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Brook trout (Salvelinus fontinalis) adaptto chronic sublethal acid/Al stress. The accompanying acclimation confers
greater resistance to short-term increases in Al and acidity. Adult trout were exposed in flowing soft water to eight
combinations of pH (6.5, 5.2) X Ca?* (25, 400 pequiv/l) X Al (0, 75, 150 ug/l. = 0, 2.8, 5.6 wmol/L). After
10 wk, blood sampling by caudal puncture revealed no significant variations in osmolality, plasma protein, or
hemoglobin and only minor differences (<15%) in plasma Na+ and Cl-. Overall, most electrolytes were higher
in fish exposed to higher water Al and/or Ca?+; only plasma Ca?+ was directly depressed by low pH. Hematocrit
was raised by both low pH and elevated Al. When trout naive to both acid and Al were challenged with pH =
4.8, Al = 333 pg/L under flow-through conditions, there were large negative whole-body Na+ fluxes and marked
depressions of plasma Na+ and Cl-, hemoconcentration, and substantial mortality over 48 h. Prior exposute for
10 wk to pH = 5.2 plus either 75 or 150 ug Al/L prevented mortality and ameliorated or abolished these effects
through a more rapid recovery of net Na+ balance. Prior exposure to pH = 5.2 alone ameliorated these effects
only slightly.

Uomble de fontaine (Salvelinus fontinalis) s’adapte a un stress chronique entrainé par des teneurs sublétales en
acide et en Al; I'accoutumance concomitante lui confére une plus grande résistance a des augmentations A court
terme de la teneur en Al et de lacidité. On a exposé des ombles adultes a huit différentes combinaisons de pH
(6,5 et 5,2), de teneurs en Ca+2 (25 et 400 pequiv/l) et de teneurs en Al (0, 75 et 150 pg/L = 0, 2,8 et 5,6 pmol/
L) en eau douce a débit continu. Aprés 10 sem, "échantillonnage du sang par ponction caudale n’a pas révélé
de variations significatives de I'osmolalité, des niveaux de protéine dans le plasma ou du taux de 'hémoglobine,
mais on a observé de légeres différences (<15 %) des teneurs en Na+* et Cl- du plasma. En général, les niveaux
de la plupart des électrolytes étaient plus élevés chez les poissons exposés a des teneurs élevées en Al et/ou en
Ca+*? en milieu aqueux; seule la teneur en Ca+2 du plasma a été directement abaissée par un faible pH. Un faible
phi et une teneur élevée en Al ont tous deux entrainé une augmentation du taux de I'hématocrite. Chez des
ombles jamais exposés a un milieu acide ajouté d’Al et provoqués dans un milieu de pH 4,8 et de teneur en Al
de 333 g/t en débit continu, on a observé d'importants flux négatifs de la teneur en Na+ dans tout 'organisme
et des baisses marquées de la teneur en Na+ et Cl- du plasma et de |'hémoconcentration ainsi gu’une importante
mortalité échelonnée sur 48 h. Une exposition préalable pendant 10 sem au pH 5,2 en présence de 75 ou 150
pgAl/L a prévenu cette mortalité et a amélioré ou éliminé ces effets par suite du rétablissement plus rapide de
I'équilibre net du Na+. L'exposition préalable au pH 5,2 n’a que légeérement atténué ces effets.
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pid increases in dissolved aluminum (Al) to 200-1000
g/l may accompany episodic depressions in pH during
uncff from snowmelt and rainstorms (Christopherson et
al. 1984; Marmorek et al. 1985). These Al elevations are widely
believed to contribute to acute toxicity observed in the field.
Lethal effects of Al on fish have been well documented in the
laboratory at these levels (e.g. Baker and Schofield 1982;
Brown 1983), and some progress has been made in understand-
ing their physiological basis (e.g. Leivestad 1982; Neville
1985).

However, it is less widely appreciated that fish are now
chronically exposed to lower, but nevertheless potentially
harmful, background levels of Al in natural soft waters in many
acid-sensitive regions of the world. For example, Wright and
Snekvik (1978) found Al at 50-300 pg/L in over 90% of 700
lakes in southern Norway, while Schofield and Trojnar (1980)
reported a mean Al of 111 pg/L in 28 lakes with surviving
brook trout (Salvelinus fontinalis) populations in the north-
eastern United States. A recent survey of 810 lakes in eastern
Canada, many with reproducing brook trout populations, has
reported a mean Al of 84 pg/L (Kelso et al. 1986). The mean
lake pH was acidic (4.5-6.0) in all of these examples. These
figures are for total Al; in the absence of detailed water chem-
istry data, it is difficult to estimate the size of the monomeric
fraction and its toxicity to fish. Nevertheless, there is consid-
erable evidence that total Al concentrations of this magnitude
can exert damaging sublethal or even lethal effects on fish which
have pot been exposed previously to Al (e.g. Baker and Scho-
ficld 1982; Neville 1985). Therefore, fish chronically exposed
to low levels of Al and acidity in the wild may have become
acclimated, increasing their tolerance to these and more toxic
levels. Alternatively, they may have become weakened and sen-
sitized by these low-level exposures.

