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Juvenile rainbow trout (Oncorhynchus mykiss, 5-13 g) became acclimated (i.e., increased their resistance
to lethal Al levels, 162 ug-L™!, pH 5.2) after only 5 d when exposed to sublethal Al (38 pg-L™") in
acidified soft water (Na* = 85, Ca?* = 28 uEq-L™, pH 5.2). Acclimation was associated with reduced
ionoregulatory and respiratory disturbances during lethal Al challenge and was maintained for at least
34 d. Acclimation was relatively specific to Al because no consistently improved resistance to lethal Cu
(32 pg-L™7, pH 5.2) was observed. Exposure to sublethal acid alone (pH 5.2) did not result in acclimation
to lethal {H*] (pH 4.0) and caused a pronounced reduction in whole-body Na™ and ClI~. Sublethal acid + Al
resulted in a more rapid loss of ions than sublethal acid alone over the first 10 d, but both groups sub-
sequently recovered ionoregulatory status after 34 d. Exposure to sublethal acid alone had a negligible effect
on feeding or growth. However, growth was impaired by 29% in Al-exposed trout, primarily the result of
reduced appetite during the first 10 d. Decreased growth must be considered one of the costs of acclimation
during chronic sublethal exposure to Al.

Des truites arc-en-ciel (Oncorhynchus mykiss) juvéniles (5-13 g) se sont acclimatées (c.-a-d. ont accru
feur résistance & des concentrations létales d’Al, 162 wg-L™", pH 5,2) aprés 5 jours seulement lorsqu’elles
ont été exposées a des doses sublétales d’Al (38 pg-L~") dans de F'eau douce acidifiée (Na* = 85, Ca?* =
28 wEq.L”", pH 5,2). L'acclimatement était associé a une réduction des troubles de I'ionorégulation et
de la respiration pendant i‘exposition a des concentrations {étales d’Al, et s’est maintenu pendant au
moins 34 jours. Cet ac¢limatement était relativement spécifique a I’Al, car on n’a observé aucune amélio-
ration réguiiere de la résistance a des concentrations létales de Cu (32 pg-L™", pH 5,2). L’exposition a
une concentration sublétale d’acide uniquement (pH 5,2) n’a pas produit d’acclimatement a des con-
centrations létales de [H*] (pH 4,0) et a causé une réduction prononcée de Na* et CI~ dans |'ensembie de
la masse corporelle. L'exposition simultanée & des concentrations sublétales d’acide et d’Al a provoqué une
perte plus rapide d’ions que la concentration sublétale d’acide seul pendant les 10 premiers jours, mais les
deux groupes ont par la suite retrouvé une ionorégulation normale apres 34 jours. L’exposition a2 une
concentration sublétale d’acide seulement avait un effet négligeable sur I’alimentation ou la croissance.
Toutefois, la croissance était réduite de 29 % chez les truites exposées a I’Al, ce qui est avant tout causé
par une diminution de |'appétit pendant les 10 premiers jours. La réduction de la croissance doit étre
considérée comme 'un des colits de I’acclimatement pendant I'exposition chronigue 2 des concentra-
tions sublétales d’Al.
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Chronic exposure of freshwater fish to sublethal alu-
minum concentrations is frequently encountered in
low-pH soft water due to the acid-induced leaching
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of Al from soils and sediments (Wright and Gjessing 1976;
Cronan and Schofield 1979; Dickson 1980). It is now clear
that at pH values between 4.7 and 5.5, fish kills may be
primarily due to the presence of Al rather than the H* con-
centation, per se (Schofield and Trojnar 1980; Baker and
Schofield 1982). Physiological studies have demonstrated
that Al causes acute ionoregulatory and respiratory distur-
bances in this pH range (e.g., Neville 1985; Booth et al.
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TaBLE 1. Measured water chemistry variables (means + SEM (n)) during

the chronic exposure regimes.

Exposure [Na*] [Ca®*] Total [Al]
group (wEqL™h)  (pEqL™) pH (ngL™h
6.5/0 854 %46 305+ 1.5 6.45 = 0.03 3606

(32) (36) (32)
5.2/0 85.3x52 280+1.0 537 +0.02 3.2+0.7

(32) (36) (32)
5.2/A1 85.6+5.3 26.5 0.9 5.22 +0.01 38.1+1.2

(32) (36) (35)

1988; Wood et al. 1988a) associated with surface binding
and precipitation of Al on the gills (Playle and Wood 1989,
1991; Reid et al. 1991). However, laboratory studies on pro-
longed exposure to sublethal Al have shown that acclimation
(i.e., increased resistance to lethal Al) occurs with time (Orr
et al. 1986; Wood et al. 1988b, 1988c; McDonald et al.
1991) which may explain the continued presence of fish
populations in acidified softwater lakes and rivers contain-
ing levels of Al in excess of 100 wg L™ (Wright and Snekvik
1978; Schofield and Trojnar 1980; Kelso et al. 1986).

The acclimation process results from a “damage/repair”
phenomenon involving physiological, biochemical, and struc-
tural changes at the gills (McDonald et al. 1991; Mueller
et al. 1991; McDonald and Wood 1992). In juvenile brook
trout (Salvelinus fontinalis), the initial damage phase (last-
ing 4-5 d} was characterized by the accumulation of gill Al,
reduction in whole-body electrolytes, severe gill histo-
pathologies, and impaired oxygen delivery to tissues (whole-
body lactate levels were elevated). Acclimation was observed
from day 10 onwards and was accompanied by at least par-
tial recovery of whole-body ion and lactate levels and a
progressive reduction in total gill Al.

The specificity of acclimation to Al is unknown, i.e.,
whether it will simultaneously increase a fish’s resistance
to other metals. Because the mechanism of acclimation is
probably designed to combat the mechanism of toxicity of a
metal, it is possible that metals with similar modes of toxic
action will elicit similar acclimatory responses and thus
may exhibit crossover resistance (McDonald and Wood
1992). Cu has similar effects to Al in freshwater fish; both
can impair respiratory gas exchange during acute exposure
and both interfere with the active influx and passive efflux
components of branchial ion transport (Laurén and McDonald
1985, 1986; Booth et al. 1988; Playle et al. 1989; Wilson
and Taylor 1993). Therefore, Cu is a likely candidate for
testing crossover resistance during acclimation to Al

Estimates of metabolic rate in fish acclimated to Al showed
increased energy requirements compared with control fish
when swimming aerobicaily (Wilson et al. 1994). However,
growth is a more sensitive indicator of subtle increases in
energy demand, and impaired growth has indeed been doc-
umented for fish exposed to sublethal acid and Al (Sadler and
Lynam 1987, 1988; Reader et al. 1988; Mount et al. 1988a,
1988b; Ingersoll et al. 1990a, 1990b; Wilson and Wood
1992). However, the relationship between energetic costs
and growth cannot be defined without the quantification of
energy input (feeding rate), in which appetite represents an
equally important factor.

