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here is extensive documentation of recruitment failures
apd the subseguent demise of fish ;?af:suiati@m in cul-
wrally acidified waters (Beamish and Harvey 1972
Beamish 1974, 1976, Schofieid and Trojnar 1980;
Muniz and Leivestad 1981; Mills 1984). Successful re-
production of some species cannot be ensured in soff wals
experiencing long-term depressions of pH o below f}
{Fromm 1980), but metal foxicity has been suggested as a
possible additional stress {Bea nish 1976, Harvey and Lee
1982).

Recent research has fﬂf‘ﬁ%‘;m gz?m?%rz;v on the toxic effec ts
of aluminum in soft, acidic water. It is clearly toxic to fis
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{Driscoll o al. 1980; Brown 1983) and has been considered 1o
be the controlling factor for fish disiributions in acidified
waters (Schofield and Trojaar 1980}, In spite of this, the com-
mon condition in most waicrs showing some degree of
acidification-related stress on fisheries is depressed pH and
glevated levels of other metals in addition 10 Al Impacted lakes
in the Sudbury and La Cloche mountain regions of Ontarlo
have elevated levels of Al Mn, Zn, Mi, and Cu {(Beamish 1976;
Keller et al. 1981 Kelso and Gunn 1984). Acidified waters in
Scandinavia have elevaied levels of Al Zn, and Pb {Henriksen
and Wright 1978; Muniz and Leivestad 1981) and fishery im-
pacts have been documented (Jensen and Sﬁwi’vik 1972),
‘levated levels of Al Mn, and 7n are found in acidified lakes
of the northeastern United States from which population losses
have bf:-veﬂ r@p@z’teé {Baker 1982}, The controlied acidification
of Lake 273 in Ontario Increased the waterborne concentrations
of Al, Mn, and Zr (Schindler and Turner 1982), and both
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promelast and lake rout
eneed rscrzaz’a:ﬂaf:fﬁ failures

; w {e. Cunn and
nent failure of lake

fathead minnows {Plmephales
{Safvelinus namayeusiy  ©¥]
iMills 1984). Conversely, in situ bloas
Hetler 1984y did not demonstrale recrui

trout in the presence of depressed pH and elevated Jevels of

inorganic, monomeric Al, which is the lethal form of that metal
{Dirisgoll et gl 1988 Thus. research to date has not conclu-
sively linked recruitment failures of fish to depressed pH and
elevated kevels of Al

The possibility of joint toxicity of hydrogen ion and trace
metal mixfures in &ud;md waters should not. thergiore, be
averlooked, Studies done in peutral pH waters have clearly
shown that trace meial mixtures decrease reproductive success
of fish e, Cu, Cd. and Zn, Eaton 1973 McFarlane and
Franzin 1978) and interact fo produce acute lethality of juvenile
fish {ie. Cu, Mn, and Zn, Lewis 1978, Cu, Cd, and Zn.
?éﬁm%am and Verrue 19823, In addition, Wong 2t al. (1978)
reported that As, Cd, Cr. Cu, Fe, Pb, Hgz, Ni, Se, and Zn, each
at the “safe” concentration recommended in the Great Lakes
Water Quality Objectives, were very toxic o algae when all
were present inoa mixiure.

These studies iHustrate 2 clear potential for race meal miy-
tures 1o have sublethal effects on fish in acidified lakes,
especially considering the low levels of total hardness that
characterize such waters, The amplifving effect of low huard-
ness on lethality of Zn and Cu is well established (Mount 1966,
Howarth and S;}razue 1978, Chakoumakos ¢t al 1979
Borgmann 1983) but few studies have evaluated the toxicity of
metal mixtures af concenirations near sublethal thresholds, and
none at fow pH in soft water,

The purpose of our study was to make a direct assessment of
the possible role of trace metal mixtures in recruliment failure
of fish in acidified soft water, Chronic exposure of the Amen-
can flagfish (Jordanella floridae: Goode and Bean) over a full
reproductive cycle in the laboratory was selected as the most
effective exploratory approach, as such experiments have pro-
vided the most reliable information on chronic effects of 10x-
icants on fish (McKim 1977). Although the flagfish is not
native o Canadisn soft waters, ils responses 1o frace metal
toxicity are similar to those of native species (Fogels and
Sprague 1977; McKim 1977). its req;:v{mﬂes to geidification ip
previous studies (Craig and Baksi 1977) have occurred well
within the pH range at which native species have declined in
(ntaric Lakes zHcm gy 149791

Our test pH of 5.8 was chosen to represent 2 H' concen-
ration at which some reproductive failure had been previously
documented for flagfish (Craig and Baksi 1977) and for native
SPECIes Such as d?h«.,dd minnows {Mount 1973; Miils 1984},
brook trout (Salvelinus fontinalis) (Menendez 1976}, lake trout
(Omtario Ministry of the Environment 1978; Mills 1984), and
other species (Harvey 1979} A nocessary msre{;aiﬂéte was
identification of the trace metals of potential toxicological sig-
nificance and their concentrations in acidified iakes.

