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Adult rainbow trout (Salmo gas'rdneri) previously exposed to long-term sublethal acid stress (3 mo, pH 4.88 in 
artificial soft water (Ca2+ = 50, Na+ = 50, Cl- = 100 peq-h-I) were challenged with acute severe acid exposure 
(4.5-5 h, pH 4-01. Their response in terms of whole-bdy ionic exchanges and blood chemistry was compared 
with that of trout that had no previous history of acid exposure (naive fish). Acute pH 4.0 exposure caused 
significant ionoregulatory disturbances in both acid-preexposed and naive fish. Rates of net Na+ and Cl- body 
losses were twice as large in acid-preexposed fish as in naive fish. The two groups showed similar slight net 
uptake of acidic equivalents. However, the dynamics of acid-base exchange differed, especially with regard to 
ammonia excretion which was elevated in acid-preexposed fish and inhibited in naive fish. A larger decrease in 
plasma Na+, red blood cell swelling, and the maintenance of high-stress indicators (elevated plasma glucose and 
ammonia excretion, depressed ~mola8it-y~ confirmed that osmo-ionosegulatory disturbances were more intense 
in acid-preexped fish than in naive fish. Thus, long-term sublethal acid exposure did not improve but rather 
significantly decreased the ability of rainbow trout to respond to more severe acid stress. We conclude that 
acclimation to acid stress does not occur in rainbow trout. 

Des truites arc-en-ciel adultes (Salrns gairdnerfi, prkalablement expos6es 3 un stress acide sous-t&al de longue 
dur&e (3 mo, pH 4,8) en eau douce 3 faible teneur iowique (Ca+a = 50, Na+ = 569, CI- = 1069 peq-h-I), ont 
et6 exposks pour quelques heures 3 un pH acide plus severe (stress acide aigo, 4,s-5 h, pH 4'8). heur r6ponse, 
en termes d16changes ioniques cosprels et de param$tres sanguins, a 6t6 compar6e a celle de truites n'ayarpt 
jamais connu de conditions acides, Une exposition aigGe B pH 4,0 a cause une perturbation des mkanismes 
iono-rkgulateurs chez les pissons pr6-exps6s ainsi que chez ceux non pre-expos& 3 l"cidit6, Les taux de pertes 
nettes de Na+ et de CO- ont 6t6 deux fois plus 6Iev6s chez les poiss~ns pr6-expos& 3 Itacidit&. Une legere entr6e 
nette d16quivalents acide a et6 obsew6e chez les deux groups mais la dynamique des 6chawges acide-base s'est 
av6ree &re diff6rente pour chacun d'eux. Ainsi llexcr$tion d'ammoniaque a ete accrue chez les truites pr6- 
exposees a I'acidite alors quk l  le etait i n h i k  chez cel les Bpon pre-expos6es. ha chute plus prononc6e de Na+ 
piasrnatique, le gonflement des globules rouges et le maintien d'un taux &lev& d'indicateurs de stress (glucose 
piasrnatique et excretion d'arnmoniaque 6Ieves, osrnolalite abais*) ont confirme que ies truites pre-exposks 
B 11acidit6 connaissaiewt des perturbations plus importantes au rpiveau osmo-ions-r6gaelatirsr-i que celles non prk- 
exposees. L"expsition B un stress acide sous-l6tal prolong6 n'a donc pas ameiiore, mais dkcru, ta capacite de 
la truite arc-en-ciel A repondre 3 un stress acide pius sev2re. Nous concluons qu'il n'y a pas eu d'acclimatatiorp 
a Ifacidit& chez la truite arc-en-ciel. 
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dmonids collwted from naimdly acidified soft water show 
greater ph sistmce to acid challenge in the 
laboratop 19Wa, 1982,1983; Brown l981), 

but i t  is unclear whether this results from acclimation, or simply 
from natural selection, for acid tolerance is a heritable trait (Lei- 
vestad et do 1976; Swws  et do 1978)- In general, h e  results 
o f  labratory tests on acclimation have been negative or equiv- 
wd, but few have k e n  performed under envkomentally real- 
istic water chemistry conditions (discussed in McWi l l ims  
1980a, 1984%; W d  1988). 
h the accompm@g paper (Audet et d. 1988), we have 

described the physiological effects on rainbow trout (Salmo 
gaird~eri) of  long-term sublethd acid exposure (3 mo at p H  
4.8) in matificB soft water (ASW) closely duplicating water 
chemistry in the field. Following severe initial dismbmms in 

