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The effect of seawater (sw) on plasma ion concentrations and critical swimming velocity (U_,,) was investigated
in hatchery-reared coho salmon (Oncorhynchus kisutch) parr exposed to one of four treatments: 24 h of seawater
exposure (SW1), 5-7 d of seawater (SW5), 24 h in seawater followed by 24 h in fresh water (SW-FW), and a
freshwater control (FWC). Only the SW1 fish demonstrated a reduced U_;, and, at rest, elevated plasma [Na*],
[Cl71, and [SO,*"]. With exercise, SW1 fish were characterized by an increase in plasma ion concentrations
and a decrease in both hematocrit (Hct) and muscle moisture content. There is a strong relationship between
plasma [Na*] at rest and U_,,, where an optimal swimming velocity is obtained in animals with resting levels of
approximately 147 mEq-L~". Traditionally, the 24-h seawater challenge is used to test the hypoosmoregulatory
ability in smolting salmonids, however, our data suggest that it may also predict the aerobic swimming potential
of salmonids following seawater transfer. We suggest that the reduction in Hct and increase in plasma [Na™]
result in reduced oxygen delivery to the muscle and that decrease in muscle moisture content impairs the con-
tractile process.

L’effet de I'eau de mer sur les concentrations plasmatiques d’ions et la vitesse natatoire critique (U_,,) a été étudié
chez des tacons de saumon coho (Oncorhynchus kisutch) élevés en écloserie et exposés a I'un des quatre trai-
tements suivants : exposition de 24 h a I'eau de mer (SW1), exposition de 5 a 7 jours & 'eau de mer (SW5), 24 h
dans V'eau de mer puis 24 h dans I’eau douce (SW-FW), et un traitement témoin dans I’eau douce (FWC). Chez
les poissons SW1, on a cbservé une réduction de U, et, au repos, des concentrations plasmatiques élevées de
Na*, de Cl~ et de SO,*~. Lorsqu’ils étaient en mouvement, les poissons SW1 étaient caractérisés par une aug-
mentation des concentrations plasmatiques d’ions et une diminution de I’hématocrite (Hct) et de la teneur mus-
culaire en eau. Il existe une forte relation entre la concentration plasmatique de Na* au repos et U_,, ol la
vitesse natatoire optimale est atteinte chez les animaux ayant des niveaux au repos d’environ 147 mEqg-L™".
Traditionnellement, I'épreuve de 24 h dans 'eau de mer est utilisée pour mettre & Fessai la faculté hypo-osmo-
régulatrice des salmonidés en cours de smoltification; toutefois, nos données semblent indiquer gielle peut
également prédire le potentiel natatoire aérobie des salmonidés apres transfert dans I'eau salée. Nous pensons
que la réduction de F'hématocrite et I’'augmentation de la concentration plasmatique de Na™ se traduisent par
une diminution de Vapport d’oxygéne dans les muscles et que la diminution de Ia teneur en eau des muscles

altere le processus contractile.
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prone to extremely high mortality rates (Parker 1962; Dur-

kin 1982; Healy 1982). Although the factors responsible
for these high death rates are unknown, mortality could result
from a variety of factors such as osmoregulatory stress, low
food availability (Clarke 1982), predation (Larsson 1985), and
other forms of competition. Individual survivorship is depend-
ent on the ability of the challenged smolt to outperform inter-
and intraspecific opponents. Migration into an estuary requires
a dramatic change in osmoregulatory strategy (Eddy 1982}, the
success of which is dependent on the physiological status of
the smolt.

The 24-h seawater challenge has frequently been used as a
means to objectively quantify the hypoosmoregulatory condi-
tion of smolting salmonids before they are transfeired to
seawater net pens or released from hatcheries (Clarke and
Blackburn 1977; Wedemeyer et al. 1980; Clarke 1982; Hog-
strand and Haux 1985; Blackburn and Clarke 1987). Smolting

Salmon smolts moving from fresh water into an estuary are
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salmonids that exhibit large increases in plasma [Na™*] follow-
ing 24 h in full-strength seawater generally experience high
mortality or survival with stunted growth following transfer to
seawater net pens (Clarke and Shelbourn 1982). Clarke and
Blackburn (1977) demonstrated in the laboratory that the great-
est growth rates in salmonids transferred to seawater were
achieved by those performing well in the seawater challenge.
These data indicate that in a controlled environment, this test
can be a reliable indicator of survival and growth potential fol-
lowing seawater transfer in salmonids. Little is known, how-
ever, about the effects of elevated ion levels on physical
activities such as swimming ability which is fundamental to
survival.

