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Summary

To examine cardiorespiratory plasticity, cardiovascular
function, oxygen consumption, oxygen delivery and
osmotic balance were measured at velocities up to critical
swimming speed Ucit) in seawater-adapted chinook
salmon. We used two groups of fish. The control group
had swum continuously for 4 months at a low intensity
(0.5BLs™) and the other was given a high-intensity
training regimen (a Ucrit Swim test on alternate days) over
the same period of time. Compared with available data
for other salmonid species, the control group had a
higher maximum oxygen consumption o,max;
244umol O2min~1kg™), cardiac output (Qmax; 65mlmin-1
kg™l) and blood oxygen content Cao,; 15mlO2dl™1).
Exercise training caused a 50% increase inMo,max
without changing either Ucrit or Cao,, even though there
were small but significant increases in hematocrit,
hemoglobin concentration and relative ventricular mass.
During swimming, however, exercise-trained fish

moisture, a smaller increase in plasma osmolality, and
reduced venous oxygen stores compared with control fish.
Consequently, exercise training apparently diminished the
osmo-respiratory compromise, but improved oxygen
extraction at the tissues. We conclude that the training-
induced increase inMo,max provided benefits to systems
other than the locomotory system, such as osmoregulation,
enabling trained fish to better multitask physiological
functions while swimming. Furthermore, because a good
interspecific correlation exists between Mo,max and
arterial oxygen supply (To,max; %=0.99) among temperate
fish species, it is likely thatCap, and Qmax are principal
loci for cardiorespiratory evolutionary adaptation but not
for intraspecific cardiorepiratory plasticity as revealed by
high intensity exercise training.

Key words: salmon, cardiac output, heart rate, oxygen consumption,
plasma osmolality, oxygen transport, swimming, exercise training,

experienced a smaller decrease in body mass and muscle osmo-respiratory compromis@ncorhynchus tshawytscha

Introduction
Maximum oxygen consumptiorMio,max) of rainbow trout

capillarity (Davie et al., 1986; Séanger, 1992). In other words,

(Oncorhynchus mykisss thought to be closely related to the plasticity has been shown to exist in many of the individual
capacity of the cardiovascular system to transport oxygeoomponents responsible for internal oxygen convection. These
(Gallaugher et al., 1995). However, the extent to which internalata suggest that, in theory, both arterial oxygen supply to the
oxygen transport in fish responds to exercise training, i.dissues {o,= QxCao,, where Q is cardiac output) and the
cardiovascular plasticity, is unresolved because comprehensiaeierio—venous oxygen differencBg,) could increase with

in vivostudies are lacking. Aerobic exercise training can affecéxercise training. However, part of this prediction was not
various components of the salmonid cardiovascular systerhprne out when many of the variables were measured
causing cardiac hypertrophy (Hochachka, 1961; Farrell et alsimultaneously for the first timm vivo (Thorarensen et al.,
1990) and increasinig vitro maximum cardiac output¥nax) 1993). After a low intensity aerobic training regimen, chinook
(Farrell et al., 1991), hematocrit (Hct; Hochachka, 1961salmon Oncorhynchus tshawytschassponded with only a
Zbanyszek and Smith, 1984; Thorarensen et al., 1993), arterhall improvement iffo, and no effect on eithévio,max or
oxygen contentGao,; Thorarensen et al., 1993) and musclecritical swimming speedUcrit).
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Earlier, Davison (Davison, 1989) concluded that thefish swam initially at BLs™ for 20 min, and then swimming
evidence for training-induced improvements in internal oxygewelocity was subsequently increased in steps dD$5?, each
transport capacity and swimming performance is equivocal,0 min in duration, until eithdderit or 2.5BLs™! was reached.
largely because the magnitude of many of the reported changéle intensity of the training was then increased during the next
was small. It is also possible that the exercise training regimel®smonths; the fish swam for 20 min at each velocity Upcte
used in previous studies were not always of a sufficient intensityhe exercise training procedure lasted approximately 2h. In
or duration to elicit cardiovascular change. Consequently, wigetween training sessions, the fish swam at the same speed as
used a high-intensity exercise-training regimen over a 4-montie controls. Both groups of fish were fed satiation levels of
period in an attempt to elicit a maximum cardiorespiratorydry pellets via an automatic food dispenser. Based on a
response before measuring cardiorespiratory performanceib-sample of 20 fish for each group, significant growth
during a critical swimming speed test. (approximately 15 %#<0.05) occurred in both the control and

We also explored the possibility that exercise training caexercise-trained groups of fish during the 4-month period
provide benefits beyond those that directly benefit locomotorgKiessling et al., 1994a). For the control fish, the average initial
performance. During swimming in sea water (SW), ionic anand final body mass was 343 g and 387 g, respectively, whereas
osmotic balance are disrupted (Rao, 1968; Rao, 1969; Farntbie average initial and final body mass for the exercise-trained
and Beamish, 1969; Byrne et al., 1972; Wood and Randalflish was 338g and 387 g, respectively. Fish length at the end
1973a; Wood and Randall, 1973b; Webb, 1975; Febry andf the experiment was 31-33cm. Water temperature range
Lutz, 1987) because the functional surface area of the gillsas 8-10°C during the training period (November through
(Booth, 1979; see also Wood and Perry, 1985) and théebruary).
permeability of the gills to ions (Gonzalez and McDonald,

