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Adult brook trout (SalveBinus Bonkinalis) were exposed for up to 11 d to one of a matrix of 18 Al, low pH, and 
Ca2+ combinations, chosen as represewtive of acidified softwater environments in the wild. Reduction in water 
pH led to pH-dependent net losses of Na+ and C1- exacerbated by the presence of Al in the water and reduced 
by elevating Ca2+. Any animal losing more than 4% of its total body Na' over the first 24 98 of Al exposure had 
a greater than 90% IikeCihood of eventual mortality. Na+ losses arose from in hibition of influx and stimulation 
of efflux. The inhibition was persistent and pH dependent. Addition of Al to acidified water had a slight further 
inhibitory effect on Na' influx and a large stirnulatory effect on efflux. The Batter was dependent on A! concen- 
tration, was the main cause of initial ion losses and mortality, and declined with time in surviving animals. All 
Al-exposed fish accumu[ated Al on their gills, but this was apparently mainly sudace or subsurface bound, since 
no internal Al (plasma or liver) could be detected. Nonsurviving fish had substantially higher gill A! levels than 
survivors. 

Pendant des p6riodes allant jusqu'a 1 1 d, on a expos6 des ombles de fontaine (Sa/ve%inus fontinalis) adultes A I8 
differentes cornbinaisons de teneurs en Al et en Ca2+ et de faibles pH, caract6ristiegues des conditions natureiles 
des eaux doamces acides. Une rt5drrction du pH de l'eau a men6 2 des pertes nettes de Na+ et de CI- Ii&s au pH, 
aggravees par la pr6sence d'Al dans l'eau et reduites par une augmentation de la teneur en Ca2+. Les iwdividus 
qui avaient perdu [us de 4 % de la teneur corprelle totaie en Na+ pendant les 24 premigres heures d'exposition 

I'AB etaient plus susceptibles de mourir dans plus de 80 % des cas. Les prtes de Na+ proviennent de I' inhibition 
de son entrk, constante et dependante du pH, et de la stimulation de sa sortie. L'apport dlAj aux eaux aeides 
a un autre Ieger effet inhibiteur sur lkntree du Na+ et un grand effet stimulateur sur la sortie. En plus de d6pndre 
de la teneur en Al, ce dernier effet est la principale cause des pertes initiales d'icsns et de la mortalite et dirninue 
en fonction du temps chez les individus suwivants. Tous les poissons exposes A 1"Al I'ont accumul6 dans leurs 
oui'es mais il sernbie que cette liaison se soit surtout effectktee A la sudace ou sous la surface, 6bnt donnk 
qu'aucune trace d'Al n'a 6t6 obsew6e dans le plasma ou le foie. On a note des teneurs plus 6lev&s dlAl dans 
les auks des poissons morts que chez les survivants. 
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T he physiological responses sf freshwakr fish to envkon- 
mental acidity have k e n  studied extensively over the past 
15 y- (see reviews b 1980; Wood and McDondd 

1982; McDonald 1983b; 87). Considerable evidence 
&om field md laboratory studies now points to ionoregdatory 
failure as the key factor leading to fish death in acidifid waters? 
dthough the toxic effect may be exerted though disturbances 
to a host of physiologicall hnctions including fluid volume dis- 
tribution, hematological md acid-base homeostasis, and my- 
gen uptake md transport (Packer 1979; UHtsch a d  Gros 1979; 
McDondd et d. 1980; Ul&ch et d. 1981; Milligan and Wood 

t envkomentd factors that influence the SUP 

vivd sf fish in acidified water are water hardness md elevated 
- - 
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concentrations of trace metals. Numerous studies have shown 
that increasing the concentration of external Cap (the major 
component of water hardness) enhances the survival of fish 
acidified water. In fact, Wright md Snekvik (1978) showed, 
from a survey of 700 softwater lakes in souhem Noway, that 
water Ca2+ was at least as important as pH in detemining fish 
population status. For acidic fakes md strems, there is mount- 
ing evidence that elevated coneeatrations of metals such as Al, 
Cd, Car, Pb, Ma, Ni, md Zn, resulting from either atmospheric 
deposition or kaching of soils, may contribute to fish mortality 
(see reviews by Spry et d. 1981; Baker 1982; C m p k l l  and 
Stokes 1985; McDonald et d. 1987). Of these metds, Al has 
caused the greatest concern because of its ubiquitous presence 
in soils and rocks md its widespread elevation in acidifid 
waters. Indeed, Schofield md Trojnzar (19865) found Al csn- 
centration to be the most important among 12 water quality 

ters (more important than either pH or Ca"') in deter- 
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FIG. I .  Al chemistry in low ionic strength waters. Cdculations based on t h e m d y n h e  equilibrium constants for 29°C and zero ionic strength 
from Johson et aI. (198 1). (A) A1 speciation di ; relative concentrations sf Al species at 25°C in freshwater. (B) Totd soluble AI as a 
function of pH from the solution of auaaopksous A8(8%%), (solid line). Shown is the exp~mentd matrix employed in this study (see Rg. 5). In 
natural waters, in equilibrium with gibbsite (crystalline Al(OH),), AI soIubi1it-y would be as d e s e ~ k d  by the broken Ihe (Harvey et d. 1981). 