ionoregulatory m d  related functions, most ionoregul&op 
parameters stabilized after the first few weeks & a new steady 
state. However, there was no indication o f  recovery back to 
control levels. The god  of  the present study was to test whether 
this preexpssure conferred increased tolerance when the fish 
were challenged with more severe acidity, which would con- 
stitute evidence for true acclimation. To test this hypothesis, 
we compared the response s f  ASW-acclimated rainbow bout 

utral p H  conditions (pH 6.5; naive fish) with 
trout exposed to long-term sublethd acid conditions (3 mo, p H  
4.8, acid-preexpsed fish) when both groups were submitted 
to acute, pkn t i a l l y  lethal acid conditions (4.5-5 h, p H  4 .a). 

ditions may simulate field conditions in 
where fish me chronically exposed to 
th sudden brief pulses to acute lethal 

levels due to snowmelt or rainstom runoff. M o l e - M y  ion 
fluxes and related physiological parameters were ex 
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assess wheaer either the nature or the mgnihde of responses 
to acute acid stress was different. 

This study was performed concmenfly wih that of h e  
accompmying p a p  (Audet et d. 1988) which provides com- 
plete idomation on fish holding, e x p h e n M  pro 
analytical methdology (unidirec~ond fluxes of N 
net fluxes of Na+, Cl-, K+, Ca2+, nia, titratable acidity$ 
acidic equivalents , plasma levels of Na+ , Cl- , K + , CP + , glu- 
cose, osmoldity, b l d  concentrations of hemoglobin, hema- 
twit ,  mean cell hemoglobh concentration (MCHC), md epax- 
i d  muscle water content). All fish were acclimated to ASW 
([Na+] and [CP*] = 58, [el-] = 100 peq*L-9 for 2-3 mo 
(pH 6.5 2 0.3) prior to experiment. The krnpmhre and pho- 
toperid were kept constant at 115 5 I°C and 24 h sf light, 
~ s p ~ v e l y .  

In the experiments reported here, two groups of adult rain- 
bow trout (2W300 g) of both sexes were submitted to acute 
severe acid stress: 4.5-5 h in pH 4.0 (+0.1) ASW, acidified 
with H2S04. Such exposure is invariably Iethd within 0.5-3 d 
in previously unexposed trout. One group had been previously 
exposed to long-term sublethal acid conditions (3 rno at pH 4.8, 
as described by Audet et id. 1988) and were called "acid-preex- 
psed fish." The other goup was kept under ckcumeutrd 
conditions (pH = 6.5) prior to challenge with acute lethal acid 
e x p u r e  md were called "naive fish." Suitable control data 
prior to chdlenge for each gmup (i.e, acid-p~exposed fish at 
pH 4.8; naive fish at pH 6.5) were furnished by the experiments 
described in Audet et al. (1988). 

Ruxes were measured every hour from water smpks taken 
during 4 consecutive h and find cdculatiom based on the aver- 
age of the four m ents. m e  total expsure time to pH 
4.8 was close to 5 g into account the time to set up stable 
pH 4.0 conditions in the flux boxes, h e  addition of radioiso- 
tops, a d  the 0.5 h kft for the mixing of radioisotopes (see 
Audet et d. 1988). The fish were then individudy maesthe- 
t izd me% a terminal blood sample &awn by caudal puncture. 
h additiond sampling experiments (blood and tissue chem- 

istryB9 individudIy labelled fish sfemd at time 0 to a 
450-L tank, similar to the holdi supplied with ASW 
at pH 4.0. The fish were sampled after 4.5-5 h at pH 4.0. No 
significant differences within treatment groups were found for 
b l d  parameters taken from fish exposed in this manner versus 
those exposed in the flux boxes (t-test, p =Z 0.05), so the data 
were pooled. All samples were taken at times between 1338 
and 1700. As in Audet et d. (1988), d1 the experiments were 
not done at the s m e  time but controls were always mn for each 
expPiimnd group. 

Statistics 
The comparisons of control data between the two goups (i.e. 

acid-preexped fish at pH 4.8; waive fish at pH 6.5) were &awn 
from Aukt et d. (1988) (ANOVA, p =Z 0.05, followed by 
Tukey-&mix test of mmpdson of mans, a = 0.05 (Sokd 
md RoMf 1981)). A1 other statis4iicd comp~sows were done 
by ttest @ S 0.05). Data were tested for normality autd for 
homgeneity of vwimms (Kolmogomv-S 
test, respectively). All the data were nomdly distributed but 
some groups showed. heterogeneous variances. In such cases, 
the t-test was thew used with appropriate mdifica~ons (Sokd 
and RohBf I98 1). 

