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Wild Atlantic salmon (Salrns salar) collected during their spawning migration were transported to the laboratory 
to investigate effects of exhaustive exercise on acid-base regulation and blood gas transport. Exhaustive exercise 
resulted in a very large extracelluOar acidosis which lasted for about 4 h. Blood lactate levels were extremely high 
and remained significantly elevated for at least 8 h after exercise. The degree of erythrocyte pH regulation was 
minimal and there was a significant fall in both erythrocyte pH and hemog1obin:oxygen carriage during the 
recovery period. Together, the significant decrease in erythrocyte pH and a significant reduction in the arterial 
partial pressure of oxygen resulted in a significant fall in arterial oxygen content immediately after exercise. 
Thereafter, arterial oxygen content was maintained by a significant increase in hematocrit and an increase in the 
arterial partial pressure of oxygen. Despite the extremely large lactacidosis in these wild fish, there were no 
mortalities during the recovery period. However, significant mortality has been reported in studies on domestic 
salrnonids, and this suggests that wild salmonids may be better adapted for exhaustive exercise. This result sup- 
ports the rationale 0% a 'katch and release" recreational fishery for Atlantic salmon. 

On a soemmis en laboratoire des saurnons de I'Atlantiqeme (Salrns sabar), recueillis durant leemr migration de h i e ,  
B un effort physique important pour en etemdier les effets sur la regulation acido-basique et le transport sanguin 
des gas. L'effort a provoquk chez ies saumons bane acidose extracel~ulaire tr6s marquke qui s'est prolongke durant 
environ 4 h durant la periode de repos. bes taux de lactate sanguin etaient tr$s 6ieves et sont rest& superieurs A 
la normale aas moins 8 h aprPs Ifeffort. Le degr6 de regulation du pH krythrocytaire de m$me que le taux de 
transport de B'oxyg+ne par I'h6rnoglobine ont chutk de facon significative au cows de la p6riode de rkcuperation. 
Les baisses significatives du pH erythrocytaire et de la pression aderielle partielle de I'oxygGne se sont traduites 
par une baisse significative de la concentration artkrieile de Iioxyg&ne imrnkdiatement apr&s B'effort. Par la suite, 
la concentration arterielle de I1oxyg$ne a 6t6 maintenue par un accroissernent significatif de Ifhkrnatocrite et une 
augmentation de la pression artkrielle partielse de I'oxyg$ne. Malgre la lactickrnie trPs marquee observee chez 
ces poissons sauvages, aucun d'entre eux n'est mort durant la periode de rkcuperation. Par aillea~rs, les resultats 
de plusieurs 6tudes ont fait &at de taux de mortaiite importants attribuables l'effort chez des salmonidks domes- 
tiqases, ce qui laisse entendre que les salmonides sauvages rksisteraient mieux 3 un effort important. L'id6e d'emne 
p$che rkcrkative du saumon de I'Atlantique ob les pecheurs remettraient leurs prises 3 Bkeau trouve appui dans 
les rksultats de la prksente etude. 
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T he Atlantic salmon (Salmo salar) is clearly the most val- 
uable recreational species on the east coast o f  Canada as 
well as an important comerccid species in some meas. 

Recent declines in the population of this species over the past 
several years, therefore7 have resulted in legislative action by 
the federal government to preserve the stocks and attempt to 
return the population to previous Bevels. As part of  this Begis- 
lation, recreational fishemen must release d l  multi-sea winter 
sdmon (i.e. over 63 cm in length) and all smaller sdmon over 
and a b v e  the angler's daily or seasonal Himit. Thus, a large 
number of these fish which are ascending rivers on their spawn- 
ing migration are exercised to complete exhaustion by anglers 
and then released. Although a number of pkaysioHsgicd studies 
have exmined the effects of exhaustive exercise on acid-base 
bdmce and blood gas transport in sdmonids, the vast majority 
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of these studies have typically been carried out on hatchery 
stocks of easily domesticated species such as the rainbow trout 
(Oncorhynchus mykiss, formerly Sadrno gairheri) . TO date, 
there has been no attempt to characterize the physiological dis- 
turbance associated with exhaustive muscular activity in 
S. saiar. The degree of lactacidosis following exhaustive activ- 
ity may be quite variable between sdmonid species (Heisler 
1984). Furthermore, the physiology sf exercise-trained fish may 
be markedly different than that of untrained fish (Johnston 1982; 
Lacher et id. 1988). Clearly, this suggests that marked phys- 
iological differences probably d s s  exist between hatchery and 
domestic fish stocks. Exercise data on other salmonid species, 
particularly domestic fish, therefore, may not be directly appli- 
cable to wild %. salar which is renowned for its capacity for 
burst activity. Finally, there m reports that exhaustive mus- 
cular activity may be associated with delayed mortality in fish 
(Black 1958; Wood et al. 1983). Thus, a description of the 
stress associated with exhaustive muscular activity in wild 
Atlantic salmon would clarify the effects of the present "catch 
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and release" fishery on the physiology of S .  sahr. On this 
background, the purpose of the present experiments was to 
characterize the physiological disturbance associated with 
exhaustive exercise in "wild" S.  salsa through a detailed 
examination of acid-base regulation and blood gas 