Laboratory evidence indicates that acclimation to Al may
occur. Orr et al. (1986) demonstrated increased resistance to Al
by rainbow trout (Salmo gairdneriy exposed for 7-21 d to Al
at 50% of the LC50 (at constant pH =~ 5.2). In brook trout,
Siddens et al. (1986) reported greater survival over a 24-d period
at pH = 4.9 if a given maximum level of Al was presented
continuously, rather than intermittently, which can be inter-
preted as indirect evidence of acclimation. However, nothing is
known about the physiological changes which might occur dur-
ing acclimation.

The overall objectives of the present and following two papers
{Wood et al. 1988b; McDonald and Milligan 1988) were to use
physiological criteria, especially ionoregulatory parameters, to
(i} confirm that adult brook trout adapt to sublethal Al at pH =
5.2, (ii) assess whether such adaptation confers acclimation,
i.e. greater resistance to simultaneous increases in both Al and
acidity as would be seen during episodic acid surges in the field,
(iii) assess whether prior exposure to acidity alone also confers
increased resistance to such surges, and (iv) understand the
mechanisms involved in any such increased resistance. This
first paper focusses on physiological changes after prolonged
exposure (10 wk) to sublethal acid or acid/Al levels, and whole-
body Na* fluxes of these same fish during an acid/Al challenge
(pH = 4.8, Al = 333 pg/L) whick is in the lethal range for
naive fish (cf. Booth et al. 1988). The possible influence of
water Ca?* on these processes was assessed using levels rep-
resentative of the upper and lower ranges of natural soft water.
As far as possible, test conditions and methods duplicated those
used in our companion studies on naive brook trout (Booth et
al. 1988; Wood et al. 1988a).
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Materials and Methods

Experimental Animals and Holding Conditions

Experiments were conducted at the Fish Physiology and
Toxicology Laboratory, Laramie, Wyoming (altitude = 2200
m), which provided facilities for continuous long-term
exposures of adult fish to defined pH, Ca?*, and Al conditions
in flowing artificial soft water. The overall experimental plan
was to first acclimate the fish to soft water and then to expose
separate groups to a variety of pH, Ca?*, and Al combinations
for 10 wk. At the end of this period, blood was sampled from
a subset of the fish in each group to evaluate the effects of this
long-term sublethal exposure on ionic and hematological
parameters. Other fish from selected groups were then
challenged with a higher Allower pH condition (potentially
lethal) for 48 h; Na* flux rates, mortality, and final blood
parameters were measured to assess resistance to this more
severe challenge.

Artificial soft water was generated by treatment of hard well
water (composition in Table 1) with sediment filtration, NaCl
softening, reverse osmosis, and separate bed deionization (water
system designed by Continental Water Systems, Denver,
Colorade}. The pH was adjusted to 6.5 with KOH and the water
was thoroughly mixed and then delivered to individual head
tanks, where the pH was lowered to the desired level with
H,S0,. The carbonate alkalinity of this water at pH = 6.5 was
about 2.5 mg/L. All pH adjustments were made with Leeds and
Northrup pH controllers (pH analyzer/controller model No.
7083). Lastly, the reguired levels of CaCl, and AICl; were added
via Mariotie botties to continuous-flow serial diluters, from
where the water was delivered to the exposure tanks, and then
to waste. The tanks were round 340-L fiberglass chambers
served with a flow of 1.9 L/min, providing 8 volume additions
per day. Each tank contained 25 fish and represented one of the
eight pH/Ca?*/Al combinations which were tested (Table 1).
Two tanks (50 fish) were also run with hard well water, which
differed principally in its higher Ca?* and pH levels (Table 1}.

Test animals were 18-mo-old brook trout (mean weight ~170
g), obtained from Cline’s Trout Farm (Boulder, Colorado) and
initially acclimated for 34 d to artificial soft water (pH = 6.5,
Ca?* = 25 pequiv/L). The exposure period started on May 15,
1985, and was approximately 10 wk (actual range 64-85 d).
The pH was gradually reduced from acclimation (6.5) to the
desired level over 3 d, and then, Al addition was started 6 d
later (day O of exposure). To prevent mortality, the set pH in
the acidic treatments was raised from 5.0 to 5.2 on day 16.
Detailed growth data were recorded on all fish and are reported
in Mount et al. (1988).

