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Abstract. Copper (Cu) is an abundant trace metal, and al-
though essential at low levels, it is also potentially toxic to
aquatic organisms. Mechanisms of toxicity and consequences
of exposure vary depending on ionoregulatory status (accli-
mated to freshwater or salt water). The goal of this research
was to examine the responses of hybrid striped bass (Morone
chrysops · Morone saxatilis) exposed to Cu in freshwater and
15 g/L salt water. In freshwater, a general dose- and time-
dependent pattern of increasing Cu accumulation in gill tissue
was evident in fish exposed to aqueous Cu (220 and 447 mg/
L) for up to 96 hours. The 96-hour acute median lethal con-
centration for freshwater-acclimated hybrid striped bass
exposed to Cu was 94 mg/L (confidence interval = 62 to 144
mg/L). Plasma osmolality and Na+ concentrations decreased
in Cu-exposed fish. Freshwater-acclimated hybrid striped bass
exposed to aqueous Cu (60 mg/L) for 3 weeks decreased in
mass and accumulated Cu in gill, intestine, and liver. In salt
water, no mortality occurred, and there were no statistical
differences in growth, tissue Cu, or plasma ion concentrations
in hybrid striped bass exposed to Cu compared with control
fish. Freshwater-acclimated hybrid striped bass were very
sensitive to Cu exposure and exhibited responses typical of
commonly tested teleost fishes; however, the same sensitivity
was not observed in salt water–acclimated fish.

Copper (Cu) is abundant in the environment and also poten-
tially toxic to aquatic organisms (Moore and Ramamoorthy
1984). Cu bioavailability is a function of water quality, and
differences in toxicity exist across the continuum from fresh-
water to salt water (Lauren and McDonald 1986; Wilson and
Taylor 1992; Lin and Dunson 1993; Welsh et al. 1993; Hall
and Anderson 1995). It is critical to characterize the bio-

availability and toxicity of Cu in both marine and freshwater
systems to establish feasible water-quality criteria (Hall and
Anderson 1995). Although attempts have been made to address
these issues, current knowledge requires the synthesis of
information from different species (Lewis and Lewis 1971;
Stagg and Shuttleworth 1982; Wilson and Taylor 1992;
Grosell et al. 2001). Results of Cu toxicity tests with marine
species are often difficult to relate to results from freshwater
organisms. For instance, the gill is the primary binding site for
most waterborne metals in freshwater. Cu may inhibit Na+/K+

adenosine triphosphatase (ATPase) and carbonic anhydrase at
the gill, which results in net ion loss (Stagg and Shuttleworth
1982; Lauren and McDonald 1985; 1986; 1987; Li et al. 1998;
Wood 2001). However, in salt water, Cu binding at the fish gill
may not be as significant as in freshwater because of compe-
tition with Na+ for the gill as well as complexation of Cu by
inorganic ligands, resulting in decreased bioavailability of the
Cu ion (Hall and Anderson 1995). In freshwater, ionoregula-
tion requires active uptake of Na+, whereas in salt water,
organisms continuously drink water to prevent dehydration,
actively excreting Na+ (Wilson and Taylor 1992). Despite the
decreased Cu bioavailablity in salt water, marine biota are
known to accumulate Cu in the environment (Birge et al.
2000), and some researchers suggest that Cu exposure in salt
water may also disturb osmoregulation, resulting in a net gain
of Na+ (Stagg and Shuttelworth 1982; Grosell et al. 2004a).
This physiological difference in osmoregulation makes it dif-
ficult to compare Cu toxicity results between freshwater and
marine organisms. Considering the myriad fish species used,
the range of water qualities tested, and the variety of exposure
scenarios examined, it is not surprising that it has been difficult
to draw conclusions that allow generalized models to be de-
rived for the prediction of metal toxicity.

The hybrid striped bass is a cross between a female white bass
(Morone chrysops) and a male striped bass (M. saxatillus),
which is euryhaline, and, unlike its parents, resilient to handling
stress and amenable to laboratory culture (Weirich et al. 1992).
Striped bass on theAtlantic coast range fromSt. Lawrence River
in Canada to St. Johns River in Florida (Harrell 1997), and its
distribution generally includes near shore waters, bays, and
coastal rivers (American Fisheries Society 1990). These fish
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migrate into tidal freshwater to spawn and then return to the
coast (Harrell 1997). Since the 1960s, striped bass have become
valued in sport fishing and for commercial culture (American
Fisheries Society 1990), which has resulted in the extensive
characterization of the nutritional requirements of the striped
bass and its hybrids. The ability of the hybrid striped bass to
rapidly acclimate and grow in either freshwater or salt water
(Smith et al. 1986)makes it a good candidate for toxicity testing.
The objective of this research was to characterize mortality,
growth, Cu accumulation, and physiological responses of hybrid
striped bass to Cu exposure in freshwater and salt water.

