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Summary. Rainbow trout (Salmo gairdneri) were
exposed to acidic soft water (pH;, 4.2-6.3) in the
presence (93 pg-171) or absence of Al. Fish were
fitted with latex masks and opercular catheters to
measure ventilation (V,), pH changes at the gills,
O, consumption (Moz), ammonia excretion
(M), and Al extraction. During 2-3-h expo-
sures, V,, was generally higher in Al-exposed fish
over the pH;, range 4.7-6.3. Alkalinization of ex-
pired water was about 0.3 pH units less in Al-ex-
posed fish than in acid-only exposed fish at pH;,
4,5-5.2, an effect attributable to both increased 7,
and to buffering by Al. During 44-h exposures to
pH,, 5.2 and 4.8 plus Al, V,, increased greatly and
expired water pH (pH,.,) decreased with time.
There was a small increase in V, over 44 h at
pH 4.4 plus Al, and no changes in pH,,. In con-
trast, during 44-h exposures to pH 5.2, 4.8, and
4.4 in the absence of Al, such changes were much
smaller or absent. During both short- and longer-
term exposures, measured Al accumulation on the
gills was only 5-18% of that calculated from cu-
mulative Al extraction from the water, suggesting
considerable sloughing of Al In free-swimming
trout, gill Al accumulation was greatest during ex-
posure (2 h) to Al at pH 5.2, lower at pH 4.8, and
least at pH 4.4 and 4.0. Our results suggest that
Al deposition occurs at the gills, causing respirato-
ry and ionoregulatory toxicity, because the pH in
the branchial micro-environment is raised above
that in the acidic inspired soft water. Higher pH
at fish gills may result in Al precipitation due to
loss of solubility, or Al accumulation because of
shifts in Al species to Al-hydroxide forms which
more readily adsorb to the gills.
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Introduction

Aluminum is a gill toxicant of fish, and is especially
important in acidic soft water where Al leached
from soil and rock may add to the toxic effects
of acidity alone (for reviews of acidic precipitation
and Al see Howells et al. 1983; Dillon et al. 1984 ;
Havas and Jaworski 1986; Schindler 1988). Alumi-
num can enhance the ion losses at fish gills above
that caused by acidity (Muniz and Leivestad 1980;
Neville 1985; Witters 1986; Booth et al. 1988), and
can cause respiratory disturbances that are not
seen in acid exposures alone {Rosseland 1980; Ne-
ville 1985; Wood et al. 1988; Playle et al. 1989).
In general, ionic and respiratory disturbances ow-
ing to Al are more pronounced at moderate to
higher pH (i.e., pH 4.8-6.5). At these pHs, Al de-
position onto gills could cause gill inflammation
and damage, leading to ion losses and gas transfer
impairment (Wood and McDonald 1987; Wood
et al. 1988; Playle et al. 1989).

Inspired soft water of pH <6 is rendered more
basic as it passes across the gills of the trout. Con-
versely, inspired soft water of pH>6 is rendered
more acidic as it passes across the gills (Randall
and Wright 1989; Playle and Wood, in press). The
changes occurring between: inspired and expired
water are adequately explained by carbon dioxide,
base, and ammonia release at the gills, which tend
to acidify or alkalinize the water passing over the
gills (Playle and Wood, in press). Such changes
in water pH may be particularly important for gill
contaminants whose toxicities vary with pH: high-
er or lower pH near the gills may change toxicant
solubility or speciation in the branchial micro-envi-
ronment compared to the bulk, inspired water.
Aluminum is of particular interest in this regard
because of its prevalence in acidified soft waters,
and its pH-dependent solubility and speciation,
both of which vary considerably over a fairly nar-
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row range of acidic pH (i.e., pH 4.0-6.5). Further-
more, changes in Al speciation (i.e., AI{OH);+
3H*=A13* +3 H,0) can buffer pH.

The first objective in the present study was to
determine whether the pH changes in soft water
passing over fish gills are altered in the presence
of Al. The second goal was to determine whether
the pH changes in the branchial micro-environ-
ment are large enough to cause loss of Al solubili-
ty, or shifts in Al speciation, resulting in Al deposi-
tion onto the gills. The Rainbow trout was selected
as a model fish species because of its sensitivity
both to acidity and to Al (Neville 1985; Playle
ct al. 1989), and soft water of defined composition
was used to approximate natural soft waters most
susceptible to acidification. The pHs examined
(pH 4.2-6.3) represent very acidic to circumneutral
conditions, and the Al concentration used (93 pg-
171) is representative of concentrations commonly
found in acidic soft water in the field (Dillon et al.
1984). It is conciuded that pH changes at trout
gills are large enough to affect Al solubility and
speciation, and that the resultant deposition of alu-
minum hydroxides onto the gills can explain the
toxic effects of Al

Materials and methods

Experimental animals and water. Rainbow trout (Salmo gaird-
neri) were purchased from Spring Valley Trout Farm, New
Dundee, Ont. Mean weight of the 40 trout used for opercular
catheter and ventilation experiments was 282+7 g (+1 SEM).
Fish were held in dechlorinated Hamilton city tapwater, then
acclimated for at least two weeks to synthetic soft water before
all experiments; details are given in Playle and Wood (in press).
Soft water acclimation conditions were Ca?™ ~47 pequiv-171,
Na* ~68 pequiv-171, Cl™ ~95 pequiv-1~7, titratable alkalinity
to pH 4.0 ~ 135 pequiv-17*, pH~6.7, at 15° C.