The present paper deals with three elements: (i) the speci-
ficity of acclimation to Al tested by challenge with lethal
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levels of Cu, (ii) the resting ionoregulatory, respiratory, and
gill Al status during both chronic exposure to sublethal Al
and acute challenge with lethal Al, and (iii) some of the
potential costs of acclimation assessed by measuring growth
and feeding rates and the relevance of appetite. The study was
conducted in parallel with that described in our companion
paper (Wilson et al. 1994), using juvenile rainbow trout
(Oncorhynchus mykiss) exposed to pH 5.2 in the presence of
38 pg Al-L™!' for a period of 36 d. All measured variables
were compared with two other groups exposed to either
pH 5.2 or pH 6.5, both with no Al added. Exposures were
carried out in a synthetic software medium relevant to the
acid-threatened lakes and rivers of eastern North America and
Europe.

Materials and Methods

Animal Holding

Juvenile rainbow trout (5-13 g) were obtained from the
hatchery of the Wyoming Game and Fish Department,
Wyoming, and transported to the Red Buttes Fish Physiology
and Toxicology Laboratory, Laramie, Wyoming, where they
were initially maintained in continuously flowing well water
([Ca**] = 2.6, ([Na"] = 0.3 mEq-L™") and fed ad libitum.
During this holding period in hard water, fish were divided
into three groups of approximately 400 individuals. At this
stage, each individual was given a freeze-brand distinctive
of its group (Mighell 1969) to allow identification during
subsequent tests (see below).

Four weeks before starting the experimental regime the
holding water was switched from hard well water to con-
tinuously flowing synthetic soft water (nominal [Ca?*] = 25,
([Na*] = 80 pEq-L™’, pH 6.7-7.0, Pco, < 0.13 kPa) designed
to be similar to the composition of acid-threatened lakes
and streams in eastern North America and Europe. Soft
water was generated by treating the hard well water with
reverse osmosis followed by separate bed anion and cation
deionization. The required amounts of reagent-grade CaCl,
and NaCl were added via Mariotte bottles to the main head
tank and pH adjusted to the appropriate level in secondary
head tanks with either KOH or H,SO, using Leeds and
Northrup pH controllers. Fish were kept in circular 400-L
tanks supplied with water at 3.5 L-min™! (i.e., 12.6 volume
addition per day). The study was conducted from January
to March 1991 at 15°C (range +0.5°C) under a photoperiod
adjusted biweekly to follow the natural cycle for Laramie,
Wyoming.

After softwater acclimation, rainbow trout were exposed
to one of three conditions: (i) normal soft water at pH 6.5
(6.5/0 group), (ii) low-pH soft water (nominal pH 5.2)
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(5.2/0 group), and (iii) low-pH soft water (nominal pH 5.2)
with 38 wg ALI-L™! added (5.2/Al group). The elevated level
of Al was achieved by adding an AICl;-6H,O stock solu-
tion from Mariotte bottles into the appropriate softwater
supply. Water variables (pH, [Ca%*], [Na*}], and total Al)
were measured on samples collected daily from each tank
(Table 1).

Sampling Protocol

Thirty fish were sampled from each tank after 1, 5, 10, 17,
25, and 34 d of exposure to test for changes in tolerance
to Al and Cu (by LT50 tests) and to determine whole-body
ions and lactate and gili Al content. For Al LT50 tests,
10 fish from each group were transferred to a 400-L chal-
lenge tank receiving pH 5.2 soft water at 3.5 L-min~" with
162 pg A-LL™! added. For Cu LT50 tests, another 10 fish
were transferred to an identical tank with 32 pg Cu-L™'
added (no added Al). Cumulative mortalities in each tank
were recorded over the following 96 h or until all fish were
dead. Fish were removed and weighed as soon as mortalities
were observed. Using a single challenge tank for the Al LT50
tests and one tank for the Cu LT50 tests ensured identical
“challenge” conditions for all three groups. Individual freeze-
brand marks allowed identification of the origin of each
fish. At the end of each test, LT50 values (time to 50% mor-
tality) were estimated by log/probit analysis for each group.
The background level of Cu in chronic exposure tanks was
1.45 + 0.20 pg-L~! (mean + SEM of 34 water samples).

Ten of the 30 fish sampled from each tank were netted
individually, killed by decapitation with a sharp knife, and
the body portion immediately freeze-clamped between two
aluminum plates in liquid nitrogen. The mass of the frozen
body plus head was then measured to the nearest 0.01 g
and the frozen body stored at —80°C until preparation for
measurement of lactate and ion content. Gill baskets were dis-
sected free from the unfrozen head portion, washed for 10 s
in pH 5.2 Al-free soft water, and stored at —80°C for later
analysis of Al content.

On day 36, two additional challenge tests were performed.
First, 10 fish from each group were transferred to the Al
challenge tank and then sampled after 10 h (i.e., before any
mortality) for analysis of whole-body ions and lactate and gill
Al content to assess their physiological status during Al chal-
lenge. A second group of 10 fish from each tank was trans-
ferred to a low-pH challenge tank (pH 3.99, no Al added) and
LT50’s determined as above in order to test for acclimation
to acid alone. A further 10 fish from each exposure tank
were sampled on day 36 to assess whole-body water con-
tent. These fish were individually killed, blotted dry in paper
towels, weighed to the nearest 0.001 g, and dried at 85°C to
a constant weight.

Feeding Regime and Growth

Fish were fed to satiation twice per day at approximately
8-h intervals using floating trout pellets (Purina Trout Chow
ground and sieved manually to an average pellet size of
1.2 X 1.5 mm). For each exposure tank, a separate pre-
weighed bag of pellets was used. At the start of each meal,
food was offered in small aliquots (equivalent to less than 5%
of the daily ration) once every minute. Feeding was stopped
when uneaten pellets still remained after a period of 2 min,
and the amount of food eaten per day was calculated from the
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difference in bag weight at the beginning and end of each
day. Feeding rates (percent body weight per day) were cal-
culated from the weight of food eaten and the biomass in
each tank (equivalent to the product of average weight and
total number of fish per tank). This feeding protocol was
adopted during the last week of adjustment of softwater
conditions and continued throughout the entire experimental
exposure period. Exposure tanks were cleaned of organic
debris daily by siphon. To assess growth rates, 50 fish from
each tank were removed twice per week, weighed individually
in a tared vessel containing the appropriate medium, and
then returned to their original tank. Gross food conversion
efficiencies were calculated as described by Brett and Groves
(1979), using the weight of food eaten and the change in
whole-body dry weight (assuming 73% water content) for the
average fish in each group over the course of the study.