continuous flow though the chambers a d  by discarding the 
water outflow. Third, the rates and pH of water flowing though 
the flux chmbegs were periodically adjusted so that the pH rose 
by less than 0.3 pH unit in transit though the chambers md 
the average of the inflow a d  outflow pH values equalled the 
desired experimental pH. 

At the termination of an experiment the fish were killed by 
a s h q  blow to the head, a terminal blood sample was obtained 
by caudal puncture, a d  the gills and liver were excised, blot- 
ted, and frozen, as was the reraaai~der of the carcass, for later 
analysis of Al levels. Fish that died during m experiment were 
removed as soan as discovered md the gills and liver were 
excised as above. In addition, to establish contrd plasma ion 
levels, blood samples were taken &om a goup of f i h  accli- 
mated for 18 d to soft water (Ca2+ = 25 pequivk) at cimm- 
neutral pH. 

Ion md Ammonia Flux Measurements 

Net exchanges of ions md 
its environment were ass ions 
of Na+, C1-, Ca2', K', md 
leaving the flux chambers. At d l  sampling times (see Fig. 2 
for sapling schedule), the total outflow of each chamber was 
collected for 2 min md the volume determined by weighing. 

ately d k w x d ,  a 150-I& sample of i d o w  was col- 
lected. About 60 m.L of each sample was saved, preserved by 
addition of 20 pL of concentrated HNO, (mdficd grade), and 
set aside for later analysis (see below). Net flux rates (JnJ were 
calculated from measured mncentrations by the Fick principle: 

during the control period md during expawe to low pH and 
elevated Al . In some experiments, uwidirectiond Na flux rates 
(& md JoNJ were measured by stopping water flow to and from 
eke flux chmkrs ,  adding 1 kCi of "Naf (New England 
Nuclear) to each chamber, md monitoring the disappamce 
of the radioisotope from the water over a 30-fin period. Na' 
influx (micmquivalents per ldogrm per hour) was calculated 
according to the following formula: 

where Q* is the total mount of radioactivity in the medium at 
the beginning (k) and end 0 of the sampling interval (t), Q ,  
is the average mount sf Naa+ in the medium, t is the sampling 
interval (hours), md W is the body weight (kilogr 
McDondd et al. 1983). Na' efflux (JQut) was calculated as the 
difference between Jin md Jne,. During these static flux meas- 
urements, water samples fm ion and radiotracer analysis were 
taken from the flux chamkrs at 10-min intervals. At the same 
time the pH of the water was checked md adjusted to the desired 
level by the addition of either H,%04 or KOH. 

Analytical Procedures 

Concentrations of Na+ , Ca2+, and K' in the water and blood 
plasma were measured with a Varim AA-1275 atomic abwrp- 
tion sp@ophotomekr after appropriate dilution. Water and 
plasm Cl- concentrations were measured by csulometric tifsa- 
tion (Buchfer<otlove chloridomekr). Water 
tration was determined by the sdicylabhypwhlorite method 

J"gw~v-kg - I -h -1 )  = (inputiw - o~tpz~e[q) x water flow (Umin) of Vedouw et d. (1978). AH cowcentrations in the water, 

fi"as mass (kg) plasma, and tissues were measured on the Vaim AA-1275 
using an automated graphite furnace attachment (Vuian 

where [a is the concentration (microequivalents per litre) of GTA 95). Mor to malysis, tissues were digested in 2 volumes 
substance X. Flux measurements were made at various times of concentrated HNO, md thew diluted B:105 with deionized 
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Ammonia 

Time (days) 
FIG. 2. Net flux rates (means f 1 SEM) for (A) Na+, (B) C1-, (C) K*? (D) Caz+, md (E) ammonia at 
pH 4.4 md 0 and 333 md 1000 pg AUL. Wa&r Ca2+ concentration = 25 pequivll. N = 6 for each 
tre&rnenf except where nded in Fig. 2A; reduction in N is due to A%-indued mortality. Ion flux rates 
of hitid 24 h period (pH 4.4) are p l e d  means for the thee treament goups (i.e. N = 18). Al 
exposure stated on day 0. Note expanded scales for the net fluxes of K+ md CP* md mte change in 
h e  scale at day 1 .  