1992; Gonzalez and McDonald, 1994) both increase. This Surgical procedures
enhanced diffusional exchange of gases, ions and waterOn the day before surgery, fish were individually transferred
with the environment is the so-called ‘osmo-respiratoryto a 201 indoor holding tank continuously flushed with SW at
compromise’ (Randall et al., 1972; Nilsson, 1986), which ha®-10°C. Fish were anaesthetised in a chilled solution of 2-
been well-studied in freshwater (FW) fish (Gonzalez angbheoxyethanol in SW (1:2,000) and placed supine on an
MacDonald, 1992; Gonzalez and MacDonald, 1994). In restingperating sling. Anaesthesia was maintained by continuously
rainbow trout, for example, the estimate is that one sodium ioinrigating the gills with a solution of 2-phenoxyethanol in
is lost across the gills for every eight molecules of oxygerhilled SW (1:4,000). A cannula (PE50, Clay Adams,
taken up. However, whello,max increases during exercise, Parsippany, NJ, USA) was inserted into the dorsal aorta (DA)
sodium loss is enhanced more than, such that one sodium as described by Thorarensen et al. (Thorarensen et al., 1993)
ion is lost for every five molecules of oxygen taken upand modified from Soivio (Soivio, 1975). The cannula was
(Gonzalez and MacDonald, 1992). In contrast to FW fish, thexternalised through the thin skin membrane under the
relationships between osmoregulatory capacity, swimmingnaxillary and filled with heparinised (150i.u. 1l saline
performance andlo,max have not been well investigated in (0.9% NacCl). This cannula was used for sampling arterial
SW salmon, especially with respect to training effectsblood and measuring arterial blood pressitgaj. A pulsed
lonic/osmotic imbalances have been linked, however, t®oppler flow probe (TMI, lowa City, 1A, USA) was placed
reductions in aerobic swimming performance in juvenilearound the ventral aorta, just distal to the bulbus arteriosus, to
salmonids (Houston, 1959; Brauner et al., 1992). Our workingrovide a continuous measurement®fcardiac output; total
hypothesis, given the osmo-respiratory compromise, was thatood flow in the ventral aorta). The flow probes were made
exercise-trained fish with a higher aerobic capacity would beith rigid plastic collars and selected to fit snugly around the
better able to manage the metabolic costs of ionic and osmotiessel. The ventral aorta was accessed via the opercular cavity
regulation while swimming. (Steffensen and Farrell, 1998). A 3-5mm segment of the
vessel was teased free from the surrounding tissue without
) rupturing the pericardium or obstructing the coronary artery.
Materials and methods Silk thread (3-0) was used to suture the leads from the probe
Experimental animals and training protocol to the isthmus and to the side of the fish, behind the cleithrum

Fish were derived from a stock of chinook salmonand just under the lateral line. The leads and the cannula were
(Oncorhynchus tshawytsch&albaum) that we had studied also anchored in front of the dorsal fin. The entire operation
previously and control fish had been held for 4 months whiléasted less than 20 min. The fish were allowed to recover for
swimming continuously at a low speed of 0.5 body lengths pet-5h in a 201 tank and then overnight in a swim tunnel. The
second BLs™) (Thorarensen et al., 1993). A full description total recovery time before experimentation commenced was
of the training tanks and fish husbandry is given in Kiesslin@4 h. Body mass was measured immediately before transfer to
et al. (Kiessling et al., 1994b). A second group was subjectettie swim tunnel.
to a high intensity exercise training protocol as follows. On
alternate days during the first month of training, the fish Experimental protocol
performed dJcrit sSwimming challenge. For this challenge, the The critical swimming test involved incremental velocity
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steps in a Brett-type swim tunnélerit (cms? or BLs!) and  samples. Mean cell hemoglobin concentration (MCHC) was

Mo, were measured using methods described previouslyalculated as [Hb]/Hct. Plasma osmolality was measured in

(Thorarensen et al., 1993; Gallaugher et al., 1995). Before thieplicate on 1Qul samples using a Wescor (5100) Vapour

fish started swimming, routin®, Ppa and Mo, values were Pressure Osmometer (Wescor, Logan, UT, USA).

recorded and an arterial blood sample was taken. Swimming

speed was then increased tBlis! and the sampling Measurements of muscle dry matter

procedure was repeated. Subsequently, swimming velocity wasAnalyses of muscle dry matter and ash content were

increased in steps of 0.BRs™1, each step being maintained performed on separate samples of coniie20) and exercise-

for 20min. Q, Ppa and Mo, were recorded at each velocity trained fish Ki=20) at the end of their exercise training. Similar

increment after the fish reached a steady state, i.analyses were performed for contrdl=8) and exercise-

approximately 8—10min after the velocity was increased. Agrained =8) fish after the 1h recovery from thkyit swim

the fish approachetlcit (as indicated by ‘burst and coast’ test. These analyses involved drying tissue at 100°C for

swimming behaviours in the otherwise steady swimmindl6—18h (muscle dry matter, % of tissue wet mass) or 3h at

pattern), a blood sample was taken at each water velocity steg0 °C (ash content, % of tissue wet mass), as described by

Blood samples dtlcrit were always drawn while the fish was Kiessling et al. (Kiessling et al., 1994a).

swimming, which in some cases required a reduction of water

velocity by one step (see Gallaugher et al., 1992). After fatigue, Possible effects of surgery on oxygen consumption and

Q, Poa andMo, were recorded following a 1 h recovery period. critical swimming performance

Consequently, all cardiorespiratory variables were measured To determine if osmotic disruption during swimming was in

under resting conditions, while the fish swam &L%1, at some way influenced by tissue damage associated with the

80 % Ugrit, at 100 %dJcrit and after a 1 h recovery period. Under placement of the Doppler flow probes, a separate group of

resting conditions and during recovery, the water velocity waexercise-trained fisiNE6) received only a DA cannula for the

just sufficient to keep the fish orientated into the water currentcit test in the swim tunnel. In additioklo,maxWwas measured

but stationary on the bottom of the swim tube. After than separate groups of exercise-trained and control fish that had

experiment, fish were anaesthetised to calibrate the flow prolet been cannulated, and this allowed us to assess the effects

and then sacrificed with a blow to the head prior to body mass the Doppler flow probe and cannulation procedures.

and heart mass being measured. Relative ventricle mass

(RVM) was calculated as 18@entricle mass/body mass. All Calibration of flow probes

procedures were in accordance with the Canadian Council onDoppler flow probes measure relative changesQn

Animal Care and approved by Simon Fraser University. Therefore, each probe was calibrateditu at the end of the

Ucrit experiment with the fish re-anaesthetised. To do this, a
Blood sampling and analytical techniques Transonic flow probe (Transonic Inc., Ithaca, NY, USA),

For each 1.0ml arterial blood sample, arterialténsion which measures absolute blood flow, was placed around the

(Pao,) and arterial @ content Cao,), arterial pH (pHa), bulbus and ventral aortic flow was recorded simultaneously

hematocrit (Hct), hemoglobin concentration ([Hb]) and plasmdrom the Doppler and Transonic flow probes. (Transonic flow

osmolality were determined. Plasma lactate concentration [Lgjrobes were not used for the experiments because of their

was measured only at rest, @it and during recovery. To rather larger size. The smaller Doppler flow probes were less

prevent anemia as a result of the repetitive blood samplingikely impair swimming in these fish weighing 300-400g.)

