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Summary

Mature, wild sockeye salmon Q©ncorhynchus nerk
demonstrated their remarkable stamina and recovery
abilities by performing three consecutive critical swimming
speed tests with only a 45 min interval for recovery between
subsequent tests. Although the repeated swimming
challenges were performed without a full recovery,
normoxic fish swam just as well on the second swim, and
the majority of fish swam only marginally more poorly on
the third swim. In addition, metabolic loading in these fish,

In another group of fish, metabolic loading (elevated
control rates of oxygen consumption) was induced with an
overnight sublethal exposure to pentachlorophenol, but
these fish swam as well as normoxic fish on the first swim,
and five of the six fish swam for a third time at a marginally
lower critical swimming speed. In contrast to expectations,
pentachlorophenol pretreatment and moderate hypoxia
were not additive in their effects. Instead, the effects
resembled those of pentachlorophenol pretreatment alone.

as measured by the rate of oxygen consumption, ventilation
rate and plasma lactate levels during recovery, did not
appear to be cumulative with successive swims. Fish,
however, did not recover as well after a similar level of
initial swimming performance under moderately hypoxic
conditions (water Po,>100 mmHg; 1 mmHg=0.1333kPa).
Four out of the five fish did not swim again and their high
plasma lactate levels indicated a greater anaerobic effort.

The results are discussed in terms of what aspects of fatigue
might impair the repeat swimming performance of sockeye
salmon.

Key words: prolonged swimming, critical swimming speed, oxygen
consumption, plasma lactate, pentachlorophenol, hypoxia, recovery
ratio, sockeye salmo@ncorhynchus nerka

Introduction

The ability of fish to exercise, recover and swim agairinevitable, a long recovery period could easily be a selective
without hindrance has important ecological ramificationsdisadvantage.
Even though fish apparently spend most of their time Information on the recovery period needed for unhindered
swimming at much slower velocities (Preide and Young, 197 #epeatUqit performance is limited. Studies with single and
Tytler, 1978), critical swimming speelit; Brett, 1964) is a repetitive bouts of exhaustive swimming suggest that recovery
popular measure of swimming performance because it conveysay take between 40 min and several hours (e.g. Black, 1955;
important information regarding a fish’s ability successfully toBrett, 1964, 1965; Stevens and Black, 1966; Tuehaf.1983;
forage, to escape predation, to maintain position in a curreMilligan and Wood, 1986; Scarabekt al. 1991, 1992; Arthur
(Beamish, 1978) and to migrate upstream. For example, thet al.1992; Pagnottat al. 1994, for a review, see Wood, 1991).
Ucrit of sockeye salmon Qncorhynchus nerRa has a  For example, following a single 5 min exhaustive burst swim in
temperature optimum (Brett, 1971) that corresponds with theainbow trout Oncorhynchus mykigsthe oxygen debt was
ambient water temperature in the Fraser River, Britishiepaid in 2-3h (Scarabellet al. 1992). Similarly, following
Columbia, when they migrate through the Hell's Gate rapid&Jcit swimming, oxygen debt was repaid in 3.2h in sockeye
(Farrell, 1997). When the river temperature is a few degreesalmon and over a somewhat longer period in coho salmon
above this optimum, mature sockeye salmon often fail t§Oncorhynchus kisutg¢h(Brett, 1964). Furthermore, because
navigate the rapids and do not reach their spawning groundsurst exercising at intervals up to 1 h resulted in almost additive
There are, however, many rapids in the Fraser Canyon amdetabolic effects and culminated in a refusal to swim, Stevens
since repeat swimming performance, perhaps to exhaustion,aad Black (1966) concluded that rainbow trout do not tolerate