Materials and Methods 

Animals and Rationale 

Wild Atlantic Salmon (1 .5 9 0.4 kg; N = 16) were collected 
during their spawning migrati~n in July from the fishladder on 
the M a v e  River in Nova Scotia. The animals were transported 
to Dalhsusie University in Hdifm, N.S., where they were held 
in the aquatron facility at 18OC for at least 1 wk prior to the 
experiments. Under natural conditions, these animals do not 
feed during the spawning run, and therefore, no attempt was 
made to feed the salmon in captivity. 

In the wild, Atlantic salmon are exercised to complete 
exhaustion by anglers, followed by a brief period of handling 
and their subsequent release. It was not practical to angle these 
fish in our laboratory setting, but we did make every attempt 
to reproduce the period of exhaustive exercise and brief 
handling characteristic of angled fish. In addition, all fish were 
fitted with a dorsal aortic cannula 48 h prior to the experiment 
which permitted nonstressfbl blood sampling of each fish prior 
to exercise and during the recovery period. This method has 
clear advantages over "grab and stab" techniques of blood 
sampling which cause the fish to struggle and can influence the 
acid-base variables followed in this type of study. Thus, our 
method should provide an accurate description of the magnitude 
of the disturbance caused by angling in a wild fish and the time 
course of recovery. 

To insert the dorsal aortic cannula, the salmon were first 
anaesthetized in m aerated and pH-balanced solution of tricaine 
methanesulfonate (MS-222) (66.7 mg MS-222.L- and 
133.3 mg NaHCO,.L- The cannulation was then performed 
on a surgical table where a lighter dose of the aerated anaes- 
thetic solution (50 mg MS-222.L-' and 100 mg NdCO,.L-') 
was recirculated over the gills. A cannula of P.E. 50 tubing 
was implanted in the dorsal aorta using the technique of Smith 
md Bell (1964). Following surgery, the fish recovered for 48 
h in light-proof perspex boxes. 

Experimental Protocol 

In in vivo experiments, following 48 h of recovery from sur- 
gery, a total of 1.5 d of blood was taken into two I - d  gas- 
tight Hmilton syringes. Mole-blood (extracellular) pH (pH,), 
carbon dioxide content (Cco,), oxygen content (Co,), and the 
partial pressure of oxygen (Po,) were measured immediately 
using 400 pL of the sample. Duplicate hematocrit measure- 
ments were made on 150 pL of blood. The Ceo, of true plasma 
was determined on a 50-pL smple  of plasma from the hema- 
twrit tubes. Two 100 pL fractions of the original smple were 
each added to 200 pE of chilled 8% perchloric acid (PCA) for 
the subsequent determination of whole-blood lactate and 
nucleotide tiphosphate (NTP) concentrations, respectively. 
The samples for NTP were centrifuged md the supernatant was 
stored in liquid nitrogen until further analysis. The lactate s m -  
ples were stored in the refrigerator (4°C). In addition, duplicate 

25-$116, samples of whole blood were each added to 5 mL of 
Drabkin's reagent for the determination of hemoglobin (Hb) 
concentration. The remaining sample was centrifuged in a 
1.5-mL eppendorf tube. The supernatant and the buffy coat 
from the erythrocytes were removed and the erythrocyte pellet 
was immediately frozen in liquid nitrogen for the subsequent 
determination of erythrocyte pH (pH,). 

