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Abstract Genetic variation and gene flow in the scle-
ractinian coral Goniastrea aspera (Verrill), found around
the north–south Okinawa Islands, were studied using
allozyme and starch gel electrophoresis. The relative
contribution of sexual and asexual reproduction to
recruitment was determined. Analysis of multilocus
genotypes of samples, collected at least 3 m apart, iden-
tified a high number of unique genotypes (NG) relative to
the number of individuals sampled (N) (mean NG:
N=0.97±0.03 [SD]), and also highly observed genotypic
diversity (GO) relative to expected genotypic diversity
under Hardy–Weinberg equilibrium (GE) (mean GO:
GE=0.95±0.06 [SD]). These results suggest that the
collected G. aspera propagated predominantly by sexual
reproduction in Okinawan populations. The UPGMA
grouping of five populations in the Okinawa, based on
Nei’s unbiased genetic distance, showed two clusters that
were south and north Okinawa populations. AMOVA
analyses that incorporated the data of populations from
the Kerama and the Ishigaki Islands detected significant
FSC values among the populations within groups in
analyses distinguishing north–south Okinawa, Oki-
nawa–Kerama, and Okinawa–Kerama–Ishigaki. Signif-
icant FCT values were neither detected between north–
south Okinawa nor between the Okinawa–Kerama
groups. The ‘‘local-recruits’’ hypothesis, which assumes
that a substantial proportion of recruits is produced lo-
cally, appears to be applicable to coral populations in the
Ryukyu Archipelago. On the other hand, detection of
nonsignificant FCT values indicated the presence of ge-
netic connectivity between north–south Okinawa and
Kerama–Okinawa groups.
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Introduction

Coral bleaching is a global phenomenon that is probably
linked to global climate change and increasing ocean
temperature (Glynn 1991; Brown 1997; Hoegh-Guld-
berg 1999). The 1998 coral-bleaching event was the most
extensive and severe that has yet been recorded (e.g.,
Hoegh-Guldberg 1999; Goreau et al. 2000), and coral
populations in the Okinawa Islands, particularly popu-
lations of branching species, declined severely during the
1998 mass-bleaching event (Loya et al. 2001). The Ke-
rama and the Ishigaki Islands, 30 and 400 km from the
Okinawa Islands, respectively, maintained healthy coral
populations on many reefs even after mass coral
bleaching (Taniguchi and Iwao 2000; Ministry of the
Environment of Japan 2002).

The data of the surface current, larval ecology, and
population genetics strongly suggest that coral popula-
tions at the Kerama Islands will be the source of larval
supply for the recovery of coral populations around the
Okinawa Islands. Nadaoka et al. (2002a) studied the
current flows around the Kerama and the Okinawa
Islands using GPS buoys and high-frequency (HF)
radar. They also cultured larvae of Acropora tenuis and
Acropora nasuta under laboratory conditions to know
the period before planula attachment after spawning.
Nadaoka et al. (2002a) showed that the sea surface
current flowed from the Kerama Islands to the Okinawa
Islands during the spawning period of Acropora spp.
(full moon in June), and the time required for the buoys
to reach the west coast of Okinawa from the Kerama
Islands corresponded to the length of the period between
spawning and the peak of planula attachment (4–
5 days). Population genetic study by Nishikawa et al.
(2003) showed that gene flow between the Kerama and
the west coast of Okinawa was higher than between the
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Yaeyama and the west coast of Okinawa for A. tenuis
and Stylophora pistillata. We refer to this as the ‘‘source-
sink’’ hypothesis in this paper. The study by Nishikawa
et al. (2003) used the bleaching-susceptible species
(‘‘losers’’ in Loya et al. 2001). Thus, their analysis may
include the effect of coral bleaching on genetic structure
of coral populations. In the present study, we examine
the coral Goniastrea aspera whose mortality due to
bleaching was low (one of ‘‘winners’’ in Loya et al.
2001).