Qpea;m objectives of our study were {3} © wepamtc the
effects of H' on fish reproduction from those of trace metal
mixtures af low pH in soi“ water (b} to ideniify the life stages
most sensitive to H' and metals stress, (o} 1o determime whécé’z
of the metals found in acidified waters had the greatest toxiciiy,
and () 1o assess the impact of rapid deterioration of water
quality on selected Jife stages of fish (i.e. pH ﬁ»;}?@“%@?ﬁ
and/or metal elevations accompanying snowmelt or rain-
%ii‘zfma:‘; (Jeffries et al, 1979; Dillon gt al 1984 Gunn and

Her 1984}

e

Materials and Methods

The methods used for the test of full life-cycle exposure were
those =stablished by Spebar (1976) and Holdway and Spragug
{1979), Constant toxicant concentrations were maintained in g
flow-through system during 3 meo while fry were raised 10
maturity and thelr reproductive performance assessed. Second-
generation {ry were then raised to age 42 d under the same
zxperimental conditions. Duplicate exposures wete sun for
first-generation fish and a single exposure for the second gener-
atjion. Upan completion of continuous exposure, acutely ieii’zﬁi
exposures of fry, reproducing adults, and eggs allowed deter-
mination of {a) the effects of sudden exposure of these life
stages to extreme comditions, (b the influence of previous
exposure history on responses to lethal conditions, and () the
metals of most toxicological significance to fry.

The concentrations of metals expected in waters acidified o
pH 3.8 were determined using existing data from lakes in
sensitive areas of Ontario {Muskoka—Haliburton, P. 1. Dillon,
Ontario Ministry of the Environment. Dorset Research Centre,
DBorset, Ont. POA TEQ, pers. comm.: Sudbury and La Cloche
mouantain region, Ontario Ministry of the Environment 1978,
Algoma region, . Kelso, Great Lakes Biolimnology Labora-
tory. Department of Fisheries and Gceans, Sault Ste. Marie,
Gnt, P6A 2B3, pers. comm.). Concentrations of AL Mn, and
Zn showed highly significant (p < 0.000001) negative cor-
relations with pH, and correlation coefficients of —(3.63,
— (.60, and ~0.48, respectively, were obtained for sample
sizes of 113, 63, and 317. Concentrations of 75, 60, and
17 g L7 ot g}i% 5.8 were caleulated from these regression
iines for Al, Mn, and Zn, respectively, and were confirmed by
COTParison wzﬁ% data from Baker {1982y, Fe, Mi, Cu, and Pb
showed less significant correlations with pH (p = 0.001, —0.2
< p < 0.14), 7 = 228, 314, 318, and 296, respectively) but
all are present in acidified waters and may either be toxic
themselves or act to produce joint toxicity with H' and other
srace metals. Thelr concentrations were thus averaged for all
takes, and mean values of 60, 12, 6, and & pg-L7
spectively, used to represent the concenirations expected at
pH 5.8, Other metals, such as Cd and Hg, are Known to be
present in acidified waters but insufficient data on their concen-
trations prevented proper consideration. Accordingly, a mix-
sure of Al Mn, Zn, Fe, Ni, Cu, and Ph, af the concentrations
established for a lake at pH 5.8, was considered one acid lake
concentration or 1.0 ALC of metals and used as the basis for
metals dosage in the experiments (Table i}

We assessed effects of three different concentrations of the
seven-metal mixture at pH 5.8 and compared these with effects
in neutral (pH 7.3y and acid controls (pH 5.8). The concen-
fration ratios of the seven metals remained relatively constant
at the three eatment levels, and only the overall metals con-
centrations (or ALCs) differed. These averaged 0.09, 0.27, and
3.57 ALC for each treatment, respectively, above Bﬁckgmaﬁd
levels of the seven metals es,m%:}izs%zed in controls.

To start the life-cvcle experiment, each aguarium was sup-
plied with 19 flagfish, 8—10 d old and feeding exogenously.
These were {irst-gencration offspring of wild parents imported
from Florida. Fish were fed five times daily throughout the
experiment, using age-specific diets {Hmdwav 1978} con-
sisting of mixtures of Wardley's “Liguid Fry,” live brine
shrimp naupli. frozen brine shrimp, powdered trout chow, or
dry flzke food.

Survival, size, and deformities were determined at age 42 d,

Can. 4. Fish. Aguor. 5ci., Yol 43, 1956



Fagrg b

experimenis. Concentrations labelled 71
the mixtore of metals in a lake st pH 3.8 (1.
values are the arithistic peTige O oncentralion

Summary of metal conce azrmm

during the experiment, e.hﬁ mixtures being characterized overall & n
Standard deviations are given in ;}aim?hmm.

Al Mn e Nj Zi [t b

10 ALD TE 53 & iz iz & &

cid + .57 ALC 52 23 5 3

(143 (5.4 (.3 A2

Acid + 0.27 ALC 21 9 2 2
h.1r (2.0 (3.9} {11

Acid + 009 ALC Hy 3 2 2z

(3.9 {1} 14y fE

Acud control 4 i z 2
)] i 4} (1.3 {1

Mewatral control 5 Z i
{23 {G."ﬁ'} 467y (T

when fish were thinned t¢ 15 per tank, at age 77 d. when
hreeding colonies of two males and Tour {emales were estab-
fished, and at age 132 ¢, when cgg counts wers completed.
Standard lengths of all fish were determined at age 42 and
77 d by photographing them against 2 standard measure on 3
white background. Standard le ﬂiih and wet weights of all fish
were measured at 132 d, after assessment of egg production,

