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Long-term sublethal acid exposure (3 mo, pH 4.8} in adult rainbow trout (Salmo gairdneri) acclimated to artificial
soft water (Ca2*+ = 50, Na* = 50, Cl- = 100 peq-L-*) caused transient net losses of Na+ and Cl-. Net flux
rates of both ions were returned to control levels after 30-52 d of acid exposure through a new equilibrium
between unidirectional influx and efflux, where both were lower than control rates. K* balance remained negative
and Ca?+ balance at zero throughout the exposure. No changes in net acidic equivalent flux occurred, indicating
the absence of acid—base disturbance, but ammonia excretion increased over time. Muscle K+, Na+, and Cl-
fell and Ca2+ increased. Plasma Na+, Cl-, and osmolality decreased, while plasma protein, glucose, and blood
hemoglobin increased during the first few weeks of acid exposure. Plasma K+ and Ca2* did not change. General
stabilization of plasma parameters occurred in concert with the stabilization of Na+ and Cl- flux rates, but no
recovery to control levels was observed for any of them. We conclude that despite this stabilization at a new
steady state, rainbow trout were physiologically affected in a deleterious manner by chronic sublethal acid expo-
sure in soft water.

Chez la truite arc-en-ciel (Salmo gairdneri) acclimatée a de V'eau douce a faible teneur ionique (Caz* = 50,
Na+ = 50, CI- = 100 peq-L-"), 'exposition prolongée 2 pH acide sous-létal (3 mo, pH 4,8} a causé, dans un
premier temps, des pertes nettes de Na+ et de Cl-. Les flux nets des deux ions ont été rétablis aprés 30 2 52 jours
d’exposition, ceci & travers un nouvel équilibre des flux unidirectionnels d’entrée et de sortie, les deux étant plus
faibles que chez les contréles. Le flux net de K+ s’est maintenu négatif et celui de Ca+2 prés de zéro tout au long
des 3 mo d’exposition. Les flux nets d’équivalents acides n‘ont pas été affectés, indiquant que |'exposition a
Iacidité n’a pas créé de déséquilibre acido-basigue. Cependant, l'excrétion d’ammoniaque a augmenté en fonc-
tion du ternps d’exposition. Dans le muscle, on a observé des pertes de K+, de Na* et de Ci- mais une aug-
mentation du Ca+2. Durant les premiéres semaines d’exposition, le Na+, le Cl- et 'osmolalité plasmatiques ont
décru alors que les concentrations plasmatiques de protéines, de glucose et la concentration d’hémoglobine
sanguine augmentaient. Le K+ et le Ca+2 plasmatiques n’ont pas été affectés. Plusieurs parameétres plasmatiques
se sont stabilisés de concert avec la stabilisation des flux de Na+ et de Cl- mais aucun retour aux niveaux contréles
n’a été observé. Nous concluons, qu’en dépit du fait gu’un nouvel équilibre physiologique ait été atteint durant
I'exposition prolongée 4 un pH acide sous-létal, la truite arc-en-ciel est physiologiquement affectée par P'acidité
lorsque ce stress est appliqué en eau douce a faible teneur ionique.
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in numerous other northern countries, now endangers

any natural fish populations. There have been many

studies on the toxic lethal effects of acute acid exposure in fish.
In salmonids, it is now generally recognized that the toxic
mechanism of acute lethal exposure (pH < 4.5) results from
ionoregulatory disturbance (reviewed by Leivestad et al. 1976;
Muniz and Leivestad 1980; Wood and McDonald 1982; How-
ells et al. 1983; McDonald 1983a; Wood 1988a). This conclu-
sion may only be true when fish are held in soft water (fow
ionic strength and calcium content), but such conditions are

a cidification of freshwater habitats in Canada, as well as
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representative of freshwater habitats threatened by the acidifi-
cation process.

On the other hand, the effects of chronic sublethal acid expo-
sure (pH 4.5-6.0) are not so well known, and no clear pattern
has yet emerged. Some studies seem to indicate that adaptation
to such an environment is possible (e.g. McWilliams 1980;
Fraser and Harvey 1984; Leino and McCormick 1984; Wood
et al. 1988a; Sadler and Lynam 1986), while others have dem-
onstrated chronic ionoregulatory disturbance, growth impair-
ment, increased levels of stress indicators, and/or a reduction
of reproductive capacity (¢.g. Menendez 1976; Lee et al. 1983;
Saunders et al. 1983; Brown et al. 1984; Giles et al. 1984;
Johnston et al. 1984; Rodgers 1984; Haya et al. 1985; Lacroix
1985; Scherer et al. 1986; Tam and Payson 1986; Weiner et al.
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1986; Jones et al. 1987; Lacroix and Townsend 1987; Tam et
al. 1987; Wood et al. 1988c). The situation is further compli-
cated by the fact that only a few of these studies (Saunders et
al. 1983; Fraser and Harvey 1984; Haya et al. 1985; Johnston
et al. 1984; Lacroix 1985; Weiner et al. 1986; Lacroix and
Townsend 1987; Wood et al. 1988a, 1988¢) were performed in
soft water (i.e. [Ca®*] < 200 peq-L-'); the remainder were

performed in either hard water or water of unstated composition.

In view of the fact that large areas of natural soft water in
eastern Canada are now acidified to the pH 4.5-6.0 range (Kelso
et al. 1986; Minns and Kelso 1986), there is a clear need to
improve our knowledge on the physiological effects of long-
term sublethal acid exposure in soft water. The work presented
here is part of an overall study on the ionoregulatory, endocrine,
and branchial morphological responses of adult rainbow trout
(Salmo gairdneri) to long-term (12 wk) sublethal acid exposure
(pH 4.8) in flowing soft water. The artificial soft water used
was chosen to duplicate the composition of typical acid-threat-
ened lakes on the Canadian Shield. The present paper describes
unidirectional Na+ and Cl- fluxes and net fluxes of Na+, Cl-,
Ca?*, and K+, titratable acid, ammonia, and acidic equivalents
measured periodically in the same animals throughout the
12 wk of exposure. The goal was to test whether ionoregulatory
disturbance, and not acid-base disturbance, was the major con-
sequence of long-term sublethal acid exposure, as is the situ-
ation during short-term lethal exposure (see Wood 1988a for
review), and to characterize the nature of any disturbances
which occurred. We also looked at the general internal phys-
iological status of these fish to see if physiological steady state
was achieved during chronic acid exposure.

Methods

Fish Holding and Acid Exposure

Adult rainbow trout (200300 g) of both sexes were obtained
from a hardwater source (Spring Valley Trout Farm, Petersburg,
Cntario) and initially held in Hamilton tap water (Ca?* = 1800,
Na* = 600, CI- = 800 peq-L-!). Stock and experimental
fish were keptat 15 * 1°C under a 24-h light photoperiod. The
fish were first acclimated for 2-4.5 mo to artificial soft water
(ASW: Ca’* = 50, Nat* = 50, Cl- = 100 peqL-}
pH = 6.5) before being used as either controls (no acid
exposure) or experimentals (chronic acid exposure). None of
the fish were in breeding condition.

