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Abstract Spawned gametes were collected from colonies
of Acropora longicyathus at One Tree Island and Go-
niastrea aspera at Magnetic Island, Great Barrier Reef,
Australia, for use in fertilisation trials. Mean fertilisa-
tion rates were significantly reduced compared with
controls (P <0.003), when gametes from the branching
coral A. longicyathus were exposed to elevated ammo-
nium concentrations at 1 pM and above in one cross
(60—64% reduction), and at 100 uM in another cross
(16% reduction). Mean fertilisation success of A. longi-
cyathus gametes was also significantly reduced compared
with controls in both crosses (P=0.000) at concentra-
tions of 1 pM phosphate and above (35-75% reduc-
tion), and at 1 UM ammonium plus 1 uM phosphate
and all higher concentrations (68-74% reduction).
Similarly, the mean percentage of regular embryos that
were developing normally was significantly reduced in
most nutrient treatments compared with controls
(P=0.000). Fertilisation trials using gametes from the
brain coral G. aspera resulted in a significantly lower
percentage of regular embryos (P=0.001) and a signif-
icantly higher percentage of deformed embryos
(P=0.001) developing after exposure to elevated nutri-
ent treatments compared with controls. Mean fertilisa-
tion rates for this species were only significantly reduced
(P=0.034) in the 50 pM ammonium plus phosphate
treatment in one cross (8% reduction), compared with
the control. Therefore, ammonium and phosphate en-
richment significantly impairs fertilisation success and
embryo development in scleractinian reef corals.
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Introduction

Although coral reefs can exist in a moderate range of
nutrient concentrations (Kinsey 1988), coral reefs nor-
mally flourish in tropical seas characterised by low levels
of dissolved inorganic nutrients (D’Elia and Wiebe
1990). Therefore, scleractinian reef corals would appear
to be generally adapted to oligotrophic conditions. A
substantial and growing body of evidence from scientific
studies world-wide indicates that eutrophication result-
ing from anthropogenic activities has the potential to
seriously degrade or modify coral reef ecosystems (re-
viewed by e.g. Pastorok and Bilyard 1985; Grigg and
Dollar 1990; Bell 1992; McCook 1999). Elevated con-
centrations of the nutrients nitrogen and phosphorus
can cause stress in scleractinian reef corals, resulting in
altered coral calcification and growth rates, and reduced
reef calcification (e.g. Kinsey and Davies 1979; Walker
and Ormond 1982; Tomascik and Sander 1985;
Stambler et al. 1991).

Excessive nutrient inputs usually lead to enhanced
growth of phytoplankton and benthic algae (e.g. Past-
orok and Bilyard 1985; Schaffelke and Klumpp 1998),
deterioration in water quality and changes in community
composition. In Kaneohe Bay and Mamala Bay, Ha-
waii, chronic eutrophication caused by sewage pollution
radically altered the structure of benthic communities
and reef ecosystems (Smith et al. 1981; D’Elia and Wiebe
1990; Grigg 1995). Nutrient enrichment enhanced the
growth of benthic macroalgae, promoting algal over-
growth of corals and exclusion of reef corals, and in-
creased phytoplankton productivity and turbidity
thereby shading benthos; where nutrient enrichment was
severe, calcification decreased, and increased deposition
of organic material resulted in a dominance of deposit
and filter feeders (Smith et al. 1981; Maragos et al. 1985;
Kinsey 1988; Grigg 1995). Recovery of some of these
reef communities has been reported to occur only after
the diversion of sewage effluent to deep-water outfalls
(Maragos et al. 1985; Grigg and Dollar 1990; Grigg
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1995). Similar community responses and phase shifts
from coral to algal dominance have been reported on
coral reefs subjected to chronic eutrophication and other
perturbations in the Red Sea (Walker and Ormond
1982), Reunion Island (Naim 1993), Jakarta Bay
(Tomascik et al. 1993), American Samoa (Green et al.
1997), Barbados (Tomascik and Sander 1987a), Belize
(Lapointe et al. 1992), Martinique (Littler et al. 1992),
Jamaica (Lapointe et al. 1997) and other regions.

Successful reproduction by scleractinian corals is es-
sential for the maintenance and renewal of reef coral
communities that form the basis of coral reef ecosystems
(Harrison and Wallace 1990). However, reproduction
appears to have a narrower tolerance to stress than other
life functions (Harrison and Wallace 1990). Previous
studies have shown that sublethal stress causes corals to
divert resources away from reproductive activities to
other life functions, including growth, maintenance and
repair (reviewed in Harrison and Wallace 1990).
Therefore, detailed studies of coral reproductive success
can provide sensitive indicators of the effects of sublethal
stressors on coral reefs.

Little information is available on the effects of nu-
trient enrichment on reproductive processes in sclerac-
tinian corals. Field studies on reefs along a gradient of
eutrophication and other pollution in Barbados, West
Indies, showed that colonies of Porites porites from two
polluted reefs produced fewer larvae than colonies from
a less polluted reef (Tomascik and Sander 1987b). The
reproductive season of P. porites populations began
2 months earlier at the polluted reefs, and a skewed 2:1
male to female sex ratio was recorded at the most
polluted reef, possibly resulting from increased asexual
reproduction from fragmentation (Tomascik and Sander
1987b). Coral settlement and recruitment studies at these
sites showed that the number of juvenile coral recruits
and the number of recruiting coral species decreased
with increasing eutrophication of the reefs (Tomascik
1991; Hunte and Wittenberg 1992). Juvenile coral
abundance was lower and mortality rates of juvenile
corals were higher on eutrophic reefs with high sediment
loads, compared with less eutrophic reefs with low sed-
iment loads (Wittenberg and Hunte 1992). Although
these field studies indicate that eutrophication reduces
fecundity and recruitment of corals, other factors, in-
cluding increased sedimentation and turbidity, compe-
tition with algae and other colonising organisms, and
toxic effects of pollutants associated with the release of
sewage and industrial and urban runoff at these sites,
may have influenced these results. However, recent
studies on the effects of experimentally elevated nutrient
levels on coral reproduction at One Tree Reef on the
Great Barrier Reef (GBR) during the ENCORE exper-
iment support the findings from these studies at Barba-
dos. Slightly elevated nutrient levels reduced coral larval
settlement and recruitment rates (Ward and Harrison
1997, unpublished data), and significantly affected the
fecundity and the volume of gametes produced by
acroporid corals (Ward and Harrison 2000).

