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Abstract We have investigated the relationship between
genotypic diversity, the mode of production of brooded
larvae and disturbance in a range of reef habitats, in
order to resolve the disparity between the reproductive
mode and population structure reported for the brood-
ing coral Pocillopora damicornis. Within 14 sites across
six habitats, the ratio of the observed (Go) to the ex-
pected (Ge) genotypic diversity ranged from 69 to 100%
of that expected for random mating. At three other sites
in two habitats the Go/Ge ranged from 35 to 53%. Two
of these sites were recently bleached, suggesting that
asexual recruitment may be favoured after disturbance.
Nevertheless, our data suggest that brooded larvae, from
each of five habitats surveyed, were asexually produced.
While clonal recruitment may be important in disturbed
habitats, the lack of clonality detected, both in this and
earlier surveys of 40 other sites, implies that a distur-
bance is normally insufficient to explain this species’
continued investment in clonal reproduction.

Keywords Mating system Æ Sexual Æ Clonal Æ Larvae Æ
Disturbance

Introduction

Corals display a diverse range of reproductive patterns,
with many showing the capacity for both sexual
reproduction (via internal fertilisation or broadcast
spawning) and asexual reproduction (via fragmentation
and the asexual production of brooded larvae) (Har-
rison and Wallace 1990). Theoretical predictions of the

relative roles of sexual and asexual reproduction sug-
gest that organisms with mixed life history strategies
use sexual reproduction to produce genotypically di-
verse and widely dispersed propagules, thus enabling
the colonisation of distant or unstable habitats. In
contrast, asexual reproduction will be used to restock
or maintain populations within the parental habitat
patch (Williams 1975; Maynard Smith 1978;
Bell 1982).

The effect of habitat stability and levels of distur-
bance on sexual and asexual reproduction may, how-
ever, be complex. For example, many sessile marine
invertebrates, such as sponges and branching corals,
fragment and disperse under the action of storms and
strong waves (Tunnicliffe 1981; Highsmith 1982; Wulff
1985, 1991; Lasker 1990); while, in contrast, many
freshwater zooplankton species reproduce sexually in
response to physically stressful or changing environ-
mental conditions (Hebert and Ward 1976; Hebert 1978;
Hebert et al. 1988; Hughes 1989). Simulations of geno-
typic diversity and population structure, in response to
disturbances, predict that maximum genotypic diversity
will occur in populations subjected to intermediate levels
of disturbance (Sebens and Thorne 1985); however, the
relationship between habitat stability and the levels of
genotypic diversity may be more complex.

For the brooding coral Pocillopora damicornis, in
Western Australia and Hawaii, the reproductive biology
and population structure appears to support the pre-
dicted roles of sexual and asexual reproduction within a
single life history. The colonies are asexually viviparous
and local populations are highly clonal and genetically
distinct (Stoddart 1983, 1984); although population ge-
netic and histological evidence implies that broadcast
spawning may be used for longer distance colonisation
(Stoddart and Black 1985; Stoddart 1988; Ward 1992).
In contrast, on Australia’s Great Barrier Reef (GBR),
the populations of P. damicornis typically show high
levels of genotypic diversity and low levels of genetic
differentiation that are consistent with predominantly
sexual reproduction and recruitment (Benzie et al. 1995;
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Ayre et al. 1997; Ayre and Miller 2004; Miller and Ayre
2004). A recent study, however, has shown that, for at
least one location on the southern GBR, the brooded
larvae of P. damicornis are produced asexually (Ayre
and Miller 2004); hence the reproductive effort and the
genotypic diversity of local populations appears to be
mismatched.

A number of hypotheses can be proposed to explain
the observed disparity between population genetic
structure of P. damicornis and the prevalence of asexual
reproduction in this species. First, habitats with differing
physical and biological characteristics may give rise to
differences in the genetic composition of populations,
due to varying contributions of sexual and asexual
reproduction, and the selection of locally adapted
genotypes within habitats (Williams 1975; Potts 1984;
Jackson 1986). The resolution of this paradox may,
therefore, lie in the expansion of studies to determine
whether reproductive modes and the relative contribu-
tion of sexual and asexual reproduction vary among
different reef habitats. Second, asexual reproduction
may be an adaptation that allows the exploitation of
newly available substrata after a disturbance event. The
availability of suitable space after a disturbance event
may allow for the rapid re-colonisation of these areas by
the localised recruitment of asexually generated larvae
from surviving colonies. Hence, populations that have
recently been impacted or which have suffered popula-
tion decline, may show high levels of clonality among
new recruits. Third, the presence of cryptic or sibling
species within P. damicornis may have masked our
ability to detect asexual recruitment in previous genetic
studies. P. damicornis shows high levels of morphologi-
cal variability and several authors have reported local
and regional variations in morphological, life history
and physiological characters (Richmond and Jokiel
1984; Knowlton 1993; Takabayashi and Hoegh-Guld-
berg 1995; Ayre and Hughes 2000). Populations of P.
damicornis on the GBR may actually comprise two or
more taxonomic groups that have different reproductive
strategies, with only the asexually brooding taxa
releasing larvae during the experimental collections of
Stoddart (1983) and Ayre and Miller (2004). The earlier
examinations of the genotypes of broods by Stoddart
(1983) and Ayre and Miller (2004) inevitably focused
only on those colonies that released planulae, and ig-
nored other sympatric adults. Genotypic surveys are
therefore needed to determine whether brooding P.
damicornis colonies are genetically distinct from non-
brooding colonies and, hence, represent different taxo-
nomic groups.

