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Abstract This study provides new information on the
effects of various concentrations of the trace metals
copper, lead, zinc, cadmium, and nickel on fertilization
success of gametes from the scleractinian reef corals
Goniastrea aspera,Goniastrea retiformis, Acropora tenuis,
and Acropora longicyathus. The EC50 values (the con-
centration that reduces the fertilization rate by 50%
relative to the control fertilization) for copper effects on
fertilization success of these coral species range from 15
to 40 lg/L, which is similar to responses of other marine
invertebrates. The EC50 values for lead were 1450–
1800 lg/L for the Acropora species, and >2400 lg/L for
G. aspera gametes, which indicates that lead was much
less toxic than copper. Fertilization responses to zinc
and nickel were variable and a significant reduction in
fertilization success for A. tenuis gametes was found only
at very high cadmium concentrations. The data from
this study and other recent research clearly demonstrate
that some trace metals impair the fertilization success of
gametes from faviid and acroporiid reef corals. Trace
metal inputs into reef waters should be limited and
controlled to avoid potential interference with sexual
reproductive processes of reef corals.

Keywords Corals Æ Ecotoxicology Æ Fertilization Æ
Trace metals

Introduction

Fertilization success in broadcast spawning corals is
dependant upon gamete interaction within the water
column, and thus can be vulnerable to changes in water

quality. Repeated successful spawning years are neces-
sary for the long-term maintenance of reef coral popu-
lations (Harrison et al. 1984; Harrison and Wallace
1990), and therefore, determining the effects of pollu-
tants on fertilization success is important for the man-
agement of coral reefs. A few previous studies have used
coral fertilization success as a tool for determining stress
effects on corals (Heyward 1988; Richmond 1993; Har-
rison 1994, 1995; Gulko 1996; Reichelt-Brushett and
Harrison 1999; Harrison and Ward 2001; Negri and
Heyward 2001). The use of fertilization success to
determine the effects of trace metals on corals is limited
to three previous studies. Heyward (1988) studied the
effects of copper and zinc sulphates on fertilization rates
in Favites chinensis and Platygyra ryukyuensis and pro-
vided the first published data on the effects of trace
metals on fertilization success of scleractinian corals.
Reichelt-Brushett and Harrison (1999) investigated the
effects of copper and lead on the fertilization success of
Goniastrea aspera gametes. Negri and Heyward (2001)
subsequently investigated the effects of copper and
tributyltin on the fertilization success of Acropora
millepora.

The fertilization toxicity test method developed by
Harrison for studies on oil pollution (1994) and used
by Harrison and Ward for studies on nutrient con-
tamination (2001), and Reichelt-Brushett and Harrison
(1999) for pilot studies on trace metals in 1994 was
also used in this study. The results provide new
information on the effects of various concentrations of
the trace metals copper, lead, zinc, cadmium, and
nickel on fertilization success of gametes from species
in two families of scleractinian reef corals (Faviidae
and Acroporidae). Corals of these families occur in
many tropical regions throughout the Indo-Pacific
(Veron 2000), and there are few ecotoxicological
studies of tropical organisms compared to studies on
temperate organisms (Peters et al. 1997). Coral reefs
are found in many tropical countries including some of
the poorest nations in the world (Lacher and Goldstein
1997). These tests provide ecotoxicological data for
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environmentally sensitive species that occur in many of
these locations.

Trace metals enter the marine waters of tropical
environments naturally from riverine input (O’Neill
1985; Mance 1987). There are many anthropogenic
sources of trace metals including mining operations (e.g.
Brown 1987), urban discharge (e.g. Gonzàlez 1990; Scott
1990; Guzmàn and Jiménez 1992), agricultural runoff
(e.g. Guzmàn and Jiménez 1992), desalination plants
(e.g. Johannes 1975), dredging (e.g. Reichelt and Jones
1994), marinas and ports (e.g. Reichelt and Jones 1994),
and toxic waste and marine dumping (e.g. Richmond
1993). Since scleractinian reef corals are the dominant
structuring organisms of coral reefs, it is important to
understand the potential effects of trace metals on their
health and reproductive success.

Methods

Location and spawning dates

The fertilization toxicity tests in this study were com-
pleted during 1995 and 1996 at Magnetic Island in the
Central section of the Great Barrier Reef Marine Park,
Australia. In 1996, further tests were completed at One
Tree Island, in the Capricorn Bunker Group of islands
in the Southern section of the Great Barrier Reef Marine
Park, Australia. This study follows on from the pilot
studies completed in 1994 by Reichelt-Brushett and
Harrison (1999). Table 1 shows the coral species, loca-
tions, and metals used for these 12 fertilization experi-
ments.