Experimental temperature was 11 = 1°C, conductivity
ranged from 40 to 115 pS/cm, depending on the particular pH/
Ca?*/Al combination, and dissolved O, was maintained above
60% saturation. Fish were fed 1% body weight/day floating
trout chow (Purina No. 5106) and tanks were siphoned daily.
Photoperiod was adjusted biweekly to follow the natural cycle
for Laramie, Wyoming. Water pH was measured daily (Orion
Ross combination electrode No. 810200 on a Sargent Welch
LS pH meter) and other parameters weekly (Al, Ca?*, Na*,
Cl-, SO,27) on samples taken directly from the tanks.

Blood Sampling

On day 68, six fish were selected at random for blood sam-
pling from each of the nine exposure conditions (eight pH/Ca®*/
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Al combinations plus hard water). Each fish was netted indi-
vidually into a bucket containing 40 mg MS-222/L. (Sigma) to
induce light anaesthesia. After 3 min, a 500-pL blood sample
was rapidly withdrawn into a heparinized syringe (rinsed with
500 IU ammonium heparin/L (Sigma) by blind puncture of the
caudal vein. Fish were returned to their holding tanks for a
minimum 1-wk recovery prior to use in any other experiments
{(Wood et al. 1988b; McDonald and Milligan 1988). Blood sam-

ples were analyzed for hematocrit (Ht), hemoglobin (Hb), and.

plasma levels of Na*, Cl-, K+, Ca?*, osmolality, and total
protein.

At the end of the 48-h challenge experiments (see below),
blood from surviving fish was sampled as described above,
except that the anaesthetic was added directly to the closed flux
box to minimize disturbance. These blood samples were ana-
lyzed for Ht and plasma levels of Na*, Ci—, and total protein.
Thus, these parameters can be compared before and after the
48-h challenges for fish in each of the eight pH/Ca®*/Al expo-
sure conditions.

Flux and Challenge Experiments

Between days 64 and 85, six fish from each of the eight pH/
Ca?*/Al exposure conditions were transferred to individual flux
boxes (cf. Booth et al. 1988) which received a continuous flow
(~0.5 L-kg~-min ") of water identical in composition to that
of their exposure condition. Water PO, was maintained above
115 Torr, Pco, levels below 1 Torr, and HCO,~ levels ranged
from 50 pequiv/L at pH = 6.5 10 0 at pH = 4.8. After a 24-
h settling period, the flow rate and inflow pH were adjusted to
maximize detection of inflow versus outflow differences in Na+
while simultaneously maintaining the measured pH in the box
within 0.05 unit of the intended value. After a further 4-6 h,
water samples were taken for measurement of Na* flux rates
by the Fick principle (cf. Booth et al. 1988). These measure-
ments represented net Na+ exchange under the exposure con-
dition and therefore were the control values for the subsequent
challenges. The inflowing water was then changed to the chal-
ienge condition.

The challenge condition was pH = 4.8, Al = 333 ug/L at
the same Ca?* (25 or 400 pequiv/L) as that in the exposure
condition; this combination was previously shown to be in lethal
range for naive brook trout (Booth et al. 1988). In addition, six
fish from each of the zero-Al exposure conditions (pH = 6.5,
Ca?+ = 25 or 400 pequiv/L) were challenged with pH = 4.8,
Al = 0 ug/L to discern the effect of acidity alone. Na* flux
measurements were taken at 4, 8, 12, 24, 30, 36, and 48 h
during all challenges. Immediately after the 48-h determina-
tions, blood samples were drawn from surviving fish as
described above. Inflow pH and flow rate were adjusted
throughout the experiment to maintain the desired conditions.
Water was not recirculated but, rather, led to waste after leaving
the chambers to minimize speciation changes in Al. Al and
Ca?* levels were monitored daily in inflowing and outflowing
water; deviations from intended values were less than 20%.

Analytical Techniques and Calculations

Analytical methods were identical to those described in Booth
et al. (1988) and Wood et al. (1988a) with the following excep-
tions. Plasma Na* and water Na+* and Ca?+ levels were deter-
mined on a Perkin—Elmer model No. 2380 atomic absorption
spectrophotometer. Water Al was measured with an associated
high-temperature graphite furnace (Perkin—Elmer model No.
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Fic. 1. Plasma (A) Na+, (B) Cl-, (C) total osmolality, (D) Ca?* and
(E) K~ in the blood of brook trout after 10 wk of exposure to eight
different combinations of pH, Ca?*, and Al in soft water, or to hard
water (HW) at circumneutral pH (7.8) (cross-hatched). Values in the
two exposures at circumneutral acidity (pH = 6.5) are stippled. Means
= I seM for N = 6 in each cell. On the right are tabulated the variables
which significantly affected (p < 0.05) the measured parameters over-
all, either individually or as interactive effects. Lines underscore sub-
sets of means among which there were no significant differences;
means not underscored with the same line were significantly different
from one another (p < 0.05).