2184 A. P. RRRELL, A. K. GaMPERL AND |. K. BIRTWELL

frequent periods of exercise of short duration. However, Groups of three or four fish were transported to SFU in a
because all accumulated lactate need not be oxidized before thew® insulated transport tank containing aerated iso-osmotic
fish can swim again (Hochachka, 1961), full metabolic recoveryater. At SFU, fish were placed into a 16001 outdoor annular
is not necessary for repeat swimming performance. In fact, fibreglass raceway (length 343 cm, depth 41 cm, width 46 cm)
few studies indicate that salmonids can swim to the $3gme filled with iso-osmotic water that was gradually replaced with
after less than 2h of recovery. For example, chinook salmotechlorinated VVancouver municipal fresh water at a flow rate
(Oncorhynchus tshawytschat 10 °C performed equally well of 5Imin~1. The salinity in the annular raceway was reduced
when twoUgrit tests were separated by 60min (Randalhl.  to less than 3%. over approximately 10-12 h. Ambient water
1987), as did wild juvenile coho salmon using a 2h recovertemperature in the raceway ranged from 15.6 to 18.6 °C over
period (Brauneet al.1994). Similarly, the recovery period was the study period.
70min for hatchery-reared rainbow trout swimming in fresh
water at 8-9°C and only 40 min for preliminary experiments Cannulation and transfer to the swim-tunnel
with mature, wild sockeye salmon swimming in fresh water at Soon (24-36h) after the salmon had been transported to
19°C (Jairet al. 1998). Peaket al.(1997) suggested that the SFU, they were briefly anaesthetized in MS-222 (0:9g|
recovery times and recovery speeds priolJgex testing and buffered with NaHC®@. Fish mass, fork length (BL),
following handling stress in juvenile rainbow trout may havemaximum width and maximum depth were measured and the
been too conservative. fish were placed supine on a surgical table to allow for dorsal
The present study characterises for the first time the abilitgortic cannulation (PE 50; Smith and Bell, 1967) while under
of mature, wild sockeye salmon to perform three consecutivenaesthesia (0.1 tllbuffered MS-222). Following the 3-5min
swim challenges separated by short (45 min) recovery periogsnnulation procedure, fish were either placed directly into a
in a situation that mimicked certain aspects of their spawnin§30| Brett-type swim-tunnel respirometer (see Gelekal.
migration (i.e. the transition to fresh water and a high watet988), supplied with dechlorinated water at a rate of 3thin
temperature). We also examined the degree to which metabotic returned to the outdoor tank for up to 3 days before
loading affected recovery. To do this, fish were stressed witbxperimentation. When transferring fish from the outdoor tank
moderately hypoxic water during the first swim and/or with &o the respirometer, they were briefly and lightly anaesthetized
sublethal exposure (12—-14 h) to pentachlorophenol prior to theith buffered MS-222.
first swim.
Experimental protocols
. Fish recovered for 30 min in the swim-tunnel before a brief
Materials and methods swim to habituate them to increases in current velocity €tain
Fish capture and maintenance al. 1997). In this initial swim, current velocity was gradually
On 9 and 16 July 1996, mature sockeye salmon (apeml 4 increased to 1 BL3 over 10—15min and was then maintained
5* years) were captured in Alberni Inlet on the west coast afit 0.4BL s overnight. A waterPo, of 150 mmHg (20 kPa)
Vancouver Island (British Columbia, Canada) by a commercialvas achieved in the respirometer by passing the incoming
seiner and placed into the ship’s seawater hold. At the Pontater through a gas-exchange column receiving a controlled
Alberni wharf, these fish were transferred to an insulatedhixture of air and oxygen. WatBp, was monitored overnight
fibreglass tank for transport by truck to the West Vancouveand during subsequebtyit tests by continuously withdrawing
Laboratory (WVL), British Columbia (Department of Fisherieswater from the respirometer using a peristaltic pump
and Oceans, Canada). To reduce stress, individual fish wefldasterflex, Chicago, IL, USA) and passing it through a
handled with a low-abrasion dipnet, and the transport tanthermostattedPo, electrode (Radiometer, model E5046-0,
contained oxygenated, chilled iso-osmotic water (2 parts s&aopenhagen, Denmark).
water to 1 part fresh water; 6.4-9.8 °C) with 0.25Tgf the After an overnight habituation for 12—14 h at 0.4 B}, she
anaesthetic metomidate hydrochloride (Syndel Laboratoriesyater temperature was raised from ambient to 19-20°C over
Vancouver, British Columbia, Canada) and 500g of the 1h period using a heat-exchange column of local
ammonia-binding clay Ammorex (Argent Chemical construction. Three successive critical swimming speed tests
Laboratories, Redmond, WA, USA). At the WVL, fish were (Ucrit1, Ucritz2 and Ueritz) were then carried out for each fish at
kept at a density of 2kgThor less in outdoor 35001 round this temperature. These tests were separated by 45min
fibreglass tanks continuously supplied with air-equilibrated seeecovery periods during which water velocity was maintained
water (10.0-12.9°C). As a therapeutic treatment for suspected 0.4BLsL. In our Uit protocol, current velocity was
seawater vibriosis as well as a prophylactic treatment againgtadually increased to 40 cmis(approximately 0.6 BL)
bacterial disease and fin rot, all fish were exposed for 1h twver 15min. Thereafter, current velocity was increased by
Chloramine-T  K-sodiumN-chlorop-toluenesulphonamide; 12.5cms?! (approximately 0.25BL3) every 15min until the
8.5mglY) in an aerated static bath. A second treatment wafish fatigued. This protocol producékyi; values similar to
administered 24 h later. Fish were held for at least a further tBose obtained using more standard protocols in which current
weeks before experimentation at Simon Fraser Universityelocity increments are constant throughout (&ial. 1997).
(SFU) and were not fed after capture. Exhaustion was established by the inability of the fish to swim
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away from the electrified (5V) grid at the rear of the swim(N=5) was identical to that for hypoxic fish except that the fish
chamber after three short shockdeit was calculated as were also pre-exposed to PCP (13.71381; mean 1s.E.m.)
described by Brett (1964). When necessbkyi values were as described above.

