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INTRODUCTION

Whether coral reefs are primarily self-seeding or in-
terdependent for larval recruits is still a hotly debated
question. Many scleractinians have broad geographic
distributions (Veron 1995), and so must be capable of
transoceanic dispersal, at least occasionally. Since
direct observations of planktonic larval dispersal are
difficult, larval development and duration in the plank-
ton are thought to be important predictors of dispersal
capability. Larvae that are brooded following internal
fertilisation are generally well developed on release
and competent to settle within a few hours or days
(Harrison & Wallace 1990). Conversely, larvae from

broadcast spawners undergo fertilisation, larval de-
velopment and maturation in the water column, and
are competent to settle from at least 4 d but with com-
petency peaking 7 to 10 d after release (Harrison et
al. 1984, Baird 2001). Increased competency periods
and recruitment patterns presumably driven by large-
scale hydrodynamic or meterological phenomena are
thought to favour, on average, the dispersal of broad-
casters over greater geographic distances compared
to their brooded counterparts (Harrison et al. 1984,
Hughes et al. 1999, Baird 2001). Comparative studies
of brooding and broadcasting invertebrates including
corals, sampled over the same spatial scales, indicate
that in general broadcast spawners typically have
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lower levels of genetic differentiation than brooders,
which is consistent with the notion of dispersal over
greater distances (Duffy 1993, Hunt 1993, Hellberg
1996, Ayre et al. 1997b, Whitaker 1997, 2004; for
broader reviews on this topic see, e.g., Bohonak 1999).

Observations that the vast majority of scleractinian
corals are broadcasters, together with studies of water
movement and flushing times of reefs in the Great Bar-
rier Reef system (Williams et al. 1984), studies of larval
development and pre-competency times (Babcock &
Heyward 1986) and tracking of coral spawn slicks
(Willis & Oliver 1988) have supported the view that dis-
persal is widespread and reefs are inter-connected for
larval supply. Fuelling this debate are studies of coral
community assemblages (Done 1982) and recruitment
(Bak & Engel 1979, Sammarco & Andrews 1988), simu-
lations of oceanographic processes (Black et al. 1990,
Black 1993) and, more recently, population genetic
studies (Whitaker 1997, 2004, Ayre & Hughes 2000,
2004, Miller & Ayre 2004) that support the view that
reefs are primarily self-seeding. An important differ-
ence between these 2 views is that support for the
connectedness of reefs is based largely on studies of
sexually produced propagules, whereas studies of com-
munity assemblages, recruitment and population ge-
netics include individuals potentially derived through
both asexual and sexual reproduction. Asexual repro-
duction is commonly regarded as important for local
proliferation, whereas sexually derived propagules are
thought to be important for larger-scale dispersal. Pop-
ulation genetic studies provide a perspective that is ad-
vantageous over other studies, particularly for long-
lived species, since they reflect the historical average of
dispersal and successful recolonisation events, and can
be partitioned to examine the relative contribution of
sexual and asexual recruitment. Asexual recruitment
into a population may occur either through clonal
production of larvae (e.g. Stoddart 1983) or colony
fragmentation (e.g. Highsmith 1982).

The dispersal debate was brought sharply into focus
following severe declines in coral cover at Ningaloo
Reef, a fringing/barrier reef extending 280 km off the
north-western Australian coast, between 21° 50’ S and
23° 35’ S. Due to precipitous increases in the numbers
of the corallivorous gastropod Drupella cornus, 75% of
coral cover from the backreef was lost in the late 1980s
and early 1990s (Stoddart 1989, Forde 1994). Corals of
the families Acroporidae, Pocilloporidae and Poritidae
were most affected (Forde 1994, A. M. Ayling & A. L.
Ayling unpubl.). Recolonisation and recovery of vacant
reef patches will depend on the successful dispersal
and settlement, growth and survival of larval propag-
ules or fragments. Understanding the extent of disper-
sal both within and between reefs is important, not
only for understanding evolutionary processes and

population dynamics, but also for the conservation and
management of coral reefs.