1.0 ml of blood, made up from blood used to meaBargand  Doppler flow probes were successfully calibrated in six fish

pHa, any remaining blood from the sample and blood from &om each group. Experiments were attempted on 14 fish for

normocythemic donor fish, was returned to the experimentaach group, but in some cases the flow probe was not

fish via the DA cannula. successfully calibrated and in others either blood pressure or
Measurements oPao, were made using a Radiometer hematology measurements were missing. For statistical

(Copenhagen) E504Bo, electrode in a D616 cell and whole purposes, only fish that had all variables measured successfully

blood pHa was determined on samples injected into were included in the cardiovascular data analysis. Variables

Radiometer pH microelectrode (type E5021). Both electrodethat were measured and not included below were in general

were regulated at the experimental water temperature arajreement with the overall findings.

linked to a Radiometer PHM71 acid—base analyzer. A second

oxygen electrode system was used to measure Rate€Cao, Data acquisition and measurements of cardiorespiratory

was measured in 30 blood samples using the method of variables

Tucker (Tucker, 1967). Hct was measured in triplicateu{20  Ppa was measured with a LDI5 pressure transducer (Narco,

samples drawn into microcapillary tubes) using a Haemofugilouston, TX, USA) connected to a Grass preamplifier (Model

(Heraeus Sepatech, Netherlands) centrifuge (1@0€8r  791J, Grass Instruments, Quincy, MA, USA). The pressure

3min). Sigma diagnostic kits (Sigma Chemical Co., St Louistransducer was calibrated daily and regularly referenced to the

MO, USA) were used to measure blood [Hb] (no. 525A) inwater level in the swim tunnel during the experiment. The

20ul blood samples and [La] (no. 826-UV) in lJioplasma  signals from the flow meter, pressure transducer and the
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oxygen meter were amplified by a Grass chart recorder (M« 500 T T T T
7PCP B, Grass Instruments Quincy, MA, USA) and stored m Trained * 3
a computer. The computer sampled signals for blood flow —~ 400k © Control * 1
blood pressure at a rate of 5Hz. Variables were meas! o *
for 6min and then averaged. Labtech Notebook softw vl *
(Laboratory Technology Corp., Wilmington, MA, USA) wa g 300- i 7
used to process the signals and to calculate heartyate, o)
. : _ 2 200 .
Calculations of oxygen extraction and systemic vascular &
resistance s
Compared with our experience with rainbow trout, chino = 1001 ]
salmon were less tolerant of extensive surgery. Theref
|

;athgr than adding a second cannula_to sample venous 00 ; 2'0 ; io ; 6'0 0 100

or direct measurements &b,, we decided to calculateo, o 4

as a percentage using the Fick equati&a,£100Mo,/(Q Swimming speed(cm s7)

xCao,)]). To preclude possible errors associated with tissuFig. 1. Changes irMo, as a function of swimming velocity in

utilisation of oxygen directly from the water, this calculationexercise-trainedN=9) and N=7) control groups of uncannulated

was only performed aMo,max While the net amount of fish. *Significant P<0.05) difference from control fish; fsignificant

oxygen delivered to the tissues by the cardiovascular systemdifference from exercise-trained cannulated fish.

equal toTo,xEo,, tissues such as the skin and the gill epithelic.

can utilise oxygen directly from the water (Kirsch andrest, 1BLs™, approx. 80%Ucrit, Ucrit and during recovery

Nonnotte, 1977; Daxboeck et al, 1982). Even so, thaere made between control and exercise-trained groups using

contribution of this form of oxygen delivery is considered toa repeated-measures ANOVA. Changes in hematological

be minimal when salmonids approddb,max (Neuman et al., variables within each group were analyzed by a pditedt

1983; Thorarensen et al.,, 1996; Brauner et al., 2000ajor means. The other variables reported here were statistically

Systemic vascular resistanc®sfy was calculated from analysed using the GLM procedure in SAS (Version 6, SAS

Rsys=Ppa/Q and the small effect of venous blood pressure ornstitute Inc., Cary, NC, USA). A significant difference

Rsyswas disregarded. between the control and exercise-trained fish was regarded as
a training effect.

Statistics

Mean values #s.e.M. are presented throughout the text and
figures and the fiducial limit for accepting significance was Results
P<0.05. There was variability in individual swimming Swimming performance and oxygen uptake
performance and therefore swimming speed was normalised toThe changes iMo, during swimming are presented for
%Ucrit to assist in some comparisons. All variables weraincannulated fish in Fig. Lcrit values were not statistically
compared with a three-way ANOVA with individuals, different for control and exercise-trained fish. However, at
swimming velocity and training level as factors. Mean levelghe higher swimming velocitie®/o, for exercise-trained fish
at each swimming speed were compared with a least-squaseas significantly greater than that for control fish. Similarly
estimate. Statistical comparisons of hematological variables &ir cannulated fishilo, was 50 % higher in exercise-trained

Table 1.Cardiorespiratory variables from control and exercise-trained chinook salmon before and during critical speed
swimming Ucrit)

Control fish Exercise-trained fish
Variable Rest AUcrit Routine AtUcrit
Mo, (umol Oz min~tkg1) 63113 244+28% 74+13 366+28%
Q(mIminlkg™) 35.8+4.5 65.6+7.3* 33.6+3.6 65.1+7.9%
Vsh(ml) 0.63+0.07 1.04+0.11* 0.63+0.04 0.97+0.13*
fu (beats min?) 57+4 63+2* 53+2 64+2*
Ppa (kPa) 3.240.2 4.0+0.2* 3.5+0.3 3.6+0.3%
Rsys(kPamirmlkg=1mi-1) 0.095+0.010 0.071+0.015 0.112+0.016 0.058+0.014*
To, (umol Oz min~1kg™) 217120 393+39* 213+30.9 40850~
Cao, (Ml O2dI™Y) 13.8+0.6 13.5+0.6 13.9+0.5 14.1+0.5

