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Table 5 Goniastrea aspera.
Comparison of fertilisation and

embryo development responses
of gametes exposed to back-
ground nutrient levels plus 0,
0.5, 1, 5, or 50 uM phosphate.
Other details as for Table 4

Factor Cross F (df) P SNK multiple comparisons
Percent fertilisation 1 1.953 (4,20) 0.141 nsd
2 1.105 (4,20) 0.382 nsd
Percent regular embryos 1 (tr) 11.600 (4,20) <0.001 0,0.5>1, 5, 50 uM phosphate
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 ph
results of the combined nutrient treatments
most relevant to predicting the effects of e
on coral fertilisation success on reefs.

psphorus, the
are probably
itrophication

Mean fertilisation rates and the mean percentage of
regular A. longicvathus embryos were higher in cross 1

compared with cross 2 in all three nutrien

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 (Will

s 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 dedrease rapidly

below sperm concentrations of 10° sperm
et al. 1997; Harrison, unpublished data).
plain why the reduction in fertilisation suc
compared with cross 1 was generally mor
in the nutrient treatments than in the cq
initial density of viable sperm was low
compared with cross 1, as indicated by the
controls, and nutrient enrichment imjf
activity or fertilisation processes, as ind
reduced fertilisation success in the nutrient
proportionally greater reduction in fertili

ml™ (Willis
This may ex-
ess in Cross 2
e pronounced
ntrols. If the
er in cross 2
results in the
aired sperm
cated by the
treatments, a
ation success

would be expected in response to nutrients in crosses

having lower concentrations of viable sper

Relatively low and variable numbers ¢

m.
f embryos at

the first cleavage stage and irregular or deformed em-

bryos occurred in the experiments with 4

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

Table 6 Goniastrea aspera.
Comparison of fertilisation and

embryo development responses
of gametes exposed to back-
ground nutrient levels plus 0,
0.5, 1, 5, or 50 pM ammonium
plus 0, 0.5, 1, 5, or 50 pM
phosphate. Other details as
for Table 4

. longicyathus into viable planulae. Gulko (1995) found that exposure
Factor Cross  F(df) P SNK multiple comparisons
Percent fertilisgtion 1 3.238 (4,20) 0.034 0> 50 pM ammonium + P
2 0.898 (4,20) 0.484 nsd
Percent regular embryos 1 17.971 (4,20) <0.001 0>0.5,1, 5, 50 uM ammonium + P;
0.5>1, 5, 50 uM ammonium + P
2 13.008 (4,20) <0.001 0>0.5, 1, 5, 50 uM ammonium + P
Percent irregular embryos 1 16.648 (4,20) <0.001 0<0.5,1, 5,50 uM ammonium + P;
0.5<1, 5, 50 pM ammonium + P
2 18.765 (4,20) <0.001 0<0.5, 1, 5, 50 uyM ammonium +P
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Fig. 6a—c Goniastrea aspera. Mean percentage of regular embtyos
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 planula

Thus, in A. longicyathus and G. aspera, relatively
small increases in the concentration of ammonigm,
phosphate, or both nutrients combined resulted in very
significant decreases in reproductive success; fertiljsa-
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 gpe-
cies, and resulted in significant reproductive failyre.
The concentrations at which fertilisation rates or ¢m-
bryo development were impaired (mostly at, or below,
0.5 or 1.0 pM ammonium and/or phosphate) |are
within, or below, the range of nutrient concentratipns
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.

o
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Fig. 7a~¢ 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 favid
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
fertilisation in broadcast-spawning coral

shown that
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 Adropora 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 pg I™' copper, and fertilisatio

n was almost

completely blocked at 200 ug "' copper (Reichelt-

Brushett and Harrison 1998). Heyward

that fertilisation rates of two faviid coral
greatly reduced or blocked by exposure to 1

copper and 1000 pg I"! zinc. Aceret et al.

1988) found
species were
00-500 pg 1!
(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 digitqta. Exposure

of coral gametes to 5 ppm diterpene result

fertilisation rates, sperm ceased swimming

posure, and eggs lost cellular integrity an
hours after treatment. Stormwater runoff
shown to inhibit or reduce fertilisation
spawning reef corals (Richmond 1993).
There are apparently no other publish
the effects of nutrients alone on fertilisatio
other marine invertebrates. However, fert

in sea urchins have been used as a bioassa

water quality in polluted and unpolluted
sation trials using exposure of sperm of t
Arbacia spatuligera to serially diluted effl

water were used to compare two polluted a

pristine sites (Zuniga et al. 1995). The two
received municipal wastes and effluents fq
steel and fishmeal facilities, and significant

cd in reduced
after 1 h ex-
1 burst a few
has also been
n broadcast-

ed studies on
N processes in
lisation rates
y to compare
areas. Fertili-
he sea urchin
nent and sea-
reas with two
polluted sites
om chemical,
reductions in

fertilisation rates were found at both polluted sites.

Fertilisation is a process fraught with
broadcast-spawning corals. Gametes are r
following spawning of corals (Oliver and B
or other invertebrates (Pennington 1985
dilution can therefore play a major role
productive success in marine invertebrates
Sewell 1992). Predation on spawned eg

1 difficulty in
apidly diluted
abcock 1992),

, and gamete
n limiting re-
(Levitan and

g and sperm

bundles may be a significant selective pressure main-

taining synchronous mass coral spawning

on the Great

Barrier Reef (Harrison et al. 1984; Harrisop and Wallace

1990). Mass coral spawning events also 1

esult in enor-

mous quantities of gametes from parti¢ipating coral

species being mixed with gametes from

other species,

families and even phyla, resulting in increpsed potential

for hybridisation (Willis et al. 1997)

and potential

problems with gamete interaction for fertilisation

(Harrison et al. 1984). For broadcast-s

pawning reef

corals, any additional reduction in fertilisation success

due to pollutants, such as nutrients, could
low numbers of viable larvae developing.
eutrophication could significantly reduce

result in very

Consequently,
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 lgast
some corals, thereby impairing or inhibiting recovery of
coral reefs impacted by human disturbance or natyral
perturbations. Impaired reproductive success and larval
recruitment probably explain the decline or deteriqra-
tion observed in many coral communities that are m-
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 glso
in order to maintain the critically important reproduc-
tive and recruitment processes that renew reef coral
populations.
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