. Coal Dock Cove is a
constructed body of water, contiguous with the
main river channel at some time during most years,
but is subject to dewatering or isolation from the
main channel at low river levels. The cove has
abundant populations of largemouth bass, black
crappie, and white bass and provides a secure site
that is monitored continuously for temperature.
Average temperatures at the site range from
approximately 1-6C during the month of Decem-
ber when the fish were captured. Additional site
descriptions are included in Raibley et #1997).
Individuals (N=9-12) of each specie¢Table
1) were captured using a pulsed DC electrofishing
boat and held at the Illinois Natural History Survey
Aquatic Research Laboratory for a minimum of
five days prior to experimentation. Water temper-
atures at time of capture weretd °C. Fish were
held under natural photoperiod conditions in a
3000 | flow-through tank continuously supplied
with pond water, also at 81 °C. Fish were thus
acclimated to natural winter conditions including
slight diel variation.

2.2. Surgical procedure and cardiac output
apparatus

Each fish was anaesthetized prior to surgery
with 60 mg clove oil I'* (emulsified with ethanol,
9:1 ethanofclove oil) for approximately 8 min,
until the fish had lost equilibrium and was non-
responsive. An anaesthetized fish was placed on
its side on a wetted sponge. The anaesthetized
state was maintained during surgery by irrigating
the gills with water containing a maintenance
concentration of anaesthe{i80 mg clove oil ).
Surgical procedure was identical to that described
by Schreer et a2001). Briefly, a flexible silicone
cuff-type Doppler flow probe(subminiature 20

MHz piezoelectric transducer: lowa Doppler Prod-
ucts, lowa City, lowa, USA sized to match the
diameter of the vessel, was placed around the
aorta. The cuff was secured with a single suture
and additional sutures were used to secure the wire
to the body wall. The entire procedure took 15—
30 min for each fish and due to the frigid water
temperatures and subsequent loss of finger dexter-
ity usually required two surgeons.

A flowmeter (545C-4 Directional Pulsed Dopp-
ler Flowmeter: Bioengineering, The University of
lowa, lowa City, lowa, USA and a digital strip-
chart recordefLabVIEW, Version 4.0.1, National
Instruments Corporation, Austin, Texas, UBA
were used to monitor cardiac function. The Dopp-
ler transducer emits a pulsed sonic signal and due
to Doppler shift, when the signal is reflected from
a moving object in the bloode.g. a red blood
cell), a shift in the signal frequency is observed.
This shift in frequency represents a velocity and
is measured as a change in voltage. Peaks in
voltage (velocity) indicate individual heart beats,
and counting peaks per unit time yields heart rate.
The mean voltage per unit time is an index of
flow or cardiac output. Flow can also be calculated
directly in ml time™* (see post-mortem calibration
section. Cardiac output divided by heart rate
yields stroke volume.

2.3. Exhaustive exercise protocol

Following surgery, individual fish were placed
into a 70 | tank(50x 50 cm) and monitored until
they had regained equilibrium. Fish were allowed
to recover from surgery and to acclimate to the
tank for at least 18 h. A darkened area covering
approximately 30% of the tank provided cover and
ensured that the fish were not disturbed by general
laboratory activity. The experimental tanks were
continuously supplied with pond water a3 °C.
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To simulate exercise, fish were chased in the tank
by hand(Cooke et al., 200Dbuntil they reached
exhaustion(the fish would no longer swim and
would lose equilibrium. Cardiac parameters were
recorded continuously for at least 1 h prior to the
exercise simulatioigthe resting perioyl during the
exercise simulation, and for at least 6 h post-
exercise(the recovery period

2.4. Postmortem calibrations

Following experimentation, fish were euthanized
with an overdose of anaesthet{t80 ppm clove
oil), and a post-mortem calibration was conducted
to convert Doppler shiftin Volts) to actual blood
flow (ml min—1) (Cooke et al., 2001b For this
calibration, the head, including the pericardial
cavity, was separated from the rest of the fish. The
sinus venosus, atrium, and ventricle were removed
and the bulbus arteriosus was catheterized with
tubing (PE 120 for perfusion of the ventral aorta.
Using a constant infusion pumfHarvard Appa-
ratus, South Natick, Mass, USAanticoagulated
pig blood was perfused through the aorta to cali-
brate the probes over a range of flow rates encom-
passing those recorded during the trials. Reference
flow rates were analyzed with linear least squares
regression. The ventricles were patted dry and
weighed to the nearest 0.001 gram with weights
reported as absolute®vVM) and relative(RVM)
ventricular mass. Ventral aorta diameter was deter-
mined from the Doppler cuff lumefto the nearest
0.1 mm that was used for each fish.