Analytical Techniques

For analysis of whole-body ions and lactate, frozen car-
casses were ground to a fine powder under liquid nitrogen
with a mortar and pestle. The frozen powder was weighed in
50-mL centrifuge tubes (once all residual liquid nitrogen
had gassed off) and deproteinized by adding a precise volume
(15-30 mL) of ice-cold 8% (w/v) perchloric acid. Homo-
genates were shaken thoroughly, aliowed to stand for 2 h
on ice, and centrifuged at 900g for 10 min. The concentra-
tion of lactate in the resultant supernatant was then mea-
sured on 67-pL aliquots using an enzymatic assay (L-lactate
dehydrogenase/NADH method) and Sigma reagents. Super-
natant C1~ was measured directly on duplicate 200-pL
aliquots by coulometric titration (Aminco-Cotlove}. Super-
natant Na was measured by atomic absorption spectophoto-
metry (Perkin Elmer 2380) following 1:100 dilution with
deionized water.

In preparation for the analysis of gill Al content, gill bas-
kets were thawed, weighed, and digested with five times
their weight of 1.0 N H,SO, in 15-mL capped polypropylene
centrifuge tubes at 80°C overnight. Gill digests were vor-
texed, centrifuged (900g for 5 min), and a sample of the
supernatant diluted 1:10 in deionized water. Twenty-microlitre
aliquots of the diluted supernatant were analyzed for Al
content using an atomic absorption spectrophotometer (Perkin
Elmer 2380) with graphite furnace attachment (Perkin Elmer
HGA-400). Atomiser parameters were 2-s ramp to 120°C,
20 s at 120°C, 2-s ramp to 1700°C, 10 s at 1700°C,
0.1-s ramp to 2700°C, and 5.0 s at 2700°C. Argon was
used as the carrier gas, and peak heights were read during
the final 5.0 s at A = 309.3 nm. Total [Cu] and [Al] in
water samples from the LT50 tests were similarly analyzed
by electrothermal atomic absorption spectrophotometry
and water [Ca®*]Jand [Na*] by flame atomic absorption
spectrophotometry.

Statistical Analysis

Mean values + SEM (n) are generally reported throughout
the text where n represents the number of fish or water sam-
ples. LT50 values were compared between groups using the
nomographic methods of Litchfield (1949) and Litchfield
and Wilcoxon (1949) at the 5% level of significance. Mean
values of all other variables were compared between groups
on each day using a Student’s unpaired r-test at the 5% level
of significance.
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FiG. 1. Estimated times to 50% mortality (LTSO s) during chal-
lenge w1th acutely lethal Al (162 pg-L™", pH 5.2) or Cu
(32 pg-L7, at pH 5.2). The vertical arrow on day 5 indicates
that less than 50% mortality occurred in the 5.2/Al group within
the 96-h test. Asterisks indicate a significant difference from
the 6.5/0 control group, and daggers indicate a significant dif-
ference from the 5.2/0 group.
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Results

Mortality and Acclimation

Mortality was low in the chronic exposure groups (0.25,
0.5, and 5.5% in the control, 5.2/0, and 5.2/Al groups,
respectively). Acclimation to lethal Al (161.7 + 2.5 wg L™},
(n = 35); pH 5.25 + 0.01, (n = 38)) was first observed in
the 5.2/Al group on day S and persisted thereafter, with the
5.2/Al fish surviving at least 2.6 times longer than the other
two groups (Fig. 1). Preexposure to acid alone did not result
in acclimation to Al.

With the exception of day 1 (see Fig. 1), challenge with
lethal Cu (32.2 = 1.3 pg-L™' (n = 33); pH = 5.21 £ 0.01
(n = 37)) resulted in 50% mortality in all groups within
about 48 h or less. On day 1 the Cu challenge LT50 values
were substantially higher (67-96 h) but were associated
with significantly lower measured ambient Cu levels dur-
ing this particular toxicity test (20.8 + 0.4 ng- L7 (n = 4).
During all subsequent LT50 tests the average measured Cu
levels in the Cu challenge tank ranged from 30.7 to
35.9 pg-L™" and produced LT50 values comparable with
those for unacclimated fish in the Al challengc tests. Thus,
the levels of Cu and Al (32 and 162 pg-L™") were of approx-
imately equivalent toxxclty On a molar basis ([Cu] = 0.52 and
[Al] = 5.55 wmol-L™"), Cu was therefore approximatly
10 times more toxic than Al at the ambient pH and Ca levels
we used.

In Cu LTS50 tests, significantly improved survival times
were seen on days 5 and 25 for the 5.2/Al trout and on
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FI1G. 2. Relationship between body mass and time to mortality
in control (open circles) and 5.2/0 (solid c1rcles) trout challenged
with lethal Al (162 wg-L™!, pH 5.25).

day 25 for the 5.2/0 trout when compared with the control
group (Fig. 1). However, these differences were small (rel-
ative to the Al LT50 tests) and were inconsistent. On day 36,
when challenged with lethal pH alone (pH 3.99 + 0.04
(n = 4), no Cu or Al added), LT50’s were similar in all
three groups (14.8, 17.3, and 17.5 h for the control, 5.2/0, and
5.2/Al groups, respectively), indicating no acclimation to
low pH itself in the absence of Al

During the course of LT50 tests, it was noticed that larger
fish tended to die earlier than smaller fish. Figure 2 shows
this phenomenon using the data accumulated from Al toxi-
city tests during the 34-d experimental period for the two
unacclimated groups (5.2/0 and 6.5/0). It is apparent that
no fish larger than about 15 g survived for more than 40 h
during the Al challenge. In contrast, 45% of fish smaller
than 15 g survived for 40 h or longer, and some of these
smaller fish were able to survive the fuil 96 h of the tests.
Thus, size had a substantial effect on survival during lethal
Al challenge.