ASW was generated by dechlorination of tap water, followed
by deionization using a reverse osmosis system (Culligan Aqua-
Clear MP1000), and final supplementation of the product with
CaCl, and NaCl stock solutions via a peristaltic
pump. Approximately 30 fish were kept in a 450-L tank during
ASW acclimation and during each experiment. ASW was
delivered via a continuous flowing system providing 90%
replacement of the tank volume every 24 h, as calculated from
the nomogram of Sprague (1973). The fish were fed once a
week to satiation with trout pellets (40% floating trout feed
grower pellets, Martin Feed Mills Limited). In view of the
limited volume of our ASW supply, this feeding regime was
selected as one adequate to maintain body weight (see Results)
while minimizing contamination of the holding water. The time
of feeding was not kept constant relative to sampling periods,
but the fish were not fed in the 48 h prior to any experiment or
sampling.

After at least 2 mo of acclimation to ASW at pH =~ 6.5, the
pkl was lowered to 4.8. Acidified water was obtained by titration
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of the flowing soft water with 0.5 N H,SO, using a Radiometer
titrator (TT80), pH meter (pHM 82), and combination glass-
reference electrode (GK2401C) which opened and closed a
magnetic valve to deliver acid to a header tank. The soft water
in the header tank was vigorously bubbled with air and passed
through a gas stripping column prior to entering the fish holding
tank in order to prevent PC0, elevations. Water pH in the holding
tank was continuously recorded on a chart recorder via an
independent pH meter (Fisher 119) coupled to a Cole-Palmer
(5658-10) combination glass-reference electrode. Water
samples were taken weekly during the two first experiments
and daily for the other three to monitor Na+* and Ca?* levels.
Control ASW pH varied within *0.3 unit, acidified ASW pH
within +0.1 unit, and Ca?>* and Na* concentrations within
*9 peqL-1.

Experimental Design

The basic experimental protocol of 2-4.5 mo of ASW accli-
mation at pH =~ 6.5 followed by up to 12 wk of pH 4.8 exposure
was repeated five times in experiments starting November 1985,
April 1986, October 1986, January 1987, and June 1987. This
repetition of experiments was necessary because of our limited
supply of ASW. The first experiment focussed on repetitive flux
measurements in the same 12 fish throughout the 12-wk period
(control, 5 h, and 1, 2, 4, 7, 11, 16, 23, 30, 52, and 81 d).
Terminal blood samples were taken on day 81. Other fish from
this same experiment were utilized in the challenge experiment
described by Audet and Wood (1988) after day 81. The other
series provided fish for terminal blood and tissue sampling
before (control) and at various times during the 12-wk exposure
(4handl, 3,8, 22, 50, and 81 d). Not all experimental times
were sampled in each series, but control samples were taken in
every experiment. As expected, given the constant temperature
and photoperiod regimes, no significant differences among
series were found in controls or at common sample times.
Therefore the data from the five series were pooled.

A simultaneous exposure of the fish to ASW at neutral pH
was not run in parallel to each of the series, in view of the
relatively long period allowed for ASW acclimation, and the
fact that the experiment was repeated five times. We kept con-
trol fish for period varying from 2 to 4.5 mo in ASW and no
significant differences were found between our five groups.
While trout do not acclimate instantaneously to soft water,
adjustment is complete within several weeks (McDonald et al.
1980; McDonald and Rogano 1986). Therefore, we did not
expect that additional weeks in ASW would bring any signifi-
cant changes in the status of the fish.

Flux Measurements

In order to minimize variation and perform accurate backflux
correction of the radioisotopic uptake (see below), it was essen-
tial that the same 12 fish be tested at each time of flux meas-
urements. Thus the trout used for these measurements were
individually coded for identification with plastic wires anchored
through the dorsal fin.

At least 24 h prior to a flux determination, the fish were
transferred to individual flux boxes of the type described by
McDonald (1983b). These consisted of a transparent inner
chamber which confined the fish and a dark outer one (with
transparent lid) which contained the majority of the water vol-
ume (=7 L}. An airlift pump at the rear of the inner chamber
recirculated the water and maintained oxygen saturation. Mix-
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ing was further aided by perimeter aeration of the outer box.
During the adjustment period, each box received a constant
flow of water (1.5 L-min~!) at the appropriate pH. All flux
measurements were performed at times between 1100 and 1600
to minimize the influence of diurnal rhythms. At the beginning
of the experiments, flow of water through the box was stopped
(aeration and temperature being maintained), the volume set to
a precise figure, and 5 uCi (185 kBg) of 2Na* and 5 nCi of
31~ (New England Nuclear) added to each box. We allowed
30 min for the mixing of radiocisotopes and then started sam-
pling (time (). Every hour for 5 h, 60 mL of water was sampled
from each box. From these 60 mL, different aliquots were pre-
pared: 10 mL for titratable alkalinity (kept at 5°C and analyzed
within 12 h), 2 x 5 mL for gamma counting, 2 X 5 mL for
scintillation counting, and 10 mL to which we added one drop
of concentrated Aristar HNO, before storage at 5°C for sub-
sequent Cl- and cation measurements. The rest of the water
was used for immediate pH measurement (Radiometer PHM82
meter plus GK2401C electrode), frozen at —20°C, and later
used for ammonia determination. The water pH of each box
was therefore maintained at the experimental value by adding
an appropriate volume of 0.02 N H,SO, once every hour. All
flux measurements were based on average values for the 5 h of
each measurement period.

The net fluxes (J,.,) of Na*, Cl-, K+, and Ca?* were given
by the changes of the total amount of ions in the water volume.
J. for Na* and Cl- was measured by the disappearance of
radioisotopes from the water, while J,,, for Na* and Cl- was
given by the subtraction of J;, from J,,.. Net losses by the fish
have a negative sign and net gain a positive sign. The different
equations were as formulated in Hobe et al. (1984) except for
J.., as we had to apply a significant backflux correction. As the
same fish were subjected to radioisotope flux measurements 12
times during the 81-d exposure, they accumulated significant
amounts of radioactivity internally. The efflux of this radio-
activity (‘‘backflux’’) during subsequent flux measurement
periods would thereby tend to reduce the calculated J,, values
below real values. We therefore applied the backflux correction
equation of Maetz (1956):

Ve (C; — C) — SA(X; — X))
SA Wt

where C; and C; are initial and final radioactivities in the water
(counts per minute (cpm) per millilitre) during the flux period
in question, X, and X, are the initial and final concentration in
the water (microequivalents per millilitre) of the ion in ques-
tion, SA,, and SA,,, are the mean internal and external specific
activities (cpm per microequivalent) over the period (see equa-
tions 2 and 3), V., is the volume of the system (millilitres)
corrected for sampling deficits, ¢ is the elapsed time (hours),
and W is the body weight (kilograms). SA,, and SA,, are given

W Jo=

by
(2)SAe—i C"+C”}
* 2 X, X
3C; + 2C;
3) SA, = ————
2- Vim.xp

where 2C; and 2C; are the summated 2Na* or *Cl- radio-
activity (cpm) accumulated by the fish from the water at the
start and end of the flux period, respectively, V., is the internal
radiospace, and X, is the plasma concentration of the ion in
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question. V,, was taken as 280.35 mL-kg ' for Na+ and 252.65
mL-kg~! for Cl-, from the measurements of Wood (1988b) in
rainbow trout. Plasma ion levels for each fish at any time were
based on regression lines between the control value and the
measured terminal value.

In order to estimate 2C, and 2C;, it was necessary to calculate
the amount of radioactivity lost since the previous determina-
tion. We used the formula

(4) cpm lost = (cpm-fish~1)-e(~JouNs™ W SAsch)

where cpm-fish~!, J,, X", and SA,, were as measured at the
end of the previous flux period.