Latex surgical gloves minus thumbs and fingers were sewn
around each fish’s mouth to serve as ventilation masks (see
Cameron and Davis (1970) and Wright et al. (1986) for details),
and the fish were fitted with opercular catheters made from
Clay-Adams PE-190 polyethylene tubing (Playle and Wood,
in press). Fish were then placed in one of 5 ventilation collection
boxes of the design described by Cameron and Davis (1970).
Well-aerated water flowed from a head tank into the anterior
chamber of each fish box (flow>fish ventilatory demand),
passed over the gills into the posterior chamber as a result
of the fish’s ventilation, then overflowed to waste. Opercular
catheters were tested to ensure they were siphoning water from
a site which provided representative O, transfer (i.e., not draw-
ing water from an anatomical dead space; cf. Davis and Watters
1970). If O, transfer (the difference between inspired and ex-
pired O, concentrations) was less than about 20 uM, the cathe-
ter was repositioned on the operculum. Recovery time was
~48 h after the initial operations and ~24 h after catheter
repositioning.

Water in the head tank was acidified using 0.5 M H,SO,,
delivered by a magnetic valve controlled by a Radiometer
PHMS$2 pH meter and Radiometer GK2401C combination
clecirode. The headtank was vigorously aerated to keep Po,

high (~150 torr) and Pco, low (~1 torr). Aluminum was added
by peristaltic pump as a concentrated solution (AlCl;-6 H,O
(Sigma); 0.39 g-17'; pH ~4.0) to water leaving the head tank.
The standard Al concentration used was 9342 ug-17! (mean
+1 SEM, n=67); Al concentrations in the absence of added
Al were about 5 pg-17*. Water flowed directly to the inspired
chambers of the fish ventilation boxes, then to waste. This one-
pass, flow-through system was used instead of a static system
to minimise Al complexation with organic material.

Experimental protocols. In the first set of experiments, five fish
at a time were exposed to one of seven acidic pHs between
pH 6.3 and 4.2 (no Al) for 2-3 h. Measurements were taken,
then the fish were exposed to the same pHs pius Al for a further
2-3 h, and measurements taken again. The cycle was then re-
peated at a different pH. Parameters measured in these experi-
ments were ventilation volume (V,,), water pH, oxygen tension
(Po,), ammonia concentrations, and Al concentrations, for both
inspired and expired samples (see below). In general, fish recov-
ered from acid or acid pius Al exposures quickly, but as a
precaution exposures to extreme pHs in the presence of Al
(<4.5, >6.0) were made at the end of the day, followed by
a return to circumneutral pH overnight. In a second set of
experiments five fish at a time were exposed to pH 5.2, 4.8,
or 4.4 (no Al) for ~44 h, or were exposed to pH 5.2, 4.8, or
4.4 for 2-3 h, then Al was added for the remaining 44 h. Mea-
surements of V,, and inspired and expired parameters were
taken as in the preceding set of experiments. At the end of
some of the 44-h exposures, gills were removed for analysis
of accumulated Al (see below). Over the course of both sets
of experiments, water Ca’* and Na™ concentrations averaged
5441 and 6341 pequiv-1™* (n=97), respectively, and experi-
mental temperatures were 15-16 °C. Fluoride concentrations
were <1 pequiv-17!, measured by HPLC (Waters 510 pump,
430 conductivity meter, and IC-Pak anion exchange column).

A third set of experiments was run to test hypotheses re-
garding Al deposition onto gills of free-swimming, relatively
unrestrained trout (31647 g, n=31). Groups of three trout
were placed in a single 33-L container, through which flowed
acidified soft water, or acidified soft water plus Al, at about
520 ml-min~?'. Exposure conditions used were: pH 4.8 and 5.2
(no Al), and pH 4.0, 4.4, 4.8, and 5.2 (98 +2 ug-1"* Al, n=16),
14-15 °C, for 2 h. Inflowing water Ca?* and Na* concentra-
tions were 54+1 and 8342 pequiv-1"! (n=3), respectively.
Each exposure was run twice, using three fish each time, in
random order. At the end of 2 h, fish were quickly netted,
killed, and gill portions removed for Al determinations (see
below). One fish from the acclimation tank was also sampled
for gill Al

Analytical methods. Alternate expired and inspired water pH
readings were taken by siphoning water through a polyethylene
vial (water volume ~4.5 ml) into which was sealed a Radio-
meter GK2401C combination pH electrode, connected to a Ra-
diometer PHMS82 pH meter (Playle and Wood, in press). The
pH electrode was conditioned to the soft water, and was cali-
brated using BDH pH 4.00 and 7.00 buffers. Ionic strength of
the buffers was 0.05 M, much greater than that of the soft
water (~107* M), but the measured differences in pH between
soft water samples and the same samples brought to 0.05 M
with 5§ M KCl were only 0.05 to 0.15 pH units (i.e., junction
potential effects, Jones et al. 1987). Maximum effect on the
differences between expired and inspired pH was only about
0.05 pH units, a negligible amount.

Ventilation volume (¥,,) was the volume of water overflow-
ing the posterior chamber of the ventilation collection boxes
in 1 min. Oxygen tension was measured immediately on expired
and inspired samples drawn anaerobically from the pH vial,
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using a Radiometer E5046 micro-electrode unit (15 °C) and
Radiometer PHM?72 acid-base analyzer. Water Po_ (torr) was
converted to O, concentration (LM) using O, solubility in water
of 0% salinity (Boutilier et al. 1984). Inspired water was always
close to O, saturation (~ 300 uM). Oxygen consumption (Moz)
was calculated as (inspired [O,] minus expired [0,])- V. Am-
monia and Al samples were collected by filling 7.5-m! polyethyl-
ene vials from the inspired and expired siphons. Samples for
ammonia were frozen and later analysed using the salicylate-
hypochlorite method (Verdouw et al. 1978). Ammonia excre-
tion (M, ) Was calculated as (expired [ammonia] — inspired
[ammonia])- ¥,,. Total aqueous Al concentrations were deter-
mined using the pyrocathechol violet method (Dougan and Wil-
son 1974). In this study the difference between expired and
inspired values are referred to as “transfer” or “4”, e.g., am-
monia transfer, 4pH.