The majority of scleractinian corals are broadcast
spawners (Harrison and Wallace 1990), and therefore
their unprotected gametes may be exposed to pollutants
and other stressors following spawning (reviewed in
Harrison and Jamieson 1999). Fertilisation is a sensitive
process, and bioassays using sea urchin sperm have been
developed for biomonitoring of aquatic pollution (e.g.
Kobayashi 1980; Zuniga et al. 1995). Recent studies
have shown that fertilisation success in broadcast-
spawning corals is reduced by exposure of gametes to oil
pollutants (Harrison 1993, 1994, 1999), trace metals
(Heyward 1988; Reichelt-Brushett and Harrison 1998),
soft coral diterpenes (Aceret et al. 1995), UV radiation
(Gulko 1995), low salinity (Harrison 1995) and coastal
runoff from urban areas (Richmond 1993). Thus, fer-
tilisation trials can provide a highly sensitive indicator of
sublethal stresses in corals. There are no published data
on the effects of nutrient enrichment on fertilisation
success or embryo development in scleractinian corals.
Therefore, the aims of the present study were to deter-
mine the effects of experimentally elevated concentra-
tions of ammonium, phosphate and ammonium plus
phosphate on the fertilisation success of gametes and
early stages of embryogenesis in two common reef coral
species.

Materials and methods

Experimental design

The effects of nutrient enrichment on fertilisation success and early
embryo development were determined using spawned gametes from
colonies of the branching coral Acropora longicyathus at One Tree
Reef (southern GBR) and of the brain coral Goniastrea aspera at
Magnetic Island (central GBR), during mass coral spawning peri-
ods (Harrison et al. 1984). The experimental design was based on
methods developed for studies of oil pollutants on coral fertilisa-
tion success (Harrison 1994, 1999). Briefly, the experiments in-
volved collecting spawned egg and sperm bundles from different
coral colonies of selected species, separating the eggs and sperm to
prevent fertilisation prior to experimental treatments, exposing
replicate groups of eggs and separate replicate groups of sperm to
normal seawater (for controls) or a range of nutrient treatments for
30 min, combining the eggs and sperm during a 5 h development
period, then determining the percentage fertilisation and embryo
development responses. For both coral species, three experiments
were completed using normal seawater controls and a range of
three or four elevated concentrations of the following nutrients:
ammonium chloride (ammonium treatment), potassium dihydro-
gen phosphorus (phosphate treatment) and a combination of both
nutrients (ammonium plus phosphate treatment). For each of the
experiments, two crosses of eggs and sperm from different colonies
were used, and, for each cross at each treatment concentration, five
replicate fertilisation trials were done. Therefore, a total of 270
experimental fertilisation trials were completed during this study.

Acropora longicyathus

Branches from five gravid colonies of A4. longicyathus with mature,
coloured gametes (Harrison et al. 1984) were collected from the
lagoon at One Tree Reef just prior to the predicted time of
spawning in November 1994. These colonies had not been exposed
to experimentally elevated nutrient concentrations during game-
togenesis. Corals were carefully transported to One Tree Island



Research Station, and branches from different colonies were iso-
lated in large plastic aquaria until they spawned. After spawning,
egg and spermatozoa bundles were collected from each colony and
were kept isolated from gametes of other colonies to prevent fer-
tilisation prior to the experimental treatments. Preliminary fertili-
sation test crosses were done to determine which colonies bred most
successfully, and would therefore be used in the experiments. Pre-
liminary test crosses involved combining groups of three to four
egg—sperm bundles from each colony with three to four bundles
from another colony, in separate 20 ml glass vials. After 1.5-2 h,
the percentage fertilisation of the eggs in each of the test crosses
was determined using a dissecting microscope, and three compati-
ble colonies were chosen for the experiments. Cross 1 used eggs
from colony 1 with sperm from colony 2, while cross 2 used eggs
from colony 1 with sperm from colony 3.

Shortly after the preliminary test crosses were initiated, large
numbers of spawned egg—sperm bundles were collected from the
aquaria and placed into labelled glass beakers, and care was taken
to ensure that there was no contamination of gametes from dif-
ferent colonies to prevent fertilisation prior to exposure to the ex-
perimental treatments. When the egg—sperm bundles had
dissociated, eggs and sperm were separated by pouring the gametes
through a 150 pm plankton mesh filter, and the concentrated sperm
were placed in a glass beaker. The eggs were retained in the
plankton mesh filter and were washed gently with ten changes of
sperm-free seawater (SFSW) collected earlier in the afternoon from
One Tree Reef lagoon. Glassware was rinsed with fresh water and
then SFSW between washes to remove sperm. After the final wash
to remove any residual sperm, eggs were placed into a large glass
bowl to allow them to spread out over a wide surface area to
prevent lysing. The separate containers of eggs and sperm were
gently agitated to maintain the gametes in a healthy condition.