After the control sample was taken, the salmon was moved 
to a cylindrical tank (1.5-rn in diameter) where it was exhaus- 
tively exercised by manual chasing. The exercise per id  was 
terminated after about 10 min when the salmon rolled on its 
side and would no longer respond to chasing. The exhausted 
fish was then returned to the perspex container and another 
1.5-mL blood sample was removed. Analyses similar to those 
described for the control sample were performed on this blood 
sample. Samples were dso  taken at 0.5, 1, 2, 4, 8, a d  24 h 
of recovery from exercise. Throughout the experiment, blood 
samples were replaced with a similar volume of Cortland saline. 
This protocol was repeated on six of the salmon. As a control, 
an identical sampling protocol was performed on an additional 
four salmon which were not exhaustively exercised. 

Further analysis of the characteristics of wild Atlantic salmon 
blood was carried out in vitro. The first series of in vitro exper- 
iments was conducted to determine the in vitro gas transport 
properties of the blood. In these experiments, 3-IHab, blood s m -  
ples were removed from resting cannulated salmon and equi- 
librated in am intermittently rotating glass tonometer. The blood 
was equilibrated for 30 min with a humidified 0.2% CO,-air 
mixture at 18°C. Following equilibration, a 1 -d blood sample 
was removed with a gas-tight Hamilton syringe. pH,, Cco,, 
Co,, and Hb concentration were detemined immediately and 
the remainder of the sample was centrifuged. The resulting 
supernatant was discarded and the erythrocyte pellet was frozen 
in liquid nitrogen for the determination of pHi. This procedure 
was also repeated on the same blood pool with humidified 1 
and 3% C0,-air mixtures. 

Another series of in vitro experiments examined the effects 
of adrenergic stimulation on the pH gradient across the mem- 
brane of salmon red blood cells. This time, 4mL blood samples 
were removed from resting cannulated salmon (N = 6) and 
equilibrated with a humidified 1% CO,-air mixture in paired 
intermittently rotating tonometers at 18OC with 2HPnE of blood 
per tonometer. Following a 30-min equilibration period, a 1- 
mL blood sample was removed from each tonometer and ana- 
lysed for pH, and pHi. At this point, 100 pL of either saline 
(sham) or isoproterenol (final concentration 10-' ha) in saline 
was added to each blood pool. The blood was thew equilibrated 
for a further 15 min at which time the final 1 nm%E of blood was 
removed for the determination of pH, and pHi. 
In the find series of in vitro experiments, we investigated 

the effects of adrenergic stimulation on the aerobic metabolism 
of salmon red blood cells. In this series, 3-d . ,  blood samples 
were removed from resting cannulated salmon (N = 6) and 
equilibrated with a humidified 1% C0,-air mixture in paired 
tonometers at 15°C with 1.5 mb, of blood per tonometer. Fol- 
lowing a further 10 min of equilibration, a 1-EL blood sample 
was removed from each tonometer with a 1-mL gas-tight Ham- 
ilton syringe. Determinations of Cco,, Co,, and Hb concen- 
tration were made immediately on 258 pL of blood. The 
remaining blood was equilibrated within the gas-tight syringe 
over a 4-h period at 15'C in a constant-temperature room. Sm- 
ples f i ~ m  the syringe were dso  taken after 2 and 4 h for similar 
analyses. Together, these three samples were used to determine 
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erythrocyte oxygen consumption md carbon dioxide produc- 
tion rates* It should be noted that this final series was carried 
out at 15OC rather than 18°C to facilitate direct c o m p ~ s o n  of 
aerobic metabolism with data from other studies. 7.8 