At the end of the experiment (day 81), we measured SA,, for
Na* and Cl- in the terminal plasma samples for comparison
with the value calculated by the above procedures (equations 3
and 4). For SA,,™", we did not find any difference between
the caiculated and the measured values. However, we under-
estimated the SA,, @, calculated values being 56% of meas-
ured. Model calculation based on these discrepancies indicate
that the maximum possible error would have occurred on day
16 (8% underestimate of C1- influx); errors on other days would
have been far less. We therefore consider these possible errors
relatively unimportant.

Water cations (Na*, K+, and Ca®+) were measured by atomic
absorption (Varian 1275-AA). Cl- was measured by coulo-
metric titration (Buchler chloridometer) or by a colorimetric
method based on the formation of ferric thiocyanate propor-
tional to the chloride concentration in the water sample (Zall et
al. 1956). 2?Na* was measured by gamma counting (Nuclear
Chicago model 1085), and combined 2?Na* and 3Cl - cpm were
determined by liquid scintillation counting (LKB 1217, Rack-
beta). 3Cl- cpm were obtained by subtraction after correcting
for differences in efficiency of #Na* counting by the two
instruments.

Total ammonia measurements utilized the salicylate—hypo-
chiorite reaction of Verdoux et al. (1978). Titratable alkalinity
was measured as previously described by McDonald and Wood
(1981). Values were corrected for .02 N H,SO, addition to the
flux boxes during the experiments. The net titratable acid flux
was calculated from the change in titratable alkalinity. The net
flux of acidic equivalents was calculated as the sum of the net
titratable acid and the net ammonia flux, signs considered. As
McDonald and Wood (1981) pointed out, the method does not
distinguish between ammonia measurement in the NH, and
NH,* forms, nor between the net excretion of acidic equiva-
lents and the net uptake of basic equivalents, or vice versa.
Fortunately, this does not matter in terms of the net acid-base
budget of the fish.

Blood and Tissue Chemistry

Blood and tissue samples at various times during the 12-wk
exposure were taken from fish in the other four experimental
series and on day 81 from the first series. Each experiment
started with about 30 fish. At sampling, fish were individually
anesthetized in 0.01% MS-222 (pH adjusted to 6.5 or 4.8 as
appropriate with KOH), and blood was withdrawn immediately
by caudal puncture. At some sample times (control and 1, 3,
8, and 81 d), white muscle samples were also excised from the
epaxial mass below the dorsal fin. All samples were taken at
times between 1330 and 1700 to minimize the influence of diur-
nal rhythms.

Plasma was separated by centrifugation (10 000 X g for
2 min). Plasma cations (Na+, K+, and Ca?*) were measured
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by atomic absorption (Varian 1275-AA), Cl- by coulometric
titration (Radiometer CMT10 chloridometer), osmolality by
vapor pressure osmometry (Wescor 5100B), and plasma pro-
teins by refractometry (American Optical TS meter). The cal-
ibration of the refractometer had earlier been validated against
the Biuret method for plasma protein (Sigma procedure
No. 540). Hemoglobin and glucose were measured using com-
mercial kits (Sigma procedures No. 525 and No. 16-UV).
Hematocrit was measured by centrifugation (5000 X g for
5 min) and mean cell hemoglobin concentration (MCHC) as
the ratio of hemoglobin concentration to hematocrit.

Muscle water content was determined by drying to a constant
weight at 85°C. The same tissue samples were subsequently
analysed for Na+, K+, Ca**, Cl~, and Mg?* by instrumental
neutron activation using the facilities of the McMaster Nuclear
Reactor (cf. Spry et al. 1988 for methodology).

Statistical Analysis

In the flux series, for which the same 12 fish were always
used, the number of fish decreased from 12 to 7 due to mortality
in the two last sampling periods (52 and 81 d). However, for
the sampling days preceding day 52, we did not find any sig-
nificant differences between the fish which survived through
the end of the experiment versus the ones that died (s-test). The
data from all fish were therefore pooled and used for subsequent
analysis.

Data have been routinely expressed as mean * SEM (N),
where N represents the number of fish. All the data were ana-
lysed by nonbalanced one-way ANOVA, p < 0.05 (time of
exposure tested as the source of variation), followed by a
Tukey-Kramer test of comparison of means (Sokal and Rohlf
1981) with & = 0.05. Normality of the data and homogeneity
of variances were checked by Kolmogorov—Smimov and F,
tests, respectively. All the data were normally distributed; how-
ever, in some cases, transformations were required to obtain
homogeneity of variances. Thus, data for J,,©'~ and titratable
acid flux were transformed as (x + 325)? and log,, (x), respec-
tively, plasma Cl- and plasma glucose as x* and l/x, respec-
tively, and data for muscle Ca** and K+ as log;, (x) and x*,
respectively, prior to ANOVA. Arithmetical means * SEM are
shown on the figures. All tried transformations failed to obtain
homogeneity of variances for J,.>*", acidic equivalents flux,
and muscle Na*. In these cases, ANOVA was applied for over-
all effects and then the Games and Howell test of comparison
of means, designed for heterogeneous variances, was applied
according to Sokal and Rohlf (1981).

Results

Mortalities

From the 12 rainbow trout used for flux measurements in the
first experimental series, 4 died between the fourth and the
seventh week of acid exposure and 1 more between the seventh
and the twelfth week. Five other fish from the first series died
between the fourth and the twelfth week. There were no
mortalities in the subsequent four experimental series.

Ion Exchanges

The main effect of sublethal acid exposure (pH 4.8) in adult
rainbow trout was a transient ionoregulatory disturbance
reflected in net losses of both Na+ and Cl- (Fig. 1). ANOVA
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showed that J;, and J,,,, as well as J,,, for both Na* and Ci-
were influenced by the length of sublethal acid exposure. Net
Na* and Cl- fluxes became negative and significantly different
from the control levels on the first day of exposure, but were
completely restored after 30-52 d of acid exposure. However,
this was achieved through a' new equilibrium between J,, and
Jous Tather than by a return of J,, and J,, to control levels.

Disturbance of J,.N** occurred very rapidly (Fig. 1a), with
a changeover to negative balance in the first 5 h of acid expo-
sure. The net loss of Na* was the direct consequence of a 70%
inhibition of J;, over first 16 d of exposure. A partial recovery
of J,N*" subsequently occurred, but J,¥* was still significantly
below the control values even after 81 d of exposure. Net Na+*
loss caused by this inhibition of J,""* was partly compensated
by a =40% decrease of J,, " (Fig. 1a). JN* was significantly
reduced in the first 5 h of acid exposure without any subsequent
significant recovery over 81 d of acid exposure. The recovery
of Na* net flux observed during chronic acid exposure was
therefore the result of a partial recovery of J,,N*" coupled with
a persistent inhibition of J,,N".

Overall variations of J,,©'~ were similar to those observed
for Na* (Fig. 1b). Significant reduction occurred by 24 h and
Jo& flux remained negative through 23 d of acid exposure.
At day 30, net flux became positive and no longer different
from the control. The negative net flux was the result of a sig-
nificant inhibition of J,,.9~ (Fig. 1b). Within 5 h of exposure,
J.&~ was reduced by half and was kept around 30% of the
control value during the first days of exposure. Recovery
occurred gradually and J, '~ was equal to about 75% of control
value from 30 d of exposure through the end of the experiment.
Changes in J,,@~ (Fig. 1b) were less marked than in J,,X", a
significant reduction from control value being observed only at
2, 16, and 81 d of chronic acid exposure.