water. Tissue Al mnwn&ations were determined by standad by g a counting in a well-counter (Nuclear Chicago Mode1 
additions of h m  quantities of Al to the U ~ O W W  samples. 1685) or by sintillation counting (EKB-WalHac). For scint.3- 
Levels of =Na' in 5 - d  water samples were measured either Batim counting the water samples were added to 10 d of 
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of fish mordity at various combim~ons of pH, 
A, md Ca2+. Each cell s d with six fish. Sipificmt d i f f e ~ n m s  
between high- md low-Ca2+ sells were assessed using either a chi- 
square test (d l  high- md low-C3+ celk combined) or Fisher's exact 
probabiliq test (h&vidud cdl comp&sons). Asterisks indieate 
s ip i f icmteffmb of Ca2+ @ < 0.05). 

Moraities at 
CP+ ccsncenr~tion (~equivSL) 

A4.l 
(P@U 25 m 

Aqueous Counting ScintiUmt (Amershm). Hemataxit was 
determined by cen$f-ihgation at 5000 x g for 5 min. 

Statistical Analysis 

Data are reported thoughout as means k 1 SEM. Differences 
in mortalities between high- and low-Ca2+ cells were evaluated 
using a 2 x 2 contingency table and either a chi-squmed test 
(for b$V > 26) or Fisher's exact probability test for smaller sam- 
ple sizes (Siegel 1956). Differences between groups were evd- 
uated using the Student's unpaired t-test. Internelationships 
ktween ion losses md water pH (at constant or zero AB) or ion 
losses a d  Al (at constant pH) were evaluated using least squares 
regression analysis. 

Al Toxicity 

In low-Ca2+ water (25 p.+equiv/L), there was inerasing 
mortality with increasing Al and virtually 100% mortality at 
the highest Al concentration at each pH level (Table 2). The 
toxicity of 333 pg AUL at low Ca2' decreased with a decrease 
in pH; mortality was 100% at pH 5.2 but ody 33% at pH 4.4. 
Water Ca2' had a significant protective effect @ < 0.05, 
Table 2). In low-CPg waters, the various pWAl combinations 
caused 35% mortality overdl (19 fish out of 54). In contrast, 
the mortality in high-Ca2+ water was only 13% (7 fish out of 
54) for the s m e  pH/Al combinations. All fish deaths occurred 
between I and 5 d after exposure to Al, but in low CP+ the 
majority of the deaths (79%) occumed within 2 d whereas in 
high Ca2+, only two out of the total of seven deaths had occmed 
by this time. There were no differences in either mortality or 
net ion fluxes in fish exposed to the same pH/AL/C3+ 
combinations using Ca(NO,), and NK(S04)2 versus CaCl, md 
AlCl,. Thus, results with the different salts have been 
combined. 

Net Ion Huxes 

Fish exposed to reduced water pH with and without Al suf- 
fered marked disturbances to i n t e d  ionic bdance, as hdi- 

cated by high rates of Na+ md Cl- loss to the ambient water 
(Fig. 24 ) .  The patterns of ion loss were quditatively similar 
for all 18 combinations of pH and AB. Therefore, rather than 
present each treatment individudly, the results of thee sets of 
experiments, h t  of pH 4.4, and 0, 333, and 1000 pg AYE at 
low Ca2' (25 pequivk), are shown to illustrate typical 
responses (Fig. 2). 

In fish at circumeutrd pH, acclimated to the flux c h m k r s  
for 24-43 h, the mean net flux rates for Na+ a d  Cl- were not 
significantly different from zero (p < 0.05, paired t-test), indi- 
cating that the animds were in ion bdance. Sudden exposure 
to pH 4.4 caused a substantial net efflux of Na' md CB- within 
2-3 h (Fig. 2A, 2B). Peak rates of Na+ and Cl- loss occmed 
after 4-41 h at pH 4.4 and were of approximately equal mag- 
nitude. The rates of Na+ md Cl- loss subsequenGy declind, 
dthough after 24 h at pH 4.4, they had not returned to zero. 

In hose fish m ~ n t h e d  d pH 4.4 without Al exposure, net 
Na' md Cl- flux rates returned to zero approximately 48-72 h 
after the start of low pH exposure a d  remained at this level for 
the duration of the experiment (Fig. 2A, 2B; Cl - flux rates not 
shown). No mordity occurred in the six fish kept in these 
conditions. 