Rapid seawater transfer results in a reduction in sustained
swimming performance in coho (Oncorhynchus kisutch) (Flagg
et al. 1983; Smith 1987; Glova and McInerney 1977) and chum
salmon (O. keta) (Houston 1959). The basis for this impair-
ment has been speculated to be an osmoregulatory disturbance;
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however, the only evidence to substantiate this is the work of
Houston (1959) who found that the physical impairment fol-
lowing rapid seawater transfer in chum salmon was correlated
with total body chloride and water levels. If the reduction in
swimming performance is induced by an ionic imbalance
detectable by ion analysis of the plasma, information obtained
from a 24-h seawater challenge test may be used to estimate
the degree to which swimming performance will be impaired
in salmonids following transfer to seawater. Thus, the 24-h sea-
water challenge traditionally used to determine the hypoosmo-
regulatory status of a smolt may also be used as an indication
of the animal’s physical status and, therefore, chances for sur-
vival upon entry into a seawater environment such as an estuary.

This experiment was designed to test the hypothesis that ele-
vated plasma ion concentrations, in particular Na*, result in a
reduced ability for aerobic swimming in coho salmon. The parr—
smolt transition is characterized by massive physiological
adjustments, predisposing salmonids for marine survival while
living in a freshwater medium (McCormick and Saunders 1987;
Hoar 1988). Correlated with these changes is a large, transient
reduction in swimming stamina in animals still in fresh water
(Smith 1987) which is exacerbated by the seawater transfer. To
examine the direct effect of elevated plasma ion concentrations
on swimming performance independent of the reduction in
swimming performance associated with smolting, the experi-
ment was performed using presmolt coho salmon rapidly trans-
ferred to seawater. The physiological changes associated with
this anticipated reduction in swimming performance were also
determined.

Materials and Methods

Fish Acquisition and Care

Hatchery-reared cohe salmon parr were obtained and
transported from Spius Creek Hatchery, B.C., to the University
of British Columbia. They were fed daily and held in
dechlorinated fresh water at 10°C for 3 mo prior to
experimentation. Mean length and weight were 10.1 = 0.1 cm
and 8.9 + 0.2 g, respectively, during the test which was
conducted between November 1989 and January 1990. Based
on the visible parr marks and the season of the study, the fish
used in the experiments are referred to as parr.

Experimental Procedure

Groups of 15 fish were randomly subjected to one of four
treatments at 10°C : 24 h in natural seawater (26.5 + 0.7 ppt)
(SW1), 5-7 d in natural seawater (SW5) following 24 h in 50%
seawater, 24 h in natural seawater followed by 24 h in fresh
water (SW-FW), and a fresh water control (FWC). In all treat-
ments, fish were rapidly transferred by dip net to the respective
static water baths kept at constant temperature by placement in
cooling troughs. The treatments were replicated six times over
the duration of this study. Care was taken to ensure that fish
densities during the various exposure regimes did not exceed
3.0 g-L ! as is recommended by Blackburn and Clarke (1987).
In this study, all parr survived the transfer to seawater.

Following each exposure regime, 10 of the 15 fish were
placed in a modified Brett-type respirometer (Gehrke et al.
1990) filled with seawater (SW1 and SWS5) or fresh water
(SW-FW and FWC) and forced to swim for 2 h at a velocity
of 3 body lengths (Bl):s™!. Subsequently, the critical swim-
ming velocity (U ;) was determined for each fish by subjecting
the group to hourly 1-Bl-s~' increases in water velocity until
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all animals had fatigued. Fish were removed as they fatigued
and individual U_,s were calculated by adding the velocity of
the most recently completed increment and the product of the
proportion of the fatigue increment completed and the increase
in velocity of that increment (Brett 1964). The proportion of
the fatigue increment refers to the length of time the fish swam
at the final velocity divided by 1 h, and the increase in velocity
of the fatigue increment was 1 Bl's™!. No correction for the
solid blocking effect of the fish was included in this calculation,
as the total cross-sectional area of the fish did not exceed 5%
of that of the swim tube. In these experiments, fatigue was
defined as that point at which a fish could no longer remove
itself from the posterior screen despite repeated prodding.
Individual U ;s were determined for fish that swam in a
group. The validity of this method has been criticized (Lindsey
1978) because schooling behaviour may result in nonfatigued
fish drifting to the rear of the swim tunnel with other fatigued
fish resulting in premature termination of the test by the
researcher. In this study the choice was made to exercise fish
in groups of 10, as Bams (1964) found no effect of schooling
on fatigue in sockeye salmon (Oncorhynchus nerka) fry exer-
cised in groups of 10-12 animals or less. An opaque plastic
cover was placed at the anterior portion of the swim tunnel,
enticing the salmon to remain there until the velocity could no
longer be maintained and fatigue ensued. This prevented inter-
actions with the posterior screen prior to exhaustion and ensured
that animals were truly fatigued when they were removed. In
all tests, the coho parr fatigued independently of one another
and in an approximately normal distribution, suggesting that
schooling behaviour has little influence on fatigue in this pro-
tocol. In addition, there was no apparent change in U_, over
the duration of the experiment in any of the treatment
replications.