No significant variations were observed for either Ca?* or
K* net fluxes. On average, fish were in balance for their Ca?+
exchange with the environment, overall mean Ca?* fluxes being
equal to 1.2 = 3.94 peg-kg=*-h~* (133). The overall mean of
K+ fluxes was equal to —15.1 = 0.9 peq-kg—*-h-! (134).
There was no major effect of acid exposure on net fluxes of
acidic equivalents (Fig. 2). Overall ANOVA indicated a signif-
icant treatment effect but the a posteriori test showed a signif-
icant difference only between day 81 and day 2, with neither
being different from the control value. Although the net balance
of acidic equivalents was little affected, this was not true for
the separate components of that measurement. Thus, ammonia
excretion continuously rose with time, increasing by 75% after
81 d of acid exposure compared with the control value (Fig. 2).
The story for titratable acidity was less clear although the gen-
eral trend was similar to that for ammonia excretion. A transient
decrease of titratable acid uptake was found at 2 d. Significant
increases occurred after 52 and 81 d of acid exposure.

Blood and Tissue Chemistry

The plasma ion data confirmed the results of whole-body flux
measurements. Almost all measured parameters were affected
by chronic acid exposure, but except for plasma glucose levels,
all these deviations from control values stabilized before the
end of the experiment. However, in no case was there any
recovery to the control values.

Plasma Na* and Cl- levels underwent major changes during
chronic acid exposure. After 8 d, plasma Na* concentration
was significantly reduced, and stabilized around 86% of the
control value after 22 d of acid exposure (Fig. 3a). A similar
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Fic. 1. (a) Sodium and (b) chloride fluxes during long-term sublethal acid exposure in rainbow trout. Significant effects of the length of acid
exposure occurred for each set of data (ANOVA, p < 0.01: J.™", J,™, 1,87, 1,97, and J,,@7; p < 0.05, J.2*"). Means = sEM; numbers
in parentheses indicate the number of fish; asterisks indicate the days of exposure for which the results are significantly different from the control
values. The complete results of the mean comparison test are presented below. The numbers represent the days of exposure, and single lines
underscore days between which there was no significant difference (p < 0.05). C = control experiment prior to acid exposure.

Joet 1 0 7 11 4

16 _2 30 23 52 C 81

Jrt 7 16 4 0 2 1 30 23 8 52 C
Ju" C_23 52 30 0 11 7 4 3 16 81
J.o7 1 11 7 2 4 16 23 0 30 C 81 52
JLO7 216 7 1 4 23 11 0 30 8 52 C
J.20 11 1 C 30 7 4 23 0 52 2 16 81

pattern occurred for plasma Cl- (Fig. 3b). The final ClI-
decrease was slightly greater (around 20% of the initial level)
than for Na*. Plasma levels of Ca?* (Fig. 3c) were not affected
by chronic acid exposure, while only a transient increase of
plasma K+ (Fig. 3c) was observed during the first hours of acid
exposure.

A short-term 5% decrease of plasma osmolality occurred in
the first hours of acid exposure (Fig. 4a). A significant drop of
similar. magnitude was also observed after 8 d. Thereafter,
osmolality remained constant at a level about 20 mosm-kg™~*
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below control. This was a smaller relative and absolute decrease
than in plasma Na* and Cl- levels (Fig. 3a, 3b). The plasma
protein concentration changed in the opposite direction
(Fig. 4b). From day 1 onwards, plasma protein levels were sig-
nificantly elevated by 20-30% throughout the period of acid
exposure, except at day 50 where the results were anomalous,
perhaps due to the low sample number. Plasma glucose
increased dramatically over time, being significantly different
from the control group after only 4 h of exposure and reaching
threefold to fivefold the control level at days 22-81 (Fig. 4c).
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Fic. 2. Net acidic equivalent, ammonia, and titratable acidity fluxes during long-term sublethal acid exposure in rainbow trout. Significant effects
of length of acid exposure were found for each parameter (ANOVA, p < 0.01). See legend to Fig. 1 for other details.
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Hemoglobin concentration in the blood increased by about
25% under chronic acid exposure (Fig. 5a). A first increase was
observed at day 3 and a second one at day 22 after which hemo-
globin concentration remained relatively constant through the
end of the experiment. Rather surprisingly, there were no sig-
nificant effects on hematocrit (Fig. 5b) which remained stable
at an overall average of 36.0 = 0.8% (90) through the whole
experiment. The net result of these changes was an increase of
the MCHC index during chronic acid exposure (Fig. 5¢). Such
changes in MCHC suggest either a shrinking of red blood cells
or an increase in their hemoglobin content.

Ion concentrations in epaxial white muscle changed over time
under chronic acid exposure (Table 1). The main muscle tissue
electrolyte, K+, was not affected during the first week of acid
exposure but was reduced by 20% after 81 d. Mg?* concentra-
tion was not affected. Significant effects of the length of expo-
sure on muscle Na* and Cl- were found, both falling by 40~
50% by day 81. However, the a posteriori test demonstrated a
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significant difference only for Cl-. Muscle Ca?* was stable
during the first week, but increased by 67% after 81 d of
exposure.

No significant effects of chronic acid exposure on either
weight (overall mean of 0.239 = 0.005 kg (88)) or white mus-
cle water content (overall mean of 79.9 = 0.2% (50)) were
observed.

Discussion

The present study is the first to assess the chronic physio-
logical responses of adult salmonids to long-term sublethal acid
exposure in soft water under controlled laboratory conditions.
The whole-body flux measurements showed that ionoregulatory
disturbance is the main toxic effect of such exposure. No dis-
turbance of net acidic equivalent exchange with the environ-
ment is associated with such conditions, and therefore, internal
acidosis should not occur. This confirms results already

Can. J. Fish. Aquat. Sci., Vol. 45, 1988
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FiG. 3. Plasma levels of (a) sodium, (b) chloride, and (c) potassium and calcium during long-term sublethal acid exposure in rainbow trout.
Significant effects of length of acid exposure were found for Na*, Cl-, and K+ (ANOVA, p =< 0.01) but not for Ca>*. See legend to Fig. 1 for

other details.
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obtained under acute lethal acid exposure in rainbow trout in
soft water (reviewed by Wood 1988a). It has been demonstrated
previously that gill fluxes account for the major part of ion
losses (around 80%) during lethal exposure (McDonald and
Wood 1981; McDonald 1983b; McDonald et al. 1983). There-
fore, it is reasonable to believe that the major portion of this
disturbance of ionic exchange during sublethal exposure is also
located at the gill site.

Both the intensity and the nature of ionoregulatory distur-
bance observed under chronic acid exposure are different from
those under acute lethal exposure in rainbow trout. Under sub-
lethal acid exposure (pH 4.8), J,¥** and J,@~ are only partially
inhibited, while under lethal acid conditions (pH 4.0-4.5), J,,
of both are almost completely inhibited (McDonald et al. 1983;
Audet and Wood 1988). Moreover, a partial recovery of influx
occurred under chronic acid exposure, and alterations in J,
(see below) were rather different from those seen under acute
exposure to more severe pH.