Ion Exchmges 

Prior to acute acid exposure, net flux rates of the two major 
electrolytes, Na+ and Cl- , were similar in the two groups, 
dthough both J ,  and J,, were significantly lower in the acid- 
preexpsed fish (Fig. la, Ib). Whether or not the fish had been 
preewposed to sublethd acidity, acute exposure to pH 4.0 
resulted in large net losses of Na+ md Cl- (Fig. la, Ib), 
consequent to an dmost total idibition of influx (Jh) md a 
tremendous increase of efflux (Jou,). However, in acid- 
preexpsed fish, the increase of Jm, was dmost twice that of 
the naive fish. This resulted in significantly larger net body Na+ 
and Cl- losses in the former. Net b d y  K+ losses dso increased. 
greatly during acute exposure in b t h  acid-preexposed and naive 
fish (Fig. Ic); the increase was greater in the f m e r ,  but h e  
difference was not significant. We did not observe any 
significant distwbmces of net Ca2+ flux in either group, h e  
overdl mean of net C3+ flux after 5 h at pH 4.0 being - 1 l .  l 
+ 6.9 peq~kg-lob-I (N = 22)- 

Similar net acidic equivalent uptake was observed in the two 
groups of fish prior to acute acid exposure (Fig. Id). However, 
the titratable acidity and ia exchanges underlying these 
net acidic qaaivaknt fluxes were very different in acid- 
preexposed md naive fish. 'Thus h e  ekvated 
titratable acidity fluxes caused by the pH 4.8 exposure persisted 
when acid-preexpsed fish were submitted to pH 4.0. In 
con$~ast, this exposure resulted in a significant decrease of 
ammonia and no change in titratable acidity flux in naive fish. 
As a result, net acidic equivalent uptake increased in the naive 
fish during the pH 4.0 exposure whereas no changes occurred 
in the dynamics of acidic equivalent exchange in the acid- 
preexpsed fish. 

Bid and Tissue Chemistry 

Control levels of plasm Na+ and Cl- were substantidly 
lower in the acid-preexgosed fish (Fig. 2a, 2b). A further drop 
in plasma Na+ was observed following acute lethal acid exp-  
sure in acid-preexpsed fish but not in naive fish (Fig. 2a). In 
acid-prmxpwd fish, the deerease in the plasma Na9 concen- 
tration at~butable to the pH 4.0 exposure was thee times 
greater than the one obsewd in naive fish. Phsma Cl- con- 
centration decreased by approximately the same magnitude in 
the two groups (Fig. 2b)- A slight increase in plasma C3+ 
(Fig. 2c) md a slight decrease in plasma K+ (Fig. 2d) were 
observed in naive fish, while no changes 0 

preexpsed fish. Nevertheless, acid-preexposd md ndve fish 
presented similar CP+ md K+ plasma concentrations after 5 h 
of pH 4.8 exposure. 

Wor to acute acid exposure, plasma osmol4it-y (Fig. 3a) was 
significmtky lower and plasma gh.~ose (Fig. 3b) a d  protein 
levels (Fig. 3c) higher in the acid-preewpsed trout. Despite the 
greater loss of phsma electrolytes (maidy Na+; Fig. a) at pH 
4.0 in the acid-preexpsed p u p ,  there was no significant 
change h plasma osmoldty in these fish, while in naive fish, 
plasma osmoldity decreased (Fig. 38). The response may have 
been obscwed by greater variability in the preexposed 
group. Plasma glucose a d  plasm protein concentrations 
increased in naive fish in contrast with acid-preexposed fish for 
which no such effects were observed (Fig. 3b, 3c). However, 
plasma glucose md protein concentrations were already ele- 
vated to significantly higher levels as a result of acid preex- 
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g Sodium Fluxes Chloride Fluxee 

c Potassium 

Net Fluxes 

d N e t  H+ (p  y 0 I  1 Fluxes 

FIG. 1. Effects of acute pH 4.0 exposure on wholebody ion fluxes in naive md acid-preexposed rainbow 
tionid and net sodium fluxes; (b) uni d and net chloride fluxes; (e) net ptm- 