Egg counts werg made dail ¥ for 25 d following the first egg
praduction in cach tank, and time fo first and to steady spawn-
ing (=20 eggs for four consecutive days) was noted. Harching
success and fime 1o hach were determined on 1030 eggs
coilected from each tank on each of the first 4 d of steady
spawning and incubated in floating nylon baskets in the same
aguaria in which they were spawned. Survival and deformities
in second-generation fry were assessed at 4, 6, and 42 d post-
hatch. Measurements of standard length and wet and dry
weights (105°C for 24 h) were made on 13 fish from each tank
at age 42 &

Upon completion of continuous exposure {age 132 d), breed-
ing colontes of adults from conirols and the acid + 0.27 ALC
exposure were transferred to acid + 0.57 ALC and their spawn-
ing activity assessed for 20 d. Eggs from sach of the controls
and the two low-metals exposures were moved 1o treatments of
lower pH and/or higher metal levels within 3 b of spawning,
and hatching success was determined (see Table :*s}. Fry from
neutral and acid controls and the acid + 9.27 ALC treatment
were reared to age 8—5 d and their survival assessed i the acid
+ .57 ALC treatment. These procedures aliowed deter-
mination of {a) the effects of sudden EXPOSUTE [0 eXireme con-
ditions and (b) the influence of previous exposure history on
responses 1o lethal conditions.

Dhlution water for these cxperiments wus g rmixture of re-
verse osmosis water (Colligan Agua-Clear M-1000) mixed
with well water {0 oblain 3 total hardness of 6.0 mg-L
CaCO,. Water for the neutral controls was not further adjusted
and average pH was 7.27 (93% ¢l = £0.02, » = 318} pH
of the water for the rest of the tanks was cammu{;usi} mon-
tored (Radiometer PHMO! pH meter) and signals fed into a
controller (Radiometer TTT80) which added §.013 M .50,
into a reservoir through a magnetic valve. Marriotie boltles
were used to deliver mzee separate concentrations of the seven-
metal stock solution to the acidified water and 10 add small
arnouris of NaOH for further pH control. Average pH in each

Can. £ Fish, Aguot. Scil Vol 43, 1988

tank, based on daily observations, ranged from 3.81 0 5.84
(95% ¢.i. = =0.07, n = 249324 except for the acid + (.57

ALC tanks where it averaged 5.87 = 0.07 (n = 87). Flow into
each of the all-glass, 25-L agu aria was 130 L-d7, giving &
S0% molecular replacement tme of 11 h (Sprague 1873}

Stock solutions of metls were made up in each Marmiotie
bottle arleast 24 b prior to use. Metals were added in the sulfate
form for all except Pb, which was added as nifrate. The concen-
sration of i1 in gach treatment or control was measured
3052 times over the course of the experiment. except i the
ackd + .57 ALC weatment which had only 13 measurements
because of complete mortality at an early stage. Samples were
stored in Hoear-polyethyiens bottles which had been bathed in
0.8 A HING, for 24 b and rinsed 10 times in double-deionized
Wai"c‘{ before use. Samples were preserved in 0.016 M HNG;

(“Ultren”™ brapd). Concentrations of wofal Cu and Zn were
ana?wm by differestial-puise anodic siripping voltammetry
in 0.1 M sodium scetate butffer on an E.G.&G. PARLC
model 1744 polarographic analyzer with a mode] 303 static
mercury-drop e¢lectrode. All other metals were analyzed by
atomic absorption spectrophotometry using a Pye-Unicam
model SPI950 A ALE. with & model 5P9-0! flameless atom-
izer, or a Yarian Techtron A6 with 8 TRA-90 carbon rod
atomizer.

{her chemical variables were measured daily in eac% tank.
Average characteristics of the test water {with @5 % ¢.1.Y were
as follows: emperature, 25.1 = 0.42°C; dissolved oxygen, 7.6
= 0.17mg-L 1 total hardness, 6.4 = 0.4 mg-L"' (as CaCOy)
in all but the acid + 0.57 ALC treatment (5.0 £ 0.32 mg-L "'
total inflection point (TIP) alkalinity (Gran 19525, 15.0 = 0. 10
mg-L' (a8 CaC0;) in the neutral controls and 2.0 &
0.9 mg L7 in all other imks A photoperiod of 16 b Hght
2 & dark was maintained, with 8.5-h transitions between dark
and light periods included in the light portion. Radiant inten-
sity at the water surface was [.8—~4.0 W-m™", supplied from
fluorescent and incandescent ?éghtém

The active metals in the mixture were determined by com-
paring the icthality of seven metals m?ﬂ that of fewer metals or
éné%zf‘%ﬁwi metats, alwayvs at pH 5.8, These tests of acule
: were run simulfaneously in groups of two, three, or
reference bic of ‘mu'a melals for each
giish £ zi“*« age 23 4, were expossd
with nvlen mesh bottoms. fioating
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TasLE 2. Percentage mortality and of i
in ALLs with 9 wr?agiﬂmh is?mh given i
At 132 4. dry weo
i pareniheses.

soid and metals. LO s se
d sinoe weights could
Size MOASUTSMICNIS are given

IS CAPOSUIT §

gt 42 and 7
1. Standurd dovigtiony of «

Size
Percent mortality Fist generation Second
generation
First goneration Second generation Length fmny
Length (min
42 4 42132 d 44 42 4 4zd 77 d 42 d
Meutral control 1{} G 5 32 2190
Gy
Acid control 3 ¢ 3 iy 2332
(978
Acid + 0.09 ALC 3 & 7 24 20352
{10573
Acid + .27 ALC 5 { g i 15749
{543
Acid + 0.57 ALC 100 — o
LO50G 0.34 0,380 (.33

(.31 -0.36) (1.36—0.40

(0.30-0.35

“Significantly greator than both controls {p <2 §.03)
"Significantiy different from 42-d LOS0s (p < ¢
“Significantly smaller thun seutral controls {p <
YFar frv transferred from neutral control.