The aim of the present study was to examine patterns
of genetic variation among collections of Pocillopora
damicornis (Pocilloporidae) from Western Australia, to
infer both the extent of genetic mixing within and be-
tween reefs and the relative importance of recruits de-
rived from sexual and asexual reproduction. P. dami-
cornis is a useful species to test ideas about the extent
of genetic connectivity of coral reefs. It is an effective
coloniser of vacant reef habitats and is ubiquitous on
reefs throughout the Indo-Pacific, including Hawaii
(Veron 1986), so it must be capable of dispersing across
oceanic boundaries, at least occasionally. Larval devel-
opment may be internal with brooding of asexual plan-
ulae (Stoddart 1984a), or external via broadcast spawn-
ing of gametes (Ward 1992, Glynn et al. 1991), but the
relative importance of these modes of reproduction is
known to vary across its range. Populations in south-
western Australia, Panama, Hawaii and the Ryukyu Is-
lands are maintained by both sexually and asexually
derived recruits (Stoddart 1984a, Richmond 1987, Ad-
jeroud & Tsuchiya 1999). In contrast, on the Great Bar-
rier Reef and Lord Howe Island reefs, patterns of ge-
netic variation are consistent with sexual reproduction
as the primary mode of reproduction (Benzie et al. 1995,
Ayre et al. 1997a, Ayre & Hughes 2004, Miller & Ayre
2004, though see Ayre & Miller 2004).

MATERIALS AND METHODS

Samples. Samples of Pocillopora damicornis from
each of 8 sites on Ningaloo Reef and 2 sites in the
Houtman Abrolhos Islands were collected between
August 1991 and April 1993 (Fig. 1). They were col-
lected from backreef and lagoonal habitats, at a
depth of <5 m (see Table 1). It was not always possi-
ble to sample within the same habitat because of the
nature of the coral loss following Drupella cornus
predation. Corals were collected following a haphaz-
ard design. Branches from individual coral heads
were broken off when encountered, irrespective of
the distance between adjacent samples, provided
there was clear demarcation between coral heads.
Specimens collected were taken from coral heads of
a similar size, approximately 20 to 25 cm in diameter,
and the area sampled was approximately 50 × 50 m.
Corals of this size would have recruited into the pop-
ulation before the D. cornus outbreaks. Assuming
population sizes were still relatively large at the time
of collection and that predation by D. cornus was ran-
dom with respect to genotype, it is unlikely that the
populations sampled were out of equilibrium because
of D. cornus predation.
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To minimise potential problems of phenotypic plastic-
ity, interspecies hybridisation and cryptic species, collec-
tions of Pocillopora damicornis included only those phe-
notypes that could be consistently recognised at the
species level. Very rarely (<1%) colonies with more elon-
gate and fragile branching morphologies were encoun-
tered. These were not sampled to avoid problems of
sampling potential hybrids (e.g. Miller & Ayre 2004). In
addition, only the growing tips were used for genetic
analysis. The tips are the most metabolically active re-
gions, contain no reproductive products and are not
likely to be fused with other corals (Heyward & Stoddart
1985, Wallace 1985, Harrison & Wallace 1990). The ex-
tent of each coral colony or head was easily identifiable.
Growing tips were broken off each head,
placed in zip-lock plastic bags and held
in seawater prior to freezing in liquid ni-
trogen. The maximum holding time be-
fore freezing was 2 h. Once in the labo-
ratory, samples were held at –70°C
pending allozyme electrophoresis.

Allozyme electrophoresis. Enzymes
were extracted by homogenising 1 vol
of coral tissue, including skeleton, in
1.5 vol of 10% (w/v) sucrose containing
1% (v/v) mercaptoethanol and 0.1%
(w/v) bromophenol blue. Electrophore-
sis was carried out using horizontal
starch gels with a tris citrate (TC8), tris-
EDTA-borate (TEB), or tris-maleate
(TM) buffer (Buffers 5, 6 and 9, respec-
tively, of Selander et al. 1971).

Six consistently scorable polymorphic
loci were found after preliminary
screening of 30 enzymes encoding 37
loci on 6 buffer systems. They were Gpi
(glucose-6-phosphate isomerase E.C.
5.3.1.9) and Ark (arginine kinase E.C.
2.7.3.3) on TC8, Mpi (mannose-6-phos-
phate isomerase E.C. 5.3.1.8) on TEB
and Pgm (phosphoglucomutase E.C.
5.4.2.2), Mdh-1 and Mdh-2 (malate de-
hydrogenase E.C. 1.1.1.37) on TM. Re-
cipes for staining these enzymes were
similar to those in Richardson et al.
(1986). Because the activity of the en-
zymes being assayed was sometimes
low, concentrations of the substrate, co-
factor, linking enzymes and dye were in-
creased as much as 4 times. Different loci
encoding the same type of enzyme were
numbered in order of decreasing mobil-
ity. For example, allozymes of Mdh-1 mi-
grated faster than those of Mdh-2. Simi-
larly, alleles at each locus were labelled

alphabetically in order of decreasing electrophoretic mo-
bility. All enzymes used to quantify the population ge-
netic structure were either monomeric or dimeric. The
isozyme patterns were similar to those described for
other coral species including Pocillopora damicornis (cf.
Stoddart 1983, Willis & Ayre 1985).