To test these hypotheses we used a combination of
genetic and histological data to assess the population
structure and mode of reproduction of P. damicornis
from the southern GBR. Our aims were to: (1) deter-
mine the genetic structure and, hence, the contribution
of sexual and asexual reproduction to recruitment
within populations of P. damicornis from six different
reef habitats at One Tree Island, on the southern GBR,

(2) determine the genotypic diversity of recruits after a
major disturbance event (3) determine whether the
mode of production of brooded larvae varies among
different reef habitats, and (4) test for the presence of
cryptic species that might have different reproductive
modes.

Materials and methods

Study site and sample collection

We sampled populations of P. damicornis at One Tree
Island Reef (23� 30¢ S; 152� 06¢ E) on the southern
GBR, Australia (Fig. 1). We collected samples from two
to three sites, within each of six reef habitats, during
November/December 2001–2003. Four habitats were
within the lagoon (reef flat, lagoon wall at 5 m depth,
patch reefs at 2 m depth, and micro-atolls at 2 m depth)
and the other two habitats included samples from the
upper and lower reef slope (upper reef slope at 2–6 m
depth and the lower reef slope at 7–11 m depth) (Fig. 1).
Separation between habitats varied from 200 to 1,000 m,
except for reef slope habitats where equivalently num-
bered upper and lower reef slope sites were separated by
only 10–15 m (Fig. 1). We selected these habitats a pri-
ori because they represented a range of habitats in which
P. damicornis is found and differed in their physical and
biological characteristics to that of the reef crest (Done
1982). We purposely avoided the reef crest habitat as it
has been the focus of most other studies of P. damicornis
on the GBR. The two micro-atoll sites that we sampled
showed evidence of a disturbance, due to a major coral
bleaching event that affected this area in 1998 (Baird and
Marshall 1998; Booth and Beretta 2002). The effects of
this disturbance were clearly patchy, with Booth and
Beretta (2002) reporting a significant decrease in the
coral cover (primarily of the Pocilloporid species which
dominated the lagoon) in two of four lagoon sites, but
negligible change in live coral cover in two other lagoon
sites.

We made collections of 2–5 cm branch fragments,
from 39 to 50 coral colonies from each site (25–50 m2),
within the six reef habitats (except the micro-atoll sites,
where we collected from 94 to 100 specimens) (Table 1).
The collections consisted of a haphazard selection of
available colonies within each site (sites separated by 50–
100 m), which included both small colonies (<7 cm
colony diameter) and larger colonies (>8 cm colony
diameter). To avoid the collection of clonal fragments,
we sampled only those colonies firmly attached to the
reef matrix and which displayed a symmetrical growth
form consistent with the growth from a settled larva. We
placed each fragment in an individual zip-lock bag, two-
thirds filled with seawater, for transport back to the
laboratory where they were immediately frozen in liquid
nitrogen. The samples were subsequently stored at
�80�C, prior to genotyping, using allozyme electro-
phoresis.
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Electrophoresis

Allozyme electrophoresis was carried out on horizontal
starch gels (12% w/v) using a tris citrate (TC8), tris-
EDTA-borate (TEB) or tris-maleate (TM) buffer (buf-
fers 5, 6, and 9 respectively of Selander et al. 1971). We
determined the genotypes of P. damicornis samples,
collected from each of the six reef habitats, for eight
allozyme loci that had previously been found to be
variable at sites within the GBR (Ayre et al. 1997). We
assayed glucosephosphate isomerase (Gpi1, EC 5.3.1.9),
malate dehydrogenase (Mdh1&2, EC 1.1.1.37), and
mannose phosphate isomerase (Mpi, EC 5.3.1.8) on
buffer TC8; hexokinase (Hk1&2, EC 2.7.1.1) and phos-
phoglucomutase (Pgm2, EC 5.4.2.2) on buffer TM;
leucyl proline peptidase (Lpp, EC 3.4.11), and leucyl
glycylglycyl peptidase (Lggp1&2, EC 3.4.11) on buffer
TEB. We detected between two and six alleles at each
locus, and described the alleles numerically, in order of
decreasing electrophoretic mobility.

Larval collections

To assess whether brooded larvae were produced sexu-
ally or asexually across different reef habitats, we col-
lected larvae from adult colonies of P. damicornis during
the main summer planulation period (Tanner 1996) in
November/December 2002 and 2003. Four to 15 colo-
nies were collected from each of the six reef habitats and
held in individual aquaria on wet tables for 6–8 days,
using a flow-through seawater system. We collected
larvae using overflow traps lined with 200 lm plankton

mesh. We successfully collected larvae from a total of 12
colonies taken from five of the six reef habitats (no
larvae were released from micro-atoll colonies during
the experimental collections). We used allozyme elec-
trophoresis to compare the genotypes of adult colonies
and their broods to determine whether the larvae were
produced sexually or asexually. The methods used were
as described above, although larvae were scored for only
a subset of the loci previously described, and an addi-
tional locus, leucyl tryosine peptidase (Ltp, EC 3.4.11),
was scored for some larvae. The larvae were genotyped
within 24 h of release, as per Ayre and Miller (2004).

