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Abstract

The objectives of the study were to determine the physiological and toxicological effects of chronic cadmium
exposure on juvenile rainbow trout in soft water. Particular attention focused on acclimation, on comparison to an
earlier hard water study, and on whether a gill surface binding model, originally developed in dilute soft water, could
be applied in this water quality to fish chronically exposed to Cd. Juvenile rainbow trout, on 3% of body weight daily
ration, were exposed to 0 (control), 0.07, and 0.11 mg l−1 Cd [as Cd(NO3)2·4H2O] in synthetic soft water
(hardness=20 mg l−1 as CaCO3, alkalinity=15 mg l−1 as CaCO3, pH 7.2) for 30 days. Mortality was minimal for
all treatments (up to 14% for 0.11 mg l−1 Cd). No significant effects of chronic Cd exposure were seen in growth rate,
swimming performance (stamina), routine O2 consumption, or whole body/plasma ion levels. In contrast to the hard
water study, no acclimation occurred in either exposure group in soft water, with no significant increases in 96-h LC50

values. Cadmium accumulated in a time-dependent fashion to twice the control levels in the gills and only marginally
in the liver by 30 days. No significant Cd accumulation occurred in the gall bladder or whole body. Cadmium
uptake/turnover tests were run using radioactive 109Cd for acute (3 h) exposures. Saturation of the gills occurred for
control fish but not for Cd-exposed fish when exposed to up to 36 mg l−1 Cd for 3 h. Cd-exposed trout accumulated
less ‘new’ Cd in their gills compared to controls and they internalized less 109Cd than control fish. This effect of
lowered Cd uptake by the gills of acclimated trout was earlier seen for the fish acclimated to 10 mg l−1 Cd in hard
water. The affinity of the gill for Cd was greater in hard water (log KCd-gill=7.6) than in soft water (log KCd-gill=7.3)
but the number of binding sites (Bmax=0.20 mg g−1 gill) was similar in both media. In addition, there was a shift in
affinity of the gill for Cd (i.e. lowered log KCd-gill) and increased Bmax with chronic Cd exposure in both soft water
and hard water. We conclude that the present gill modelling approach (i.e. acute gill surface binding model or Biotic
Ligand Model) does work for soft and hard water exposures but there are complications when applying the model
to fish chronically exposed to cadmium. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Acute cadmium toxicity to fish has been
demonstrated in many water qualities (e.g. Mc-
Carty et al., 1978; Carrol et al., 1979; Calamari et
al., 1980). However, water hardness has been
shown to have the largest ameliorating effects,
protecting against Cd uptake and toxicity in rain-
bow trout (Calamari et al., 1980; Pärt et al., 1985;
Pascoe et al., 1986; Davies et al., 1993). In partic-
ular, Carrol et al. (1979) and Pärt et al. (1985)
demonstrated that calcium, rather than magne-
sium (the two ‘hardness’ cations), is the primary
cation responsible for reduced cadmium toxicity
to brook trout and reduced uptake of cadmium
by rainbow trout gills, respectively. Gill perme-
ability changes and/or competition between cal-
cium and cadmium for binding sites on the gill
have been proposed as possible mechanisms of
protection by calcium (Calamari et al., 1980;
Wright, 1980; Pagenkopf, 1983; Hunn, 1985; Pärt
et al., 1985; Meyer, 1999; Meyer et al., 1999).

In our previous study (Hollis et al., 1999), we
investigated the effects of chronic Cd exposure on
juvenile rainbow trout in hard water (Ca=40 mg
l−1, hardness=140 mg l−1 as CaCO3). We found
no effect of a 30 day exposure to 3 or 10 mg l−1

Cd on growth, metabolic rate, and swimming
performance, even though Cd-exposed fish exhib-
ited significant acclimation (11–13 fold higher
LC50 values compared to control fish). However,
the situation may be different in low calcium
(soft) water because Cd is a potent inhibitor of
active Ca2+ uptake at the gills (Verbost et al.,
1987, 1989)

Hollis et al. (1999) also tested the current gill
binding model (or Biotic Ligand Model; Playle et
al., 1993a,b; Bergman and Dorward-King, 1997;
Renner, 1997; Playle, 1998; Meyer, 1999; Meyer et
al., 1999) on juvenile rainbow trout chronically
exposed to cadmium in hard water. This model,
which is based on applying geochemical principles
to gill metal binding to predict metal toxicity, was
developed in soft water for acute metal exposures.
We found that the present formulation of the
model works for control fish in hard water, but
cannot be extended to metal-acclimated fish due
to the large, apparently non-toxic burden of Cd

that accumulates during chronic exposure. Never-
theless, using a new approach with radiolabelled
109Cd, we were able to distinguish between newly
accumulated Cd in the gills and that which was
previously bound to the gills during the chronic
exposure. However this new Cd accumulation did
not appear to be directly predictive of a toxic
response.