Data analyses. Genotypic variation: The magni-
tude, direction and significance of departures from
Hardy-Weinberg expectations at individual loci were
calculated for each collection using Arlequin (Schnei-
der et al. 2000) with 100 000 permutations and 1000
dememorisation steps and expressed as FIS, the pro-
portional deviation from expected heterozygosity
(Wright 1951).

117

Site n Loci
Ark Gpi Mdh-1 Mdh-2 Mpi Pgm

01 (L) 101 –0.059*** 0.122*** –0.104 (1 allele) 0.058 0.904***
02 (L) 77 –0.078 0.373** (1 allele) 0.557* 0.685*** 0.759***
03 (B) 56 0.075 0.691 (1 allele) 0.897* (1 allele) –0.362
04 (B) 109 –0.516*** –0.330*** –0.924 0.924* 0.012*** 0.401***
05 (B) 85 –0.448*** 0.853 (1 allele) 0.826* 0.030 1.000*
06 (B) 50 –0.550** 0.344 (1 allele) 0.744* 0.744*** 0.675***
07 (L) 20 (1 allele) –0.466 (1 allele) (1 allele) 0.235 –0.052***
08 (B) 20 0.0548 –0.136 (1 allele) (1 allele) 1.000 1.000
09 (L) 27 –0.264 0.579 (1 allele) (1 allele) 0.735* (1 allele)
10 (L) 99 (1 allele) –0.037 (1 allele) (1 allele) –0.347*** (1 allele)

Table 1. Pocillopora damicornis. Departures from Hardy-Weinberg equilibria
at Ningaloo Reef (Sites 1 to 8) and the Houtman Abrolhos Islands (Sites 9 and
10), expressed as Wright’s (1951) FIS. Negative values indicate an excess of
heterozygotes, and positive values, a deficit of heterozygotes. n: sample size;
L: lagoonal habitat; B: backreef habitat. *p < 0.05; **p < 0.01; ***p < 0.001

after Bonferroni correction

Fig. 1. Sampling sites at Ningaloo Reef
(1 to 8) and the Houtman Abrolhos

Islands (9 and 10)
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Tests for linkage disequilibrium between pairs of loci
were based on 100 000 permutations using the pro-
gramme Arlequin (Schneider et al. 2000).

Two measures were used to estimate the extent of
asexual reproduction using multi-locus analyses. First,
the maximum proportion of a sample that could have
been generated through sexual reproduction (N*:Ni)
was calculated using a modification of the method of
Johnson & Threlfall (1987), as described by Whitaker
(2004). This method assumes panmixia within samples,
but not between. Second, the observed multi-locus
genotypic diversity (Go) was compared to that ex-
pected (Ge) under conditions of panmixia following the
method of Stoddart & Taylor (1988). Go incorporates an
estimate of both genotypic diversity or richness (the
number of unique multi-locus genotypes) and the rela-
tive abundance (evenness) of genotypes (Coffroth &
Lasker 1998). Since Nc (the number of unique multi-
locus genotypes in a sample) is an estimate of multi-
locus genotypic richness, then genotypic evenness or
the number of individuals per clone (or ramets) can be
estimated by the ratio Go:Nc (Coffroth & Lasker 1998).
Evenness reaches a maximum value of 1 when all
multi-locus genotypes are distributed evenly.

As a measure of the genotypic similarity between
pairs of samples, the proportion of genotypes shared
between samples was calculated using Stoddart’s
(1984b) formula:

where Na and Nb are the number of genotypes in Sam-
ples a and b, respectively, and Nab is the number of
genotypes common to both samples.