Upon exposure to 333 pg AUL after 24 h at pH 4.4, fish 
showed increased rates of Na' md Cl- loss for several hours 
followed by gradudly decreasing ion losses over the next 48- 
72 h (Fig. 2A, 2B). However, two of the six fish d i d  during 
Al exposure, one within 72 h md mother within 120 h. The 
survivors appared to recover some of their initid Nag md Cl- 
losses, as indicated by periods of net Na+ a d ,  to a lesser extent, 
net CB- uptake. For the ~mAning  3 4  d of the experiment, net 
Na+ md Cl- flux rates were not significmtly different from 
zero. 

When fish were exposed to 1800 pg AVL after 24 h at 
pH 4.4, Na+ md Cl - efflux rates increased rapidly to peak 
levels apprmimately twofold higher than losses from fish at 
333 pg Al/L (Fig. 2A, 2B). Over the next 48 h, the fish d l  
continued to lose Nag md Cl- at relatively high rates and all 
died within 72 h of the initid Al expsure. 

Exposure to low pH and Al dso caused brook bout to lose 
K' in a pattern similar to that for Nag, wih the highest rate of 
K+ efflux occurring at the highest Al concenwation (Fig. 2C). 
Although the patterns of Na* a d  K+ loss were generally sim- 
ilar, the m e  of K+ loss was typically only about 20% of &at 
for Na+ . Furthemore, K+ bdmm remained negative though- 
out the 1 1-d exposure at pH = 4.4 md, Al = 0 pg/L. In con- 
trast, low pH a d  Al exposure had no detwtabk effect on net 
CP+  flux rates, which fluctuated on either side of zero, even 
in dying fish (Fig. 2D). 

There was little change in the rate of 
response to pH 4 -4. , after 1 - 2 d sf exposure to 333 
a d  1000 pg AUL, excretion rates had increased by 
3&50% ((Fig. 2E). R i s  phenomenon is likely stress related, 
resulting from a cortisol-mediated increase in protein ccatbo- 
lism (cf. McDondd 1983a). 

From the above results it is evident that net Na+ md Cl- flux 
rates were very sensitive indicators of low pH and Al stress. 
Since water Cl- levels in these experiments were near the lower 
limit of detection by coulometric titration, measurements of Cl- 
flux rates were subject to greater error than were Na' flux rates. 
Therefore, further analysis of ionic dismrbmces will largely 
concentrate on Na + fluxes. 

Since the "insmt%Hamus9 ' Na+ flux rates changed with time 
over the course of the experiments, they did not indicate the 
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ill Low pH exposure (1st 24h) B Low pb9 + aluminum exposure (2nd 24h) 

Shaded Bars = Dying Fish 
Open Bars = Survivors 

FIG. 3. Cumulative net Na+ fluxes for individual fishes, ranked according to the magnitude of the flux: - = net loss; + = net uptake. Open 
ban indicate fish that survived for the duration of the experiment (i.e. % % d) md shaded bars indicate fish that died subsequent to the %isst 24 bm 
of AI exposure. (A) Na+ fluxes over the frsa 24-h perid of the experiment in whish fish were exposed to low pH alone (pH 4.4, 4.8, or 5.2). 
(B) Na+ fluxes over the second 24-h perid in which fish were exposed to A1 (0, 11  1,  333, or IMKI pgk) plus low pH. 

magnitude of the Na+ losses incurred by the fish. The net Na+ 
flux rates were therefore integrated over time to give cumulative 
net Na+ fluxes. Cumu%&ive net Na+ fluxes were calculated 
individually for each fish for the fist md second 24-h periods 
of the experiment, before my mortality m 
a comp~son of Na+ losses between fish which Iakr died dw- 
ing the experiments (shaded b m ,  Fig. 3) md fish which sw- 
vivd (open bas). 