Values are meansst.M. (N=6).
*Significant difference from rest valuB<€0.05); fsignificant difference between control and exercise-trainedPf€h(db).
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(366umol Oz kgtmin~1) compared with control fish control fish (0.101+0.003\=12). Although the heart mass of
(244pmol Oz kgt min1, Table 1), and agaitUcit values exercise-trained fish was large® was not significantly
were not significantly different (control, 2.31+0BBs ~1,  different between exercise-trained and control fish at any
N=9; exercise-trained, 2.13+0.8& s "1, N=7). Cannulated swimming velocity (Table 1, Fig. 2A). Routin€ was
and uncannulated fish had the sardeit value, but 35.8mimirrlkg™ and 33.6 mimintkg? for the control and
Mo,max Wwas significantly higher in uncannulated exercise-trained groups, respectively, and with swimm@hg,
(413umol O2kg2min1)  compared with cannulated increased by 94% and 83% to maximum values of 65.5 and
(366umol O2kg~Imin-1), exercise-trained fish. 65.1 mImirrlkg?, respectively (Table 1Qmaxwas recorded
at swimming velocities of 90+6% and 94+1 % Uit for
Effect of swimming and training on heart mass and  control and exercise-trained fish, respectively. While roufine
cardiovascular variables and Qmax were the same in both groups of fishky and fy
Relative ventricular mass was significantly larger in theincreased somewhat differently. At the lower swimming
exercise-trained fish (0.114+0.008|=12) compared with speeds, exercise-trained fish incread&s; (Fig. 2E) to a
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Table 2.Hematological variables for control and exercise-trained groups of chinook salmon

Swimming speed

Approximately
Fish Rest 80 Wcrit Ucrit Recovery Mean

Hct (%) Control 29.7+0.8 (9) 30.6+1.6 (9) 29.1+1.9 (9) 28.4+1.7 (9) 29.4%0.7 (9)

Exercise-trained 31.8+1.6 (10) 32.9+1.3 (10) 33.1+1.4% (10)  31.4+1.3 (10) 32.3+0.7% (10)
[Hb] (g di~Y) Control 11.4+0.3 (9) 11.4+0.5 (9) 11.5+0.6 (9) 11.0+0.5 (9) 11.4+0.2 (9)

Exercise-trained 13.2+0.8% (10) 13.7+0.9% (10) 12.8+0.6 (10) 12.8+0.7% (10) 13.1+0.4% (10)
MCHC (g} Control 385114 (9) 37611 (9) 399+13 (9) 390+15 (9) 388+7 (9)

Exercise-trained 413+12 (10) 418+18* (10) 390+17 (10) 384+19 (10) 408+10% (10)
Cao, (%vol.) Control 13.740.5 (9) 14.30.6 (7) 14.0£0.6 (7) 13.8+1.1 (7) 13.9+0.3 (7)

Exercise-trained 14.9+£1.2 (9) 14.9+0.7 (9) 14.4+1.1 (9) 14.7+0.8 (9) 14.7£0.5 (9)
Pao, (kPa) Control 13.04£0.63 (9) 10.9+0.46* (8)  9.72+0.53* (9)  11.2+0.76* (8)

Exercise-trained 13.9+0.91 (10) 10.5+0.65*(9) 7.240:97) 11.1+1.23*(7)
Plasma pHa Control 7.93+0.03 (9) 7.85+0.01* (8)  7.83+0.05* (8) 7.8+0.03* (8)

Exercise-trained 7.91+0.02 (10) 7.86+0.02* (9) 7.77+0.04* (8) 7.82+0.03* (7)

Salmon were tested at rest, approximately 80, Ucrit and after a 1 h recovery period frddarit.
*Significant difference from values at reBt<(0.05); fsignificant difference between control and exercise-trained vRke9b).
Values are meansst.Mm. (N).

greater degree than control fish (Fig. 2D). Even so, >60 % dhduced an arterial hypoxemia in both groups of fish because
the total increase i) associated with critical swimming had Pao, was significantly reduced at all swimming velocities and
occurred at a velocity of BLs™® in both groups of fish during recovery.

(Fig. 2A). At Ucrit, VsH increased by 61-65% anfig by Small, but statistically significant training effects were
10-22% (Table 1). observed for some hematological variables (Table 2). The
There was no significant change Rba with increased overall mean values for Hct, [Hb], and MCHC were
swimming velocity in exercise-trained fish, Riga increased  significantly higher in exercise-trained fish (Table 2). Also, the

significantly for control fish (Fig. 2G). The significantly lower extent of the arterial hypoxemia &lrit was significantly
Ppa for exercise-trained fish came about becalisgs greater for exercise-trained fish (Table 2). Nevertheless,
decreased significantly, whereaBsys did not change was unaffected by high-intensity exercise training.
significantly in control fish. Changes in plasma [La] and pHa during swimming were
similar for control and exercise-trained fish. Plasma pHa was
Effect of swimming and training on hematological variables decreased significantly at all swimming velocities and during
Hematological variables are compared in Table 2. Hct, [Hb]recovery (Table 2). Plasma [La] increased significantlycat
MCHC andCao, did not change significantly with swimming and increased further still during recovery. However, plasma
velocity in either group, nor were they significantly different[La] values were not significantly different between control
following the 1h recovery (Table 2). However, swimmingand exercise-trained fish and were, respectively, at rest:

Table 3.Body mass and plasma osmolality at rest)ak, and after recovery for 1 h frokdcit in control and exercise-trained
groups of chinook salmon, and in exercise-trained chinook salmon with only a dorsal aorta (DA) cannula

Swimming speed

Fish Rest AtUcrit Recovery
Body mass (g) Control 372426 (7) 342+24* (7)
Exercise-trained 390+17 (8) 369+17* (8)
Exercise-trained (DA cannula only) 335422 (7) 319+21* (7)
Plasma osmolality (mosmol kY Control 330+12 (9) 396+12* (9) 370+31 (7)
Exercise-trained 317412 (9) 353£17%9) 374+20* (9)
Exercise-trained (DA cannula only) 30247 (6) 339+11* (6)

Control and exercise-trained fish received both a DA cannula and a Doppler flow probe implanted on the ventral aorta (VA).
Values are meansse.m. (N).
*Significant difference from resP&0.01); tsignificant difference between control and exercise-trained vekie().
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0.4+0.1 mmolt! (N=5) and 0.8+0.2mmott (N=9); at Ucit: cannula (Table 3) and so water loss was not significantly
3.6+0.4 mmolt! (N=6) and 3.0+0.4 mmoft (N=8): after the affected by implanting a Doppler flow probe. The loss of body
1h recovery: 4.6+0.7mmot} (N=6) and 5.1+0.8mmott  water was reflected in an increase in plasma osmolality.
(N=8). Compared with routine values, plasma osmolality increased
significantly at approx. 80%Jcit, Ucrit and after the 1h
Effect of swimming and training on arterial oxygen transport.recovery period in both groups of fish (Fig. 4). In addition,
The measured variables associated with arterial oxygemoth muscle dry matter (Fig. 3) and ash content (1.75+0.03 %,
convection are summarised in TableTd, increased during N=8) increased significantly following exercise, compared
swimming becausé) increased, whil&Cao, was unchanged. with fish sampled directly from the training tanks.
High-intensity exercise training did not have a significant Exercise-trained fish had a significantly greater muscle
effect onTo, (Fig. 2B); neitheQmaxnor Cao, was significantly  dry matter (Fig. 3) and ash (1.56+0.03%l=20 versus
different between control and exercise-trained fish. Thd.51+0.03 %,N=20) compared with control fish. In addition,
recovery from fatigue did not differ between control and
exercise-trained fish in that the recovery values/foy, Q, Rsys