2.5. Data analysis

To determine recovery times, cardiac traces for
each fish were adjusted to restifgd00% and
evaluated visually. A fish was considered to be
recovered when values returned to resting and
became stable(within 10% of resting values;
Schreer et al., 2001 Maximal disturbance was
determined as the greatest change in a cardiac
parametereither positive or negativeduring the
recovery period. One-way analysis of variance
(ANOVA) and the conservative Tukey post-hoc
test were used to test for differences among spe-
cies. All tests were conducted using Systat V 7.0
and significance was evaluated at=0.05. All
values presented represent meaisE.
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3. Reaults

Meristics data for fish used in this study are
presented in Table 1. The AVM varied significantly
among specieGANOVA, P <0.05 (Table 1, with
largemouth bass hearts weighing the most, black
crappie hearts the least, and white bass hearts an
intermediate amount. When mass corrected, the
RVM did not vary among specieSANOVA, P>
0.05 (Table 1. The diameter of the ventral aorta
varied significantly among speci¢ANOVA, P <
0.05 (Table ) and was largest for largemouth
bass, smallest for black crappie, and intermediate
for white bass. As expected, basal cardiac para-
meters(cardiac output, heart rate, and stroke vol-
ume) at 3 °C were low for all three species. The
basal cardiac output values for white bass
(16.7+ 3.4 ml/min/kg) were significantly higher
than largemouth bass(9.0+0.7 ml/min/kg)
(ANOVA, P<0.05, Fig. 2. Cardiac output of
black crappie(12.3+2.0 ml/min/kg) was inter-
mediate and not significantly different from the
other two species. Basal heart rate values were
similar between white badd5.1+ 0.9 beatgmin)
and black crappi€13.3+0.7 beatgmin) (ANO-

VA, P>0.05), but significantly lower(by approx-
imately 5099 for largemouth bas&7.6+ 0.3 beatg
min) (ANOVA, P<0.05, Fig. 2. Basal stroke
volume values were not significantly different
among all three specie§ANOVA, P>0.05).
Stroke volume of white bass was 0:98.23(ml/
kg), black crappie was 0.950.15 (ml/kg), and
largemouth bass was 1.20.07 (ml/kg) (Fig. 1).

The length of time each species took to become
exhausted varied somewhat among species. White
bass exhausted in similar duratioti60+8.51 9
to both of the other specie®ANOVA, P> 0.05).
Black crappie exhausted significantly more rapidly
(149.89+8.89 9 than did largemouth bass
(179.25+6.47 9 (ANOVA, P<0.05. Because
the fish were exercised to exhaustion, recovery
times were protracted and ranged from approxi-
mately 80—140 min for each of the cardiac para-
meters(Fig. 2). Recovery times were significantly
different among all species for each of the cardiac
parameteréANOVA, P <0.05, Fig. 2. White bass
cardiac parameters recovered most rap{diyually
by 80 min); largemouth bass recovered most slow-
ly (usually by approximately 140 minand black
crappie recovery took intermediate periods of time
(usually by 100 min.



S.J. Cooke et al. / Comparative Biochemistry and Physiology Part A 134 (2003) 157-165

Cardiac Output
(ml/min/kg)

Heart Rate
(beat/min)

Stroke Volume
(ml/kg)
=
3

White Black Largemouth
Bass Crappie Bass
Species

Fig. 1. Panel graph of basal cardiac values for white bass, black
crappie and largemouth bass at &. All values are
meanst S.E. Dissimilar letters indicate significant differences
(P<0.05.

The maximum cardiac disturbancé% change
from basal during recovery varied among species
for heart rate and stroke volume, but not cardiac
output. Mean maximal disturbance of cardiac out-
put was generally 150% for all speciANOVA,
P>0.05 (Fig. 3). Heart rate increases were pro-
portionally the lowest for white basé~140%),
intermediate for black crappi€~225%), and
highest for largemouth bags-425%), values that
were significantly different among speci€&NO-

VA, P<0.05, Fig. 3. Maximal stroke volume
disturbance was similarly low for black crappie
and largemouth bas$~75%) (ANOVA, P>
0.09), whereas white bass were significantly higher
than both of the other speciés 150%) (ANOVA,
P<0.05, Fig. 3. The relative contributions of
heart rate and stroke volume to the factorial exer-
cise induced change in cardiac output varied
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Fig. 2. Cardiac recovery times following exhaustive anaerobic
exercise of white bass, black crappie and largemouth bass at 3
°C. All values are meansS.E. Dissimilar letters indicate sig-
nificant differenceq P <0.05).