a2 

% 7.6 
@ exercise 

7.4 

7.2 

pH, and pHi were determined with a PHM 84 pH meter amd 
associated micro-pH unit (Radiometer, Copenhagen, Den- 
mark) at lSaC. Erythrocyte samples were frozen md thawed 
twice in liquid nitrogen prior to the determination of pH accord- 
ing to the method of Zkidler and Kim ( 1977). The Po, sf whole 
blood was measured with m E5046 oxygen electrode (Radio- 
meter, Copenhagen, Denmark) at lSeC. Another E5W6 oxygen 
electrode was used to determine the Co2 of whole blood s m -  
ples using the Tucker method (Tucker 1967). Analysis of Kb 
concentrations was performed by the Drabkin's method with 
Sigma reagents. Total Ceo, of whsle blood md plasma were 
measured with a Gale Series 100 gas ckomat~graph (Cwle 
Hnstmments Inc . , USA), as described by Boutilier et al. (1 984). 
Arterial CCO, tension (Pam,) and plasma bicarbonate concen- 
tration ([HCO,-I,,) were calculated via a rearrangement of the 
Henderson-Hasselbach equation, using measured values of pH, 
and plasma Ces,. Constamts for plasma pKf md CO, solubility 
to be used in these cdculations were obtained from Boutilier 
et d. (1984). The concentration sf metabolic protons added to 
the whole blood ([H +I,) over any given time period (e . g . time 
1 to 2) was calculated according to McDonald et d. (1989) 
using the following equation: 

where [EHCO,-I,, is the whole-blood bicarbonate csncentra- 
tion which was detemined using the same calculation described 
for plasma bicarbonate, the only exception being that whole- 
blood CCO, was used rather than plasma CCO,. The nonbica- 
bonate buffer value of whole blood QB) was detemined from 
the hemoglobin concentration ([Hb]) according to the following 
relationship: 

f ime (hours) 

FIG. 1.  (A) Extracellular pH (pH,)9 (B) plasma hicabnate concen- 
tration (EHC8,-] 3, and (C) x&erial CO, tension (Pac8-J at rest (R) 
and 0,0.5, 1 ,  2 ,4 ,  8, and 24 h following exhaustive exercise (shaded 
bar) in S. sakar. Values are means 2 standard e m r  (sgsaat~-01, N = 4; 
exercise, N = 6). Asterisk denotes significant @ < 8.05) difference 
ftom resting value; plus sign denotes significant @ < 0.05) difference 
from control value. 

which was experimentally determined in the second series of 
experiments, The concentration of lactate was measwed using 
the L-lactate dehydrogenase method (hornis 1961) using Sigma 
reagents. The amount of lactate added to the blood over any 
given time ( t )  was calculated according to the equation 

Exhaustive exercise in S. sa&kgr results in a large immediate 
drop in pH, from the resting value of 7 348 &. 0.026 to 7 .3  16 * 0.835 (Fig. 1A). The pH, remained significantly reduced 
until the 4-h sample. A similar pattern was d s s  observed in 
[ H C 4  -I,, which fell significantly from 6.18 + 0.28 to 4.15 
2 0.34 mmol.L- ' immediately after exercise (Fig. 1B). The 
lowest [HCO,-I,, value of 3.13 k 0.24 rnmol-L-I was 
observed 1 h into the recovery period, md by the 4-h smple, 
[H@O,-1 , had risen to a value which was not significantly 
different Rom the resting value. This was followed by an over- 
compensation in [HCO,-],, at 8 h to 8.46 + 0.61 m o l * L -  ', 
but at 24 h the value had returned to normal. Paco, increased 
significantly following the exercise period (Fig. 1C). The 
greatest increase was observed immediately following exercise 
when Pam, had risen from 1,97 & 0.1'9 
133,322 Pa) at rest to 5.19 f 0.41 
significantly elevated until the 4-h recovery smple. 

bLa- = [La-],- [La-], 

where [La-], is the [La-] at rest. 
The proton (H') deficit was then obtained by subtracting 

[H9], from the bLa - . 

Statistics 

A paired Student t-test was used to compare the resting val- 
ues with the postexercise values in the in vivo experiments and 
the pre- and posttreatment erythrocyte values in the in vitro 
experiments. An unpaired Student t-test was also used to com- 
pare the control salmon md the exercised sdmon in the in vivo 
experiments. Hindly, an analysis of covariance was used to 
compare the in vivs and in vitro slopes of the regression lines 
for pHe a d  pH,. In a11 cases, p < 0.05 was the accepted level 
of significance. 
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Time (hours) 
Re. 2. (A) Lactate concentration ([La-]), (B) metabolic proton load 
([H"],), and (C) proton deficit at rest (R) and 0 ,  0.5, 1 ,  2,  4, 8, m d  
24 h following exhaustive exercise (shaded bar) in S. sakar. Values 
are means +. standard error (control, N = 4; exercise, N = 6). Aster- 
isk denotes significant @ < 0.05) difference from resting value; plus 
sign denotes significant @ < 0.05) difference from control value. 