corrected for the solid blocking effects (Bell and Terhune,

1970). At the end of the experiment, fish were humanely killed Toxicant preparation and measurement

by an overdose of the fish anaesthetic and cervical dislocation.A stock solution of sodium pentachlorophenate (23Hg|
The ventricle was removed, blotted with a paper towel andvas prepared by dissolving 2.0 g of NaOH and 46.6 mg of PCP
weighed. Relative ventricular mass was calculated from thim 21 of double-distilled water (Webb and Brett, 1973). This

ventricular mass and fish mass. solution was diluted 1:19 with dechlorinated water just prior
_ to use and was delivered to the swim-tunnel using a pre-
Experimental groups calibrated peristaltic pump at a rate of 10 miThito bring the

Twenty-one fish were randomly assigned to one of fouPCP water concentration in the swim-tunnel to a nominal
experimental groups, and each group had similaOug It within 15min. Pumping rate was then adjusted to 2 ml
morphometrics, haematocrit and leucocrit (Table 1)min for 12-14h to maintain the PCP concentration. The
Normoxic fish (=5) performed the thredlqit tests, as actual PCP concentration reported above was based on 1|
described above, under normoxic conditions. Hypoxic fistwater samples taken at the end of each exposure period. These
(N=5) were made moderately hypoxic (a wates, of samples were stored in the dark at 4°C until they were
100-106 mmHg=13.3-18.8 kPa) for therit1 test by reducing analyzed at the Analytical Chemistry Laboratory (Organics),
the rate of oxygenation in the gas-exchange column once tliacific Environmental Science Centre, Environment Canada,
water temperature in the swim-tunnel had reached 19-20 °Glorth Vancouver, British Columbia.

These fish also had their post-exercigg measured under .

hypoxic conditions. Thereafter, watPp, was increased to Vo, and other physiological measurements

150 mmHg within 5min and maintained at a normoxic level Vo, was measured on seven occasions during the
for the remainder of the recovery period and duringexperiment. Control (restyo, was measured prior tOcrit1
subsequent swim tests. The protocol used for normoxic fislvhile the fish was swimming at a current velocity of 0.4BLs
pretreated with pentachlorophenol (PCR¥6) was identical at 19-20 °C. Post-exerci¥®, was measured during the 10 min
to that used for normoxic fish except that the fish were preperiod immediately following each of the thrégyi tests
exposed overnight to a sublethal concentration of PCHBuring which the current velocity was 0.4 BsRecovery
(13.7+1.0ug I"L; mean #s.e.m.) in the water (Webb and Brett, Vo, was measured during the last 10min of the 45min
1973; NRCC, 1982). The median lethal concentration, killingecovery period following each of the three swim tegts.
50% of juvenile sockeye salmon in 96 h, ispg3~1 (Webb  was calculated from the measured decrease in Rateover

and Brett, 1973). Also, the half-time for PCP disappearancan 8—-10min period with the respirometer closed. Duplicate
from the blood of rainbow trout after an intraarterial injectionwater samples were taken from the swim-tunnel at the
is about 5h (Chris Kennedy, personal communication)beginning and end of the measurement period and injected into
Toxicant was flushed from the respirometer for at least 1 second RadiometelPo, electrode (model E5046-0,
prior to increasing the water temperature in the swim-tunnefCopenhagen, Denmark) to measure the decrease inRygter
The protocol used with hypoxic fish pretreated with PCPAt the end of eacNo, measurement, the watep, was rapidly

Table 1. Morphometric and haematological variables in the different test groups of mature sockeye@abodnynchus nerka