among species(see Fig. 4 for equation For
largemouth bass the relative contributions to the
change in cardiac output was 124% for heart rate
and —24% for stroke volume. Black crappie val-
ues were more extreme, 156% of the increase in
cardiac output being attributed to heart rate and
56% to stroke volume. White bass exhibited a
more typical pattern with heart rate contributing
less (45%) to the change in cardiac output than
stroke volumg55%). The scope for cardiac output
varied among species, but was marginally non-
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Fig. 3. Mean maximal change in cardiac parameters over rest-
ing values(100%) during recovery from exhaustive anaerobic
exercise. Values are presented for white bass, black crappie and
largemouth bass at®. All values are meansS.E. Dissimilar
letters indicate significant differencé® <0.05).
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Fig. 4. The percentage contribution of heart réi¢R) and
stroke volume(SV) to the exercise induced change in cardiac
output in eight fish species. Data for largemouth bdd¢B ),
black crappie(BC), and white bas§wWB), are for 3°C and
are from this study. Other data are from the literature; small-
mouth bass(SMB) are for 12°C for briefly (SMBa) and
exhaustively (SMBb) exercised fish from Schreer et al.
(200D); largescale suckdiLSS) exercised at 8 from Kolok

et al.(1993); northern squawfisiNSQ) exercised at 5C from
Kolok and Farrell (1994); rainbow trout (Oncorhynchus
mykiss) (TRT) exercised at 9-10.8C from Kiceniuk and
Jones(1977); general pattern of several AntarctiANT) fish
below 1°C from Axelsson et al(1992). Relative contributions
calculated using a modified version of the formula outlined in
Thorarensen et al.(1996) (e.g.%contribution=100. log

(HRpax/HR ed/(109(HR ol HR 2+ 10g(SV ndSV ).
Maximum change substituted for maximum increase when
stroke volume decreased.

significant (ANOVA, P>0.05. Mean scope for
cardiac output was 5#41.5 ml/min/kg for lar-

gemouth bass, 7:01.9 ml/min/kg for black crap-
pie, and 9.2 1.6 ml/min/kg for white bass.

4. Discussion

The basal cardiac measurements indicate that,
at winter temperatures, white bass are the most
metabolically active of the three species examined,
largemouth bass are the least active, and black
crappie are intermediate. The findings of this study
are in general agreement with the perceived levels
of winter activity and with the hypothesis that
more active fish at a given temperature have higher
basal cardiac values than less active ones. The
basal cardiac values that we report here are novel
in several respects. First, these data represent some
of the lowest cardiac output and heart rate levels
reported, due in large part to the very low water
temperatures. Secondly, these data are also the first
reliable cardiac performance data for these species
of fish. Only largemouth bass had been previously
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examined, and those authofReynolds and Cas-
terlin, 1978 used the thermodilution technique, an
approach that typically overestimates cardiac out-
put (Farrell and Jones, 1992 Their data were
collected at 12C and were much higher than the
data we collected at 3C.

Recovery from anaerobic exercise is severely
limited at low temperatures, however, substantial
interspecific variation may existKieffer, 2000).

In our study, there were significant interspecific
differences in the recovery times. In general, each
of the cardiac parameters for the fish examined
followed the graded trend of expected winter
activity. White bass recovered more quickly than
black crappie and largemouth bass, respectively.
Although temperature influences the storage, util-
ization, and recovery of metabolic fuels, the largest
effects are on the production and removal of
metabolic end-product¢Kieffer, 2000. Indeed,
with the exception of PCr, low water temperature
retards the recovery rates of energy stofd3P

and glycogen (Kieffer et al., 1994; Wilkie et al.,
1997; Kieffer, 2000 as well as the clearance of
lactate (Wilkie et al., 1997. It is important to
note, however, that the cardiac parameters we
examined are not direct indicators of trends in
metabolic recovery. Indirectly, increased cardiac
performancdi.e. the movement of more blood per
unit time) will deliver oxygen to deal with the
oxygen debt(Gaesser and Brooks, 1984nd will
facilitate the removal of the byproduc{Satchell,
1991). Based on this strong interrelationship
among cardiac performance and the clearing of
byproducts, we suggest that white bass appear to
be better adapted to low temperature anaerobic
exercise as evidenced by the more rapid cardiac
recovery than both black crappie and largemouth
bass.

Many, but not all fish species exhibit increases
in relative ventricular mass when exposed to low
temperature$Driedzic et al., 1995 In our study,
relative ventricular mass was similar across species
(~0.1% of total body mags Cold adaptation in
the winter quiescent largemouth bag$Kolok,
1992 results in increased relative ventricular mass,
perhaps to maintain performance. Although there
is sufficient evidence that largemouth bass exhibit
increases in relative ventricular mass, empirical
evidence for the anticipated increase in stroke
volume to maintain cardiac output is still some-
what rare. Forthcoming data that include resting
stroke volumes of largemouth bass at 13, 17, 21
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and 25°C that are all betweer-0.7 and 0.8 myl

kg (Cooke Unpublished Daj}aprovide additional
evidence that stroke volume is increased at low
temperatures likely due to the increase in relative
ventricular size. Interestingly, this increase in
stroke volume appears to be most relevant in
maintaining cardiac output at the resting levels
when largemouth bass heart rates are extremely
low (~9 BPM). Indeed, we observed decreases
in stroke volume and substantial increases in heart
rate in response to exercise to affect an increase
in cardiac output and subsequent delivery of oxy-
gen to tissues when exercised at@