The initial spermatozoa concentration in the beakers of sperm
from each colony was determined using a haemocytometer viewed
under 400x magnification with a compound microscope. Two
drops of formalin were added to 5 ml of concentrated sperm in a
glass vial to immobilise the sperm, then the mean sperm concen-
tration was calculated from counts of sperm in five haemocyto-
meter grid squares. A sperm concentration of approximately
2.5x10° mI™" has been shown to maximise fertilisation rates in other
reef corals (Willis et al. 1997). Therefore, the initial sperm con-
centration was diluted with SFSW to achieve a final working
concentration of ~2x10° sperm ml ' in the experimental vials. This
slightly suboptimal sperm concentration was used in order to
quantify any potential increase or decrease in fertilisation rates in
the experimental treatments.

The experimental treatments consisted of normal seawater
controls with no added nutrients, and nutrient treatment concen-
trations of background nutrient levels (average 0.65+0.69 uM
ammonium, 0.2 £0.06 uM phosphate at One Tree Reef; Koop et al.
2001) plus 1, 10, or 100 pM ammonium chloride (ammonium
treatment), or 1, 10, or 100 pM potassium dihydrogen phosphorus
(phosphate treatment), or 1, 10, or 100 pM of both nutrients
combined. Stock solutions of each nutrient were serially diluted
with SFSW to twice the final concentration required in the 20-ml
experimental vials, to allow for dilution by seawater associated
with the gametes.

Groups of approximately 100 eggs were placed into separate
wells in plastic trays using fine glass pipettes to facilitate counting.
For each control or nutrient treatment concentration, five groups
of ~100 eggs were added to a set of five 20 ml glass vials each
containing 5 ml of SFSW, and 5 ml of sperm was added to another
set of five vials. Each set of ten vials containing either eggs or sperm
were then dosed with 5 ml of the appropriate nutrient treatment
solution, or 5 ml of SFSW for the controls. Gametes were exposed
to the nutrient solutions or seawater controls for 30 min before
each set of 10 ml of dosed sperm was combined with the appro-
priate set of dosed eggs. This resulted in each of the five replicate
vials for each treatment containing approximately 100 eggs in
20 ml of sperm and treatment solution. Vials were sealed and then
placed in a mesh bag on a mooring line in the lagoon for 5 h, to
maintain natural conditions of agitation and temperature during
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fertilisation and embryo development. After a 5 h incubation pe-
riod, the vials were retrieved, and the contents of each vial were
preserved by removing 5 ml of solution from each vial and re-
placing it with 5 ml of Bouin’s fixative.

The contents of the vials were examined under a dissecting
microscope, and the number of undivided eggs, regular embryos,
irregular embryos and embryos at the first cleavage stage were re-
corded. Percentage fertilisation was determined from the total
number of dividing eggs and regular and irregular embryos present;
undivided eggs that showed no sign of cleavage were counted as
unfertilised. These data were analysed using one-way analyses of
variance, with dose as the treatment. Homogeneity of variances
were tested using Levene’s or Cochran’s tests, and data were arc-
sine transformed when required. Student-Newman—Keuls’ tests or
Tamhane’s 72 tests were used to identify treatments that were
significantly different.

Goniastrea aspera

The same experimental and analytical procedures were used to
examine the effects of nutrient treatments on fertilisation success of
G. aspera gametes at Magnetic Island in October 1995, except that
the following concentrations of nutrients were used in each ex-
periment: normal seawater controls, and seawater plus 0.5, 1, 5 and
50 uM nutrient concentrations. These reduced nutrient concen-
trations were selected based on the results of the first experiment at
One Tree Reef with A. longicyathus gametes. The number of
embryos at the first cleavage stage was not analysed separately for
G. aspera because there were only nine of these embryos present in
the three experiments.

Results
Experiments with Acropora longicyathus

Mean fertilisation rates of 4. longicyathus gametes were
significantly reduced by exposure to elevated nutrient
concentrations compared with controls, in all three nu-
trient experiments at One Tree Island (Fig. 1; Tables 1,
2, 3). Similarly, the mean percentage of regular embryos
that were developing normally was significantly reduced
in most nutrient treatments compared with controls
(Fig. 2; Tables 1, 2, 3).

Ammonium

The response of A. longicyathus gametes to elevated
levels of ammonium varied between the two crosses. In
cross 1, mean fertilisation rates were high (~94%) for
the control, 1 and 10 uM ammonium treatments, but
were significantly reduced when gametes were exposed to
100 pM of ammonium (Fig. la; Table 1). In the second
cross, mean fertilisation rates were significantly reduced
for all concentrations of ammonium compared with the
control, with a >60% reduction in mean percentage
fertilisation in the ammonium treatments relative to the
control (Fig. 1a; Table 1). Similar trends were evident in
the percentage of regular embryos that developed. In
cross 1, means of ~93% regular embryos were recorded
in the control, 1 and 10 uM ammonium treatments,
while a mean of 68% regular embryos occurred in the
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a ammonium, b phosphate, or ¢ ammonium plus phosphate, at
plus phosphate. Open columns represent cross 1; filled columns
represent cross 2. Error bars are standard errors

100 uM ammonium treatment (Fig. 2a). However, the
means for these treatments did not differ significantly
according to the conservative Tamhane’s 72 test for
unequal variance multiple comparisons (Table 1). In

Table 1 Acropora longicyathus. Comparison of fertilisation and
embryo development responses of gametes exposed to background
nutrient levels plus 0, 1, 10, or 100 uM ammonium: the percentage
fertilisation of eggs, the percentage of regular embryos present,
percentage of eggs that were at the first cleavage stage, and the

cross 2, the mean percentage of regular embryos present
was significantly reduced in all ammonium treatments
compared with the control (Fig. 2a; Table 1).