Can. J. Fish. Aquat. Sci., Vol. 45, 1988

While functional gill models suggest that the chloride cells
are the most likely sites of active ionic uptake in freshwater fish
(e.g. Evans 1982), this has remained controversial, with other
investigators believing that the lamellar respiratory cells are the
important transporting cells (e.g. Girard and Payan 1980; Payan
et al. 1984). However, more recent work points strongly to the
chloride cells as the major sites of active uptake (Perry and
Wood 1985; Avella et al. 1987). Na*/NH,* H* and
C1-/HCO,~ ,OH~ exchanges are thought to occur at the apical
border of these cells. It has been proposed (reviews by
McDonald 1983a; Wood 1988a) that inhibition of sodium
uptake during acid exposure could be the resuit of a H* com-
petition with Na* for the transport site and/or a titration of
negative charges in Na*-specific channels, thereby restricting
access of the ion to its transport system. By either mechanism,
the inhibition of Na* uptake would be concentration dependent,
thereby explaining the only partial effect of pH = 4.8 relative
to more complete inhibition in previous studies at pH = 4.0—
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FiG. 4. (a) Plasma osmolality, (b) plasma protein concentration, and (c) plasma glucose concentration during long-term sublethal acid exposure
in rainbow trout. Significant effects of length of acid exposure were found for all parameters (ANOVA, p <0.01). See legend to Fig. 1 for other

details.
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4.5. Unfortunately, no satisfactory explanation is yet available
for the inhibition of chloride uptake at low pH.

The partial recovery of Na+* and Cl- uptake during chronic
exposure is particularly interesting. McWilliams (1980)
reported a complete recovery of J,.N* in brown trout (Salmo
trutta) chronically exposed to a very mild acidity (pH = 6.0)
in hard water. Possible explanations include adaptative changes
in the affinities of the carriers for Na+ and Cl~ and/or increases
in the amount of carrier available. The recent study of Avella
et al. (1987) on rainbow trout suggests that J,¥" is closely
correlated with the abundance of chloride cells in the gills.
Leino and McCormick (1984) reported both a proliferation of
chloride cells and a change in chloride cell morphology during
chronic exposure of fathead minnows (Pimephales promelas)

1394

to pH = 5.0-5.5 in moderately hard water. It is possible that
a similar phenomenon was responsible for the partial recovery
of J,"a* and J,,9- in the present study. Nevertheless, the recov-
ery was insufficient to restore the internal levels of these ions,
which at best were stabilized, not corrected.

An important observation is the ability of the fish to reduce
Jou®" and J &~ immediately and maintain this reduction dur-
ing chronic sublethal acid exposure. This is different from acute
acid stress where net Na+ and Cl- losses were mainly the con-
sequence of tremendous initial increases of J, which then
decreased over time (for a review, see Wood and McDonald
1982; Wood 1988a). The decrease of J,,, observed under sub-
lethal acid exposure could be the consequence of a decrease of
membrane permeability through endocrine modulation. Wen-
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FiG. 5. Blood hematology during long-term sublethal acid exposure in rainbow trout, (a) Hemoglobin concentration; (b) hematocrit; (¢) MCHC.
Significant effects of length of acid exposure were found for hemoglobin and MCHC (ANOVA, p =< 0.01) but not for hematocrit. See legend

to Fig. 1 for other details.
Hemoglobin 8

MCHC 8 C

0__C

1 3 81 50 22

3 1 8 22 50

TaBLE 1. Ion concentrations (meq-kg~' wet weight) in muscle tissue of rainbow trout during long-term sublethal acid exposure. Means * SeEM;
number of fish was always 7, mean values from the same column but not followed by a common letter were significantly different (ANOVA,

p < 0.05; Tukey test, a = 0.05).

Length of acid
exposure (d) K+ Mg+ Na+ Cl- Caz+
Control 136.0 = 1.96 ab 24.0 £ 054 a 7.8 £042a 10.5 £ 0.60a 43 £ 061a
1 140.5 = 254 a 237+028a 6.5*043a 8.9 = .43 ab 45 0352
3 127.3 = 1.49b¢ 246 * 049a 6.2 *044a 7.7 £ 0.42bc 48 + 0594
8 132.1 = 3.17 ab 239 +059%a 6.1 £0.15a 83 =+ 0.44ab 42 +030a
81 109.0 = 8.57 ¢ 224 +x145a 49 =101 a 55 +1.04c 114+ 1750

delaar Bonga et al. (1984a, 1984b) reported that tilapia exhib-
ited an increased synthetic activity of prolactin cells following
acute acid exposure. The principal effect of prolactin in fresh-
water fish is a decrease of cell membrane permeability to water
and ions in integuments (see Nicoll 1981 for review).
McWilliams (1980) also suggested, based on changes in tran-
sepithelial potential measurements, that the success of brown

Can. J. Fish. Aquat. Sci., Vol. 45, 1988

trout to acclimate to a mildy acidic environment should be
largely dependent on reduced gill membrane permeability.
There is an alternative hypothesis to explain the decrease of
Jo2et and J,, - in response to sublethal acid exposure.
de Renzis (1975) and Wood et al. (1984) proposed that some
C1-/Cl- and Na+/Na* exchanges (exchange diffusion) are pre-
sent in the gill transport cells. Inhibition of J,** and J,&-
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associated with an equal decrease in J " and J,,O~ could
reflect an inhibition of the exchange diffusion component (Na*/
Na+ and CI-/ClL~) at the gills by external acidity. By this scen-
ario, the fraction of J,;"** and J,%~ which persisted, and which
later showed partial recovery, would be largely as Na*t/
NH, + ,H* and CI-/HCG, ,OH - exchanges, respectively, while
the fraction of J_ X" and J,,5~ which persisted would occur
largely by simple diffusion. More detailed kinetic, endocrine,
and structural work will be required to determine whether either
or both of these hypotheses (permeability reduction and/or
exchange diffusion inhibition) are correct.

No major changes in net acidic equivalent flux were found
during acid exposure. This confirms that acidosis is not a prob-
lem for fish under sublethal acid stress in ASW typical of nat-
ural acidic waters (e.g. Wood 1988a). By strong ion difference
theory (Stewart 1983), acidic equivalent uptake is a dependent
variable constrained by an excess of strong cation loss over
strong anion loss. In rainbow trout, this occurs only during acid
stress in water of high calcium content (McDonald 1983a,
1983b; McDonald et al. 1983; Wood 1988a). Under low cal-
cium concentrations, as in the present study, chloride loss tends
to equal or exceed sodium loss, thereby preventing acidic
equivalent uptake.

Ammonia excretion as NH,* is thought to be linked with
Na* uptake (reviewed by Evans 1982). Wright and Wood (1985)
showed that acute acid exposure reduced ammonia efflux by
only 30% in rainbow trout but completely inhibited sodium
influx, indicating that under acid conditions, NH, diffusion must
account for the major part of ammonia excretion. At low pH,
water becomes an almost infinite sink for NH; (by instanta-
neous interconversion to NH,*), so the PnNH; gradient for NH,
diffusion is greatly elevated. This effect probably contributed
to the increase in ammonia excretion observed during our
experiment and seen in several other studies under more severe
exposure once the initial inhibition was attenuated (reviewed by
Wright and Wood 1985). However, ammonia can only be
excreted as fast as it is produced, so the long-term progressive
increase in ammonia excretion must have had a metabolic basis.
The cause is probably increased protein catabolism. Such an
hypothesis is supported by our observation of a substantial
increase of plasma cortisol which lasted throughout the 81 d of
chronic acid exposure in rainbow trout (C. Audet and C. M.
Wood, in prep.). It is surprising that in the first hours, no inhi-
bition at all of ammonia efflux was observed in concordance
with the immediate partial inhibition of Na* uptake. One pos-
sible explanation is that inhibited NH,* efflux (via Na+/NH,*
exchange) was stoichiometrically replaced by increased NH;
efflux (due to the improved diffusion gradient). An alternate
explanation is that Na+/Na*+ exchange was inhibited more by
pH = 4.8 than was Na+/NH,* exchange, which would support
the argument about exchange diffusion presented earlier. Again,
more data are needed to resolve this point.