Ventricular Relative
Fork length  Body mass mass ventricular Leucocrit Haematocrit
Test group (m) (kg) (9) mass (%) (%) (%)
Normoxic Mean 0.56 1.94 2.58 0.13 1.77 317
SEM. 0.02 0.18 0.29 0.01 0.25 3.5
N 5 5 5 5 5 5
PCP-treated Mean 0.57 1.86 2.27 0.13 1.38 28.8
normoxic S.E.M. 0.01 0.14 0.11 0.01 0.14 3.4
N 6 6 6 6 5 5
Hypoxic Mean 0.53 1.56 2.10 0.14 1.24 33.8
SEM. 0.01 0.08 0.10 0.01 0.12 4.5
N 5 5 5 5 5 5
PCP-treated Mean 0.56 1.94 2.58 0.13 1.77 317
hypoxic SEM. 0.02 0.18 0.29 0.01 0.25 35
N 5 5 5 5 5 5

PCP, pentachlorophenol.
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restored (over a 5min period) by flushing the swim-tunnel with Results
oxygenated water. Normoxic fish
Vgntilation rate (mint) was recorded towards the end of After overnight habituation to the swim-tunnel, conte),
the Vo, measurement by counting opercular movements fof, 55 2.10£0.19mlgkgtmin"l and ventilation rate was
45s. Blood samples (1.0 ml) were withdrawn from the dorsgg g1 9 mint (Figs 1, 2). Plasma lactate concentration was
aorta to measure haematocrit, leucocrit, arterial blBed 1 9+0.5mmoltt andPao, was 110+6 mmHg (Figs 3, Dleritt
(Pao,) and plasma lactate concentration. Haematocrit anfl. normoxic fish was 1.44+0.09 BES(Fig. 5).
leucocrit were determined on pDblood samples following Following the first swim, post-exercisk,, ventilation rate
centrifugation at 10009 for 2min. Pao, was measured ,nq plasma lactate concentration were all significantly
using a thermostatted RadiometBb, electrode (model ,javated two- to fourfold (Figs 1-3Pao, did not change
E5046-0, Copenhagen, Denmark) connected to a Gould Ch%ribnificantly (Fig. 4). At the end of the 45min recovery
recorder (model _22003 Cleveland, OH, USA). Plasmaperiod,\'/oz and ventilation rate had returned to their control
obtained by centrifugation of whole blood at 10Q0®r  \5)es (Figs 1, 2). HowevePao, was significantly elevated
1min, was quickly frozen in liquid nitrogen and stored atcompared with the control value (Fig. 4), and the plasma
-80°C. Plasma lactate concentrations were determined QQ.iaie |evel tended to be higher at 4.4+1.3 mmolbut
duplicate 1Qu plasma samples using colorimetry (Sigmapsq o5y (Fig. 3). All five fish swam equally well after the
Dlagnost{cg, St Louis, MO, USA). Following centn_fuganon, 45min recovery periodJeritz was not significantly different
the remaining red blood cells were resuspended in 0.8 ml ¢f,, Uerita (Fig. 5), and the recovery ratio of 0.97+0.02 was
saline and returned to the fish through the dorsal aortig; significantly different from unity.
cannula. Variables measured during the second post-exercise
recovery period showed similar patterns to those observed
Data analysis following the first swim (Figs 1-5). An exception to this
The recovery ratio foderit was calculated by dividing either generalization was a significant post-exercise decredmin
Ucrito or Ucrita by Ucritz. Mean values are presented with thecompared with the value during the first recovery period
standard error of the meas.HMm.). Statistical comparisons (Fig. 4). Also, the plasma lactate levels were unchanged
were performed using a software package (SYSTAT Inc.). Aompared with the first recovery period, and the high variance,
one-way repeated-measures analysis of variance (ANOVApainly because one fish had an especially high (>8 nol |
was used for comparisons involving repeated sampling, andlactate value, obscured a statistical difference compared with
one-way ANOVA was used for comparisons among testontrol values.
groups. Multiple comparisons were made using Fisher’s least- Three out of the five normoxic fish swam for a third time.
squares difference (LSD). Linear regression analysis was uséatlividual recovery ratios were 0.93, 0.95 and 0.6 7Ugts3,
for the correlationsP<0.05 was used to establish statisticaland the mean value of 0.85+0.09 was significantly different