The mean percentage of embryos at the first cleavage
stage was significantly higher in the 100 tM ammonium
treatment compared with the control, 1 and 10 uM
ammonium treatments in cross 1 (Fig. 3a; Table 1). In
the second cross, the mean percentage of embryos at the
first cleavage stage was higher in all ammonium treat-
ments compared with the control (Fig. 3a); however,
these differences were not significant (Table 1). Variable
numbers of irregular embryos were present in some of
the fertilisation trials (Fig. 4), and the degree to which
these irregular embryos were deformed tended to in-
crease with increasing ammonium concentration. In
cross 1, the mean percentage of irregular embryos was
significantly higher in the 100 pM ammonium treatment
compared with the control, 1 and 10 pM ammonium
treatments (Fig. 4a; Table 1). In cross 2, the mean per-
centage of irregular embryos was significantly higher in
the control compared with the ammonium treatments
(Fig. 4a; Table 1).

Phosphate

Phosphate had a more pronounced deleterious effect
than ammonium on fertilisation rates of A4. longicyathus
gametes. There were significantly lower mean fertilisa-
tion rates in all concentrations of phosphate used in
both cross 1 and 2, compared with the controls (Fig. 1b;
Table 2). Mean fertilisation rates were <5% in all
concentrations of phosphate in cross 2, and were <1%
in the 100 uM treatment. In cross 1, the lowest mean
fertilisation rate of 20.4% occurred in the 1 uM phos-
phate concentration, and significantly higher mean fer-
tilisation rates occurred in the 10 and 100 uM phosphate
treatments (Fig. 1b; Table 2). Similar trends were evi-
dent in the mean percentages of regular embryos
formed, which were significantly higher in the controls
compared with all of the phosphate treatments, in both
crosses (Fig. 2b; Table 2). Significantly higher mean

percentage of irregular embryos present. One-way analyses of
variance and Student—Newman—Keuls’ (SNK) or Tamhane’s 72
(T2) tests were used (nsd no significant differences among treat-
ments; tr data were arcsine transformed due to heterogeneity of
variances)

Factor Cross F (df) P Pairwise multiple comparisons
Percent fertilisation 1 (tr) 6.976 (3,16) 0.003 SNK: 0, 1, 10>100 uM ammonium
2 47.382 (3,16) 0.000 SNK: 0>1, 10, 100 puM ammonium
Percent regular embryos 1 (tr) 10.845 (3,16) 0.000 T2: nsd
2 51.121 (3,16) 0.000 SNK: 0>1, 10 100 pM ammonium
Percent first cleavage 1 (tr) 10.061 (3,16) 0.001 SNK: 100>10, 1, 0 uM ammonium
2 1.110 (3,16) 0.374 SNK: nsd
Percent irregular embryos 1 (tr) 4.947 (3,16) 0.013 SNK: 100>10, 1, 0 uM ammonium
2 8.413 (3,16) 0.001 SNK: 0>1, 10, 100 uM ammonium
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Table 2 Acropora longicyathus.

Comparison of fertilisation and Factor Cross  F (df) p Pairwise multiple comparisons
embryo development responses .
of garynetes expﬁ’)se 2 to backe Percent fertilisation 1 23.868 (3,14)  0.000 SNK:0>1, 10, 100 pM phosphate;
ground nutrient levels plus 0, I, 2(@) 13862(56) 0000 SNK:O> L 10, 100 nad phosphat
10, or 100 uM phosphate. Oth- (tr) ’ (3,16) ’ ) > HM phosphate
er details as for Table 1 Percent regular embryos 1 37.453 (3,14) 0.000 SNK: 0>1, 10, 100 uM phosphate;
1 <10, 100 pM phosphate
2 (tr)  137.559 (3,16) 0.000  SNK: 0>1, 10, 100 uM phosphate
Percent first cleavage 1 6.282 (3,14) 0.006 SNK: 0<1, 10, 100 uM phosphate
2 2.372 (3,16) 0.109  SNK: nsd
Percent irregular embryos 1 0.083 (3, 14)  0.968 SNK: nsd
2 12.966 (3,16) 0.000 72: 0>1, 100 uM phosphate

percentages of embryos at the first cleavage stage were
recorded in the phosphate treatments compared with the
control in cross 1, while there were no significant
differences among the treatments in cross 2 (Fig. 3b;
Table 2). There were no significant differences in the
mean percentages of irregularly formed embryos among
the treatments in cross 1, whereas a significantly higher
mean percentage of irregular embryos was recorded in
the control compared with the phosphate treatments in
cross 2 (Fig. 4b; Table 2).

Ammonium plus phosphate

The combination of ammonium plus phosphate had the
greatest deleterious effects on fertilisation rates and de-
velopment of regular embryos in A. longicyathus. Mean
fertilisation rates were significantly reduced by >67%
compared with controls, in all concentrations of
ammonium plus phosphate in both crosses (Fig. 1c;
Table 3). The mean percentage of regular embryos
formed was also significantly higher in the controls than
in all nutrient treatments in both crosses, and no regular
embryos developed in the 10 and 100 puM nutrient
treatments in cross 2 (Fig. 2¢; Table 3). There were no
significant differences in the mean percentages of em-
bryos at the first cleavage stage or irregular embryos
among the treatments in cross 1 (Figs. 3c, 4c; Table 3).
In cross 2, in which the rate of fertilisation was ex-
tremely low in the nutrient treatments, a significantly
higher mean percentage of embryos at the first cleavage
stage occurred in the control compared with the nutrient

the mean percentage of irregular embryos among the
treatments (Figs. 3c, 4c; Table 3).