Sampling Procedure

Measurements in resting fish (rest) were obtained by terminal
anaesthetization with MS 222 (200 mg-L~!) by injecting a
highly concentrated solution of the anaesthetic into a tank con-
taining five animals isolated from their respective group at least
12 h prior to the U, determination. Anaesthetization prior to
sampling has been demonstrated to have no effect on plasma
ion concentrations (Blackburn and Clarke 1987). Exercised fish
were killed either by concussion immediately following fatigue
(U, or by terminal anaesthetization after a 2-h recovery period
(recovery). The latter technique was used in resting and
recovering fish to minimize struggling associated with sam-
pling and thus changes in muscle lactate concentration that
would occur without anaesthesia. Terminal anaesthesia was not
deemed necessary in fatigued fish because at this time, they
were completely exhausted and could easily be removed and
killed without the problems associated with struggling. Sam-
pling consisted of recording fork length and weight, severing
the caudal peduncle, and collecting blood in 60-pL micro-
hematocrit tubes. The tubes were centrifuged at 11 500 rpm for
5 min in a Damon [EC MB microhematocrit centrifuge and the
hematocrit (Hct) was measured in quadruplicate. Fish carcasses
were frozen in liquid nitrogen within 2 min of death and the
plasma and fish carcasses were stored at —80°C for later
analyses.

Analytical Techniques

Muscle lactate concentrations were determined from 0.5 g
of dorsal epaxial muscle. The muscle was homogenizedin 3 mL
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of ice-cold 0.6 N perchloric acid (PCA) for 15 s using a Kine-
matica GmbH polytron. The homogenate was then centrifuged
in a Sorvall Instruments RCSC refrigerated centrifuge at
13 000 rpm for 10 min at 2°C. One millilitre of the supernatant
was placed in a 1.5-mL polypropylene Eppendorf micro test
tube and neutralized with 0.1 mL of 3 M KHCO, and 0.5 M
triethanolamine. This mixture was vortexed and placed in an
Eppendorf centrifuge 3200 for 5 min. The supernatant was ana-
lyzed for lactate using a Sigma lactate assay kit (826-UV) and
a Shimadzu UV-160 visible recording spectrophotometer.

Plasma ion concentrations were determined on a Shimadzu
ion chromatograph (model HIC-6A) (IC) except in two of the
six treatment replications where plasma sodium concentrations
were determined on a Perkin-Elmer model 2380 atomic absorp-
tion spectrophotometer (aa). The plasma in microhematocrit
tubes was thawed and in the case of the aa analyses diluted to
within the linear range of the machine’s detection. Preparation
of plasma for the IC analysis consisted of adding 20 pL of
plasma to 20 pL of methanol, for the purpose of deproteina-
tion, and 60-pL of distilled deionized water in a 0.5-mL cen-
trifuge tube. The contents were vortexed and spun in an
Eppendorf centrifuge 3200 for 5 min. To measure monovalent
cation concentrations, a 20-pL. aliquot of the supernatant was
injected into the IC equipped with a Shodex Y521 cation col-
umn and a 5 mM nitric acid mobile phase. A separate injection
was required for anionic analysis which warranted the instal-
fation of a Shim-pak IC-A1 anion column to the IC and the use
of a 6 mM boric acid, 18 mM mannitol, and 7.5 mM Tris
(tris(hydroxymethylaminomethane) mobile phase.

Muscle moisture was determined on 0.5-1.0 g of dorsal
epaxial muscle by expressing weight loss following desiccation
as a function of initial wet weight of the tissue. Muscle was
dried at 75-80°C to constant weight, approximately 96 h.

Statistics

Statistical differences between the treatment groups and
physiological states were determined by a split plot, random-
ized complete block design ANOVA, followed by a Tukey test,
with a probability level of 0.05 chosen as the limit of statistical
significance. Correlation analyses were computed by least
squares regression and tested for significance. All data are pre-
sented as mean * standard error.