HGA-400). Al was speciated into total, monomeric, and inor-
ganic monomeric after the method of LaZerte (1984). Water
Cl- and SO~ levels were measured using a Dionex ion chro-
matograph (model No. 2110) with an AS 40 column. Plasma
osmolality was determined by vapour pressure osmometry
(Wescor model No. 5100B).

Net whole-body Na* flux rates (J,.,N*") were calculated by
the Fick principle from the measured difference between inflow
and outflow Na* levels and the flow rate through the box.
Cumulative Na+* losses over 48 h were estimated as the areas
under curves relating J.N* and time for individual fish. Mean
cell Hb concentration (MCHC) was calculated as the ratio of
Hb and Ht measurements for individual fish.
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FiG. 2. (A) Ht, (B) Hb, (C) mean cell Hb concentration (MCHC), and
(D) plasma protein concentration in the blood of brook trout after 10
wk of exposure to eight different combinations of pH, Ca**, and Al
in soft water, or to hard water (HW) at circumneutral pH. Other details
as in legend to Fig. 1.

Treatment of Data

Data have been reported as means * 1 SE (V) for each group
(i.e. exposure condition). One-way analysis of variance was
used to assess differences between groups; when the F value
indicated significance, Duncan’s (1955) multiple range test was
applied to discern specific differences. Two-way analysis of
variance (pH X Ca?* at Al = 0; Al x Ca?* atpH = 5.2) was
employed to detect specific pH, Ca?*, Al, and interaction
effects across the entire set of exposure conditions. Differences
in J.M* from zero and changes in blood parameters within
individual groups as a result of the 48-h challenges were eval-
uated by Student’s two-tailed t-test, unpaired design. A 5% sig-
nificance or protection level was used throughout.

Results

Exposure Conditions and Mortality

While agreement between intended and actual values of water
chemistry was generally good, mean Ca®>* at the higher
concentration was about 15% below planned, and mean pH was
up to 0.2 vnit different from planned levels (Table 1). This
partly reflected the resetting of intended acidic pH from 5.0 to
5.2 on day 16. The variation in Na* reflected cycling of the
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water-softening and deionizing systems. During the flux and
challenge trials of this and the following paper (Wood et al.
1988b), the fluctuation was reduced, yielding a Na* level of
50-100 pequiv/L in different experiments, which varied less
than 10% during any individual experiment. Speciation analysis
revealed that almost all added Al was in the monomeric form
in the tanks, but only about 25-33% of this was inorganic, due
to complexation by organic wastes excreted by the fish.
Mortality occurred only in the exposures at acidic pH with low
Ca?* (Table 1) and ceased shortly after pH was reset to 5.2 on
day 16. As this mortality was low, the effect of ‘‘selection’’ on
the subsequent physiological data was minimal. Growth was
depressed in these same treatments (see Mount et al. 1988).

Effects of pH/Ca?*/Al Exposures on Blood Composition

Ten weeks of exposure to a range of pH, Ca?*, and Al caused
significant variation in plasma Na* levels (Fig. 1A). The abso-
lute differences were rather small, ranging from a high of 153
+ 2mequivVL (N = 6) (at pH = 5.2, Ca?* = 400 pequiv/L,
Al = 75 pg/L) to a low of 133 = 2 mequiv/L in the same
condition at low Ca?* (i.e. pH = 5.2, Ca?>* = 25 pequiv/L,
Al = 75 pg). While there was no direct pH effect, both elevated
Ca?* and elevated Al acted alone to significantly raise plasma
Na*. These relationships were complicated by significant pH
X Ca?* and Ca?* X Al interactions. In addition, plasma Na*
was significantly higher in hard water than in either of the soft
waters at circumneutral pH. Similar significant variation was
seen in plasma Cl - levels, but to a much lesser extent (Fig. 1B).
Overall there was a significant Ca?+ X Al interaction.

Despite these differences in the two major ionic constituents
of plasma, total osmolality did not vary significantly across
exposure conditions, staying at a relatively uniform level of
305-325 mosmol/L (Fig. 1C). Interestingly, plasma protein,
which contributes the colloidal fraction of total osmotic pres-
sure, was similarly unaffected (Fig. 2D).