and To, were not significantly different from routine values 450 A
(Fig. 2). Howeverfy was significantly higher anfBlpa was mmm Control
significantly lower than the pre-exercise values in the exercist == Trained x4 x *
trained, but not the control group. 4004 * 1
Given that exercise training increasdgd,max and notTo,, * 1
the improvement in oxygen delivery to tissues came abol * 1
through an increase iBo,. At Mo,max the calculatedco, for 3501
exercise-trained fish (90%) was significantly greater than fc
the control group (62%) (Table 1). Furthermore, becddse
andTo, had increase by 50% at low swimming velocities anc € 3007
there was little change iNlo, until fish were swimming at a g
velociy close to 60-80% ddcrt (Fig. 2), ts likely thao, 3 o W1 WI1 W1 W1 W1 7
decreased at low swimming velocities. N Rest 1BLs! 80%Ucit Ugit Recovery
Effect of swimming and training on water balance ‘—c‘,‘ 450
. . ) - €
Control and exercise-trained fish lost a similar amount o g mmm Control 0.5 BL s B
body water while swimming to the santkyit. Body mass — Trained 1.5 BL s1
decreased significantly by 8% and 5 % in control and exercist % 4004
trained fish, respectively (Table 3). A similar amount (5%) ol &
. . . *%x% I
water loss occurred in the fish that had received only a D, I ’
350 -
28
ﬁ T * 1 t + ¥
E ] 3004 i ¥ FTW %
% T
$ . Lo w1
é 26+ I Rest 1BLs! 80% Uit Ucit Recovery
%‘ Fig. 4. (A) Changes in plasma osmolality in control (black bars) and
% 251 T exercise-trained (grey bars) chinook salmonBit 7, at 80 %Ucrit,
S at Ugit, and after a 1h recovery followintcrit. *Significant
= o4 (P<0.01) difference compared with the rest value; fsignificant

U'Cm (P<0.01) difference between control and exercise-trained fish.
(B) Changes in plasma osmolality in control (black barsBQ.$7)
Fig. 3. Muscle dry mass of control and exercise-trained chinooland exercise-trained (grey bars; Bl5™1) groups of chinook salmon
salmon. Fish were sampled either directly from the training tankat Ucrit, and after a 1 h recovery followirldcrit compared with rest.
(Control and Trained), or 1h after swimming ltrit in a swim  These fish were exercise-trained at a low intensity in a previous
tunnel Ucrit). Muscle dry mass for th&cit value represents the study (Thorarensen et al., 1993) and these new data are included to
combined value for samples from control and exercise-traineillustrate that both high intensity and low intensity training regimens
chinook salmon, since individually they were not significantly can influence the ability of chinook salmon to osmoregulate during
(P>0.05) different from each other. *Significaf<0.05) difference  activity. ***Significant (P<0.001) difference compared with the rest
from control; fsignificantf<0.05) difference after a swim &lcrit values; FsignificantR<0.001) difference between contrédl<6—10)
(N=8). and exercise-trained fisN£6-9).

Co'ntrol Tra'ined
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exercise-trained fish were significantly better at defending thetemperate fish species (Fig. 5) and this confirmsGaat and
plasma osmolality during exercise (Fig.4A). PlasmaQmaxcan vary significantly and in parallel among fish species
osmolality was significantly lower in exercise-trained fish(Farrell, 1991; Brill, 1996). Therefor€ao, and Qmax clearly
compared with control fish at approx. 80Y&it and atUcrit. represent primary loci for the evolutionary adaptations that
Plasma osmolality at rest and after a 1h recovery periodiccompany interspecific differencesNto,max Indeed, tunas
however, was not significantly different between control andre characterised by having exceptionally high values for
exercise-trained fish (Fig. 4A). In view of this finding, we Mo,max Cao, andQmax compared with other teleostéo,max
measured plasma omolality in stored samples from fish usddr skipjack tuna may be more than fourfold higher than for
in our earlier study that employed a less intense traininghinook salmon (Gooding et al., 1981), whi@max is
regimen with chinook salmon (Thorarensen et al., 1993). A$50—-200 mI mintkg1 (Brill and Bushnell, 1991b) and routine
in the present study, trained fish were better at defendin@ao, is 19mlidf® (Brill and Bushnell, 1991a), increasing to
plasma osmolality during swimming (Fig. 4B). perhaps 25 mldt during exercise (Brill and Bushnell, 1991b).
Similar correlations betwe€To,max and Mo,max exist among
i ) mammals, and this is taken as evidence that chandesnikx
Discussion are required to chang®o,max (di Pamprero 1985; Wagner
Interspecific comparison of internal oxygen convection  1993). Thus, selection for a higa,maxamong teleost species
Few studies have comprehensively measured cardiovascukgppears to involve a concurrent expansion of l6gthx and
status in swimming fish (see reviews by Farrell and Jone§ao,. This type of evolutionary adaptability in cardiovascular
1992; Bushnell et al., 1992). The present study represents tdesign among fish clearly contrasts with the rather limited
first such measurements for chinook salmon. Many of theardiovascular plasticity induced by chronic exercise training,
routine cardiovascular variablesQ,( fu, Vsn and Ppa) as observed here and in earlier studies with salmonids (see
measured atJqrit are similar to those measured for otherIntroduction for references). Consequently, the constraints on
salmonid species. Howevé}naxmeasuredh vivofor chinook  cardiorespiratory design in fish at the evolutionary and
salmon (65 mImintkg=1) was 22 % greater than that measuredacclimation levels may be qualitatively different.
in vivo for rainbow trout (53 mimintkg™1; Kiceniuk and
Jones, 1977). Chinook salmon also have an elevated value forEffects of exercise training on internal oxygen convection
Cao, compared with other salmonids. As a resiis,max We are the first to comprehensively measure the
stands out as the highest salmonid value reported to datardiorespiratory changes associated with chronic, high-
(Fig. 5). In fact, a good correlation?£0.99) exists between intensity exercise training in fish and to delineate the resultant
To,max and Mo,max among the relatively few studies with cardiorespiratory benefits. The exercise-training regimen used
here produced a clear improvementMa,max However, this
change did not directly benefit locomotory performance in