“Significanily smaller than first-gencration {ry {p =2 0.05)

in 2-L Malgene beakers. These fish were spawned and haiched
in soft (6.0 mg - L7 as CaCOs) water at 2 pH of approximately
7.3

Five exposurcs were used in each test of acute lethality, plus
a control with no added metals. Toxicant was made up from
stock solutions and the pH adjusted to 5.8 at least 12 h before
each test started. Toxicant was replaced at 48 h and exposures
continued until lethal thresholds were reached at 96120 b,
Fry were not fed during tests. Observations were made nine
times, in a logarithmic series from 4 to 120 h, and mortalities
recorded when movement of the pectoral fins, operculum, and
heart could no fonger be detected with a dissecting microscope.
Water baths held exposure temperatures at 25.0°C {sp =
+{.06) and manual addition of 0.016 M HNO, or KOH re-
suited in an average pH of 5.81 = 0.02, based on mea-
surements made at each observation time. Test water was from
the same source as in the chronic fosis, with average fofal
hardness of 6.0 = 1.7 mg-L™', dissolved oxygen of 7.3 =
0.29 mg- L%, and TIP alkalinity of 1.0 = 0.3 mg-L7"

Water samples for anaiysis of total meials were taken twice
from each beaker in each fest and preserved and stored in the
same manner as for the fost of chronic exposure. Total metal
concentrations were determined by flameless AAS, using a
Scintrex AAZ-Z with tungsten filament atomization and
Zeeman modulation for Al, Mn, and Pb, or 2 Varian AS with
a CRA-90 carbon rod atomizer and no background correction
for 7n and Cu, Concentrations of Ni and Fe were not measured,
bt were estimated from ratios of nominal to measured concen-
trations determined in the test of chronic toxicity,

Al statistical comparisons between treatiments wers initiated
using one-way analysis of variance with pooled replicates if
sampie sizes were unequal, or two-way ANOVA with repli-
cates considered as the number of observations for equal sam-
ple sizes. Any deviations from basic procedures are evident in

G50

the appropriate results section. Treatment effecis were com-
pared with acid and neutral controls using Dunnett’s test (Steele
and Torrie 19606}, A protected least significant difference (1503
test was used to determine significant differonces 1o lethality of
different metal combinations. Bartlett’s test or piots of re-
siduals were used to confirm homogeneity of variance and data
were transformed before analysis if necessary,

Median lethal concentrations (LC30s} were calculated by the
Spearman— Karber method (Hamilton et al. 1977}, using data
on fish mortalities and measured metal concentrations in ALC.
Tests in which control mortality exceeded 20% were discarded
as invalid. Lower levels of control mortality were corrected,
using Abbott’s formula, prior to LC50 calculaton.

Resulis

Life-Cycle

Survival

Bortality of first- and second-generation fry was rapid and
compiete in the acid + 0.57 ALC cxposure. First-generation
fry died within 10 ¢ and no second-generation fry (age -9 4}
survived 2 d of exposure following transfer from the neutral
control. Survival was not affected in the two lower metal ex-
posures. Mortalities of 25 and 38% in the acid + 0.27 ALC
treatment at 42 d of the first and second generations, re-
spectively, were not significantly greater than those in controls,
some such meortality being usual in experiments of this fype
{Table 2). Fow or no deaths cocowred in the remaining test
conditions from 42 d until termination af 137 and 42 d of the
first and second generation, respectively.

Experiment

Previous exposure history (spawning o 8 d post-haich) of fry
influenced their resistance time in the acid + O :"'5 iC £X-
posure. Fry transferred from the acid + (.09 ALC treatment

Can. . Fish Agugi. Soi, Vol 43, 1986



Tanie 3. Summary of effects of continuous exposure to avid and metals on reproduction in flagfish. Total fry mortality at acid + 0.57 ALC
prevented assessment of effects in that westmeni. AN given values are mean response with standard deviation in parentheses.

Time
steady spawning
{days of exposure)

figy ;}mdu;é}:m
{eggs-female +d 7}

Spawning success after
transfer (o

. acid + 0.537 ALC
Time

Percent haiched

hatch MNo, mggse
A B Ave A 8 Avg. {d) A B Avg.  spawnings female” 4"
Mewtral control 7376 745 ih8 30.8 288 3.8 68.2 0.0 74.1 2 .03
2.1 {157y (21.1y ({i1R.5}) {G.43 (18.3y  (1G.3y (155
Acid controd e Te T80 2.9 321 258 3.8 718 932 BZ.3 5 5.5
0 (188 (208 (2003 6.5 (18,13 {5.6) (16,9
Acid + 009 ALC 80 80 B0 203 2304 215 6.1 84.2 88.9 86.5 — —_
0.0 (4.8 (14.4) (143} (0.6 (B8 (5 66
Agd + 27 ALC TR M TR 184 38.2 2594 6.3 755 62.5 09.0 4 £.7
(3,73 2.9y 242y (23.8) 0.5 {169y {183y (177

*Significantly different from neutral control.
*Significantly different from acid control.