significance. from unity. Interestingly, those fish that swam a third time had
Fig. 1. The rate of oxygen 8
uptake Yo,) of mature sock- 1 Normoxic w772 PCP-treated E= Hypoxic PCP-treated Hypoxic
eye salmon @ncorhynchus
n;erka) prir?r to, during and ] j ,'f rln ‘ g
after, three consecutive - * p
swimming challenges * Dl *
e T e In] b=
four treatment groups are &, 4L b %%é %é N
prese_nted dseparately. fReft,i‘ n . q éé% é%é J
exercise and recovery refer 0\(-3; a e /// ///
the value prior to the first -= i %%% %%/
swim, the value immediately | /%/ ///
| -
post-exercise and the value at %%/ ///
h d of the 45mi // / //%
ieiovsrr;/ perci)od, treespecti\;gI;. %%% %%%
Rl]tém?resr: (i"eczor?gdasr?ddetmtie O 5 553 553 6 5 544 534 5 4 3
swims. The numbers located Rest 123 12 3 Rest 123 123 Rest 123 123 Rest 1 1
immediately under each Exercise Recovery Exercise Recovery Exercise Recovery Exercise Recovery

column are the numbers of fish tested, and the vertical bars remesenfn asterisk denotes a significant differeneeq.05) from the rest
value within a test group. Similar letters denote a significant differé<@.d5) between comparable values among test groups. PCP,
pentachlorophenol.



Repeat swimming performance of mature sockeye saRi8i
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post-exercise and recovery plasma lactate levels that were lesgnificantly different from unity. Thus, the recovery ratio
than 2.0 mmohi! during the second recovery period, whereagproved to be a more sensitive index of the subtle impairment
individuals with higher plasma lactate values did not swim foon repeat swimming performance of PCP treatment.

a third time (Fig. 3). Many of the variables measured in PCP-treated fish during
the first recovery period changed in a manner qualitatively
Normoxic fish pre-treated with PCP and quantitatively similar to that already described for

After overnight exposure to PCP, contdb, in clean, normoxic fish. However, there were important differences,
normoxic water (3.41+0.29 mlskg-1min~1) was elevated by and these all point tdcrit1 producing a greater metabolic
50 % compared with that of normoxic fish (Fig. 1), but plasmdoading in PCP-treated fish. Notably, ventilation rig, and
lactate level, Pap, and ventilation rate were unchangedplasma lactate level remained significantly elevated during
(Figs 2—-4). Despite this metabolic load, PCP-treated fish swathe recovery period compared with the control values, unlike
just as well as normoxic fisHJeitz was 1.28+0.11BL3  values in the normoxic fish (Figs 1-3). Surprisingly,
(Fig. 5). Moreover, all six PCP-treated fish swam a secontherefore, a greater proportion of PCP-treated fish (five out
time following a 45min recovery period. Althoudbcitz  of six) swam for a third time compared with normoxic fish,
(1.19+0.11BL sY) was not significantly different frotderin = and Ucrits was not  significantly different  fromUcrit1.
(Fig. 5), the recovery ratio of 0.93+0.04 fddeitz was  Nonetheless, the individual recovery ratios fduitz were
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0.98, 0.97, 0.96, 0.88 and 0.80 and the group mean wasrmoxic fish (Fig. 3). Furthermore, repeat swimming ability
0.92+0.03, a value significantly lower than unity. was very poor. Four out of five fish did not swim again in
Consequently, the significant metabolic load of sublethahormoxic water (Fig. 5). Plasma lactate level was followed in
PCP pretreatment had only a marginal negative effect otwo of these fish for the next 45 min and remained significantly
repeat swimming performance of mature sockeye salmon. elevated (between 7.8 mmotland 17.8 mmot) despite a
normalPao,. One fish in this group did swim three times, and
Fish performing the initial swim under moderately hypoxic Ucritz and Ugritz in normoxic water were higher thdyitg in
conditions hypoxic water (the recovery ratios were 1.32 and 1.284ap
Compared with normoxic fish, exposure to moderateand Ucritz, respectively). This fish turned out to be the best
hypoxia (waterPo,=100—-106 mmHg) prior to the first swim individual swimmer of all the 21 fish tested (Fig. 5).
significantly decreasedPap, (83t8 mmHg) and increased
ventilation rate (103+14 miR) (Figs 2, 4) without affecting PCP-treated fish performing the initial swim under
control Vo,, control plasma lactate level andlcrit moderately hypoxic conditions
(1.19+0.13BLsY) (Figs 1, 3, 5). The swimming effort under Because hypoxia severely impaired recovery, and because
moderate hypoxia elevated plasma lactate levels botACP pretreatment reduced the recovery ratio, the expectation
immediately post-exercise (6.24 mmd)land after the 45min  was that these negative effects would be additive. This was
recovery period (10.8mmat) compared with that of not true. In fact, it appeared that PCP pretreatment