The methods of gamete collection for corals differ
from established early life stage toxicity tests, mature
organisms of many species can be routinely collected
from the field, maintained in aquaria and induced to
spawn when gametes are required (e.g. McGibbon and
Moldan 1986; Neiheisel and Young 1992; Ringwood
1992). The gametogenic cycle in faviid and acroporid
corals is normally from 5 to 9 months long (Harrison
and Wallace 1990), and corals do not survive well in
aquaria. Therefore, corals were collected a few hours
prior to spawning during annual coral spawning events
in October (nearshore Magnetic Island) and November
(offshore One Tree Island). This is an effective method
that provides access to large numbers of gametes that
have fully matured in natural conditions.

The gamete collection and experimental design was
the same as that used by Reichelt-Brushett and Harrison
(1999). Spawned egg sperm bundles were collected from
several colonies of corals of each species after spawning
periods in October or November 1995 and 1996. Eggs
and sperm from each colony were separated using gentle
rinsing through plankton mesh. The spermatozoa con-
centration was determined using a haemocytometer (final
concentration in the test containers of �2·106 mL�1),
then each experiment was set up using 20 mL vials for
each replicate. Stock solutions of CuCl2, ZnSO4,
Cd(NO3)2, Pb(NO3)2, and NiCl2 were diluted with
sperm-free seawater (SFSW) to twice the desired con-
centration, so the final metal concentration in the 20 mL
vials was as desired. Treatments consisted of a seawater
control, and various concentrations of trace metals, and
each treatment level had five replicate vials. In each
experiment the sperm from one coral colony was crossed
with the eggs from a different coral colony. For each
metal treatment, groups of approximately 100 eggs were
carefully pipetted into 8-mm diameter wells filled with
SFSW and photographed (actual egg number manually
counted at a later date using the photographic image),
and then added to 5 mL of SFSW and placed in 20 mL
vials. The eggs are buoyant and sit in the wells in one
layer on the water surface. Approximately 100 eggs were
estimated when the eggs covered about 20% of the sur-
face area of each well. 5 mL of the spermatozoa dilution
was placed in separate 20 mL vials. At set time intervals
each set of eggs and sperm were dosed with 5 mL of the
appropriate metal concentration, or in the control
treatments, 5 mL of SFSW was added to the vials. After
a 30-min period of metal exposure to eggs and sperm
separately, the 10 mL of dosed spermatozoa was added
to the dosed eggs and the vials were sealed, placed in a
mesh bag and tied to a mooring buoy on the reef. After a
5 h development period, the vials were retrieved from the
buoy and examined under an Olympus stereo micro-
scope. Percentage fertilization was determined by
counting the total number of divided embryos and
undivided eggs present in each vial. Eggs that showed no
sign of cleavage formation were counted as unfertilized.

The results for each experiment were compared by
calculating the percentage fertilization of the original egg
number counted from each photographic image. The data
were analysed by one-way ANOVA, which identified
significant differences (p £ 0.05) in fertilization success
among treatments (Sokal and Rohlf 1995). Where the
variances about the treatment means were homogeneous,
post hoc ‘Tukey’ comparisons were used. However, if the
variances were non-homogeneous, then a post hoc
‘Tamhane’ method was applied using the SPSS statistics
package. The EC50 (the concentration that reduces the
fertilization rate by 50% relative to the control fertiliza-
tion) was estimated by using the Spearman–Karber
method for estimating median lethal concentrations in
toxicity tests (Hamilton et al. 1977, 1978). The no ob-
served effect concentration (NOEC) was determined for
each test by calculating the highest concentration in

Table 1 Year, location, species and metals used in fertilization
toxicity tests of scleractinian corals collected on the Great Barrier
Reef

Year Location Species Metal tested

1995 Magnetic Island G. aspera Pb, Ni
G. retiformis Cu

1996 Magnetic Island A. tenuis Cu, Zn, Pb, Cd
One Tree Island G. aspera Cu, Pb, Ni

A. longicyathus Cu, Pb
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which percentage fertilization was not significantly dif-
ferent from the control response (Anderson et al. 1991;
Hoffman et al. 1995; Wu et al. 1997).

Nominal concentrations from calculated dilutions of
trace metals were used in 1995. Samples of each metal
dose from all experiments in 1996 were acidified and
analysed by Varian 6400Z graphite furnace atomic
absorption spectrophotometry (GFAAS) using modifiers
and platforms as outlined in the standard analytical
methods (Clesceri et al. 1995) after each sample had been
diluted five times. The dilution of each sample reduced
the potential for interference from the salt water, while
the expected metal concentrations in each dose were still
within the range of detection by the Varian GFAAS.