Whole blood lactate concentrations [La-] reached peak 
levels 2 h after exercise (26-3 9 0.5 m o l - k -  I )  and remained 
significantly higher than the resting value for 8 h (Fig. 2A). 
[H+),, however, peaked at 13.2 r 1.3 meq*L-' after only 
0.5 h and had returned to levels which were no longer signif- 
icantly different than rest by 4 h (Fig. 2B). Figure 2C plots the 
proton deficit which is the calculated difference between ALa- 
and [El+], . Imediately following the exercise period, [H +I, 
exceeds ALa - and the proton deficit, therefore, is negative. 
After 1 h, however, this relationship is reversed. The largest 
proton deficit of 19.1 k 8.9 m o l -  k - is observed after 4 h 
when the [H + 1, has fallen close to the resting value, but ALa- 
is still high. 

Exhaustive exercise in %. salar is associated with a substm- 
tial (25%) drop in hemoglobin:oxygen (Hb:O,) carriage 
(Fig. 3A). Immediately following the exercise period, the sig- 
nificant fall in Po, could contribute to the change in H%b:8, 
(Table I).  The Po, quickly returns to nomal, however, and by 
1 h has significantly increased. Thus, the significant decrease 
in Hb:8, for the first 2 h of the recovery period is mainly due 

Time (hours) 

Re. 3. (A) Hemoglobin:oxygen carriage (Hb:O,), (B) erythrocyte pH 
(pHJ, and (C)  W P  concentration ([NTP]) at rest (R) and 0, 6.5, 1,  
2 , 4 , 8 ,  and 24 h following exhaustive exercise (shaded bar) in S. saiar. 
Values are. means +- standad error (control, M = 4; exercise, N = 
61, Askrisk denotes significant @ < 8.05) difference from resting 
value; plus sign denotes significant @ < 0.05) difference from control 
value. 

to the fall in pHi and the associated reduction in Hb:0, via the 
Root effect (Fig. 4). The largest drop in pHi of 0.210 pH unit 
occurs after 0.5 h and pHi remains significantly below the rest- 
ing value until the 4-h sample (Fig. 3B). At 8 h, there is a 
significant increase in pH,, but by 24 h, pH, had again returned 
to nomal. Concunent with the fall in pHi, these is also a sig- 
nificant decrease in erythrocyte NTP levels, which may p a -  
tially ameliorate the deleterious effects of pHd on Hb:O, affin- 
ity. Despite the fall in Hb:O, carriage, arterial oxygen content 
is only significantly reduced immediately following exercise. 
By 0.5 Ha of recovery, there is a significant increase in hema- 
tocrit, and oxygen content is thereby preserved. It should be 
noted that there was no significant difference in mem cellular 
Hb concentration after exercise, a d  the increase in knematocrit 
is therefore probably due to an increase in the number of cir- 
culating erythrocytes. A significant reduction in oxygen content 
is also observed after 8 md 24 h in both the control md exercise 
animals. This reduction can be attributed to repetitive blood 
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TABLE 1 .  Effect of exhaustive exercise on hematwrit, Po,, md 8, content (CaO,) in S. wlaa at llg°C. Values are means k standard ewor 
(control, N = 4; Exercise, N = 6). Asterisk denotes significant @ < 0.05) difference from resting value; plus sign denotes significant @ < 0.05) 
difference from control value. 