Resuits

Aerobic swimming performance, as indicated by U, was
significantly reduced in the SW1 group, while all other treat-
ments had no effect on swimming performance (Fig. 1). The
reduction in U_, seen in SW1 is not solely a result of the sea-

crit
water exposure at the time of U_,, as no effect on U_,, was seen

crit crit
in the 5-d acclimated animals that also swam in seawater. In
the SW1 group, extracellular [Na*], [Cl~], and [SO,>"] were
significantly elevated relative to control (FWC) values at all
sampling times (rest, fatigue, and recovery). In the SW1 group,
ion concentrations at fatigue and recovery were all significantly
clevated relative to the SW1 resting levels, with the exception
of [SO,* "] at fatigue (Fig. 2). Thus, the greatest deviations in
extracellular ion concentrations within and between treatments
are seen in fish with the lowest U_, (SW1). In the SWS5 group,
the extracellular ions do not differ significantly from the FWC
values until fatigue and recovery.

There is a reduction in U_, as the plasma [Na*] increases
in resting animals. This relationship is best represented by a
second-order regression (r* = 0.68) that indicates that an opti-
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Swi1 SW5 SW-FW

FiG. 1. Effect of salinity exposure regimes on critical swimming
velocity (U} of coho salmon parr. Treatments were as follows: FWC,
freshwater control; SW1 and SW35, fish exposed to seawater for 1 and
5 d, respectively, prior to swimming in seawater; SW-FW, fish
exposed to seawater for 1 d followed by I d in freshwater and U,
determined in fresh water. The asterisk indicates a significant differ-
ence from the FWC group. In each treatment, six trials were per-
formed, each consisting of 10 fish.

mal U, is attained in coho with a resting plasma [Na™] of
147.4 mEq-L ! (Fig. 3). There is a strong positive correlation
(r* = 0.89) between the plasma [Na*] and (Cl ] measured in
these animals at different activity levels following the various
exposure regimes. For this reason, only the ‘relationship
between plasma [Na™] and U_, is presented (Fig. 3) but a sim-
ilar relationship also exists for [C1™].

There are changes in both Hct and dorsal epaxial muscle
moisture content, in addition to fluctuations in the concentra-
tions of plasma ions following seawater exposure. At rest, there
was no significant difference in Hct between treatments; how-
ever, at fatigue and following recovery, Hct in both groups that
swam in seawater (SW1 and SW5) was significantly reduced
relative to that measured at the same activity level in control
(FWC) fish (Fig. 4). At recovery, Hct was significantly lower
than the initial resting values in both seawater groups (SW1 and
SWS).

The moisture content of the dorsal epaxial muscle was not
significantly different between treatments in resting fish
(Fig. 5). At fatigue, the only significant reduction in moisture
content relative to that in control animals was in SW1 animals.
Moisture content in the SW5 animals that swam in seawater
does not differ significantly from control values at fatigue; how-
ever, during recovery, there is a significant reduction in content
approaching that seen in SW1 animals. Thus, initially, SWS5
animals are able to cope with the perturbation of elevated exter-
nal salinity; however, this is not the case during recovery from
exercise.

Lactate analysis of dorsal epaxial muscle was determined to
quantify the relative contribution of anaerobiosis during the
U, however, no significant differences between treatment
conditions were detected (Fig. S).

The SW-FW treatment was incorporated into the experimen-
tal design as an additional control for the FWC treatment. Due
to the transfer into seawater, these animals experienced the same
osmoregulatory perturbations and handling stresses as the SW1
animals and an additional transfer back into fresh water prior
to swimming. In all parameters reported in this study, there
were no significant differences between SW-FW and FWC
treatments.
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FiG. 2. Effect of treatment condition on plasma [Na*], [C17], and
[SO,%™] for four salinity exposure regimes: FWC (O), SW1 (@), SW5
(4), and SW-FW (V) (see Fig. 1 for further description). Rest, fatigue,
and recovery refer to measurements taken before the fish began swim-
ming, at U, and 2 h following the U_, determination, respectively.
Asterisks indicate a significant difference relative to the same level of
activity in FWC. Plus signs indicate a significant difference from the
respective treatment resting value. In each treatment, six trials were
performed, each consisting of five fish at each level of activity.

Discussion

The only condition to significantly reduce U, was exposure
to seawater for 24 h (SW1) prior to exercise (Fig. 1). Transfer
to seawater has been shown by others to impair swimming per-
formance in coho smolts (Glova and Mclnerney 1977; Flagg
et al. 1983; Smith 1987) and juvenile chum (Houston 1959).
The SW1 group was characterized by significantly elevated
plasma [Na*], [C1™1, and [SO,*"] at all sample times relative
to the FWC group (Fig. 2), indicating an ionic basis for the
impairment in swimming performance.