TanLe 4. Hatching success for eggs spawned in one treatment {rows) and incubated in
a different reatment {columns). Eggs were transferred within 4 h of spawning. Con-
trols for each transfor were cases where spawning and incubation environments were
identical, Walues given are mean percentage batching success with one standard devi-

ation given in parentheses.

Spawning Meutral Acid Acid + Acid + Acid +
environment control control 2.09 ALC 0.27 ALC 0.57 ALC

Meutral controd 75,9 75.1 37.1 47 §*
(27.5} (26.3) (36.20) (3%.73

Agid control B3.8 792 80,2
8.3 {17.5} (20,8

Ackd + 0.09 ALC 91.2 — 6%.9°
(4.6} {18.6}

Acid + 0,27 ALC 92.0 62.6°
(4.4} {18.8)

"Significant reduction (p <7 0.01) over controls.

died within 3 d compared with 2 d for those transferred from
neutral controls. Fry transferred from the acid + 0.27 ALC
treatment resisted lethal exposures for 6 d. Two males out of 15
adult fish (age 132 d) died 5 d after transfer to acid + 0,537 ALC
from less severe treatments.

The 42-d LCS0 for first-generation fish was 0,34 ALC (95%
cd. = 0.3}, 6.38), as determined from percentage mortalities
of pooled replicates. The 42-d LC30 calculation for second-
generation fry included 100% mortalities of fry transferred into
the acid + 0.37 ALC wreatment, as none were, of course,
available from continnous exposure. Its value of 4.33 ALC
(85% c.i. = .30, 0.35) was not significantly different from
that for first-generation fish {p > 0.05; standard error of the
difference) (Sprague and Fogels 1977). The 96-h LC30 for
second-generation fry, as determined from percentage mor-
talities in pooled subsampies, was 0.38 ALC{(95% c.1. = (.36,
{.40), which is close to, but significantly different from, the
42.d threshold of acute lethality.

Size

Treatment effects on first-generation fish varied with age and
length of exposure. Af 42-d, no significant differences in size
of fish from controls of treatments existed. Af maturity (77 d3,
fish from the pH 5.8 controls and both acid -+ metals treatments
were significantly smaller {p < 0.05) than those from the pH
7.3 controls. Comparisons within affected treatments were not

Can, J. Fish, Aguar. Sei., Yol 43, 1986

significant, however (Table 2). Reduced size in these fish was
not maintained with continued exposure, as neither standard
length nor wet and dry weights were significantly affected at
the end of the spawning period (132 d).

Standard lengths of 42-d-old, second-generation fish from
the acid + 0.27 ALC treatment were significantly less than
those from the pH 7.3 control but no other comparisons were
significant. Second-generation fish exposed 1o acid or acid -+
metals were significantly smalier than those of the same age
{42-d) from the first generation but had been exposed from
hatch instead of from age 8—9 d.

Spinal deformities wera observed infrequently in the con-
tinuous exposure experiment. Scoliosis (20° spinal bend) was
seen in 1 of 151 {ish that haiched in the neutral control but that
fish did not survive. A 90° spinal bend was seen in 1 of 166 fish
in the acid controls and this individual survived. Four percent
of the fry in the acid + 0.27 ALC weatment had scoliosis;
severity of spinal bends ranged from 20 to 180°. Only half of
these fish survived & d. Scoliosis (45— 180° was observed in
the acid + 0.27 and 0.57 ALC treatments in the transfer experi-
menis. The incidence of these deformities could not be quan-
tified bot was judged o be of minor significance because all
fish died in the acid + ©.57 ALC treatment,

Reproduction
The first spawning occurred after 67 & (neutral contrels) and
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wixture L3S judged not xeg_naw‘mz’zi;» different {p > 4,051 by a protected

Al Mn An—Fe—Ni—Pb
N S 2 2
Avg. LTEG 1,26 4.5 432
{ALE S 0.6/ {0,875 {3045
74 d {acid + .27 ALC) of exposure. %Bch aCtivity i inconclu- metals. 'Sa,x lethal f2sts done with mp

sive, however, and time (0 sie dy spawning was oon s;és,m a
more dependabie {;fg%ﬁz’%{m Time o \iwsﬁ‘«, spawning of neutral
(745 = 2.1 .‘QDE 4y and zoid controls (76,0 = 0.0 d) was a0t
significantly different {:'i‘aiﬁ,i 3;. Steady spawning was ‘swmﬁw
cantly 4 ‘mzuﬁ in the acid + 0.09 ALC treanment (80.0 = 0.0
d compared with both neutral and aci d controls. Spawning in
the acid + 0.27 ALC weatment was delayed (783 £ 0.7 &)
when compared with neutral controls, h 1 not when compared
with acid controls.

Spawning, once started, was very consistent; eggs were ob-
sained from all tanks on at least 23 days of the 25-4 observation
period. Egg production ranged from 215 w 294 eggs-
femnale™ &7 {(Table 3) but no significant effect of treatment on

egg production was demonstrated,
A striking disruption of spawning occurred m the acid +

1.57 ALC treatment when three breeding colonies were trans-
ferred to it Over 20 4. {ish never achicved steady spawning
and, af best, spawned on only 5 days. Within this meagre ronge
of ;mdum@z fish rransferred from the acid contro] per erformed
best (5.5 eges-female - d7')

b L

y and those from neutral controls
worst {il 03 epgs- fomale '“{"i} Table 3). Noniransferred
control fish comtinued 1o produce 18~34 eggs-female ' on
17 days of the same 20-d period.