Experiments with Goniastrea aspera

Exposure to elevated nutrient concentrations resulted in
a slightly different pattern of fertilisation and develop-
ment responses in G. aspera gametes compared with
A. longicyathus gametes. Mean fertilisation rates were
not significantly affected by elevated concentrations of
ammonium or phosphate alone, but were significantly
reduced by the highest concentration (50 uM) of am-
monium plus phosphate in one cross (Fig. 5; Tables 4, 5,
6). However, the mean percentage of regular embryos
decreased significantly, and the mean percentage of
irregular and deformed embryos increased significantly,
in most of the ammonium or phosphate treatments, and
in all of the ammonium plus phosphate treatments
(Figs. 6, 7; Tables 4, 5, 6).

Ammonium

There were no significant differences in the mean per-
centage fertilisation rates of G. aspera gametes among
the four ammonium treatments and the controls, in ei-
ther of the crosses (Fig. Sa; Table 4). However, in both
crosses, the mean percentage of regular embryos was
significantly higher in the controls, 0.5 and 1 uM am-
monium treatments compared with the 50 pM ammo-
nium treatment, and in the controls compared to the

treatments, while there were no significant differences in 5 pM ~ ammonium treatment (Fig. 6a; Table 4).
Table 3 Acropora longicyathus. . . .
Comparison é)f fertilis&;ti{m and Factor Cross F (df) P Pairwise multiple comparisons
embryo development responses . -
of garynetes exp‘(’)se 2 to backe Percent fertilisation 1 72430 (3.16)  0.000  SNK: 0> 1, 10, 100 uM ammonium +P
round nutrient levels plus 0, 1 2 59.111 (3,16)  0.000  72: 0>1, 10, 100 uM ammonium + P

& : * 7 Percent regular embryos 1 145.670 (3,16)  0.000 SNK: 0>1, 10, 100 pM ammonium + P
10, or 100 pM ammonium plus .

2 (tr)  69.902 (3,16) 0.000 72:0>1, 10, 100 uM ammonium + P
0, 1, 10, or 100 uM phosphate. )
Other details as for Table 1 Percent first cleavage 1 1.380 (3,16) 0.285 SNK: nsd )

2 (tr) 3.773 (3,16) 0.032 SNK:0>1, 10, 100 pM ammonium + P;

0,1, 10>100 pM ammonium + P
Percent irregular embryos 1 1.259 (3,16) 0.322 SNK: nsd
2 3.634 (3,16) 0.036 T2: nsd
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Conversely, the mean percentage of irregular deformed
embryos formed was significantly higher in the 5 and
50 uM ammonium treatments, in both crosses, com-
pared with the controls and lower ammonium concen-
tration treatments (Fig. 7a; Table 4).

Phosphate

Responses of G. aspera gametes to phosphate treatments
were similar to those in the ammonium experiment. The
mean percentage fertilisation rates were not significantly
affected by exposure to elevated concentrations of
phosphate compared to the controls in either cross
(Fig. 5b; Table 5). However, the development of em-
bryos was significantly harmed by elevated phosphate
concentrations. The mean percentage of regular em-
bryos was significantly higher, and the mean percentage
of irregular embryos was significantly lower, in the
controls and 0.5 uM phosphate treatments compared
with higher phosphate treatments in cross 1, and in the
controls compared with all phosphate treatments in
cross 2 (Figs. 6b, 7b; Table 5).
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Fig. 3a—c Acropora longicyathus. Mean percentage of embryos
that were at the first cleavage stage in fertilisation trials using eggs
and sperm of A. longicyathus at One Tree Island. Nutrient
exposures, shading and error bars as for Fig. 1

Ammonium plus phosphate

Mean fertilisation rates of G. aspera gametes were higher
in the controls than in the nutrient treatments; however,
mean percentage fertilisation was only significantly re-
duced in the 50 pM ammonium plus phosphate treat-
ment compared with the control in cross 1 (Fig. 5c;
Table 6). The mean percentage of regular embryos was
significantly lower, and the mean percentage of irregular
embryos was significantly higher, in all ammonium plus
phosphate treatments in both crosses, compared with
the controls (Figs. 6c, 7c; Table 6).

Discussion and conclusions

These are the first data on the effects of nutrient en-
richment on fertilisation success of broadcast-spawning
scleractinian reef corals. The results of these experiments
demonstrate that slightly elevated concentrations of
ammonium, phosphate and both nutrients combined
can adversely affect or block fertilisation and embryo
development processes in spawned gametes of the
branching coral Acropora longicyathus and the faviid
brain coral Goniastrea aspera. Although the overall
trends in the experiments were similar, and showed
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reduced fertilisation success in response to elevated nu-
trient levels, the pattern of responses varied slightly be-
tween the two coral species, to some extent among the
nutrient experiments, and in some cases between the two
crosses (Figs. 1, 2, 5, 6).

