
Effects of Water Acidity, Calcium, and Aluminum on Who 
ons of Brook Trout SalveIinus fm finalis) Continuous y Exposed 

from Fertilization to Swim-Up: A Study by Instrumental Neutron 
Activation Analysis 

@. M. Wood and B. G. MeBonald 
Department of Biology, McMaster University, Hamilton, Ont. h8S 4 K I  Canada 

C. G .  Ingersoll' and D. R. Mount 
Fish Physiology and Toxico8sgy Laboratory, University of Wyoming, baramie, W'd 8287 1 USA 

Great Lakes Laboratory for Fisheries and Aquatic Sciences, P.O. Box 5050, Canada Centre for lnland Waters, Burlington, Ont. 878 4A6 Canada 

Nuclear Reactor, McMaster University, Mamilton, One. B8.5 4 K I  Canada 

and H. L. Bergrnan 
Fish Physiology and Toxicology Laboratory, University of Wyoming, Lararnie, W'd 8207 7 USA 

Wood, C. M., D. G. McDonald, C. G. ingersoll, B. R. Mount, 0. E. lohannsssn, S. kandsberger, and H. &. 
Bergrnan, 1990. Effects sf  water acidity, calcium, and aluminum on whole body ions of brook trout 
iSa/ve/iwe~s fontinagis) continuously exposed from fertilization to swim-up: a study by instrumental neu- 
tron activation analysis. Can. 8 .  Fish. Aquat. Sci. 47: 1593-1 603. 

Water Ca, rather than pH or Al, was the most important factor affecting whole body electrolyte levels in fry 
exposed from fertilization to swim-up (94 d) to 84 combinations of pH (6.5, 5.2, 4.8, 4.4, 4.81, Ca (8.5, I ,  2, 8 
mg/L), and A1 (0, 12, 37, I 17, 333, 1000 p@L) in flowing soft water. Aluminum accumulation occurred only at 
water Al levels > 11 4 p@L; Al accumulation was inhibited both by increasing Ca and decreasing pH. Under 
control conditions (pH =6.5, Ca=2 m@L, Al - 8 pg/L), whole body Na, CI, M, and Ca levels all increased 
greatly during development, while Mg decreased. Body Ca levels were elevated up to 3-fold, and Na, CI, and 
B< up to 2-fold by increasing water Ca at the same pH and Al. Low pH had a small negative influence, intermediate 
levels of Al (37, 4 1 1 )  a slight positive influence, and higher levels sf Al a negative influence on Na, Cl, K, and 
Ca levels. Whole body Mg showed opposite trends, reflecting delayed development under adverse conditions. 
At pH==6.%, the positive influence of increasing water Ca on most whole body ions showed a clear threshold 
between 0.5 and 1 m@L. At lower pH, this threshold was shifted to between 2 and 8 rng/L, indicating that Ca 
levels sufficie~t to support healthy development at circumneamtral pH may prove inadequate under acidified 
conditions. 

he calcium dans I'eau, plut6t que le pH ou I'Al, constitue le plus important facteur a agir sur I'equilibre des 
6lectrolytes ckez l'alevin expose depuis la fecondation jusqu'i la nage (91 jours) 2 84 csmbinaisons de pH (6,5,  
5,2, 4,8, 4,4, 4,0), de conc. de Ca (0,5, 1, 2, 8 rng/LB et d'Al 60, 1 2, 37, 1 4 1, 433, 1000 ~ g l L )  dans une eau 
douce en circulation. %'accumulation d'Al s'est produite seulernent A des concentrations dfAl dans I'eau sup. i 
11 f pg/L; I'accumulation d'Al 6tait inhibee h la fois par I'augrnentation de la conc. en Ca et I'abaissement du 
pH. Dans les conditions de r$.f&rence (pH=6,5, Ca=2 m@L, AI=0 p@b;), la conc. dans I'organisrne de Na, 
CI, K et Ca a considerablement augment6 au cows du developpement alors que ceiie du Mg s'est abaissee. La 
conc. de Ca a augment6 de trois fois alors que celles des Na, CI et K ont augmente de deux fois lorsque la teneur 
en Ca de I'eau a 6t& accrue et que le pH et Ba conc. en Ai ont et6 gardes constants. Les pH acides avaient un 
I6ger effet nbgatif, les conc. intesmkdiaires d'Al (37, 11 1) avaient un kger effet positif et les conc. $levees d'Al 
avaient amn effet negatif sur la conc. de Na, CI, K et Ca. La conc. en M g  davs I'organisrne variait en sens inverse, 
ce qui traduisait un d6veloppement retard6 par des conditions adverses. A pH = 6,5, on vsyait apparattre net- 
tement un seuil entre 8,s ~t 1 mg/L dans i'influence positive de I'aergmentation de conc. en Ca dans B'eau sur la 
plupart des electrolytes. A pH acide, ce seuil passait entre 2 et 8 m@L, ce qui indique que des conc. en Ca 
suffisantes pour assurer un d6veloppement sain des organisrnes 3 pH sit& dans la page de neutralit&, peuvent 
se reveler insuffisantes en milieu acide. 
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n juvenile and adult salrnoaaids, i o n o r e u a t  disturbance 
is the key toxic mechanism causing death in acute acid 
stress. This is further exacerbated by the presence of alu- 