Ionoregulatory and Respiratory Disturbances and Gill
Al content

Both experimental groups suffered losses of whole-body
Na® and CI~ over the first 5-17 d of exposure (Fig. 3). Ini-
tially, the losses were both more rapid and more severe in the
5.2/Al trout, being at least twofold greater on day 5. Whole-
body ions subsequently stabilized in the 5.2/Al trout, but
continued to fall in the 5.2/0 group until, by day 17, they had
reached similar levels to those in the 5.2/Al trout, repre-
senting losses of about 24 and 32% of their whole-body
Na™ and Cl~, respectively. Following day 17, ionic status
gradually recovered, and by day 34, whole-body Na™ and
Cl™ of both groups were not significantly different from
the control group. In contrast with ionoregularoty status,
the whole-body lactate contents of 5.2/0 and 5.2/Al trout
were never significantly different from the control group
(Fig. 3).

At the beginning of the sublethal exposures, total gill Al
in the 5.2/Al trout increased almost linearly with time, reach-
ing an initial peak on day 5 of around 29 pg-g~' (Fig. 3). Gill
Al burden subsequently declined between days 5 and 10,
but thereafter increased again reaching a maximum of 37.9 %
5.0 wg-g~! on day 34. The peak gill Al levels on days 5
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FIG. 3. Whole-body Na*, C17, and lactate and gill Al concen-
tration (relative to the control group) during 34 d of exposure
to pH 5.2 (open circles) or pH 5.2 with sublethal Al present
(38 pg Al-L™Y) (solid circles). The broken line represents the
combined mean values for control fish (maintained at pH 6.5,
zero Al; [Na*] =327 £ 0.5 (n = 60), [C17] = 29.0 £ 0.6 (n = 60),
[lactate] = 3.59 + 0.32 (n = 59) pEq-g wet weight ', gill [Al] =
1.09 £ 0.27 (n = 60) pg-g wet weight™'). Asterisks indicate
means significantly different (P < 0.05) from the 6.5/0 control
group, and daggers indicate means significantly different from the
5.2/0 group. The two peaks of gill Al in the 5.2/Al group (days 5
and 34) were also significantly higher than the trough on day 5.

and 34 were both significantly higher (P < 0.05) than the
trough on day 10 (Student’s unpaired #-test). There was no
accumulation of Al on the gills of the other two groups
throughout the study.

Physiological Responses to Lethal Al Challenge

Figure 4 shows the changes in four variables (whole-body
Na, Cl, and lactate and gill Al) in all three groups when
subjected to 10 h of exposure to lethal Al at pH 5.2 on
day 36. Whole-body losses of Na* and C1~ and increases
in lactate were significantly attenuated in the 5.2/Al group
compared with the controls. In contrast, the accumulation
of gill Al during lethal challenge was not different from
that in the control group. In the 5.2/0 group, ion losses and
lactate accumulation did not differ from those found in con-
trol fish (Fig. 4).
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F1G. 4. Physiological changes (whole-body Na*, C17, and lac-
tate and gill Al) following a 10-h challenge with lethal Al
(162 p,g-L_l, pH 5.2) on day 36. A values (n = 10) were obtained
by subtracting the mean value observed for each group on day 34
of the chronic sublethal exposure regimes. Open bars represent
the control group (6.5/0), hatched bars the 5.2/0 group, and solid
bars the 5.2/Al group.

Feeding and Growth

At the start of the exposure regimes, all three groups had
feeding rates of around 1.4% body weight per day (Fig. S).
From day 0 onwards, feeding rates were similar in the 5.2/0
and 6.5/0 groups (although the 6.5/0 group was usually
slightly higher), and both groups gradually increased their
daily food intake over the course of the study, reaching
3.3% by day 36 (Fig. 5). Exposure to sublethal Al caused an
immediate reduction in appetite and hence feeding rate,
reaching a minimum of 0.4% on day 3. Food intake gradu--
ally recovered thereafter, but remained below 1.5% for the
first 10 d. After day 10, daily food intake approached, but
never really matched, the rates maintained by the 5.2/0 and
6.5/0 groups and was still approximately one full percentage
point lower at day 34 (Fig. 5).

At the start of the study, average weights were very sim-
ilar in the three groups at around 7.5-8.5 g. Growth occurred
in all three exposure regimes and followed an exponential
curve when plotted as wet weight versus time (Fig. 5). Over-
all, the control group had the largest increase in mass dur-
ing the study, almost tripling their average to 21.1 + 1.1 g on
day 35. The 5.2/0 trout were slightly (but not significantly)
smaller on day 35 (19.17 £ 1.07 g) whereas the 5.2/Al trout
only managed to double their mass by this time (16.91 =
1.01 g). However, this was the only occasion on which the
weight of 5.2/Al trout was significantly lower than that of the
control group. Interestingly, from day 21 to 28, the 5.2/0
trout actually appeared to be growing faster than the control
trout and were significantly larger than the 5.2/Al trout on
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FiG. 5. Feeding rates and growth in the 6.5/0 group (broken
line), 5.2/0 group (open symbols), and 5.2/Al group (solid sym-
bols) during 34 d of the chronic sublethal exposyre regimes.
The lower panel shows mean wet weight (x SEM, n = 50-90)
with time during the chronic sublethal exposure regimes. Aster-
isks indicate significant difference from the 6.5/0 control group,
and daggers indicate significant difference from the 5.2/0 group.

days 10, 17, 21, 24, and 28 (Fig. 5).To test whether these
greater increases in wet mass in the 5.2/0 trout could be
due to impaired water balance rather than growth, we mea-
sured the water contents of 10 fish from each group at the
end of the study. On day 36, we found that whole-body
water contents ranged from 72.4 + 0.4% (5.2/0) to 74.6
0.6% (controls), but no differences were found between any
of the groups. The 5.2/Al group had the highest gross food
conversion efficiency at 38.2% compared with 31.6% for
the 6.5/0 control group and 28.3% for the 5.2/0 group.

Discussion

We have confirmed that acclimation is induced when trout
are continuously exposed to sublethal Al and that this accli-
mation is a product of the ambient Al level rather than the
simultaneous exposure to increased acidity (Orr et al. 1986;
Wood et al. 1988b, 1988c; McDonald et al. 1991; Wilson
and Wood 1992). The achievement of acclimation after just
5 d was slightly earlier than in most previous studies (see
below).