s i m  fluxes; (dl wet fluxes of acidic equivalents, ammonia* md titratable acidity. W 
from left to right the columns represent sodium fluxes in naive fish tested at pH 6. 
naive fish chdknged with pH 4.0 (column %), in fish after 3 mo of pH 4.8 exposure 
in fish p x g o s d  for 3 mo to pH 4.8 md chaltlmgd with pH 4.0 (column 4). 7% 
represent sipificmt effects @ S 0-09) of pH 4.0 exposure in naive fish (coBumn f vs, column 2) or 
in acid-preexpsd fish (column 3 YS. C Q B ~  4). The large asteisks represent significant eBects @ S 
0.05) of long-term sublethal a i d  exposure ( w l m  1 vs. column 3) or significant differences @ ss 

pH 4.0 (column 2 vs. column 4). N m k n  in pmw~eses  

psaue. No significant changes in water content in epaxid white 
muscle, as a result of pH 4.0 exposure, were detected in either 
acid-preexpsed or naive fish (Fig. 3d)- However, the com- 
bined effects of long-term sublethal and acute letkid e x p s m  
significantly h m m d  muscle water content relative to that of 
naive fish exposed to pH 4.0 conditions. 

Acute pH 4.0 exposure did not h h e r  &ect the already ele- 
vated hemoglobin concentration in acid-pceexposed fish, while 
hemoglobin concentration doubled in naive fish (Fig. 4a). There 
was also a significant 29% increase of the hematwrit in naive 
fish, while a similar (22%) but not significant trend was 
observed in acid-preexpsed fish. Nevertheless, h d  hemato- 

crit level after pH 4.0 expos= was not different between waive 
and acid-preexpsed fish. The overall effect of these changes 
in hemoglobin concentration md hematwrit level was a 15% 
decrease of the MCHC after acute pH 4.44 exposure in acid- 
p ~ e e x p s d  fish compared with a 60% increase in waive fish 
(Fig* 42) 

Discussion 

The present study indicated that long-term sublethal acid 
exposure did not improve the physiological ability sf softwater- 
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PLASMA IONS 

~ a *  
b 

c r  

FIG. 2. Effects of acute pH 4.0 exposure ow plasma ions in naive and acid-preexposed r i n b w  trout. 
(a) Plasma Na+ ; (b) plasma C1- ; (6) plasma Ca2+; (d) plasma M+ . See legend to Fig. 1 for other details. 

acclimated rainbow trout to respond to acute k&al acid expo- 
sue. For both groups, we observed large negative net fluxes 
of Na+ and Cl- resulting from inhibition of .Ih md stimulation 
ofJwt. Such obsewations are in agreement with earlier studies 
on lethal acid stress in softwater-acclimated rainbow trout 
(Mchnald 198%; McDondd et d. 1983; H6be et d. 1984). 
However, the interesting and novel observation is that acid- 
prwxposed fish lost their body ions twice as fast as naive fish, 
essentially due to a greater stimulation of .Iw. This occwed 
despite the fact that plasma Na+ md Cl - levels were lower, and 
therefore the driving diffusive gradients from Mood to water 
were reduced. 

Thus, preexpsure clearly rendered the fish more, rather &an 
less, sensitive to a more severe challenge. Acclimation did not 
wcm. 

The sthulatia of .Iw, in fish submitted to acid stress is 
thought to result from an increase in gill membrane p m e a -  
bihty following leaching of Ca2+ away from the paracellular 
channels (McWillims 1983; McDonald 1983a; Mashall 1985). 
Prolactin is thought to oppose this effect and reduce gill mem- 
brme permeability to water md ions (reviewed by NicollB98 1). 
In the aaompmying paper (Audet et d. 1988), we proposed 
&at chronic prolactin mobilization might explain the main- 
tained reductions in JoasaNa+ and JO1FL seen during 3 mo of e x p  
sure to pH 4.8. In tdaapia, Wendelm Bonga et d. (1984, 1987) 

reported massive degrmulation of prolactin cells during the first 
few hours following exposure to pH 4.0. If the long-term sub- 
lethal exposure in some way decreased the ability of the fish to 
either mobilize hrther prolactin (e . g . though exhaustion of 
stores or synthetic capacity) or respond to prolactin (e.g. desen- 
sitization of receptors during acute exposure), then this might 
explain the greater Na+ and e l  - effluxes in the preexposed fish. 
Alternatively, the chronic response may have damaged some 
other mechanisms Qe.g. mucus secretion) involved in resistance 
to the "pemeabilizing" ' effect of acute, severe acid exposure. 
Undoubtedly, more work is needed to resolve this question. 