minum (Al) but ameliorated by calcium (Ca) (Leivestad 1982; 
Wood 1989; McDonald et al. 1989). Homoregulatory disturb- 
ance may also occur during chronic sublethal exposures, but 
here the situation may be complicated by acclimation and/or 
recovery, and by protective rather than toxic effects of AI 
(Wood et al. 1988). 

Early life stages are more sensitive to acid/aluminum exgo- 
sure than juveniles and adults; mortality over the fertilization 
through swirn-up period may be an important cause of recmit- 
ment failure (Haines 1 98 1 ; Howells 1984; Gunn 1986). A num- 
ber of studies have indicated that intense ionic uptake from the 
water must occur at this time to achieve the rapid mineralization 
of the body which accompanies early development (McCayet 
al. 1936; Hayes et al. 1946; Zeitoun et al. 1976; Shen and 
Leatherland, 1978a; Tdbot et al. 1982; Rombough and Gar- 
side, 1984). It is therefore surprising that the effects of aci&Al 
stress on isnoregulation in these early life stages have received 
little experimental attention. One notable exception is the work 
of Peterson et al. (1982) and Peterson and Martin-Rsbichaud 
(1986) on Bwal Atlantic salmon (SaHms sakar)) chronically 
exposed to acid stress alone. Pronounced reductions in Na, Ca, 
and K accumulation during development were documented. The 
effects of water A1 or Ca, of exposure at different develop- 
mental stages, and sf recovery were not tested. However, very 
recently, Guwn and Noakes (1987) have examined some of these 
topics after recovery from pulse saciQ/A1 exposures in alevins 
of lake trout (Salvelinus namaycush) . 

The toxicological experiments described in the preceding 
paper (Ingersoll et al. 1990) on early life stages of brook trout 
(SalveHiaitus$on$inalis) offered a unique opportunity to evaluate 
these problems in an extensive pWCdAl matrix. We have 
employed instrumental neutron activation malysis (INAA) to 
measure whole body levels of Na, C19 K, Ca, Mg , and Al in 
surviving fry from these experiments. INAA, which has 
recently been employed in other acidification studies (Fraser 
a d  H m e y  1984; Cunningham and Shuter 1986; Gunn md 
Noakes 1987), was a particularly suitable method for these very 
small samples (-5 - 15 rng dry weight). The technique pro- 
vides sensitive, simultmeous, and now-destructive multi-ele- 
rnent malysis without extensive sample prepmation (Heydom 
1984). 

The present paper reports the isnoregulatory effects seen in 
surviving brook trout after a continuous 91 d exposure (fmm 
fertilization through swim-up) to an 84 cell matrix of pH, Ca, 
md Al. This matrix covers the total range of occurrence of these 
thee pameters  in acid-sensitive soft waters of eastern North 
America. The accompmying pdper (Wood et al. 1990) dwu- 
ments the effects on previously unexposed yolk-sac fry and 
swim-up fry of shorter tern challenges md recoveries in this 
same matrix. 

Materials and Methds 

Exposures 

Details of the fish and the exposure regimes are given by 
Ingersoll et ai. (1990). In brief, di fish came from a single batch 

'Present Address: National Fisheries Contaminant Research Center, 
U S W S  Columbia, MS 65201 USA. 
'Present Address: Department of NucBear Engineering, University of 
Illinois, Urbana, IL 61801 USA. 

of 26 000 freshly fertilized eggs (from 40 females and 48 males) 
spawned in soft water (pH ~ 6 . 5 ,  Ca - 2 mg/L). The exposure 
matrix consisted of 84 combinations (nominal values) of pH 
(6.5, 5.2, 4-8, 4.4, 4.0), Ca (0.5, l 9  2, 8 rng/&), and Al (8, 
12, 37, 11 1, 333, 1080 ybg/L) in flswing artificial softwater 
(Na -- 4, @1 - 8 mg/L) acidified with H2S8,. Temperature 
was 10.9"C, close to the reported optimum (82.4"C) for the 
growth a d  survival of brook trout alevins (McComick et al. 
%972), and photoperiod 1%-h lighg/l2-h darkness. Fry were 
offered Rangens Trout Starter (Rangens Hnc . , BUM, Idaho), and 
exposure chambers were cleaned daily; no substrate was 
employed in the chambers. Exogenous feeding started between 
days 55 and 60 post-fertilization; it was not possible to estimate 
the mount of food actually eaten. 