Meither time from spawning 10 haich nor percentage hatch
ing success vasied %ivﬁi%‘éigmév with freatment. %}{smhd fime
between egg collection and total z’m"‘inﬁv varted from 5.8 (80
= *=0.5) 10 6.3 {} % o and percentsge hatching success
ranged from 69 * 17.7 to 86.5 = 6.6 {Table 3). Mo first-
generation fish survived to reproduce in the acid + 0.57 ALC
treatment. Hatching sucoess was zhere%ore assessed hv transfer

of eggs from other treatments o acid + 0.57 ALC within 4 1
of spawning. Controls for these immica& were eggs ihat had
been spawned and incubated in equivalent exposure conditions
A X° trapsformation was applied 1o stabilize variance. Results
of r-iests showed that incubation in the high metals {reatment
redueced hatching success significantly (p << D.01) for eggs
transferred from neutral controls and the two lower-metals
treatments, but oot for eggs transferred from the acid controls
{Table 4). Mo significant reductions ocowred for eggs inou-
mt‘.d in any other ireatment. The higher probability levei (p <
0401 vs. p < 0.05) was used as protection from a popsignilicant
ﬁ%@% A, a5 hatching success was obvicusly lower in the acid
+ 0,57 ALC trearment (. Hines, Department of Mathematics
and Sratistics, University of if}z_if—‘ép%! Gﬂelph, Ont. NI1G 2WIL
ggrg, comm.y. The mﬂ%i convineing evidence of EPif‘zafEéE}f of the
+ §3.37 ALL treaiment was Ei’:ﬁ all fry ti;,ﬂ did hatch were
dea {i within & 4. };m@ paulation of the heads of hatched fry by

+

she chorion was ohserved frequently in this imsaszm‘a:

'2(‘"
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Toxic Metals in the Mizure
Aluminum, Zn. and Cu were the most potent of the seven

657

at ol gave an average LU of
= lhyw 'ah was almost identical i-ifs;
AL obtained for the seven-metal mix
rrations of Al Zzz and Cu st the zmxim
aet 2.3 ng- L7, respectively, A one
ifﬁi}iﬁ signifi arzt sffect of metals ca;;ﬁszgmuo? o 1ogy
< {3 {3{}
g.?;f; + 668 AL{ (=55 mg L7}, a valoe three times greais
than, and significantly different from, s LC30 concentration
in the muxtures of three and seven metals, Aluminum alone was
thus nonlethal to flagfish fry ot the concentrations expected in
fakes at ph 5.8, Aluminum lethality was unaccountsbly vari-
able. The ratio of the highest o the Towest LC30 was 4.0
although procedures and equilibrafion times were ad ntical in
all tests. Other combinations were of more consistent leths ality,
with ratios ranging from 10w 2.7, The C{}éfi}béi’*;ﬁiém of M,
Fe. N, and Phhad an average LOS0 084 32 2 0.0 ALC, which
was not significantly different from the LC50 for Mo (45 =
0.87 ALY, These metals thus had 1710 of the lethal potency
of the seven-metal and Al—7Fn—Cu %‘@%»{%i wes. Comparison with
these combinations, and with Al alone, were signilicantly

different,

Way 5; {0V A showed an
LG
Alaminum on s own had en average LO50 of

Eriscussion

Toial moriality of frst-generation fry in e acid + 0.57
ALC treatment, plus abrupt cessation of spawning, reduced
haiching success, and total mortality of second-generation fry
ransferred into ., demonstrate that joint toxicity of H' and
metal mixtures af pH 5.5—6.0 muy have significant deleterions
effects on fish reproduction in colturally acidified waters. Ke-
production was not affected by H7 itsell, even though pH 3.8
is within the pH range previousty considered to be detrimental
1o flagfish (Craig and Buksi 1977} and sensitive native species
(Fromm 1980).

The significant effects of continuous exposure in the ac
.09 and 0.27 ALC treatments were radvsa:{;ﬁ size and imsc@s;:d
time 10 sieady spawning. Although these represent the most
sensitive responses, they do not appear to be of ma;@; im-
"}nri"r}a:s to successful recruitment. Failure to induce significant
:Ea, v }pi“;‘ ental abnormalities in the present study suggests the
presence of genetic factors, interspecific differences, or uni-
de P{meé environmental siresses in cases where deformities
have been observed in the flekd (fe. Beamish 19783 Total
mortality of fry i n the acid -+ 0.37 ALC treafment indicates that
survival of newiy hatched flagfish s the process most crifical
o continued ”}i}g}hii 0N x«[g%ﬁiziv This 15 a consistent wﬁ ng
for many toxicants and several species of fish ( w'i»,%%im; Ty

It appears that pH i%.:?mé‘i}% and the asx@cz‘mé metai %sisr
marks a ‘i?zi‘éﬁs%‘(i d of reproductive sucoes 3