The plasma ions and osmolality data followed the trend
expected from the flux measurements. There were substantial
decreases in plasma Na* and Cl- during the period of negative
net fluxes, and the timing of their stabilization agreed extremely
well with the recovery of J,.,. The larger decrease of plasma
Cl- over plasma Na* was in accord with more negative net
fluxes of C1- than Na+ in the first weeks of pH 4.8 exposure.
As plasma osmolality stabilized fairly rapidly compared with
plasma ions, with lesser absolute and relative decreases, other
parameters must be involved in the maintenance of stable
plasma osmotic pressure. Plasma glucose is certainly one of
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them. Impaired iono-osmoregulation was also found in rainbow
trout (Giles et al. 1984) and Arctic char (Salvelinus alpinus)
(Jones et al. 1987) following 22 and 14 d of sublethal acid
exposure in hard water. Other studies pointed to similar iono-
regulatory disturbances on a long-term basis during sublethal
exposure of various durations in soft water: brook trout, pH
4.6, 1 yr (Muniz and Leivestad, as reported by Leivestad et al.
1976); juvenile Atlantic salmon (Salmo salar), pH 4.24.7,
4 mo (Saunders et al. 1983); white sucker (Catostomus com-
mersoni) and pumpkinseed (Lepomis gibbosus), pH <5.0,19 d
(Fraser and Harvey 1984); Atlantic salmon, white sucker, and
alewife (Alosa pseudoharengus), pH 4.9-5.2, fish captured in
the wild (Lacroix 1985); juvenile Atlantic salmon, pH 4.8-5.6,
50 d, field conditions (Lacroix and Townsend 1987). In con-
trast, Wendelaar Bonga et al. (1984a) showed recovery of
plasma osmolality and almost complete restoration of plasma
Na* in tilapia after 40 d of exposure to pH 4 or 5 in hard water.
McWilliams (1980) also showed a recovery of plasma ions after
40 d of exposure of brown trout to very mild acid conditions
(pH 6.0) in hard water. Wood et al. (1988a, 1988b, 1988¢c)
showed no significant changes in plasma electrolytes in brook
trout (Salvelinus fontinalis) kept for 10 wk atpH = 5.20r 10 d
at pH 4.8 in soft water. Thus, there appear to exist considerable
species differences in the ability to adapt to sublethal acid
exposure.

No significant decrease of plasma K* over time was
observed, while the overall mean K+ net flux was negative.
The drop in muscle K + without simultaneous changes in muscle
water points to an intracellular source for this loss. In a recent
field stady on long-term sublethal acid exposure in juvenile
Adlantic salmon, Lacroix and Townsend (1987) similarly found
no changes in plasma K+ levels. However, plasma K+ tended
to increase through loss from the intracellular fluid in several
previous studies on acute acid stress (McDonald and Wood
1981; Hobe et al. 1984; Stuart and Morris 1985).

No changes in Ca?* fluxes or plasma Ca?* were observed,
but muscle Ca?* was dramatically increased after 3 mo of sub-
lethal acid exposure. The meaning of this observation is unclear,
although it is known that acid exposure interferes with calcium
homeostasis and causes a mobilization of Ca?* from bone in
tilapia (Wendelaar Bonga et al. 1987). Previous studies employ-
ing more severe acid exposure (pH 4.0-4.5) reported responses
ranging from no change in muscle Ca?* (Neville 1979; Sadler
and Lynam 1986) to significant increases (Hdbe 1987).

Increased plasma protein concentrations have been almost
universally observed in previous studies on acute acid exposure
and probably result from changes in plasma volume secondary
to ionic disturbances, as discussed by Milligan and Wood
(1982). A similar explanation probably applies to the chronic
increase in plasma protein observed in the present study. Pre-
vious acute studies have also found an increase in hemoglobin
levels comparable with that of the present investigation, again
resulting from plasma volume contraction. However, the
chronic increase in MCHC index is exactly opposite to that seen
in any previous acute study. MCHC usually decreases greatly,
the expected stress response indicative of cell swelling (Soivio
and Nikinmaa 1981) and ionic dilution (Milligan and Wood
1982). The apparent shrinkage during chronic sublethal expo-
sure may be viewed as a mechanism to prevent viscosity
increases associated with hemoconcentration; however, its cause
is unknown. This effect was not seen during chronic acid expo-
sure of brook trout to pH = 5.2 in soft water (Wood et al.
1988a), but McWilliams (1980) found a decrease in hematocrit
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(MCHC not measured) in brown trout chronically exposed to
pH = 6.0 in hard water.

The chronic increase in blood glucose level agrees with pre-
vious studies in both hard water (Brown et al. 1984; Jones et
al. 1987; Scherer et al. 1986; Tam et al. 1987) and soft water
(Wood et al. 1988c). Both this plasma glucose elevation and
the increased ammonia excretion were probably associated with
the high plasma cortisol levels observed during the present study
(C. Audet and C. M. Wood, in prep.). High cortisol levels are
generally associated with glucose mobilization, stimulation of
gluconeogenesis, and protein catabolism (Leach and Taylor
1980, 1982). These data indicate a maintained high level of
stress in our fish chronically exposed to low water pH.

In summary, the general conclusion of this study is that rain-
bow trout are physiologically affected in a deleterious manner
by chronic sublethal acid exposure. They undergo large changes
in their internal physiological status, most of which are asso-
ciated with disturbances in ionic exchange with the environ-
ment. However, the fish stabilize their internal condition after
a few weeks of exposure, reaching a new physiclogical equi-
librium without exhibiting any recovery back towards control
levels. What is the biological meaning of such a new steady
state? The following paper (Audet and Wood 1988) assesses
whether this condition represents true physiological acclima-
tion, in the sense of increased resistance to a more severe
€Xposure.

Acknowledgements

We thank J. LeMoigne, G. G. Goss, and V. Cavdek for their assis-
tance. The research was supported by an NSERC strategic grant in
environmental toxicology to CM.W.

References

AupEr, C., anp C. M. Woop. 1988. Do rainbow trout acclimate to low pH?
Can. J. Fish. Aquat. Sci. 45: 1399-1405.

AVELLA, M., A. Mason1, M. BORNANCIN, AND N. MAYER-GosTaN. 1987. Gill
morphology and sodium influx in the rainbow trout (Salmo gairdneri)
acclimated to artificial freshwater environments. J. Exp. Zool. 241: 159~
169.

Brown, S. B., J. G. Eaigs, R. E. Evans, aND T. J. Hara. 1984, Interrenal,
thyroidal, and carbohydrate responses of rainbow trout (Salmo gairdneri)
to environmental acidification. Can. . Fish. Aquat. Sci. 41: 3645.

DE Renzis, G. 1975. The branchial chloride pump in the goldfish Carassius
auratus: relationship between Cl-/HCO,- and Cl-/Cl- exchanges and the
effects of thiocyanate. J. Exp. Biol. 63: 587-602.