Testing for cryptic species

Colonies that were held in aquaria, during the main
planulation period, and which did not release larvae
were examined histologically for the presence of larvae.
For each colony we decalcified a middle branch frag-
ment, for 24 h in 10% hydrochloric acid, and then
viewed these under a stereomicroscope, examining the
body cavity and mesenteries for the presence of larvae.
To determine whether non-brooding colonies repre-
sented a different or more complex taxonomic group to
those colonies that did release larvae, tissue samples of
all colonies used for larvae collections were taken and
the 8-locus allozyme genotypes determined as described
above. We then calculated the genetic similarity among
all brooding and non-brooding colonies as Nei’s (1978)
genetic distance, and used a principle coordinate anal-
ysis to test for the presence of genetic groups that relate
to the presence of cryptic species. However, the absence

Fig. 1 Map of One Tree Island
Reef showing approximate
locations of P. damicornis
collection sites. Insert shows
location of One Tree Island
Reef along the GBR, Australia
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of brooded larvae in some colonies does not exclude the
possibility that these colonies may have already released
brooded larvae, or may not have begun their brooding
cycle.

Statistical analyses

Fine-scale population structure and levels of genetic
subdivision

We expressed levels of genetic and genotypic variation
within sites as the mean numbers of alleles per locus
(na), effective number of alleles per locus (ne), observed
(Ho), and expected heterozygosity (He), calculated
using GENEPOP Version 3.4 (Raymond and Rousset
1995). We tested for differences in the level of genetic
variation among habitats, using a single-factor ANO-
VA for each of the three measures. To ensure that our
larger sample sizes from the two micro-atoll sites did

not influence diversity measures, we randomly selected
50 individuals from each of these two sites when test-
ing for the heterogeneity of genetic diversity among
habitats.

In order to determine whether each locus assorted
independently, we tested each pair-wise combination of
loci for linkage disequilibrium (Weir 1979) for each site,
using GENEPOP Version 3.4. From a total of 450 pair-
wise tests, only 22 significant inter-locus associations
were detected (p<0.05); however, only eight of these
associations (all for micro-atoll site 2) remained signifi-
cant after the application of a sequential Bonferroni
correction (Rice 1989).

We quantified levels of population subdivision,
using a hierarchical analysis of standardised genetic
variance (F) statistics (Wright 1969), to partition ge-
netic variation within and among habitats. Subscripts
were used to denote the source of variation: FSH,
variation among sites within each habitat; FHT, varia-
tion among habitats within the total; and FST, total

Table 1 Allele frequencies for colonies of P. damicornis, collected from two to three sites within each of six reef habitats from the One Tree
Island Reef on the GBR

Habitat

Lagoon wall Patch reef Micro-atoll Reef flat Upper slope Lower slope

Locus Allele Site 1 Site 2 Site 3 Site 1 Site 2 Site 3 Site 1 Site 2 Site 1 Site 2 Site 3 Site 1 Site 2 Site 3 Site 1 Site 2 Site 3

Gpi1 1 – – – – – – – 0.03 0.04 0.02 0.01 0.03 0.07 0.08 – 0.01 0.01
2 0.03 0.03 0.04 0.12 0.06 0.11 0.03 0.03 0.05 0.12 0.08 0.04 0.04 0.04 0.07 0.04 0.03
3 0.19 0.18 0.17 0.34 0.34 0.23 0.19 0.17 0.32 0.22 0.35 0.14 0.19 0.11 0.11 0.29 0.11
4 0.77 0.79 0.77 0.52 0.60 0.66 0.76 0.76 0.53 0.59 0.49 0.76 0.53 0.70 0.81 0.62 0.82
5 – – – 0.02 – – 0.02 0.01 0.06 0.05 0.06 0.03 0.13 0.07 0.01 0.04 0.03
6 0.01 – 0.02 – – – – 0.01 – – – – 0.03 – – – –

Hk1 1 0.47 0.45 0.46 0.39 0.44 0.54 0.47 0.49 0.35 0.45 0.33 0.55 0.72 0.68 0.65 0.79 0.71
2 0.47 0.54 0.54 0.61 0.56 0.46 0.53 0.51 0.65 0.55 0.67 0.43 0.28 0.32 0.33 0.21 0.28
3 0.06 0.01 – – – – – – – – – 0.02 – – 0.02 – 0.01

Hk2 1 0.13 0.18 0.06 0.09 0.13 0.15 0.15 0.18 0.03 0.08 0.05 0.21 0.17 0.18 0.15 0.23 0.16
2 0.87 0.82 0.94 0.91 0.87 0.85 0.85 0.82 0.97 0.92 0.95 0.79 0.83 0.81 0.85 0.77 0.84
3 – – – – – – 0.00 0.01 – – – – – 0.01 – – –

Lggp2 1 – – – 0.02 0.01 0.01 0.02 0.10 – 0.02 0.05 0.12 0.09 0.22 0.13 0.05 0.12
2 0.07 0.03 0.01 0.11 0.09 0.05 0.04 0.02 0.07 0.13 0.13 0.09 0.26 0.22 0.23 0.31 0.19
3 0.28 0.25 0.28 0.27 0.15 0.22 0.23 0.44 0.20 0.22 0.16 0.32 0.18 0.18 0.28 0.22 0.16
4 0.65 0.72 0.71 0.60 0.74 0.71 0.70 0.45 0.73 0.63 0.67 0.47 0.47 0.39 0.36 0.42 0.53
5 – – – – – – 0.02 – – – – – – – – – –

Lpp 1 0.98 0.99 0.98 0.98 0.97 0.97 0.97 0.99 1.00 1.00 1.00 0.99 0.93 0.96 0.89 1.00 0.95
2 0.02 0.01 0.02 0.02 0.03 0.03 0.03 0.01 – – – 0.01 0.07 0.04 0.11 – 0.05

