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Experiments were carried out to investigate the effects of metal interaction on the accumu-
lat.on and elimination of Cd and Cu in the liver of flounder, Paralichthys olivaceus, exposed
to sub-chronic Cd (0, 5, 10, 50, 100 ug/L)/Cu (10 pg/L) mixture. Cd exposure resulted in an
increased Cd accumulation in the liver of flounder for exposure periods and concentration,
and Cd accumulation increased linearly with exposure time. Cu accumulation profiles were
similar to those of Cd. Cd concentration in the liver significantly decreased at the 10th
depuration period and elimination rate was 6620%, 8622% in 50 and 100 ug/L at the end
of depuration periods, respectively. Although, Cu elimination was similar to Cd elimination
phise, Cd elimination rate was higher than that of Cu. Co-relationship of Cd and Cu have
a oositive correlation coefficient r=0.8620 (P<0.01) and support the strong relationship
between Cd and Cu accumulation. As increase with the Cd exposure concentration, there

we-e significant (P<0.01) differences between Cd and Cu accumulation.
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Introduction

Heavy rietals such as cadmium (Cd) and copper
(Cu) are Trequently present at elevated level of ex-
posure in marine ecosystem. As a result, marine
organisms including fish are increased to elevated
level of these metals (Bryan, 1976).

Cd is 1 non-essential element that can have
severe toxic effects on aquatic animals when present
in excessive amounts (Sorensen, 1991). In fish, Cd
has adverse effects on growth, reproduction and
osmoregulation (Verbost et al., 1989; Sorensen, 1991;
Lemaire and Lemaire, 1992; Soengas et al, 1996).
Moreover, it affects respiratory functions and the
compositicn of plasma by causing hypocalcemia,
hypokalen.ia, and hyperglycemia (Sorensen, 1991).
The activiy of metabolic enzymes in the liver, kid-
ney, musc.es, and other tissues is disturbed follow-
ing exposure to Cd (Sastry and Subhadra, 1982).
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Although adverse effects of Cd on various physio-
logical functions of fish are well documented, metal
mechanisms of these effects in marine organisms
are poorly understood and investigated.

Cu is an essential metal for all organisms includ-
ing fish, its plays an important role in organism
metabolism and its concentration is well regulated
(Cousins, 1985). However, Cu is one of the most
toxic metals to fish and affects various blood para-
meter (Christensen and Tucker, 1976), growth (Langs-
ton, 1990), enzyme activity (Roesijadi and Robin-
son, 1994), and reproduction (Horning and Nichei-
sel, 1979).

Heavy metals are present as mixtures in sea water
and the effects of mixtures of metals in aquatic or-
ganisms are complex (Hamilton et al., 1987). Since
metal pollution is rarely limited to only a single
metal, studies of interaction between metals are
great significance in aquatic organisms. Many stu-
dies of metal interaction in aquatic organisms have
concentrated on metal toxicity and accumulation
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(Sprague, 1964; Oakden et al., 1984; Elliott et al.,
1986; Mathew and Menon, 1992; Pelgrom et al.,
1994; 1995; Tao et al., 1999). However, studies on
metal interaction during accumulation and elimi-
nation are rare (Kargin and Codun, 1999).

Generally, due to its central role in metabolism
and its sensibility to metal, the liver of fish has
been given study for accumulation and toxicological
effect of metal in fish. In fish, the liver tends to
concentrate metals and exhibits relatively high
potential for bio-accumulation and detoxification
(Roesijadi and Robinson, 1994).

The olive flounder, Paralichthys olivaceus, is an
economically important food fish that commonly
cultured in Korea and they have been cultured in
land-based tanks (Jung et al., 2001). Olive flounder
is particularly exposed- to costal metal pollution,
which its lives mainly on benthic area, from a few
meters to about 150 m. Therefore, the aim of this
study was to investigate the effects of metal inter-
action on the accumulation and elimination of Cd
and Cu in the liver of flounder, P. olivaceus, during
sub-lethal Cd/Cu mixture exposure.

