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Abstract—The main objective of the study was to use a species comparison approach in order to understand sensitivity and tolerance
differences to copper. We hypothesized that species differences in toxicity would be reflected by differences in copper binding to
high-affinity sites on the gill. Specifically, the strength of copper binding (affinity, logK) and maximum number of binding sites
(saturation, Bmax) for copper at the gill surface would vary among different species of fish. Two species that are different in their
copper sensitivity are the rainbow trout (Oncorhynchus mykiss) and yellow perch (Perca flavescens). We explicitly compared acute
toxicity (median lethal concentrations via 96-h LC50s) and whole-body Na1 loss in both organisms in two distinct water chemistries
(i.e., hard and soft water). For both species, the copper binding sites at the gill surface were characterized for their affinity and
saturability. The binding properties of the gill were quite similar between the two species in each water chemistry. Based on
estimations of the free cupric ion concentration, the affinity, or logK, was 8.4 for both species in soft water, whereas in hard water,
the affinity was higher (;9.7). The Bmax value in soft water was 1.88 nmol/g for rainbow trout and yellow perch, while in hard
water, saturation occurred at 3.63 nmol/g for rainbow trout and 9.01 nmol/g for yellow perch. More importantly, the amount of
copper bound to the gills at 50% mortality (i.e., lethal accumulation; the LA50) was different between the two species (yellow
perch LA50s were nine times higher than those of rainbow trout in soft water and hard water), indicating that the copper binding
to the yellow perch gill must not have been ‘biologically reactive.’ According to 96-h LC50s, yellow perch were less sensitive to
copper than were rainbow trout; however, the difference between the two species was similar in hard water (1.05 vs 4.16 mM) and
soft water (;0.10 vs 0.44 mM). Perch were more tolerant because they lost less sodium upon exposure to copper; yet this mechanism
of tolerance was not reflected by the amount of copper at the gill surface. The influence of water chemistry on the binding properties
of the gill demonstrates the dynamic nature of the gill in maintaining ionoregulatory homeostasis, a key issue in the future
development of the chronic biotic ligand model.
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INTRODUCTION

It has long been recognized that different fish species can
vary in their tolerance to waterborne copper, and two such
families that are different are Salmonidae and Percidae. Ac-
cording to Spear and Pierce [1], salmonids can be almost two
orders of magnitude more sensitive than Perciformes to wa-
terborne copper. In rainbow trout (RBT; a salmonid; Onco-
rhynchus mykiss), the mechanism of acute copper toxicity is
clearly understood as an ionoregulatory disturbance of sodium
levels that exceeds homeostatic control [2–4]. This mechanism
is believed to result when copper causes a chemical disruption
(i.e., an inhibition of Na1/K1-ATPase) and a physical disrup-
tion (i.e., weakening of cell junctions) of the gill surface. The
yellow perch (YP; Perca flavescens), a member of the Percidae
family but one not included in the review by Spear and Pierce
[1], is endemic to metal-contaminated areas. In YP, the mech-
anism of toxicity may be qualitatively or quantitatively dif-
ferent from that of RBT.

Currently, only water hardness and the total dissolved metal
concentration are used in the Canadian copper water quality
standards, even though it is now well known that pH, dissolved
organic matter, and alkalinity also play important roles in mod-
ifying the toxic effect of copper [e.g., 3,5–12]. In an attempt
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to influence existing water quality standards, the acute toxicity
of copper has been characterized by the accumulation of copper
on the gill surface in a limited number of fish species (fathead
minnow [6,7]; rainbow and brook trout [13], and RBT [14]).
This relationship, termed the Biotic Ligand Model [15], is the
first to take into account the influence on toxicity of both the
abiotic and biotic ligands, which are present in natural waters.
The abiotic ligands [e.g., -CO3, dissolved organic matter
(-DOM), -OH] and the biotic ligands of the fish gill surface
epithelium compete for copper in natural waters. Geochemical
modeling programs (e.g., Windermere Humic Aqeous Model,
or WHAM; [16]) can adequately model the state of the abiotic
ligands; however, modeling the behavior of the biotic ligands
is more difficult, since only a few fish species have been char-
acterized under simplified conditions. Ideally, the binding
properties of the gill surface may explain variances in copper
tolerance.

The main objective of the present study was to use a species
comparison approach in order to understand sensitivity dif-
ferences to copper, which may explain the documented dif-
ference in tolerance between these two families. We explicitly
compared (1) acute copper toxicity (lethal concentrations via
96-h LC50s) to document the difference in tolerance, (2) the
pattern of whole-body ion loss (Na1) to understand the mech-
anism of toxicity and mechanism of copper tolerance, (3) gill–
copper (Cu) binding relationships, and (4) the accumulation
of copper at the gill at 50% mortality (lethal accumulations;
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LA50s). In order to assess copper bioavailability, the com-
parison was completed in two distinct water types, hard water
(HW) and soft water (SW), thereby incorporating the influence
of abiotic ligands. In both species, the biotic ligand was char-
acterized (i.e., affinity and saturability of the gill), and we
hypothesized that species differences in toxicity would be re-
flected by differences in copper binding to high-affinity sites
on the gill, which are the target sites used in the biotic ligand
model.