Specificity of Acclimation

Cu and Al act primarly at the gills of fish and appear to
have similar modes of toxic action; both disrupt Na* and
Cl™ balance and cause respiratory disturbances during acutely
lethal exposures (e.g., Playle et al. 1989; Wilson and Taylor
1993). The lack of cross-toxicant resistance between these
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two metals implies that acclimation to Al involves changes
that are specific to Al rather than the toxic effects it pro-
duces. This is not the case for other toxic metals. For exam-
ple, Zn and Cd both interfere with branchial control of Ca’t
balance, and acclimation to Cd has been shown to increase
resistance to Zn and vice versa (Kito et al. 1982; Duncan
and Klaverkamp 1983; Thomas et al. 1985; Klaverkamp
and Duncan 1987). However, this may simply mean that
Cd and Zn inhibit Ca®" transport via very similar mecha-
nisms. Cu and Al inhibit the Na™ uptake mechanism in a
similar if not identical manner, through the blockade of trans-
port enzymes (reviewed by Wood 1992). However, they may
disrupt tight junctions and stimulate passive Na* losses
(JN2), via subtly different mechanisms because J%, is inde-
pendent of the ambient {Ca®*] during Cu exposure (Laurén
and McDonald 1985, 1986) but is Ca?* dependent during
Al exposure (Booth et al. 1988; Wood et al. 1988a, 1988c;
Playle et al. 1989). Perhaps this subtie difference between the
mechanisms of Al and Cu toxicity is the basis for the lack of
their crossover resistance. Whether this is true or not, it is
apparent that the gross symptoms of toxicity are not sufficient
in themselves to be able to predict mechanisms of toxicity
and acclimation.

Size Effect

The observation that size has a critical effect on the acute
toxicity of Al is not new (Baker and Schofield 1982; Brown
1983; Rosseland and Skogheim 1984; Cleveland et al. 1986;
Hunn et al. 1987; Ingersoll et al. 1990b; Wood et al. 1990).
However, these previous studies demonstrated this effect
using different life stages or age groups of fish. All our fish
were of the same age, and therefore, differential sensitivity
to Al can only be attributed to size in this case. This age-
independent size effect has not been previously reported
and could obviously influence toxicity test results. How-
ever, there were no significant differences in the mean weight
of fish used in LT50 tests between groups on any given day,
so size cannot be considered a complicating factor in the
acclimation observed in the 5.2/Al trout. Nevertheless, the
general increase in weight in all three groups with time may
explain why LT50 values all tended to decrease during the
course of the study. One possible physiological explanation
for the size effect during lethal Al challenge could be that
cutaneous gas exchange is greater (proportionally) in smaller
fish, making them less dependent on the gills (where most of
the damage through Aj precipitation is occurring) and there-
fore more tolerant to toxic Al concentrations. Some support
for this may be the opposite size dependence found during
exposure to ambient hypoxia (Shepard 1955) where gas
transfer through the skin and gills would be affected equally.

Acclimation and Physiological Recovery

Peak respiratory and ionoregulatory disturbances consis-
tently occur within the first 5 d of sublethal exposure to Al
(Booth et al. 1988; Playle et al. 1989; McDonald et al. 1991;
Wilson and Wood 1992; present study). In contrast, the time
required for the development of acclimation varies consid-
erably (5-17 d). This variability in the time to acclimation
is not related to the concentration of Al used or, conse-
quently, the severity of the initial damage caused. However,
acclimation usually does precede the recovery of physio-
logical status. The temporal seperation of these processes
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suggests that the underlying mechanisms behind acclima-
tion and physiological recovery may be independent of each
other. One observation previously linking acclimation to
physiological recovery was that fish exposed to acid alone,
which does not induce acclimation, did not recover ionoreg-
ulatory status but merely stabilized at a new reduced level
(Audet et al. 1988; Audet and Wood 1988; Wood et al.
1988c; McDonald et al. 1991; Wilson and Wood 1992).
We have now observed that trout exposed to acid alone or
acid + Al can recover their ionic status to the same degree
given time, even though fish exposed to acid alone still fail
to acclimate to low pH itself. Clearly, increased resistance is
not required for the recovery of ionoregulatory status, and
vice versa. In terms of respiratory disturbances, we observed
that resting whole-body [lactate] was unaffected, indicat-
ing negligible impairment of oxygen uptake under routine
conditions. Although a prerequisite of acclimation may be
some degree of disturbance to gill morphology and aerobic
capacity (McDonald and Wood 1992; Wilson et al. 1994), the
threshold for acclimation to Al obviously does not neces-
sitate impaired gas transfer in the nonactive state.

Physiological Correlates of Acclimation

Fish chronically exposed to sublethal Al clearly showed
reduced physiological disturbances, in terms of whole-body
ion losses and lactate accumulation, when challenged with a
potentially lethal Al concentration. This attenuation was
similar to that described by McDonald et al. (1991} and
Reid et al. (1991) in acclimated brook trout and is to be
expected if acclimatory changes are directed at preventing the
detrimental action of Al at the gills. Nevertheless, opposite
to the expected trend, and in contrast with previous find-
ings (McDonald et al. 1991; Reid et al. 1991), we observed
that acclimated fish did not accumulate any less Al on their
gills than nonacclimated fish during lethal Al challenge.
This disagreement is difficult to explain, but may be a func-
tion of the different sampling protocols used; we measured
gill Al on all fish after 10 h of exposure, prior to any mor-
tality, whereas McDonald et al. (1991) and Reid et al. (1991)
used only the surviving fish remaining after 24 or 40 h of
lethal challenge. v

A similar anomaly was observed during the sublethal Al
exposure in our study, i.e., that acclimation was first observed
on day 5 when gill Al content had reached an initial peak,
and that acclimation remained despite a secondary, more
gradual increase in the gill Al content with time. Earlier,
we observed an almost identical, biphasic pattern of gill Al
changes in the same species, under very similar conditions
(Wilson and Wood 1992). We speculated at the time that
this pattern represented two separate accumulations of Al
in the gills: one that occurs rapidly and is externally located
(on the gill surface and within the gill mucus) but that recov-
ers with acclimation and the other internal (within the gill
cells themselves) that is slower but eventually masks the
decline of external [Al]. Both these studies with rainbow
trout contrast with the findings of McDonald et al. (1991)
who showed that brook trout only became acclimated as
the gill Al burden was progressively reduced. This could
reflect species differences in the mechanism of acclimation;
however, the two studies are not directly comparable due
to the higher level of Al (75-150 wg-L™!) used in the brook
trout study (McDonald et al. 1991).
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A change at the gill surface that prevents the deposition of
Al is often cited as a key feature of acclimation to Al
(McDonald et al. 1991; Reid et al. 1991; McDonald and
Wood 1992). Several components of such acclimatory
changes have been suggested. Respiratory problems prob-
ably result from precipitation of Al within the gill micro-
environment (Playle and Wood 1991). The inflammatory
response to this may be reduced when mucus turnover rates
are increased such that clearance of insoluble Al is accel-
erated (McDonald et al. 1991). On the other hand, the dis-
ruption of ionoregulation is thought to result from the chem-
ical binding of soluble, charged Al species to structural
elements of the gili surface (Playle and Wood 1991). A sec-
ond component of acclimation appears to be a change in
ligand chemistry with a reduction in the affinity of the gill
surface for Al, resulting in the restoration of normal ionoreg-
ulatory function (Reid et al. 1991).