The primary objectives of the present study
were (a) to determine the physiological and toxi-
cological effects of chronic cadmium exposure on
juvenile rainbow trout in soft water (hardness: 20
mg l−1 as CaCO3) which is low in Ca (5 mg l−1),
the most protective cation and (b) to test the
acute gill surface binding model on rainbow trout
that were exposed chronically to cadmium in soft
water. Changes in gill Cd burden, the acute Cd-
binding properties of the gills, and toxic responses
during acute challenge were determined during
chronic sublethal exposure of juvenile rainbow
trout to 0.07 and 0.11 mg Cd l−1 for 30 days in
synthetic soft water. Cadmium accumulation in
other compartments (liver, gall bladder, whole
body) were measured and possible sublethal ef-
fects (i.e. Cd influence on growth, routine
metabolism, ionoregulation, and exercise perfor-
mance) and costs of acclimation were examined.
A largely parallel design was chosen to facilitate
direct comparison with our earlier similar study
(Hollis et al., 1999) conducted in hard water (eight
fold higher Ca levels), as this comparison was also
a major objective of the present investigation.

2. Materials and methods

2.1. Fish holding conditions

Juvenile rainbow trout [Oncorhynchus mykiss
(Walbaum)] were obtained from Rainbow Springs
Hatchery in Thamesford, Ontario and held in
flowing dechlorinated Hamilton tap water [Lake
Ontario water: Ca=40 mg l−1 or 1 mmol l−1,
Na=14 mg l−1 or 0.6 mmol l−1, Cl=25 mg l−1

or 0.7 mmol l−1, Mg=5 mg l−1 or 200 mmol l−1,
dissolved organic matter (DOM)=3 mg l−1 or
0.25 mmol l−1, hardness=140 mg l−1 as CaCO3,
alkalinity=95 mg l−1 as CaCO3, pH 8.0, 14°C].
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Trout were held in 600 l aerated polyethylene
tanks for 1 week and then slowly introduced to
synthetic soft water over the course of 1 week. The
synthetic soft water (Ca=5 mg l−1 or 130 mmol
l−1, Na=3 mg l−1 or 130 mmol l−1, Cl=4 mg
l−1 or 100 mmol l−1, Mg=1 mg l−1 or 40 mmol
l−1, DOM=0.4 mg l−1 or 0.03 mmol l−1, hard-
ness=20 mg l−1 as CaCO3, alkalinity=15 mg
l−1 as CaCO3, pH 7.2, 17°C) was produced by
reverse osmosis (Anderson Water Systems) and
consisted of six parts reverse osmosis water supple-
mented with one part dechlorinated Hamilton tap
water. Fish were held in soft water for at least
three weeks before experimentation. Fish were fed
3% body weight per day (as three 1% meals per
day) with Martin’s Starter Food [Martin Feed
Mills, Elmira, Ontario; Cd content=1.0690.04
(N=6) mg Cd g−1 wet weight].

2.2. Exposure system

After 3 weeks in holding tanks, 225 fish (mean
fish weight=5.690.1 g) were randomly trans-
ferred to six 200-l polyethylene exposure tanks
which were flow-through systems (flow=1.5 l
min−1) with continuous aeration. Fish were fed
3% body weight per day (see above). An acidified
Cd stock solution, with Cd added as Cd(NO3)2·4
H20 (Fisher Scientific, Nepean, Ontario), was de-
livered to a mixing head-tank via mariotte bottles
(Mount and Brungs, 1967) to achieve the desired
Cd concentrations in the exposure tanks. Exposure
tanks were spiked on the first day of Cd exposure
to immediately reach the desired Cd concentra-
tion. Water chemistry was measured weekly
throughout the exposure. Fish were exposed to (i)
control=nominally zero cadmium [actual mea-
sured ‘in-tank’ value=mean91 S.E.M. (N=
number of H2O samples taken) 0.0290.01 mg l−1

or 0.000290.0001 (13) mmol l−1 Cd], (ii) low
cadmium at nominally 0.05 mg l−1 Cd [measured:
0.0790.01 mg l−1 or 0.000690.0001 (27) mmol
l−1 Cd], or (iii) high cadmium at nominally 0.12 mg
l−1 Cd [measured: 0.1190.01 mg l−1 or 0.00109
0.0001 (31) mmol l−1 Cd] for 30 days in synthetic
soft water (hardness=20 mg l−1 as CaCO3).
Measured in-tank concentrations of Ca and Na
were 16999 (30) mmol l−1 and 11694 (30) mmol

l−1. The three treatment conditions each had two
replicates so that N=450 fish per treatment. The
two sublethal exposure concentrations were cho-
sen based on an initial 96-h Cd LC50 measurement
of approximately 1 mg l−1 in synthetic soft water.

2.3. Sampling

During the 30 day Cd exposure, 16 ml water
samples were taken throughout the exposure, aci-
dified with 50 ml of HNO3, and analyzed to check
Na (Na=3 mg l−1 or 130 mmol l−1), Ca (Ca=5
mg l−1 or 130 mmol l−1), and Cd content. Fish
from each treatment tank were bulk weighed every
5 days. Detailed descriptions of bulk weighing
procedures are given in Hollis et al. (1999).

Specific growth rates (SGR) were determined
from bulk weights from individual treatment tanks
taken seven times over the 30 day exposure. The
best fit of these data to time was an exponential
curve. SGR, as percent per day, was calculated by
linear regression of ln weight versus time, using
SPSS (SPSS Inc., Version 8.0 for Windows,
Chicago, IL) which provides mean91 S.E. for
growth.