Materials and Methods

Animal Holding

Juvenile (2-month-old) hybrid striped bass were obtained from
Southland Fish Hatchery (Hampton, SC). Fish were transported to the
Aquatic Animal Research Laboratory at Clemson University and held
in recirculating systems. Animals were fed diets similar to those used
in the experiments (46% crude protein, 18% crude fat, and 4% crude
fiber). Water quality in the holding system was maintained at an
average temperature of 20�C (€ 1.7 mean € SD), 13 g/L (€ 1.7)
salinity, 7.0 mg/L (€ 0.8) dissolved oxygen, pH 7.3 (€ 0.92), 0.8 mg/L
(€ 0.95) total ammonia-N concentration, and 0.6 mg/L (€ 0.89) nitrite-
N concentration. Background Cu concentration in the holding system
was 1.4 lg/L (€ 0.65).

Test Solutions

Moderately hard water was used for the freshwater treatments and was
prepared according to standard methods (United States Environmental
Protection Agency [USEPA] 1989). Salt water was prepared by
adding Instant Ocean (Aquarium Systems, Mentor, OH) to 18 MW
deionized water to attain 15 g/L salinity (approximately 43% sea-
water). Hybrid striped bass have been shown to survive and grow well
at this salinity (Smith et al. 1986). In addition, at 15 g/L, the osmo-
lality of the water was higher than that of the fish blood, so the hybrid
striped bass were functioning as saltwater fish (Weirich et al. 1992).

Reagent-grade Cu sulfate pentahydrate (Sigma Chemical) was used
to make a stock solution of 100 mg Cu/L in Milli-Q (Millipore,
Bedford, MA). Aliquots from this stock were diluted in freshwater or
salt water in a 200-L carboy to the desired Cu concentration for each
treatment and allowed to equilibrate at least 24 hours before testing.
Water-chemistry samples were taken from both carboys and from
each experimental tank. Samples for Cu analysis were acidified with
concentrated nitric acid and preserved in 15-mL centrifuge tubes.

Toxicity Testing

The acute median lethal concentration (LC50) for Cu to the hybrid
striped bass (average individual fish mass = 9.0 € 2.7 g) was deter-
mined in freshwater. A 96-hour static toxicity test was conducted with
six concentrations of Cu (nominal Cu concentrations of 0, 50, 100,
200, 400, and 800 lg/L), each consisting of 4 replicate tanks/treat-
ment (1 fish/tank). A 96-hour static toxicity test was also conducted in
salt water with five Cu concentrations (nominal Cu concentrations of
0, 10, 100, 1000, and 10,000 lg/L), each consisting of 2 replicate
tanks/treatment (1 fish/tank).

A 48-hour static test was conducted to determine the sublethal
physiologic effects of aqueous Cu to hybrid striped bass in moderately

hard water. The 3 treatments of 0, 220, and 447 lg/L dissolved Cu,
each with 6 replicate tanks, contained 6 fish/tank (average individual
fish mass = 34.0 € 18.2 g). One fish per tank was sampled for anal-
ysis at each sampling time (0, 6, 12, 24, and 48 hours). The fish were
not fed throughout the experiment. A 48-hour static test with hybrid
striped bass was also conducted in 15 g/L salt water. The two treat-
ments of 0 and 400 lg/L dissolved Cu, each with 12 replicate tanks,
contained 1 fish/tank (average individual fish mass = 58 € 16.1 g).
Four fish were sampled at the start of the experiment directly from the
holding tank, and 4 fish from each treatment were sampled at 0, 8, 24,
and 48 hours.