Evans, D. H. 1982. Salt and water exchange across vertebrate gills, p. 149-
172. In D. F. Houlihan, J. C. Rankin, and T. J. Shuttleworth {ed.] Gills.
Society for Experimental Biology Seminar Series 16. Cambridge Univer-
sity Press, Cambridge.

FRASER, G. A., anD H. H. HARVEY. 1984, Effects of environmental pH on the
ionic composition of the white sucker (Catostomus commersoni) and
pumpkinseed (Lepomis gibbosus). Can. J. Zool. 62: 249-259.

Gies, M. A., H. 8. MaEwski, aND B. HoBDEN. 1984. Osmoregulatory and
hematological responses of rainbow trout (Salmo gairdneri) to extended
environmental acidification. Can. J. Fish. Aguat. Sci. 41: 1686-1694.

GIRARD, J.-P., aND P. Pavan. 1980. Ion exchanges through respiratory and
chloride cells in freshwater- and sea-water-adapted teleosteans. Am. J.
Physiol. 238: R260-R268.

HAava, K., B. A. Wawoop, AND L. VAN EECKHAUTE. 1985. Disruption of
energy metabolism and smoltification during exposure of juvenile Atlantic
salmon (Salme salar} to low pH. Comp. Biochem. Physiol. 82C: 323~
329.

Hosg, H. 1987. Sulfate entry into soft water fish (Salmo gairdneri; Catostomus
commersoni) during low ambient pH exposure. J. Exp. Biol. 133: 87-
109.

HoBe, H., C. M., Woop, anD B. R. MCMaHON. 1984, Mechanisms of acid-
base and ionoregulation in white suckers (Catostomus commersoni) in nat-

Can. J. Fisk. Aquat. Sci., Vol. 45, 1988

ural soft water. 1. Acute exposure ¢o low ambient pH. I. Comp. Physiol.
B 154: 35-46.

HoweLis, G. D., D. J. A. Brown, anp K. SaDLER. 1983. Effects of acidity,
calcium, and aluminium on fish survival and productivity -— a review. 1.
Sci. Food Agric. 34: 559-570.

Jounston, C. E., R, L. SAUNDERS, E. B. HENDERSOK, P. H. HARMON, AND
K. Davipson. 1984. Chronic effects of low pH on some physiological
aspects of smoltification in Atlantic salmon (Salmo salar). Can. Tech.
Rep. Fish. Aquat. Sci. 1294:iii + 7 p.

Jongs, K. A., S. B. BRowN, AND T, J. Hara, 1987. Behavioral and biochemical
studies of onset and recovery from acid stress in Arctic char (Salvelinus
alpinus). Can. . Fish. Aquet. Sci. 44: 373-381.

KeLso, L R. M., C. K. MinNs, J. E. Gray, anp M. L. Jongs. 1986. Acidi-
fication of surface waters in eastern Canada and its relationship to aguatic
biota. Can. Spec. Publ. Fish. Aquat. Sci. 87: 42 p.

Lacrolx, G. L. 1985, Plasma ionic composition of the Atlantic salmon (Salmo
salar, white sucker (Catostomus commersoni), and alewife (Alosa pseu-
doharengus) in some acidic rivers of Nova Scotia. Can. J. Zool. 63: 2254-
2261.

Lacroix, G. L., anp D. R. TownsenD. 1987. Responses of juvenile Atlantic
salmon {Safmo salar) to episodic increases in acidity of Nova Scotia rivers.
-Can. J. Fish. Aquat. Sci. 44: 1475-1484.

LeacH, G. J., ANp M. H. TavLor. 1980. The role of cortisol in stress-induced
metabolic changes in Fundulus heteroclitus. Gen. Comp. Endocrinol. 42:
219-227.

1982. The effects of cortisol treatment on carbohydrate and protein
metabolism in Fundulus heteroclitus. Gen. Comp. Endocrinol. 48: 76~
83.

Leg, R. M., S. D. GERKING, AND B. Jezigrska. 1983. Electrolyte balance and
energy mobilization in acid-stressed rainbow trout, Salmo gairdneri, and
their relation to reproductive success. Environ. Biol. Fishes 8: 115-123.

LemoR. L., anp . H. McCorMICK. 1984. Morphological and morphometrical
changes in chloride cells of the gills of Pimephales promelas after chronic
exposure to acid water. Cell Tissue Res. 236: 121-128.

Lewvestap, H., G. Henprey, 1. P. Muniz, anp E. SNEXVIK. 1976, Effects of
acid precipitation on freshwater organisms, p. 86-111. In F. H. Braekke
fed.] Impact of acid precipitation on forest and freshwater ecosystems in
Norway. SNSF Project, Research Report FR 6/76, Aas-NHL, Norway.

MaETzZ, J. 1956. Les échanges de sodium chez le poisson Carassius auratus
L. Action d’un inhibiteur de I’anhydrase carbonique. Physiologie 48:
1085--1099.

McDonaLD, D. G. 1983a. The effects of H* upon the gills of freshwater fish.
Can. J. Zool. 61: 691-703.

1983b. The interaction of environmental calcium and low pH on the
physiology of the rainbow trout, Salmo gairdneri. 1. Branchial and renal
net ion and H* fluxes. J. Exp. Biol. 102: 123-140.

McbDonaLp, D. G., H. HOE, aNp C. M., Woob. 1980. The influence of cal-
ciamm on the physiological responses of the rainbow trout, Salmo gairdneri,
to low environmental pH. JI. Exp. Biol. 88: 109-131.

McDonNaLD, D. G., anp M. S. Rocano. 1986. Jon regulation by the rainbow
trout, Salmo gairdneri, in ion poor water. Physiol. Zool. 59: 318-331.

McDonaLb, D. G., R. L. WALKER, anND P. R. H. WiLkEs. 1983, The inter-
action of environmental calcium and fow pH on the physiology of the
rainbow trout, Salmo gairdneri I1. Branchial ionoregulatory mechanisms.
I Exp. Biol. 102: 141-155.

McDoNALD, D. G., anp C. M. Woob. 1981. Branchial and renal acid and ion
fluxes in the rainbow trout, Salmo gairdneri, at low environmental pH. J.
Exp. Biol. 93: 101-118.

MCWILLiaMS, P. G. 1980. Acclimation to an acid medium in the brown trout
Salmo trunta. §. Exp. Biol. 88: 263-280.

MEeNENDEZ, R. 1976. Chronic effects of reduced pH on brook trout (Salvelinus
Jontinalis). §. Fish. Res. Board Can. 33: 118-123.

Moucan, C. L., anp C. M. Woob. 1982, Disturbances in haematology, fluid
volume distribution and circulatory function associated with low environ-
mental pH in the rainbow trout, Salmo gairdneri. J. Exp. Biol. 99: 397-
415.

Mmms, C. K., aND J. R. M. Kerso. 1986. Estimates of existing and potential
impact of acidification on the freshwater fishery resources and their use
in eastern Canada. Water Air Soil Pollut. 31: 1079-1090.

Muniz, I. P., aNp H. LEIVESTAD. 1980. Acidification effects on freshwater
fish, p. 84-92. In D. Drablos and A. Tollan [ed.] Ecological impact of
acid precipitation. Proc. Int. Conf., Sandefjord, Norway.

NeviLLE, C. M. 1979. Influence of mild hypercapnia and the effect of envi-
ronmental acidification on rainbow trout (Salmo gairdneri). J. Exp. Biol.
83: 345-349.