MATERIALS AND METHODS

Experimental animals

Juvenile RBT (Oncorhynchus mykiss, 1–2 g) and YP (Per-
ca flavescens, 1–2 g) were obtained from Rainbow Springs
Hatchery (Thamesford, ON, Canada) and Kinmount Fish Farm
(Kinmount, ON, Canada), respectively. Fish were maintained
for 8 to 12 weeks in dechlorinated Hamilton tap water (HW)
of moderate hardness (188C, pH 8, 0.6 mM Na1, 0.7 mM Cl2,
1.0 mM Ca21, 120 mg/L as CaCO3 hardness, 95 mg/L alka-
linity, 3 mg C/L DOM) prior to testing. For experiments using
SW (168C, pH 7.2, 0.13 mM Na1, 0.10 mM Cl2, 0.13 mM
Ca21, 20 mg/L as CaCO3 hardness, 15 mg/L alkalinity, 0.4 mg
C/L DOM), fish were acclimated for a minimum of nine weeks.
Soft water (SW) was synthesized by mixing one part HW to
six parts ion-reduced water, the latter produced by reverse
osmosis (Anderson Water Systems, Dundas, ON, Canada). The
photoperiod was set to a light/dark cycle similar to the natural
photoperiod for western Lake Ontario from January through
June. Fish were fed (to satiation) a dry ration of commercial
trout pellets (Martins Feed Mill, Elmira, ON, Canada) daily.
The feed contained approximately 3 mg Cu/g dry weight.

Experimental protocol

Acute toxicity of copper in hard and soft water. The con-
centrations of copper, which were lethal to 50% of the animals
(i.e., 96-h LC50s), were determined in HW and SW for both
species. Rainbow trout [5.68 6 0.28 g (n 5 60) for HW and
10.58 6 0.46 g (n 5 99) for SW] and YP [2.73 6 0.18 g (n
5 60) for HW and 5.27 6 0.27 g (n 5 97) for SW] were
exposed at the same time and in the same tanks to each con-
centration in order to ensure the exactness of environmental
conditions for both species. Fish (n 5 8–12 in SW and n 5
9–16 in HW, per species and per concentration) were exposed
in a flow-through system to a minimum of five Cu concentra-
tions plus a control. In HW and SW, the Cu concentrations
ranged from 0.38 to 15.35 mM and from 0.11 to 0.77 mM,
respectively. Background Cu concentrations were 46.4 6 16.5
(12) and 10.2 6 3.8 (9) nM in HW and SW controls, respec-
tively. Copper stocks (CuSO4·5H2O, Fisher Scientific, Toronto,
ON, Canada) were metered into diluent water in mixing head
tanks. These tanks then fed 20-L polyethylene tanks at a rate
of 300 ml/min each. Tanks were individually covered, aerated,
and checked for mortality daily. Mortality checks were made
approximately every 1 to 2 h during the first 12 h. Upon death,
fish were removed and their whole bodies placed in 1 N trace
metal–grade nitric acid (Fisher Scientific) for digestion. Whole
bodies were analyzed for sodium content by flame atomic ab-
sorption spectrophotometry (AAS, Varian AA-1275, Walnut
Creek, CA, USA). Water samples (15 ml) were acidified with
50 ml concentrated trace metal–grade nitric acid and analyzed
for Cu by either flame or graphite furnace AAS (Varian AA-
1275) against certified copper standards (Fisher Scientific).

Gill–copper binding characteristics in hard and soft water.
In order to determine interspecific differences in copper tol-
erance, we characterized the high-affinity gill–Cu binding sites
using the 3-h radiolabeled 64Cu technique of Taylor et al. [14].
In HW, RBT and YP were exposed for 3 h to five different
nominal Cu concentrations of 0.08, 0.16, 0.24, 0.32, and 0.48
mM radiolabeled with 64Cu (specific activity 92.77 to 148.05
mBq/mmol). Mean weight was 4.49 6 0.25 g (n 5 50) and
3.73 6 0.28 g (n 5 50) for RBT and YP in HW, respectively.
In SW, the six nominal exposure concentrations were 0.08,
0.16, 0.24, 0.32, 0.48, and 0.80 mM radiolabeled with 64Cu
(specific activity 65.45 to 120.73 mBq/mmol). The mean
weight was 12.72 6 0.75 g (n 5 60) and 5.82 6 0.29 g (n 5
60) for RBT and YP in SW, respectively. The McMaster Nu-
clear Reactor (Hamilton, ON, Canada) supplied the 64Cu (as
CuNO3). Exposures were conducted under static conditions in
Ziploct bags containing 5 L of water. Five RBT and five YP
were placed in each bag, with two bags at each concentration.
Bags were individually aerated and placed in black plastic
boxes. Water samples (5-ml) were taken at the beginning and
end of the exposure and acidified (50 ml concentrated trace
metal–grade nitric acid). After 3 h, fish were sacrificed with
a blow to the head. Gill arches were removed and rinsed for
10 s in control water, and the radioactivity was determined in
both the tissue and water samples using a well-type gamma
counter with a 7.62-cm NaI crystal (Packard Minaxi Auto-
Gamma 5000 Series, Packard Instruments, Meridan, CT, USA).
All samples were counted for a maximum of 5 min unless an
acceptable counting error was achieved earlier. The appearance
of radioactivity in the gills allowed for the calculation of newly
accumulated gill copper (i.e., with no background). Water sam-
ples were further analyzed for total copper by flame or graphite
furnace AAS, as appropriate (i.e., graphite furnace was used
when lower detection limits were required). All water samples
were analyzed against certified copper standards (Fisher Sci-
entific). The geochemical modeling program WHAM [16] and
our water chemistry constituents were used to convert total
copper concentrations into the bioavailable free cupric ion con-
centrations (Cu21). Input variables included all major cations
and anions (Ca21, Na1, Cl2, Mg21, HCO3

2, CO3
22, K1, Cu21,

SO4
22), plus DOM and pH.