In some of the 44-h exposures, surviving fish were killed
with a blow to the head, and a section of the third right gill
arch was removed for Al determinations. Each gill portion was
placed for 1 min in 7 ml deionised water (in an attempt to
remove excess, loosely-bound Al), then frozen. Filaments were
later cut from the frozen gill portions, weighed, and then di-
gested in five times their weight of 0.05 M reagent-grade H,SO,
for 8 h at 80 °C. Samples were vortexed, centrifuged for 1 min,
and the supernatant diluted 100 x before analysis on a Varian
AA-1275 atomic absorption spectrophotometer with GTA-95
graphite tube atomizer. Standard additions were used to show
there was no interference of Al measurements by the dilute
solutions of gill digest. 10-ul samples were introduced into the
graphite tube with 20 ul deionized water or Al standard; water
was evaporated at ~100 °C for 50 s, a total of 12's was spent
at 1200° C, and Al was volatalized at 2500 °C for a total of
2.7s.

For the free-swimming fish exposed to acidic conditions,
in the presence or absence of Al, fish were killed after 2 h.
A section of the third right gill arch was removed, as above,
except that the gill portions were held by forceps and gently
agitated for 20 s in each of three, 250-ml deionised water rinses,
in an attempt to remove all interlamellar Al. The rest of the
Al analysis was identical, except that 20 ul sample and 10 pl
deionised water or Al standard were injected into the graphite
tube, because the diluted gill digests had much lower Al concen-
trations than those measured in the 44-h exposures (see Re-
sults).

Experimental data are usually presented as means +1 stan-
dard error (n). Statistical comparisons were done using Stu-
dent’s two-tailed t-test, paired or unpaired design, as appro-
priate. For the 44-h exposures, paired #tests were used to com-
pare experimental values (crosses) with initial values obtained
at circumneutral pH. To assess the additional effects of Al,
relative to those of acidity alone, paired t-tests were used to
compare experimental values (asterisks) with those at 2-3 h in
acid alone, after which the Al exposures began (see Experimen-
tal protocols). Analysis of variance followed by Duncan’s Mul-
tiple Range test was used to compare gill Al accumulations.
Unless stated otherwise, the level of significance was P <0.05.
In comparisons using the theoretical solubility of Al at the
gills, 95% confidence limits were used, to give more information
regarding variability in the estimates.

Results

Short-term exposures to acidity and Al

Rainbow trout fitted with opercular catheters and
ventilation masks were exposed to acidic soft water
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Fig. 1. A The difference between pH of expired water (pH.,)
and inspired water (pH;,) plotted against inspired soft water
pH for rainbow trout fitted with opercular catheters and latex
masks. Fish were exposed for 2-3 h to acidity in the absence
(n=29) or presence of Al (93 pg-17* Al; n=22). Positive ApH.:
expired water is more basic than inspired water; negative 4pH:
expired water is more acidic. 4pH was lower for the Al-exposed
fish in the pHj, range 4.5-5.2. Means +1 SEM are indicated;
significant differences between ApH of Al-exposed fish and
ApH of fish exposed to acidity alone are indicated by * (P<
0.05, unpaired #-test). For the acid only exposures, the mean
number of fish represented at each point is 13, minimum
number is 6 (pH;,=4.2). For the fish exposed to Al, mean
number of fish represented at each point is 7; minimum number
is 3 (pHy,=6.3), and the maximum number is 10 (pH;,=4.5,
4.8). B Ventilation volume (V) of rainbow trout fitted with
opercular catheters and latex masks after 2-3 h exposures to
acidity or acidity plus Al, in soft water. Above pH;,=4.8 the
V., of Al-exposed fish was usually higher than in fish exposed
to acidity alone (unpaired #-test; *=P<0.05; ***= P <0.001).
Other details as given in Fig. 1A

(seven different pHs between 4.2 and 6.3) for 2-3 h
in the presence or absence of Al. The goal was
to determine short-term effects of acidity and Al
on water pH near the gills, on ventilation volume,
and on O, consumption and ammonia excretion.
Soft water was more basic after it passed the gills
if the inspired water pH (pH,,) was <6, and was
more acidic if pH;, was >6 (Fig. 1A). Trout ex-
posed to 93 pg-1"* Al for 2-3 h also alkalinized
the water if pH;, was <6, but the rise in pH at
the gills was not as great in the pH;, range 4.5-5.2
as it was in the absence of Al (Fig. 1 A). Ventilation
volume (V) of trout exposed to acidity alone was
about 0.33 1-kg™!-min~ ! if inspired water pH was
between pH 4.7 and pH 6.6 (Fig. 1B); V, in-
creased to about 0.51-kg~!-min~! at pH;, <4.5.
In trout exposed to Al, V,, was generally higher
than V,, of trout exposed to acidic pH alone if
the inspired water pH was >4.5 (Fig. 1B). Fish
exposed to Al had especially high V,, at pH;, =6.3.
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Fig. 2. A Oxygen consumption (MO) of rainbow trout fitted
with opercular catheters and latex masks after 2-3 h exposures
to acidity or acidity plus 93 pgl” L Al Generally there were
no significant differences in Mo between Al-exposed fish and
fish exposed to acidity alone (unpalred t-test). Numbers of fish
as given in Fig. 1 A, except for pHi, =6.3 (acidity alone), where
n=3. B Ammonia excretion (M,,,) of rainbow trout fitted
with opercular catheters and latex masks, after 2-3 h exposures
to acidity or acidity plus Al. There were no significant differ-
ences in M, between fish exposed to acidity alone and Al-
exposed fish (unpaired #-test). Numbers of fish as given in
Fig. 1A. C The differences between inspired and expired Al
concentrations (4Al) for some of the fish exposed to 93 pg-17*
Al for 2-3 h. A technical problem with one set of Al analyses
precluded the use of those data. For this figure, from left to
right, n=3, 7, 8, 4, 7, and 3

Oxygen consumption (M0 ) in fish exposed to
acidity alone for 2-3 h was varlable but averaged
about 1.6 mmol-kg *-h~* (Fig. 2A). In spite of
often higher V., mean MO values in Al-exposed
fish were not generally different than in fish ex-
posed to acidity alone (Fig. 2A). Only at pH;, =
6.3, the point of maximum elevation in V,, in the
presence of Al (Fig. 1B), was M, o, significantly ele-
vated. Ammonia excretion (Mamm) was also vari-
able, but averaged about 350 umol-kg~*-h~! for
both treatments (Fig. 2B). For the Al-exposed
trout, Al removed from water passing over the gills
was approximately constant (4A1=20-30 pg-1~1)
between pH;,=4.2 and 5.7 (Fig. 2C).