Six fish from each tank were subsampled at day
0, 2, 10, 20, and 30; gills, livers, and gall bladders
were assayed for cadmium. Six additional fish
from each tank were sampled for whole body Cd
and ion content. Fish were sacrificed and both sets
of gills, the liver, and gall bladder were excised;
gills were rinsed for 10 s in 100 ml of synthetic soft
water. All tissues and whole bodies were frozen in
liquid nitrogen for later analysis of Cd and ion
content.

Six fish from each tank were sampled at day 30
for plasma Cd and Ca concentrations. Fish were
sacrificed and blood samples were taken (40–285
ml) by caudal puncture with 1 cm3 syringes. Blood
samples were centrifuged for 2 min, plasma was
removed, and stored at −70°C for later analysis
of Cd and Ca content.

2.4. Testing

2.4.1. Exercise performance
Fish were not fed the day of swimming tests.

Swimming procedures, using the protocol of (Mc-
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Donald et al., 1998) as a stamina test, are de-
scribed in detail in Hollis et al. (1999). Fish
were swum in a flume in groups of ten against a
constant current of 63 cm s−1 (�six body
lengths per second) until exhaustion occurred.
Sprint times were corrected to a reference body
length of 10 cm, and the time to 50% fatigue (91
S.E.) was calculated, from twenty fish from each
treatment, by linear regression in SPSS (SPSS
Inc., Chicago, IL.) of probit fatigue versus log
time.

2.4.2. Routine metabolism
Routine oxygen consumption, representing ‘in-

tank’ metabolic rate, was measured 2 and 6 h
after feeding after the 30 day exposure period,
using procedures identical to those described by
(Hollis et al., 1999). The data were weight-cor-
rected using the weight exponent of 0.824, taken
from Cho (1990).

2.4.3. Acclimation
A 96-h LC50 trial was run after 30 days expo-

sure to assess possible acclimation (i.e. in-
creased acute Cd tolerance) of metal-exposed fish.
Each test cell consisted of ten fish placed, at
random, into 15 l green plastic buckets
having aeration and flow-through (100 ml min−1)
of synthetic soft water at the appropriate Cd
level, as added by a mariotte bottle. Ten fish
from each treatment were exposed for 96 h
to Cd concentrations of 0.0390.01 (12) mg l−1

(control with no Cd added), 0.1090.02 (12) mg
l−1, 0.2090.02 (12) mg l−1, 0.6090.01 (12) mg
l−1, and 2.6090.20 (12) mg l−1. Dead fish
were removed when movement ceased, and times
of mortality were recorded. LC50 values (91
S.E.) were determined by linear regression in
SPSS of probit mortality versus log Cd concentra-
tion.

2.4.4. Acute gill-Cd binding
Fish were not fed the day of gill binding exper-

iments. A gill Cd uptake/turnover experiment was
run using the Cd radioisotope 109Cd. Five fish
from each treatment (control, 0.07 mg l−1, and
0.11 mg l−1 Cd) were placed into 15 clear plastic
bags containing 3 l of aerated, synthetic soft

water, placed in a water bath to maintain temper-
ature. Each treatment group was exposed to 19
0.2 (6) mg l−1, 591 (6) mg l−1, 991 (6) mg l−1,
2291 (6) mg l−1, or 3693 (6) mg l−1 total Cd
added as Cd(NO3)2·4 H20 (Fisher Scientific, Ne-
pean, Ontario) and labeled with 3 mCi l−1 (0.11
mBq l−1)109Cd added as CdCl2 (specific activ-
ity=2.75 mCi mg−1; from New England Nu-
clear, Boston, MA). Water samples (5 ml) were
taken at the beginning and end of the 3 h static
exposure. Gills and whole bodies (remaining car-
cass) of five fish from each treatment were sam-
pled at 3 h. Gills were removed, rinsed, acid
digested, and later analyzed for total Cd and
radioactivity due to 109Cd (see Section 2.5). Re-
maining carcasses were placed in 20 ml
polyethylene vials and analyzed for 109Cd.

2.5. Tissue and water analyses

The concentrations of all measured parameters
in tissues were expressed on a per gram wet tissue
basis.

Gills, livers, gall bladders, and whole bodies
were thawed, weighed, and then digested in 1 to
70 times their weight of 1 N HNO3, as
appropriate (TraceMetal Grade HNO3; Fisher
Scientific, Nepean, Ontario), for 3 h at about
80°C. Digests were shaken, left to settle
for 10 min, then the supernatant was diluted ten
times with deionized water (18 mgohm;
Nanopure II; Sybron/Barstead, Boston, MA).
Plasma samples were thawed and diluted ten
times with 0.1 N HNO3 for Cd analysis. Gill,
liver, gall bladder, whole body, and plasma Cd
concentrations were measured on a graphite fur-
nace atomic absorption spectrophotometer
(Varian AA-1275 with GTA-95 atomizer) against
Fisher certified standards, as outlined by Hollis et
al. (1996), using 10 ml injection volumes and N2

gas. Operating conditions were as those described
by Varian with 30 s drying time at 90°C, 12 s at
120°C, and 4 s at 1800°C during which Cd was
read.