Mdh1 1 0.98 1.00 0.99 0.99 0.99 0.99 1.00 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
2 0.02 – 0.01 0.01 0.01 0.01 – 0.01 – – – – – – – – –

Mpi 1 – – – – – 0.09 0.06 – 0.01 – – – – – 0.01 – –
2 0.12 0.09 0.02 0.01 0.01 0.07 0.05 0.04 0.05 0.01 0.03 0.05 0.25 0.37 0.15 0.18 0.30
3 0.53 0.52 0.69 0.39 0.60 0.46 0.28 0.39 0.38 0.36 0.32 0.69 0.54 0.44 0.63 0.63 0.52
4 0.35 0.39 0.29 0.56 0.39 0.38 0.60 0.56 0.56 0.63 0.65 0.26 0.21 0.17 0.20 0.18 0.18
5 – – – 0.04 – – – 0.01 – – – – – 0.02 – – -

Pgm2 1 0.09 0.09 0.05 0.07 0.01 – – 0.01 0.12 0.04 0.10 0.12 0.07 0.08 0.13 0.27 0.08
2 0.08 0.10 0.08 0.09 0.09 0.15 0.05 0.05 0.07 0.12 0.07 0.11 0.14 0.13 0.23 0.17 0.23
3 0.82 0.81 0.87 0.84 0.89 0.83 0.95 0.94 0.79 0.84 0.81 0.73 0.76 0.74 0.61 0.55 0.68
4 0.01 – – – 0.01 0.02 – 0.01 0.02 – 0.01 0.03 0.03 0.05 0.02 0.01 0.01

N 49 50 50 50 49 47 100 94 50 50 48 49 49 50 49 39 47
na 2.88 2.50 2.63 3.12 3.34 2.88 2.63 2.75 2.75 2.63 2.75 3.00 3.00 3.13 3.00 2.85 3.00
ne 1.63 1.56 1.45 1.53 1.60 1.68 1.49 1.57 1.61 1.63 1.62 1.72 1.92 1.93 1.87 1.86 1.74
He 0.33 0.31 0.27 0.29 0.31 0.33 0.33 0.33 0.31 0.32 0.31 0.35 0.39 0.39 0.38 0.38 0.35
Ho 0.30 0.30 0.24 0.30 0.29 0.30 0.22 0.30 0.30 0.32 0.29 0.34 0.40 0.35 0.34 0.31 0.28

N number of colonies sampled, na mean numbers of alleles per locus, ne effective number of alleles per locus, Ho observed heterozygosity,
and He expected heterozygosity
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variation among all sites. We calculated these para-
meters using the formulations of Weir and Cockerham
(1984), using the program TFPGA (Miller 1997) which
executes numerical re-sampling (jackknifing) to provide
estimates of variances across loci. The values of F were
judged to be statistically significant when zero lay
outside the 95% confidence interval of the mean. Nei’s
(1978) unbiased genetic distance (D) was used to
examine the genetic relationship among sites and hab-
itats, and UPGMA analysis and trees were drawn using
the program TFPGA. The robustness of each node was
evaluated by bootstrapping allele frequencies 100 times.

Since the level of allelic differentiation of habitats
may be partially confounded by the effects of varying
degrees of geographic separation, we tested for corre-
lation between matrices of pairwise FST/(1-FST) values
and the geographical distances (m) between sites, using
a Mantel test (10,000 permutation, GENEPOP Version
3.4).

Assessing relative contributions of sexual and asexual
reproduction

In order to assess the relative effect of sexual and
asexual reproduction on the genetic composition of
populations, we first calculated the magnitude and
direction of departures from Hardy–Weinberg equilib-
ria for each locus within each site. The departures were
expressed as Wright’s (1978) fixation index, f, where
positive and negative values represent deficits or excess
of heterozygotes, respectively. For those loci that were
sufficiently variable (i.e. frequency of the most common
allele <95%, Hedrick 2000), we employed chi-square
tests to determine whether the observed numbers of
heterozygotes were significantly different from those
expected under Hardy–Weinberg equilibria, using the
genetics program GENEPOP Version 3.4. To reduce
the chance of type I errors we applied a sequential
Bonferroni correction. Second, for each site we com-
pared the number of colonies sampled (N) to the
number of unique multi-locus genotypes (Ng) detected.
We then compared the ratio of observed multi-locus
genotypic diversity (Go) to that expected under condi-
tions of sexual reproduction with free recombination
(Ge), as described by Stoddart and Taylor (1988). We
tested for significance departures from unity by deter-
mining if Go lay outside the 95% confidence interval of
Ge (Stoddart and Taylor 1988). To reduce the chance
of type I errors we applied a sequential Bonferroni
correction.

Assessing mode of reproduction

To assess whether brooded larvae are produced sexually
or asexually, we compared the genotypes of larvae to that
of their brood parent. Outcrossing is likely to result in a
diverse set of genotypes and the presence of non-mater-

nal alleles, while selfing would result in an increase in
homozygous offspring in comparison to a heterozygous
parent. If an adult colony were heterozygous at a par-
ticular locus, we would then expect, on average, a max-
imum of 50% of the brood to be identically heterozygous
to the parent, if the larvae were generated via sexual
reproduction (the value expected for self-fertilization or
exclusive mating, with either another identically hetero-
zygous individual(s) or an individual homozygous, for
one of the two parental alleles). We, therefore, calculated
the maximum probability that sets of ‘n’ brooded larvae
could be identically heterozygous at one or more loci (as
a result of sexual reproduction) as the product of the
single locus probabilities, where for any given locus:
p=0.5n. This assumes independent assortment and free
recombination (Black and Johnson 1979).