The 3-h gill binding technique was also used to calculate
the lethal accumulation on the gill surface at the copper con-
centration that caused 50% mortality at 96 h in HW (i.e., the
3-h LA50). The measured exposure concentrations in HW were
1.17 mM for RBT and 4.31 mM for YP, both of which were
radiolabeled with 64Cu (specific activity was 43.21 and 47.66
mBq/mmol, respectively). In SW, the LC50s for both species
fell within the range used to characterize the high-affinity bind-
ing sites; therefore, we were able to calculate the LA50s from
the equation of the gill–Cu binding curve at the corresponding
LC50 (;0.1 and 0.44 mM for RBT and YP, respectively).

Calculations

Net sodium flux. The rate (Jnet) of sodium loss in nmol/g·h
during Cu exposure was calculated based on the concentration
of whole-body sodium for both species in SW and HW.

WB Na 2 WB Naexposed controlJnet 5
time

where WB Naexposed is the whole-body concentration of sodium
at the end of the Cu exposure in nmol/g, WB Nacontrol is the
mean whole-body sodium concentration of control (unex-
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Table 1. Acute toxicity of copper to rainbow trout (RBT) and yellow perch (YP) in hard water (HW)
and soft water (SW). Fish were acclimated to SW for at least 9 weeks prior to experimentation

Water
Toxicity

test Species

Median lethal
concentration

(mmol/L)

95%
Confidence

intervals
Mean wet

wt (g)
Standard

error n

HWa

SWb

96-h-LC50

96-h-LC50

48-h-LC50

RBT
YP
RBT
YP
RBT
YP

1.05
4.16

;0.10
0.44
0.14
0.53

0.68–1.58
3.54–4.88

—
0.37–0.53
0.13–0.15
0.48–0.60

5.6
2.7

10.6
5.3

10.6
5.3

0.3
0.2
0.5
0.3
0.5
0.3

60
60
99
97
99
97

a 188C, pH 8, 0.6 mM Na1, 0.7 mM Cl2, 1.0 mM Ca21, 120 mg/L as CaCO3 hardness, 95 mg/L alkalinity,
3 mg C/L dissolved organic matter.

b 168C, pH 7.2, 0.13 mM Na1, 0.10 mM Cl2, 0.13 mM Ca21, 20 mg/L as CaCO3 hardness, 15 mg/L
alkalinity, 0.4 mg C/L dissolved organic matter.

posed) RBT or YP in nmol/g, and time is the amount of time
(in hours) over which the fish was exposed to copper (i.e.,
until death or until sacrificed at the end of 96 h).

Gill–Cu binding. Newly accumulated copper concentrations
in the gill (nmol/g) were calculated based on the appearance
of radioactivity in the gill.

64CugillCu 5gill SA

where 64Cugill is the radioactivity of the gill arches in counts
per minute per gram of wet gill tissue and SA is the mean
measured specific activity of the water in cpm/nmol.

Statistics

All data presented are means 6 1 standard error (n), except
for the LC50 data, in which means and 95% confidence limits
are given. LC50 values were determined by linear functions
relating the log concentration of copper to probit transfor-
mation of percent mortality (TOXSTAT, Version 3.5, Western
EcoSystems Technology, Cheyenne, WY, USA). All other data
were analyzed for statistical significance by a Student’s t test
(two-tailed, unpaired). Significance was set at p , 0.05 unless
otherwise stated. Percent data was transformed (arcsin[Ï]) in
order to attain a normal distribution, producing asymmetrical
error bars. Gill binding saturation curves were fitted by non-
linear regressions using Sigma Plot 2000t (SPSS, Chicago,
IL, USA).

RESULTS

Acute toxicity of copper

In comparing the 96-h LC50 values for both species, copper
was approximately four times more toxic to juvenile RBT than
to YP in HW (Table 1). We were unable to accurately calculate
a 96-h LC50 in SW for RBT in the present study because of
the high mortality at the low copper concentrations, but it was
approximately 0.1 mM. We were, however, able to calculate
48-h LC50 values in SW for both species, which revealed
under this circumstance that copper was four times more toxic
to RBT.

Sodium loss due to copper exposure

Regardless of water chemistry, the control whole-body so-
dium concentrations of RBT were significantly higher than
those of YP (p , 0.05). Whole-body sodium concentrations
from control RBT and YP in HW were 61.56 mmol/g 6 7.63
(7) and 46.73 mmol/g 6 0.98 (9), respectively, and were 55.90

mmol/g 6 0.64 (10) and 40.10 mmol/g 6 0.73 (10) in SW,
respectively. In both cases, whole-body sodium concentrations
were significantly lower for YP (p , 0.001).