Rest Oh 0.5 h 1 h 2 h 4 h 8 h 24 h 

Hematoeit (%) 
Control 25.4 zk 3.8 25.2 3.5 24.5 k 4.7 25.9 _+ 3.4 24.2 & 3.5 21.6 + 3.5" 20.6 _+ 4.8" 19.4 & 3.4* 
Exercise 29.5 k 2.7 32.7 & 1.9 38.2 + 2.1* 37.9 & 1.4*+ 35.6 2 1.6+ 29.9 + 1.9 211.4 -+ 1.9" 20.0 f 3.8" 

Po, (mmHg) 
~ontrol 87.2 -e 5.4 86.7 -e 4.9 87.8 + 3.9 87.9 2 3.6 90.9 2 4.7 92.4 +- 4.4 88-43 + 6.0 81.9 + 6.1 
Exercise 89.4 2 2.5 77.3 iz 4.8* 84.9 + 7.3 98.6 zk 3.7* 92.4 + 4.8 87.5 + 4.6 95.8 & 2.3 94.7 k 4.1 

cao ,  ( ~ 0 1 % )  
Control 1 0 . 4 2 1 . 6  9 , 7 2 1 . 2  1 0 . 5 + 2 . 4  1 0 . 1 f 1 . 4  9.8 2 1.5 8.7 + 1.4* $.2 k 2.8" 8.2 & 1.4" 
Exercise 12.0 & 0.6 9.7 5 0.6* 11.6 + 8.7 12.0 zk 0.6 11.$ & 0.5 11.5 + 0.6 9.4 zk 0.7" 8.4 n 1.1" 

Fao. 4. Relationship between arterial oxygen content (Cas,) and eryth- 
rocyte pH (pH,) for the blood s f  S. salar, The regression equation 
describing the relationship is Cao, = (0.952)pHi - 5.77, 3 = 0.917. 

PH e 
FIG. 5. Extracellular pH (pH,) versus erythrocyte pH (pHi) for blood 
from S. salar In vitro (0) and in vivo (e). The regression equation for 
the in vitro values is pHi = (0.696)pHe + 1.985, 3 = 0.96 and the 
equation for the in vivo values is pHi = (0.443)pHe 4- 3 .9M, 9 = 
8.77. The lines are significantly 4g < 0.05) different. 

sampling, since it is clearly associated with a significant 
decrease in hematocrit during the latter stages of the experiment. 

The slope of the relationship between pH, and pH, in vivo is 
significantly different from that in vitro (Fig. 5) .  Thus, below 

TABLE 2. Effect of isoproterenol on pH,, pH,, and the pH gradient 
(ApH) across the membrane of S. salw erythrocytes at 18OC. Values 
are means 2 standard ewor (N = 6). Asterisk denote significant @ < 
0.05) difference from control value. 

Control 

Hsoproterenol 
pHe 7.473 f 0.023 
p'i 7.234 k 8.011 
APH 0.239 k 0.028 

Treatment 

pH, of 7.6, the pHi measured 'in vivo is higher than that meas- 
ured in vitro. At a pH, of 7.3, characteristic of the exhausted 
salmon, this difference in pHi is equivalent to 0.072 pH unit. 

The erythrocytes sf S. scalar are clearly sensitive to adrener- 
gic stimulation in vitrce. Addition of issproterenol results in a 
significant decrease in the pH gradient across the erythrocyte 
membrane, indicating transfer of protons from the intracellular 
to the extracellulm csmp ent (Table 2). Isoproterenol addi- 
tion also increases the aerobic respiration of the erythrocytes 
causing a 52% increase in oxygen consumption md a 94% 
increase in CO, production (Fig. 6).  

Burst activity in salmonids is associated with a marked aci- 
dosis due to the Ixge production and release of protons into the 
extracellular fluid from the poorly perfused white muscle. In 
wild S. sslar, this acidosis is most severe during the 2 h i m e -  
diately following exercise, and by 4 h the pH, returns very close 
to normal (Fig. 1). The duration of this extrace2lular recovery 
period is very similar to that of burst-exercised rainbow trout 
(Holeton et al. 1983; Turner et al. 1983; Milligm and Wood 
1986~1, 1986b; Primrnett et all. 1986; Tang et al. 1989; 
McDonald et al. 1989). However, the magnitude of the dis- 
turbance is markedly greater in S. salar. As well, the whole- 
blood lactate concentrations reach much higher values than 
those frequently reported for other salmonid species (Black 
1957a, 1957b; Holeton et ale 1983; Turner et al. 1983; Rim- 
mett et al. 1986; Tang et d. 1989; McDonald et d. 1989). Only 
one study by Black (11957~) on Oncorhynch~s nerka! has 
reported higher extracellular lactate concentrations, although it 
should be pointed out that 26% of the fish in this study died 
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ho. 6. Oxygen consumption (ilk03 and carbon dioxide production 
(Meo,) of S. $ajar erythrocytes in vitro under control conditions (open 
bm) and following addition of isoproterenol (shaded bars). Values 
are means k standard error (N = 6). Asterisk denotes significant 
@ < 0.05) difference from control value. 