Results

Genetic variation among sites and habitats

We detected consistently high levels of allelic diversity in
our collections of P. damicornis from all sites and hab-
itats (Table 1). Overall, the average number of alleles per
locus, across all sites, was 3.75±1.49 (SE), with an
average of 1.71±0.57 effective alleles per locus and a
mean expected heterozygosity of 0.33±0.21. However,
although differences among habitats were relatively
slight, coral populations from the reef slope had signif-
icantly higher numbers of effective alleles (F4,12=10.81,
p=0.0006) and greater levels of expected heterozygosity
(F4,12=9.74, p=0.001) than coral populations in the
lagoon (Table 1).

We used levels of single locus heterozygosity to test
for departures from random mating at each site. Of 99
single locus tests across eight loci, we found 30 cases of
departures from expected values, with all except one
representing heterozygous deficits. However, only five of
these remained significant after a sequential Bonferroni
correction of significance levels and all were heterozy-
gote deficits (Table 2). The large and consistent hetero-
zygous deficits detected cannot be explained by simple
asexual reproduction, as this should generate similar
levels of both heterozygous excesses and deficits, and are
more likely to reflect breeding between closely related
individuals or Wahlund effects.

Population subdivision

The hierarchical analysis of F-statistics revealed signifi-
cant levels of population subdivision among all sites
(p<0.05, Table 3). The mean FST (±SE) across eight
loci was 0.06±0.01, with most of this variation (83%)
due to the variation among habitats (FHT=0.05±0.02).
We detected little genetic differentiation among sites
within each habitat (FSH ranging from 0.001 to 0.02,
Table 3).
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The UPGMA cluster analysis, based on Nei’s (1978)
unbiased genetic distance (D), clearly indicated that the
majority of genetic differentiation observed between
habitats was due to differences among the lagoon and
reef slope populations (Fig. 2). Sites sampled from a
habitat showed a high similarity and generally clustered
together (i.e. sites in the same habitat were more similar
than sites from other habitats). However, our analysis
using aMantel test did reveal some evidence of significant
isolation by distance among all sites (p<0.001), although
this relationship explains only 35% of the total variation.

The relative importance of sexual and asexual
reproduction among habitats

The genotypic composition of sites revealed that the
relative importance of sexual and asexual recruitment
varied across habitats. We detected high levels of
genotypic diversity within collections of P. damicornis
from the lagoon wall, reef flat, lower reef slope, upper
reef slope, and for two sites within the patch reef habi-
tat, consistent with sexually derived recruitment (Ta-
ble 4). For these sites the number of unique genotypes
(Ng) detected, compared to the number of colonies
sampled (N) was consistently high with Ng/N ranging
from 0.68 to 0.92 (Table 4). Some replicate genotypes
were found within these sites, but most were represented
by only two or three individuals and no single clone was
numerically dominant. Within these sites we detected
69–100% (Go/Ge=0.69 to 1.00) of the genotypic diver-
sity expected for sexual reproduction (Table 4). The
separate analysis of large and small (and potentially
younger) colonies, from each site, revealed no increased
levels of clonality within either group, with Go/Ge

ranging from 0.74 to 1.12 for larger colonies and 0.83–
1.09 for smaller colonies (data not shown).

In contrast, within the two micro-atoll sites and patch
reef site 2, we detected low levels of genotypic richness
(Ng/N=0.54 to 0.65), with one genotype represented by
18 individuals in micro-atoll 2. Collections from both
micro-atoll sites and patch reef site 2 showed only 35–
53% of the genotypic diversity expected for sexual
reproduction (Go/Ge=0.35 to 0.53, Table 4). This sug-
gests that, within these three sites, asexual recruitment
may be more important for maintaining populations.
The separate analysis of larger and smaller colonies
showed higher levels of genotypic diversity, with 39–68%
of the diversity expected for sexual reproduction detected
among larger colonies and 57–72% of the diversity ex-
pected for sexual reproduction detected for collections of
smaller colonies (data not shown).

Variation in mode of production of brooded planulae
among habitats

In total, 23 colonies released larvae, but only 12 released
enough larvae (>4) to produce a powerful test forT
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evidence of asexual reproduction. Despite the high levels
of allelic diversity that we detected within samples of P.
damicornis at the One Tree Island Reef (Table 1), we
found that all larval genotypes from colonies collected
from five reef habitats were electrophoretically identical
to their brood parent (262 larvae from 12 adult colonies,
Table 5). Six of the 12 broods produced larvae (110
larvae in total) that displayed genotypes that were
identically heterozygous to the brood parent for at least
one locus, the probability of this occurring due to sexual
reproduction is extremely small (p=7.7·10�34). More-
over we detected 28 larvae that were identically hetero-
zygous to the brood parent for three loci, again an
extremely unlikely occurrence due to sexual reproduc-
tion (p=5.17·10�26). None of the larvae that we geno-
typed displayed non-maternal alleles.