Results

The effect of copper on fertilization success

Copper effects on Goniastrea retiformis gametes

Mean fertilization success of G. retiformis gametes in
nominal copper concentrations of 2, 5, and 10 lg/L were
not significantly different from the control treatments,
and mean fertilization success ranged from 91 to 97%
(Fig. 1). Copper concentrations of 20 lg/L and above,
all had significantly lower mean fertilization success than
the control treatments (Table 2). Mean fertilization
success was slightly greater in 50 and 100 lg/L copper
treatment than in the 20 lg/L copper treatment, how-
ever, the lowest fertilization success rate occurred in the
highest (250 lg/L) copper treatment.

Copper effects on Goniastrea aspera gametes

Nine different copper concentrations were used to pro-
vide more data points for determining the dose/response
effect of copper on fertilization success of G. aspera ga-
metes. Figure 1 shows the measured copper concentra-
tions that were determined by GFAAS. Mean
fertilization rates in the 4.8 and 12.8 lg/L copper treat-
ments did not differ significantly from the controls, with
fertilization rates between 59 and 67%, compared to
67% fertilization success in the controls. The mean fer-
tilization success was significantly lower than the con-
trols in copper treatments of 20.4 lg/L and in all higher
copper concentrations. As copper concentrations in-
creased, the fertilization success decreased until at
74.8 lg/L of copper and above, the mean fertilization
rate was 1% or less.

Copper effects on Acropora tenuis gametes

The mean fertilization success of A. tenuis gametes ap-
peared to be less affected by the lower concentrations of
copper used, compared with other species (Fig. 1).

Fertilization success in measured copper concentrations
of 4.5, 7.4, 15.6, and 33.5 lg/L did not differ signifi-
cantly from the control treatments, and mean fertiliza-
tion success ranged between 73 and 88% in these
treatments. A significant reduction in mean fertilization
rate compared with controls was not evident until
41.9 lg/L copper. Less than 5% fertilization success

Fig. 1 The results showing mean fertilization success (and SD)
from experiments on the effect of copper on four species of
scleractinian corals collected from two sites on the Great Barrier
Reef (* indicates that metal concentrations were measured)
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occurred at 66.6 lg/L copper, which is similar to the
results from copper tests on other coral species (Fig. 1).

Copper effects on Acropora longicyathus gametes

The effect of copper on the fertilization success of A. lon-
gicyathus (Fig. 1) was similar to the effects of copper onG.
aspera gametes. There was a clear pattern in the results,
which showed a reduction in mean fertilization success
with increased copper concentrations. The mean fertil-
ization success in copper treatments of 5 and 10 lg/Lwere
not significantly different from the controls. There was a
significant (Table 2) reduction in fertilization success in
23.6 lg/L copper, and at all concentrations above this.
Copper concentrations of 60.5 lg/L and above had less
than 3% mean fertilization success.

The effect of lead on fertilization success

The initial (1995) lead toxicity experiments were done
using G. aspera gametes. The results showed that the
fertilization success of G. aspera gametes was not lower
than 78%, following dosing with lead concentrations up
to 1000 lg/L (Fig. 2). Higher concentrations of lead
were used in subsequent (1996) experiments, and dose
response curves, using measured concentrations of lead,
were produced from experiments using gametes from
G. aspera, A. tenuis, and A. longicyathus (Fig. 2). A
variable response among species was evident. A. longi-
cyathus was the most sensitive species tested, as a sig-
nificant (Table 2) reduction in mean fertilization success
occurred at a lead concentration of 855 lg/L (Fig. 2),
compared with controls. A. tenuis had a significant
(Table 2) reduction in mean fertilization success com-
pared with controls, at a lead concentration of 1982 lg/
L (Fig. 2). In contrast, the mean fertilization success of
G. aspera was significantly (Table 2) reduced only at
lead concentrations of 6409 lg/L and above.

The effect of zinc on fertilization success

The mean fertilization success of A. tenuis gametes in
1996 was significantly reduced (Table 2) at zinc con-

centrations of 10, 100, and 1000 lg/L, with no fertil-
ization occurring in 5000 lg/L (Fig. 3). Mean
fertilization success of A. tenuis gametes in the control
treatments was 91%, in the 10 lg/L zinc treatment it
was 70%, and in the 100 lg/L zinc treatment the mean
fertilization rate dropped to 1%.