O many %i shes. For
example. significant t effects on flagfish reproduction were ob-
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served wén:é“a w;it@' from Lake Panache (Sudbury, Ontl) was

pH 6.1, and continsed visbility was unlikely at
(C'raig and | J%w 977, Fathead minnows experignced

fi;g,i”%iiimu*ﬁ fal when Lake 223 was &x,%{.siiliag o below
pif 6.0 (Mills 1984), and Rahel and Magruson (1983) reported
that black crappie (Pomaoxis nigromaculaius ‘md smallmouth
bass {Micropterus J@fﬁﬁ-siw{ ¥ were absent from lakes of pH
less than 5.7 and 3.5, respectively. Qur conclusions for Haglish
wonld éhux seCi 10 ﬁ;ﬁg}% y also to sensitive fish species that are
native 1o northern acidified waters,
Separation of the effects of H from

those of eievated trace

metals at low pH Bas not been achioved in previous studies.
Mount (1973) and Menendez (1976) iﬁb&zzmd bicassay waler

from river sysiems and did not report trace metal concen-
trations. Cralg and Baksl (1977) ‘s‘gmi’abd detrimental effects on

agfish reproduction at pH 6.0 and lower in water from Lake
Panuche. Trace meml concentrations {mvicrograms per e} in
Lake Panache (Craig and Bakst 1977, sce text-table}, however,
are even higher than those which killed sl fry, reduced hatch,
and interrupted spawning in our study:

Al Mo Fe NI o Cu PD
Lake Panuche »>55  — 16 33 13 A <6
Acid + 0.57 ALLC 520 023 74 7 g 5 3

Thus, elevated concentrations of both H' and trace metals
were mmrzbmmﬁ to the observed effects in Lake Panache
water.

Mills { 1984 reported recruitment failure of fathead minnows
when Lake 223 was ax;}erimsmﬁiv acidified 1o pH 5.6, Ak
though concentrations of Al and other trace metals were judged
to be well below lethal §“‘»L§\ averags summer epilimnetic
teations of Al, Za, and Cu were 20, 4oand i—2 pg- L

concen
7 vr gartier when the same Iake was al pr% ©.08 (Schindler
et al, 19HOD). Concentrations of Zn, Al Mpn, and Fe showed

substantial {three- 10 sight-Told} increases when enclosures in
Lake 222 were acidified o pH 6.0 in other experiments
{Seﬁénékr et ﬁi 198,
80— wg L' By comparison, significant reductions in sur-
vival eﬁ fry of flagfish and fathead minnows occurred with 85
and 295 pg Zn- L7 respectively, in single-metal exposures at
pH 7% and total hardness of 44—46 mg-L"' (Spehar 1976;
Benoit and Holcombe 1978). Metal enrichment, joint metal
toxicity, low total hardness, and the similarity between concen-
trations of Al, Zn, and Cu present in Lake 223 and at the LC50
in our study ail suggest that race metal lethality contributed to
the recruitment failures in Lake 223,
Concentrations of trace metals in the acidic lakes of the La
Cloche Mountain region {Beamish 1976, Kelso and Gumn
1984 exceed those in the preseni study and could therefore
have contributed fo the declines in {ish populations recorded
there. Huleman et al. (1983} recorded high morislity of eggs of
walleye { Srizostedion virrewn y and yolk-sac larvae of rainbow
trout {Saimo pairdnerly during in situ exposwres in acidified
ipl 4.6—5.4) streams in the same area. Concentrations of Al
Bin, Zn, and Ni were elevated by faciors of 2.6—6 compared
with control sites (pH 6.0-6.6). Concentrations of Al Mn,
and Zn are frequentty elevated in other acidified lakes whers
impacts on fisheries have been documented {Henriksen and
Wright 1978 Muniz and Leivestad 1981 Baker 1987 Thus,
she common condition in most lakes showing some degree of
acidification-related stress on fisheries is the presence of
glevated concentrations of tace metal mixtores and H

1
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and Zn reached concentrations of

The 96-h LC30 of Al—7s—Cy for flaghish fry in synthetic
soft water at pH 5.8 was 0.38 ALC, This corresponds 1o the
struttancous presence of Al o, and Co at 29, 4.6, and 2.3
', respectively. To date, Al has rmcwad the most atien-
tion ss 2 toxic co-contaminant in acidified waters {Schofield
and Troinar 1980 Muniz and Leivestad 1981 Baker 19832
Brown 1983) in spite of an absence of loxicity festing of the
other trace metals which are present, either in mixtures or
individually (Baker 1982}, The threefold increase in Al-
Zn—Cu ieghaizh over that of Al alone (LOS0 = 126 ALC or
95 wg L1 in the present study indicates that Al will not be the
only metallic toxicant of importance it acidified lzkes contain
Zn oand Cu as well, Puture aitempts to describe or {o pradict
the sensitivity of fish populations to acidification should there-
fore consider the foxicily of trace metal mixtures, and not just
Al in addition to considerations of total alkalinity, Ca'" con-
centration, and pH. Our results show that Mn, Fe, Ni, and Pb
are not of significant toxicity at the concentrations found in
acidified lakes of at least one region suffering cultural acidi-
fication,

The metal concentrations used in this study are lower than
those reported as lethal in previous studies {i.e. Baker 1981,
Al Eaton 1973, Zn and Cu) as well as being below the fevels
reported i most waters where reproduction 5 mpaired
{Beamish 1976 Baker 1982 Hulsman ¢t al. 1983 Kelso and
Gunn 1984). The effects revealed are clearly the result of joiat
action of Al Zn, Cu, snd H’ and suggest that these toxicants
were ag}ﬁai;m of close to additive in their effects. In addition,
the extremely low total hardness (6.0 mg-1."" as CaCOx) and
the sbsence of organic complexing agents in our @80 water
(TOC < 0.5 mg-L7" would both maximize metal toxicity
{Howarth and Sprague 1978 Baker 1981 Borgmann 19834
Complexation with organic ijgaﬁd@ in namral waters wouid
reduce toxicity of Al {Baker 1981}, Cu (Borgmann 1983}, and
Al=Zn—Cu mixtures (Hutchinson 1984), but not Zn (Zitko
et g, 1973).