In both species upon exposure to copper, whole-body so-
dium decreased with increasing copper concentrations. In those
circumstances in which there was 100% mortality, YP and
RBT lost approximately 60% of their initial whole-body so-
dium concentration. However, the Cu concentration at which
this level was reached was different between the two species
(Fig. 1). In SW, this occurred at water Cu concentrations of
0.11 and 0.91 mM for RBT and YP, respectively. In contrast,
the Cu concentrations were 8.39 mM for RBT and 15.34 mM
for YP in HW. Rainbow trout had higher mortality and hence
greater sodium loss at lower Cu concentrations than did YP.
The sodium loss threshold for toxicity was defined as the per-
centage of loss occurring at the concentrations that produced
50% mortality (i.e., the LC50). In SW, based on the 48-h LC50
values for RBT, the sodium loss threshold was approximately
30%. For YP in SW at their 96-h LC50, the threshold was
approximately 40%. These thresholds were the same in HW,
where RBT and YP lost approximately 30 and approximately
40% of their whole-body sodium levels at their respective 96-h
LC50 concentrations.

Overall, the rate of sodium loss was much greater in SW
than in HW and was dependent on Cu concentration in both
species (i.e., larger rates of loss at higher Cu concentrations;
Fig. 2). In soft and HW, over the full range of Cu concentrations
tested, YP had significantly lower rates of sodium loss than
did RBT. For example, in SW, the maximum rate of loss in
YP was 3,000 nmol Na1/g·h, whereas it was 5,000 nmol Na1/
g·h for RBT. In HW this maximum was 1,500 and 2,300 nmol
Na1/g·h for perch and trout, respectively. At the threshold for
toxicity (i.e., at their LC50), the rate of sodium loss in SW
was lower for YP than for RBT; however, this was not the
case in HW. The toxicity threshold rate of sodium loss in SW
was approximately 250 and approximately 750 nmol/g·h for
YP and RBT, respectively. In HW, the rate for perch was ap-
proximately 400 Na1/g·h and only approximately 250 nmol
Na1/g·h in RBT.

Gill–copper binding characteristics

In the gill binding experiment, the two replicate bags were
compared to each other before combining the data (i.e., all
were not significantly different from each other, p . 0.05).
The binding of copper to the gills increased with increasing
copper exposure concentrations in both HW and SW (Fig. 3).
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Fig. 1. Whole-body sodium loss (expressed as a percent of control
levels) in rainbow trout (RBT) and yellow perch (YP) exposed to
various copper (Cu) concentrations during an acute toxicity challenge
in (A) soft water (SW) and (B) hard water (HW). Fish were sampled
upon death or at 96 h. In HW, n 5 8 to 12, and in SW, n 5 9 to 16.
The asterisk indicates significant difference between RBT and YP at
that Cu concentration (p , 0.05). Numbers at each data point represent
the percent mortality at 96 h (or 48 h).

Fig. 2. The net rate of sodium loss (Jnet) in rainbow trout (RBT) and
yellow perch (YP) exposed to various copper (Cu) concentrations
during an acute toxicity challenge in (A) soft water (SW) and (B)
hard water (HW). Fish were sampled upon death or at 96 h. In HW,
n 5 7 to 12, and in SW, n 5 9 to 16. The asterisk and plus signs
indicate significant differences between RBT and YP at that Cu con-
centration (* 5 p , 0.001 in SW, p , 0.05 in HW; 1 5 p , 0.01).

In SW, there was no significant difference in gill–copper bind-
ing between the two species at any concentration (Fig. 3A).
However, in HW, there was a trend toward lower copper bind-
ing in RBT than in YP; this trend was significant at 0.33 mM
(Fig. 3B). In SW, gill–copper binding reached an apparent
plateau between 0.28 and 0.42 mM total Cu (since gill–Cu
concentrations returned to those found at lower water Cu con-
centrations), but then sharply increased with gill–Cu concen-
trations reaching three times the plateau value at approximately
0.61 mM total Cu. For RBT in HW, the pattern was similar,
with the plateau around 0.24 to 0.33 mM (i.e., no significant
difference in newly accumulated gill Cu over these water Cu
concentrations, p . 0.05), and the increase at 0.47 mM total
water Cu (p , 0.01). This was not the case for YP in HW,
where the gills bound Cu in a linear fashion (Fig. 3B, y 5
14.17x, r2 5 0.96, p , 0.01). The calculated LA50 values for
the two species in SW were 0.2 and 1.7 nmol/g for RBT and
YP, respectively. These values were calculated from the equa-
tion of the saturation curve, since the 96-h LC50 values were
within the range of copper concentrations used in the 3-h gill
binding assays. In striking contrast, the measured LA50 con-
centrations in HW were 3.1 and 27.8 nmol/g for RBT and YP
at their 96-h LC50 concentrations, respectively.