1 Normoxic PCP-treated E= Hypoxic XY Hypoxic
PCP-treated
2 -

o 4 1

g T

51
Fig. 5. The swimming performanc&di) of
mature sockeye salmon Oficorhynchus
nerkg for three consecutive swimming
challenges separated by 45min recovery
periods. See Fig. 1 and the text for other
details. Similar letters denote a significant 0 5§ 3
difference P<0.05) within test groups. BL, Swim 1 2 3

fork length. number
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ameliorated the effect of swimming in moderate hypoxiaand plasma lactate levels were no more elevated compared
Four out of five PCP-treated hypoxic fish swam three timeayith the post-exercise and recovery values for the normoxic

Ugrita (BL 57

Fig. 6. Regression analyses for some variables that were found to
significantly correlated withUgit1 in - mature sockeye salmon
(Oncorhynchus nerRaData from all four test groups were combined
for these analyses), normoxic;[], PCP-treated\, hypoxic PCP-
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treated;V, hypoxic; PCP, pentachlorophenol.

and normoxic PCP-treated fish (Fig. 3). These findings
clearly contrast with those for fish exposed to hypoxia alone.
However, this level of performance was not maintained for
the third swim. Ugizs under normoxic conditions
(1.21+£0.06 BLsY) was significantly lower thanUcrit2
(1.35+£0.06 BLsY) and was no better thabeitt under
hypoxic conditions (1.21+0.04 BLY).

Regression analyses

The limited supply of wild, mature sockeye salmon may have
diminished the power of certain statistical comparisons among
treatment groups. Therefore, data were pooled for regression
analysis, the results of which are summarised in Table 2. The

significant correlations between control lactate level dpd

and between ventilation rate arb, were perhaps not
surprising for some of the test groups. However, the finding that
Ucritt was correlated both with plasma lactate level (for all
hypoxic fish) and with haematocrit (for normoxic, hypoxic and
PCP-treated fish) was important, as was the unexpectedly strong
correlation coefficient for the regression between ventilation
rate andVo, for all but the hypoxic grouping (Table 2). A
number of significant regressions were found by pooling all
treatment groups. As might be expected, ventilation rate was

Table 2. Summary of the regression analyses for control
variables measured in mature sockeye sal@ooorhynchus

nerka
Variables Group Pvalue r2value
Lactate levelersus  All normoxic NS -
Ucrit1 All hypoxic 0.043 0.21
All PCP-treated NS -
All non-PCP-treated NS -
Lactate levelersus  All normoxic 0.0001 0.40
Vo, All hypoxix NS -
All PCP-treated 0.006 0.26
All non-PCP-treated 0.007 0.31
Lactate levelversus  All normoxic 0.004 0.28
ventilation rate All hypoxic NS -
All PCP-treated NS -
All non-PCP-treated 0.007 0.31
Lactate levelversus  All normoxic NS -
Pao, All hypoxic 0.0004 0.44
All PCP-treated NS -
All non-PCP-treated 0.038 0.19
Haematocrivversus  All normoxic 0.045 0.16
Ucrit1 All hypoxic 0.016 0.28
All PCP-treated 0.0004 0.55
All non-PCP-treated NS -
Ventilation rate All normoxic 0.0001 0.67
versus \é, All hypoxic NS -
All PCP-treated 0.015 0.18
All non-PCP-treated 0.008 0.28