In the experiments with A. longicyathus gametes,
mean fertilisation rates were significantly reduced when
gametes were exposed to elevated nutrient treatments
compared to the fertilisation rates in the controls with
normal seawater. In five of the six crosses, both the
mean fertilisation rates and the mean percentage of
regular embryos present were significantly reduced in the
lowest (1 uM) nutrient treatment and all higher nutrient

Table 4 Goniastrea aspera. Comparison of fertilisation and em-
bryo development responses of gametes exposed to background
nutrient levels plus 0, 0.5, 1, 5, or 50 pM ammonium: the per-
centage fertilisation of eggs, the percentage of regular embryos
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Fig. 5a—c Goniastrea aspera. Mean percentage fertilisation record-
ed in fertilisation trials using gametes of G. aspera at Magnetic
Island. Gametes were exposed to: a ammonium, b phosphate, or
¢ ammonium plus phosphate, at concentrations of background
nutrient levels plus 0 (seawater control), 0.5, 1, 5, or 50 uM
ammonium, phosphate, or ammonium plus phosphate. Open
columns represent cross 1; shaded columns represent cross 2. Error
bars are standard errors

concentrations tested; in the other cross, mean fertilisa-
tion rates were significantly reduced in the 100 uM
ammonium treatment, but not in the lower nutrient
concentrations. The combination of ammonium plus
phosphate enrichment caused the greatest reduction in
fertilisation success in both crosses, while phosphate
treatments had a greater deleterious effect on mean
fertilisation success than ammonium treatments for each

present, and the percentage of irregular embryos present. One-way
analyses of variance and Student-Newman-Keuls’ (SNK) tests
were used (nsd no significant differences among treatments; 7 data
were arcsine transformed due to heterogeneity of variances)

Factor Cross F (df) P SNK multiple comparisons
Percent fertilisation 1 (tr) 1.228 (4,20) 0.331 nsd
2 0.839 (4,20) 0.517 nsd
Percent regular embryos 1 23.780 (4,20) <0.001 0, 0.5, 1 >50 uM ammonium; 0>5 uM ammonium
2 7.003 (4,20) 0.001 0, 0.5, 1>50 uM ammonium; 0>5 uM ammonium
Percent irregular embryos 1 (tr) 31.636 (4,20) <0.001 50, 5>1, 0.5, 0 uM ammonium
2 3.889 0.001 50>1, 0.5, 0 uM ammonium; 5>0 pM ammonium
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Table 5 Goniastrea aspera.

Comparison of fertilisation and Factor Cross F (df) P SNK multiple comparisons

embryo development responses .

of gametes exposed to back- Percent fertilisation é }?82 (2,38) 8;3& nsg

ground nutrient levels plus 0, ) (4.20) : ns

0.5, 1, 5, or 50 uM phosphate.  Percent regular embryos 1 (tr) 11.600 (4,20) <0.001 0, 0.5>1, 5, 50 uM phosphate

Other details as for Table 4 2 8.044 (4,20) <0.001 0>0.5, 1, 5, 50 uM phosphate
Percent irregular embryos 1 7.311 (4,20) 0.001 0, 0.5<1, 5, 50 uM phosphate

2 7.355 (4,20) 0.001 0<0.5, 1, 5, 50 uM phosphate

cross (Figs. 1, 2). As eutrophication usually involves
increased loadings of both nitrogen and phosphorus, the
results of the combined nutrient treatments are probably
most relevant to predicting the effects of eutrophication
on coral fertilisation success on reefs.

Mean fertilisation rates and the mean percentage of
regular A. longicyathus embryos were higher in cross 1
compared with cross 2 in all three nutrient experiments
(Figs. 1, 2). The lower fertilisation rates in the cross 2
controls compared with cross 1 controls suggests that
sperm motility or the density of viable sperm, or sperm
compatibility with eggs from colony 1, were reduced in
sperm from colony 3 (used in cross 2) compared with
sperm from colony 2 (used in cross 1). Similar differ-
ences in sperm viability or gamete compatibility between
different coral colonies have been observed in other
studies of fertilisation in reef corals (Willis et al. 1997;
R. Miller, personal communication). Furthermore, fer-
tilisation rates in broadcast-spawning Acropora spp.
corals are relatively sensitive to changes in viable sperm
concentrations, and fertilisation rates decrease rapidly
below sperm concentrations of 10° sperm ml™' (Willis
et al. 1997; Harrison, unpublished data). This may ex-
plain why the reduction in fertilisation success in cross 2
compared with cross 1 was generally more pronounced
in the nutrient treatments than in the controls. If the
initial density of viable sperm was lower in cross 2
compared with cross 1, as indicated by the results in the
controls, and nutrient enrichment impaired sperm
activity or fertilisation processes, as indicated by the
reduced fertilisation success in the nutrient treatments, a
proportionally greater reduction in fertilisation success
would be expected in response to nutrients in crosses
having lower concentrations of viable sperm.

Relatively low and variable numbers of embryos at
the first cleavage stage and irregular or deformed em-
bryos occurred in the experiments with A. longicyathus

gametes (Figs. 3, 4). Embryo development in broadcast-
spawning corals is usually fairly synchronous (Harrison
and Wallace 1990; Harrison, unpublished data), and
most of the embryos in the controls and lower nutrient
concentration treatments were at an advanced stage of
development. Therefore, the embryos at the first cleav-
age stage had probably stopped development some time
prior to the end of the experiments, and would not have
developed further. Most of the irregular embryos re-
corded in the controls and low nutrient concentration
treatments were slightly irregular in form and may have
developed normally, whereas the irregular embryos in
the higher nutrient concentrations tended to be more
obviously deformed. It is likely that the majority of these
deformed and first cleavage stage embryos were not
going to develop into normal viable coral planula larvae;
hence, these embryos probably represent failed repro-
duction, despite being fertilised and initiating develop-
ment.