Plasma Ca?* levels varied significantly among exposure con-
ditions in a pattern somewhat similar to that of Na* (compare
Fig. 1D and 1A). On a relative basis, these differences were
much greater (~50%) than those for Na* (~15%), plasma Ca?*
ranging from a low of 4.5 = 0.1 mequiv/L. (at pH = 5.2,
Ca?+ = 400 pequiv/L, Al = 0 pg/L) to a high of 6.7 = 0.5
mequiv/L (at pH = 5.2, Ca?* = 400 pequiv/L, Al = 75 pg/
L). Overall, plasma Ca?* was significantly depressed by low
pH and raised by elevated Al. Interestingly, water Ca?* itself
did not exert a significant influence on plasma Ca?*, and there
were no hardwater versus softwater differences at circumneutral
pH.
Plasma K * concentrations were also significantly affected by
exposure condition, varying by ~50% from 2.3 = 0.1 mequiv/
L (at pH = 6.5, Ca** = 25 pequiv/L) to 3.3 = 0.2 pequiv/L
(atpH = 5.2, Ca?* = 400 pequiv/L, Al = 150 pg/L) (Fig. 1E).
The dominant influence was a stimulation by elevated Al; while
there were no direct pH or Ca?* effects, significant pH x Ca?*
and Ca?* X Al interactions were seen. Hardwater versus soft-
water differences at circumneutral pH were not significant.

Neither Hb (9.4-10.5 g/100 mL,; Fig. 2B) nor plasma protein
concentration (4.7-5.9 g/100 mL; Fig. 2D) was significantly
affected by the exposure conditions. However, Ht varied con-
siderably from a low of 31 = 1% (in hardwater) to a high of
46 = 3% (at pH = 5.2, Ca?* = 25 pequiv/L, Al = 0 pg/L)
(Fig. 2A). Overall, Ht was significantly and separately raised
by both low pH and elevated Al, and there was a Ca** X Al
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Fi1G. 3. Net whole-body Na* fluxes with the environment (/,.™*) of
brook trout after 10 wk of exposure to four different combinations of
pH and Al at low Ca®* (25 pequiv/L} and during a 48-h challenge with
pH = 4.8, Ca** = 25 pequiv/L, Al = 333 pg/l. The exposure
conditions were maintained during the control measurements. Means
+ 1seM for N = 6 in each cell, except at 48 h where N was reduced
by the number of deaths tabulated. Asterisks indicate mean values of
J.."" which were significantly different from zero (p < 0.05).

interaction. In addition, Ht was significantly higher in both of
the soft waters at circumneutral pH than in hardwater. Calcu-
lated MCHC virtually mirrored these changes (compare Fig. 2C
and 2A), although the overall effects were limited to a Ca?* X
Al interaction.

Effects of Exposure Conditions on Na* Fluxes and Mortality
during Challenge

When tested in the water of their exposure condition (i.e.
control measurements), all groups except one maintained a
J* which was not significantly different from zero (Fig. 3,
4), indicating that the fish were in whole-body Na* balance
after 10 wk. The single exception was the group exposed to pH
= 5.2, Ca?* = 25 pequiv/L, Al = 75 ug/L, where the net
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FiG. 4. Net whole-body Na* fluxes with the environment (/") of
brook trout after 10 wk of exposure to four different combinations of
pH and Al at high Ca?* (400 pequiv/L) and during a 48-h challenge
with pH = 4.8, Ca** = 400 pequiv/L, Al = 333 pug/L. Other details
as in legend to Fig. 3.

flux was significantly negative (Fig. 3D). However, as these
same trout were later able to restore zero balance even in the
presence of the acid/Al challenge, we are inclined to dismiss
this initial imbalance as an experimental artifact, perhaps
reflecting disturbance during the control measurements.

In the two groups held at pH = 6.5 (in the absence of Al),
chatlenge with low pH = 4.8 alone resulted in a shift in J,*
to moderately negative values, although the net flux became
significantly different from zero at 0-8 h and 36-48 h only (data
not shown). These changes were small relative to those seen
with pH = 4.8 plus Al = 333 pg/L, indicating that the toxic
effect of the latter challenge was mainly due to Al.

At the lower Ca2* level (25 pequiv/L), the acid plus Al chal-
lenge resulted in marked Na* losses which persisted throughout
the 48-h period in fish previously naive to both Al and low pH
(i.e. exposed to pH = 6.5, Al = 0 pg/L; Fig. 3A). Indeed,
four of these six fish died during the final 12 h of the challenge.
In the trout previously exposed to low pH alone (i.e. pH =
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5.2, Al = 0 pg/L), virtually identical Na* losses occurred
during the challenge and one of the six fish died (Fig. 3B).
However, prior exposure to low levels of Al (75 or 150 wg/L)
in addition to low pH conferred increased resistance. Initial
Na* loss rates during the challenge were similar to those in
trout naive to Al, but zero net Na* balance was restored by 24
or 30 h (Fig. 3C, 3D). Furthermore, none of these fish died.
At the higher Ca?+ level (400 mequiv/L), the overall trends
were similar but less clearcut due to variability between ani-
mals, and the toxicity of the challenge appeared to be reduced
(Fig. 4). Again, Na* loss rates during the challenge were least
in the fish previously exposed to pH = 5.2 plus Al = 75 or
150 wg/L, and there were no mortalities in these groups.
When the data were analyzed in terms of cumulative whole-
body Na* losses over 48 h for individual fish (Fig. 5), losses
were greatest (—4000 pequiv/kg) in the groups naive to both
low pH and Al and least (~1700 pequiv/kg) in the groups pre-
viously exposed to pH = 5.2, Al = 75 pg/L. There was no
discernible effect of water Ca®* on cumulative Na* loss.