There was considerable variation amongst fish in net Na+ 
losses either when the fish were exposed to low pH (4.4, 4.8, 
or 5.2) over the fist 24 h (Fig. 3A) or over the second 24 h 
(Fig. 3B), when exposed to low pH (4.4, 4.8, or 5.2) plus Al 
at various concentrations (0, 11 1, 333, or 1000 pglL). Here, 
the protective effect of Ca2+ can clearly be seen in the generally 
smaller sodium losses at 400 versus 25 Ch2+ a d  the disruptive 
effect of A1 by the greater Na+ 1osses (Fig. 3A versus 3B). 
During the initial 24 h, there was no apparent relationship 
between the mount of Na" loss and eventual mortality- How- 
ever, when fish were subjected to a combination of low pH and 
elevated Al in the second 24 h, there were significantly greater 
Na+ losses in those fish which subsequently died. The lethal 
threshold of ion loss in low Ca2+ (for the second 24 h) was 

approimately 2000 pequiv Na'kg or approximately 4% of 
totd body Na+ (53 mequivkg, cf. Shemr 1984). Of the 19 
fish h t  died in the low-Ca2+ goup, d l  lost in excess of this 
mount md only five of ~~~~"brivors lost more. h the high-Ca2+ 
p u p ,  the app~ent  threshold was substmtidly higher, in excess 
of 4500 pequivkg. Six of the seven fish that died and only 
thee of the 4'7 survivors in the high-Ca2+ group exceeded this 
level of loss. The marked difference between survivors md 
nonsuwivors is perhaps best illustrated by m example from one 
ce8% (pH 4.4, 333 pg Al/L, 25 peq CaW/L) which had two 
mortalities out of six fish. In this cell the survivors (248-h expo- 
swe) lost f 100 & 220 pd~equiv Na"&g over the first 24 h of A% 
exposure whereas the two nonsurvivors (which died after 72 
and % h) lost 5010 md 2300 peqkg, respectively, during this 
ptxid. 

The mean cumulative net Na+ fluxes for the second 24-h 
period (low pH plus Al) were used to assess the interactive 
effects sf pH and A1 on Na+ balance (Fig. 4). Considering the 
low-C$+ goup fist, in the absence sf Al, fish showed a net 
uptake of Na+ at pH 5.2 while sustaining net losses of Na+ at 
the two lower pH levels (Fig. 4A). At each sf the three pH 
levels tested, there was a significant direct conelatisn between 
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- a 

4.4 4.8 5.2 4-4 4.8 5.2 

Water pH 
Re. 4. Effects s f  pH, Al, md C3+ on cumulative net Nab+ fluxes (meams zk 1 %EM, N = 6 for each cell) over the fint 24 h of Al exposure 
(follows 24 h at same pH without Al). Exposure eondieions that were not employed we indicated by the absence of a bar (e.g. I I %  kg AlBE at 
pH 4.4). 

Plasma Na' Plasma Cl- 

Water pH 
FIG. 5 .  Effects s f  water pH, Al, and Ca2+ on plasma concewtrapions s f  Na' a d  Cl- . Terminal samples, swivors only, N = 6 except whew 
noted. Asterisks indieate significant differences @ < 8.05, unp &test) between high- md low-Ca2+ animals at the same pWA1 exposum. 

Al concentration and net Na+ efflux (r = 0.670, 0.85 1, md Iative net Na+ fluxes (Fig. 4B). Nonetheless, in d l  cases except 
0.789 for pH 4 ~ 4 4 . 8 ,  a d  5.2, respectively), with the highest pH 4.8 and 1 1 1 p.,g Mi&, Al caused significmtBy greater ion 
Na' losses associated with high mortality (Fig. 4). Also, at 33 3 Bosses than low pH done (p < 8.0 1, unpaired t-test). 
p,g A W ,  Naf losses were sigmaificmtly higher at pH 4.8 than 
at pH 4.4 @ < 0.01, unpaired 8-test). Plasma Ion Concentrations 

In high-Ca2 + water, the significantly lower mortality 1011 kveBs (Fig. 5) in terminally co%leetd blood s m p k s  
(Table 2) was asswbted with lower md more variable cuman- (taken from surviving fish at bt end of the experiments) 
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Time (days) 
FIG. 6 .  Effects of pH 4.8 and 0 and I 11  md 333 pg AI/L on (A-B) 
plasma ion concentrations (E) md hemtscrit. Water CP' concentra- 
tion was 25 pequiv/l, Terminal samples, survivors only, N = 6 in 

sed fish. For fish at pH 6.5,  N = 10; blood samples were 
&awn by caudal puncture after 18 d sf acclimation to artificiah salt 
water (Ca2+ = 25 gaeqaaivk). 

reflected, to a large extent, the effects of wet Na+ and C1- losses 
to the medium. In all groups of fi a Na+ and C1- levels 

ples for survivors only Thus, 

Fish exposed to 1 1  1 pg AUE showed a significmt decrease in 
&ation within 24 h (Fig. 6C). HBP 
expe~mewt, Ca2+ conc 
t from control values in 