Tests for the presence of cryptic species

The microscopic examination of colonies, used for the
collection of brooded larvae, revealed that of the 42
colonies that did not release larvae, four of these were
brooding larvae within their polyps, but had not released
their broods during the experimental period. Based on
these results, 27 colonies were identified as brooding and
38 colonies as non-brooding. A principal coordinates
analysis, based on a genetic distance matrix, revealed no
obvious structuring within our One Tree Island collec-
tion (Fig. 3) and, although the analysis was relatively
weak (the first two principle components accounted for
only 41% of the variation), it was clear that the set of
non-brooding colonies did not contain any distinct ge-
netic groupings that could potentially represent a cryptic
species.

Discussion

Our data for populations of P. damicornis from a wide
variety of reef habitats, confirm and extend the scale of
the apparent mismatch between the reproductive mode

and localised recruitment, reported by Ayre and Miller
(2004) for GBR populations of P. damicornis; but also
indicate that clonal recruitment may be favoured within
recently disturbed sites. In contrast to our expectations,
we found that populations of P. damicornis, from 14 of
17 sites, displayed high levels of genotypic diversity,
consistent with recruitment from sexual reproduction.
However, our electrophoretic analysis of the genotypes
of brooded larvae, from a range of habitats, suggested
that all broods surveyed in this study were produced
asexually. Interestingly, we detected significantly lower
levels of genotypic diversity at three sites within the reef
lagoon, two of which were known to have undergone
severe disturbances in the last 6 years. The apparent
mismatch between the reproductive mode and recruit-
ment could not be explained by the presence of cryptic
species at One Tree Island (Ayre et al. 1991; Knowlton
et al. 1992; Miller and Benzie 1997). Rather, we found
that a principal coordinates analysis plot, based on a
genetic distance matrix, showed that all colonies tested
(including brooding and non-brooding colonies) formed
a single genetic cluster.

Variation in genotypic diversity across habitats

We had anticipated that the apparent paradox implied
by Ayre and Miller’s (2004) finding, that reef flat and
reef crest colonies of P. damicornis produce clonal
broods while reef crest populations are typically highly
diverse (Benzie et al. 1995; Ayre et al. 1997; Ayre and
Miller 2004), might be resolved if local populations in
other habitats displayed high levels of clonality. We
reasoned that the persistence of asexual viviparity on
reef crests could, therefore, be maintained despite
apparently high levels of sexual recruitment if asexual
reproduction were favoured elsewhere, and that the reef
crests were effectively a genetic sink (Ayre and Miller
2004). However, our data provides no such simple
explanation, since we found that asexual recruitment
contributes little to maintaining local populations of P.
damicornis within each of six other reef habitats. Indeed,

Table 3 Hierarchical analysis of standardised genetic variation (calculated as Weir and Cockerham’s h), showing FST (total variation
among all sites), FHT (variation among habitats), and FSH (variation between sites within a habitat) for collections of P. damicornis at the
One Tree Island Reef, GBR

Locus FST FHT FSH

Lagoon wall Patch reef Micro-atoll Reef flat Upper slope Lower slope

Gpi1 0.039 0.016 0.001 0.007 �0.005 0.010 0.024 0.041
Hk1 0.070 0.064 0.004 0.014 �0.005 0.011 0.021 0.015
Hk2 0.018 0.017 0.022 �0.003 �0.002 0.008 0.002 0.008
Lggp2 0.053 0.030 0.004 0.009 0.089 0.007 0.019 0.016
Lpp 0.019 0.009 0.001 �0.014 �0.001 0.000 0.016 0.040
Mdh1 �0.002 0.003 0.007 �0.010 0.001 0.000 0.000 0.000
Mpi 0.104 0.079 0.018 0.034 0.012 0.005 0.050 0.012
Pgm2 0.057 0.051 0.004 0.001 �0.006 0.007 0.002 0.019
Mean (±SD) 0.062 (0.013) 0.046 (0.012) 0.001 (0.005) 0.013 (0.006) 0.023 (0.022) 0.002 (0.002) 0.021 (0.012) 0.014 (0.006)
95% CI 0.040–0.084 0.024–0.0649 �0.007–0.011 0.002–0.023 �0.004–0.056 �0.003–0.006 0.001–0.041 0.006–0.027

13



sites from most of the sheltered lagoon habitats (lagoon
wall, patch reefs, and reef flat) showed similar levels of
genotypic diversity to sites on the highly speciose and

heterogeneous reef slopes. The high levels of genotypic
diversity within these sites were comparable not only to
those from earlier studies of P. damicornis on the GBR,

Fig. 2 Dendrogram showing the genetic relationship between 17
collections of P. damicornis made within the lagoon and outer reef
habitats at One Tree Island on the southern GBR, Australia. Nei’s
genetic distance (1978) was calculated based on data for eight

enzyme encoding loci and clustering was determined using
UPGMA. Bootstrapped values over 35% (based on 100 randomi-
sations) are shown next to corresponding nodes

Table 4 Comparison of the observed and expected multi-locus genotypic diversity within collections of P. damicornis made from two to
three sites within each of six reef habitats from the One Tree Island Reef on the GBR

N Ng Ng/N Go Ge (SD) Go/Ge P

Lagoon wall
Site 1 49 45 0.92 42.12 42.52 (4.75) 0.99 >0.05
Site 2 50 43 0.86 39.06 40.28 (5.30) 0.97 >0.05
Site 3 50 34 0.68 22.73 30.90 (5.59) 0.74 >0.05