NS, not significantf>0.05.
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positively correlated witNo, at rest (2=0.37), on first recovery New information was provided on the recovery\es,,
(r2=0.37) and on second recovery=0.54). Also, given the ventilation rate and plasma lactate level following repeat
high recovery ratios for most fish, the correlations betweeswimming. Our data clearly show that complete recovery of
Ucritt andUcrit2 (r2=0.25) and betweeddcriz andUcrit3 (2=0.49)  these metabolic indicators was not necessary for répgat
were not surprising. Likewise, the negative correlation betweeperformance. Normoxic fish repeated their swimming
Pao, and ventilation rate at rest£0.50) was expected. Some performance with an elevated plasma lactate level, and PCP-
predictive correlations were also revealed. For exanfsi@r  pretreated fish repeated their swimming performance with an
was negatively correlated with both ventilation rate at rest anelevated plasma lactate level, ventilation rate\&md Stevens
Vo, at rest (Fig. 6), suggesting that the effect of metaboli@nd Black (1966) reported that 5min bouts of burst swimming
loading onUcrit was too subtle to be revealed by comparisongvery hour ultimately prevented subsequent swimming in
of mean values. Similarly, haematocrit at rest was positivelgalmonids, and Scarabeka al. (1992) reported that as long
correlated withUcrit1 (Fig. 6), even though mean haematocritas a full metabolic correction from a first bout of exercise had
values were unchanged (Fig. 7). A positive relationshippccurred, a second bout was better tolerated. Collectively,
between haematocrit andJcit has been demonstrated these studies point to two important concepts: (a) metabolic
previously by some (Gallaughest al. 1995) but not all disturbances associated with swimming to fatigue must reach
researchers (Jones, 1971). a threshold level before having a negative impact on repeat
Ucrit Swimming; and (b) repeat swimming can lead to training
effects. These two concepts are now discussed within the
Discussion context of the present study.