The U, determination is predominantly an aerobic test. As
a fish approaches fatigue, however, there is a sequential recruit-
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FiG. 4. Effect of treatment condition on Hct for four salinity exposure
regimes (see Fig. 2 for other details).

ment of the anaerobic muscle fibres (Bone 1978; Bone et al.
1678) such that when the animal finally collapses, it is both
aerobically and anaerobically exhausted. Anaerobic metabo-
lism was unaffected by the various treatments as indicated by
the similarity in muscle lactate concentrations following the
various seawater exposure regimes (Fig. 5). Tang and Boutilier
(1991} found rainbow trout (Oncorkynchus mykiss) acclimated
to seawater to have higher muscle lactate at exhaustion and
reduced lactate following recovery compared with fish exer-
cised in fresh water, due to a greater clearance rate of lactate
in the seawater animals. This was not found with seawater
exposure in this study but these coho were only subjected to
seawater for 5 d, while the rainbow trout used by Tang and
Boutilier (1991) were acclimated for over 2 mo.

U_, is strongly correlated with the plasma [Na™] of the rest-
ing animal (Fig. 3). The best-fit second-order regression sug-
gests that an optimal swimming performance is achieved in
aminals with resting extracellular [Na*] levels of
147.4 mEq-L~1. As [Na*] increases above this value, there is
a reduction in U_,,. There is also a trend towards a reduction
in U_, as the [Na™] decreases below this value; however, ion
levels were not depressed sufficiently in this study to show the
effect unequivocally. The relationship between resting ion con-
centration and U_, also exists for extracellular [C1 7], as there

is a strong correlation between extracellular [C17] and [Na*].
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FiG. §. Effect of treatment condition on percent muscle moisture and
muscle lactate concentration for four treatment regimes (see Fig. 2 for
other details).

This is in agreement with the work of Houston (1959) who
found that sustained swimming performance was correlated
with the total body [CI7] at fatigue. These results imply that
data acquired from a 24-h seawater challenge are of value in
estimating a salmonid’s ability to exercise, which has been used
as an indicator of the overall condition of the animal.

Initially, 5 d appeared sufficient for the parr to compensate
for the osmoregulatory stress associated with seawater transfer,
as extracellular ion concentrations at rest in the SWS5 group did
not differ significantly from those in the FWC fish (Fig. 2) and
U4 was not affected by this treatment (Fig. 1). During recov-
ery, however, the extracellular ion disturbance in the SW5
group was as severe as that observed in the SW1 group. This
would indicate that in a second U, determination, the aerobic
swimming ability may be equally impaired in both groups, if
ion levels during recovery are indicative of exercise potential.
Thus, SWS5 animals were capable of initial compensation for
the increased environmental salinity at rest and consequently
were able to exploit their full aerobic capacity; however, during
recovery the cost became apparent. Full adaptation to seawater
in coho parr takes up to 30-35 dbasedongill Na*, K" -ATPase
activity (Zaugg and McLain 1970).

The reduced U, in group SW1 may be due to the poor
hypoosmoregulatory ability; however, limitations to exercise
may also exist at the level of the circulatory system or the mus-
cle. In the circulatory system, the sites of impairment may be
in the transfer of oxygen across the respiratory surface or in the
transport and delivery of oxygen to the muscle by the blood.
In the gills of rainbow trout immersed in 67% seawater in vitro,
Bath and Eddy (1979a) demonstrated considerable dehydration
of the secondary lamellae which could potentially explain the
reduction in arterial Po, (Pa,, ) seen in salmonids at rest during
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seawater transfer. In rainbow trout resting in 67% seawater,
this reduction in Pa,, lasts for over 10 d (Bath and Eddy 1979a),
and in resting Atlantic salmon (Salmo salar) parr exposed to
full-strength seawater, 48 h was not sufficient for recovery
(Stagg et al. 1989). The degree to which Pa,,, is reduced during
exercise following seawater exposure, and the impact it will
have on aerobic swimming performance, is questionable, as
both groups SW1 and SW35 were exercised in seawater, while
only the former experienced an impariment in locomotor activ-
ity; however, it may be that 5 d is sufficient for the coho parr
to rehydrate the lamellae in seawater and restore blood
oxygenation.