The effect of nickel on fertilization success

In the first experiment (1995), mean fertilization success
of G. aspera gametes was above 83% in all treatments,
which included the controls, 5, 100, 1000, and 2000 lg/L
of nickel (Fig. 4a). A significantly (Table 2) lower fer-
tilization rate occurred at 100 lg/L, which was still 91%
of the control treatment. No trend of decreased fertil-
ization success occurred with increased nickel concen-
trations in this experiment. A second experiment was
completed on G. aspera gametes in 1996 using the same
nickel concentrations (Fig. 4b). In the second test, a
significantly (Table 2) lower mean fertilization rate oc-
curred in nickel treatments of 100 lg/L and higher, al-
though fertilization success did not fall below 60% at
concentrations up to 2000 lg/L.

The effect of cadmium on fertilization success

A significantly (Table 2) lower mean fertilization rate
occurred at nominal cadmium concentrations of 5000
and 10,000 lg/L, compared to the controls (Fig. 5).
Mean fertilization success of A. tenuis gametes in the
controls was 78%, in the 5000 lg/L cadmium treatment
it was 52%, and in the 10,000 lg/L cadmium treatment
it was 53%.

Calculated EC50 and NOEC values

The EC50 values for fertilization success of gametes of the
coral species tested in this study for copper and lead are
shown in Table 3. The EC50 values for copper effects on
the various coral species range from 15 to 40 lg/L, which
indicates a similar response to copper among the four
species tested. EC50 values for lead were two orders of
magnitude higher than for copper, which indicates that
leadwasmuch less toxic than copper. TheEC50 values for

Table 2 The results of
statistical tests (one-way
ANOVA) of each fertilization
toxicity experiment conducted
on corals collected from the
Great Barrier Reef in 1995 and
1996

Metal tested Species Degrees of freedom (d.f.) F-value Probability (p)

Cu G. retiformis 7, 32 220.18 0.000
Cu G. aspera 7, 32 94.90 0.000
Cu A. tenuis 7, 32 104.41 0.000
Cu A. longicyathus 9, 40 115.99 0.000
Pb G. aspera 7, 32 18.47 0.000
Pb A. tenuis 7, 32 104.41 0.000
Pb A. longicyathus 8, 36 117.85 0.000
Zn A. tenuis 7, 32 235.53 0.000
Ni G. aspera (a) 4, 20 4.94 0.006
Ni G. aspera (b) 4, 20 20.46 0.000
Cd A. tenuis 6, 28 5.47 0.001
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leadwere similar in both of theAcropora species, andwere
higher for G. aspera gametes. The EC50 values for other
metals tested (nickel, cadmium, and zinc) could not be
calculated because the results did not meet the conditions
of the EC50 test.

The NOEC values can only be determined if there is a
significant trend in the measured effect caused by in-
creased concentrations. Therefore, NOEC values are
available only for those experiments that exhibit a sig-

nificant decrease in fertilization success with increased
metal concentration (Table 3). The copper NOEC val-
ues for G. aspera, G. retiformis, and A. longicyathus were
12.8, 10.0, and 15.3 lg/L, respectively. The NOEC value
for A. tenuis was higher at 33.5 lg/L, however, repeated
experiments would be required to verify whether ga-
metes of this species were less sensitive to copper. The
lead NOEC values for G. aspera are much greater than
for copper and more variable among species. A. longi-
cyathus and A. tenuis had lead NOEC values of 451.0

Fig. 2 The results showing mean fertilization success (and SD)
from experiments on the effect of lead on three species of
scleractinian corals collected from two sites on the Great Barrier
Reef (* indicates that metal concentrations were measured)

Fig. 3 The results showing mean fertilization success (and SD)
from the experiment on the effect of zinc on A. tenuis collected near
Magnetic Island on the Great Barrier Reef

Fig. 4 The results showing mean fertilization success (and SD)
from two experiments on the effect of nickel on G. aspera collected
near Magnetic Island on the Great Barrier Reef a=1995, b=1996
(* indicates that metal concentrations were measured)
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and 790.0 lg/L, respectively. In contrast the lead NOEC
value for G. aspera was 5455 lg/L. The NOEC values
for nickel, zinc, and cadmium are preliminary and fur-
ther experiments should be done to verify these values.
Cadmium appears to be less toxic to A. tenuis gametes
than all other metals tested.

Discussion

The effects of copper on the fertilization success
of coral gametes

Copper is an essential element for all living organisms as
it acts as a catalyst for many enzyme systems (Depledge
and Rainbow 1990), and is also important as an electron
carrier in intracellular structures (Hay 1984). Copper is
required in relatively low concentrations compared with
other essential elements such as zinc. Higher concen-
trations of copper are the basis for common fungicides
and molluscicides, and it is thought that these higher
concentrations disrupt protein-binding systems and
interfere with metabolism (Hay 1984).