during the recovery period. The reason for this variability in 
reported peak lactate concentrations does not appear to be 
entirely due to differences in experimental protocol. Indeed, 
pronounced differences in peak extracellular lactate concentra- 
tions following exercise are clearly apparent when broad com- 
parisons are made between fish species (Heisler 1984). Thus, 
it is reasonable to assume that this variability may also occur 
to a certain extent within the salmonids. 

Bncorhynchus mykiss is the only other salmonid in which 
[H + 1, has been determined following exhaustive activity (Mil- 
ligarn and Wood 1986a, 1986b; Tang et al. 1989, McDonald 
et al. 1989). In comparison, the blood [H + 1, in the present 
study is about 50% higher than in the freshwater rainbow trout 
which is further evidence of a much greater lactacidosis in the 
Atlantic salmon (Fig. 2B). These metabolic protons, however, 
disappear fhom the blood quickly in comparison with extracel- 
lular lactate, and therefore, there is a very large proton deficit 
in our experiments (Fig. 2C). To our knowledge, this is the 
largest proton deficit ever reported in a fish. 

Recently, a great deal of attention has been paid to the impor- 
tance of pHi regulation in fish following stresses such as 
exhaustive activity when there are large perturbations in pH, 
(Nikinrrmaa et al. 1984; himnett et al. 1986; Milligan and 
Wood 1986a, 1986b; McDonald et al. 1989). Adrenergic reg- 
ulation of pH, under these circumstances can offset the reduc- 
tion in oxygen carrying capacity associated with the Root effect. 
The magnitude of this pHd regulation, however, is quite vari- 
able, even within a singles species, and can range from an entire 
lack of pH regulation (Nikinmaa and Sensen 1986) to complete 
regulation (PPimett et al. 1986; NSinmaa and Jensen 1986). 
The significant fall in pHi of 0.2 1 pH unit 36 min after exercise 
persisted until the 4-h sample when pH, had recovered to almost 
nonnal values (Fig. 3B). Salmo salar blood has a significant 
Root effect, and this fall in pHi was, therefore, associated with 
a simultaneous decrease in Hb:O, carriage (Fig. 3A and 4). 
When the relationship between pH, and pHi observed in vivo 

was compared with that in vitro, it is clear that there was a 
minimal, but significant, degree of pHi regulation despite the 
fall in pHi (Fig. 5). At a postexercise pH, of 7.3, the pHi in 
vivo was, in fact, 8.072 pH unit higher than that observed in 
vitro. Thus, from the Root effect data, it is possible to calculate 
that this degree of pH, regulation would result in only a 7% 
increase in arterial blood Hb:O, carriage; the latter fell by about 
25% following exercise. This decrease in arterial blood Hb:O, 
carriage may, in fact, have been even greater had there not k e n  
a significant drop in erythrocyte NTB levels at this time which 
would tend to increase the affinity of Hb for oxygen (Fig. 3C). 
The reason for the minimal degree of adrenergic pH, regulation 
in the present study is not readily apparent. The erythrocytes 
are clearly sensitive to adrenergic stimulation in vitro (Table 2; 
Fig. 6). It is possible, however, that several factors might be 
contributing to the minimal response in vivo. One explanation 
could be the relative age of the circulating erythrocytes in 
migrating salmon. During their spawning migration, Atlantic 
salmon do not feed, and this would be expected to increase the 
mean age of the circulating erythrocytes, since erythropoietic 
activity is reduced during periods of stmation (Lane and T h q  
1980). The spleen may release a certain number of younger 
cells into the circulation following exercise (Wells and Weber 
1990). The mean age of the entire circulati ig population of 
erythrocytes in migrating salmon, however, as probably older 
than in feeding fish. Aging in nucleated erythrocytes is also 
associated with a decrease in oxygen consumption (Tipton 
1933). Thus, further evidence of a preponderance of ' 'older" 
erythrocytes is provided by the observation that resting levels 
of erythrocyte oxygen consumption in the present experiments 
are less than half the value for erythrocytes from well-fed 
domestic S. salar (Ferguson and Boutilier 1988). According to 
Cossins and Kilbey (1989), the Na'/H9 exchange activity 
which drives the pH regulatory response is reduced in older 
erythrocytes. Together, this evidence suggests that the adren- 
ergic pH response may be reduced in the erythrocytes of migrat- 
ing salmon due to the greater mean age of bhe circulating eryth- 
rocytes in these starving animals. A further contributing factor 
to the apparently minimal pH response may also be the severe 
acidosis following exercise in these animals. Borgese et al. 
(1987) have demonstrated that a large concentration of external 
protons may inhibit the activity of the Na9/H' exchanger. 
Regardless, the present results demonstrate that adrenergic reg- 
ulation of pH, probably provides only a minimal benefit to oxy- 
gen transport following exhaustive activity in migrating wild 
Atlantic salmon. 