The transport and delivery of oxygen to the active tissues is
also affected by seawater transfer. The Hct in the SW1 group
decreased significantly with exercise relative to the freshwater
groups, but the same trend was seen in the SW35 group (Fig. 4),
demonstrating that the reduction in U, is not simply related
to the reduction in Hct. A reduction in Het in salmonids fol-
lowing seawater transfer has been attributed to dehydration of
the erythrocytes (Bath and Eddy 1979a; Blackburn and Clarke
1987); however, it could also be due to an increased plasma
volume, as rainbow trout have been demonstrated to greatly
increase drinking rate (Eddy and Bath 1979) and reduce uri-
nation rate (Bath and Eddy 1979b) almost immediately follow-
ing rapid transfer to 67% seawater. In smolting coho salmon,
the reduction in Hct seen following seawater transfer is due to
an increased plasma volume which results in a reduction in
oxygen carrying capacity of the blood (C. J. Brauner, J. M.
Shrimpton, and D. J. Randall, unpubl. data).

Although the decrease in Hct is not directly responsible for
the reduction in U, it may have exacerbated the effects of the
increased plasma ion levels on the binding of oxygen to hae-
moglobin. Sauer and Harrington (1988) found that hyperchlo-
remia in vitro reduced the haemoglobin’s affinity for oxygen
in sockeye salmon. The oxygen content of whole blood from
white sucker (Catostomus commersoni) was significantly
reduced in vitro following the addition of NaQH and HCI to
approximate the strong ion difference seen in animals exposed
to saline water (Walker et al. 1989); however, this reduction
in oxygen content could have been induced partly by changes
in pH. Thus, elevated plasma ions and a reduced Het in concert
may have limited oxygen delivery during exercise in the SW1
group.

An increased ionic composition of the blood may also influ-
ence oxygen delivery to the tissues through a reduction in car-
diac output. Following NaCl injections in the toad Bufo
marinus and the bullfrog Rana catesbeiana, Hillman (1984)
observed that hypernatremia in excess of 170 mEqg-L ™! reduced
maximal cardiac output through a reduction in heart rate and
stroke volume. In the toad, peak systolic pressure and cardiac
contractility have also been shown to decrease following NaCl
injections (Hillman and Withers 1988). The authors attributed
the latter to a direct negative inotropic effect of hypernatremia
and hyperchloremia on the cardiac muscle. If the salmonid car-
diovascular system responds similarty to elevated extracellular
ions, cardiac output and consequently the rate of oxygen deliv-
ery to the working muscles could be compromised in the SW1
group reducing U,,.

The limitation to aerobic exercise in the SW1 group may also
lie at the level of the muscle. Muscle moisture content of the
SW1 group was significantly lower at fatigue and recovery than
that of the groups exercised in fresh water (Fig. 5). This has
been demonstrated in resting rainbow trout (Finstad et al. 1988)
and chum fry exercising (Houston 1959) in seawater. Hyper-
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osmotic infusions in dogs results in a reduction in muscle mois-
ture content and an intracellular alkalosis (Makoff et al. 1970).
Intracellular changes in pH will have an effect on muscular
contraction through direct actions on enzyme activity, and a
reduction in intracellular moisture content may affect ion and
metabolite concentrations resulting in a deviation from optimal
conditions for contractility.

Within each treatment, only the FWC group showed a sig-
nificant change in muscle moisture from rest to recovery,
increasing slightly in agreement with the observations of Wood
and Randall (1973). U_,, was not affected in the SW5 group
and muscle moisture did not differ significantly from the con-
trol group until recovery, furthur indicating that impairment in
swimming performance would be seen in this group in a sub-
sequent bout of aerobic exercise.

The elevated ionic composition of the plasma may have a
direct effect on muscular contractility. Houston (1959) theo-
rized that the reduced locomotory activity in chum salmon rap-
idly transferred to seawater was a direct result of altered
electrolyte concentration on the neuromuscular apparatus.
Homsher et al. (1974) observed a reduction in contractility fol-
lowing stimulation in frog sartorius muscle bathed in various
hypertonic solutions. The authors attributed this to ionic dis-
ruption of contractile proteins. Thus, the direct action of
elevated extracellular ions and the induced muscle water move-
ments may also contribute to the locomotory impairment seen
in the SW1 coho.