A 21-day static renewal toxicity test was conducted after the 48-
hour experiments. All fish were weighed, measured, and then trans-
ferred to the testing chambers (initial fish mass = 13.0 € 4.2 g). There
were 4 treatments: freshwater control, saltwater control, freshwater
Cu (53 lg/L dissolved Cu), and saltwater Cu (53 lg/L dissolved Cu),
each with 6 replicate tanks (1 fish/tank). Solutions were renewed 2 to
3 times weekly. The fish were fed to satiation once a day, and a
qualitative assessment of feeding behavior was noted. Mortality was
monitored during the experiment, and all fish were weighed, mea-
sured, and sampled at the end. Fish were not fed for 24 hours before
sampling.

Experimental Design

All experiments were conducted in aerated 37-L glass aquaria filled to
30 L. During the chronic experiments, one half of the water was
replaced at each renewal (2 times/wk). All salt water–acclimated fish
were transferred directly from the recirculating holding tank. For
freshwater treatments, fish were transferred from the recirculating
holding tank to a 112-L aquarium and acclimated to fresh water
conditions for at least 24 hours before testing.

Water Chemistry

Water-quality parameters were measured at the beginning and end of
the 48-hour experiments and three times weekly throughout the
21-day experiment (Table 1). Hardness and alkalinity were measured
by titrametric methods according to American Public Health Associ-
ation (APHA) (1989) guidelines, and salinity was measured using a
refractometer. Dissolved oxygen and temperature were measured using
a calibrated YSI model no. 50 dissolved oxygen and temperature meter
(YSI, Yellow Springs, OH), and pH was measured using a pH meter
(Jenco model no. 6072). Nitrogen was quantified using a spectropho-
tometer according to standard methods (APHA 1989). Total Cu con-
centration in each freshwater treatment was determined on a Perkin
Elmer (Norwalk, CT) model A Analyst 800 Atomic Absorption
Spectrophotometer (AAS) with graphite furnace (detection limit of
1 lg/L) for sample concentrations <30 lg/L. All other samples in
freshwater were analyzed on the same instrument with flame mode.
Deionized water (Milli-Q) blanks and Cu standards (0 to 40 lg/L for
graphite furnace mode and 0 to 1000 lg/L for flame mode) were used
throughout the analyses. Total Cu concentration in each saltwater
treatment was measured by inductively coupled plasma (ICP) analysis
with a Thermo ELemental Model 61E Analyzer (Thermo Elemental,
Franklin, MA). The actual Cu concentrations averaged 93% € 12% of
the nominal concentrations (range 84% to 121%).

Sampling Procedure

Sampling took 3 to 5 minutes/fish. Fish were anesthetized with 0.5 mg/
L MS222 (Argent Chemical, Redmond, WA), and blood was collected
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from the hemal arch by severing the caudal peduncle. Gill, liver, and
intestine were collected and immediately frozen ()45�C). Plasma was
separated from red blood cells by centrifugation (2000 · g), and
hematocrit determined. Plasma osmolality was analyzed by vapor
pressure osmometer (Wescor, Logan, UT). A plasma sample was di-
luted (25 ·) with 18 MW deionized water (Milli-Q) and then frozen
until later use. Plasma Na+ was analyzed by AAS using flame emis-
sion. Other cations were measured by ICP analysis, and plasma Cl–

was measured by ion chromatograph (IC) analysis with a Dionex IC
Model DX-500 (Dionex, Atlanta, GA). Tissue samples were later
weighed, digested by way of microwave-assisted acid digestion, and
analyzed for Cu by an AAS using flame mode. Plasma glucose was
measured spectrophotometrically at 340 nm using Infinity Glucose
Reagent and standards (Thermo Electron, St. Louis, MO).

Data Analysis

Sublethal responses were analyzed using analysis of variance fol-
lowed by a Dunnett�s test (p £ 0.05) across treatments at each
sampling time (Dunnet 1955). The LC50 was calculated using trim-
med Spearman-Karber analysis (Hamilton et al. 1977).

Cu toxicity values (96-hour LC50s) for 19 fish species were obtained
from the literature (Welsh et al. 1993; Hansen et al. 2002) and the
USEPA Aquatic Toxicity Information Retrieval (AQUIRE) aquatic
toxicology database (2005) selected based on fish age (juvenile to
adult) and water type (moderately hard to hard freshwater). The 19 96-
hour LC50 values, along with our hybrid striped bass value, were
analyzed for normality by the Shapiro-Wilk test, ranked, assigned
percentiles, and the data plotted on a log Cu concentration versus
probit graph to obtain species sensitivity distribution (Posthuma et al.
2002). Data was also plotted untransformed for comparison.