In support of this “model” was the observation that a sub-
stantial hypertrophy of mucous cells coincided with the first
apperance of increased resistance (Wilson et al. 1994). How-
ever, it is difficult to reconcile these ideas with our results
concerning increases in gill Al content during both sub-
lethal exposure and lethal challenge. Clearly, more work is
required to provide a model of acclimation that satisfies all
the existing observations.

Feeding and Growth

Previous investigations on brown trout {Salmo trutta)
(Sadler and Lynam 1987, 1988; Reader et al. 1988), brook
trout (Mount et al. 1988a, 1988b; Ingersoll et al. 1990a,
1990b), and rainbow trout (Wilson and Wood 1992) have
documented reduced growth in Al-exposed fish. However,
most studies have either used a fixed maintenance ration
or given only anecdotal or semiquantitative reports of feed-
ing behaviour. Here, we have clearly shown that when trout
are fed to satiation, reduced growth after 34 d in Al-exposed
fish can be at least partially accounted for by a reduction
in appetite during the first 10 d. Increased energy expendi-
ture seemed a likely additional factor involved in reduced
growth based on our estimates of metabolic rate from forced
swimming tests (Wilson et al. 1994). However, trout within
the 5.2/Al exposure tanks were noticeably less active, even
listless, compared with the other two groups. Indeed, reduced
spontaneous activity has been guantitatively documented in
cutthroat trout (Oncorhynchus clarki, previously Salmo
clarki) (Woodward et al. 1989) and brook trout (Cleveland
et al. 1986, 1989) exposed to sublethal Al. Ironically, this
could be important in explaining the greater gross food con-
version efficiency in 5.2/Al fish (38.2% compared with
31.6% in the control group). A lower overall routine meta-
bolic rate could result in a greater percentage of the dietary
protein being retained for growth. This will be true in the lab-
oratory where food is supplied, but a decrease in routine
activity in the wild would surely reduce an animal’s overall
fitness to feed and avoid predation. The apparent increase in
food conversion efficiency should therefore be interpreted
with caution, and appetite, rather than changes in metabolism,
must be considered the principal cause of reduced growth in
Al-exposed trout.

Feeding rates in trout exposed to acid alone were simi-
lar to those in control fish, indicating that the reduced
appetite was solely due to the presence of Al. Acid pH lev-
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els lower than 5.2 have been found to impair growth in the
absence of Al (Menendez 1976; Sadler and Lynam 1987;
Ingersoll et al. 1990a). However, pH 5.2 had no significant
impact on overall growth in the present study, similar to
our findings in trout fed a constant maintenance ration of
1% body weight per day (Wilson and Wood 1992). Thus,
regardless of the feeding regime adopted, it would appear that
any increased energy expenditure associated with exposure
to pH 5.2 has little impact on the total energy budget of
the animal, and specifically the energy invested in growth.
This is supported by the fact that the gross food conver-
sion efficiencies of 5.2/0 and 6.5/0 trout were similar.

In summary, acclimation to Al clearly occurs when trout
are chronically exposed to sublethal Al at low pH and is
entirely due to the presence of Al because acidity alone
does not result in increased resistance to either acid or Al
As one might expect, acclimation is associated with reduced
physiclogical disturbances during lethal challenge with Al,
but is relatively specific to the offending metal, rather than
the symptoms it produces, because increased resistance to Cu
was not consistently observed. Contrary to previous stud-
ies (Audet et al. 1988; Wood et al. 1988c; McDonald et al.
1991; Wilson and Wood 1992), we have found that trout
exposed to acid alone (in addition to acid + Al) can recover
their physiological status, given time, even though accli-
mation is not induced. Finaily, while increased resistance
to potentially lethal pulses of acid/Al is an obvious bene-
fit of chronic sublethal exposure to acid + Al, there are
some costs involved. Reduced feeding and growth rates (in
addition to impaired aerobic scope and swimming perfor-
mance; Wilson et al. 1994) have now been identified as
major costs associated with chronic sublethal exposure and
in the wild would limit the ability of fish to feed, avoid
predation, and reproduce (Little and Finger 1990). These
costs must be weighed against the benefits of increased
resistance when considering the overall fitness of accli-
mated fish in real ecological situations.

Acknowledgements

This work was supported by a NSERC Strategic Grant in
Environmental Quality to C.M.W. The authors wish to thank
Joe Bobbit, Annie Narahara, Connie Boese, and Jose Fernandez
for their invaluable help at the Red Buttes hostelry.

References

AvupEer, C., R.S. MUNGER, AND C.M. WooD. 1988. Long-term sublethal
acid exposure in rainbow trout (Salme gairdneri) in soft water: effects
on ion exchanges and blood chemistry. Can. J. Fish. Aquat. Sci. 45:
1387-1398.

AUDET, C., AND C.M. Woob. 1988. Do rainbow trout acclimate to low pH?
Can. J. Fish. Aquat. Sci. 45: 1399-1405.

BAKER, J.P., AND C.L. ScHOFIELD. 1982. Aluminum toxicity to fish in
acidic waters. Water Air Soil Pollut. 18: 289-309.

BoortH, C.E., D.G. McDonNALD, B.P. Smons, aND C.M. Woob. 1988.
Effects of aluminum and low pH on net ion fluxes and ion balance
in the brook trout {Salvelinus fontinalis). Can. J. Fish. Aquat. Sci. 45:
1563-1574.

BretT, J.R., AND T.D.D. GrOVEs. 1979. Physiological energetics, p. 279-352.
In W.S. Hoar and D.J. Randall [ed.] Fish physiology. Vol. 8. Academic
Press, Inc., New York, N.Y.

BrowN, D.J.A. 1983. Effect of calcium and aluminum concentrations on the
survival of brown trout (Salmo Trutta) at low pH. Bull. Environ.
Contam. Toxicoel. 30: 582-587.