The water chemistry data from these exposures have been 
reported in detail (see table 1 sf Ingersssll et al. H 990). In brief, 
pH and Ca levels were recorded daily and other parameters 
weekly or msre frequently on water samples taken directly from 
the exposure chambers. Concentrations were generally very 
stable, with coefficients of variation typically 928%. On an 
absolute basis, measured Ca averaged a b u t  25% less than 
nominal concentrations, while measured pH and A1 (both total 
Al and monomeric Al) were in close agreement with nominal 
values. Nominal values have been used throughout for data 
analysis and tabulation. 

The longest exposure. which is the focus of the present paper, 
started on day O with freshly fertilized eggs and continued for 
91 d though swim-up. On day 9 1, every cell was sampled for 
HNAA except where this was impossible due to mortality (see 
below). In addition, two 21 d age-specific challenge and 20 d 
recovery experiments were performed with yolk-sac fry (over 
days 49-90) md swim-up fry (over days 70-1 11;  see Wood et 
al. l 990). In both, the fish had been raised at pH = 6.5, Ca = 2 
mg/L, Al- 0 pg/L prior to challenge in the matrix, md  were 
returned to this condition for recovery. These experiments 
provided some of the baseline data on temporal changes in body 
cornpssitisn, summhzed in Fig. 1. 

Analyses 

Typically, 8-10 survivors out of the original 50 fish in each 
cell were sacrificed for HNAA, though this was reduced in cases 
where survival was low. The smallest number ever taken for 
INAA was 4. Cells with fewer survivors were not anaalysed. At 
sacrifice, fish were individually blotted dry, weighed (0.1 rng 
accuracy) and then dried to a constant weight at 65°C in an 
INAA vial. While both wet and dry weights were employed in 
data analysis (see Results), elemental concentrations have been 
routinely expressed in terns of wet weight. This is in accord 
with the recommendations of Shearer (1984) md the fact that 
wet weight measurements were intrinsically msre accurate in 
these very smdl fish. For example, a 1 % emor in water content 
would be associated with a 5-183% e m r  in dry weight. 

Instrumental neutron activation analysis was carried out at 
the McMaster University Nuclear Reactor. Samples were ina- 
diated with thermal neutrons (flux density = 
5 x 1 O1'nern - '.see - I) ,  and after a 1 min delay, were counted 
for 10 min using a hyper-pure germanium detector coupled to 
a Canberra. multichannel analyzer (Series 48 or 90). The peaks 
of interest a d  their energies (keV) were 24Na (1368.41, 
(1642.2), 42K (15%4.6), 49Ca(3084.4), 27Mg (1014.5), and2'Al 
(1778.9). Concentrations were calculated by comp&son to 
known standards using routine equations (Desote et al. 1972). 
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Days Post-Fertilization 
Ro. 1 .  T e m p d  changes in wet weight, dry weight, and the whole body concentrations (wet weight 
basis) of C1, Na, K, Ca, and Mg in bamk trout fry during early development under control conditions 
(pH=6.5, Ca-2 mg/E, Al-0 @E). Mems zk lSEM for n = 2 0  at day 70, n=27  at days 90-91, 
and n=9 at day 111. 

The NBS citrus leaf standard #I572 was used as a primary 
standard; the %\%WC marine fish tissue reference standard gave 
essentially identical results. As a check on the reproducibility 
of the analyses, a homogeneous pool of dried trout tissue was 
pfgared, and 6-9 separate samples andysed. The coefficients 
of variation were: Na= 3.6%; @1= 9.7%; K = 7.8%; 
@a = 11.9%; md Mg = 9.8%. As a check on absolute accuracy, 
the samples were spiked with known mounts of atomic absorp- 
tion standards (BDH, Hxleco) sufficient to approximately dou- 
ble the native concentrations. Standard recoveries a 1 SD (by 
subtraction) were: Na- 108.7 k 10.0%; 61- 103.7 & 3.0%; 
K=92.0 + 6.5%; Ca-92.6 k 9.4%; and Mg- 113.0 5 
11.4%. 