Speciation of Al, Zn. and Co was not determuned during our
tests, as previous studies done with the same water source in
cur laboratory showed that toxic, free-aguo ions of Cu and Zn
made up 95— 100% of the totals for those metals at pH 56
{Howarth and Sprague 1975; Bradley and Sprague 1G83a),
Alumingm solubility is minimal at pH 5.8, Any dissolved Al
in our tests (=10 pg- L7 likely existed as anionic monomers
and the remainder as neutral, polymeric precipitates {(Spry et gl
1981). Aluminmn 8 toxic 0 both the inorganic, monomeric
form (Driscoll et al. 1980} and when present in oversaturated
sofutions af pH 4.9—6.0 {Grahn 1981; Baker 1982}, Our test
water thus favoured the formation of lethal metal species. The
chemistry of acidified natural waters would also favour the
same metal specistion (Howarth and Sprague 1978; Bradley
and Sprague 1983a) with the excepi‘égn of Al ??@Céﬂi?aiﬁi
{La7erte 1984) and possible organic complexes of Cu and Al
{Borgmann 1983 Driscoll et al, 198O} Sg}“’ ific modifying
effects of pH. hardness, alkalinity. apd complexation op
Al—~Zn—Cu lethality were d;};‘mamsﬁ in subseguent experi-
ments {Hutchinson 1984).

Acchmation of fish to H™ and frace metals is another factor
that could influence inferpretation of labomatory and field
studics (Sprague [985). Craig and Baksi (1977) reported de-
creased egg produciion of flaghish in g 20-¢ period following
pH éﬁpfé‘s‘sluﬁ t below 6.0 The lack of offect on egg pro-
duction seen in our study suggesis that the fish had acclimated
0 acid and metals in the 77 d of continnous exposure preceding

c‘?
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reproduction. In addition, {'};{w eges transferred from the neu-
tral contol 10 the acid + 0.57 ALC treatment showed reduced
haiching success; those tansferred from pH 5.8 did not. Cralg
and Baksi (1977} mav therefore have observed a short-term
physiclegical stress that reduced cgg production. Physiological
acchimaiion of brown trout {(Salme rutte) t© acid water has
con demonstrated during & wk of exposure o pH 6.0
{dMcWilliams 1980, but Dave (1980} reported no resistance
acclirnation of embryos and alevins of Atantic saimon {Saimo
sefar} foliowing minimum exposures of 2 wk in water of pH
4.5—-6.0. McWilliams (1980} concluded that Isilure of other
investigators o induce acclimation 1o low ph resu red from o
short an exposure time or becavse tests were done af lethal pH
tevels instead of sublethal ones.

Increased tolerance of juvenile rainbow trout has been re-
ported following previcus sablethal exposure to Al {Orr ef al.
FORGY, Zn (Sraéﬁf:} and E}pmﬁm 19350, and Cu (Dixon and
Sprague 19815 Guthrie and Schofield {1982} reported re-
sistance acclimation of embryos and sac-fry of brook trout o
clevated concentrations of H™ (pH = =50 and Al
(0.2—0.4 mg-L.""). In the present study, increased resisiance
time of ity exposed 1o acid + (.57 ALC, after previous ex-
posure to scid + metals (spawning 10 8—9 d post- ~hatch), sug-
gests an adaptive response w0 Al—2Zn—Cu toxicity.

Responses after transfer to the acid + 057 ALC treatment
sugpest that shori-term exposures of eggs, fry, and reproducing
adults to H' and trace metals are

Jimai to reproductive suc-
cess in acidified waters. Elevated concentraions of H and
trace metals in lakes and streams during snowmell and rain-
storms have been recognized as such a poteatial short-term
siress to fish (leffries ot al. 1979, Dillon ot al. 1984; Gunn and
Kelier 19843, Such episodic events preclude acclimation and
would increase the potential for H' and metal toxicity to fish
over that in chromcally acidified waters

Severe impacts of cultural acidification in Canada have been
mostly confined to fish populations in the Sudbury and La
Cloche mountain regions of Ontario, inr lakes characterized by
glevated concentrations of several trace metals besides Al
Heamish (1976) suggested the importance of pH as g master
variable in these lakes, as it controlled the reproduction of fish
through {a) elevanion of trace metal concentrations, particularly
Mn and Zn, and {b) joint action with the metals to kill fry.
Since that time, the combined stresses of H' and inorganic,
monomeric Al bave not been shown to be sufficient to explain
reproductive failures of fish in Sudbury area lakes (Guan and
Keller 1984). Survevs and controlled exposures, on the other
hand, have shown recruitment failures in the presence of trace
metal loadings which are similar to, or exceed, those in the
present study (Lo, Beamish 1976, Craig and Baksi 1977, Yan
gt ab. 1977, Hunn wn ef al, 1983 Mills 1984; Somers and
Harvey 1984 Thus, we concur with the scenario p{@@{}\,ed by
Heamish {1976). Future attempis (o describe or to predict the
impact of cubtural acidification on {ish populutions should con-
sider the entire trace metal environment of acidified waters and
shouid not be confined to the effects of Al and H alone.
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