PN 400 ' ' ' ' ' ' ' terms of improvingUcrit and there was no training effect on
2 350, @® | To,max Given the increase Mo,max We anticipated thatao,
= would increase beyond the level observed previously with a
£ 300- © 1 lower intensity exercise regimen (continuous exercise training
S 50l i at 1.5BLs™1, which represented about 60 it or 40%
E R1 Mo,max increased Hct, [Hb] an€ao,; Thorarensen et al.,
3 200- . 1993). Instead, we observed smaller training effects on Hct and
§ 150L R2 ] [Hb] and no training effect o@ao,. This result, coupled with
.g L the fact thaffo,max Ucrit and Mo,max can all be altered with
100+ T experimental blood doping in SW rainbow trout (Gallaugher
50 ! ! ! ! ! . . et al., 1995), suggests that a routine Hct (32.3 %) may be near
50 100 150 200 250 300 350 400 450 an upper limit for chinook salmon under these environmental
To,max(umol Oz min't kgd) conditions. As in previous studies (Gallaugher et al., 1992;

_ Thorarensen et al.,, 1993; Gallaugher et al., 1995), we also
Fig. 5. Maximum oxygen uptaké/b,max) as a function of maximum  opserved arterial hypoxemia dtrit. However, the extent of
arterial oxygen transporfi¢,ma) measuredn vivo with swimming  this arterial hypoxemia was greater in the exercise-trained
fish. Values were obtained from the following sources: chinooéroup_ This training effect might be related either to the
salmon from control (C) and exercise-trained (TR) groups, thi . . . . . :
sy coleh (9 igr o s, 1577 g v (L2 i s OIS MRS ML sxercened en (e
1990; rainbow trout (R1), Kiceniuk and Jones, 1977, and (Rz)GyaF;Iaugher and Farrell, 1998) orpto 2 lower Venouspoxygen,

Thorarensen et al., 1996; and values for Atlantic @adus morhua . . . . . i o )
(Co), are based on those from Axelsson, 1988Cigsx Soofiani  content in exercise-trained fish. Despite an intensified arterial