Materials and Methods

Fish and control water conditions

Juvenile olive flounder (P. olivaceus) were obta-
ined from ‘a private flounder nurséry in Jeju Island,
Korea. Flounder were acclimated to the laboratory
conditions (Table 1) for 3 weeks in three 1ton of
FRP (fiber glass reinforced plastics) tanks. Each
tank received a flow of 7 L/min and was supplied
with continuous aeration. Fish were fed olive floun-
der commercial diet daily at a rate of 3% body
weight (as two 1.5% meals per day). After accli-
matization, 240 fish (mean length, 17.10 +0.11 cm,
body weight 52.50 + 0.90 g; means + S.E.) were selec-
ted for the experiments of Cd/Cu mixture exposure.

Exposure and depuration system

After 3 weeks in acclimating tanks, fish were
randomly transferred to twelve 50 L of PVC expo-
sure tanks (52X36X30cm), which were renewal
test with continuous aeration. Test seawater was
renewed every three days and secawater temperature
was maintained at 18.0+0.2C in a constant tem-

Table 1. Chemical components of seawater used
in the sub-chronic cadmium exposure
and depuration experiment. Values in-

dicate means + S.E.

Item Value
Temperature () 18.0 +02
pH 81 +02
salinity (%) 327 04
Ammonia (ug/L) 12.66 + 1.25
Nitrite (ug/L) 137+ 0.28
Nitrate (ug/L) 9.62 + 1.01
Phosphate (ug/L) 5.05+0.96
SS (mg/L) 5.62+0.25
Dissolved oxygen (mg/L) 6.74 + 0.84
COD (mg/L) 1.52+0.08
Copper (ug/L) 232+0.12
Cadmium (ug/L) - N.D.

*N.D.: Not detected.

perature room. All olive flounders were maintained
and tested under a 12 h light (09~21h)/12h dark
illumination cycle. Seawater quality was measured
every 10 days during the experiment periods, and
fish were fed 3% body weight per day. Cd stock
solution, with Cd added as CdCl. (Aldrich, USA)
and Cu stock solution used CuSO.-5H,O (Aldrich,
USA.). The exposure concentration of Cd were 0
(control), 5, 10, S0 and 100 ug/L and Cu were 10
ug/L. The experiment was designed first to exposure
the fish to the Cd/Cu mixture for 30 days and then
to transfer them into Cd/Cu-free seawater for an-
other 20 days.

Metal analysis

Liver tissue was sampled every 10 day for analysis
of the liver metal concentration. Fight fish were
removed each test concentration and control. Liver
tissues were dried at 65C and kept in a desiccators
until digestion. Dry tissue was digested with 1:1
HNO; (Suprapur grade, Merck, Germany), and
samples were fumed to near dryness on a hot plate
at 120C for overnight (APHA, 1992). After diges-
tion, the residue was dissolved in 20 mL of 02N
HNO: and kept in a refrigerator until analysis for
trace metal. Cd concentrations of the liver were
measured using a graphite furnace atomic absorp-
tion spectrophotometer (AAS, Perkin-Elmer 3300,
USA) and Cu were measured using a flameless
AAS. Cd and Cu concentration in the liver of
flounder were expressed as ug/g dry wt.
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Statistics

Data arz given as means + standard error (S.E.).
Statistics ‘wvere using one-way analysis of variance
(ANOVA’ followed by the Duncan’s multiple com-
parisons ‘est of mean values if significant diffe-
rences were found (P<0.05). For statistical analysis
of relatior. between Cd and Cu were used correla-
tion analysis followed by difference significance test
for correletion coefficient (P<0.01).

Results

Cd and Cu accumulation

Cd accumulation in the liver of P. olivaceus, as
a functior of exposure time and concentration, are
shown in Fig. 1. These curves show clearly that Cd
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Fig. 1. Cadmium and copper concentration in

liver of P. olivaceus during cadmium/
copper mixed exposure (a: 10days, b:
20 days, c: 30 days). Vertical bar indica-
te means + S.E.
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concentration in the liver significantly increased at
100 ug/L and 50 pg/L for 30 days of exposure (P<
0.05). During the first 10 days, Cd accumulation in
the liver did not vary significant. After 30 days of
exposure, Cd concentration values were 2094 +43
pg/g and 10.19+ 1.5 pg/g for exposed to 100 ug/L
and 50 pg/L, respectively. On the other hand, at
5 ug/L and 10 pg/L exposure, Cd accumulation was
not significantly different from that of the control.
In addition to, Cd concentration in the liver was
correlated with exposure periods. For fish exposed
to 50 pug/L and 100 ug/L of Cd, the following linear
relations were obtained:

Cd (50 pg/L) =231 days+0.12 (r=09569, P<0.01)
Cd (100 pg/L) =623 days—4.24 (r=09823, P<0.01)

Cu accumulation profiles were similar to Cd
accumulation for 30 days exposure periods. After 20
days of exposure to 100 ug/L, the level of Cu
accumulation had increased to 27.0 = 1.10 pg/g. This
increase continued and 42.6+2.18 ug/g was mea-
sured after 30 days of exposure. At the 50 ug/L Cd
exposure, a significant Cu accumulation in the liver
appeared after 20 days (P<0.05). After 30 days of
continuous exposure, Cu levels had increased to
36.8+2.09 ug/g of liver tissue. No significant Cu
accumulation occurred 20 days except exposed to
100 ug/L and 50 ug/L. Briefly, Cu accumulation was
increased for Cd exposure concentrations and pe-
riods.

Cd and Cu elimination

Cd elimination in the liver of P. olivaceus, as a
function of exposure time and concentration, are
shown in Fig. 1. After 10 days of depuration to 100
ug/L, Cd concentration had decreased to 12.05*
3.73 ug/g (42.45%, elimination rate). This decrease
continued and 2.89+0.18 ug/g (86.24%) was mea-
sured after 20 days of depuration. During the 10
depuration days at 50 ug/L, Cd concentration was
8.89 + 1.33 ug/g (11.89%). Cd concentration was si-
milar to that of 100 ug/L. Cd at 20 depuration days.
At 5 yg/L and 10 pg/L Cd, the Cd concentration did
not vary significant.

During the depuration periods, Cu elimination
was similar to Cd elimination phase. After 10 days
of depuration at 100 ug/L, Cu concentration decrea-
sed to 36.6+ 1.53 ug/g (14.08% ). This decrease con-
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tinued and 28.0+ 1.84 ug/g (34.27%) was measured
after 20 days of depuration. During the 10 depu-
ration days at 50 ug/L, Cu concentration was 31.16
+2.06 ug/g (15.33%). After 20 days of depuration at
50 ug/L and 100 ug/L, Cu concentration was higher
than that of control, which was different from the
profile of Cd elimination. At end of depuration
days, Cu elimination rate was 24.18% and 34.27%,
whereas Cd elimination rate was 6620% and 86.24%
at 50 ug/I. and 100 ug/L Cd, respectively. Therefore,
Cd elimination rate was higher than that of Cu in
P. olivaceus (Fig. 1, 2).

Interaction between Cu and Cd

The correlation between Cd and Cu was plotted
in Fig. 3. Cu concentration increased linearly with
Cd concentration and regression equations can be
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Fig. 2. Cadmium and copper concentration in
liver of P. olivaceus during depuration
periods (a: 30days, b: 40days, c: 50
days). Vertical bar indicate means + S.E.
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Fig. 3. Relationship between cadmium and co-

pper concentration in liver of P, oliva-
ceus reflecting significant (P<0.01).

expressed Cu=141Cd+21.30. This lead to a posi-
tive correlation coefficient r=0.8620 (P<0.01) and
supports a strong relationship between Cd and Cu
accumulation. For exposure concentration, correla-
tion coefficient was 0.7928, 0.7969, 0.8501 and 0.8701,
respectively. As increase with the Cd exposure con-
centration, there were significant (P<0.01) diffe-
rences between Cd and Cu accumulation (Fig. 4).

Discussion

Metal accumulation in tissues of fish is depen-
dent upon exposure concentration and time as well
as other factors such as temperature, age of fish,
interaction with other metals, water chemistry and
metabolic activity of fish (Pagenkopf, 1983; Heath,
1987; Goyer, 1991).

In this study, Cd exposure resulted in an increa-
sed Cd accumulation in the liver of flounder for ex-
posure periods and time, and this agrees with other
studies carried out with aquatic organisms (Gill et
al, 1992; Pelgrom et al., 1994; 1995; McGeer et al,,
2000). Liver plays a major role in detoxification and
excretion of metals through the induction of metal
-binding proteins such as metallothionein (MTs;
Klaverkamp et al,, 1984; Roesijadi, 1992). Cu accu-
mulation in the liver of flounder was increased in
the presence of Cd and this increase was strongly
observed for Cd exposure higher. Elliot et al. (1986)
studied metal interaction during accumulation by
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the mussel (Mytilus edulis planulatus) and found
that Cu accumulation was increased in the presence
of Cd. Moreover, this situation was presence of a
high leve. of Cd. In fish (Oreochromis mossam-
bicus), Pergrom et al. (1995) reported that Cu/Cd
co-exposu-e resulted in a significant increase of the
liver Cu concentration compared to single Cu ex-
posure. This suggests a disturbance of the Cu meta-
bolism waich might involve interactions between
Cu and Cd during binding to MTs.