Aluminum analyses by INAA are complicated by the con- 
version of 31P to 28A1 during irradiation. While there is approx- 
imately 2008 times more P than Al in uncontaminated fish 
(Shearer 1984), INAA is fortunately over 1000 times more sen- 
sitive to Al than to P because of the correspondingly higher 
conversion efficiency. We therefore adopted an empirical 
approach, calibrating the AUP radioactivity of experimental 

samples against known Al standards. 'The mean 'AVP concen- 
trations" of all fish in a particular treatment from = 0 cells 
(i.e. no Al exposure) were subtracted from the Al-exposed fish 
to give mean " "hl  concentrations. ' ' The assumption here was 
that the B concentration was reiatively constant across treat- 
ments. This assumption appears valid as variation in '"UP 
concentrations" between groups over wide ranges of water pH 
a d  Ca (at A1 = 0) was generally less than 18%. Based on these 
considerations, the detection limit for Al accum~Hation was a 
AAl of approximately 0.3 pmollg, which eonaesponded to a 
2&30% elevation in radioactivity for 'lA1/P concentration" 
above that present in fish from the relevant A1 = 0 cells. The 
reproducibility for A Al was better than k 16% above 2 pmoY 
g , based on repeated irradiations. 

Statistical Analyses 

Within each cell, data were expressed as means k 1 SEM 
for k7t = 8 - 10 fish generally, though for a few cells (<lo%) 
the n was as low as 4. Over the complete matrix, the relative 
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Egg - Swim-up Fry-9 1 Day Exposure 

2 W -Multiple Regression 

Proportion of Variance Explained by: Ca 

C a  Na K A l C I Body Mg 
Weight 

FIG. 2. Total variance explained (I23 and proportion attributable $0 each factor (Ca, AI, pH), as deter- 
mined by stepwise multiple regressi~w analysis, for VX~QBHS whole body parameters in brook trout fay 
after 91 d continuous exposure to the matrix of pH, Ca, and AI. Asterisks indicate relationships which 
were also significant by factorial analysis of variance. 

effects of pH, and Ca on whole body ion status and weight were 
first assessed using a factorial analysis of variance. The relative 
effects of the significant factors were then modelled, using step- 
wise multiple linear regression over the entire matrix. M i l e  
relationships with pH appeared linear, marginal plots of the 
data suggested that some relationships with Ca md Al were not 
necessarily linear, and might be logarithmic. In addition, rela- 
tionships with A1 often appeared parabolic (y = ax2 + bx + c), 
the greatest effects being seen at intermediate Al levels, with 
lesser effects at lower and higher levels. Therefore in these 
analyses both linear and logarithmic relationships were evalu- 
ated, and A12 an$ (log All2 terns were included in the regres- 
sion program to permit A1 to assume parabolic relationships. 
Factors were included in a regression only if their value of F 
to enter was significant CgB<0.05). In some instances, signifi- 
cant factors as determined by analysis of variance did not enter 
the regression equations. This would occur when their inter- 
action effect(s) had entered with a more dominant factor. The 
opposite, a non-significant factor by analysis sf variance enter- 
ing the regression equation, occumd less often than predictable 
by chance alone. The final relationship accepted for each ion 
was the one which accounted for the maximum mount  of var- 
iance. The total explained variance (R') and the proportion of 
that variance contributed by each factor (factor w ~ )  are sum- 
marized for each whole body parameter in Fig, 2. Asterisks 
indicate that the factor was &so significant by factorial analysis 
of variance. Statistical analysis of the survival data has been 
reported by Ingers~ll et al. (2990). 

Results 

Temporal Changes 

As a background to this and the following study (Wood et 
al. 2990), Fig. 1 s u m m ~ z e s  time-dependent changes in body 

composition of trout raised continuously under control 
conditions (pH = 6.5, Ca = 2mg/E, AI = 0 pg/L). This s u m m q  
combines data sets taken at day 91 post-fertilization in the 
present study with those taken at days 70, 90 - 9 1, and 1 1 1 in 
several experiments described by Wood et aI. (1998). All fish 
were raised simultaneously, and at any one time there were no 
significant differences among the different experiments. 
Exogenous feeding stated between days 55 and 60; by day 70 
the yolk-sac appeared to be about half resorbed, and by day 
2 11 only a small remnant persisted. 

From days 70 through I 1 1, there was a small decline (-20%) 
in wet weight and a large decline (-60%) in dry weight as the 
devins converted yolk into somatic tissue (Fig. 1). Thus water 
content increased considerably. During this same period, the 
concentrations of dl measured whole body ions except Mg 
increased significantly (Fig. 1 )  . The relative increases ranged 
from - 1.3-fold for K to -3-fold for Ca. Only in the case of 
K could the reduction of wet body weight possibly explain the 
increase in concentration. Thus for Na, Cl, md Ca, there were 
real increases on a per individual basis as well as a body weight 
basis. In contrast, the concentration of Mg fell by -60% 
between days 70 and 1 1 1. 