&-test). Little variation was seen in pl 
persistent wet K+ 
likely due to the s 

urements (Fig. 5, 6). For example, based on these measure- 

consistent differences between those animals hat  were exposed 

e acute effects of Al on Na+ fluxes were similar to but 
greater than those of low pH done. The main initid effects were 
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FIG. 7. Unidirectional Na+ fluxes (9, and Jmt) as determined by radiotracer disappearance from the 
water over 30 min. Net flux (Jnm) is indicated by the shaded areas. Data from ex~~rmewas on low- Ca2+- 
acclimated zmiaaads have ken poled with those from high-C$+-acclimated animals. (A) Acute effect 
of low pH. Fm pH 5 .2,4.8, and 4.4, measurements were d e  after 8 h of low pH exposureo Mems 
2 1 sm, N as indicated. (B) Acute effect sf  Al exposure. Measurements were made after 6 h of 
exposure to Al. Means 9 1 sm, N = 6 except where noted. Note different sede from Fig. 78%. (C) 
Effect of duration s f  low pH exposure. Measurements made at pH 5.2 have been pooled with thme 
made at pH 5.2 and 11 1 gdlg AUL; measurements made at 4.4 have k e n  pookd with those made at 
pH 4.4 md 333 gdlg WE. Mems 2 1 SEM, N = 6-24. 
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a concen&ation-depndent sthulation of efflux above &at 
caused by low pH done and a slight further inhibition of Naf 
influx (Fig. 7B). With time, these effects abated in survivors 
to the p i n t  that the influxes md effluxes in suble&ally A%- 
exposed fish (1 1 1 pg/L at pH 5.2, 333 p@L at pH 4.4) were 
hdishguishable from fish exposed only to low pH (Fig. 2). 

Tissue A% Levels 

All N-exposed fish accumulated Al in their gills, but this 
was appaently mainly surface or subsudae bound, since no 
internal Al (plasma or liver) could be detected. In surviving 
fish, giU A1 concentrations were relatively independent of water 
pH md Ca2' but were depndent on water Al, averaging 
235 & 44 pglg wet tissue (N = 24) at I I I pg/E and 
413 &. 75 ~ g l g  (N = 22) at 333 pg/L. In nonsurviving fish, 
gill Al levels were significantly higher (p < 0.01, unpaired t- 
test) than in survivors, averaging, for d l  A1 cells combined, 
837 5 98 pgjg (N = 25). 

Discussion 

Toxic Action of AI 

The results of the present study confirm previous findings 
(Muniz md Leivestad 1980; Neville 1985) in showing that Al 
exposure produes distwbmces to ion balance that resemble 
those caused by exposure to low pH done (reviewed by Wood 
1987). Our study now clearly shows that transepithelial ionic 
fluxes and plasma ion concentrations become more severely 
disrupted with increasing concentration of either H' or A1 md 
that the distuhmce is p r i m d y  to NaCl bdmce a d  not to 
other body elecuolytes. However, the major contribution of the 
present study is to offer new insights into the specific nature of 
the toxic action of Al upon gill ionoregulatoq mechanisms and 
how that toxic action is modified by duration of exposure and 
by the pH md G2' concentration of the external environment. 

The results show that the ionore~laegsq response of fish to 
AUBow pH exposure can be divided into two relatively distinct 
phases: an hi t id  ' 'shock" phase a d  a ' 'recovery" phase. 'The 
shock phase is characterized by two responses: a pronouncd 
reduction of ionic uptake which likely reflects a inhibition of 
the brachid &=sport APase's ( S b m e s  et d. 1984) a d  a 
luge stimulation of passive ionic efflux which likely xises from 
m increase in the paraceHuIa ionic pemebility of the gill 
epithelium (McDondd 198%; Mashdl  1985). In this initid 
phase, passive ion efflux is the main contributor to net ion losses 
and in some animals can be of sufficient magnitude to cause 
death. The recovery phase, in contrast, is seen only in survivors 
and is incomplete, at l a s t  under the pWAf conditions employed 
in this study. It is chaacteezed by little, if my, recovery of 
uptake and by a reduction in efflux to control levels or less. In 
this phase, net ion losses arise largely from the penistent 
fiibition of uptake. In an earlier study ( M c b n d d  et d. I983), 
we showed ha t  rainbow trout (Salrno gad'rherf) respond to acid 
stress in this fashion md dso  showed that the behavior of Cl- 
fluxes was essentially the m e  as ha t  of Na'. En the present 
study, the failure of Na' influx (and by extension, C1- influx) 
to fully recover appears to be the main persistent effect of 
suMehd low pH a d  M exposure. TO defend ion content, or 
to recover h i t id  ion losses, these fish must rely on a reduction 
of efflux across the gills. This, in turn, appears to be the major 
adaptive response to AIBlow pH exposwe (see below). 