Copper concentrations in seawater range from
8·10�4 lg/L in pristine open oceans, up to 29.2 lg/L at
highly polluted sites (Sadiq 1992). The toxicity of copper
to marine organisms is fairly well documented, as a re-
sult of its widespread use in anti-foulant coatings as well
as its presence in industrial, urban and agricultural dis-
charges (Mance 1987). In the ANZECC and ARM-
CANZ (2000) Australian and New Zealand water
quality guidelines, the trigger value estimated to protect
99% of species in marine waters is 0.3 lg/L copper, and
to protect 95% of species the trigger value is 1.3 lg/L
copper. If higher copper concentrations are found in
seawater it ‘triggers’ a response for action.

The effect of copper on coral fertilization success was
similar among most species (EC50 values between 15.2
and 39.7 lg/L) tested during this study, and for earlier
fertilization studies which showed EC50 values of 14.5

and 17.4 lg/L for G. aspera (Reichelt-Brushett and
Harrison 1999) and A. millepora (Negri and Heyward
2001), respectively. The NOEC values are also similar
among species (Table 3). Studies completed on F. chin-
ensis gametes (Heyward 1988) and A. millepora gametes
(Negri and Heyward 2001) also showed similar dose-
response effects to those found in the present study. At
100 lg/L copper, mean fertilization success of G. reti-
formis gametes was 44% (this study) compared with
46% in F. chinensis (Heyward 1988). G. aspera gametes
showed 1% fertilization successat 96.8 lg/L of copper in
the present study. This response was similar to Hey-
ward’s (1988) results using gametes from P. ryukyuensis,
which had <10% fertilization success at 100 lg/L.
Similarly, Negri and Heyward’s (2001) results using A.
millepora gametes showed <30% fertilization success at
about 70 lg/L copper.

There were some differences in the experimental de-
sign between this study and Heyward’s (1988) study.
Heyward (1988) combined the gametes immediately
prior to treatment; whereas, we dosed the gametes
30 min prior to combining eggs and sperm, to allow time
for any potential toxic effects on the gametes prior to
fertilization. Also, in this study, sperm concentrations
were controlled to avoid the potential problem of high
sperm concentrations masking the effects of sub-acute
toxicity. Negri and Heyward (2001) also controlled
sperm concentration in their study, but it is uncertain if
the sperm or eggs were dosed prior to combining the
gametes. Furthermore, Negri and Heyward (2001) fil-
tered the seawater used in the experiments, which may
influence the copper speciation by limiting the com-
plexation of copper with particulate organics under
normal seawater conditions.

The effects of lead on the fertilization success
of coral gametes

Lead has no known biological function and is not an
essential element, but it is known to be toxic at relatively
low concentrations (Zakrzewski 1991). The main sources
of lead to the marine environment are from stormwater
and sewage dischage (González 1990; Peters et al. 1997).
The ANZECC and ARMCANZ (2000) trigger value for
lead to protect 99%of species inmarine waters is 2.2 lg/L
lead, and to protect 95% of species it is 4.4 lg/L. Con-
centrations of lead as high as 26.9 lg/Lhave been found in
marine waters (Brugmann 1981).

These are the first quantitative data on the effects of
lead on fertilization rates in corals. No other studies on
lead toxicity have been conducted on corals so no
comparisons can be made with the results from this
study. The data in this study show that relatively high
concentrations of lead can disrupt fertilization processes
in three species of reef corals from the Great Barrier
Reef. A. longicyathus was the most sensitive species
tested, as a significant (p £ 0.05) reduction in mean fer-
tilization success occurred compared with controls, at a

Fig. 5 The results showing mean fertilization success (and SD)
from the experiment on the effect of cadmium on A. tenuis collected
near Magnetic Island on the Great Barrier Reef
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lead concentration of 855 lg/L. The EC50 values show
that lead had a variable effect on gametes of the three
coral species tested.

The effects of zinc on the fertilization success
of coral gametes

Zinc is an essential element for all biological systems
(Depledge and Rainbow 1990) and zinc requirements for
organisms are usually higher than for copper. Zinc can
also be more abundant in the environment than other
trace metals, therefore organisms have developed several

mechanisms for bioregulation (Depledge and Rainbow
1990; Morrison et al. 1989). Zinc concentrations re-
corded throughout the world’s open oceans average
5 lg/L (Riley and Chester 1989). Sewage discharge and
mining waste are sources of zinc pollution, with average
concentrations of zinc in sewage sludge being 3000 mg/
kg (O’Neill 1985). The ANZECC and ARMCANZ
(2000) trigger value for zinc to protect 99% of species in
marine waters is 7.0 lg/L zinc, and to protect 95% of
species it is 15.0 lg/L zinc.