Longer-term exposures to acidity and Al

The effects of prolonged (44-h) exposures to acidi-
ty in the presence or absence of Al were also as-

sessed using rainbow trout fitted with opercular
catheters and latex dams. Mildly acidic conditions
alone (pH;,=5.2) had no effect on V,, (Fig. 3A).
For pH;,=4.8, V,, increased gradually, and by the
end of 44 h was significantly higher than at 2-3 h
exposure. For the pH;,=4.4 treatment, V, in-
creased quickly over the first few hours, stabilising
at about twice the initial value. Expired pH was
stable (after the acid additions started) throughout
the 44-h exposures to pH;,=5.2 and 4.4, but de-
creased significantly (by 20 h) in the pH;,=4.8
treatment (Fig. 3 B). Expired pH was always signif-
icantly lower after acid additions started than be-
fore the acid additions (usually P<0.01, paired ¢-
tests), but because pH,, is dependent on pH,, (i.e.,
Fig. 1 A) this is not surprising. It is the change in
the new pH., with time (asterisks on Fig. 3B)
which is of interest.

Oxygen consumption (MO ) stayed more or less
constant throughout 44-h exposures to pH,,=5.2
and 4.8, but doubled by 10 h in the pH;,=4.4 ex-
posure (Fig. 4A). This pattern follows that of ¥V,
(Fig. 3A). Ammonia excretion (M,,,) was also
fairly constant throughout 44-h exposures to
pHi,=5.2 and 4.8 (Fig. 4B), actually decreasing
slightly in the latter treatment for unknown rea-
sons. As with ¥, and Mo » M increased signifi-
cantly after 2-3 h at pHm =4.4. In general, acidity
alone had little effect over 44 h on these four pa-
rameters at pH;, = 5.2, mild effects on V,, and pH.,
at pH,,=4.8, and largest effects on V,, M02 and
Mamm at pHm _4 4

In contrast, mild acidity (pH;,=5.2) in the
presence of 93 pg-17* Al caused large increases in
fish ventilation (almost quadrupling by 20 h,
Fig. 3C), and 4 of 5 fish died by 40 h (Fig. 3D,
crosses in circles). For pH;,=4.8 plus Al, V, in-
creased to the same extent, but only 1 fish died.
As before, V,, increased at pH;, =4.4 due to acidity
alone (crosses, Fig. 3C), but there was an additive
effect of Al on V,, (asterisks), significant after 20 h
exposure to Al. However, this hyperventilation was
less than half that seen at the two higher pHs in
the presence of Al, and there were no fish deaths.
In accord with increased V,, expired pH decreased
slightly during exposure to pH;,=5.2 plus Al, and
decreased substantially during the pH;,=4.8 plus
Al treatment (Fig. 3D). There had been no de-
crease in pH., in the acid-only exposure to pH;, =
5.2, and a smaller decrease in pH,, in the acid-only
exposure to pH;,=4.8 (Fig. 3B). In the pH,,=4.4
plus Al exposure there were no significant changes
in pH,, over time, similar behaviour to the pH;, =
4.4 treatment without Al.

Despite the large increases in V', seen in Al-
exposed fish at pH;, 5.2 and 4.8 (Fig. 3C), there
were only small increases in Mo2 (< 2-fold), signifi-
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Fig. 3. A Ventilation volumes (V,,) of rainbow trout exposed
to pH;, 5.2, 4.8, and 4.4 soft water for 44 h. White arrow repre-
sents start of acid exposures. Five trout per treatment. Trout
exposed to pH;,=4.4 showed most increase in V.. Crosses:
significant difference (paired -test) when compared to initial
value, before acid addition started (+ =P<0.05, + +=P<
0.01, + 4+ + =P<0.001). Asterisks: significant difference
(paired #-test) when compared to value after 2-3 h exposure
to acidity (*=P <0.05, **=P<0.01, **=P<0.001). B Ex-
pired pH of the same 15 fish presented in Fig. 3A. Mean pH;, =
6.62+0.01 (15) before start of acid exposures (white arrow).
Trout exposed to pH;, =4.8 showed significant decreases in ex-
pired pH, related to their slow increase in V,,, from about 20 h.
Expired pH was always lower after acid additions started than
before the additions (usually P<0.01); crosses have been left
off all points (Fig. 3B, D) for clarity. C V,, of rainbow trout
exposed to pHj, 5.2, 4.8, and 4.4 soft water, in the presence
of Al, for 44 h. White arrow indicates start of acid exposures;
black arrow indicates start of Al addition (time 0). Five trout
per treatment. Increases in V., in response to Al were greatest
at pH;,=5.2 and 4.8. D Expired pH of the same 15 fish pre-
sented in Fig. 3C. In accord with the large increases in V.,
in fish exposed to pH;,=35.2 and 4.8 in the presence of Al
expired pH of these fish decreased significantly by about 30 h
and 8 h, respectively. The smaller increases in V., in the pH;. =
4.4 plus Al treatment did not result in significant depression
of expired pH. Mean pH;, =6.50 1 0.03 (15) before start of acid
exposures (white arrow). Crosses in circles indicate fish deaths;
four of five fish died in the pH;, = 5.2 plus Al treatment starting
by 16 h, and one fish died at 32 h in the pH;,=4.8 plus Al
treatment
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cant at only a few exposure times in the various
groups (Fig. 4C). The Al-induced hyperventilation
did not result in a proportional increase in Mo2
because 40, (ie., O, extraction efficiency)
dropped. Ammonia excretion was approximately
constant during the pH;,=5.2 and 4.8 plus Al ex-
posures (Fig. 4D). An increase in M, was seen
after 2-3 h exposure to pH;,=4.4 alone, with no
significant increase in M,,, after Al addition
started.