Recovery from burst exercise results in an
increased metabolic rate and consequently an
increase in CO and one or both of its components
(HR and SV (Farrell and Jones, 1992Farrell
(1991 suggested that there is an evolutionary
trend from volume-modulated to frequency-mod-
ulated cardiac output. This phenomenon can be
observed in the comparison of white bass, black
crappie, and largemouth bass; largemouth bass
increased cardiac output through a massive
increase in heart rate~ 425%) despite a reduction
in stroke volume; black crappie increased heart
rate (~225%), although stroke volume did not
change; white bass increased heart rate to a lesser
extent (~140%), but stroke volume increased
more (~150%). The magnitude of the reduction
in stroke volume found in largemouth bass and
black crappie in response to anaerobic exercise is
unique. This study is not the first account of
frequency modulation among the centrarchid fishes
(the family in which largemouth bass and black
crappie are taxonomically classified; See Cooke et
al., 2001b; Schreer et al., 2001; Schreer and Cooke,
in pres3. Until these recent studies, frequency
modulation was thought to be restricted to the very
high performance tuna and some Antrarctic fishes
(Farrell, 1991, 1996hb The majority of fish have
a 40 to 60% contribution from S\M(Farrell and
Jones, 1992 Our study provides evidence that
frequency modulation may be ubiquitous within
the Centrarchidae familySunfish family. Inter-
estingly, the white bass which are classified taxo-
nomically in the Percichthyidaétemperate bass
family), are also members of the same order as
the Centrarchidaéi.e. Order Perciforme§Perco-
morphi], yet do not appear to be frequency
modulators. Additional studies exploring the pres-
ence of this trait in the Perciformes and the
ubiquity and plasticity of the response to different
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stressors (e.g. thermal change, air exposure,
exhaustive exercise, forced swimm)jngare
required.

Several studies by Kolok and associates have
provided the first evidence for variation in physi-
ological performance at low water temperatures
relative to the winter activity levels of the fish
species. Kolok et al(1993) and Kolok and Farrell
(1994 and suggest that in winter quiescent fish
species, the relationship between water temperature
and scope for cardiac outptin addition to other
cardiac parametersnay differ from that of winter
active species. Specifically, in winter quiescent
fish, scope for cardiac output may decrease with
temperature, whereas in winter active species, it
may not change. Our values varied by up to 40%
among species with largemouth bass, the least
active species having the lowest scope for cardiac
output. The highest values were obtained from the
active white bass. From these examples, there
appears to be a trend with increasing scope at a
lower water temperature for species that are more
active in the winter, consistent with previous
findings.

Understanding the behavioral and physiological
effects of exposure to low water temperatures for
extended periods of time such as those encountered
during winters in North America also have impli-
cations for conservation and management. Indeed,
while the conservation of energy is essential for
most fish in the winter(Ultsch, 1989, reduced
activity/mobility can also be detrimental because
predator avoidance and food acquisition are impor-
tant aspects of life during any season. Environ-
mental variation and habitat structure also greatly
influence survival and activity throughout the win-
ter season. Winter habitat choice is based on
minimizing energy expendituréCarlson, 1992
and protection from adverse physiochemical con-
ditions (e.g. ice, low oxygen, winter freshetand
access to refugiagCunjak, 1998. Ice (surface,
frazil, and anchor iceis common in many rivers
and can reduce winter habitat space and suitability
(Power et al., 1998 Habitats that encompass a
variety of microhabitats are required to conserve
both winter active and winter quiescent fish. We
presume that fish exhibiting different winter activ-
ity levels will face different threats during the
winter period. For example, winter active fib.g.
white bas$ must acquire sufficient food resources
and be able to move freely among different habi-
tats. Winter quiescent fish such as largemouth bass



164

require refugia that are consistent with minimizing
energy expenditure and protection from adverse
conditions. In addition to avoiding predators and
capturing food, low temperatures also have the
potential to place limits on a fish’'s ability to
perform and recover from catch-and-release
angling induced anaerobic exerciséKieffer,
2000. Among all species, optimal temperatures
for performance and recovery likely exist, with
both extremegi.e. high temperature vs. low tem-
perature resulting in performance impairments
and delayed recover§Bchreer et al., 2001; Farrell,
2002. Our results indicate that different species
respond differently to exercise at low temperatures
and that management strategies should recognize
that such variation exists and ensure that manage-
ment decisions are based upon an understanding
of the low temperature exercise physiology and
winter biology of the species of interest.
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