Whole-body condition factors (K) were calculated to determine the
effect of chronic Cu exposure to each fish at the end of the test by the
formula:

K¼ 100 ðbody mass in gÞ = ðstandard length in cmÞ3:

ð6Þ

Statistical differences between initial and final condition
factors were determined using Student t test (p £ 0.05).

Results

Toxicity Tests

The 96-hour LC50 value for hybrid striped bass exposed to
waterborne Cu in freshwater was 94 lg Cu/L (confidence
interval [CI] = 62 to 144 lg Cu/L). The species sensitivity
diagram shows that hybrid striped bass along with rainbow

trout (Oncorhynchus mykiss) and bull trout (Salvelinus
confluentus) were the most sensitive species in this data set
(Fig. 1). A 96-hour LC50 value was not calculated in salt water
because mortality did not occur at any of the concentrations
tested (i.e., >10,000 lg Cu/L). The highest Cu concentrations
in this experiment exceeded the solubility of Cu (<1 mg/L) in
15 g/L salt water, indicating that Cu concentrations in the
water were at a maximum.

Throughout the 48-hour static test in freshwater, gill Cu
concentrations increased in both a time- and concentration-
dependent manner (Fig. 2), and by the end of the exposure,
50% mortality had occurred in the highest Cu-exposure group
(447 lg/L). For all fish in the 48-hour saltwater experiment,
the mean gill and intestinal Cu concentrations were 0.9 lg
Cu/g and 2.5 lg Cu/g wet weight, respectively, and treatments
did not differ statistically (data not shown). Intestinal Cu of
freshwater-acclimated fish was not determined in the 48-hour
experiment.

Plasma Na+ and osmolality decreased in hybrid striped bass
exposed to Cu for 48 hours in freshwater (Fig. 4). The accu-
mulation of Cu in gill (Fig. 2) corresponded to these decreases.
Complete mortality occurred when osmolality decreased <240
mOsm (30% of initial values). In the 48-hour saltwater ex-
periment, the mean values of plasma Na+ and osmolality in the
Cu-exposed fish were 3,804 mg/L (165 mM) and 386 mOsm,
respectively; however, treatment values were not statistically
different from control values. Plasma Cl– concentrations in the

Table 1. Water Quality in the experiments

Water-quality parameter 48-h experiments 21-d experiment

Temperature (�C) 19–20 19 € 1.5
DO (mg/L) 7–8 7.9 € 0.54a

pH 7.8 € 0.16a 7.9 € 0.28a

Total ammonia-N (mg/L) 1.7 € 0.42a 0.8 € 0.83a

Nitrite-N (mg/L) 0.0 £ 0.1

a Mean € SD.
DO = Dissolved oxygen.

Fig. 1. Species sensitivity distribution for 20 juvenile to adult fish
species exposed to Cu for 96 hours. Data presented (A) with and (B)
without probit transformation. Open circles represent values for
individual fish species, and the filled diamond represents the value for
hybrid striped bass. The two lowest values are for rainbow trout and
bull trout. CU = copper.
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Cu-exposed freshwater and saltwater fish were not statistically
different from controls (data not shown). Mean Cl– values in
the Cu-exposed freshwater and saltwater fish were 3,485 and
3,849 mg/L (98 and 108 mM), respectively.

Plasma glucose and hematocrit were measured as additional
stress responses in the 48-hour studies. Plasma glucose levels
were not statistically different between treatments in either the
freshwater or saltwater treatments with a mean value of 30
mg/dl (1.6 mM) for all fish (data not shown). Hematocrit in-
creased (Fig. 5) in a time- and dose-dependent manner in
freshwater but was not significantly different between salt-
water treatments (data not shown).

In the 21-day experiment, growth was not significantly
different between salt water–acclimated controls and salt
water–acclimated Cu-exposed fish, and no mortality occurred
(Fig. 6). A 30% decrease in survival was observed in the
freshwater-acclimated, Cu-exposed fish compared with the
controls. With respect to growth, control fish weight increased
by 30%, whereas the Cu-exposed fish actually lost an average
of 20% of their initial weight in freshwater. This corresponded
to a statistically significant decrease from initial condition
factor (K) values, reflecting that weight loss, relative to stan-
dard length, and can be interpreted as an index of toxicity
(Table 2).