In summary, the effects of prolonged exposure
(44 h) to 93 pg-1-* Al over and above those due
to acidity alone, were progressive hyperventilation
which was most marked at pH;, 5.2 and 4.8, and
some mortality. Accompanying the increased ven-
tilation were decreases in ApH across the gills,
gradually decreasing pH,, closer to pH;,. There
were only small increases in Mo, and My, be-
cause AQ, and damm decreased during the Al-
induced hyperventilation.

Deposition of Al onto the gills

Aluminum removed from solution by rainbow
trout gills during the three 44-h Al treatments is
given in Table 1. Usually 4Al was between 5 and
20 pg-171, slightly lower than the AAl values
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Fig. 4. A Oxygen consumption (Moz) of rainbow trout exposed
to pH;, 5.2, 4.8, and 4.4 soft water for 44 h. Same 15 fish as
presented in Fig. 3A, B. White arrow =start of acid exposures.
M, increased only during the pH;, =4.4 treatment, in accord
with increased V,, (Fig. 3A). See Fig. 3 A for details of statistics
used. B Ammonia excretion (M) of the same 15 fish pre-
sented in Fig. 4A. M, increased upon exposure to pH,, =4.4.
M for pHi,=5.2 and 4.8 treatments stayed steady or even
decreased during the exposures. C MO2 of rainbow trout ex-
posed to pH,, 5.2, 4.8, and 4.4 soft water, in the presence of
Al, over 44 h. Same 15 fish presented in Fig. 3C, D. White
arrow represents start of acid addition; black arrow, start of
Al addition (Time 0). There were only small increases in M02
in the pH;, 5.2 and 4.8 plus Al treatments, in spite of the large
increases in V,,. There were no increases in Mo, in the pIl;, =4.4
plus Al treatment, whereas increased M02 was seen for the
pH;,=4.4, acid only treatment (Fig. 4A). There are no Mo,
values for the pH;, =4.8 treatment before acid addition, because
of a faulty O, electrode at that time. D M, for Al-exposed
fish. The only significant increases in M,,, were after 2-3 h
exposure to acidity alone (pH;, =4.4), related to increased V.,
and at 10 h for pH;,=5.2 plus Al

93 ug-L”' Al

N

time (h)

(~20 pg-17") measured during the 2-3 h expo-
sures (Fig. 2C). Occasional negative values seen
at later times during some exposures were presum-
ably due to release of Al from the gills, perhaps
bound by mucus, which was drawn down the oper-
cular catheters. A rough estimate of Al deposition
at the gills was made by multiplying the 4Al values
by the volume of water passed over the gills (1-
min~’, i.e., V,,-fish weight), and this value by the
time elapsed from the previous sample. Average
cumulative deposition of Al onto one set of gills
(i.e., total divided by 2) of a fish exposed to 93 pg-
1=' Al for 44h at pH;,=5.2, 48, and 4.4, was
estimated to be about 2.0, 1.6, and 4.2 mg, respec-
tively.

These cumulative estimates were compared
with Al accumulation directly measured on the
gills at the end of the 44-h exposures to 93 ug-17*
Al at pH 4.4 and 4.8 (Table 1). Background fila-
ment Al concentration (from the pH 4.4, no Al

Table 1. Gill Al concentrations and Al extraction (4Al; inspired [Al] minus expired [Al]) at gills of rainbow trout exposed for
44h to 93 ug-17" Al in soft water at pH 5.2, 4.8, and 4.4. Means +1 SEM (). Cumulative Al deposition after 44 h onto one
set of gills was estimated from A4Al, V,, and fish weight (see text for details). Actual Al accumulations per set of gills after
44 h were calculated directly from measured gill Al concentrations

Exposure Measured gill AAl (pg-171Y) Estimated Measured
pH Al concentration cumulative Al gill Al
(ng-g~ ! wet tissue) 2-3h 10h 20h 31h 44 h deposition deposition
{mg) (mg)
52 — 16+6(5) 17£7(5) 12474 12+ 6(3) -9 () 2.0 —
438 97410 (3) 1441 (35)  6£4(5) 6+5(5) —2411(4) 9+9(4) 1.6 0.29
44 73+ 9(5) 112905 111435 24+7() 15X10(5) 17+9 (5 4.2 0.22
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exposure and from fish from the acclimation tank)
was 1.840.3 pg Al-g~ ! (wet tissue; n=9). Gill fil-
aments from the pH 4.4 and 4.8 plus Al treatments
had significantly higher Al concentrations (73,
97 ug-g~ ! respectively) compared to filaments not
exposed to Al (P<0.01), and were significantly dif-
ferent from one another (P<0.05). Total gill fila-
ment weight from our fish, for one set of gills,
was about 3 g, so total Al accumulation for the
pH 4.4 and 4.8 Al exposures was about 0.22 and
0.29 mg, respectively, for one set of gills (Table 1).
Measured Al accumulation over 44 h was only
5-18% of Al accumulation estimated from Al ex-
traction across the gills. This suggests that the ma-
jority of Al removed from the water was not re-
tained on the gills, but was sloughed off (see Dis-
cussion). In addition, some of the Al may have
been only loosely bound to the gills and therefore
removed during the 1-min gill rinse.