Relative Influence of pH, Ca, and Al after 91 D 

Fig. 2 s u m m ~ z e s  the results of the multiple regression anal- 
yses for the major measured parameters. In every case, a factor 
significant by this analysis was also significant by factorial 
analysis of vximce. The proportion of overall variance 
explained by the three measured variables Ca, Al, and pH 
ranged from over 60% for body Ca and Na concentrations down 
to about 14% for Mg concentration. For all parameters except 
AAl, water Ca was clearly the dominant influence after 91 d 
exposure, with water Al and pH playing relatively minor roles. 

1596 Can. J .  Fish. Aquat. Sci.. Vob. 47, 1990 
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4.0 4.4 4.8 5.2 8.5 Ca= 28) ID 05 

PH ~rng.k-') 

Ro. 3. Percentage survival of brook trout fry after 91 d continuous exposure to the designated matrix of pH, Ca, and Al from fertilization 
through swim-up. Each cell originally contained 58 eggs. 

Egg - Swim-up Fry-9 1 Day Exposure 

pH 
PIG. 4. Wet body weight of brook mut fry after 91 d continuous exposure to the designated matrix of pH, Ca, and Al. In cells not shown, data 
were not available due to low survival (ef. Fig. 3). Means 2 1 SEM for PO== 8 - 18 fish in most cells, falling as low as four in cells with high 
mortality. 

Mortality and Body Weights after 91 D Whole B d y  Electrolytes after 91 D 

The relatively low survival (<56%%; Fig. 4) even under con- 
trol conditions was probably due to incomplete fertilization (see 
Hngersoll et al. 1990). At pH = 6.5 without Al, survival was 
strongly dependent on water Ca (Fig. 3). A similar protective 
effect of Ca was seen throughout the matrix, especially at 
pH = 4.8. Survival was negatively correlated with acidity; mor- 
tality was virtually complete at pH = 4.0 and 4.4. A1 had no 
significant effect, though intermediate levels (A1 = 37 - 
11 1 pg/L) may Rave slightly meliorated acid toxicity. 

Wet b d y  weight was also positively correlated with Ca 
(strongest with log Ca) md negatively conelated with acidity 
thoughout the matrix (Fig. 2, 4). AH had a small influence in 
raising wet weight under acidic conditions. Dry body weight 
(not shown) was unaffected by Ca or Al, but was influenced in 
a biphasic fashion by pH, being greater at pH = 4.8 and 6.5 
than at 5.2. 

Because s f  heavy mortality, fish were not available for anal- 
ysis from some of the lower Ca cells at pH = 4.8 and 5.2, and 
from all cells at pH = 4.0 md 4.4. As some mortality occurred 
in every cell, the data are representative of the most resistant 
individuals in each group - i.e. after the process of selection 
has occurred. 

Hn fish which had survived 91 d in the matrix, water Ca was 
clearly the dominant influence on the concentrations sf all five 
whole body ions (Fig. 21, an effect which was pronounced even 
at pH = 6.5. Increasing Ca raised whole body levels of Na 
(Fig. 5) and CI (Fig. 6), the two major extracellular electro- 
lytes, in a ccsncen&ation-dependent fashion in virtually every 
cell of the matrix (Fig. 2). The effect of Ca = 8 mg/E was par- 
ticularly pronounced, increasing Na and C1 levels up to 2-fold 
above those at Ca= 0.5 mg/L. Hm addition, low pH had a very 

Can. J .  Fish. A q ~ r .  Sci., V01. 47, I990 1597 
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Egg - Swim-up Fry-9 I Day Exposure dZ77 

4.8 5.2 6.5 c2-= 8.0 2.0 1.0 0.5 
( rng .~ - I )  

pH 
FIG. 5.  M o l e  body concentrations of Na in brook trout fry after 91 d continuous exposure to the designated matrix of pH, Ca, and Al. Other 
details as in legend of Fig. 4. 

FIG. 6. Whole body concentrations sf CI in brwk trout fry after 91 Q continuous exposure to the designated matrix sf pH, Ca, md Al. Other 
details as in legend sf Fig. 4. 

slight inhibitory effect, and Pal a slight suppofiive effect (par- 
abolic with Hog Al) which was greatest at 37 and 1 1  1 pg/L. 

The positive influence of Ca was equally dominant for K 
(Fig. 71, the major intracellula electrolyte; here the relation- 
ship was strongest with log Ca. Again intermediate Al levels 
were slightly supportive, but pH had no significant effect 
(Fig. 2). 

Not surprisingly, the greatest positive influence of Ca was 
on whole M y  Ca concentrations (Fig. 2, 8). Levels increased 
up to 3-fold in a step-wise fashion for my one cell over the 
range tested. Low pH had a small negative influence, md inter- 
mediate Al levels a small supportive effect. 