The effect of zinc on gametes from A. tenuis was
significant at 10 lg/L, and minimal fertilization oc-
curred at 100 and 1000 lg/L. The fertilization success of

Table 3 EC50 and NOEC concentrations for the effect of trace metals used in this study, on fertilization success of a range of tropical
marine invertebrate species

Metal Species EC50 (lg/L) NOEC (lg/L) Guideline
trigger value
99% protection
of species (lg/L)

Source

Cu – – – 0.3 ANZECC and ARMCANZ (2000)
Cu G. aspera 18.5 (12.0–19.2) 12.8 This study

14.5 2.0 Reichelt-Brushett ands Harrison (1999)
Cu G. retiformis 24.7 (15.5–30.0) 10.0 This study
Cu A. tenuis 39.7 (36.0–43.7) 33.5 This study
Cu A. longicyathus 15.2 (12.0–19.2) 15.3 This study
Cu A. corporamillepora 17.4±1.1 – Negri and Heyward (2001)
Cu P. ryukyuensis – �10 Heyward (1988)
Cu F. chinensis – �10 Heyward (1988)
Cu A. spatuligera – 3.1 Zùniga et al. (1995)

– 25.0
Cu A. punctulata 16.0–45.7 (29.9±48.0%) <6.1�24.4 Neiheisel and Young (1992)

12.0 (11.0–120) – Nacci et al. (1986)
Cu A. affinis 109 – Anderson et al. (1991)
Cu D. setosum 7.0 (6.0–8.0) – Ramachandran et al. (1997)
Cu D. excentricus – 3.8�13.1 Bailey et al. (1995)
Cu E. mathaei 14.0 5.0 Ringwood (1992)
Cu Isognomon califormicus 55.0 20.0 Ringwood (1992)
Cu S. purpuratus 24.0 – Nacci et al. (1986)
Cu C. gigas 12.0 – Nacci et al. (1986)
Pb – – – 2.2 ANZECC and ARMCANZ (2000)
Pb G. aspera 2467 (691–8807) 5455 This study
Pb A. tenuis 1801 (1352–2400) 790.0 This study
Pb A. longicyathus 1453 (1156–1780) 451.0 This study
Pb A. punctulata 5400 (5000–5700) – Nacci et al. (1986)
Pb S. purpuratus 8200 – Nacci et al. (1986)
Pb C. gigas 5500 – Nacci et al. (1986)
Zn – – – 7.0 ANZECC ands ARMCANZ (2000)
Zn A. tenuis – <10 This study
Zn G. aspera – >500 Reichelt-Brushett and Harrison (1999)
Zn P. ryukyuensis – <500 Heyward (1988)
Zn F. chinensis – <1000 Heyward (1988)
Zn A. punctulata 121 (110–113) – Nacci et al. (1986)
Zn S. purpuratus 262 – Nacci et al. (1986)
Zn C. gigas 444 – Nacci et al. (1986)
Cd – – – 0.7 ANZECC and ARMCANZ (2000)
Cd A. tenuis – 2000 This study
Cd O. lacera – >1000 Reichelt-Brushett and Harrison (1999)
Cd A. punctulata 38,000 (34,000–42,500) – Nacci et al. (1986)
Cd D. setosum 95.0 (80.0–113) – Ramachandran et al. (1997)
Cd D. excentricus – >9.4 Bailey et al. (1995)
Cd E. mathaei >100 10.0 Ringwood (1992)
Cd Isognomon califormicus >100 >100 Ringwood (1992)
Cd S. purpuratus 18,400 – Nacci et al. (1986)
Cd C. gigas 11,900 – Nacci et al. (1986)
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G. aspera gametes was not affected at zinc concentra-
tions up to 500 lg/L in the study by Reichelt-Brushett
and Harrison (1999). Heyward (1988) found that 50–
60% fertilization occurred in P. ryukyuensis gametes in
500 lg/L zinc treatments, and 20–30% fertilization oc-
curred in 1000 lg/L zinc. Heyward (1988) also tested the
effects of zinc on the coral F. chinensis and found min-
imal fertilization at 1000 lg/L, similar to the fertilization
rate found in this study for A. tenuis gametes at the same
zinc concentrations. No lower zinc concentrations were
used in the study by Heyward (1988), therefore the effect
of zinc on F. chinensis gametes at lower concentrations is
not known. Given the variable responses recorded
among coral species, further experiments should be done
to assess the variability in the effects of zinc on fertil-
ization success.