Allelic variation: Two hierarchical tests of genetic
differentiation were calculated using the programme
Arlequin (Schneider et al. 2000): among habitats
(backreef and lagoon) and among reefs (Ningaloo and
Abrolhos Islands). Significance tests for each of the
variance components were done following the meth-
ods of Excoffier et al. (1992), using 100 000 permuta-
tions, and a distance matrix that assumes all alleles are
equidistant. Under this assumption the analysis is
equivalent to the multiallelic analysis of variance of
Weir & Cockerham (1984) (Excoffier et al. 1992). Be-
cause only lagoonal samples were collected from the
Houtman Abrolhos Islands, the potential for confound-
ing effects of habitat type and reef existed. To test for
potential confounding effects prior to conducting the
hierarchical tests, I first checked for a habitat type
effect within Ningaloo and for reef effects within the
lagoonal habitat. FST values for both these tests were
not statistically significant (FST = –0.02, p = 0.465 and
FST = 0.096, p = 0.300). Hierarchical F statistics were
performed on 2 data sets: the first included all individ-

uals irrespective of reproductive origin. The second
included only those individuals with a unique multi-
locus genotype within that sample and represented
individuals of sexual origin.

Differentiation tests between all pairs of samples
were done using a Markov chain with a branch length
of 100 000 steps using the programme Arlequin
(Schneider et al. 2000). The Mantel test in Arlequin
was used to test for isolation-by-distance effects also
using 100 000 permutations. These tests were repeated
following removal of replicate multi-locus genotypes
from all samples.

Bonferroni corrections were done following multiple
tests (Rice 1989).

RESULTS

Single-locus genotypic variation

There was enormous variation in the goodness-of-fit
to Hardy-Weinberg expectations; only genotypic fre-
quencies from 2 of the 10 collections (Sites 3 and 8)
were not significantly different from Hardy-Weinberg
expectations (Table 1). Of a possible 42 tests, 20
showed significant deviations from Hardy-Weinberg
proportions, considerably more than expected by
chance alone. Seven of these showed heterozygote ex-
cesses, while the remaining 13 showed heterozygote
deficits. All samples had both excesses and deficits of
heterozygotes over the 6 loci, with the exception of
Site 10, which had only excesses of heterozygotes
(Table 1). Strong associations between loci were found
with 14 of 15 locus pairs in linkage disequilibrium
(Table 2). Sites 1 and 4 were found to be in disequilib-
ria for 10 of these. Disequilibrium among locus pairs at
the remaining sites was variable (Table 2).

Multi-locus genotypic variation

A total of 644 coral heads was sampled, but this repre-
sented only 96 unique multi-locus genotypes. Because
only a small portion of the total expressed proteins was
sampled electrophoretically, replicate multi-locus
genotypes may arise through asexual or sexual repro-
duction. The ratio N*:Ni is an estimate of the maximum
proportion of the sample that could have been generated
through sexual reproduction assuming equilibrium con-
ditions within samples, but not necessarily between
them. This varied considerably between sites, from a low
of 41% at Site 10 to a maximum of 100% at Site 2
(Table 3). Similarly, the relative importance of asexual to
sexual reproduction, as measured by the ratio of ob-
served to expected levels of multi-locus genotypic diver-
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sity, varied enormously between sites. Only Sites 3 and 8
showed levels of genotypic diversity similar to those ex-
pected under conditions of sexual reproduction (Go:Ge =
0.770 and Go:Ge = 0.725, respectively, Table 3). These
sites were also the only ones in Hardy-Weinberg equi-
librium. Those sites that showed significantly less multi-
locus genotypic diversity than expected varied in the ex-
tent of departure from unity, implying variation in the
impact of asexual reproduction. Sites 1 and 4 showed
very little multi-locus genotypic diversity (Go:Ge = 0.073
and 0.072, respectively) compared with Site 10 (Go:Ge =
0.678) (Table 3). Evenness values were generally low but
variable, ranging from 0.160 at Site 4 to 0.610 at Site 8
(Table 3), with only a few genotypes making up the ma-
jority of the sample at each site. For example, at Site 1, 41
specimens had the same multi-locus genotype, but the
number of remaining replicate multi-locus genotypes
did not exceed 7.

The proportion of genotypes shared between pairs of
samples was extremely variable, ranging from 0 to 67%.
This was not attributable to distance between sites; some
samples relatively close together shared few genotypes,
whereas other samples several orders of magnitude
further apart shared over half their genotypes (Fig. 2).
Samples from the Houtman Abrolhos Islands shared just
as many genotypes with Ningaloo as did samples within
Ningaloo. However, Bundegi (Site 1) shared <10% of its
genotypes with other sites at Ningaloo and none with
sites in the Houtman Abrolhos Islands (Fig. 2).