Tissue 109Cd concentrations were measured on
a Minaxi Auto-Gamma 5000 Series Gamma
Counter (Canberra Packard Instrument Com-
pany, Meriden, CT). Tissue samples were typi-



L. Hollis et al. / Aquatic Toxicology 93 (2000) 93–105 97

cally counted for 5 min; typical radioactivity lev-
els were greater than 50 times background. Tissue
109Cd concentrations were converted to absolute
values (‘new Cd’) using the measured specific ac-
tivity (bc−1) of the water:

a(bc−1)−1

where a is 109Cd cpm per gram of tissue (wet
weight), b is 109Cd counts in the water (cpm l−1),
and c is the total Cd concentration in the water
(mg Cd l−1).

Concentrations of different cadmium species in
the water were calculated using the MINEQL+
aquatic geochemical program (Schecher and
McAvoy, 1994) and measured water chemistry.
Gill Cd dissociation constants and capacity were
calculated by Scatchard analysis as outlined by
Reid and McDonald (1991). The amount of Cd
bound by the gill was divided by the free Cd
concentration in the water and was plotted
against the amount of Cd bound by the gill. The
total Bmax (binding capacity at saturation=num-
ber of Cd binding sites) and KD (Cd concentration
at 50% saturation) of the gill were then deter-
mined from the x-intercept and slope of the
Scatchard plot, respectively.

Water Na and Ca and plasma Ca (diluted 50
times with 0.02% LaCl3 in deionized water) con-
centrations were measured using the Varian AA-
1275 operated in standard flame absorption
mode. Water Cd concentrations were measured
using the methods described for tissues. Whole
body Ca and Na levels were measured in the same
way, using dilutions from the acid digests (above).
Whole body Cl was measured on the acid digests
using a CMT10 Chloride Titrator (Radiometer,
Copenhagen). For all ion analyses the matrices
for standards were the same as for unknowns and
samples were always read above the lowest stan-
dard on the calibration curve. Water pH was
measured using a Radiometer PHM71b meter
with GK2401C combination electrode. Dissolved
organic matter (DOM) was measured on the
Rosemount Analytical DC-180 automated total
organic carbon analyzer (Folio Instruments,
Kitchener, Ontario).

For the acute gill binding model, the condi-
tional metal-gill equilibrium constant for Cd and

the number of binding sites for Cd on the gills,
along with our water chemistry, were entered into
MINEQL+ to predict accumulation of Cd on
the gills. We used log KCd-gill=8.6 and Bmax=2
nmol g−1 (wet weight), values from Playle et al.
(1993b). The volume ratio for gill modelling was
five fish (each with an average gill weight of 0.6 g)
in 3 l of water, the actual conditions used in the
acute gill-Cd binding tests.

2.6. Statistics

Data have been expressed as means91 S.E.
(N). LC50 values, specific growth rates, and swim-
ming times were compared by means of the Bon-
ferroni adjustment to the independent two-tailed
Student’s t-test. For all other data, ANOVA fol-
lowed by a Student–Newman–Keuls procedure
was used for multiple comparisons of mean val-
ues. A fiducial limit of PB0.05 was used
throughout.

3. Results

3.1. Effects of exposure

Mortality was minimal over the 30 day expo-
sure with 10, 0 and 14% mortality for controls,
0.07 mg l−1 Cd and 0.11 mg l−1 Cd exposures,
respectively; mortality started only on day 12. No
acute toxic effects (i.e. mortality occurring within
the first few days) were observed at these Cd
exposures in soft water and there were no signifi-
cant differences in specific growth rate (3.469
0.10, 3.7190.10, and 3.4990.10% d−1 in the
control, 0.07 mg l−1, and 0.11 mg l−1 treatments
respectively) as a result of chronic Cd exposure.

Metal accumulation in gills increased signifi-
cantly over the 30 d in both Cd-exposed groups,
whereas levels in livers increased only marginally
(Fig. 1A and B, respectively). The liver elevation
was significant relative to background Cd at day
zero [0.4990.01 (6) mg g−1 wet tissue] but not
relative to the simultaneous control. Cadmium
concentrations were greatest in gills (Fig. 1A),
followed by liver (Fig. 1B); gall bladders and
whole bodies did not accumulate significant
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Fig. 1. Accumulation of Cd by gills (A), liver (B), gall bladder
(C), and whole body (D) of juvenile rainbow trout exposed for
30 days to 0 (controls; clear bars), 0.07 (striped bars), or 0.11
mg l−1 Cd (solid bars) 91 S.E. (N=6). Statistical compari-
sons were made against background Cd (controls) at each
sampling day (*) and against background Cd at day 0
(crosses); PB0.05.

amounts of Cd over the 30 day exposure (Fig. 1C
and D). Gill Cd levels increased �2-fold from
initial (day 0) values of 0.5690.05 (6) mg Cd g−1

(wet tissue) for both low and high Cd exposures
after 30 days of exposure (Fig. 1A). Gill concen-
tration factors from the water were 14 000 times
and 10 000 times for the 0.07 and 0.11 mg l−1 Cd
exposures, respectively. Gall bladder Cd levels
actually decreased from initial values of 1.329
0.16 (6) mg Cd g−1 (wet tissue; Fig. 1C) for both
the 0.07 and 0.11 mg l−1 Cd exposures. Whole
bodies did not significantly differ from initial val-
ues (0.3290.06 (6) mg Cd g−1 wet tissue; Fig.
1D) for low and high Cd exposures in soft water.