DISCUSSION

The present study explicitly tested and answered three im-
portant questions. First, is the mechanism of copper toxicity
different between RBT and YP? Second, what is the basis for
the difference in tolerance between the two species? Third,
does gill–copper binding predict the difference in tolerance?
Our results show that the mechanism of copper toxicity is
apparently not different between RBT and YP. Specifically,
the threshold for toxicity was reached when both species lost
30 to 40% of their whole-body Na1, and at 60% loss there
was complete mortality. As for the mechanism of tolerance,
clearly YP possess an ability to resist Na1 loss; however, this
resistance was not a result of binding less copper at their gills.
Interestingly, we found that the gills of YP were able to bind
the same amount of Cu as the gills of RBT in SW, and they
were able to bind slightly more copper than RBT in HW. In
summary, there was only a very small difference in gill–copper
binding despite a very large difference in toxicity.

Species differences in acute copper toxicity

We have demonstrated that YP are more tolerant to water-
borne copper; however, they are not nearly as tolerant as pre-
dicted from the 96-h LC50 equation developed by Spear and
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Fig. 3. The short-term (3-h) binding of copper (Cu) to the gill in
juvenile rainbow trout (RBT) and yellow perch (YP) in (A) soft water
and (B) hard water. Data represents means 6 1 standard error (n 5
10). The asterisk indicates a significant difference between RBT and
YP at that copper concentration, whereas a plus sign indicates a sig-
nificant increase in newly accumulated gill Cu from the first mea-
surement, within the species type (p , 0.05).

Fig. 4. The effect of water hardness on acute toxicity (96-h lethal
concentration; LC50) of copper (Cu) to Salmonids and Perciformes.
Perciformes data are representative of six bluegill, one striped bass,
and four pumpkinseed tests (line 1 [1]). Salmonidae (line 2 [1]) and
sensitive Salmonidae (line 3, Onchorhynchus kisutch and Onchor-
hynchus tshawytscha, [1]) are shown in relation to yellow perch and
rainbow trout (lines 4 and 5, respectively) from the present study.

Pierce [1] for perchlike fishes belonging to the order Perci-
formes (which is represented by line 1 in Fig. 4). This equation
was based on 11 studies using bluegills (Lepomis marcho-
chirus), striped bass (Roccus saxatilis), and pumpkinseeds
(Lepomis gibbosus) over a range of water hardnesses (i.e., 10
to 300 mg/L as CaCO3; line 1 in Fig. 4), but these studies did
not include data for YP. Also inconsistent with the general
Perciformes data was the reported difference in toxicity be-
tween HW and SW. In our study, YP were approximately 9
times more sensitive in SW than in HW, whereas the Perci-
formes equation predicts only a threefold difference (as rep-
resented by our steeper slope, line 1 vs line 4 in Fig. 4). In
fact, our YP toxicity data were more comparable to the Sal-
monidae values summarized in the same report (line 2 in Fig.
4; [1]).

The toxicity of copper to RBT in the present study confirms
previous findings in our laboratory [14], which found our RBT
to be comparable to the Spear and Pierce [1] sensitive Sal-
monidae data derived from two species of Pacific salmon (see
lines 3 and 5 in Fig. 4). The toxicity equations of Spear and
Pierce [1] predict a larger species difference in SW than in
HW (Perciformes 11 times more tolerant in SW and 5 times
more tolerant in HW). In contrast, we found a similar differ-
ence in HW and SW (YP were ;4 times more tolerant than

RBT). A possible reason for this difference may be the his-
torical SW data upon which the toxicity equations were based,
in which it was generally accepted that two weeks was suf-
ficient acclimation time (e.g., [17,18]). Previously we have
argued against this concept, noting that two weeks was too
short a period of time to fully acclimate [14]. We defined fully
acclimated as that point at which whole-body sodium concen-
trations in SW were equal to the HW values [14]. In the present
study, this definition applied to RBT; however, YP sodium
concentrations were still different after a minimum of nine
weeks of SW acclimation. This may explain why the difference
in toxicity was smaller in SW than in HW between the two
species. The importance of SW acclimation becomes extreme-
ly relevant when evaluating a toxicant, like copper, which
disrupts ionoregulation.

Mechanism of copper toxicity

The mechanism of acute copper toxicity in RBT involves
a concentration-dependent stimulation of Na1 efflux and in-
hibition of Na1 uptake at the gill [2]. The present study dem-
onstrates that the same mechanism applies for YP. The bio-
marker used in this study to reflect this toxic action was whole-
body sodium. The loss of whole-body sodium (expressed per
gram of wet mass, rather than dry mass) has been reported as
a sensitive indicator of ionoregulatory disruption resulting
from exposure to mine-polluted waters [19,20]. Indeed, Croke
et al. [21] compared sodium loss due to copper exposure at
two different water calcium concentrations in RBT and fathead
minnows and found that a 20 to 30% loss of whole-body
sodium was the threshold for lethality. In that study, fathead
minnows were the more sensitive species with regard to wa-
terborne copper toxicity, and they showed greater rates of so-
dium loss, which was even more pronounced in the low-cal-
cium water [21]. Similarly, we found a 30 to 40% loss in
whole-body sodium at the toxicity threshold concentrations
for RBT and YP, and the finding of an increased rate of sodium
loss in the more sensitive species was duplicated in the present
study.
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Fig. 5. The short-term (3-h) binding of free cupric ions to the gill in
juvenile rainbow trout (RBT) and yellow perch (YP) in (A) soft water
(SW) and (B) hard water (HW). Characterization of the saturable
binding sites was by nonlinear regression; r2 5 0.67 (p , 0.05) in
SW for both species, and in HW, r2 5 0.97 (p , 0.01) for RBT and
r2 5 0.98 (p , 0.01) for YP. The binding capacity (Bmax) and affinity
(logK) for cupric ions in SW was 1.88 nmol/g and 8.4 for both RBT
and YP. In HW, Bmaxs were 3.63 and 9.01 nmol/g for RBT and YP,
respectively. The affinity of the gill for cupric ions in HW was 9.9
and 9.5 for RBT and YP, respectively. Data represents means 6 1
standard error (n 5 10). Free cupric ion concentrations were deter-
mined using the geochemical modeling program Windermere Humic
Aqueous Model (WHAM). The asterisk indicates a significant dif-
ference between RBT and YP at that copper concentration (p , 0.05).