To assess whether samples of putative sexual origin
conformed to equilibrium conditions, replicate multi-lo-
cus genotypes were removed from the data set and sin-
gle locus genotypic proportions were re-analysed. Of the
10 samples, 6 (Sites 3, 5, 7, 8, 9, 10) con-
formed to Hardy-Weinberg proportions
after Bonferroni corrections. The re-
maining samples showed, on average,
significant deficits of heterozygotes.

Allelic variation

Allele frequencies differed widely
among samples at most loci. The most
striking difference among samples was
at the Ark locus where the common
allele (c) was fixed at Site 7, but was
absent at Site 10 (Table 4). Hierarchical
analyses of molecular variance re-
vealed a high level of genetic subdi-
vision among samples with an average
FST value of 0.360 (Table 5). There were
no significant differences among reefs
(FRT = 0.080) or habitats (FHT = –0.039)
(Table 5).

Differences among pairs of samples were quantified
using pairwise FST comparisons. FST values between
pairs of samples were all statistically significant, but
varied enormously, from 0.023 to 0.582 (Fig. 3).
Genetic divergence between pairs of samples was not
a function of distance at the scale sampled (Mantel test
p = 0.129). Samples that were <30 km apart were as
different as those >800 km apart (Fig. 3, d).

Asexual reproduction may enhance measures of pop-
ulation differentiation, especially if clonal composition
varies spatially. The level of population subdivision
among samples of sexual origin was determined by first
removing replicate multi-locus genotypes from the data
set. Reduced, but significant, genetic differences were
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Locus pair Site

Ark-1/Gpi-1 1, 4, 9
Ark-1/Mdh-1 1
Ark-1/Mdh-2 2
Ark-1/Mpi-1 1, 4, 5, 9
Ark-1/Pgm-1 1, 2, 3, 4
Gpi-1/Mdh-1 1
Gpi-1/Mdh-2 3, 4
Gpi-1/Mpi-1 1, 2, 4, 6, 7, 9, 10
Gpi-1/Pgm-1 1, 4, 6, 7
Mdh-1/Mdh-2 4
Mdh-1/Mpi-1 1, 4
Mdh-1/Pgm-1 1
Mdh-2/Mpi 4
Mpi-1/Pgm-1 1, 2, 4, 5, 6, 7, 8

Table 2. Pocillopora damicornis. Tests for linkage disequilib-
rium between each locus pair. Numbers indicate sites where
linkage disequilibrium was significant at p < 0.05 after

Bonferroni corrections

Site Ni Nc N* N*:Ni Go Ge Go:Ge Go:Nc

1 101 28 53 0.525 5.39 73.67 0.073*** 0.195
2 71 30 71 1.000 10.57 20.56 0.514* 0.352
3 56 11 54 0.964 4.72 6.13 0.770 0.429
4 109 26 51 0.468 4.15 57.79 0.072*** 0.160
5 84 12 76 0.905 3.50 6.48 0.542*** 0.292
6 50 12 39 0.780 3.35 11.90 0.282** 0.279
7 20 7 15 0.750 4.00 16.81 0.238*** 0.571
8 20 8 15 0.750 4.88 6.73 0.725 0.610
9 27 9 23 0.852 4.47 8.39 0.533* 0.497
10 98 5 40 0.408 1.96 2.89 0.678*** 0.392

Table 3. Pocillopora damicornis. Indices of genotypic diversity. (Ni: number of
individuals in a sample; Nc: number of unique multi-locus genotypes in a
sample; N*: estimate of the maximum number of unique multi-locus genotypes
in a sample, assuming panmixia; N*:Ni: estimated maximum proportion of the
sample generated by sexual reproduction; Go: observed multi-locus genotypic
diversity; Ge: expected multi-locus genotypic diversity under conditions of
sexual reproduction and free recombination; Go:Ge: measure of the relative
importance of sexual and asexual reproduction; Go:Nc: measure of the even-
ness of the distribution of multi-locus genotypes within a sample; *p < 0.05;

**p < 0.01; ***p < 0.001 after Bonferroni corrections
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found among pairwise comparisons of samples of appar-
ent sexual origin, with an average FST value of 0.175
(Table 5). Once again, there was no association with dis-
tance (Fig. 3, s, Mantel test p = 0.130) or habitat type, but
there was a small difference between Ningaloo Reef and
the Abrolhos Islands (Table 5). This may have been due
to the combination of small sample sizes at the Houtmans
Abrolhos Islands as well as unequal numbers of samples
from these 2 reefs. However, I detected no significant dif-
ference among reefs using just 2 randomly chosen
Ningaloo Reef samples (Sites 4 and 8) and those from the
Houtman Abrolhos Islands (p = 0.332).