The threshold for the supportive effect of water Ca on whole 
body Ca concentration at pH = 6.5 was between Ca = 0.5 md 

1 rng/L, whereas under acidic conditions it Hay between Ca = 2 
and 8 mg/L (Fig. 8). Similar trends were seen for whole body 
Na (Fig. 5 ) ,  Cl (Fig. 61, and K (Fig. 71, suggesting that the 
difference in threshold under acid conditions was a general phe- 
nomenon. None of the positive effects of Ca were due to 
expressing the data on a body weight basis, because Ca dso 
psitivel y influenced wet weight (Fig. 2,4). Thus on a per fish 
basis, the effects were even greater. 

In contrast to the other ions, whole body Mg was decreased 
by increasing water Ca (strongest with log Ca), an effect seen 
clearly in every cell of the matrix (Fig. 9). Acidity had a slight 
positive influence on Mg levels, while Pal was without effect. 
Thus adverse conditions which tended to reduce the other ions 
a d  wet body weight also tended to raise whole body Mg 
concentrations. 

1598 Can. J .  Fish. Aquat. Sci., Vol. 47, 1990 
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4.8 5.2 6.5 ca = 8.0 2.0 0.0 Q B ~  
hw.L.-tl 

pH 
FIG. 7. M o l e  body concentrations of K in brook trout fry after 91 d ccsntinuous exposure to the designated matrix sf pH, Ca, and Al. Otkr  
details as in legend of Fig. 4. 

Egg- Swim-up Fry-O 1 Day Exposure 

FIG. 8. Whole M y  concentrations of @a in brook trout fry after 91 d c~ntinuous exposure to the designated matrix sf pH, @a, a d  AI. Other 
details as in legend of Fig. 4. 

Aluminum Accumulation 

Significant AAl was detected only at water Al = 1 1 1 and 333 
(I@,, so was positively correlated with the water Al level 
Fig. 10). Over the matrix as a whole, the effects of @a and 
acidity were small relative to those of water A1 (Fig. 2). How- 
ever, in those cells showing significant aluminum accumula- 
tion, both Ca and acidity had strong negative influences on 
hAl. For example, the peak accumulation of 9.4 gamollg (at 
pH = 5.2, Ca = 1 rng/L, A% = 333 pg/L) was hdved by either a 
reduction of pH to 4.8 at the same Ca, or by increasing Ca to 
8 mg/& at the same pH. 

Electrolyte Concentrations and Changes during Development 
Concentrations of Na, C1, K, Ca, and Mg and their changes 

over time in developing brook trout embryos under control 
,conditions, as determined by INAA in the present study 
(Fig. I), were similar to those reported by Hayes et al. (1946) 
in developing Salmo salar. McCay et al. (1 936) reported similar 
Ca concentration data in brook trout embryos. These early 
studies employed chemical analytical techniques. There was 
also good agreement with more recent atomic emission 
determinations sf Na, K, Ca, and Mg in ealy life stages of 
other salmonid species (Zeitoaan et al. 1976; %hen and 
batherland 1978a; Tdbot et a%. 1982). Direct comparison with 
the most detailed study, that of Peterson and Martin-Robichaud 
(1986) on Na, K, Ca, and Mg changes (by ion chromatography) 
in developing Saho salar, is difficult because of the different 
basis for data expression used in their study. Nevertheless, the 
two studies appear in broad qualitative agreement. 
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E g g  -Swim-up Fry-9 1 Day Expssura - 

Hra. 9. M o l e  body csncengrations sf Mg in brook &out fry after 91 d continuous exposure to the designated matrix of pH, Ga, and Al. Other 
details as in legend s f  Fig. 4. 

Egg -Swim-up Fry-9 1 Day Exposure 

FIG. 10. M o l e  body accumlation of aluminum (AAl) in brook trout fry after 91 d continuous exposure to the designated matrix of pH, Ca, 
and Al. Other details as in legend of Fig. 4. 

A finding common to all these studies is that development 
from fertilization though yolk-sac resorption involves marked 
net accumulation of electrolytes by the embryo (cf. Fig. I). 
The detailed analyses of Hayes et d. (1946), &itsun et al. 
(1976), Rombsugh and Garside (1984), a d  Peterson md  
Martin-Robichaaad (1986) indicate that the external 
environment is the source of more than half the Na and Ca 
uptake, and at least in three of the studies. a smaller fraction 
of the K uptake. Magnesium is the only ion present in the yo& 
in c lea  excess of the requirements of the embryo; it therefore 
decreases in concentration during development (cf. Fig. 1). The 
major routes of ion uptake me thought to occur via rudimentary 

"'chloride cells" which occur on the yolk-sac epithelium and 
skin, as well as on the developing gills ( Shen and Leatherland 
1978Q; Hwang and Hirano 1985). Net accumulation will 
represent the difference between active uptake from and 
diffusive loss to the dilute external environment. Exogenous 
feeding may also play a role, especially after swim-up (TaHbt 
et al. 1982). However, to date it has not been possible to 
quantify the contribution of this route to net ion accumulation. 