Mechanism of copper tolerance

There are two possibilities, based on the result of whole-
body sodium loss, by which greater copper tolerance may exist
in different fish species: This tolerance may occur because the
fish resists sodium loss (i.e., loss occurs, but at a higher Cu
concentration) or because the fish tolerates sodium loss (i.e.,
the loss still occurs but with no mortality). Based on our find-
ings, the first option apparently applies to YP. Yellow perch
were able to resist sodium loss, since the same threshold for
mortality (i.e., the loss of 20–40% whole-body sodium) oc-
curred at a higher copper concentration than for RBT. The
question of how YP are able to resist sodium loss due to copper
exposure is an area that requires future research.

Clearly, YP have a higher threshold for the damage, which
leads to sodium loss. Freda and McDonald [22] and McDonald
et al. [23] characterized morphological differences between
YP and RBT gills in the context of low pH (a toxicant that is
often compared to copper because of the similar mechanisms
of toxicity involved with the two toxicants). They attributed
the ability of YP to resist net ion loss to the larger depth of
tight junctions in the gills and to a reduced chloride cell pro-
liferation. It is likely the YP may also use these physical dif-
ferences to resist ion loss due to copper. Aside from morpho-
logical differences, perch also maintain lower whole-body so-
dium concentrations than do RBT, thereby reducing the Na1

concentration gradient between the internal and external en-
vironment. The ability of the gills to prevent ion loss, thus
providing tolerance, may also be the result of copper binding
to the gills.

Gill–copper binding

Copper binding to the gills has been directly correlated with
toxicity [13]. Therefore, it was not unreasonable to hypothesize
that fish differing in their sensitivity to copper may have dif-
ferent gill–metal binding properties. At present, the Biotic Li-
gand Model predicts toxicity based on the rapid binding of
copper on the gill [15]. The evaluation of gill–copper binding
characteristics traditionally requires the conversion of total
copper to free copper (i.e., Cu21 ions). This was accomplished
using the geochemical modeling program WHAM [16], which
effectively models the interactions of metals with natural DOM
(P.G.C. Campbell, Universite du Quebec, INRS-Eau, Ste-Foy,
QC, Canada, personal communication). Previously in our lab-
oratory we identified at least two types of binding sites in RBT
in HW and SW [14]. Based on this result, we can characterize
the binding of free copper to sites on the gill in the same
manner (Fig. 5 [data from Fig. 3]). The fact that these two
types of sites were also present in YP at the same copper
concentrations was a novel finding. The saturable gill–copper
binding sites can be described as high affinity and low capacity;
beyond these, at 0.4 to 0.5 mM total copper, a second set of
sites may exist (see data points beyond the saturation curves
in Fig. 5). In SW, there was no statistical difference between
RBT and YP newly accumulated gill copper; therefore, only
one curve was fitted to the data. The maximum number of
high-affinity binding sites (Bmax) for both species was calcu-
lated at 1.88 nmol/g wet gill tissue. In contrast, YP saturated
at slightly higher gill–copper concentrations than did RBT in
HW. The Bmax values for high-affinity binding sites in RBT
and YP were 3.63 and 9.01 nmol/g of wet gill tissue, respec-
tively. The affinity of these sites for free Cu21 ions was dis-
tinctly different between the two water chemistries. In SW, the
logK was 8.4 for both species, whereas in HW, the affinity

had increased to logK values of 9.9 and 9.5 for trout and perch,
respectively.