In addition to decreased growth, significant gill, liver, and
intestinal Cu accumulation occurred in freshwater-acclimated
hybrid striped bass exposed to 53 lg/L dissolved Cu compared
with controls, but this did not occur in salt water–acclimated
fish at 53 lg/L dissolved Cu (Fig. 7). Hematocrit increased as
well in freshwater (Fig. 8); however, other physiological
characteristics, such as water and ion balance, were not sig-
nificantly different from controls in either freshwater or salt
water.

Discussion

The 96-hour LC50 value of 94 lg Cu/L (CI = 62 to 144 lg
Cu/L) in freshwater was within the range of other 96-hour

LC50 values reported in the literature for fishes commonly
used in metal-toxicity testing (Welsh et al. 1993; Hansen et
al. 2002). The gill has previously been identified as the
primary binding site for most waterborne metals in fresh-
water (Lauren and McDonald 1985; 1986; Playle et al. 1992),
resulting in a disturbance of branchial ionoregulation because
of inhibition of Na+ and Cl– active transport and increased
ionic permeability of the gills (Lauren and McDonald 1987;
Li et al. 1998). The resulting plasma Na+ depletion has been
observed in several studies characterizing acute Cu toxicity in
freshwater (Stagg and Shuttleworth 1982; Lauren and
McDonald 1985; Grosell et al. 1998), and a time- and dose-
dependent depletion was observed in this freshwater study,
and a 45% plasma Na+ loss caused mortality (Fig. 3). Pre-
viously published studies indicated that a 30% decrease in
exchangeable Na+ pool led to rainbow trout mortality in 50%
of the adult population (Lauren and McDonald 1986; Wood
et al. 1996). We attribute the initial loss in plasma ions and
osmolality in freshwater (Figs. 3 and 4), at the first sampling
time (6-hours) to handling stress. By 48 hours, the control
fish values had stabilized or started moving toward initial
concentrations, whereas Cu-exposed fish continued to lose
plasma ions. In addition to ionoregulatory responses,
hematocrit, a secondary stress response, increased (Fig. 5) in
a time- and dose-dependent manner in freshwater, which is
consistent with the findings of other researchers (Dethloff et
al. 1999; De Boeck et al. 2001; Cerqueira and Fernandes
2002).

The Cu concentration and/or exposure duration in this
experiment may have been too low to cause an ionoregulatory
effect in salt water. In a previous study, plasma Na+ levels of
salt water–adapted flounder (Platichthys flesus L) exposed to
170 lg/L Cu for 28 days were not significantly different from
control fish; however, when these fish were exposed for 35 and
42 days to 170 lg/L Cu, a significant increase in plasma Na+

was observed as was an increase in gill Cu accumulation
(Stagg and Shuttleworth 1982). Lewis and Lewis (1971) found
that adult golden shiners (Notemigonus crysoleucas Mitchill)
exposed to 5 mg/L Cu in freshwater had an 18% decrease in

Fig. 2. Gill Cu (mean € SD) in hybrid striped bass exposed to
aqueous Cu for 48 hours in freshwater. Data (n = 6) were analyzed by
ANOVA followed by Dunnett�s test. Asterisks indicate statistical
significant difference from control values at each time period (p <
0.05). ANOVA = analysis of variance; Cu = copper.

Fig. 3. Plasma Na+ (mean € SD) in hybrid striped bass exposed to
aqueous Cu for 48 hours in freshwater. Data (n = 6) were analyzed by
ANOVA followed by Dunnett�s test. Asterisks indicate statistical
significant difference from control values at each time period (p <
0.05). Mortality occurred at 2500 mg/L (109 mM) plasma Na+.
ANOVA = analysis of variance; Cu = copper.
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osmolality causing complete mortality in 46 hours; however,
when 235 mOsm NaCl was added to the 5 mg/L Cu, no
mortality occurred in golden shiners, and plasma osmolality of
the blood serum increased more than that of fish held in salt
water alone. Channel catfish (Ictalurus punctatus) fingerlings
exposed to 2.5 mg/L Cu in freshwater experienced a 12%
decrease in osmolality and then recovered with no mortality
(Lewis and Lewis 1971). Similar to the response of the golden
shiners, channel catfish exposed to 5 mg/L Cu with 235 mOsm
NaCl had an increase in blood serum osmolality compared
with control fish in salt water.