The hi t id  shock response is appzently critical to s w i v d ,  
for the magnitude of the initial Na' loss is closely related to 
whether or not a fish survives a particular AYlow pH exposure 
(Fig. 3). The difference in ion loss between survivors and 
nonsumivors , best illustrated by Fig. 3, is striking, paaiculaly 
since a homogeneous population of brmk bout was used (dl  
from h e  same hatchery, all appaently in the same physiologicd 
state priorto rase). A plausible explmatim for this difference 
is that there is a critical theshold of initid distwbmce to gill 
function. If this threshold is exceeded the result is the 
establisheat of a positive feedback relationship between Al- 
induced epithelial e a d  ion loss. In this ckumstmce, 
one c m  envision AUH" interactions setting off a host of 
physiological and moqhologi~a1 reactions: displacing 
membrane-bound Ca* +, weakening tight junctions, and 
deforming and lifting the l m e H a  epithelium (Chevalier et al. 
1985), causing increased exposure of binding sites in the gills 
and fwther gill Al accumu~dion a d  acceleration of ion %oss 
leading to death. m i s  type of interaction would explain the 
observation of higher gill Al content in n o n s m i v o  compard 
with s ~ i v o r s ~  By the sane reasoning, the initid damage in 
surviving fish would be below the critical threshold, allowing 
time for compnsatoq mechmisms to operate. The most useful 
function of these mechmisms would be the reduction of 
epithelial ion leakiness m&or protection sf the epithelium from 
further surface effects of Al. The present results suggest that 
ion leakiness does seem to decline, based on the measurements 
ofJo,, (Fig. 7C vems  $A m d  $B), but do not reveal how such 
changes could come about. A smdl cont,buting factor will be 
the reduction of the plasma to water NaCl diffusion gradient by 
the initid losses. However, the overall adaptive response may, 
in fact, be the result of a whole suite of adjustments: increased 
mucous secretion, cell volume chmges that reduce pmcellular 
channel pmeability, the fornation of stable and relatively 
innocuous polymeric Al precipitaks, sequestering of Al in the 
intracellulx compartment, repairing damaged e l l s ,  homonal 
adjustments to epithelial pemeabili5, and even chmges in gill 
perfusion. Although there is an extensive literature on the 
movhologicd character of gill lesions induced by Al (Chevalier 
et d. 1985; Kxlsson-Nomgren et al. 1986a, 1986b) m d  other 
toxicmts (reviewed by Mallatt 1985), there is very little 
infomation on the mo~ks logicd  or physiological basis for the 

age rep& or adaptive mechanism of the gills. This is 
clearly a v e q  fruitful x e a  for further research. 

Interaction of A1 md H' 

Alhou& the toxicites of Al a d  H' resemble one mother, 
they me not strictly additive, since, as demonstrated here and 
in previous toxicity studies, increasing acidity (at least over the 
pH rmge s f  5 4 )  actually reduces the toxicity of Al. For exam- 
ple, Schofield md Trojna (1980) showed that the median sur- 
vival time (LT,,) sf brook &out fky exposed to 1000 pg AIL 
i n c ~ a s d  from 1.8 d d pH 4.9 to 5 d at pH 4.0. In the present 
study the relationship was similar but less straightfomd; Al 
(at least at low Ca2+) was about thee  times as toxic at pH 4.8 
as at pH 4.4 (based on similar ion losses at 3331pH 4.8 md at 
10W/pH 4.4, Fig. 5) but was either of similar or lower toxicity 
at pH 5.2 depnding on water Ca2' (similar initial ion losses 
a 5.21333 a d  at 4.8/333 in low G 2 + ,  Fig. 4; lower terminal 
plasma NaCl d 4.31333 than at 5.21333 in high a%', Fig. 5). 

Underlying this comp%ex interaction of Al m d  pH are two 
t aspects of Al chemistry in water; A1 solubility drops 
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by 8 factor of 72 (Pig. 1B) over the pH rmge of 4 - 4 5  -2 and 
is a c c o m p ~ e d  by major changes in speciation (Fig. IA), from 
mostly trivalent A% at pH 4.4 to mostly monovdent md divdent 
hyhxides at pH 5.2. Another important factor in this context 
is the pH of the micrwnvironment at the gill surface. Although 
the gill surface is extremely difficult to characterize chemically, 
it is most likely alkaline relative to the immediately adjacent 
interlamellar water, Factors contributing to this condition are 
buffeing by the polyamionic mucus layer anchored to the sur- 
face (Kirschner H 978) a d  the excretion 
fom, NH, (Wright and Wmd 1985). F 
face environment (extracellular fluids of the gill epithelium, 
and by extension the intmcellular fluids) will contribute to this 
alkalinity9 since it is likely to remain close to neutrality though- 
out Al exposure under even the most acutely lethal conditions 
(see Wood et d. 1988). 