As in the case of ion loss, there are at least three expla-
nations for differential copper tolerance, based on gill–copper
binding characteristics; They are: (1) the gill may be less at-
tractive to copper (i.e., a decrease in affinity [logK]), (2) the
gill may saturate at a lower Cu21 ion concentration (i.e., a
decrease in capacity [Bmax]), or (3) copper can accumulate in
the gill but is not biologically reactive (e.g., through nonspe-
cific binding and increased storage and elimination processes).
Based on our findings, the first explanation may not apply.
The affinity of the perch gill surface for cupric ions was lower
than that for trout in HW; however, in SW, the affinity was
equal between the two species. This does not agree qualita-
tively with the toxicity data, where the difference in toxicity
was similar in HW and SW. The second reason explaining
tolerance involves the saturation concentration of the gill. In
SW, the binding capacity was equal in both species, and in
HW, the perch gill Cu capacity was only somewhat higher than
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that of RBT, an argument against the second hypothesis. It is
this last result that leads us to believe the third option may
also apply to YP in HW. The copper was binding to the gill
but must not have been biologically reactive, since it would
not have had a negative impact on survival (i.e., the toxic
range is far beyond the characterized sites in HW). MacRae
et al. [13] also used a species comparison approach to evaluate
gill–copper binding characteristics between RBT and brook
trout (Salvelinus fontinalis) in SW. Brook trout were more
tolerant to copper toxicity than were RBT, and the reduced
sensitivity may have been related to a significantly lower af-
finity for copper (logK values were 7.14 and 7.56, also based
on nonlinear regression). The SW logK for RBT in MacRae
et al. [13] was lower than our logK (7.56 vs 8.4) and was
likely the result of three factors, the first being a finer resolution
in our study using radiolabeled 64Cu (and consequently starting
at a zero background); the second being the ability to work at
lower total Cu concentrations (,0.16 mM), thereby reaching
higher affinity sites, and the third being that MacRae et al.
[13] reported 24-h gill binding, compared to the present 3-h
gill binding time interval. The evaluation of binding capacity
in MacRae et al. [13] revealed that brook trout had a signif-
icantly higher Bmax than the RBT (63 vs 29 nmol/g, including
background), which supports the notion that copper can bind
to the gill but not necessarily be toxic. The possibility that a
surplus of copper can bind to the gill but exhibit no toxic effect
is one not currently taken into consideration by the Biotic
Ligand Model, and this possibility affords an avenue for future
research.

The accumulation of new copper on the gills at the LC50
concentration (defined as the 3-h LA50) provided toxicolog-
ically relevant information with which to compare the two
species. In other words, the amount of copper bound to the
gill in 3 h would be predictive of the percent mortality at 96 h.
The calculated LA50 values for the two species in SW were
0.2 and 1.7 nmol/g for RBT and YP, respectively. These values
were calculated from the equation of the saturation curve, since
the LC50 values fell within the tested range. In striking con-
trast, the measured LA50 concentrations in HW were 3.1 and
27.8 nmol/g for RBT and YP at their LC50 concentrations,
respectively. In comparison to their Bmax values, the LA50 in
SW occurred when approximately 11 and 90% of the sites
were filled for RBT and YP, respectively. For YP in HW, the
LA50 occurred beyond the characterized set of saturable sites.
In other words, 100% of the high-affinity, low-capacity sites
are filled, and in addition, an unknown percentage of the lower
affinity, higher capacity sites were also filled.

MacRae et al. [13] measured gill–copper binding at 24 h
during a 120-h (5-d) toxicity test. For brook trout and RBT
in SW, the 24-h LA50 was 22 nmol/g, which included the
background level of copper. If the background concentration
of 12 nmol/g [5,13] is subtracted from this value, we can
compare it to our newly accumulated 3-h LA50 for RBT and
YP (i.e., 22–12 5 10 nmol/g). For both species in SW, our 3-h
LA50 was approximately 0.2 to 2 nmol/g, which is approxi-
mately 2 and 20% of the MacRae et al. [13] 24-h LA50 of
10 nmol/g. In HW, the RBT 3-h LA50 was one third of 10
nmol/g, whereas the YP 3-h LA50 was three times higher, at
28 nmol/g. According to the Biotic Ligand Model, the gill
LA50 for a particular species should occur at the same con-
centration independent of DOM, Ca21 concentrations, or pH
[15]. Overall, the gill binding characteristics were the same in
SW between RBT and YP, and the difference in copper toxicity

was small. In HW, the gill binding characteristics were only
slightly different, and the toxicity difference was large. More
importantly, the LA50s and LC50s were consistently different
between the two species (i.e., YP LA50s and LC50s were nine
and four times higher than similar values in RBT, respectively,
in SW and HW).

CONCLUSIONS

The species comparison approach used in the present study
is an effective way to distinguish possible mechanisms of cop-
per tolerance. The resistance of sodium loss in YP may be
attributable to differences in gill morphology (i.e., perme-
ability) and reduced sodium gradients between the fish and its
environment. The binding of copper to the gill did explain
toxicity qualitatively but not quantitatively, which may have
important implications for the acute Biotic Ligand Model. In
our study, we show that burden does not necessarily translate
into toxicity, but more likely the surplus Cu is dealt with by
effective detoxification, storage, and elimination mechanisms.
The influence of water chemistry, particularly SW acclimation,
on the binding properties of the gill demonstrates the dynamic
nature of the gill in maintaining ionoregulatory homeostasis.
This type of gill behavior will become a key issue in the future
development of the chronic Biotic Ligand Model, especially
since the process of SW acclimation may only be relevant to
fish kept in the laboratory rather than in their natural envi-
ronment.

Acknowledgement—We would like to acknowledge J.G. Richards
(McMaster University). We would also like to thank P.G.C. Campbell
for assistance with the geochemical modeling program (WHAM). This
research was supported by the Metals in the Environment Research
Network, the International Copper Association, Falconbridge, Com-
inco, International Lead Zinc Research Organization, Noranda, Nickel
Producers Environmental Research Association, and a Strategic Re-
search Grant from the Natural Sciences and Engineering Research
Council of Canada. Chris M. Wood is supported by the Canada Re-
search Chair Program.

REFERENCES

1. Spear PA, Pierce RC. 1979. Copper in the aquatic environment:
Chemistry, distribution and toxicology. NRCC 16454. National
Research Council of Canada, Ottawa, ON.