Effects of 9 1 D Exposure 
The most important finding of the present study is that water 

Ca level, rather than pH or AI, was the major determinant of 
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net electrolyte accumulation in fish which have been raised eon- 
tinuously from fertilization through swim-up in an extensive 
pWCdAl matrix (Fig. 2). The effects were most dramatic for 
Ca and Na, where water Ca explained more than 50% of the 
overall variance; for C% and K, Ca accounted for more than 35% 
of the variance. 'This does not mean that acidity and A1 were 
without toxic effect. Indeed acidity was the major determinant 
of mortality in this exposure prior to hatching, and A1 was the 
major determinant after hatching (Ingersoll et al. 1990). While 
Ca was positively related to survival over both periods, its influ- 
ence was less than those of the other two factors. In other words, 
the toxic effects of pH and Al eliminated all of the fish in many 
of the exposure cells a d  depleted other cells prior to the sample 
time sf this experiment. What remained were survivors where 
the positive influence of Ca was clearly the dominant sublethal 
effect. 

This large positive influence of Ca on whole body Na, C1, 
K, and Ca levels, the much smaller positive influence of Al, 
and the negative influence of acidity could result from effects 
on developmental rate and/or on ion exchange rates. Body 
weight, either wet or dry, is not a good index of developmental 
rate for these early life stages because it tends to decrease as 
development proceeds under control conditions (Fig. 1; also 
Geen et al. 1985). Furthemore it may be affected in a complex 
fashion by adverse conditions, as indicated by the biphasic pat- 
tern in chy weight with pH, combined with the negative influ- 
ence of acidity and positive influence of Ca on wet weight 
(Fig. 4). W e n  taken together with the temporal chmges in 
Fig. 1 and the observations of Hngersoll et al. (1990) that low 
pH delayed hatching, yolk-sac resorption, swim-up, and feed- 
ing, these data suggest that the body weight changes resulted 
from two opposing influences. Unfavourable conditions tended 
to delay development, thereby reducing the decrease in weight 
(especially dry weight) due to yolk-sac resorption. At the same 
time, these conditions tended to increase metabolic costs md 
reduce food intake, thereby accelerating metabolic weight loss 
and decreasing embryo growth. Thus, depending on their 
severity, adverse conditions which delay development may 
either retard or accelerate the normal weight loss associated 
with ontsgeny . 

However, Mg present in high concentration in the yolk but 
low concentration in the embryo (Hayes et al. 1946; Peterson 
and Mmin-Robichaud 1986), appears to be a useful marker 
for developmentd rate (Fig. 1). Whole body Mg concentrations 
were clearly lowered by increasing Ca and slightly raised by 
increasing acidity, in contrast to the trends with all other ions 
(Fig. 9). This suggests that development was delayed by low 
water Ca and low pH. Many other studies have shown that low 
pH, either alone or in combination with Al, inhibits develop- 
ment in early life stages of salmonids (eg. Geen et al 1985; 
Peterson md  Martin-Robichaud 1986; Hunn et al 198'7; Gunn 
md Nodces, 1987), but the marked effect of low water Ca has 
not been documented previously. 

On the basis of the present data alone, it is not possible to 
conclude whether effects of Ca, Al, and pH on whole body ions 
were due to altered ion exchange rates or to altered develsp- 
mental rates, or both. Indeed, developmental rate may either 
limit or be limited by the rate of net electrolyte accumulation. 
However, the companion study which examines age-specific 
challenges in the matrix (Wood et al. 1998) indicates that both 
effects occur and, at least in the yolk-sac stage, that pronounced 
influences on whole body ion accumulation can be demon- 
strated in the absence of developmental effects. Peterson rand 

Martin-Rsbiehaud (1986) also documented an inhibition of ion 
accumulation which was both separate from and additional to 
inhibited development in Salms salar embryos exposed to %ow 
pH alone for $35 d. 