The solubility of Al in water is minimal near
pH 6, and increases exponentially in more acidic
or more basic conditions (Roberson and Hem
1969). In acidic water saturated with Al, any in-
crease in pH near the gills would theoretically
cause Al to come out of solution and precipitate
onto the gills. This scenario is illustrated in Fig. 5,
where the observed ApHs at the gills of fish ex-
posed to Al for 2-3 h (from Fig. 1A) were used
to estimate Al solubility in the gill micro-environ-
ment. If the concentration of Al in the bulk water
is near saturation, Al will precipitate onto the gills
when the inspired water pH is below about pH 5.7,
because of the more basic conditions near the gills.
According to the bulk water solubility curve,
93 pug-1~t Al should start to precipitate from water
at pH ~5.3, the pH where 93 pg-17! Al intersects
the bulk water solubility curve. However, because
of the more basic conditions at the gills relative
to inspired water, 93 pg-1~1 Al will begin to pre-
cipitate onto gill epithelia when the inspired soft
water is just pH 4.8 or greater (Fig. 5). It should
be noted that the Al solubility curve for microcrys-
talline gibbsite (Roberson and Hem 1969) was used
in our calculations: any Al solubility curve will
give the same trends, but perhaps with different
absolute solubility values.

The preceding analysis indicated that alumi-
num solubility was lower at trout gills than in the
bulk inspired water because of the changes in water
pH occurring at the gills. Highest Al solubility
would occur at lowest inspired pH, and lowest sol-
ubility would occur near pH;,=5.2-6.0 (Fig. 5).
If Al precipitation resulting from these pH changes
were the cause of Al deposition on the gills, one
could predict maximum deposition of Al at highest

F.Tc.jqﬁﬁ,........r.rj,j.
“\ 1
10,000 . ° Al solubility
=
T 1,000k
— 3
c) :
e C
~ 100k
« E i
- at gills~
10
PO IR N SN W T N U S TN S K A TR OO0 AN M JA T N G

4.0 4.5 5.0 5.5 6.0 6.5
inspired pH

Fig. 5. Aluminum solubility in bulk water and Al solubility
predicted at rainbow trout gills, using 4pH from 22 trout in
soft water exposed for 2-3 h to 93 ug-1~* Al (Fig. 1A). From
these curves, Al is predicted to precipitate onto the gills from
near saturated solutions when the inspired soft water is below
about pH 5.7 or above pH 6.0, because the gill micro-environ-
ment is more basic or acidic, respectively, than is the inspired
water. 95% confidence limits are indicated about the mean Al
solubility near the gills. The dotted horizontal line represents
93 pug-171 Al Solubility curve used is for microcrystalline gibb-
site (from Roberson and Hem 1969, in Burrows 1977). Note
that the Al solubility scale is logarithmic. See text for more
details

pH (5.2), and lowest deposition (theoretically
none) at lowest pH (<4.4). In order to test these
predictions a separate experiment was performed
in which free-swimming trout were exposed for 2 h
to various acidities (pH 4.0, 4.4, 4.8, and 5.2) plus
98 png-1~1 Al. Short-term exposures were used be-
cause the previous measurements of long-term gill
Al accumulation, in comparison with Al extraction
from the water (Table 1), indicated that most of
the Al deposited would be removed over the longer
term, confounding interpretation.

In accord with predictions, gill Al accumula-
tions were indeed highest at the pH 5.2 exposure,
intermediate at pH 4.8, and lowest at pH 4.4 and
4.0 (Fig. 6). There was significant Al accumulation
in the pH 4.4 and 4.0 plus Al exposures relative
to background levels (pH 4.4 and 4.0 data grouped
and compared to background; unpaired z-test, P <
0.01), whereas the above theory would predict no
Al deposition at all under these conditions. Mea-
sured Al accumulations over 2 h (after rinsing
away loosely-bound interlamellar Al} were again
only a small fraction (1-12%) of those predicted
from the earlier measurements of ¥, and AAl in
the short-term exposures (Fig. 1B, Fig. 2C, Ta-
ble 1), indicating that even during relatively short
exposures most of the deposited Al was removed
from the gills.



546 R.C. Playle and C.M. Wood: Aluminum chemistry in the gill micro-environment

2h Al exposure

gill Al (ug Al-g™ ! wet tissue)

exposure pH

Fig. 6. Aluminum concentrations on gills of rainbow trout held
for 2 h at the indicated pHs, in the absence (clear bars) or
presence (98 pug-171; grey bars) of Al. The pH 5.2, Al-exposed
gills had significantly higher Al concentrations than did gills
from all other treatments (**=P<0.01). Means +1 SEM for
each exposure group are also indicated

Discussion

By means of opercular catheters and latex ventila-
tion masks, it is demonstrated that the pH of ex-
pired water of rainbow trout is more basic than
inspired soft water of pH 4-6, and is more acidic
than inspired water of pH> 6 (Fig. 1 A). While the
latter trend was studied only up to pH 6.6 in this
study, it is known to continue through pH 10
(Playle and Wood, in press). These observations
are adequately explained by measured base (in-
cluding ammonia) and CO, transfers at the gills,
which tend to alkalinize and acidify the gill micro-
environment, respectively, depending on water pH
(Randall and Wright 1989; Playle and Wood, in
press). Below about pH 5 the acidifying effect of
CO, released at the gills is negligible; it is solely
the alkalinization due to ammonia and base re-
leases at the gills which is important at these acidi-
ties. It should be noted that measurements of ex-
pired pH probably do not represent conditions
throughout the gill micro-environment, because of
anatomical deadspace and heterogenecity along the
exchange pathway. Water pH is likely to be close
to inspired pH at the leading edges of gill lamellae,
and change progressively to a value more extreme
than measured expired pH at the trailing edges
of the lamellae, as CO, and base are released into
the water (D.J. Randall, pers. comm.). Expired pH
may well approximate the overall mean pH near
the gill surface.