In conclusion, there is a reduction in swimming performance
with an increased plasma [Na™] in response to a 24-h exposure
to seawater (SW1) (Fig. 1). There is a strong correlation
between the plasma [Na*] and [C1™] measured at rest and the
subsequent maximal aerobic swimming velocity. This implies
that the seawater challenge test used as an indicator of seawater
adaptability in smolting salmonids (Blackburn and Clarke 1987)
may also be used as an indicator of the exercise potential of
salmonids entering a seawater environment. The impairment in
swimming performance seen in the SW1 group is related to the
hypoosmoregulatory ability of the coho. The ionic composition
of the plasma increases and there is a reduction in Hct and
muscle moisture. The limitation to aerobic activity is postulated
to exist at the level of the circulatory system, affecting oxygen
delivery to the muscles, and at the cellular level of the muscle
where a reduced moisture content leads to an impairment of
contractility.

Acknowledgements

We thank Nicholas Bernier for his assistance during this study and
the employees of Spius Creek Hatchery and the Department of Fish-
eries and Oceans for providing the fish. This research was supported
by an NSERC strategic grant to D.J.R. and G. K. Iwama.

References

Bams, R. A. 1964. Differences in performance of naturally and artificially
propagated sockeye salmon migrant fry, as measured with swimming and
predation tests. J. Fish. Res. Board Can. 24: 1117-1153.

Bata, R. N., anp F. B. Eppy. 1979a. lonic and respiratory regulation in
rainbow trout during rapid transfer to seawater. J. Comp. Physiol. 134:
351-357.

1979b. Salt and water balance in rainbow trout (Salmo gairdneri)
rapidly transferred from fresh water to sea water. J. Exp. Biol. 83: 193—
202.

BLACKBURN, J., AND W. C. CLARKE. 1987. Revised procedure for the 24 hour
seawater challenge test to measure seawater adaptability of juvenile sal-
monids. Can. Tech. Rep. Fish. Aquat. Sci. 1515: 35 p.

2404

- Bowg, Q. 1978. Locomotor muscle, p. 361-417. In W. S, Hoar and D. J.

Randall [ed.] Fish physiology. Vol. 7. Academic Press, New York, NY.

Bong, Q.. J. KiCENIUK, AND D. R. JONES. 1978. On the role of the different
fibre types in fish myotomes at intermediate swimming speeds. U.S. Fish
Wildl. Serv. Fish. Bull. 76: 691-699.

BRrerT, J. R. 1964. The respiratory metabolism and swimming performance of
young sockeye saimon. J. Fish. Res. Board Can. 21: 1183-1226.

CrLarkg, W. C. 1982. Evaluation of the seawater chalienge test as an index of
marine survival. Aquaculture 28: 177-184.

CLARKE, W. C., AND J. BLACKBURN. 1977. A seawater chalienge test to meas-
ure smolting of juvenile salmon. Can. Fish. Mar. Serv. Tech. Rep. 705:
11 p.

Crarkg, W. C., anp J. E. SHELBOURN. 1982. Growth and smolting of under-
yearling coho salmon in relation to photoperiod and temperature. Proc.
North Pac. Aquacuit. Symp., Aug. 1980, Anchorage, AK. Alaska Sea
Grant Rep. 82-2: 200-216.

Durkin, J. T. 1982. Migration characteristics of coho salmon (Oncorhynchus
kisutch) smolts in the Columbia River and its estuary, p. 365-376. In
V. S. Kennedy [ed.} Estuarine comparisons. Academic Press, New York,
NY.

Eppy, F. B. 1982. Osmotic and ionic regulation in captive fish with particular
reference to saimonids. Comp. Biochem. Physiol. 73B: {25-141.

Eppy, F. B., aND R. N. Batu. 1979. lonic regulation in rainbow trout (Salme
gairdneri) adapted to fresh water and dilute sea water. J. Exp. Biol. 83:
181-192.

FiNsTAD, B., M. STAURNES, AND O. B. REITE. 1988. Effect of low temperature
on sea water tolerance in rainbow trout, Safmo gairdneri. Aquaculture 72:
319-328.

Fraca, T. A., E. F. PRENTICE, aND L. S. SmiTH. 1983. Swimming stamina
and survival following direct sea-water entry during parr—smolt transfor-
mation of coho salmon (Orcorhynchus kisutch). Agquaculture 32: 383—
396.

GEeHRKE, P. C., L. E. FIDLER, D. C. MENSE, AND D. J. RANDALL. 1990. A
respirometer with controlled water quality and computerized data acqui-
sition for experiments with swimming fish. Fish Physiol. Biochem. 8:
61-67.

Grova, G. J., anp J. E. McINERNEY. 1977. Critical swimming speeds of coho
salmon (Oncorhynchus kisutch) fry to smolt stages in relation to salinity
and temperature. J. Fish. Res. Board Can. 34: 151-154.