Patch reef
Site 1 50 40 0.80 33.78 43.85 (4.52) 0.77 >0.05
Site 2 49 32 0.65 14.38 36.91 (5.44) 0.39 <0.01*
Site 3 47 43 0.91 40.16 41.69 (4.34) 0.96 >0.05
Micro-atoll
Site 1 100 55 0.55 32.68 61.52 (6.17) 0.53 <0.001**
Site 2 94 51 0.54 19.94 56.31 (5.96) 0.35 <0.001**
Reef flat
Site 1 50 41 0.82 36.76 41.90 (5.07) 0.88 >0.05
Site 2 50 46 0.92 43.10 42.90 (4.77) 1.01 >0.05
Site 3 48 38 0.79 28.80 41.46 (4.68) 0.69 >0.05
Upper slope
Site 1 49 44 0.90 39.36 45.66 (3.57) 0.86 >0.05
Site 2 49 44 0.90 39.36 47.75 (2.21) 0.82 <0.01*
Site 3 50 44 0.88 39.06 46.63 (2.33) 0.84 <0.01*
Lower slope
Site 1 49 42 0.86 36.94 47.00 (2.90) 0.79 <0.05***
Site 2 39 33 0.85 31.04 38.03 (2.08) 0.82 <0.05***
Site 3 47 41 0.87 33.98 43.81 (3.32) 0.78 >0.05

N number of individual colonies, Ng number of unique multi-locus genotypes, Go observed multi-locus genotypic diversity, Ge expected
multi-locus genotypic diversity for random mating. Significant departures of Go/Ge from panmixis are following sequential Bonferroni
correction for simultaneous tests. *p<0.05, **p<0.01, ***p<0.001
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but were also similar to levels reported for exclusively
sexually brooding corals (e.g. Ayre and Dufty 1994;
Ayre and Hughes 2000), including two other Pocillo-
porids.

The hypothesis that asexual larvae disperse over
greater distances than the spatial scales, sampled in this
and earlier studies, may provide an explanation for the
apparent lack of clonal structure in these populations.
Competency and energetic studies of brooded larvae of
P. damicornis from Hawaii and Japan suggest that
brooded larvae may, indeed, be capable of remaining in
the plankton for extended periods (up to 100 days), and
therefore have the potential to be widely dispersed
(Richmond 1987; Isomura and Nishihira 2001; Harii
et al. 2002). It is clear from this study that the asexually

produced larvae of P. damicornis, in populations on the
GBR, are rarely successful in recruiting close to their
brood parent. This means that either asexual propagules
are used for widespread dispersal or remain unused and
do not recruit in the majority of reef habitats (though
disturbed habitats may provide an exception to this).
While it is not possible to reject the hypothesis that the
genotypic diversity of local populations of P. damicornis
is maintained by the widespread dispersal of asexually
generated larvae, it is difficult to understand the selective
process that would favour the evolution and mainte-
nance of a life history that used both sexual and asexual
modes of reproduction for the widespread dispersal of
propagules. For organisms with both sexually and
asexually generated propagules, theory predicts that
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Fig. 3 Principal coordinates
analysis, based on a genetic
distance matrix (Nei 1978), for
individual brooding and non-
brooding colonies of P.
damicornis collected from the
One Tree Island Reef on the
southern GBR, Australia

Table 5 Multi-locus genotypes of P. damicornis colonies and their brooded larvae, collected over two consecutive years from the One Tree
Island Reef, GBR

Habitat Gpi1 Hk1 Mdh1 Ltp Lggp1 Lggp2 Lpp

November 2002
Colony 4 Patch reef BC AA AA BB – – –
Larvae (n=53) BC (31) AA (22) AA (10) BB (22) – – –
Colony 8 Patch reef CC AA AA BB – – –
Larvae (n=40) CC (20) AA (20) AA (20) (20) – – –
Colony 11 Upper slope BB AA AA BB
Larvae (n=26) BB (13) AA (13) AA (13) BB (13) – – –
Colony 16 Patch reef BB BB AA BB – – –
Larvae (n=14) BB (6) BB (8) AA (6) BB (8) – – –
Colony 17 Patch reef CC AB AA AA – – –
Larvae (n=17) CC (6) AB (11) AA (6) AA (11) – – –
Colony 18 Patch reef BB – AA – – – –
Larvae (n=4) BB (4) – AA (4) – – – –
November 2003
Colony 1 Lagoon wall BB BB AA – – – –
Larvae (n=4) BB (4) BB (4) AA (4) – – – –
Colony 5 Reef flat BD BB AA – AA AB AA
Larvae (n=35) BD (35) BB (35) AA (35) – AA (20) AB (20) AA (20)
Colony 19 Reef flat AD AB AA – AA AC AA
Larvae (n=5) AD (5) AB (5) AA (5) – AA (5) AC (5) AA (5)
Colony 20 Reef flat BB AA AA – AA CC AA
Larvae (n=45) BB (45) AA (45) AA (45) – AA (45) CC (45) AA (45)
Colony 28 Lower slope BB BB AA – AA AC AA
Larvae (n=5) BB (5) BB (5) AA (5) – AA (5) AC (5) AA (5)
Colony 30 Lagoon wall BC AB AA – AA BC AA
Larvae (n=23) BC (23) AB (23) AA (23) – AA (23) BC (23) AA (23)
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asexual reproduction will be used to restock the parental
habitat and sexual reproduction will be used for wide-
spread dispersal or the colonisation of more heteroge-
neous habitats (Williams 1975). This dichotomy of roles
is well supported from studies in a number of taxa (Ayre
1984; Hoffmann 1986; Hebert et al. 1988; Darling et al.
2004). Direct comparisons of the relative dispersal
capabilities and the relative fitness of sexually versus
asexually generated larvae, are clearly needed to
understand the conditions under which either mode of
reproduction is likely to be important. Interestingly,
despite P. damicornis being one of the most (if not the
most) intensively studied coral, there have been no direct
observations of broadcast spawning or the capture of
sexually generated larvae for direct comparisons with
asexually produced larvae. Additionally, more intensive
and extensive sampling of populations is needed to
identify the potential scale of dispersal of asexually
produced larvae. P. damicornis can occur at very high
densities and may require the sampling of a large pro-
portion of a population (i.e. thousands of individuals),
including both adults and recent recruits, to determine
the scale of dispersal and recruitment of asexually gen-
erated larvae.