DISCUSSION

Modes of reproduction

These results indicate that populations of Pocillopora
damicornis at Ningaloo Reef and the Houtman Abrol-
hos Islands have dual modes of reproduction, but that
there is considerable variation in the relative contribu-
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Ningaloo Reef Abrolhos Islands

Sites 1 2 3 4 5 6 7 8 9 10
(n) 101 71 56 109 84 50 20 20 27 98
Ark
a 0.282 – – – – – – – – –
b 0.104 0.613 0.625 0.610 0.482 0.530 1.000 0.250 0.315 –
c 0.614 0.387 0.375 0.390 0.518 0.470 – 0.750 0.685 1.000

Gpi
a 0.287 – – – – – – – – –
b – 0.035 – 0.353 – 0.040 0.375 – – –
c – – 0.036 0.009 – – – – – –
d 0.005 0.176 0.018 0.023 0.006 0.010 – 0.225 0.148 0.041
e 0.421 0.789 0.946 0.615 0.994 0.950 0.625 0.775 0.852 0.959
f 0.287 – – – – – – – – –

Mdh-1
a 0.099 – – 0.005 – – – – – –
b 0.901 1.000 1.000 0.995 1.000 1.000 1.000 1.000 1.000 1.000

Mdh-2
a – 0.007 – – 0.006 – – – – –
b 1.000 0.901 0.946 0.995 0.964 0.990 1.000 1.000 1.000 1.000
c – 0.092 0.054 0.005 0.030 0.010 – – – –

Mpi
a 0.064 0.859 1.000 0.138 0.786 0.840 0.100 0.950 0.481 0.638
b 0.119 0.049 – 0.014 0.214 0.020 – – 0.500 0.362
c 0.079 0.035 – 0.514 – 0.100 0.250 – 0.019 –
d 0.738 0.056 – 0.335 – 0.040 0.650 0.050 – –

Pgm
a – – – 0.009 – – 0.150 – – –
b 0.045 0.014 – 0.147 – 0.040 0.275 – – –
c 0.139 0.085 0.009 0.055 – 0.020 0.150 – – –
d 0.678 0.099 0.143 0.670 0.012 0.180 0.275 0.100 – –
e 0.119 0.803 0.848 0.119 0.988 0.760 0.150 0.900 1.000 1.000
f 0.020 – – – – – – – – –

Table 4. Pocillopora damicornis. Allele frequencies at Ningaloo Reef (Sites 1 to 8) and the Houtman Abrolhos Islands (Sites 9
and 10), Western Australia
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tion of each to those populations sampled. Of 644 indi-
viduals sampled, only 15% was of apparently sexual
origin, and samples from most sites were dominated by
1 or 2 multi-locus genotypes. This value is, however, an
estimate that could be biased upwards if a proportion
of asexual propagules dispersed more widely than
their local source population (as hypothesised by Ayre
& Miller 2004). It may also be biased downwards in
that only 6 loci were sampled electrophoretically.

The greatest impact of asexual reproduction was
seen in samples from Bundegi, Winderabandi and Pel-
saert Island (Sites 1, 4 and 10, respectively). In con-
trast, there was no indication of asexual recruitment in
samples from Pilgramunna and Coral Bay (Sites 3 and
8). Both samples had high levels of genotypic diversity
and conformed to single-locus equilibria. Evidence for
asexual reproduction was found at the remaining sites,
although its extent was variable, as shown by the large
range in the ratio of observed to expected genotypic
diversity values.