The effects of nickel on the fertilization success
of coral gametes

Nickel has no known essential biological function,
however, unlike many non-essential elements, nickel
does not tend to be highly toxic. The ANZECC and
ARMCANZ (2000) trigger value for nickel to protect
99% of species for in marine waters is 7.0 lg/L nickel,
and to protect 95% of species it is 70.0 lg/L nickel.
Concentrations of nickel in marine waters are generally
below 0.1 lg/L. Concern has previously been raised over
the potential toxicity of nickel to corals because a nickel
ore processing plant is located on the coast in North
Queensland adjacent to the Great Barrier Reef Marine
Park (Knauer 1977).

In the first test conducted on G. aspera gametes in
1995, mean fertilization success did not fall below 83%
at nickel concentrations up to 2000 lg/L. However, the
results of the second test in 1996 showed that nickel
concentrations of 100, 1000, and 2000 lg/L significantly
reduced fertilization success to as low as 60%. These
results show that there is some degree of variability be-
tween experiments, either due to inter annual or inter
colony variability in the response of spawned gametes to
nickel pollution. No comparisons of these results can be
made because no other published studies were found on
the effects of nickel on the fertilization success of other
marine species.

The effects of cadmium on the fertilization success
of coral gametes

Cadmium is a relatively rare element, with concentra-
tions in seawater ranging from 2·10�4 to 2.9 lg/L
(Sadiq 1992). However, in polluted estuaries or harbors
and ports, values up to 50 lg/L have been recorded
(Chester 1990). The ANZECC and ARMCANZ (2000)
trigger value for cadmium to protect 99% of species in
marine waters is 0.7 lg/L cadmium, and to protect 95%
of species it is 5.5 lg/L cadmium.

Cadmium was considered an important metal to
study because there is a continuous source of this metal
to the Great Barrier Reef from the phosphates that are
deposited onto the reef from land runoff. According to
labelling on packages and independent analyses by the
authors, phosphate fertilizers contain up to 300 lg/g of
cadmium and the cadmium concentration is directly
correlated with the amount of total phosphorus in the
fertilizer (Loganathan and Hedley 1997). CRC (2003)
estimate that 9000 tonnes of phosphorsus are discharged
into the Great Barrier Reef per year. Therefore, if cad-
mium concentrations in the phosphorus load are esti-
mated at an average of 150 lg/g, over 1 tonne of
cadmium is also discharged into the Great Barrier Reef
annually.

Concentrations of cadmium, up to 10,000 lg/L, were
tested using gametes from A. tenuis and a significant
reduction in fertilization success was found at cadmium
concentrations of 5000 and 10,000 lg/L. These results
suggest that cadmium is less toxic to coral fertilization
success than all the other metals tested including copper,
lead, zinc, and nickel. The NOEC values indicate that
concentrations of 2500 lg/L did not significantly affect
the fertilization success of A. tenuis. Reichelt-Brushett
and Harrison (1999) also found that concentrations of
cadmium of 200 and 1000 lg/L did not affect the fer-
tilization success of G. aspera and Oxypora lacera,
respectively. The NOEC values for cadmium were high
compared to those determined for other metals tested. It
is unlikely that these levels of cadmium would be found
in any coral reef systems.

The effects of metals on the fertilization success
of other marine organisms

There are few other published studies on marine inver-
tebrates that examine fertilization success as an endpoint
for trace metal toxicology, and of these, the vast
majority use sea urchins, including: Arbacia punctulata,
Arbacia spatuligera, Echinometra mathaei, Strongylo-
centrotus purpuratus, Temnopleurus toreumaticus,
Dendraster excentricus, Peronella japonica, Heliocidaris
erythrogramma, and Diadema setosum (Table 3). In
most of these studies, the sperm were dosed and then
crossed with the undosed eggs (Kobayashi 1980; Pagano
et al. 1982; Nacci et al. 1986; Dinnel et al. 1987; Dinnel
et al. 1989; Neiheisel and Young 1992; Ringwood 1992;
Bailey et al. 1995; Zùniga et al. 1995; Warnay et al.
1996; Ramachandran et al. 1997), or the eggs and sperm
were dosed prior to crossing (Lee and Xu 1984). Few
other studies examine the effects of trace metals on fer-
tilization success of other marine organisms. Such
studies include germination of the kelp, Macrocystis
pyrifera (Anderson et al. 1990); fertilization of gametes
from the hard clam, Mercenaria mercenaria (Stiles et al.
1991); fertilization of gametes from the bivalve, Isogno-
mon californicus (Ringwood 1992), and fertilization of
gametes from the fish, Atherinops affinis (Anderson et al.
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1991). Only some of the above studies provided EC50 or
NOEC data (Table 3) allowing comparisons to be made
with the results from this study.