3.2. Acclimation

Acclimation did not occur in soft water for fish
chronically exposed to Cd concentrations of 0.07
or 0.11 mg l−1. The 96-h LC50 values for the 0.07
mg l−1 Cd-exposed fish (LC50=0.7790.49 mg Cd
l−1) and 0.11 mg l−1 Cd-exposed fish (LC50=
0.6190.34 mg Cd l−1) were not significantly dif-
ferent from the control value of 2.0791.73 mg Cd
l−1 (data not shown). There were no noticeable
differences for time to mortality amongst the
treatments.

3.3. Physiological effects and costs of chronic
exposure

No treatment or time related effects in soft
water were seen in whole body Ca2+, Na+ and
Cl− concentrations which averaged 12996 (78),
4492 (78), and 4192 (78) mmol kg−1, respec-
tively. In-tank metabolic rate measurements
showed no significant differences in rates of rou-
tine oxygen consumption 2 and 6 h after feeding
in Cd-exposed fish in soft water, though the N
number (two) was low (Table 1). Swimming
stamina was not significantly affected by exposure
to Cd for 30 days in soft water (Table 2). There
were no significant differences in plasma Cd or Ca
concentrations in soft water metal-exposed fish
compared to controls at day 30 (Table 3). Note
that on a wet weight basis, plasma Cd concentra-
tions were only about 0.1% of those in all other
tissues measured.

Table 1
Routine oxygen consumption of juvenile rainbow trout after
30 days exposure to 0 (controls), 0.07, or 0.11 mg l−1 Cd, 2
and 6 h after feedinga

Cd exposure Oxygen consump-Oxygen consump-
tion 6 h after feed-(mg l−1) tion 2 h after feed-

ing (mmol g−1 h−1) ing (mmol g−1 h−1)

5.290.26.490.10
0.07 6.290.27.690.2
0.11 6.290.26.790.4

a Means91 S.E. (N=2 tanks of 225 fish each). There were
no significant differences.
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Table 2
Swimming performance (stamina) of juvenile rainbow trout
after 30 days exposure to 0 (controls), 0.07, or 0.11 mg l−1 Cda

Time to 50% fatigue (s)Cd exposure (mg l−1)

0 100917
1029140.07
1059180.11

a Swimming times were corrected to a reference length of 10
cm (average length of fish tested). Means91 S.E. (N=20).
There were no significant differences.

by the end of the 3 h exposure (Fig. 2B). At the
highest exposure concentration, ‘new’ Cd bound
to the gills was about 0.22 mg g−1 (Fig. 2B), not
significantly different from the control group.
However, at acute exposure concentrations of ra-
diolabelled Cd below 25 mg l−1, uptake was sig-
nificantly lower in Cd-exposed fish than in
controls. More importantly, trout which had been
exposed to 0.07 and 0.11 mg Cd l−1 for 30 days did
not appear to approach equilibrium over the con-
centration range tested.

Scatchard analysis of gill Cd uptake/turnover
for the 3 h exposures to radioactive 109Cd (e.g. Fig.
2) showed that the KD value (dissociation con-
stant) was greater in soft water than in hard water
but capacity (i.e. Bmax) was very similar for trout
in hard and soft water (Table 4). Scatchard analy-
sis could not be done on the data from the
Cd-exposed fish in soft water because of the lack
of saturation, but inspection suggests a continuing
trend of higher KD (i.e. lower log KCd-gill, lower
affinity) and higher Bmax values for metal-exposed
fish compared to controls.

Based on the internal appearance of 109Cd,
‘new’ Cd accumulation into the whole body of soft
water exposed fish during the acute 109Cd expo-
sures showed similar patterns to gill Cd accumula-
tion. Samples taken at 3 h (Fig. 3) indicated that
the whole body of controls had reached satura-
tion, whereas the relationships in the Cd-exposed
fish had not reached saturation at the highest
concentration tested. As seen in the gills, signifi-
cantly less ‘new’ Cd was accumulated in the whole
body by Cd-exposed fish when exposed to Cd
concentrations below 25 mg l−1. At the end of the
3 h exposure, whole body ‘new’ Cd accumulation
at the highest exposure concentration was approx-
imately 0.010 mg Cd g−1 wet tissue for both the
controls and metal-exposed fish (Fig. 3), less than
10% of the concentrations in gill tissue (Fig. 2).