CLEVELAND, L., E.E. LITTLE, S.J. HAMILTON, D.R. BUCKLER, AND J.B. HUNN.

534

1986. Interactive toxicity of aluminum and acidity to early life stages
of brook trout. Trans. Am. Fish. Soc. 115: 610-620.

CLEVELAND, L., E.E. LITTLE, R.H. WIEDMEYER, AND D.R. BUCKLER. 1989.
Chronic no-observed effect concentrations of aluminum for brook
trout exposed in low-calcium, dilute acidic water, p. 229-245. In
T.E. Lewis [ed.] Environmental chemistry and toxicology of alu-
minum. Lewis Publishers, Inc., Chelsea, Mich.

CronaAN, C.S., aND C.L. SCHOFIELD. 1979. Aluminum leaching response
to acid precipitation: effects of high elevation watersheds in the North-
east. Science (Wash., D.C.) 204: 304-306.

Dickson, W. 1980. Properties of acidified waters, p. 75-83. In D. Drablos
and A. Tollan [ed.] Proc. Int. Conf. Ecol. Impact Acid Precip. SNCF
Project, Norway.

Duncan, D.A., anD LF. KLAVERKAMP. 1983. Tolerance and resistance to cad-
mium in white suckers (Catostomus commersoni) previously exposed
to cadmium, mercury, zinc, or selenium. Can. J. Fish. Aquat. Sci. 40:
128-138.

HunN, J.B., L. CLEVELAND, AND E.E. LiTTLE. 1987. Influence of pH and alu-
minum on developing brook trout in a low calcium water. Environ.
Pollut. 43: 63-73.

InGeRsoLL, C.G., D.D. GuLLEY, D.R. MounT, M.E. MUELLER, J.D. FERNANDEZ,
J.R. HOCKETT, AND H.L. BERGMAN. 1990a. Aluminum and acid toxicity
to two strains of brook trout (Salvelinus fontinalis). Can. J. Fish. Aquat.
Sci. 47: 1641-1648.

IngErsoLL, C.G., D.R. MouNTt, D.D. GULLEY, J.D. FERNANDEZ,
T.W. LAPoOINT, AND H.L. BERGMAN. 1990b. Effects of pH, aluminum,
and calcium survival and growth of eggs and fry of brook trout (Salveli-
nus fontinalis). Can. J. Fish. Aquat. Sci. 47: 1580-1592.

KELso, J.RM., C.K. MInNs, J.E. GRAY, AND M.L. JoNES. 1986. Acidifi-
cation of surface waters in eastern Canada and its relationship to
aquatic biota. Can. Spec. Publ. Fish. Aquat. Sci. 87: 42 p.

Kiro, H., T. Kazawa, Y. Osg, T. SATO, AND T. IsHiIKAwA, 1982. Protection
by metallothionein against cadmium toxicity. Comp. Biochem. Physiol.
73: 135-139.

KLAVERKAMP, J.F., AND D.A. DuNcaN. 1987. Acclimation to cadmium tox-
icity by white suckers: cadmium binding capacity and metal distribu-
tion in gill and liver cytosol. Environ. Toxicol. Chem. 6: 275-289.

LAUREN, D.J., AND D.G. McDoNALD. 1985. Effects of copper on branchial
ionoregulation in the rainbow trout, Salmo gairdneri Richardson. Mod-
ulation by water hardness and pH. J. Comp. Physiol. 155B: 635-644.

LAUREN, D.J., AND D.G. McDoNALD. 1986. Influence of water hardness,
pH, and alkalinity on the mechanisms of copper toxicity in juvenile rain-
bow trout, Salmo gairdneri. Can. J. Fish. Aquat. Sci. 43: 1488-1496.

LitcHFIELD, J.T. 1949. A method for rapid graphic solution of time —
percent effect curves. J. Pharmacol. Exp. Ther,. 97: 399-408.

LITCHFIELD, J.T., AND F. WILCOXON. 1949. A simplified method of evalu-
ating dose—effect experiments. J. Pharmacol. Exp. Ther,. 96: 99-113.

LirTie, E.E., AND S.E. FINGER. 1990. Swimming behaviour as an indicator
of sublethal toxicity in fish. Environ. Toxicol. Chem. 9: 13-16.

McDoNaALD, D.G., aNnD C.M. Woob. 1992. Branchial mechanisms of accli-
mation to metals in freshwater fish, p. 295-319. In C. Rankin and
F.B. Jensen {ed.] Fish ecophysiology. Chapman and Hall, London,
England.

McDonaLp, D.G., C.M. Woop, R.G. REEM, M.E. MEULLER, D.R. MOUNT,
AND H.L. BERGMAN. 1991. Nature and time course of acclimation to alu-
minum in juvenile brook trout (Salvelinus fontinalis). 1. Physiology.
Can. J. Fish. Aquat. Sci. 48: 2006-2015.

MENENDEZ, R. 1976. Chronic effects of reduced pH on brook trout (Salvefi-
nus fontinalis). J. Fish. Res. Board Can. 33: 118-123.

MIGHELL, J.L. 1969. Rapid cold-branding of salmon and trout with liquid
nitrogen. J. Fish. Res. Board Can. 26: 2765-2769.

Mount, D.R., .R. HockeTT, AND W.A. GERN. 1988a. Effect of long-term
exposure to acid, aluminum, and low calcium on adult brook trout
(Salvelinus fontinalis). 2. vitellogenesis and osmoregulation. Can. J. Fish.
Aquat. Sci. 45: 1623-1632.

Mount, D.R., C.G. INGErRSOLL, D.D. GULLEY, J.D. FERNANDEZ,
T.W. LAPoOINT, AND H.L. BERGMAN. 1988b. Effect of long-term expo-
sure to acid, aluminum, and low calcium on adult brook trout (Salveli-
nus fontinalis). 1. Survival, grwoth, fecundity, and progeny survival.
Can. J. Fish. Aquat. Sci. 45: 1623-1632.

MUELLER, M.E., D.A. SANCHEZ, H.L. BERGMAN, D.G. McDoNALD,
R.G. R4EM, AND C.M. Woob. 1991. Nature and time course of accli-
mation to aluminum in juvenile brook trout (Salvelinus fontinalis)
2. Histology. Can. J. Fish. Aguat. Sci. 48: 2016-2027.