A slightly different pattern of response to nutrient
enrichment occurred in the experiments with Goniastrea
aspera gametes. Mean fertilisation rates were generally
lower in the elevated nutrient treatments compared with
controls, but were only significantly reduced in one cross
at the highest (50 uM) ammonium plus phosphate dose
tested, and very few embryos at the first cleavage stage
were present (Fig. 5). However, significant decreases in
the mean percentage of regular embryos and significant
increases in the mean percentage of irregular embryos
occurred at low nutrient levels in all three experiments,
at or above 0.5-1 uM nutrient concentrations (Figs. 6,
7). It seems likely that this increased incidence of irreg-
ular embryos in G. aspera would be as significant as the
reduction in fertilisation rates in A. longicyathus, be-
cause most of these irregular embryos were seriously
deformed and would therefore be unlikely to develop
into viable planulae. Gulko (1995) found that exposure

Table 6 Goniastrea aspera.

Comparison of fertilisation and Factor Cross F (df) P SNK multiple comparisons

embryo development responses I ] .

of gametes exposed to back- Percent fertilisation é gégg g{,gg% 8233 0 >dSO UM ammonium + P

ground nutrient levels plus 0, ’ ’ ) ns

0.5, 1, 5, or 50 pM ammonium  Percent regular embryos 1 17.971 (4,20) <0.001 0>0.5,1, 5,50 uM ammonium + P;

plus 0, 0.5, 1, 5, or 50 uM 0.5>1, 5, 50 uM ammonium + P

phosphate. Other details as 2 13.008 (4,20) <0.001 0>0.5, 1, 5, 50 uM ammonium + P

for Table 4 Percent irregular embryos 1 16.648 (4,20) <0.001 0<0.5,1,5,50 uM ammonium + P;

0.5<1, 5, 50 yM ammonium + P

2 18.765 (4,20) <0.001 0<0.5, 1, 5, 50 uM ammonium + P
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Fig. 6a—c Goniastrea aspera. Mean percentage of regular embryos
in fertilisation trials using eggs and sperm of G. aspera at Magnetic
Island. Nutrient exposures, shading and error bars as for Fig. 5

of Montipora verrucosa and Fungia scutaria sperm to
UV-B radiation caused malformation of the resultant
planulae, and a significant decrease in viable planulae.

Thus, in A. longicyathus and G. aspera, relatively
small increases in the concentration of ammonium,
phosphate, or both nutrients combined resulted in very
significant decreases in reproductive success; fertilisa-
tion was more obviously inhibited in A. longicyathus
gametes, whereas embryo development was disrupted in
G. aspera. Overall, the impact of slightly increased
nutrient concentrations was severe in both coral spe-
cies, and resulted in significant reproductive failure.
The concentrations at which fertilisation rates or em-
bryo development were impaired (mostly at, or below,
0.5 or 1.0 yM ammonium and/or phosphate) are
within, or below, the range of nutrient concentrations
reported from eutrophic reefs in Hawaii (Smith et al.
1981; Kinsey 1988), Belize (Lapointe et al. 1992),
Jamaica (Lapointe et al. 1997), Barbados (Tomascik
and Sander 1985; Wittenberg and Hunte 1992) and
Reunion Island (Naim 1993). Therefore, these experi-
mental results are based on ecologically meaningful
values, and indicate that relatively small increases in
nutrient concentrations are likely to significantly impair
coral reproductive success in nature.
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Fig. 7a—c Goniastrea aspera. Mean percentage of irregular embry-
os in fertilisation trials using eggs and sperm of G. aspera at
Magnetic Island. Nutrient exposures, shading and error bars as for
Fig. 5

It is possible that the difference in responses of ga-
metes and embryos of these two species reflects a dif-
ference in the tolerance to eutrophication stress by these
different coral taxa, as the methods used for the fertili-
sation trials were the same in both sets of experiments.
Previous fertilisation experiments using these methods
have also shown that fertilisation rates of acroporid
coral gametes were more severely affected than faviid
gametes by oil pollutants (Harrison 1994, 1999, unpub-
lished data). Therefore, it is possible that faviid gametes
are more resistant to these types of pollutant stresses
than acroporid gametes. Faviidae coral colonies are
usually more stress tolerant than acroporids (Harrison,
personal observations); hence, the observed differences
may reflect different systematic trends with respect to
stress tolerance. Alternatively, the corals used in these
experiments may have been adapted to different nutrient
regimes, as inshore reefs on the GBR, such as reefs at
Magnetic Island, are typically exposed to higher nutrient
loadings than offshore reefs, such as One Tree Reef (e.g.
Bell 1992; Furnas et al. 1997; Koop et al. 2001). In ad-
dition, the fertilisation experiments were run in different
years, and with slightly different nutrient concentration
ranges. Therefore, further comparative studies of
acroporid and faviid species are needed to determine
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whether any systematic or cross-shelf patterns occur in
fertilisation responses to nutrient pollution.

A number of other recent studies have shown that
fertilisation in broadcast-spawning coral gametes is
highly sensitive to water quality and pollutants (re-
viewed in Harrison and Jamieson 1999). Low concen-
trations of oil hydrocarbons and dispersants have been
shown to reduce or block fertilisation in Acropora tenuis
gametes (Harrison 1993, 1994, 1999, unpublished data).
Fertilisation success of Goniastrea aspera gametes was
significantly reduced to 41% mean fertilisation by ex-
posure to 20 pug 1! copper, and fertilisation was almost
completely blocked at 200 pg I'' copper (Reichelt-
Brushett and Harrison 1998). Heyward (1988) found
that fertilisation rates of two faviid coral species were
greatly reduced or blocked by exposure to 100-500 pg 1’
copper and 1000 pg I'' zinc. Aceret et al. (1995) exam-
ined the effects of diterpenes derived from the soft
coral Sinularia flexibilis on the eggs and sperm of the
corals Acropora tenuis and Montipora digitata. Exposure
of coral gametes to 5 ppm diterpene resulted in reduced
fertilisation rates, sperm ceased swimming after 1 h ex-
posure, and eggs lost cellular integrity and burst a few
hours after treatment. Stormwater runoff has also been
shown to inhibit or reduce fertilisation in broadcast-
spawning reef corals (Richmond 1993).