Effects of Exposure Conditions on Blood Composition after
Challenge

There were significant variations in some blood parameters
as a result of the exposure conditions alone (Fig. 1, 2), so sig-
nificant variations after the 48-h challenges would be expected
regardless of challenge effects. The changes in blood compo-
sition resulting from the challenge are the more meaningful
parameters and are presented in Fig. 6. At the lower Ca?* level
(25 pequiv/L), plasma electrolyte changes were in general
accord with the Na* flux data of Fig. 3 and SA. Thus, a 48-h
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challenge with low pH = 4.8 alone had no effect on plasma
Na* and Cl- concentrations in naive fish, but a challenge of
the same group with pH = 4.8 plus Al = 333 pg/L caused
highly significant decreases in both parameters (Fig. 6A). These
effects of the acid/Al challenge were attenuated in fish previ-
ously exposed to pH = 5.2, Al = 0 pg/L and pH = 5.2, Al
= 150 wg/L. and abolished in the group exposed to pH = 5.2,
Al = 75 pg/L. Decreases in plasma Cl- levels were generally
greater than those of Na+. Ht and plasma protein concentration
fell after challenge of naive fish with low pH = 4.8 alone, but
increased greatly when this same group was challenged with
pH = 4.8 plus Al = 333 pg/L (Fig. 6C). In agreement with
the Na* and Cl~ changes, these hemoconcentration effects were
attenuated by prior exposure to pH = 5.2, Al = 150 pg/L and
abolished by prior exposure to pH = 5.2, Al = 75 pg/L.. How-
ever, in disagreement with the electrolyte data, hemoconcen-
tration was also prevented in the group previously held at pH
= 35.2,Al =0pg/l.

At the higher Ca?* level (400 pequiv/L), effects of prior
exposure on changes in blood parameters during the challenges
were less clear, reflecting the same variability seen in the Na*
flux data of Fig. 4 and 5B. Nevertheless, there were large
decreases in plasma Na* and Cl- (Fig. 6B) and accompanying
increases in Ht and plasma protein levels (Fig. 6D) in the naive
fish under acid/Al challenge. Prior exposure to either low pH
= 5.2 aloneor pH = 5.2 plus 75 or 150 p.g/L. Al either reduced
or abolished these effects.

Discussion

Water Chemistry

The present and following papers are the first physiological
studies on fish chronically exposed to acid and Al for a
prolonged period under defined softwater conditions. For acid
stress alone, it is well documented that the water quality
parameter of key importance in modifying both toxicological
and physiological responses is Ca?* (e.g. Brown 1981, 1983;
Wood 1988), which was controlled closely in the present
experiments (Table 1). The fluctuations in water Na* during
the 10 wk of exposure probably had minimal influence on the
overall results because they occurred simultancously in all
exposure tanks as the water treatment system cycled.
Furthermore, Brown (1981) found little effect of water Na*
over the range of variation noted here on the toxicity of acid to
brown trout (Salmo trutta). During the challenge experiments,
the variation was greatly reduced to levels representative of very
dilute natural soft water (50100 pequiv/L). Based on branchial
Na* transport studies in these fish (McDonald and Milligan
1988), the influence of this small variation on the present results
would have been negligible. Total Allevels were well controlied
during both exposure and challenge experiments, although the
contribution of the inorganic monomeric fraction was rather
variable, probably due to variable complexation by organics
originating from food and excreta in the water. Al speciation
was not measured during the challenges, but the faster water
turnover and the lack of feeding here probably resulted in a
greater inorganic monomeric fraction, which would tend to
increase toxicity.

Effects of pH/Ca?*/Al Exposures on lonoregulatory
Parameters

Ten weeks of exposure to a range of sublethal pH/Ca?+/Al
conditions induced significant variation in plasma electrolyte
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concentrations (Fig. 1). For Na* and Cl-, the absolute sizes of
these chronic effects were rather small. Indeed, the total vari-
ation among the different exposure conditions was within the
normal range which we (Booth et al. 1988) and other workers
(e.g. Houston et al. 1971; McCormick and Naiman 1984) have
observed for brook trout maintained at circumneutral pH in
either hard or soft water. Furthermore, there was no significant
variation in plasma osmolality (Fig. 1C), of which Na* and Cl-
are the major constituents. This is possibly explained by the
mobilization of other osmolytes such as glucose and taurine
during long-term exposures (Fugelli and Vislie 1982; Giles et
al. 1984; Scherer et al. 1986).