Copper is by far the most toxic element for the
organisms tested in seawater, with EC50 and NOEC
values all within the same range as the values found for
the coral species tested in this study (Table 3). The EC50
values for copper on A. punctulata, E. mathaei, S. pur-
puratus and C. gigas are between 12.0 and 45.7 lg/L,
and the values recorded for different species of coral are
similar; G. aspera 18.5 lg/L, A. longicyathus 15.2 lg/L,
G. retiformis 24.8 lg/L, and A. tenuis 39.7 lg/L. The
EC50 values for some other species including Isognoman
californicus (55 lg/L), and A. affinis (109 lg/L) are
higher than those found for corals in this study. The
fertilization success of corals seems be more sensitive to
lead than the fertilization success of other tropical
marine species including A. punctulata, S. purpuratus,
and C. gigas (Table 3). The decreasing order of toxicity
of the elements tested is generally copper, zinc, lead then
cadmium, and a similar order was found for the toxicity
of metals tested in this study (Table 3).

Sensitivity of corals to trace metals

Some trace metals can stress and affect the early life
stages of corals, including fertilization success (Heyward
1988; Reichelt-Brushett and Harrison 1999; Negri and
Heyward 2001), larval motility (Reichelt-Brushett and
Harrison 2004), and larval settlement success (Esquivel
1986; Goh 1991; Reichelt-Brushett and Harrison 2000).
In all of the fertilization or sub lethal studies that test
copper effects, the EC50 values are similar and range
between 14.5 and 39.7 lg/L. The effects of copper on
coral larval survival are described in Reichelt-Brushett
and Harrison (2004), and the comparisons of this test of
lethality with the sub lethal tests show that measure-
ments of survival exhibit a delayed toxic response to
copper compared to the fertilization and sub lethal
measurements. Lead impairs the motility of larvae and
inhibits fertilization at much lower concentrations than
those that are toxic to larval survival (Reichelt-Brushett
and Harrison 1999, 2000, 2004). The metals lead, zinc,
cadmium, TBT, and nickel are generally less toxic than
copper to the early life stages of corals (Esquivel 1986;
Heyward 1988; Goh 1991; Reichelt-Brushett and Har-
rison 1999, 2000; Negri and Heyward 2001; and this
study). The NOEC and EC50 values reported in these
studies also show that the sublethal tests are more sen-
sitive to copper than the test on larval survival.

Trace metal toxicological studies on adult corals in-
clude investigations of stress by quantifying zooxan-
thellae loss (Howard et al. 1986; Jones 1997),
histopathological studies (Glynn et al. 1989), growth
rate (Howard et al. 1986; Scott 1990), respiration
(Howard et al. 1986), and oxygen consumption using a
perturbation index (Nystrom et al. 1997). None of these
studies on adult corals identified an EC50 value or a

NOEC value, and only one paper identified an LC50
value for corals (Howard et al. 1986). Howard et al.
(1986) determined a copper 96 h LC50 of 48.0 lg/L for
the adult coral Montipora verrucosa, and stressed the
difficulty in determining LC50 values for adult colonial
organisms. Other studies on the effects of trace metals on
corals do not provide ecotoxicological values, however,
these studies show significant sublethal effects of zoo-
xanthellae loss (Jones 1997) and changes in oxygen
consumption via a perturbation index (Nystrom et al.
1997) from exposure to copper concentrations of 20 and
10 lg/L, respectively. These are similar concentrations
to those found to significantly inhibit the fertilization
success of corals examined in this study.

Our results demonstrate that trace metals exert
variable, but generally pronounced effects on the fer-
tilization success of corals. Copper was the most toxic
of the trace metals tested, followed by lead, zinc, cad-
mium, and nickel. Ecological risk assessment is
increasingly dependant on the use of ecotoxicological
results to determine pollutant toxicities (Logan and
Wilson 1995). There are minimal data on ecotoxicology
for tropical marine organisms (Peters et al. 1997), and
hence the fertilization toxicity test used in this study
provides a useful tool that is relevant to, and can aid in,
future ecological risk assessments for coral reef eco-
systems.
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