With this backpound in mind, two distinct possibilities e m  
be suggested for a mechanism of Al toxicity, one based on sol- 
ubility md the other based on speciation. 

The f is t  (as suggested by Schofield md Trojna 9.980) views 
Al toxicity as a function sf the @msfomation of soluble mon- 
omeric Al species into either polymers m&or precipitates at the 
surface, this &msfomation k ing  principally responsible for 
the gill damage that causes physiological disturbances. Increas- 
ing the water pH would enhance this process, providing, of 
course, that the pH of the surface m k r m n v i m n m ~  follows 
that of the smounding water. 

The second possible mechanism is based on differences in 
toxicity amongst the A1 species. Here5 the suggestion is thd Al 
species vary in terns of their reactivity with surface binding 
sites md that polymefization and/or preeipihtion are secondq 
processes. This hypothesis would explain how A1 cod8 be more 
toxic at 8 than at 5.2, providing one assumes hat the poly- 
caglonic A1 species (Alp+, Al(OH)*) a e  more toxic than the 
monovdent hydroxide (Al(OH),+). At pH 4.8 the former make 
up 84% of the totd soluble Al, but this declines to 58% at 

I A). The Bower toxicity of pH 4.4 versus 4.8 codd 
, be explained if the Bivalent cation is more toxic 

than the trivalent cation, 
However, it is important to emphasize that the two toxic 

mechanisms are probably not mutually exclusive. Under some 
circumstances, both may be equally active in producing gill 
damage whereas under others, one may predo~nate over the 
other. Factors determining the predo~nance of one over the 
other could include the pH or Ca2+ concentration of the external 
environment or simply the duration of exposure if there are 
major adaptive changes occurring at the surfaces of the gills. 
The observation by Wood d al. (1988) that respiratory distress 
becomes greater md ionic disturbance less when Ca2+ is ele- 
vated at constant pH md Al (pH 4.81333 pgk) lends support 
to the notion that Al can operate by more than one toxic mech- 
anism and that its action is very much dependent on expswe 
conditions. 

Protective Effect of Ca2+ 

The rmge of water Ca2+ employed in the present study 
(8.8254.4 mequivll) may not seem large but, h fact, it rep- 
resents the full range found in waters sensitive to acidification 
(i.e. those with low calcium bicarbonate concentrations md 
therefore low acid neutxdizing capacity, Hmey et al. 1981). 
Furthemope, this rmge is sufficient to provide a major protec- 
tive effect. Based on present results, Ca2+ protects largely by 

reducing ion loss, thereby reducing mortality (Table 2; Fig. 3). 
Furthemore, Ca2+ is similarly antagonistic to low pH done 
pig. 3, 6) md to Al, in combination with %ow pH (Fig. 3, 5). 

The protective effect of Ca2" is now well established in the 
toxicology literature 8s reducing the toxicity not only of H9 md 
Al but of a number sf other aquatic contminants as well 4e.g. 
Brown 1968; Alabaster and Lloyd 1980). The protection is 
thought to arise from we& ionic interactions between Caz9 and 
surface ligands (membrane integral md peripheral proteins, 
mucopolysaecharides, anionic residues in intercellular 
cements). These interactions act to stabilize apical membranes 
md increase the tightness of intercellular tight junctions 
(reviewed by McDonald 1983b), thereby reducing pemeabiliq 
of the membrme a d  increasing its resistance to attack by sur- 
face-active toxicants. Therefore, much of the effect of Al and 
H+ may be related to competigive interactions with Ca2+ for 
gill anionic sites. Furthemore, the result of increasing water 
@ae may be to delay or reduce the binding of Al at these sites. 
Instead, high water Cap may promote plyme~zatiion or pre- 
cipitation of Al on the surface, since neither process would 
require prior binding of Al to gill anions. The end result may 
not necessarily be a change in the gill Al content so much as a 
difference in the f o m  md reactivity of the A% present. Thus, 
one could explain the observation of greater respiratory and 
lower ion disturbance at high Ca2+ (Wood et d. 1988) if the 
result of this process was the formation of a thicker surface coat 
with a greater diffusion distance. The precise nature of Al md 
Ca2" interactions at the gill surface is presently under investi- 
gation in ow Iabmtories. 
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