Nicorr, C. S. 1981. Prolactin and osmoregulation, p. 127-166. InR. B. Jaffe
fed.] Prolactin. Elsevier, New York, NY.

1397



Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by McMaster University on 09/11/16
For personal use only.

Pavan, P, L-P. GRARD, AND N. MAYER-GOSTAN. 1984. Branchial ion move-
ments in teleosts: the roles of respiratory and chioride cells. In W. S. Hoar
and D. J. Randall {ed.] Fish physiology. Vol. 10B. Academic Press, New
York, NY.

Perry, S. F., and C. M. Wood. 1985. Kinetics of branchial caicium uptake in
the rainbow trout: effects of acclimation to various external calcium levels.
I Exp. Biol. 116: 411433,

RODGERS, D. W. 1984. Ambient pH and calcium concentration as modifiers
of growth and calcium dynamics of brook trout, Saivelinus fontinalis. Can.
J. Fish. Aquat. Sci. 41: 1774-1780.

SaDLER, K., AND S. LynaM. 1986. Some effects of low pH and calcium on
the growth and tissue mineral content of yearling brown trout, Salmo trutta.
J. Fish Biol. 29: 313-324.

Saunpers, R. L., E. B. HENDERSON, P. R. HarRMON, C. E. JOHNSTON, AND
J. G. BaLEs. 1983. Effects of low environmental pH on smolting of Atlan-
tic salmon (Salmo salar). Can. . Fish. Aquat. Sci. 40: 1203-1211.

SCHERER, E., S. E. HARRISON, AND S. B. BrROWN. 1986. Locomotor activity
and blood plasma parameters of acid-exposed lake whitefish, Coregonus
clupeaormis. Can. J. Fish. Aquat. Sci. 43: 1556-1561.

Somvio, A., AND M. NIKINMAA. 1981. The swelling of erythrocytes in relation
to the oxygen affinity of the blood of the rainbow trout, Salmo gairdneri
Richardson, p. 103-119. Ir A. D. Pickering [ed.] Stress and fish. Aca-
demic Press, London.

SokAL, R. B., axD F. 1. RoHLF. 1981. Biometry. 2nd ed. W. H. Freeman and
Company, San Francisco, CA.

SPRAGUE, I. B. 1973. The ABC’s of pollutant bioassay using fish, p. 6-30. In
Biological methods for the assessment of water quality. ASTM STP 528.
American Society for Testing and Materials, Philadelphia, PA.

Sery, D. 1., P. V. HobsoN, anp C. M. Woob. 1988. Relative contributions of
dietary and waterbornie zinc in the rainbow trowt, Salmo gairdneri. Can.
J. Fish. Aquat. Sci. 45: 32-41.

STEWART, P. A. 1983. Modern quantitative acid-base chemistry. Can. J. Phys-
iol. Pharmacol. 61: 1444-1461.

STUART, S., AND R. Morris. 1985. The effects of season and exposure to
reduced pH (abrupt and gradual) on some physiological parameters in
brown trout (Salmo trunta). Can. J. Zool. 63: 1078-1083.

Tam, W. H., L. BRKETT, R. MAKARAN, P. D. Pavson, D. K. WHITNEY, AND
C. K.-C. Yu. 1987. Modification of carbohydrate metabolism and liver
vitellogenic function in brook trout (Salvelinus fontinalis) by exposure to
low pH. Can. J. Fish. Aquat. Sci. 44: 630-635.

Tam, W. H., anp P. D. Payson. 1986. Effects of chronic exposure to sublethal
pH on growth, egg production, and ovulation in brook trout, Salvelinus
fontinalis. Can. J. Fish. Aquat. Sci. 43: 275-280.

VERDOUX, H., C. J. A. VAN ECHTELD, AND E. M. J. DEKKERS. 1978. Ammonia
determination based on indophenol formation with sodium salicylate.
Water Res. 12: 399-402.

&

1398

WENER, G. S., C. B. SCHRECK, AND W.L1 HiraMm. 1986. Effects of low pH
on reproduction of rainbow trout. Trans. Am. Fish. Soc. 115: 75-82.

WENDELAAR BONGA, S. E., G. FLIK, AND P. H. M. BaLM. 1987. Physiological
adaptation to acid stress in fish. Annl. Soc. R. Zool. Belg. 117 (Suppl.
1): 243-254.

WENDELAAR BONGA, S. E., J. C. A. VaN pER MEl, AND G. FLIK. 1984a.
Prolactin and acid stress in the teleost Oreochromis (formetly Saro-
therodon) mossambicus. Gen. Comp. Endocrinol. 55: 323-332.

WENDELAAR BONGA, S. E., J. C. A. VAN DER MED, W. A. W. A. VAN DER
KRABBEN, AND G. FLIK. 1984b. The effect of water acidification on pro-
lactin cells and pars intermedia PAS-positive cells in the teleost fish Oreo-
chromis (formetly Sarotherondon) mossambicus and Carassius auratus.
Cell Tissue Res. 238: 601-609.

Woop, C. M. 1988a. The physiological problems of fish in acid waters. In
R. Morris, D. I. A. Brown, E. W. Taylor, and J. A. Brown [ed.] Acid
toxicity and aquatic animals. Society for Experimental Biology Seminar
Series, Cambridge University Press, Cambridge.

1988b. Acid-base and ionic exchanges at gills and kidney after
exhaustive exercise in the rainbow trout. J. Exp. Biol. 136: 461-481.

Woob, C. M., anp D. G. McDonaLp. 1982, Physiological mechanisms of
acid toxicity to fish, p. 197-226. In R. E. Johnson [ed.] Acid rain/fish-
eries. American Fisheries Society, Bethesda, MD.

Woop, C. M., D. G. McDonaLp, C. E. BoortH, B. P. SiMons, C. G. INGER-
SOLL, AND H. L. BERGMAN. 1988a. Physiological evidence of acclimation
to acid/aluminum stress in adult brook trout (Salvelinus fontinalis). 1.
Blood composition and net sodium fluxes. Can. J. Fish. Aquat. Sci. 45.
(In press)

Woop, C. M., R. C. PLaYLE, B. P. Smons, G. G. Goss, axp D. G.
McDonaLp. 1988b. Blood gases, acid-base status, ions, and hematology
in adult brook trout (Salvelinus fontinalis) under acid/aluminum exposure.
Can. J. Fish. Aquat. Sci. 45. (In press)

Woop, C. M., B. P. Sivons, D. R. MounT, anp H. L. BERGMAN. 1988c¢.
Physiological evidence of acclimation to acid/aluminum stress in aduit
brook trout (Salvelinus fontinalis). 2. Blood parameters by cannulation.
Can. J. Fish. Aquat. Sci. 45. (In press)

Woop, C. M., M. G. WHEATLY, AND H. HOBE. 1984. The mechanisms of
acid-base and ionoregulation in the freshwater rainbow trout during envi-
ronmental hyperoxia and subsequent normoxia. I1I. Branchial exchanges.
Respir. Physiol. 55: 175-192.

WRIGHT, P. A., AnD C. M. WooD. 1985. An analysis of branchial ammonia
excretion in the freshwater rainbow trout: effects of environmental pH
change and sodium uptake blockade. J. Exp. Biol. 114: 329-353.

ZaLL, D. M., D. FISHER, AND M. D. GARNER. 1956. Photometric determination
of chlorides in water. Anal. Chem. 28: 1665.

Can. J. Fish. Aquaz. Sci., Vol. 45, 1988