In the pH;, range 4.5-5.2 in the presence of
93 ng-1~* Al, the observed ApHs near the gills
were lower than observed in the absence of Al
(Fig. 1 A). Lower 4pH of the Al-exposed trout can
be partly explained by their higher ventilation at
pH;,=4.8-6.3 (Fig. 1B), becausc approximately

the same amount of base, ammonia (Fig. 2B), and
CO, were released at the gills, but into a larger
volume (higher flow) of water (Playle and Wood,
in press). In addition, chemical species of Al chan-
ge with pH, from mostly A" at pH<4.5 to
mostly Al(OH); near pH 6.0 (Dyrssen 1984),
which buffers pH by consuming OH ™ ions. 93 pg-
171 A1** represents about 10.5 pequiv-1~! of con-
sumed base if the A" is converted completely
to AI(OH);; over the observed ApHs, actual base
consumed was only about 3 pequiv-171. In our soft
water, 3 pequiv-1~! represents a ApH of about
0.05, 0.1, and 0.2 pH units near pH;,=4.5, 4.8,
and 5.2, respectively (estimated using titration
curves in Playle and Wood, in press). Thus the
buffering action of Al could explain 15-60% of
the measured difference in ApH between fish ex-
posed to Al and fish not exposed to Al, the greatest
contribution occurring at higher inspired pH.

In longer-term exposures of rainbow trout to
acidity alone in soft water, there were few signifi-
cant changes in V,, expired pH, Mo ,and M, ..,
and no mortality (Fig. 3A, B; 4A, B) Largest ef-
fects on V., MO , and M,,.., were seen at pH, =
4.4. In contrast, in the longer-term exposures to
pH;,=5.2 and 4.8 plus Al, there were large in-
creases in V, with time, significant decreases in
expired pH (in accord with increased V), and fish
deaths (Fig. 3C, D); Al had little added effect in
the pH;, =44 treatment. Ventilation increased be-
cause the fish undoubtedly developed very low ar-
terial oxygen tensions, as did rainbow trout fitted
with arterial catheters in our earlier study at com-
parable pHs and Al concentrations (Playle et al.
1989). The continuous increase in V, over time
at pH;, =4.8 contrasts with the results of Walker
et al. (1988) where brook trout exposed to 330 pg-
1-1 Al at pH;,=4.8 showed an initial increase in
V., but then a decrease in V,, to pre-exposure levels
within 6 h. Walker et al. (1988) attributed the latter
decrease in V,, to mucus clogging of the gills, or
fatigue of the ventilatory mechanism, which pre-
sumably did not occur in the present study with
lower Al concentrations. The large increases in
ventilation resulted in only small increases in M0
in the present study (Flg 4C), probably because
of Al-induced increases in the branchial diffusion
barrier, or greater shunting of water past the gills.
The small toxic effects of Al over 44 h at pH,, =
4.4, compared with pH;,=4.8, and especially
pH;,=5.2, where four out of five fish died, corre-
sponds exactly with the results of our previous can-
nulation study on Al-exposed rainbow trout
(Playle et al. 1989).

The simplest explanation for low toxicity of Al
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in very acidic water (pH < 4.5) and high Al toxicity
in less acidic water (pH 5.0-6.0) is that toxicity
is caused by Al precipitation onto the gills. In the
presence of 93 ug-1~1 Al, the rainbow trout gill
micro-environment is up to 0.5 pH units more
basic than is the inspired water if the pH of in-
spired soft water is less than 6 (Fig. 1A). The in-
crease in pH near the gills may cause Al to precipi-
tate onto the gills, because the solubility of Al in
the more basic water near the gills is less than
in the more acidic inspired water (Fig. 5). Precipi-
tation of Al from an Al solution of 93 pg-1~! onto
the gills was predicted from Fig. 5 to be minimal
in very acidic conditions, to begin at pH;,=4.8,
and to be highest at pH;,=5.2. These predictions
were confirmed in a simple 2-h exposure of trout
to 98 ug-1~! Al (Fig. 6). Over longer exposures,
expired pH decreased enough (as V,, increased) to
alleviate Al precipitation at the gills in only the
pH;,=4.8 plus Al exposure: a decrease in expired
pH from 5.3 to 4.9 (Fig. 3D) theoretically in-
creased the amount of Al which could be held in
solution, from about 70 to about 500 pg-1~* (from
Fig. 5). Otherwise, calculations of Al solubility
after 2-3 h exposures were reasonable approxima-
tions of longer-term conditions at the gills. Once
precipitated onto the gill epithelia, Al likely causes
irritation, inflammation, oedema, cell deforma-
tion, and excess mucus production, all of which
have been described in morphological studies
(Karlsson-Norrgren et al. 1986a, b; Youson and
Neville 1987; Tietge et al. 1988). In turn, gill dam-
age would result in ionoregulatory and respiratory
disturbances (Neville 1985; Wood etal. 1988;
Playle et al. 1989), which ultimately kill the fish.

Differences in Al solubilities between inspired
water and the water near fish gills (Fig. 5) help
explain previous results on the toxic effects of Al
There is general agreement, in a variety of fish
species, that Al is most toxic at pH;, = 5.0-6.0 (Dr-
iscoll et al. 1980; Muniz and Leivestad 1980; Baker
and Schofield 1982 Neville 1985; Karlsson-Norr-
gren etal. 1986b; Kane and Rabeni 1987; Or-
merod et al. 1987; Sadler and Lynam 1987; Reader
et al. 1988; Wood et al. 1988; Playle et al. 1989).
In this pH,, range, Al solubility in the inspired
water is already low and would be lower still at
the gills if pH,, < 5.7 (Fig. 5). At pH;,>6, Al may
still theoretically precipitate onto fish gills even
though Al solubility in the bulk water increases
above pH 6: the more acidic conditions near the
gills (Fig. 1 A) would now keep Al solubility low.
This precipitation of Al likely explains the very
high ventilation of trout exposed to Al at pHi,
6.3 (Fig. 1B).

Until now the toxic effects of Al at fish gills
have been interpreted as a precipitation phenome-
non. Although this interpretation generally ex-
plains the currently available data, it may well be
an oversimplification. For example, explanations
are needed as to why Al is accumulated on gills
of fish exposed to Al for 2h at pH;,=4.0 and
4.4 (Fig. 6), or 44 h at pH; , =4.4 (Table 1): in these
instances, measured pH near the gills was so low
that no Al should have precipitated from solution
(Fig. 5). Three plausible explanations are (i) alka-
linization near the gills has been underestimated,
thereby underestimating Al precipitation, (ii) chan-
ges in Al speciation are important with regard to
Al deposition onto fish gills, and, related to this
possibility, (iii) gill mucus and Al interactions are
likely important in gill Al accumulations.