There are apparently no other published studies on
the effects of nutrients alone on fertilisation processes in
other marine invertebrates. However, fertilisation rates
in sea urchins have been used as a bioassay to compare
water quality in polluted and unpolluted areas. Fertili-
sation trials using exposure of sperm of the sea urchin
Arbacia spatuligera to serially diluted effluent and sea-
water were used to compare two polluted areas with two
pristine sites (Zuniga et al. 1995). The two polluted sites
received municipal wastes and effluents from chemical,
steel and fishmeal facilities, and significant reductions in
fertilisation rates were found at both polluted sites.

Fertilisation is a process fraught with difficulty in
broadcast-spawning corals. Gametes are rapidly diluted
following spawning of corals (Oliver and Babcock 1992),
or other invertebrates (Pennington 1985), and gamete
dilution can therefore play a major role in limiting re-
productive success in marine invertebrates (Levitan and
Sewell 1992). Predation on spawned egg and sperm
bundles may be a significant selective pressure main-
taining synchronous mass coral spawning on the Great
Barrier Reef (Harrison et al. 1984; Harrison and Wallace
1990). Mass coral spawning events also result in enor-
mous quantities of gametes from participating coral
species being mixed with gametes from other species,
families and even phyla, resulting in increased potential
for hybridisation (Willis et al. 1997) and potential
problems with gamete interaction for fertilisation
(Harrison et al. 1984). For broadcast-spawning reef
corals, any additional reduction in fertilisation success
due to pollutants, such as nutrients, could result in very
low numbers of viable larvae developing. Consequently,
eutrophication could significantly reduce the number of

potential larval recruits that are essential for maintain-
ing coral communities and for colonising new reef areas
(Harrison and Wallace 1990). Furthermore, recent
studies have shown that slightly elevated nutrient levels
significantly affect the fecundity of reef corals (Tomascik
and Sander 1987b; Ward and Harrison 2000) and sig-
nificantly reduce larval settlement rates (Ward and
Harrison 1997, unpublished data) and recruitment on
eutrophic reefs (Tomascik 1991; Hunte and Wittenberg
1992). Therefore, eutrophication has the potential to
impair or inhibit all of the major sexual reproductive
processes in scleractinian reef corals.

The results of this study provoke some interesting
questions for further research. Some differences were
observed in the fertilisation responses of gametes from
different A. longicyathus colonies to elevated nutrients,
and similar variation in fertilisation success has been
observed in hybridisation studies involving reciprocal
crosses of eggs and sperm from different coral colonies
(Willis et al. 1997). Therefore, further experiments using
reciprocal crosses of gametes from more colonies of a
range of acroporid, faviid and other dominant coral taxa
are needed to quantify the effects of nutrients on coral
fertilisation success in more detail, and to determine
whether or not the patterns found in this study are
typical of scleractinians in general. In studies on fertili-
sation rates in sea urchins, sperm are usually exposed to
the potential stressor or pollutant (Zuniga et al. 1995),
and Gulko (1995) found that sperm of the coral Fungia
scutaria were more sensitive to UV damage than the
eggs. To determine whether either the sperm or the eggs
are more sensitive to nutrients, and to help elucidate the
mechanism for reduced fertilisation in response to nu-
trient enrichment, fertilisation trials could be run in
which only the eggs or the sperm are initially exposed to
the nutrients. It would also be informative to examine a
range of lower concentrations of nutrients on fertilisa-
tion success in reef corals, to better define the tolerance
thresholds for nutrient enrichment on coral reefs.

The results of the present study demonstrate that
relatively small increases in nutrient levels can signifi-
cantly reduce fertilisation rates and successful embryo
development in two species of reef corals. The concen-
trations at which deleterious effects on fertilisation suc-
cess occurred were generally very low, and only slightly
above background nutrient levels on coral reefs. This
has important implications for the management of coral
communities and water quality in coral reef areas. There
is now substantial experimental evidence which demon-
strates that nutrient enrichment has a deleterious effect
on many critically important aspects of sexual repro-
duction in scleractinian reef corals. Slight nutrient en-
richment significantly alters coral gametogenic patterns,
reduces fertilisation success and impairs early embryo
development, and reduces or inhibits coral larval set-
tlement and recruitment. Therefore, nutrient pollution
poses a substantial threat to the ecology of coral reef
ecosystems, not only to existing coral communities, but
also to coral reproductive processes. Chronic nutrient



pollution is likely to cause reproductive failure in at least
some corals, thereby impairing or inhibiting recovery of
coral reefs impacted by human disturbance or natural
perturbations. Impaired reproductive success and larval
recruitment probably explain the decline or deteriora-
tion observed in many coral communities that are im-
pacted by sublethal levels of eutrophication. Together,
these results clearly show that in order to maintain
healthy coral reef ecosystems, nutrients will have to be
managed carefully, not only to avoid gross eutrophic
responses and phase-shifts in reef communities, but also
in order to maintain the critically important reproduc-
tive and recruitment processes that renew reef coral
populations.
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