4. Discussion

4.1. O6er6iew

The purpose of the current study was to deter-
mine the physiological and toxicological effects of

Table 3
Plasma Cd and Ca of juvenile rainbow trout after 30 days
exposure to 0 (controls), 0.07, or 0.11 mg l−1 Cda

Cd exposure Plasma CaPlasma Cd
(mmol l−1)(mg l−1) (mg l−1)

1.9290.150 0.3290.02
1.9090.060.07 0.3090.02
1.9490.120.2590.040.11

a Means9S.E. (N=6). There were no significant differ-
ences.

3.4. Cd uptake/turno6er in gills of acclimated
trout

Cd uptake/turnover tests were run using ra-
dioactive 109Cd, at total Cd concentrations of 1, 5,
9, 22, and 36 mg l−1 for the soft water exposed fish
(Fig. 2), to distinguish newly accumulated Cd
from the native Cd already present in the gills, and
to determine ‘new’ Cd binding by the gills and
whole bodies of control and Cd-acclimated fish.
Gill and remaining carcass samples were taken at
the end of the 3 h acute exposure. Control fish
reached approximate equilibrium by 3 h with
about 0.17 mg g−1 of ‘new’ waterborne Cd bound
to the gills (Fig. 2A). The acute gill surface binding
model, using fathead minnow values for log KCd-gill

and Bmax (Playle et al., 1993a,b; see Section 2) and
measured water chemistry, predicted uptake of Cd
by the gill similar to ‘new’ gill Cd concentrations
actually observed in the control fish with a maxi-
mum accumulation of 0.20 mg Cd g−1 wet tissue
(Fig. 2A).

In general, Cd-exposed fish accumulated similar
amounts of Cd in their gills compared to controls
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chronic Cd exposure on juvenile rainbow trout in
soft water. Particular attention focused on accli-
mation, on comparison to the previous hard water
study (Hollis et al., 1999), and on whether the
Biotic Ligand Model could be applied in soft
water to fish chronically exposed to Cd. In soft
water (present study), cadmium was approxi-
mately ten times more toxic than the study run in
hard water (Hollis et al., 1999). The Cd concen-

trations to which the fish were chronically ex-
posed in the hard water study (3 and 10 mg Cd
l−1) were high enough for the fish to acclimate
(i.e. increased LC50 values for Cd-exposed fish),
and significant amounts of Cd accumulated in all
tissues, with the highest Cd levels in the gills
(Table 5). In comparison, the soft water exposure
also resulted in significant accumulation of Cd in
the gills, but this did not lead to acclimation of

Fig. 2. Accumulation of ‘new Cd’ by gills of rainbow trout exposed for 3 h to 109Cd, with total Cd concentrations of 1, 5, 9, 22,
or 36 mg l− l, after 30 days exposure. (A) Gill Cd accumulation by controls (0 mg l−1 Cd; closed circles) and gill Cd accumulation
as calculated by the Biotic Ligand Model (acute gill surface binding model) using conditional equilibrium constants and number of
binding sites for fathead minnows from Playle et al. (1993a,b); open diamonds). (B) Gill Cd accumulation by controls 0 (solid line
with closed circles), 0.07 (dashed line with solid triangles), or 0.11 mg l−1 Cd (dotted line with solid squares). Means9S.E. (N=5).
Statistical comparisons were made against control series for each water Cd treatment; * PB0.05.

Table 4
Cd dissociation constants (KD) and capacity (Bmax) for juvenile rainbow trout exposed to 0 (controls) or 3 mg l−1 Cd (low), in hard
water (Hollis et al., 1999) and 0 mg l−1 Cd (controls) in soft watera

Cd exposure Soft waterHard water

Bmax (mg g−1)KD (mg Cd l−1) KD (mg Cd l−1)Bmax (mg g−1)

2.7 (7.6) 5.2 (7.3) 0.21Controls 0.18
0.29Low Cd ––6.9 (7.2)

a Corresponding log KCd-gill values are in brackets beside gill Cd dissociation constants (KD). Scatchard analysis could not be
performed on the data from the Cd-exposed fish in soft water because of the lack of saturation.
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Fig. 3. Accumulation of ‘new Cd’ by whole bodies of rainbow trout exposed for 3 h to 109Cd, with total Cd concentrations of 1,
5, 9, 22, or 36 mg l− l, after 30 days exposures to 0 (controls; solid line), 0.07 (dashed line), or 0.11 mg l−1 Cd (dotted line).
Means9S.E. (N=5). Statistical comparisons were made against control series for each water Cd treatment; * PB0.05.

the fish (Table 5). No changes in growth, whole
body and plasma ions, routine oxygen consump-
tion, or swimming performance occurred for ei-
ther the soft water or hard water exposure to Cd
for 30 days (Table 5). Gill uptake and binding
capacity (i.e. Bmax) were similar in soft water
versus hard water, and were consistently modified
with chronic Cd exposure in both media (Table
5).

4.2. En6ironmental rele6ance

The levels of cadmium (0.07 and 0.11 mg l−1

Cd) used in our experiment were within an envi-
ronmentally realistic range for soft water expo-
sure. These values were relevant to USEPA
freshwater quality criteria for aquatic life of 0.64
and 0.32 mg l−1, recommended as limits for acute
and chronic cadmium exposures, respectively, at
water hardness of 20 mg l−1 as CaCO3 (USEPA,
1986). Furthermore, Cd concentrations in Cana-
dian surface waters are generally B0.1 mg l−1,
and Canadian water quality guidelines for the
protection of freshwater life in soft water are set
at 0.2 mg Cd l−1 (i.e. hardness B60 mg l−1;
CCME, 1995).