The negative effect of Iow pH on body ion concentrations 
has been repeatedly demonstrated in adult fish, where it results 
from both inhibition of active uptake, probably through the 
"chloride cellsT9 ' and stimulation of diffusive loss, probably 
through the paracellular chanels of the gills (cf. Wood 1989). 
Similar explanations probably apply to the transporting eplthe- 
lia (vitelline membrane, developing gills) of the embryo. In the 
adult, the protective effect of water Ca is largely due to its 
action in curtailing diffusive losses by reducing brachial 
permeability (Wood 1989). This is probably also the basis of 
its present dramatic action on whole body ion levels in embryos. 
The particularly marked effect of water Ca on whole body Ca 
levels (Fig. 8) may result from an additional factor, the pro- 
nounced concentration-dependence of branchial @a uptake 
which has been documented in adult fish (Mayer4ostan et a%. 
1983; Perry and Wood 1985). The small but significant ''pap- 

abolic" effect of A1 on most whole body ions is considered in 
greater detail by Wood et do (1 990). In brief, it can be inter- 
preted as a protective action at intermediate levels due to the 
ability sf A1 to either substitute for Ca in stabilizing membrane 
permeability or to induce proliferation of "chloride cells." At 
higher levels, this protection disappears as A1 itself becomes 
toxic to ionoregulation. 

Protective effects of M were seen at water A1 levels below 
which significant AAl accumu1ation was detected (Fig. 10). 
Accumulation occasmd in exposure cells (pH = 5.2, Al = 1 1 1 
and 333 y~g/L; pH = 4.8, A1 = 333 pg/L) where Al was close 
to its solubility limit (Johnson et al. 198 1). Some or all of the 
AAl may represent an adherence to the external surface of the 
embryos. This could result from precipitation in the more alka- 
line micro-environment of the fish and/or binding to anionic 
organic ligmds on the surface. The inhibitory effect of lower 
pH and higher Ca on AAl accumulation could result from H* 
and ca2+ competition for binding sites, the change in relative 
speciation from a predominance of cationic hydroxides at higher 
pH to free trivalent Al'" at lower pH, and the greater absolute 
solubility of A1 at lower pH. Cleveland et al. (1986) found a 
similar inhibition sf Al accumulation by lower pH (4.5 vs. 5.5) 
in early life stages of brook trout exposed to A1 = 300 pg/L at 
Ca = 3 mg/L for 30 d; absolute AAl levels were similar in the 
two studies. 

Environmental Significance 

The protective action of Ca against the adverse effects of low 
pH and/or high A1 on ionoregulation in adults and on survival 
in early life stages is well known (eg. Howells et al. 1983; 
Wood 1989; McDonald et al. 1989). However, the present sub- 
lethal effects on mineralization are the Exgest yet documented. 
Furthermore, this appears 80 be the first demonstration that 
water Ca has a critical influence on net ion accumulation even 
at pH= 6.5, in the absence of Al. The hatching to swim-up 
period is a time of intense mineralization; water Ca level will 
have a marked effect under neutral conditions, and am even 
greater influence under low pH and/or high Al conditions. For 
example, a fry raised for the first 91 d of its life at Ca==0.5 
mg/L (at pH = 6.5) would have only about '75% of the Na and 
C1 concentration, and only about 50% of the K and Ca con- 
centration sf one raised at Ca = 1, 2 or 8 mg/L. If the pH were 
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4.8 for the first 9 1 d, even at Ca = 2 mg/E, these values would 
be reduced to about 55% for Na and CB, and 40% for Ca. The 
long-term survival prospects of such fish are probably poor. 
However, Ca = 8 mg/L affords dmost complete protection, 
even at pH = 4.8. 

This analysis emphasizes that the threshold for the beneficial 
effects of Ca, which is between 0.5 and 1 mg/L at pH = 6.5, is 
shifted to a higher Ca level, between 2 and 8 mg/L, under low 
pH. Thus natural soft waters which have sufficient Ca to sup- 
port healthy fish development at circurnneutral pH may lose 
this capacity if acidified. A Ca level of 8 mg/L is at the upper 
end of the softwater range, and probably unlikely to occur in 
most natural acid stress situations. This conclusion as to the 
importance of Ca, baed  on whole body ion analysis, is in gen- 
erd agreement with those of Wright and Snekvik (1978) and 
Howells et al. (1983) based on field surveys of acidified lakes. 
These surveys also indicated that AE was not a major detemi- 
want of fishery status in acidified lakes, which again is in accord 
with the present data. 

One important reservation a b u t  the environmental signifi- 
cance of the present study must be noted. Here, fish were 
exposed continuousHy to toxic conditions from fertilization 
through swim-up. However, in the wild. brook trout may select 
areas of groundwater seepage for spawning, and avoid areas of 
low pH (Johnson and Webster 1977; Gunn 1986). The water 
in the ~ e d d  may therefore be relatively alkaline, higher in Ca, 
and lower in Al ham that in the overlying stream. Exposure to 
toxic conditions may only occur when the alevins emerge fmm 
the substrate to commence feeding (Trojnar 1977). The exper- 
iments of the following paper were designed to evaluate this 
situation (Wood et al. 1990). 
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