and Priede, 1985, foMo,max and Gallaugher, 1994, fo€ao,. hypoxemia with swimmingCao, was unaffected in exercise-
The equation describing the linear regressioMdsmax=0.84To,max  trained fish. _
-4.03 (2=0.99). Like Cao,, Qmaxwas unaffected by intense exercise training.
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Therefore, Mo,max improved because exercise training diffusion-limited rather than perfusion-limited during exercise.
improved Eo, rather thanTo,max The calculatedEo,max  This would then explain why exercise training affedegax
increased from 65 % in control fish to 90 % in exercise-trainedather thanTo,max in chinook salmon. A training-induced
fish. AlthoughEo,maxWas calculated and probably should beincrease in the diffusive surface area of capillaries, the
confirmed with direct measurements in future work, ouresidence time of blood in capillaries, or a myoglobin-mediated
calculations are in line with values reported for other fistacilitated diffusion of oxygen in muscle cells could all have
species and mammals. For examp®,max in exercising contributed to a higherEo,max during swimming. This
rainbow trout was between 65% and 85 %Jat: (Kiceniuk  suggestion that oxygen transfer to the tissues is diffusion-
and Jones, 1977; Brauner et al., 2000a; Brauner et al., 2000hnited during exercise in salmon is consistent with the results
Similarly, in exercising mammako,maxis typically 60—80%  of blood-doping experiments in rainbow trout. Gallaugher et
(Taylor et al., 1987; Jones et al., 1989; Longworth et al., 198%l. (Gallaugher et al., 1995) found that while blood doping
Piiper, 1990), but can reach 80-90% in muscles duringould be used experimentally to improlie,max the benefits
relatively short periods of intense exercise (Richardson et atg eitherMo,max or Ucrit were rather small whenever Hct was
1993). ThatEo,max is plastic and can respond to training is aartificially increased above its routine level. Diffusion
novel finding for fish. Thus, intraspecific cardiovascularlimitations for oxygen transfer at the gills, however, do not
plasticity that enhancedo,maxin response to training clearly appear to be as severe as at the tissues beCagsevas
contrasts with the interspecific adaptationsQifmx and Cao, maintained in spite of the swimming-induced arterial
that produce species differencesMo,max hypoxemia, and oxygen transport to the tissues was not
Greater oxygen extraction at the tissues is perhaps natlversely affected.
entirely unexpected as a training response, given that exerciseA large proportion of the salmonid heart muscle relies on
training is known to improve capillarity in fish muscles (Davievenous blood for its oxygen supply (Farrell, 1992; Steffensen
et al., 1986; Sanger, 1992). Although capillary density was nand Farrell, 1998). Therefore, a potential problem associated
measured in our fish, two lines of indirect evidence suggest thafith an increase iko,max is that the reduction in the amount
muscle capillarity could have increased with exercise trainingdf oxygen in venous blood might impair myocardial oxygen
First, the cross-sectional area of the red locomotory musclesypply during swimming. Even so, this problem may have been
which have a better capillary supply compared to white musclemeliorated in trained chinook salmon becaGex was
(Egginton, 1992), was shown to increase relative to that ainchanged anBpa was lower in exercise-trained fish. Hence,
white muscles in fish with the same training regimen (Kiesslingnyocardial oxygen demand, which is directly related to
et al., 1994b). Second, the lowRdys at Ucrit in the exercise- myocardial power output, may have been lower in trained fish.
trained group is consistent with more capillary beds beingrurthermore, a training effect on the coronary supply to the
perfused simultaneously. Some of these could be in the skeletedart could help alleviate the problem of lower venous oxygen
muscle, although a higher intestinal blood flow duringcontent. We found that relative ventricular mass was plastic
swimming (see below) also could contribute to a loRge and responded to exercise training, albeit in a limited manner.
Increased capillarity increases the diffusional surface area fdihe 10% increase in relative ventricular mass is consistent
oxygen and reduces the mean distance between capillaries amith the 12 % observed earlier by Hochachka (Hochachka,
mitochondria, both of which would increase oxygenl1961), but lower than the unusual 46 % increase observed by
conductance (Weibel et al., 1992). Red skeletal muscle i@reer Walker and Emerson (Greer Walker and Emerson,
skipjack tuna is characterised by a high capillary density, 4978). Nevertheless, several studies report only isometric
small fibre size and a high mitochondrial volume densitycardiac growth with exercise training (see Farrell et al., 1990
(Mathieu-Costello et al., 1992; Mathieu-Costello et al., 1996)for references). How cardiac remodelling might relate to
In addition, capillary manifolds are present in tuna red musclehanges in myocardial oxygen supply and the coronary
and these manifolds increase venular capillary surface arearculation is unclear.
favouring increased oxygen extraction by the muscle.
Increased capillarity also increases the mean capillary transitEffects of exercise training on swimming performance and
time of red blood cells, even@maxis unchanged, and so more osmotic balance
time is available for the unloading of oxygen. Transit time has Exercise-training effects orUcit are equivocal. For
been implicated as one of the limitations to oxygen extractioexample, several authors have observed positive training
from blood in mammals (Saltin, 1985). In addition to capillaryeffects onUcrit (Nahhas et al., 1982; Besner and Smith, 1983;
changes, an increase in muscle myoglobin concentration coufdrrell et al., 1990), but in all cases the improvemenici
increaseEo,max. EXercise training is known to increase musclewas rather small (<20 %). In contrast, no training effedign
myoglobin concentrations (Love et al., 1977) and myoglobitwas observed in either rainbow trout (Farrell et al., 1991) or
is also known to facilitate oxygen transport within the musclehinook salmon (Thorarensen et al., 1993; this study).
fibres (Gayeski et al., 1985; Bailey and Driedzic, 1986). Undoubtedly, the different responses among training studies
The above findings all point to oxygen diffusion between theeflect, in part, important differences in the intensity and
capillaries and the mitochondria being a significant limitingduration of the exercise-training regimens that have been used
factor, i.e. the cardiorespiratory system in salmonids may bi@ the past, as well as in the level of exercise that the control
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fish were subjected to. We found no effect of cannulation oand lwama, 1991). Using data from Rao (Rao, 1968) and
Ucrit, while others have reported that cannulae reditgein Farmer and Beamish (Farmer and Beamish, 1969), Webb
rainbow trout (e.g. Kiceniuk and Jones, 1977). We have n@Nebb, 1975) estimated an osmoregulatory cost of approx.
explanation for this but there are a number of possibilitiesl6 % of the net cost of swimming &gt for SW-adapted adult
Firstly, our fish were not held stationary in the holding tanksainbow trout and tilapia. A similar osmoregulatory cost of
and this may have increased the overall exercise capabilities 20 % of the net cost of swimming was reported by Febry and
the fish. Secondly, chinook salmon have not been held undeutz (Febry and Lutz, 1987) for exercise-traine®i(s for
culture conditions that select for growth rather than athleticisrB weeks), SW-adapted hybrid tilapia during prolonged
for as many generations as have rainbow trout. Also, surgicalvimming (approximately 2BLs™). If we accept these
techniques have improved over time and this may havestimates as reasonable for chinook salmon, then it would
minimized the impact of cannulation procedures in more recemippear that the 50 % highblo,max in trained fish would be
studies. more than adequate for partially defending plasma osmolality.
If salmon do not swim much faster when exercise-trainedConsequently, it is likely that functions in addition to
even when the training regimen is high intensity and for longsmoregulation also benefited from the training-induced
periods, what then are the benefits of exercise training? Belomcrease inVio,max Other possibilities should include protein
we present the idea that exercise-training lessens thsynthesis and digestion because exercise-trained chinook
osmo-respiratory compromise during swimming. salmon can maintain their growth rate despite a higher energy
With swimming and the attendant improvement in gaexpenditure (Thorarensen et al., 1993; present study). It is also
exchange at the gills, it is well established that there is possible that exercise-trained fish had better stamina and could
somewhat greater and disruptive effect on passive iorecover from exercise faster because there was less of an
movements across the gills of FW fish (Gonzalez andxygen debt, but further experiments would be needed to test
MacDonald, 1992; Gonzalez and MacDonald, 1994)these ideas.
Numerous studies have shown that, as a result of swimming, Throughout the discussion we have assumed that exercise
teleosts dehydrate in SW and hydrate in FW (e.g. Rao, 1968aining was the sole contributor to the observed differences in
Farmer and Beamish, 1969; Byrne et al., 1972; Wood antte trained and control fish. However, this may not be the case.
Randall, 1973a; Wood and Randall, 1973b). We used plasnide trained fish were captured by dipnet every other day and
osmolality and tissue water content as measures dhis in itself could have contributed to the observed responses.
osmoregulatory performance during swimming and thdRepeated stress (i.e. the struggling in the dipnet) could have
changes we observed in SW chinook salmon are consistemad an additional training effect on the cardiorespiratory
with progressive dehydration. Besides the gills, the gut is asystem. Similarly, the repeated stress may have desensitized
important osmoregulatory organ in SW in that it is responsibléhe fish in some way that they were able to perform better in
for the water uptake that counteracts the passive water lo#se swim test. Alternatively, the training regime may have
occurring across the gills. Therefore, for dehydration to occureduced the stress response associated with the swim test.
during swimming, water losgia the gills must exceed water Gonzales and MacDonald (Gonzales and MacDonald, 1992)
absorptionvia the intestine. The exact mechanisms by whichexamined the potential effect of acute stress on the osmo-
this imbalance comes about are unknown, but a decrease in gespiratory compromise in FW rainbow trout by injecting
blood flow could certainly play a role by impairing intestinal adrenaline. They found a short-lived (60min) but dramatic
water absorption, adding to the problem of increaseihcrease in sodium loss without any change in oxygen uptake,
diffusional losses at the gills. Normally, when fish swim orsuch that one sodium was lost at the gills for every 0.9 oxygen
struggle, gut blood flow decreases (Thorarensen et al., 1993iolecules taken up, i.e. a tenfold change compared to resting
Farrell et al., 2001), presumably as a mechanism to divefish. In the same study, rainbow trout were also shown to be
blood flow to locomotory muscles (Randall and Daxboeckable to physiological adjust to these acute effects on gill ion
1982; Thorarensen et al., 1993). Nevertheless, exercise-trainpdrmeability. For example, after approx. 3h of continuous
chinook salmon are better able to defend intestinal blood floswimming at 85%Ucrit and 2-6 h after exhaustive exercise,
during swimming (Thorarensen et al., 1993). Consequentlysodium losses were reduced relative to oxygen uptake.
the finding here, as well as in our earlier study (Thorarensednfortunately the present data cannot be used to resolve the
et al., 1993), that exercise-trained chinook could defend the@oncern about the role stress may have played in the chronic
plasma osmolality while swimming better than control fishtraining effects, but future experiments in which stress
might be explained, in part, by better gut blood flow and watenormones are measured might be useful in this respect.
uptake during exercise. To conclude, our observations on training effects suggest
We propose that the high®to,max values of the exercise- that it is perhaps time to present a more integrated perspective
trained fish, in part, reflect an osmoregulatory cost that enabled the potential benefits of exercise training to fish. Foremost,
plasma osmolality to be better maintained despite elevateah intense and chronic exercise training regimen was needed
water loss across the gills. However, exactly what thigo elicit a 50 % improvement iNlo,max While this in itself is
osmoregulatory cost might be in active fish is difficult tonot large, the resultant benefits to critical swimming speed and
ascertain because estimates are highly variable (see Morgarierial oxygen transport were smaller still. Direct benefits to
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swimming performance may be limited to increases in muscle duration seawater exposure on plasma ion concentrations and swimming
mass, capillary density and associated cellular changes, andperformance of coho salmo@igcorhynchus kisutghparr. Can. J. Fish.