Heary, M. C. 1982. Timing and relative intensity of size-selective mortality
of juvenile chum salmon (Oncorhynchus keta) during early sea life. Can.
J. Fish. Aquat. Sci. 39: 952-957.

HiLLMAN, S. S. 1984. Inotropic influence of dehydration and hyperosmolal
solutions on amphibian cardiac muscle. J. Comp. Physiol. B 154: 325-
328.

HiLLman, S. S., anp P. C. WiTHers. 1988. The hemodynamic consequences
of hemorrhage and hypernatremia in two amphibians. J. Comp. Physiol.
B 157: 807-812.

Hoar, W. S. 1988. The physiology of smolting salmonids, p. 275-343. In
W. S. Hoar and D. J. Randall [ed.] Fish physiology. Vol. 11A. Academic
Press, New York, NY.

HoGsTrAND, C., AND C. Haux. 1985. Evaluation of the sea-water challenge
test on sea trout, Salmo trurta. Comp. Biochem. Physiol. 82A: 261-266.

HomsHER, E., F. N. BRIGGS, AND R. M. WISE. 1974. Effects of hypertonicity
on resting and contracting frog skeletal muscles. Am. J. Physiol. 226:
855-863.

Houston, A. H. 1959. Locomotor performance of chum salmon fry (Onco-
rhynchus ketay during osmoregulatory adaptations to sea water. Can. J.
Zool. 37: 591-605.

Larsson, P. O. 1985. Predation on migrating smolts as an important regulating
factor for salmon, Salmo salar, populations. J. Fish Biol. 26: 391-397.

Linpsey, C. C. 1978. Form, function, and locomotory habits in fish, p. I-
100. fn W. S. Hoar and D. J. Randall [ed.] Fish physiology. Vol. 7.
Academic Press, New York, NY.

MAKOFF, D. L., J. A. DA SiLva, B. J. ROSENBAUM, 8. E. LEvY, AND M. H.
MaxweLL. 1970. Hypertonic expansion: acid—base and electrolyte
changes. Am. J. Physiol. 218: 1201-1207.

McCormick, S. D., AND R. L. SAUNDERs. 1987. Preparatory physiological
adaptations for marine life of salmonids: osmoregulation, growth, and
metabolism. Am. Fish. Soc. Symp. 1: 211-229.

PARKER, R. R. 1962. Estimations of ocean mortality rates for Pacific saimon
(Oncorhynchus). J. Fish. Res. Board Can. 19: 561-589.

SAUER, J., AnD J. P. HARRINGTON. 1988. Hemoglobins of the sockeye salmon,
Oncorhynchus nerka. Comp. Biochem. Physiol. 91A: 109-114.

Smitd, L. 1987. Improving hatchery effectiveness as related to smoltification.
U.S. Dept. of Energy, Bonneville Power Administration, Division of Fish
and Wildlife, May 1987. p. 97-108.

Can. J. Fish. Aquat. Sci., Vol. 49, 1992



Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by University of British Columbiaon 06/23/17
For personal use only.

Stacs, R. M., C. Tausort, F. B. EpDY, AND M. WILLIAMS. 1989. Seasonal
variations in osmoregulatory and respiratory responses to sea water expo-
sure of juvenile atlantic salmon (Salmo salar) maintained in fresh water.
Aquaculture 82: 219-228.

TANG, Y., anp R. G. BoutiLigr. 1991. White muscle intracellular acid-base
and lactate status following exhaustive exercise: a comparison between
freshwater- and seawater-adapted rainbow trout. J. Exp. Biol. 156: 153-
171.

WALKER, R. L., P. R. H. WILkes, anp C. M. Woob. 1989. The effects of
hypersaline exposure on oxygen-affinity of the blood of the freshwater
teleost Catastomus commersoni. J. Exp. Biol. 142: 125-142.

Can. J. Fish. Aquat. Sci., Vol. 49, 1992

WEDEMEYER, G. A., R. L. SAUNDERS, AND W. C. CLARKE. 1980. Environ-
mental factors affecting smoltification and early marine survival of anad-
romous salmonids. U.S. Natl. Mar. Fish. Serv. Rev. 42: 1-14.

Woop, C. M., anp D. J. RANDALL. 1973. The influence of swimming activity
on water balance in the rainbow trout (Salmo gairdneri). J. Comp. Phys-
iol. 82: 257-276.

ZAuGG, W. S., aND L. R. McLAIN. 1970. Adenosinetriphosphatase activity in
gills of salmonids: seasonal variations and salt water influence in coho
salmon, Oncorhynchus kisutch. Comp. Biochem. Physiol. 35: 587-596.

2405