Qualitatively, chronic effects on Na+ and Cl- regulation were
very different from acute effects. Thus after 10 wk, there was
no significant overall influence of low pH, elevated Al had a
significant positive influence on plasma Na* (Fig. 1A), and the
fish were in net Na* balance in most conditions (Fig. 3, 4).
The acute effect of all the acid and acid/Al conditions (i.e. pH
= 5.2, Al = 0-150 ng/L) would have been an initial loss of
Na* and Cl- across the gills and depression of plasma levels,
followed by a partial recovery over the next few days due mainly
to reduction of the unidirectional efflux components (Booth et
al. 1988). Taken together, these observations suggest that the
recovery process continues during chronic exposure, resulting
in adaptation to the sublethal stresses.

There have been a number of previous studies on the chronic
ionoregulatory effects (2 wk to 3 mo) of low pH exposure alone
(4.5-6.0) on other salmonids (rainbow trout, brown trout,
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Atlantic salmon (Salmo salar)), each of which is more acid
sensitive than brook trout (Grande et al. 1978). Recovery of
plasma Na*, Ca~, and osmolality was at best partial in all
investigations (McWilliams 1980; Lee et al. 1983; Saunders et
al. 1983; Johnston et al. 1984; Giles et al. 1984; Lacroix et al.
1985; Weiner et al. 1986; Brown et al. 1986). Thus the present
study with brook trout is the first to show complete recovery
of these parameters, at least at pH = 5.2. However, in the same
species at a more severe pH (=~4.6), Leivestad et al. (1976)
found that plasma Na* and CI~ were still depressed after T yr
of exposure, suggesting that complete recovery may be blocked
by a threshold somewhere between 5.2 and 4.6.

The significant depression of Ca?* levels caused by chronic
exposure to low pH alone in the present study (Fig. 1D) has
been observed previously in other salmonids (Wood and
McDonald 1982; Scherer et al. 1986; Weiner et al. 1986). The
mechanism is unknown. The depressions occur despite the min-
imal effects of acute acid exposure on Ca?* exchange with the
environment (Hobe et al. 1984; Booth et al. 1988) and the lack
of chronic effects of low pH on whole-body Ca?* dynamics in
brook trout (Rodgers 1984). As impairment of Ca?* regulation
has been implicated in reproductive failure during long-term
acid stress, this is clearly an important area for further
investigation.

The present study is the first to examine the ionoregulatory
effects of long-term acid plus Al exposure. The results, which
show a significant supportive effect of Al on plasmaNa*, Ca?*,
and K+ levels (Fig. 1), are unexpected in view of the normally
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toxic action of Al on ionoregulation. They suggest that low
levels of Al may actually be beneficial during chronic acid
exposure. At present, we can only speculate that this reflects
sorme sort of recovery ‘‘overshoot,”” a view supported by sub-
sequent studies on Na* uptake kinetics in these same fish
(McDonald and Milligan 1988). Altematively or additionally,
the small fraction of Al present as A*+ at pH = 5.2 may have
exerted a Ca?*-like action in stabilizing branchial permeability.
Schofield and Trojnar (1980) and Baker and Schofield (1982)
have suggested that this action is the basis of the protective
effect of Al seen at somewhat lower pH’s.

There was no chronic influence of any of the pH/Ca?+/Al
exposures on either blood Hb or plasma protein levels (Fig. 2B,
2D). Thus, O, and CO, transport capacity, blood buffering
capacity, and plasma oncotic pressure were probably little
affected. Nevertheless, there were substantial variations in Ht
due to variations in MCHC (Fig. 2A, 2C). The two most likely
explanations are erythrocytic swelling and/or a greater fraction
of Hb-poor erythrocytes (e.g. reticulocytes) in the circulation
under chronic sublethal stress. Both effects are seen during
acute lethal acid stress (Milligan and Wood 1982). The more
dilute intracellular environment of swollen erythrocytes will
improve the O, affinity of the blood (Nikinmaa 1986).

Effects of Exposure Conditions on Responses to Challenge

In terms of both mortality and net Na* loss rates, Wyoming
trout naive to acid and Al responded similarly to the naive
Ontario trout of our companion studies (Booth et al. 1988),
although the challenge protocols were slightly different. As
before, all the mortality and the major part of the Na* losses
were clearly attributable to the Al component of the exposure
at pH = 4.8, Al = 333 pg/l.. The resultant reductions in
plasma ions and increases in Ht and plasma protein levels due
to internal fluid shifts were also similar to those seen in the
Ontario trout (Booth et al. 1988; Wood et al. 1988a). Thus there
did not appear to be significant differences in sensitivity asso-
ciated with the differences in fish stocks, water quality, and
altitude.