. . Aquat. Sci49, 2399-2405.
these contribute to a lower vascular resistance and, MO, ner. C. J. Thorarensen, H., Gallaugher, P., Farrell, A. P. and

importantly, an increase in oxygen extraction by tissues. At the Randall, D. J. (2000a). C@ transport and excretion in rainbow trout
same time, exercise-trained fish apparently are better able tgOncorhynchus mykipsiuring graded sustained exercigeesp. Physiol.

. . . . ) 69-82.
mu!t|t35k other F_’hy5|_0|09|cal processes (eg Osmoregmat'o'%rauner, C. J., Thorarensen, H., Gallaugher, P., Farrell, A. P. and
ionic balance, digestion, growth, etc.) during locomotion and Randall, D. J.(2000b). The interaction betweer» @d CQ in the blood
may not sustain as high an oxygen debt when swimming. An ©f rainbow trout Oncorhynchus mykissiuring graded sustained exercise.

. . : . e . Resp. Physioll19 83-96.
obvious benefit of better multitasking abilities for exerciseyj r. w. (1996). Selective advantages conferred by the high performance

trained fish would be a more rapid recovery from the physiology of tunas, billfishes, and dolphin fiSlomp. Biochem. Physiol

hysiological disruptions associated with swimming. A more_ 113\ 3-15.
pny 9 P 9 rill, R. W. and Bushnell, P. G.(1991a). Effects of open- and closed-system

rapid recovery could have important ecolo_gical a_nd S_urViva? temperature changes on blood oxygen dissociation curves of skipjack tuna,
benefits for fish that are athletically more fit. Multitasking of Kasuwanus pelamisind yellowfin tunaThunnus albacore<Can. J. Zool.
physiological functions is not a new idea in fish physiologyBrﬁg' 1814-1821.

; . ill, R. B. and Bushnell, P. G.(1991b). Metabolic scope of high energy
Brill (Brill, 1996) and Korsmeyer et al. (Korsmeyer et al., ~ gemand teleosts — the tun@an. J. Zool69, 2002-2009.

1996) suggested the cardiorespiratory adaptations seen Bnshnell, P. G., Jones, D. R. and Farrell, A. R1992). The arterial system.

tuna. which rt heiahtené n nl rmit In Fish Physiology Vol. XIIA (ed. W. S. Hoar, D. J. Randall and A. P.
una, ch support a heighte &o,max, not o y pe Farrell), pp. 89-139. New York, London: Academic Press.

continuous swimming, but also permit oxygen supply to othegyme, 3.'M., Beamish, F. W. H. and Saunders, R. L(1972). Influence of
metabolic functions, three of which are known to have salinity, temperature, and exercise on plasma osmolality and ionic
especially high rates (somatic and gonadal growth, digestionigrl“;eqtzrggon in Atlantic salmorsgimo salay. J. Fish. Res. Bd. Ca2s9,

and recovery from exercise). However, we suggest thapayie, p. S, Wells, R. M. G. and Tetens, \(1986). Effects of sustained
whereas in tuna evolutionary adaptations have improved swimming on rainbow trout muscle structure blood oxygen transport, and

; ; y ; ; lactate dehydrogenase isozymes: evidence for increased aerobic capacity of
To;max, improved Mo,max and multitasking as a result of S u 50 T Exp. 2001237, 159-171.

training reflects an improvement in tissue oxygen extractionbayison, w.(1989). Training and its effects on teleost fisbmp. Biochem.

This difference could arise because oxygen delivery may Physiol.94A, 1-10.

be diffusion-limited during exercise. Consequently, Paxboeck, C., Davie, P. S., Perry, S. F. and Randall, D. 1982). Oxygen
uptake in spontaneously ventilating blood-perfused trout preparatigrp.

cardiorespiratory plasticity primarily alters the diffusion gig. 101, 33-45.
conditions for oxygen transfer, while evolutionary adaptatiorsli Prampero, P. E.(1985). Metabolic and circulatory limitations ¥2max

; ; ; at the whole animal level. Exp. Biol.115 319-331.
involves perfusion factors that determﬁ\"@zmax. Ultlmately, Egginton, S. (1992). Adaptability of the anatomical capillary supply to

substantial increases ifio,max cannot occur without also skeletal muscle of fishes. Zool.226 691-698.
increasing the workload of the heart through increases in blod@rmer, G. J. and Beamish, F. W. H.(1969). Oxygen consumption of

viscosity andJmax Yet, cardiac plasticity is apparently quite é‘;ipg‘sng‘g(';"’ﬂgg;'lat"’” to swimming speed and salinity Fish. Res. Bd.

limited, with typically only a 10 % increase in ventricular massgarrell, A. P., Johansen, J. A., Steffensen, J. F., Moyes, C. D., West, T. G.
in response to exercise training, In contrast, intraspecific and Suarez, R. K(1990). Effects of exercise training and coronary ablation

P ; : ; ; i« ONn swimming performance, heart size and cardiac enzymes in rainbow trout,
varlathn in ventrlc_ular mass and the coronary circulation is Oncorhynchus mykis€an. J. Zool68, 1174-1179,
extensive among fishes (Farrell, 1991). Farrell, A. P., Johansen, J. A. and Suarez, R. K1991). Effects of exercise
training on cardiac performance and muscle enzymes in rainbow trout,
. [ . Oncorhynchus mykisEish Physiol. Biochen®, 303-312.
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