Several factors influence the elimination of metals
from the tissues of fish. These include time, tem-

perature, interacting agents, age of fish, metabolic
activity of fish and biological half life of metal
(Larson et al., 1985; Heath, 1987; Douben, 1989;
Woo et al, 1993; Nielsen and Andersen, 1996).
Kuroshima (1987) found that the Cd level in the
liver of girella (Girella punctata) still increased
during the clearance period in Cd-free seawater
after the end of Cd exposure. Wicklund et al.
(1988) showed that Cd accumulation in the liver
and kidney of zebrafish (Brachydanio rerio) con-
tinued throughout the depuration period.

In this study, Cd elimination was started 10 day
in depuration period after end of Cd/Cu exposure,
we observed higher elimination rate at high con-
centration exposure. In tilapia (Tilapia nilotica), Cd
elimination significantly increased both mixed con-
centration exposure concentration (Cd/Zn mixed
exposure) compare to single exposure for Cd. This
is due to interactions at sites binding both metals
in tissues (Kargin and Codun, 1999). Wicklund et
al. (1988) studied the effects of Zn on the elimi-
nation of Cd in the zebrafish (B. rerio) and found
that Zn tended to increase the Cd elimination rate.
This indicated that Cd elimination rate increased
with Cu/Cd co-exposure compared to single Cu ex-
posure and the reason is probably due to interac-
tion Cd/Cu with MTs.

In this experiment, Cd elimination rate was high-
er than that of Cu in the olive flounder. Viarango
et al. (1985) found that mussel (M. galloprovin-
cialis) exposed to Cu and Cd showed different
levels of metal elimination from its tissues, and that
Cu is rapidly eliminated in the gill and digestive
gland cells, showing a biological half life of 10 days,
whereas Cd elimination is much slower. But, Kargin
and Codun (1999) studied that Cd elimination rate
increased in the liver of tilapia (T. nilotica) and
this is due to interactions at sites binding both me-
tals in tissues. Cd exposure raised hepatic Cubind-
ing protein levels in bass, Micropterus salmoides
(Weber et al., 1992). This is probably Cd elimina-
tion higher than Cu in juvenile olive flounder (P.
olivaceus), because interaction both metal and in-
creased Cubinding proteins.

Generally, metal accumulation by several species
may be influenced by the presence of other metals
and such interaction occurs at high concentration
of the interacting metals (Elliott et al., 1986).
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Ahsanullah et al. (1981) studied that Cd reduced
Cu accumulation in shrimp (Callianassa austra-
liensis). However, Elliot et al. (1986) observed that
presence of a high level of Cd resulted in an in-
creased Cu accumulation by mussel, M. edulis
planulatus. In this study, Co-relationship of Cd and
Cu have a positive correlation coefficient (r=0.8620,
p<0.01), this supports the strong relationship bet-
ween Cd and Cu accumulation. This seems to in-
dicate that there is a significant synergistic effect
between Cd and Cu on both accumulation and
elimination. Moreover, such interaction is related to
the metal exposure concentration, and Cu accumu-
lation increased according to an increased metal
exposure concentration.

References

Ahsanullah, M, D.S. Negilski and M.C. Mobley. 1981. Toxicity
of zinc, cadmium and copper to the shrimp Callianassa
australiensis. 1. Accumulation of metals. Mar. Biol. 64,
311~316.

APHA-AWWA-WEF. 1992. Standard methods for the exami-
nation of water and wastewater.- 18th. Ed. APHA. Wa-
shington, D.C. 1286pp.

Bryan, G.W. 1976. Some aspects of heavy metal tolerance in
aquatic organisms. In Effects of Pollutants on Aquatic
Organisms, APM. Lockwood, eds., Cambridge Univer-
sity Press, London, UK, pp. 7~35.