Effects of waterborne Cu exposure in salt water are not as
well documented as in freshwater, but in addition to Cu uptake
by the gill, intestinal Cu accumulation may also be a factor
related to drinking. Blanchard and Grosell (2005) reported that
Fundulus heteroclitus acclimated to either 11 or 20 g/L salt

water had no significant increase in gill Cu accumulation after
exposure to 30 or 150 lg/L Cu for 12 days; however, signif-
icant accumulation did occur in fish exposed to 150 lg/L Cu
for 30 days at both salinities. F. heteroclitus acclimated to 20
g/L salt water and exposed to 30 or 150 lg/L Cu for 30 days
had significant accumulation of intestinal Cu; however, at
4- and 12-day Cu exposures, significant intestinal Cu accu-
mulation was not observed (Blanchard and Grolsell 2005).
Similarly, F. heteroclitus acclimated to 11 g/L salt water
accumulated significant intestinal Cu when fish were exposed
to 30 or 150 lg/L Cu for 4, 12, or 30 days (Blanchard and
Grolsell 2005). Recently, the intestine was indicated as an
important site for Cu uptake in the marine gulf toadfish
(Opsanus beta); however, more rapid Cu accumulation oc-
curred in the gill (Grosell et al. 2004b). Furthermore, Grosell
et al. (2004) reported an initial inhibition of drinking rate in O.
beta after exposure to 3.5 lg/L Cu (55 mM) followed by an
increased drinking rate from day 3 onward.

We expected intestinal Cu accumulation to occur in salt
water–acclimated fish exposed to Cu for 21 days because these
fish were presumably drinking to compensate for diffusive ion
losses. If Cu uptake had been occurring at the intestine and
then being regulated, then Cu accumulation would have also
occurred in the liver. This pattern of intestinal Cu uptake in
hybrid striped bass has been previously shown after dietary
exposure to 500 to 900 mg/kg Cu (Bielmyer et al. 2005).
Neither the intestine nor the liver had increased Cu levels,
suggesting that the fish were not drinking excessively and/or
were able to rapidly metabolize and excrete Cu at the tested
exposure level.

Cu accumulated in the gill, intestine, and liver of freshwa-
ter-acclimated fish exposed to Cu for 21 days, which subse-
quently led to a decrease in growth and condition factor.
Growth effects and liver Cu accumulation have been reported
in several fish species after chronic Cu exposure (Drummond
et al. 1973; Benoit 1975; Lett et al. 1976; Buckley et al. 1982;
Lanno et al. 1985; Dethloff et al. 1999). During the first
2 weeks of our experiment, fish in the freshwater Cu-exposed

Fig. 4. Plasma osmolality (mean € SD) in hybrid striped bass ex-
posed to aqueous Cu for 48 hours in freshwater. Data (n = 6) were
analyzed by ANOVA followed by Dunnett�s test. Asterisks indicate
significant differences from control values at each time period (p <
0.05). Mortality occurred at a plasma osmolality of 240 mOsm.
ANOVA = analysis of variance; Cu = copper.

Fig. 5. Percent hematocrit (red blood cell volume/total serum)
mean € SD in hybrid striped bass exposed to aqueous Cu for 48 hours
in freshwater. Data (n = 6) were analyzed by ANOVA followed by
Dunnett�s test. Asterisks indicate statistical significant difference from
control values at each time period (p < 0.05). Mortality occurred at a
hematocrit of 49%. ANOVA = analysis of variance; Cu = copper.

Fig. 6. Percent weight gain (mean € SD) in hybrid striped bass in
either freshwater (FW) or saltwater (SW) under control conditions
(CTL) or exposed to aqueous Cu (53 lg/L dissolved Cu) for 21 days.
Data (n = 6) were analyzed by ANOVA followed by Dunnett�s test.
Asterisks indicate statistical significant difference from respective
control values (p < 0.05). Mortality occurred in 30% of the fresh-
water-acclimated fish exposed to Cu. ANOVA = analysis of variance;
Cu = copper.
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treatment appeared to eat less than fish in other treatments.
This observation is consistent with De Boeck et al. (1997) who
reported a 36% decrease in the food intake of carp exposed to
51 lg Cu /L. In another study, there was little or no effect on
the survival, growth, or swimming performance of rainbow
trout exposed to 60 lg Cu/L for 30 days (Taylor et al. 2000).
These investigators suggested that the availability of food (3%
fish wet body weight/d and distributed as three 1% meals)
prevented growth inhibition and initial ion losses, which usu-
ally result from Cu exposure. This was not the case in our
study. The fish were offered food to satiation, and those ex-
posed to Cu in freshwater decreased their intake regardless of
the availability.