2. Laurén DJ, McDonald DG. 1985. Effects of copper on branchial
ionoregulation in the rainbow trout, Salmo gairdneri Richardson.
J Comp Physiol B Biochem Syst Environ Physiol 155:635–644.

3. Pilgaard L, Malte H, Jensen FB. 1994. Physiological effects and
tissue accumulation of copper in freshwater rainbow trout (On-
corhynchus mykiss) under normoxic and hypoxic conditions.
Aquat Toxicol 29:197–212.

4. Wilson RW, Taylor EW. 1993. The physiological responses of
freshwater rainbow trout, Oncorhynchus mykiss, during acutely
lethal copper exposure. J Comp Physiol B Biochem Syst Environ
Physiol 163:38–47.

5. Playle RC, Gensemer RW, Dixon DG. 1992. Copper accumulation
on gills of fathead minnows: Influence of water hardness, com-
plexation and pH of the gill micro-environment. Environ Toxicol
Chem 11:381–391.

6. Playle RC, Dixon DG, Burnison K. 1993. Copper and cadmium
binding to fish gills: Modifications by dissolved organic carbon
and synthetic ligands. Can J Fish Aquat Sci 50:2667–2677.

7. Playle RC, Dixon DG, Burnison K. 1993. Copper and cadmium
binding to fish gills: Estimates of metal-gill stability constants
and modeling of metal accumulation. Can J Fish Aquat Sci 50:
2678–2687.

8. Laurén DJ, McDonald DG. 1986. Influence of water hardness,
pH, and alkalinity on the mechanisms of copper toxicity in ju-
venile rainbow trout, Salmo gairdneri. Can J Fish Aquat Sci 43:
1488–1496.

9. Cusimano RF, Brakke DF, Chapman GA. 1986. Effects of pH on



2166 Environ. Toxicol. Chem. 22, 2003 L.N. Taylor et al.

the toxicities of cadmium, copper, and zinc to steelhead trout
(Salmo gairdneri). Can J Fish Aquat Sci 43:1497–1503.

10. Erickson RJ, Benoit DA, Mattson VR, Nelson HP Jr, Leonard
EN. 1996. The effects of water chemistry on the toxicity of copper
to fathead minnows. Environ Toxicol Chem 15:181–193.

11. Welsh PG, Skidmore JF, Spry DJ, Dixon DG, Hodson PV, Hutch-
inson NJ, Hickie BE. 1993. Effect of pH and dissolved organic
carbon on the toxicity of copper to larval fathead minnow (Pi-
mephales promelas) in natural lake waters of low alkalinity. Can
J Fish Aquat Sci 50:1356–1362.

12. Miller TG, Mackay WC. 1979. The effects of hardness, alkalinity
and pH of test water on the toxicity of copper to rainbow trout
(Salmo gairdneri). Water Res 14:129–133.

13. MacRae RK, Smith DE, Swoboda-Colberg N, Meyer JS, Bergman
HL. 1999. Copper binding affinity of rainbow trout (Oncorhyn-
chus mykiss) and brook trout (Salvelinus fontinalis) gills: Impli-
cations for assessing bioavailable metal. Environ Toxicol Chem
18:1180–1189.

14. Taylor LN, McGeer JC, Wood CM, McDonald DG. 2000. Phys-
iological effects of chronic copper exposure to rainbow trout (On-
corhynchus mykiss) in hard and soft water: Evaluation of chronic
indicators. Environ Toxicol Chem 19:2298–2308.

15. DiToro DM, Allen HE, Bergman HL, Meyer JS, Paquin P, Santore
RC. 2001. Biotic ligand model of the acute toxicity of metals. 1.
Technical basis. Environ Toxicol Chem 20:2383–2396.

16. Tipping E. 1994. WHAM—A computer equilibrium model and
computer code for waters, sediments, and soils incorporating a
discrete site/electrostatic model of ion-binding by humic sub-
stances. Computers and Geoscience 20:973–1023.

17. Shaw TL, Brown VM. 1974. The toxicity of some forms of copper
to rainbow trout. Water Res 8:377–382.

18. Howarth RS, Sprague JB. 1978. Copper lethality to rainbow trout
in waters of various hardness and pH. Water Res 12:455–462.

19. Grippo RS, Dunson WA. 1991. Use of whole body sodium loss
from the fathead minnow (Pimephales promelas) as an indicator
of acid and metal toxicity. Arch Environ Contam Toxicol 21:
289–296.

20. Grippo RS, Dunson WA. 1996. The body ion loss biomarker. 1.
Interactions between trace metals and low pH in reconstituted
coal mine–polluted water. Environ Toxicol Chem 15:1955–1963.

21. Croke SJ, McDonald DG. 2002. The further development of io-
noregulatory measures as biomarkers of sensitivity and effect in
fish species. Environ Toxicol Chem 21:1683–1691.

22. Freda J, McDonald DG. 1988. Physiological correlates of inter-
specific variation in acid tolerance in fish. J Exp Biol 136:243–
258.

23. McDonald DG, Freda J, Cavdek V, Gonzalez R, Zia S. 1991.
Interspecific differences in gill morphology of freshwater fish in
relation to tolerance of low-pH environments. Physiol Zool 64:
124–144.