Christensen, GM. and JH. Tucker. 1976. Effects of selected

. water toxicants on the in-vitro activity of fish carbonic

anhydrase. Chem. Biol. Interactions, 13, 181~192.

Cousins, RJ. 1985. Absorption, transport and hepatic meta-
bolism of copper and zinc: Special reférence 1o’ métallo-
thionein and ceruloplasmin. Physiol. Rev., 65, 238~309.

Douben, P.ET. 1989. Metabolic rate and uptake and loss of
cadmium from food by the fish Noemacheilus barbatulus
L. (stone loach). Environ. Pollut, 59, 177~202.

Elliott, N.G., R. Swain and D.A. Ritz. 1986. Metal interaction
during accumulation by the mussel Mytilus edulis pla-
nulatus. Mar. Biol.,, 93, 395~399,

Gill, TS, CP. Bianchi and A. Epple. 1992. Trace metal (Cu
and Zn) adaptation of organ systems of the american
eel, Anguilla rostrata, to external concentrations of cad-
mium. Comp. Biochem. Physiol.,, 102C, 361~371.

Goyer, RA. 1991. Toxic effects of metal in Casarett and
Doulls toxicology; Basic science of poisons. 4th ed. Per-
gamon press. Oxford, 1033pp.

Hamilton, R.D., J.F. Kalverkamp, W.L. Lockhart and R.
Wagemann. 1987. Major aquatic contaminants, their
sources, distribution and effects. In Canadian Aquatic
Resources, M.C. Healey and R.R. Wallace, eds., Depart-
ment of Fisheries Oceans, Canada.

Heath, A.G. 1987. Water pollution and fish physiology. CRC
press, Florida, USA, 245pp.

Horning, W.B. and T.W. Nieheisel. 1979. Chronic effect of
copper in the bluntnose minnow, Pimephales notatus
(Rafinesque). Arch. Environ. Contam. Toxicol., 8, 545~
552.

Jung, SH, JW. Kim, L.G. Jeon and Y.H. Lee. 2001. Formal-
dehyde residues in formalin-treated olive flounder (Para-
lichthys olivaceus), black rockfish (Sebastes schlegeli),
and seawater. Aquaculture, 194, 253~262.

Kargin, F. and HY. Codun. 1999. Metal interactions during
accumulation and elimination of zinc and cadmium in
tissues of the freshwater fish Tilapia nilptica. Bull. En-
viron. Contam. Toxicol., 63, 511~519,

Klaverkamp, J.F.,, W.A. MacDonald, D.A. Duncan and R.
Wagemann. 1994. Metallothionein and acclimation to
heavy metals in fish: A review. In Contaminant Effects
on Fisheries, VW. Cairns, P.V. Hodson and J.O. Nriagu,
ed., Adv. Environ. Sci. Technol. Series 16, Wiley, New
York, USA, pp. 99~113.

Kuroshima, R. 1987. Cadmium accumulation and its effect
on calcium metabolism in the girella Girella punctata
during a long term exposure. Bull. Jpn. Soc. Fish., 53,
445~450.

Langston, WJ. 1990. Toxic effects of metals and the inci-
dence of metal pollution in marine ecosystem. In Heavy
Metals in the Marine Environment, RW. Furness and P.
S. Rainbow, eds., CRC press, Boca Raton. USA, pp. 143
~182.

Larson, A., C. Haux and M. Sjobeck. 1985. Fish physiology
and metal pollution: Result and experiences from lavo-
ratory and field studies. Ecotoxicol. Environ. Safe., 9,
250~281.

Lemaire, G.S. and P. Lemaire. 1992. Interactive effects of
cad-mium and benzo(a)pyrene on cellular structure and
bio-transfromation enzymes of the European eel. Aquat.
Toxicol.,, 22, 145~160.

Mathew, P. and N.R. Menon. 1992. Toxic response of bivalve
to metal mixture. Bull. Environ. Contam. Toxicol., 48,
185~193.

McGeer, J.C., C. Szebedinszky, D.G. McDonald and CM.
Wood. 2000. Effects of chronic sublethal exposure to
waterborne Cu, Cd or Zn in rainbow trout. I: Iono-
regulatory disturbance and metabolic costs. Aquat. Toxi-
col.,, 50, 231~243.

Nielsen, I.B. and O. Andersen. 1996. Elimination of recently
absorbed methylmercury depends on age and gender.
Pharmacol. Toxicol., 79, 60~64.