Notwithstanding the possibility of cryptic species,
there is variation in the relative importance of asexual
reproduction and in the origin of asexual recruits across
the range of Pocillopora damicornis. Asexual reproduc-
tion in P. damicornis has been previously reported from
populations in south-western Australia, Hawaii, the
Marshall Islands, Panama and the Ryukyu Archipelago
in Japan (Stoddart 1983, 1984a, Richmond 1985, Adjer-
oud & Tsuchiya 1999), but not in those from the Great
Barrier Reef or Lord Howe Island (Benzie et al. 1995,
Ayre et al. 1997a, Miller & Ayre 2004; but see Ayre &
Miller 2004 for evidence of asexual planulae). Al-
though, not discounting asexual reproduction via frag-
mentation, the greatest contribution of asexual recruit-
ment to populations in south-western Australia, the
Houtman Abrolhos Islands, Hawaii and the Marshall Is-
lands appears to come from brooded ameiotic planulae
(Stoddart 1983, 1984a, Richmond 1985). In contrast,
asexual recruitment to populations in Panama and the

Ryukyu Archipelago is thought to be by fragments fol-
lowing storm activity (Richmond 1985, 1987, Adjeroud
& Tsuchiya 1999). The frequency distribution of repli-
cate genotypes arising from colony fragmentation is ex-
pected to be more even than ameiotically produced
clones, since disturbances such as storm damage tend
to have broad-scale effects (Adjeroud & Tsuchiya 1999).
On this basis it is likely that asexual recruits originate
from ameiotic planulae and not fragments in north-
western Australia, since samples were dominated by
only a few genotypes. Moreover, reattached P. dami-
cornis fragments were not found during triannual mon-
itoring of 36 permanent transects along the Ningaloo
Reef over a period of 3 yr (K. Whitaker unpubl. data).

Mixed modes of reproduction have been previously
inferred from population genetic studies of taxonomi-
cally diverse marine invertebrates, including sclerac-
tinian corals, anemones, zoanthids, holothurians, gor-
gonian corals, starfish and soft corals (e.g. Stoddart
1983, Willis & Ayre 1985, Johnson & Threlfall 1987,
Coffroth et al. 1992, Burnett et al. 1995, Billingham &
Ayre 1996, McFadden 1997, Uthicke et al. 1998, Ad-
jeroud & Tsuchiya 1999, Ayre & Hughes 2000). Pat-
terns similar to those found in the present study were
reported, including reductions in multi-locus geno-
typic diversity, single- and multi-locus disequilibria
and approximately equal numbers of heterozygote
excesses and deficits.

Despite clear theoretical expectations from models
like the Strawberry-Coral model (Williams 1975), the
conditions that are thought to favour one mode over
the other in marine species are still largely unknown,
and presently no consistent patterns have been
observed. In some species, which conform to Williams’
(1975) model, sexual reproduction appears to be
favoured in habitats with relatively higher levels of dis-
turbance. Populations of the anemone Actinia tene-
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All individuals Sexual
individuals only

Among samples
within reefs (FSR) 0.340*** 0.160***
Among reefs (FRT) 0.080 0.084#

Among samples
within habitats (FSH) 0.374*** 0.189***
Among habitats (FHT) –0.039 –0.034
Total variation
among all sites (FST) 0.360*** 0.175***

Table 5. Pocillopora damicornis. Hierarchical analyses of
molecular variance to test for differences between Ningaloo
and the Houtman Abrolhos Islands reefs and between habi-
tats for all individuals and those individuals of putative sexual

origin (***p < 0.001, #p = 0.045)
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Fig. 3. Pocillopora damicornis. FST values (mean ± SE)
between pairs of samples (d: all multi-locus genotypes;

ss: excluding replicate multi-locus genotypes)
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brosa on unstable boulder beaches have higher geno-
typic diversity values than those on stable shores (Ayre
1984), where asexual proliferation of a few locally
adapted genotypes is favoured (Ayre 1985). In addi-
tion, genotypic diversity of the coral Porites compressa
is highest in populations from disturbed habitats
(Hunter 1993). In contrast, for some Panamanian corals
(e.g. Pocillopora damicornis and Acropora palmata),
habitat disturbance is responsible for high levels of
asexual reproduction via fragmentation, but only when
those habitats are either structured to maintain frag-
ments or habitat disturbance is episodic followed by
longer periods of relative calm sufficient for fragment
reattachment to the substrate (Highsmith 1982, 1985).
A third and different response to habitat disturbance
has been observed in the gorgonian coral Plexaura
kuna, in which sexual reproduction, as inferred by
genotypic diversity, is greatest at intermediate levels of
habitat disturbance (Coffroth & Lasker 1998). Pre-
sently a general hypothesis to explain differences in
reproductive effort is still under debate because of the
difficulties in quantifying different types of distur-
bances in cross-study comparisons.