Table 5
Comparison of observed effects of Cd exposure in hard water
(Hollis et al., 1999) versus soft water exposure for juvenile
rainbow trout exposed for 30 days

Measured Soft water ex-Hard water
posure to Cd (0.07exposure to Cdparameter

(3 or 10 mg l−1) or 0.11 mg l−1)

At high Cd (10 mgMortality (acute No acute mortality
toxicity) l−1 Cd) exposure

only
No effectsGrowth No effects

Increase in gillsTissue Cd Increase in all
burdens tissues only

AcclimationAcclimation No acclimation
occurred

Whole No effects No effects
body/plasma
ions

No effects No effectsO2 consumption
No effectsSwimming No effects

performance
Trend of increasedGill binding Trend of increased
KD and Bmaxcharacteristics KD and Bmax
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4.3. Indicators of chronic Cd exposure

Growth, oxygen consumption, whole body/
plasma ions, and swimming performance were not
sensitive indicators of ongoing sublethal Cd expo-
sure in either hard or soft water (Table 5). In
general, these findings on growth are in accord
with earlier reports (Benoit et al., 1976; Kumada
et al., 1980; Giles, 1988; Davies et al., 1993; Farag
et al., 1994). We found no differences in swim-
ming performance (stamina) between controls and
fish chronically exposed to Cd in either soft water
(Table 2) or hard water (Table 5; Hollis et al.,
1999). Scherer et al. (1997) reported a similar lack
of effect of chronic Cd (0.5 mg l−1) on escape
performance of fingerling rainbow trout. Whole
body and plasma ions were not changed with
chronic Cd exposure in soft water (Table 3) or
hard water (Table 5; Hollis et al., 1999). Reid and
McDonald (1988) also reported no effects of a 24
h exposure to 6.5 mg Cd l−1 on plasma elec-
trolytes (Ca2+ and Na+) but whole body Ca2+

influx was significantly inhibited.

4.4. Acclimation

Toxicological acclimation did not occur in our
chronic Cd soft water exposure. The damage-re-
pair hypothesis of McDonald and Wood (1993)
states that there is an initial ‘shock’ phase in-
volved with exposure to metals which corresponds
with morphological damage to the gills, followed
by compensation and repair of the gills with
continued exposure to the metal, ultimately lead-
ing to acclimation of the fish. There was signifi-
cant accumulation of Cd in the gills of the
metal-exposed fish (Fig. 1); however, the low ex-
posure concentrations (0.07 or 0.11 mg l−1) may
not have been high enough to induce morphologi-
cal damage to the gills, and thereby acclimation.

In comparison to the present soft water expo-
sure (Table 5), Hollis et al. (1999) showed an
11–13 fold increase in 96-h LC50 values for Cd-
acclimated fish in hard water (LC50=250–300 mg
Cd l−1) compared to controls (LC50=22 mg Cd
l−1). Note that Cd was approximately 10 times
more toxic in soft water (20 mg l−1 as CaCO3;
LC50=2 mg Cd l−1) than in the hard water

exposure (140 mg l−1 as CaCO3). Calamari et al.
(1980) showed a similar trend with forty-fold
greater 48-h LC50 values for Cd in soft water (20
mg l−1 as CaCO3) compared to hard water (320
mg l−1 as CaCO3).

4.5. Implications for Biotic Ligand Modelling

Cold gill Cd concentration appears to be the
most sensitive indicator of prior Cd exposure.
Gills accumulated the greatest concentration of
Cd over the 30 day exposure to Cd in soft water
(Fig. 1A), which represented a two-fold increase
relative to control levels. In this regard, we inves-
tigated whether the acute gill binding model, or
Biotic Ligand Model, could be applied to fish that
had been chronically exposed to Cd in soft water.
This model was originally developed in soft water
for acute exposures (Playle et al., 1993a,b).

The Biotic Ligand Model considers the gill
membrane as a complexing ligand. Conditional
equilibrium stability constants for affinity of
metals binding to the gill membrane are inserted,
together with relevant water chemistry, into
aquatic geochemistry programs (e.g. MINEQL+)
to predict metal binding to the gills and ultimately
toxicity to the fish (Playle et al., 1993a,b; Playle,
1998). This approach has been expanded so that
the fish gill is considered as a generalized ‘biotic
ligand’ which is the primary site of toxic action
(Meyer, 1999; Meyer et al., 1999). This model is
now being considered by regulatory agencies as a
tool to predict metal accumulation and toxicity to
aquatic life (Bergman and Dorward-King, 1997;
Renner, 1997).