Marr et al. (1996) developed a linear model for the rela-
tionship between exposure duration, Cu accumulation, and fish
weight. Their data suggested that decreased growth in rainbow
trout, as a result of chronic Cu exposure, could be predicted if
both the duration of exposure and the Cu body burden were
known. Rainbow trout exposed to 75 lg Cu/L for up to 100
days accumulated Cu in the liver with a maximum concen-
tration less than four times background values (McGeer et al.
2000a). The response of rainbow trout to Cu suggested an
active regulation of tissue burden, and this burden was not a
good indicator of physiological impact. McGeer et al. (2000b)
reported that the physiological response of rainbow trout to
chronic Cu exposure resulted in a metabolic cost. Although no
growth effects were detected, a decrease in critical swimming
speed and an increase in branchial Na+/K+ATPase activity in
rainbow trout exposed to 75 lg Cu/L for 100 days was ob-
served. Other researchers have reported a significant inhibition
of Na+/K+ATPase activity and an increase in liver and gill Cu
accumulation in freshwater tilapia (Tilapia zillii) exposed to
0.5, 1, 2, and 4 lg Cu/L for 14 days (Ay et al. 1999). Gill
Na+/K+ATPase activity decreased by 33% within 24 hours of
55 lg Cu/L exposure to rainbow trout and returned to normal
levels by day 14 (Lauren and McDonald, 1987).

Our findings are consistent with those of other researchers,
suggesting that plasma ion imbalance and subsequently
hematocrit are acutely affected. As the organism acclimates,
recovery from these physiological disturbances may occur,
which is shown in the results of our 21-day test. Hematocrit
was increased in both the 48-hour and 21-day test, possibly
indicating that the organisms had not yet fully acclimated.

Results of this research suggest that hybrid striped bass are
useful test organisms to examine metal toxicity in freshwater
and rank with the most sensitive fish species commonly used

Fig. 7. Gill (A), intestine (B), and (C) liver Cu accumulation
(mean € SD) in hybrid striped bass in either freshwater (FW) or
saltwater (SW) under control conditions (CTL) or exposed to aqueous
Cu (53 lg/L dissolved Cu) for 21 days. Values are in given in lg/g
wet weight. Data (n = 6) were analyzed by ANOVA followed by
Dunnett�s test. Asterisks indicate statistical significant difference from
respective control values (p < 0.05). Mortality occurred in 30% of the
freshwater-acclimated fish exposed to Cu. ANOVA = analysis of
variance; Cu = copper.

Table 2. The influence of chronic Cu exposure (3 weeks) on condi-
tion factor of hybrid striped bass in freshwater and saltwatera

Treatment

FW CTL SW CTL FW
(60 lg/L)

SW
(60 lg/L)

Initial K 0.98 (0.06) 0.94 (0.08) 1.02 (0.07) 1.02 (0.17)
Final K 0.95 (0.12) 1.05 (0.15) 0.84 (0.06)* 1.10 (0.08)

a Asterisks indicate statistical significant difference (p < 0.05) be-
tween initial and final K. Values represent the mean (€ SD) of each
treatment. Four to six fish were measured for each statistic.
CTL ¼ control.
FW ¼ Freshwater.
K ¼ Condition factor.
SW ¼ Saltwater.
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in metal-toxicity testing. Impaired ionoregulation in acutely
exposed fish and increased gill, intestine, and liver Cu levels in
chronically exposed hybrid striped bass are responses typical
of other teleosts used in metal-toxicity studies. Growth effects
caused by Cu exposure have varied in the existing literature,
although in our study, growth was affected in the freshwater
Cu-exposed fish and appeared to result from appetite sup-
pression. In salt water, hybrid striped bass seem to be tolerant
to Cu exposure through the waterborne-exposure route.
However, hybrid striped bass have been shown to be sensitive
to dietary Cu exposure in both freshwater and salt water in a
previous study (Bielmyer et al. 2005). Conducting toxicity
testing with this organism may lead to informative results on
mechanisms of metal toxicity at different salinities under dif-
ferent exposure regimes.
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