Oakden, JM, J.S. Oliver and AR. Flegal. 1984. EDTA che-
lation and zinc antagonism with cadmium in sediment:
effects on the behavior and mortality of two infaunal
amphipods. Mar. Biol,, 84, 125~130.

Pagenkopf, GK. 1983. Gill surface interaction model for
trace-metal toxicity to fishes: role of complexation, pH
and water hardness. Environ. Sci. Technol., 17, 342~347.

Pelgrom, SM.G., LP.M. Lamers, JAM. Garritsen, BM. Pels,
R.AC. Lock, PHM. Balm and S.E. Wendelaar Bonga.



Metal Interaction in Liver of Fish 301

1994. Interactions between copper and cadmium during
single «nd combined exposure in juvenile Tilapia,
Oreochromis mossambicus: Influence of feeding con-
dition o1 whole body metal accumulation and the effect
of the rmetals on tissue water and ion content. Aquat.
Toxicol., 30, 117~135.

Pelgrom, SM.G., LP.M. Lamers, RA.C. Lock, PHM. Balm
and S.E. Wendelaar Bonga. 1995. Interactions between
copper «¢nd cadmium modify metal organ distribution in
mature Tilapia, Oreochromis mossambicus. Environ.
Pollut.,, 30, 425~423.

Roesijadi, C and W. Robinson. 1994. Metal regulation in
aquatic animals: Mechanisms of uptake, accumulation
and release. In Aquatic Toxicology, Molecular, Bioche-
mical aad Cellular Perspectives, D.C. Malins and GK
Ostrander, eds, CRC Press, Boca Raton, Florida, pp.
387~420.

Roesijadi, G. 1992. Metallothioneins in metal regulation and
toxicity in aquatic animals. Aquat. Toxicol., 22, 81~114.

Sastry, K.V. and K. Subhadra. 1982. Effect of cadmium on
some asodects of carbohydrate metabolism in a freshwater
catfish, Heteropneustes fossilis, Toxicol. Lett.,, 14, 45~51.

Soengas, J.L, MJ. Agra-Lago, B. Carballo, M.D. Andres and
JAR. Vieira. 1996. Effect of an acute exposure to sub-
lethal concentration of cadmium on liver carbohydrate
metabol sm of Atlantic salmon (Salmon salar). Bull
Environ Contam. Toxicol., 57, 625~631.

Sorensen, E-M. 1991. Cadmium. In Metal Poisoning in Fish.
CRC przss, Boca Raton, Florida, pp. 175~234.

Sprague, J.B. 1964. Lethal concentrations of copper and zinc
for young Atlantic salmon. J. Mar. Freshwat. Res., 33,
491~506.

Tao, S., T. Liang, J. Cao, RW. Dawson and C. Liu. 1999.
Synergistic effect of copper and lead by fish. Ecotoxicol.
Environ. Safe., 44, 190~195.

Verbost, P.M,, J.V. Roij, G. Flik, RA.C. Lock and S.E. Wen-
delaar Bonga. 1989. The movement of cadmium through
freshwater trout branchial epithelium and its interference
with calcium transport. J. Exp. Biol., 145, 185~197.

Viarengo, A, S. Palmero, G. Zanicchi, R. Capelli, R. Vaissiere
and M. Orunesu. 1985. Role of metallothioneins in Cu
and Cd accumulation and elimination in the gill and
digestive gland cells of Mytilus galloprovincialis Lam.
Mar. Environ. Res., 16, 23~36.

Weber, D.N,, S. Eisch, R.E. Spieler and D.H. Petering. 1992.
Metal redistribution in largemouth bass (Micropterus
salmoides) in response to restrainment stress and dietary
cadmium: role of metallothionein and other metal-bind-
ing proteins. Comp. Biochem. Physiol, 101C, 255~262.

Wicklund, A, P. Runn and L. Norrgren. 1988. Cadmium and
zinc interaction in fish: Effects of zinc on uptake, organ,
distribution and eliminations of '®Cd in the zebrafish,
Brachydanio rerio. Arch. Environ. Contam. Toxicol,, 17,
345~354.

Woo, PTK, YM. Sin and M K. Wong. 1993. The effects of
short-term acute cadmium exposure on blue tilapia,
Oreochromis aureus. Environ. Biol. Fish., 37, 67~74.