In our previous study, we showed that the
Biotic Ligand Model could be successfully applied
to fish in a hard water environment, although
complications arose when we tried to extend the
model to fish that had been exposed to Cd on a
chronic basis (Hollis et al., 1999). In particular,
there was a large, apparently non-toxic burden of
Cd that accumulated during chronic exposure and
new Cd accumulation did not appear to be di-
rectly predictive of a toxic response. In the present
study, the model successfully calculated ‘new’ Cd
accumulation in gills of control fish (Fig. 2A)
when the conditional stability constant for Cd
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Table 6
Calculated concentrations of Cd species in the water for
various Cd exposures, using MINEQL+ (Schecher and
McAvoy, 1994) aquatic chemistry program (DOM=dissolved
organic matter)

[Cd2+] [Cd-DOM]Cd exposure [CdCO3 Aq]
(mg l−1)(mg l−1) (mg l−1)(mg l−1)

1 0.5 0.5 0.0
2.03.0 0.05

6.09 3.0 0.0
18.022 3.6 0.4

4.031.5 0.536

With regards to Cd-exposed trout, the fish ex-
posed to 0.07 and 0.11 mg l−1 Cd accumulated
significantly less ‘new’ Cd in their gills compared
to controls when exposed acutely to total Cd
concentrations below 25 mg Cd l−1. Whole body
accumulation of ‘new’ Cd (Fig. 3) mirrored that
of ‘new’ Cd accumulation by the gills (Fig. 2B)
with significantly lower ‘new’ Cd accumulation in
fish chronically exposed to Cd. Even though resis-
tance did not change with prior exposure to Cd
(e.g. changes in LC50), gill binding characteristics
did change in a manner consistent with the previ-
ous hard water exposure where LC50 increased
dramatically (Hollis et al., 1999; Table 4). Thus
changes in gill Cd binding are not necessarily
predictive of changes in acute toxicity for fish
which have been chronically exposed to the metal.

There were increased cold Cd concentrations on
the gills from prior Cd exposure in hard water;
therefore, changes in gill binding characteristics
are probably related to increased pools of Cd in
gills of Cd-exposed fish. These fish that had been
chronically exposed to Cd in either hard water or
soft water appear to have developed a protective
mechanism (i.e. higher KD and Bmax; Table 4) for
reduced Cd uptake. Alsop et al. (1999) have
shown that juvenile rainbow trout chronically ex-
posed to zinc, an essential metal, had significantly
increased gill Zn pool sizes which were related to
increased detoxification or temporary storage of
Zn, in mucus for example. These workers also
showed that the affinity of the gill for Zn was
consistently reduced by chronic acclimation to
sublethal zinc, therefore there seems to be some
consistency in the responses to a non-essential
metal (Cd) and an essential metal (Zn).

Finally, in our chronic exposures we note that
there appear to be difficulties with the acute gill
binding model as described by Playle et al.
(1993b) using cold techniques. Firstly, as in our
previous hard water study Hollis et al. (1999), we
found it necessary to use 109Cd since there was
only a very small increase in uptake of ‘new’ Cd
(�0.17 mg Cd g−1) by control fish which could
not easily be detected against the background of
�0.56 mg Cd g−1 wet weight using the cold
technique employed by Playle et al. (1993b). This
problem was much greater in the fish acclimated

binding to the gill (log KCd-gill=8.6) and the num-
ber of Cd binding sites on the gill (0.2 nmol
fish−1 or 2 nmol g−1 of gill) from Playle et al.
(1993a,b) were used along with water Cd2+ con-
centrations. In these simulations, 50–88% of the
total Cd existed as the free ionic species, Cd2+,
for exposures ranging from 1 to 36 mg l−1 Cd
(Table 6). When Scatchard analysis was applied
to the saturation curve for control fish (Fig. 2A),
the conditional stability constant (log KCd-gill=
7.3; Table 4) was approximately two times lower
than that of Hollis et al. (1999) in hard water
(log KCd-gill=7.6; Table 4). In contrast, Playle et
al. (1993a,b) calculated a log KCd-gill value of 8.6
for fathead minnows. The difference in the
log KCd-gill value determined in the present study
(7.3) and that (8.6) calculated by Playle et al.
(1993a,b) translates to a 20-fold difference in
affinity. This difference is due to the difference in
methods for calculating these conditional equi-
librium constants. We calculated these values
from Cd loading into the gills of fish where the
presence of Ca2+, H+, Na+, etc. in the water
would likely exert a competitive effect, thereby
reducing the apparent affinity and thus log KCd-gill.
In contrast, the method used by Playle et al.
(1993a,b) involved the use of competitive ligands
to reduce Cd accumulation on gills in very soft
water, a method which is likely less sensitive to
the competitive effects of Ca2+ and H+. Playle et
al. (1993a,b) in fact independently determined
log K values for these competitive cations as part
of the Biotic Ligand Model so that these influ-
ences are included when the predicted Cd accu-
mulation is calculated by the model (e.g. Fig. 2A).
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to Cd. Secondly, there were difficulties in actually
applying the Biotic Ligand Model to fish chroni-
cally exposed to Cd in both soft water (this study)
and in hard water (Hollis et al., 1999). Saturation
of the gills did not occur over the concentration
range tested for our soft water exposed fish which
had been chronically exposed to Cd. Clearly,
higher concentrations of Cd exposure are required
for gill binding experiments with trout chronically
exposed to Cd.
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