NEeVILLE, C. 1985. Physiological response of juvenile rainbow trout, Salmo
gairdneri, to acid and aluminum — prediction of field responses from
laboratory data. Can.J. Fish. Aquat. Sci. 42: 2009-2019.

Can. J. Fish. Aquat. Sci., Vol. 51, 1994



ORR, P.L. R.W. BrADLEY, J.B. SPRAGUE, AND N.J. HUTCHINSON. 1986.
Acclimation-induced change in toxicity of aluminum to rainbow trout
(Salmo gairdneri). Can. J. Fish. Aquat. Sci. 43: 243-246.

PLAYLE, R.C., G.G.Goss, aND C.M. Woob. 1989. Physiological distur-
bances in rainbow trout (Salme gairdneri) during acid and aluminum
exposures in soft water of two calcium concentrations. Can. J. Zool. 67:
314-324.

PLAYLE, R.C., AND C.M. Woop. 1989. Water pH and aluminum chemistry
in the gill microenvironment of rainbow trout during acid and alu-
minum exposure. J. Comp. Physiol. 159B: 539-550.

PLaYLE, R.C., aND C.M. Woob. 1991. Mechanisms of aluminium extraction
and accumulation at the gills of rainbow trout, Oncorhynchus mykiss
(Walbaum), in acidic soft water. J. Fish. Biol. 38: 791-805.

READER, J.P. T.R.K. DALZiEL, AND R. MoRRIs. 1988. Growth, mineral
uptake and skeletal calcium deposition in brown trout, Salmo trutta L.,
yolk-sac fry exposed to aluminium and manganese in soft acid water.
J. Fish. Biol. 32: 607-624.

REID, $.D., R.G. RHEM, AND D.G. McDoNALD. 1991. Acclimation to sub-
lethal aluminum: modifications of metal — gill surface interactions of
juvenile rainbow trout (Oncorhynchus mykiss). Can. J. Fish. Aquat.
Sci. 48: 1995-2004.

ROSSELAND, B.O., aND O.K. SKOGHEIM. 1984. A comparative study on
salmonid fish species in acid aluminum-rich water. II. Physiological
stress and mortality of one- and two-year-old fish. Inst. Freshwater
Res. Natl. Swed. Board Fish. Rep. 61: 186-194.

SADLER, K., AND S. Lynam. 1987. Some effects on the growth of brown trout
from exposure to aluminium at different pH levels. J. Fish. Biol. 31:
209-219.

SADLER, K., AND S. LyNaM. 1988. The influence of calcium on aluminium-
induced changes in the growth rate and mortality of brown trout,
Salmo trurta L. J. Fish. Biol. 33: 171-179.

ScHoFIELD, C.L., AND J.R. TROINAR. 1980. Aluminum toxicity to brook
trout (Salvelinus fontinalis) in acidified waters, p. 341-363. In
T.Y. Toribara, M.W. Miller, and P.E. Morrow [ed.] Polluted rain.
Plenum Press, New York, N.Y.

SHEPARD, M.P. 1955. Resistance and tolerance of young speckled trout
(Salvelinus fontinalis) to oxygen lack, with special reference to low
oxygen acclimation. J. Fish. Res. Board Can. 12: 387-433.

TuoMmas, D.G., M.W. BrRowN, D. SHURBEN. J.F. pEL G. SOLBE, A. CRYER,
AND J. KAy. 1985. A comparison of the sequestration of cadmium
and zinc in the tissue of rainbow trout (Salmo gairdneri) following
exposure to the metals singly or in combination. Comp. Biochem.
Physiol. 82C: 55-62.

Can. J. Fish. Aquat. Sci., Vol. 51, 1994

WiLsoN, R.W., H.L. BERGMAN, aND C.M. WooD. 1994. Metabolic costs
and physiological consequences of acclimation to aluminum in juve-
nile rainbow trout (Oncorhynchus mykiss). 2: gill morphology, swim-
ming performance, and aerobic scope. Can. J. Fish. Aquat. Sci. 51:
536-544.

WiLsoN, R.W., anp E.W. TAYLOR. 1993. The physiological responses of
freshwater rainbow trout, Oncorhynchus mykiss, during acutely lethal
copper exposure. J. Comp. Physiol. B 163: 38-47.

WiLsoN, R.W., aNp C.M. Woob. 1992. Swimming performance, whole
body ions, and gill Al accumulation during acclimation to sublethal alu-
minium in juvenile rainbow trout (Oncorkynchus mykiss). Fish. Physiol.
Biochem. 10: 149-159.

Woop, C.M. 1992. Flux measurements os indices of H' and metal effects
on freshwater fish. Aquat. Toxicol. 22: 239-264.

Woop, CM., D.G. McDoNALD, C.E. Bootd, B.P. Simons, C.G. INGERSOLL,
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:
1587-1596.

Woop, C.M., D.G. McDonALD, C.G. INGERSOLL, C.R. MOUNT,
O.E. JOHANNSSON, S. LANDSBERGER, AND H.L. BERGMAN. 1990.
Whole body ions of brook trout (Salvelinus fontinalis) alevins: responses
of yold-sac and swim-up stages tcowater acidity, calcium, and alu-
minum, and recovery effects. Can. J. Fish. Aquat. Sci. 47: 1604-1615.

Woob, C.M,, R.C. PLAYLE, B.P. SimMoNs, G.G. Goss, AND D.G. MCDONALD.
1988b. Blood gases, acid-base status, ions, and hematology in aduit
brook trout (Salvelinus fontinalis) under acid/aluminum exposure.
Can. J. Fish. Aquat. Sci. 45: 1575-1586.

Woop, C.M., B.P. SiMoNs, D.R. MounT, AND H.L.. BERGMAN. 1988c.
Physiological evidence of acclimation to acid/aluminum stress in adult
brook trout (Salvelinus fontinalis). 2. Blood parameters by cannulation.
Can. J. Fish. Aquat. Sci. 45: 1597-1605.

Woobwarp, D.F., A M. FARAG, M.E. MUELLER, E.E. LITTLE, AND
F.A. VerTuCcl. 1989. Sensitivity of endemic snake river cutthroat
trout to acidity and elevated aluminum. Trans. Am. Fish. Soc. 118:
630-643.

WRIGHT, R.F., AND E.T. GJESSING. 1976. Acid precipitation: changes in
the chemical composition of lakes. Ambio 5: 219-223.

WRIGHT, R.F., AND E. SNEkvVIK. 1978. Chemistry and fish populations in
700 lakes in southernmost Norway. Verh Int. Ver. Limnol. 20: 765-775.

9.1
2
wn