The primary goal of this investigation was to examine the Swimming to Ucgit in  salmonids involves aerobic
repeat swimming performance of mature, wild sockeye salmometabolism at lower speed and increasingly more anaerobic
subjected to three consecutildgrit tests separated by 45min metabolism as the fish ne&fsit (Jones, 1981; Day and Butler,
recovery periods. The results show rather convincingly that996). Plasma lactate level is an indicator of the anaerobic
normoxic sockeye salmon can repeat the sabwe  swimming effort (Black, 1955) and, as the following
performance with only a short recovery period and that thdiscussion shows, could be useful to indicate a level of fatigue
metabolic loading associated with PCP pretreatment had ribat inhibits repeat swimming. Although swimming Werit1
significant effect on repealcit performance. These findings elevated plasma lactate level, the second and third swims to at
are consistent with earlier studies using either similar or longéeast 90 % ofJcrit1 produced no further accumulation of plasma
recovery periods and with either a similar (rainbow trout andactate in three of the groups tested. A similar finding has been
sockeye salmon, Jaiat al. 1998) or a different (chinook reported for a second swim in sockeye salmon (&aial.
salmon, Randakt al.1987; coho salmon, Braunetral.1994) 1998). These data suggest that the anaerobic contribution to
protocol. Collectively, these results show the remarkableepeatUcit swimming did not increase, otherwise plasma
ability of healthy salmonids to repeat their swimminglactate level would have been higher for subsequent swims.
performance. A novel finding is that 60 % of the normoxic fishiThe present data cannot establish why lactate did not
and 80% of the normoxic PCP-treated fish swam for a thirdccumulate in the plasma, but possibilities include a greater
time at 92—93 % of their normé&lcrit. reliance on aerobic swimming and using lactate as a fuel during
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the lower speeds of repeat swimming. Instead, an importapbssible. One possibility is that metabolic recovery and
observation is that repeat swimmers generally maintainespayment of the £debt could occur at low swimming speeds
plasma lactate level at less than 5mmlivhereas plasma during subsequent exercise bouts. In this ddsefor a given
lactate levels were twice as high when sockeye salmon swaswimming speed would be higher for a repeat swim compared
in moderately hypoxic water. This greater anaerobic swimmingith that for an initial swim, a possibility that could be tested
effort for Ucitt under hypoxic conditions resulted in an experimentally. A second possibility is that the locomotory
extremely poor repeat swimming ability. Since most of thismuscles could operate more efficiently for repeat swimming
group refused to swim again even at low swimming speeds, (tLe. a reduction in the skeletal musclg r@quirement for the
is likely that aerobic muscle activity was impaired. The refusabame work output) and thus compensate for a metabolic load
of sockeye salmon to swim was characterised by plasma lactatecumulated wittcritz. Unfortunately, this possibility will be
levels above 10 mmoat} and, similarly, rainbow trout refused difficult to distinguish experimentally from a third possibility,
further repetitive burst swimming when plasma lactate levehamely that the metabolic requirements of non-locomotory
had reached 13 mmofi(muscle lactate level was 52mmdi)l  tissues can be either reduced or temporarily suspended during
(Stevens and Black, 1966) Thus, given that these two studissyimming and recovery (‘multitasking”) so as to divert blood
used different types of swimming tests, it appears that a plasrfiaw and Q to locomotory muscles. This possibility has good
lactate level above 10 mmotimay be indicative of a level of experimental support. Chinook salmon decrease their blood
fatigue that prohibits repeat swimming within an hour. flow to the gut as swimming speed awd, increase, and
The proximate cause of fatigue in fish awaits further studytrained fish are better able to maintain gut blood flow during
Indeed, the degree to which metabolic and psychogenic factossyimming than untrained fish (Thorarenseh al. 1993).
lead to fatigue still needs some resolution. However, becaugdearly, salmonids must, and do, make decisions about how to
our fish swam after a 45min recovery, and because musateultitask their Q requirements with exercise. How they do so,
glycogen level, pH and lactate level recover at a slower ratwhat the limits are and how training influences these demands
following exhaustive burst exercise (Milligan and Wood, 1986will require much more research.
Scarabelloet al. 1992), these metabolic parameters are poor Implicit in the above discussion is the idea that maximum
candidates. In contrast, muscle creatine phosphate and AWM, is attained aUcit. If this were not the case, then a higher
levels may be more important because they can recover fro¥, at Ucritz compared witHJcrit1 might preclude the need for
a 70% reduction within 1h post-fatigue. Elevated ammonidull metabolic recovery. Many studies have suggested that
levels are also associated with redut&g: performance in  active metabolic rate in salmonids provides a reliable measure
brown trout Galmo truttd (Beaumontet al. 1995; Day and of maximum Vo, (e.g. Brett, 1971; Beamish, 1978;
Butler, 1996), but we know little of the recovery rate forThorarenseret al. 1993; Gallaugheet al. 1995), but perhaps
ammonia other than that the post-exercise increase in ammotiee best experimental evidence for this comes from the finding
excretion lasts for 2—4 h (Scarabedibal. 1992). that post-prandial swimming in salmonids loweréldi
Interestingly, our fish either refused to swim for a third timewithout affectingVo, (Thorarensen, 1994; Alsop and Wood,
or swam approximately 10-20 % slower fit3. Thus, there  1997). Conversely, therefore, post-prandial metabolism can
may be two metabolic thresholds for repeat swimming rathesompromise the ability of locomotory muscle to ‘steap O
than one. A higher threshold, indicated by plasma lactate levefsom other tissues but, becauée, does not increase beyond
greater than 10 mmof}, could signal the fatigue that prevents the level normally encountered Htrit, Swimming can also
repeat swimming. A lower metabolic threshold might inhibitcompromise the efficiency and speed of digestion (see Jobling,
anaerobic swimming, explaining whycit decreased by 1981).Vo, was not measured Bkt in the present study, but
approximately 10-20% and why plasma lactate did nohad Vo, for Ucitz been elevated, it is likely that the second
accumulate beyond 3—4 mmotiwith repeatUcit swimming.  post-exercis&/o, would also have been elevated; this was not
Inhibition of white muscle recruitment during swimming is notthe case. Furthermore, Jainal.(1998) observed a similafo,
a novel suggestion since it has been shown that acidic watat Ucritz compared with that dblerits in an earlier study with
reduces th&crit of brown trout in this manner (Day and Butler, mature sockeye salmon. However, in non-salmonid species
1996). such as the Atlantic coésadus morhupand large-mouth bass
Training effects are reported for both short-term (FarlingefMicropterus salmoidés post-prandiaVo, and post-exercise
and Beamish, 1977) and long-term (e.g. Peaetaal. 1990; Vo, may be better indicators of their metabolic scope
Farrellet al. 1990; Thorarenseet al. 1993) studies and even (Beamish, 1974; Jobling, 1981; Soofiani and Priede, 1985;
include, in the long term, an improved ability to defend againdReidy et al. 1995). There is also evidence that, under certain
the osmotic imbalance (Gallaugher, 1994) associated wittircumstances/o, andUcrit may not remain tightly coupled in
swimming (Wood, 1991). In the short term, Scarabeti@l.  salmonids (i.e. thaVWo, at Ugit is not equal toVo,max).
(1992) suggested that the faster rates of recovery of lactatlthough parallel effects of haematocrit on maximus) and
creatine phosphate and respiratory gases for a secohlldit are observed in anaemic and normocythaemic rainbow
exhaustive burst exercise bout, and possibly the fact that theout, this was not the case when the fish were made
fish were less psychologically disturbed through learning, wergolycythaemic (Gallaughet al. 1995):Ucrit increased slightly
training effects. Other short-term training effects are clearlyith haematocrit, whereas maximwn, reached a plateau.
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can load and limit metabolism. In fact, elevated temperaturdyatural Science and Engineering Research Council of Canada
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