The conditions that favour one mode of reproduction
over the other in Pocillopora damicornis are still un-
known, but offer interesting opportunities for further
research, especially given the recent finding that
P. damicornis in eastern Australia does produce asex-
ual planulae, but that they do not appear to recruit into
the local adult population (Ayre & Miller 2004, Miller
& Ayre 2004). If large-scale habitat disturbance plays
any role, it is likely to be a minor one at Ningaloo and
the Houtman Abrolhos Islands. Given the extremely
skewed frequency distribution of asexually derived
colonies, disturbances such as cyclones or storms are
unlikely to drive mode of reproduction.

Population structure

Interpretation of Pocillopora damicornis population
structure is complex. Samples from populations at
Ningaloo Reef and the Houtman Abrolhos Islands have
high levels of genetic differentiation that is greater
within than between reefs, but is not associated with
habitat type or geographic distance. Most sites share
less than half their genotypes, and, although genetic
subdivision among samples of P. damicornis is high
(FST = 0.360), almost 50% of this variation is due to dif-
ferences among individuals of sexual origin (FST =
0.175). Six of the sites conformed to equilibria after
removal of replicate multi-locus genotypes, while the
remaining sites showed significant average deficits of
heterozygotes. Asexual reproduction contributes sub-
stantially to local abundance, making an otherwise rel-

atively rare organism common. Of 644 colonies sam-
pled, only 96 were estimated to be of sexual origin.

Stoddart (1984b) found very similar levels of genetic
subdivision (FST = 0.391) among Pocillopora damicor-
nis samples from southwestern Australian reefs. He
also found reductions in observed genotypic diversity
and inferred mixed modes of reproduction, raising the
possibility of similar mechanisms operating along the
Western Australian coast. In contrast, from 2 studies on
the Great Barrier Reef, 1 on Lord Howe Island reefs
and 1 in the Ryukyu Islands, estimates of genetic varia-
tion among collections were much lower, although sta-
tistically significant (FST = 0.045, 0.04, 0.102 and 0.056,
respectively) (Benzie et al. 1995, Adjeroud & Tsuchiya
1999, Ayre & Hughes 2000, Miller & Ayre 2004). As in
Western Australian populations, most of the genetic
variation on the Great Barrier Reef is contained within
and not between reefs (Ayre & Hughes 2000).

Significant genetic subdivision has been found
among populations of 4 other coral species at Ninga-
loo, irrespective of life-history traits. FST values for the
brooding corals Stylophora pistillata and Seriatopora
caliendrum were 0.093 and 0.259, respectively, and all
samples were in Hardy-Weinberg equilibrium. Two
broadcasting species, Acropora digitifera and A. aspe-
ra, also showed significant genetic subdivision among
samples (FST values were 0.010 and 0.067, respec-
tively) but had an average deficit of heterozygotes
across all loci, supporting the view of restricted genetic
mixing at both the gametic and larval stages, thus
resulting in inbreeding. None of the 4 species showed
evidence of asexual recruitment (Whitaker 1997,
2004). Elsewhere significant genetic subdivision has
been found among corals in south-western Australia
(Stoddart 1984b), the Ryukyu Islands, Japan (Adjeroud
& Tsuchiya 1999, Nishikawa & Sakai 2003, Nishikawa
et al. 2003), Taiwan (Dai et al. 2000) and the Great Bar-
rier Reef (Ayre & Dufty 1994, Benzie et al. 1995, Ayre &
Hughes 2000), which has also been attributed to
restricted genetic mixing and a predominance of local
recruitment.

The interplay of the breeding system, selection, re-
cruitment histories and dispersal of larvae or gametes
was not investigated in this study. So the inference of
restricted gene flow and asexual reproduction and in-
breeding among some sexually reproducing colonies
should be treated as a working hypothesis. Given the
high levels of genetic differentiation among samples
that were maintained even among recruits of putative
sexual origin and the return of most samples to equilib-
rium proportions following removal of recruits of asex-
ual origin, support is provided for restricted genetic
mixing as opposed to strong within-generational selec-
tion and broad-scale dispersal. The observed deficits of
heterozygotes among the remaining samples of sexual
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origin may be the result of inbreeding, given the effect
of asexual reproduction on local abundance. There are
of course different causes of heterozygote deficits (e.g.
Zouros & Folz 1984), but until the precise reproductive
origin of recruits is identified, by more sophisticated
markers than allozymes, and the spatial scale of dis-
persal of sexual and asexual propagules is determined,
the conclusions drawn from this study as well as 
similar studies are still tentative.
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