Low levels of genotypic diversity within disturbed
habitats

While asexual reproduction may be more commonly
associated with the absence of disturbances or the pre-
dictability of the parental habitat (Williams 1975), we
expect that disturbances, such as bleaching or cyclonic
storms, would have a simplifying effect on normally
speciose coral habitats that might favour localised
asexual recruitment for a period of years. During such
periods, coral densities and species richness are reduced
(Hughes et al. 1992; Connell 1997; Hughes and Connell
1999) and, hence, the potential for both interspecific and
interclonal competition is also reduced (Connell et al.
1997). This could facilitate the re-colonisation of this
space through the recruitment of clonal larvae produced
by a few surviving adults. Our results support this
hypothesis, since we detected high levels of asexual
recruitment in three lagoon sites, two of which are
known to have experienced recent (i.e., in the previous
6 years) disturbance events. We detected only 35–53%
of the genotypic diversity expected for sexual repro-
duction, with free recombination, within these sites. A
major bleaching event in 1998 had resulted in large
mortalities of adult corals (including P. damicornis)
within a number of lagoonal sites at the One Tree Island
Reef (Booth and Beretta 2002). A study by Benzie et al.
(1995), prior to the bleaching event, had found high
levels of genotypic diversity and little evidence of asexual
recruitment within the micro-atoll habitats, including
one of the sites sampled in this study. Benzie et al. (1995)
found that micro-atoll two (i.e., micro-atoll one in this
study) showed high levels of genotypic diversity (Go/

Ge=0.93) and few replicated genotypes (Ng/N=0.87),
while we detected considerably lower levels of genotypic
diversity (Go/Ge=0.53) and unique multi-locus geno-
types (Ng/N=0.55). This decrease in genotypic diversity,
within the micro-atoll site, may be explained by the re-
colonisation of this space by asexually produced larvae
produced by the surviving adults after the bleaching
event. All the genotypes of the smaller colonies sampled
within these sites were represented by at least one of the
adult colonies, thus supporting the hypothesis that the
larvae originated from adult colonies within these sites.
Localised recruitment, by even a small proportion of
asexually brooded larvae, could lead to reduced diversity
in an expanding population. However, the continued
recruitment of larvae from other areas may, subse-
quently, lead to an increase in diversity over time.
Additionally, micro-atoll sites typically form enclosed
ponds at low tide, which is likely to facilitate the reten-
tion of asexual generated larvae. The structure and local
hydronamic regimes of habitats may, therefore, also
play an important role in determining the level of clo-
nality within a habitat and may also explain the higher
levels of clonality observed in Western Australian pop-
ulations, which typically consist of small embayments
that may facilitate the local retention of larvae (Stoddart
1984). Therefore, the lack of localised recruitment of
asexually generated larvae in other habitats may, in
large part, be due to a combination of longer periods of
time since the disturbance event and differences in local
hydrodynamic regimes that do not favour the retention
of asexually produced larvae within the parental habitat.

Genetic variation and subdivision

Our analysis of genetic variation found significant but
modest levels of genetic differentiation among all sites
(FST=0.06). However, closer inspection implies that
there is very little differentiation among sets of neigh-
bouring sites within habitats. Our hierarchical analysis
of FST suggested that the majority of the variation
present was due to differences between habitats, rather
than between sites within habitats. However, we recog-
nise that the relatively larger level of variation, which we
report among habitats rather than among sites (0.045 vs.
0.028-0.001), does include both the effects of variation
among habitats and some effect of isolation by distance.
The occurrence of isolation by distance implies that
individuals within neighbouring sites are more closely
related than sets from distant sites; nevertheless, this
should not reduce the value of comparisons of genotypic
diversity or reproductive modes across habitats, as these
characteristics can vary over finer spatial scales (e.g.
variation among patch reefs, Table 4).

Taken together, our data indicate that asexually
brooded larvae of P. damicornis do not contribute sig-
nificantly to maintaining local populations in the
majority of reef habitats; although our data do suggest
that asexual recruitment may be favoured after a
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disturbance event, presumably when competition is re-
duced. The extent of clonal recruitment in a wider
variety of disturbed habitats warrants further investi-
gation to determine if this type of disturbance is frequent
enough to drive the persistence of this asexual mode of
reproduction. Comparisons of genotypes of brooded
larvae to that of their brood parent is also needed to
clarify the mode of production of brooded larvae, in
locations such as Japan, where a sexual origin of larvae
has been inferred form histological studies (Permata
et al. 2000). Finally, until comparative studies of dis-
persal and the relative fitness of sexually versus asexually
produced larvae, under different environmental condi-
tions, have been carried out, it will be difficult to
understand under which conditions either mode of
reproduction would be favoured.
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