Despite the fall in Hb:O, carriage in exhausted salmon, arte- 
rial oxygen content was constant during the recovery period 
(Table 1). This regulation was not apparent immediately fol- 
lowing the exercise period when the fall in Hb:O, carriage com- 
bined with a drop in Po, to reduce the content of oxygen. After 
30 min, however, there was an increase (30%) in hematocrit, 
and Po, had returned to normal. Together these changes com- 
bined to offset the reduction in arterial Hb:O, carriage and pre- 
serve arterial oxygen content during the recovery period. 
Although a decrease in plasma volume after exercise will con- 
tribute somewhat to the increase in hematocrit, adrenergic stim- 
ulation of the spleen can substantially increase the number of 
circulating erythrocytes (Nilsson and Grove 1974). Our results 
suggest that the contribution of the spleen towards the regula- 
tion of oxygen content is probably more important than the 
regulation of pHi following exhaustive exercise in migrating 
Atlantic salmon. 



There are several reports of delayed mortality associated with 
exhaustive muscular activity in fish (Black B957c, 1958; Beggs 
et d. 1980; Wood et d. 1983). Clearly, a significant mortality 
in exhausted fish could have impomnt implications for the 
management of a ""catch md release" fishery such as that now 
in existence for Atlantic salmon. Early reports suggested that 
this delayed mortality was due to an excessive lactacidosis in 
the blmd, but according to Wood et d. (1983), the probable 
cause of delayed mortality is the in~acellaalar acidosis asoci- 
ated with the exercise. In this regard, it is important to note 
that here were nws mortdities amongst the wild Atlm%ic salmon 
in the present experiments even though the extracellular met- 
abolic acidosis was much greater than that reported in studies 
where significant delayed mortality was observed. Thus, the 
present study supports the view that the degree of extracellular 
acidosis is probably not the cause of death in exhausted fish. 
Furthemore, on the basis of the present results, we submit that 
wild fish may not be as prone 6 delayed mortality following 
exhaustive exercise as hatchery stocks due to differences in both 
physiology md selective pressures between hatchery md wild 
stocks which probably impart a greater level of overall fitness 
for exhaustive activity amongst the wild species. 

In summary, there is a very large metabolic acidosis asso- 
ciated with exhaustive muscular activity in wild Atlantic sdmon 
which persists for at least 2 h into the recovery period. Extra- 
cellular lactate concentration levels are also higher than hose 

nl y observed in sala~monids~ a d  removal of extrace8luIar 
s much slower than the recovery from the extrace~~ular 

acidosis. Thus, we report a larger proton deficit than previously 
sdrnonids. There is a fall in aterial oxygen content 
following exercise due to a significant fdB in both 

PO, and pHi which together decrease arterial Hb:O, carriage. 
Thereafter, oxygen content is preserved despite the fall in pH, 
by a large increase in kematocrit and an increase in Po,. Even 
though there was a large metabolic acidosis in these fish, there 
were n s  mortalities obsemd in this study. 'This supports the 
view that the extracellular Iactacidssis is probably not the cause 
of delayed mortality in exhausted fish. Furthemore, the 
absence of masfidities suggests a higher overall level of fitness 
for burst activity in wild S. sdar than in domestic sdmonids. 
Finally, the present results support the rationale for a "catch 
md release" recreational fishery for wild AtEantie salmon. 
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