We have characterized the branchial ion loss response of
naive brook trout to acid/Al challenge as comprising two phases
{Booth et al. 1988). Over the first 6~12 h, there is an initial
““shock’” phase of high salt loss due to both an inhibition of
active uptake and a more important stimulation of diffusive
efflux. By 24 h, this is replaced by a phase of partial ‘‘recov-
ery’’ in which the diffusive efflux is returned to control levels
or lower, while the inhibition of active uptake largely persists.

In the present study, there was no detectable effect of the pre-
exposure condition on Na* loss rates during the initial shock
phase (Fig. 4, 5). There was, however, a clear acceleration of
the recovery phase in trout previously exposed to lower levels
of Al (75 or 150 pg/L) at pH = 5.2, Ca?* = 25 pequiv/L
(Fig. 3C, 3D). Thus by 24-30 h, the animals had returned to
zero Na* balance, resulting in a halving of the total Na* loss
over 48 h (Fig. 5A) and a prevention of mortality during this
period. Plasma Na* and Cl- depressions and hematological
changes were similarly attenuated (Fig. 6A, 6C). Prior expo-
sure to Al = 75 pg/L appeared to be slightly more effective
than to 150 pg/L in conferring this increased resistance. At the
higher Ca?* = 400 pequiv/L, the effects were less clear due
to variability among fish. Nevertheless the overall pattern as
shown by net Na* flux rates (Fig. 4), cumulative losses
(Fig. 5), and plasma changes (Fig. 6B, 6D) was similar to that
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at low Ca?*. In total, these results indicate that chronic expo-
sure to low levels of Al and acidity induced physiological accli-
mation in the traditional sense — increased resistance of a more
severe exposure.

The results with prior exposure to low pH = 5.2 alone were
equivocal. Mortality during acid/Al was reduced but not pre-
vented, Na* loss rates remained high (Fig. 3B, 4B, 5), yet
plasma Na* and Cl- and hematological changes were reduced
or abolished (Fig. 6). The protective effect seemed greater at
the higher Ca®*. These results are perhaps to be expected inas-
much as most of the toxic effect of the challenge was due to
the Al component, to which these fish were still naive. Any
increased resistance could be explained by the fact that a major
action of Al is similar to that of acid alone (ionoregulatory
impairment) and that morphological changes in the gills are
somewhat similar during chronic sublethal acid exposure as
during acid plus Al exposure (see below) (Tietge et al. 1988).
However, our more detailed physiological studies indicate that
prior exposure to acid alone does not provide significant accli-
matory resistance to acid plus Al stress (Wood et al. 1988b;
McDonald and Milligan 1988).

Several studies have described dramatic morphological
changes in the gills associated with chronic exposure to sub-
lethal acid/Al stress (Chevalier et al. 1985; Karlsson-Norrgren
et al. 1986a; 1986b; Tietge et al. 1988). These include defor-
mation and fusion of lamellae, epithelial detachment, a general
swelling of the lamellae due to epithelial hyperplasia, white
blood cell infiltration of the lymphatic spaces, increased prev-
alence of ‘‘dense’’ cells, and most notably a gross proliferation
of chloride cells, many of which may contain Al inclusion bod-
ies. Blood to water diffusion distance clearly increases. Based
on these descriptions, one might speculate that the acclimatory
resistance to acid/Al challenge results from the increased dif-
fusion distance limiting passive ion efflux, while the greater
mumber of chloride cells limits the inhibition of active uptake.
However, this scenario predicts that Na* losses should have
been reduced primarily during the initial shock phase and not
as observed during the later recovery phase. Perhaps in Al-
acclimated fish, the recovery phase is different, involving an
activation of the greater uptake capacity of the proliferated chlo-
ride cells (cf. McDonald and Milligan 1988) or a more effective
reduction of the passive permeability.

In summary, the present resuits indicate that brook trout adapt
to chronic sublethal acid/Al stress. At least at the Al levels
employed here, the fish demonstrate acclimation rather than
sensitization, in accord with the results of Orr et al. (1986) on
rainbow trout. The acclimation has a definite physiological basis
reflected in ionoregulatory parameters. We suggest that this
acclimation process allows fish to survive in the wild under
conditions where they might otherwise succumb. Specificially,
fish chromnically exposed to low levels of Al in mildly acidic
soft water may possess increased resistance to short-term
increases in Al and acidity associated with episodic ‘‘surges.”
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