The other physiological dismbmms resulting from acute 
exposure to pH 4.0 cm be viewed as direct consequences of 
the massive rates of ion loss from the gills. Indeed, the meas- 
wed changes in plasma ions were very close to those predicted 
by the measured flux rates and previous estimates of internal 
Na* and Cl- pols  in trout (Wood and McDonald 1982; 
Mchnald 1983b). The effects of such rapid ion losses have 
been discussed in detail previously (McBondd 1983b; Wood 
and McDondd 1982; Wood 1988), so will not be dedt with 
here- However, here were two important qualitative diferences 
between the responses of naive fish md acid-prmxposed fish 

ute exposure to pH 4.0 caused a 50% 
iaa excretion whereas in acid-preexpsed fish, 
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6.5 4.0 4.8 4-0 6.5 4.0 4.8 4.0 
rsH 

FIG. 3. Effects of acute pH 4.0 exposure on osmotic pameters in naive and acid-preexpsed rainbow 
trout. (4 Plasma osmaplditygr, (b) plasma glucose; (e) plasma protein; (d) water content in epmid white 
muscle. See bgend to Fig. 1 for other details. 

fflux remained at cho icd ly  e 
(1985) found a similar drop in 

of naive fish exposed to pH 4.0 in hard w 
an inhibition of .JbNa+ , i. e. a blockade of Na+ 6NH,+ exchange. 
A similar explanation is resowable for the naive fish of the pres- 
ent study because the drop in ammonia ef% was appaendy 
equimolar in the inhibition of JhNa+ (= 130 pq-kg-Lh- '1. In 
the acid-preexpsd trout, JhNa+ was already partially inhibited 
by c h n i c  exposwe, and onia production rates were 
c h d c d y  elevated (Audet et d. 1988). These fish probably 
relied on NH, diffusion to a greater extent; my inhibition of 
the small remaining Na+/NH,+ component would have been 
masked by the increased NH, efflux dong the improved dif- 
fusion gradient at pH 4.0. 

Secondly, acute exposure of acid-preexposed fish to pH 4.0 
did not cause the classic hernoconcentration evidenced by 
increased hemoglobin and plasma protein mncentmtions in the 
naive fish (see Milligm md Wood 1982 for a full discussion 
of this response), although the red blood cells swelkd, as evi- 
denced by a fd l  in MCHC. The explanation is unclear, but it 
should be noted that the pre-exposed fish already manifested 
chronic increases in hemoglobin and plasma protein. The 
capacity for further response may have k e n  limited. 

Few previous studies have compared the responses to more 
severe acid stress between fish preexpsed to acid conditions 

a d  naive fish. Fdk and Bunson (1976) compared suwivd t h e  
to pH 3.1-3.5 in brook trout ($alve!im~$onti~lis) but did m t  
find that preexposure to sublethal acidity improved the response 
of fish. Studies done on the sawe species by Wood et d. (1988a, 
1988b) showed physiological evidence of acc!imaticsn to com- 
bined acid plus duminium stress after preexposure (10 wk) to 
sublethd pH (5.2) md daeminum (150 yg-L- I). However, there 
was no evidence hat  preexposwe to sublethal pH (5.2) done 
conferred greater tolerance, i.e. the acclimation appeared to be 
to aluminium and not to acidity. These results are therefore in 
general accord with those of the present study. 

In conclusion, acclimation did not occur. No impmvements 
of the ability to respond to acute lethal acid stress were observed 
in rainbow trout chn icd ly  preexposed to sublethal acid stress 
in soft water. Mormver, lager rates of Na+ md Cl- efflux, 
faster decreases in plasma Na+, md greater red ZBld cell 
swelling showed that they were in fact more sensitive to acute 
lethal acid stress than waive fish. These results, in as 
with maintained low osmoldity md high levels of glucose a d  
mormia excretion (stress indicators), indicated that these fish 
were in poor physiological condition. The death of fish previ- 
ously exposed to pH 4.8 is therefore expected to occur faster 
under lethal acid exposure. In the field, we predict that fish 
chonicdly exposed to pure acid stress in soft water will be 
more sensitive to episodic acid surges (e . g . rainstom md snow- 
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RG. 4. Effects of acute pH 4.0 exposure om hematology in naive and acid-p~wposed rainbow trout. 
(a) Blwd krnsgbbin conwnafatirpw; (b) hematochit %eve%; (c) MCHC. See legend to Fig. 1 for o&er 
details. 
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