In favour of the first explanation, it is probable
that the opercular catheter method underestimates
pH changes towards the trailing edges of the lamel-
lae, as outlined earlier. The alkalinization of acidic
inspired water, and the resultant Al precipitation,
would be higher at the trailing edges than indicated
by measured expired pH. It would be interesting
to localise Al deposition along the lamellar surface
to see if Al is concentrated on these downstream
edges.

To address the second possibility, theoretical
speciation of Al in inspired and expired water has
been calculated (Fig. 7) on the basis of the mea-
sured ApHs of Al-exposed fish (Fig. 1A), and the
Al speciation scheme of Dyrrsen (1984). Note that,
as with Al solubility curves, there is no consensus
regarding Al speciation schemes (discussed by
Sadler and Lynam 1987), but most schemes will
give similar trends. Complexation of Al by fluoride
and organic material was ignored in these calcula-
tions, in view of the low fluoride concentrations
in our soft water (<1 pM) and the use of a one-
pass, flow-through system. In the absence of data
regarding rates of Al speciation and precipitation,
we assumed that these reactions can occur during
water transit time at the gills; clearly it would be
useful to determine these reaction rates.

Four important conclusions arise from Fig. 7.
First, below pH;, ~35.2, changes in Al solubility
are much larger than changes in Al speciation as
water passes over the gills. For example, at pH;, =
4.8, Al solubility is theoretically about 10-fold
lower at the gills than in the inspired water, but
the contributions of the various aluminum hydrox-
ide species increase only 1-4-fold. Second, changes
in Al solubility and speciation are of similar rela-
tive magnitude between pH;, ~5.2 and 6.3, so the
two effects could be of equal importance here.
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Fig. 7. Chemical species of Al in the bulk
water at selected inspired pHs (pH;,=4.4,
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species predicted in the gill micro-
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those pHs (bars in foreground). Also
illustrated behind the bars are Al
1 7 solubilities in the bulk water and

J solubilities predicted to exist near the gills
] (from Fig. 5). Aluminum species arc given
1 as per cent of total Al, taken from
) Dyrssen (1984). Here, total Al1=93 pg-17!

4 (=height of bars on solubility scale). Note
that the speciation bars use a linear scale
(inner scale) whereas the solubility scale is
logarithmic (outer scale). w and g refer to
speciation bars for bulk soft water and for
the gill micro-environment, respectively

AI(OH)~

P TNTY
AAAARRA

4.0 4.5 5.0 5.5
inspired pH

Note however that Al solubility at these pHs is
so low that supersaturated conditions existed in
both inspired and expired water in our - tests.
Thirdly, changes in Al species help explain Al accu-
mulation onto gills under conditions where Al
should theoretically have stayed in solution (i.e.,
pH 4.0, 4.4; Fig. 6). Aluminum hydroxides are
generally thought to be the more toxic forms of
Al; presumably these species adsorb to the gill sur-
face and polymerize (Baker and Schofield 1982).
Conversion of AI** to the various hydroxides in
the gill micro-environment would be greatest at
the lowest inspired pHs (Fig. 7). Finally, whatever
the relative importance of the different Al species,
our analysis illustrates that previous efforts to de-
termine which Al species is most toxic at fish gills
(Sadler and Lynam 1987) (Neville and Campbell
1988) should be reconsidered. Due to pH changes
in the gill micro-environment, the Al species in
contact with the branchial surface are undoubtedly
different than the species of Al calculated to exist
in the bulk water.

The final alternative explanation for Al toxicity
at the gills is that of interactions with mucus. Even
during short term exposures only a fraction
(< 18%) of Al extracted from water actually accu-
mulated on the gills. There is no evidence that Al
enters a fish’s body during shorter term exposures
(i.e., days; Neville 1985; Booth et al. 1988). The
difference between Al extraction and Al accumula-
tion can be attributed to the rapid sloughing of

6.0 6.5

mucus and Al complexes from the gills. Their den-
sity, viscosity, or size would preclude their being
regularly sampled by the opercular catheters. Rins-
ing of gill samples (see Methods) might further
remove mucus-bound Al from gill surfaces. Addi-
tional evidence for sloughing of mucus-bound Al
is provided by the observation that brook trout
can clean the Al burden from their gills during
chronic sublethal exposures (McDonald et al,,
pers. comm.). Binding and rapid sloughing of Al
by mucus is likely an important defence against
Al accumulation and therefore toxicity at the gills.
Whether Al-mucus complexation also contributes
to toxicity, i.e., by increasing the branchial diffu-
sion barrier for O, and CO,, is impossible to deter-
mine at present. However, it is possible that the
small proportion of Al which is not sloughed off
with mucus, but rather persists on the gill epithelia,
is central to toxicity.

To summarise, by using opercular catheters
and ventilation masks it has been shown that in
soft water the pH near rainbow trout gills is higher
than in acidic inspired water. In the presence of
Al the difference between expired pH and acidic
inspired pH was reduced (i.e., the gill micro-envi-
ronment is less basic), as a consequence of in-
creased ventilation and pH buffering by Al itself.
Over longer exposures (44-h versus 2-3-h) there
were few changes in expired pH or ventilation vol-
ume in fish exposed to soft water of pH 5.2, 4.8,
or 4.4, but in exposures to Al at the same pHs
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there were progressive increases in ventilation
which were greatest at higher pH. Expired pH de-
creased with time in the pH 5.2 and 4.8 plus Al
treatments. Aluminum accumulation on the gills
was a small fraction of that removed from the
water, suggesting extensive sloughing of Al bound
by mucus. It is proposed that the toxic effects of
Al are a consequence of Al deposition onto fish
gills, as acidic water containing Al becomes more
basic in the gill micro-environment, resulting in
loss of solubility and changes in speciation.
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