There is little information on the genetic connectivity
of coral populations around the Okinawa Islands. Ad-
jeroud and Tsuchiya (1999) studied genetic variation in
the coral Pocillopora damicornis between population on
the west and east coasts but only at the northern part of
the Okinawa Islands before the 1998 mass coral
bleaching. Nishikawa et al. (2003) and Nishikawa and
Sakai (2003) studied A. tenuis, S. pistillata, and G. aspera
but only on the west coast of Okinawa Islands after the
bleaching. In the present study, we took samples from
populations of G. aspera all around the Okinawa Islands
to reveal the connectivity of populations around the
Okinawa Islands.

Ayre and Hughes (2000) studied the population
genetics of five brooding and four spawning coral species
across 1,800 km of the Great Barrier Reef (GBR) using
allozyme electrophoresis. They found significant genetic
variations among local populations within geographic
groups (a few km scales) for all nine species (four
spawning and five brooding species), but not among the
geographic groups (1,800 km scales) for two spawning
and three brooding species out of nine. They concluded
that a substantial proportion of recruits in a given reef
were produced in that reef (‘‘local-recruits’’ hypothesis).
However, they also argued that gene flow is sufficient to
prevent the accumulation of fixed genetic differences
among the groups. The Okinawa Island is elongated in
the north–south direction and the distance between the
northern and southern ends is about 100 km. Thus,
populations of some coral species may also be geneti-
cally differentiated.

Some scleractinian corals may display asexual
reproduction, through fragmentation (Ayre and Willis
1988), and the planula-brooding of asexual planula
(Stoddart 1983). The degree of asexual reproduction
that can lead to gene frequencies that are skewed from
those expected under random mating has effects on
the genetic structure of populations. Therefore,
knowledge of the relative contribution of sexual and
asexual reproduction to G. aspera recruitment in the
regions is important for inferring gene flow from gene
frequencies.

Goniastrea aspera (Verrill) is widely distributed in
Indo–Pacific reefs. Abe (1937) and Motoda (1939)
reported that G. aspera in Palau released brooded
planulae, while Babcock (1984) reported that G. aspera
in the GBR was a hermaphroditic spawner. In the
Ryukyu Archipelago, an individual colony of G. as-
pera brooded planulae after spawning (Sakai 1997).

Nishikawa and Sakai (2003) studied the gene flow of
G. aspera among the islands of the Ryukyu Archi-
pelago, and compared the degree of gene flow with
two other species (A. tenuis and S. pistillata) that was
already published in the same geographic range
(Nishikawa et al. 2003). They showed that G. aspera
had greater gene flow than the brooding species
(S. pistillata) but smaller than the spawning ones
(A. tenuis). They indicated that gene flow, attributed
to spawned planulae, prevents the accumulation of
fixed genetic differences by philopatric dispersal by
brooded planulae. In addition, relatively low survival
rates of spawned planulae may bring about limited
gene flow compared to spawning species of A. tenuis.

This study determined the degree of gene flow of G.
aspera around the Okinawa Islands. We incorporated
the data from a previous publication that studied ge-
netic differentiation among three populations of G.
aspera in the west coast of the Okinawa Islands
(Nishikawa and Sakai 2003), in which the same allo-
zyme system as in the present study was used in the
same species. Further, we discuss the relevance of the
‘‘source-sink’’ and ‘‘local-recruits’’ hypotheses by
incorporating the data from the Kerama and the
Ishigaki populations from the previous study (Nishik-
awa and Sakai 2003).

Materials and methods

Collection of specimens and electrophoresis

Five sampling sites were established in the Okinawa Is-
lands: two new sites and three sites used previously
(Nishikawa and Sakai 2003) (Fig. 1). Coral fragments in
each population were taken from 33 to 50 colonies
found along a swimming trajectory in 2002. We collected
samples the same year as Nishikawa and Sakai (2003).
Colonies from which the samples had been taken were
separated by at least 3 m to avoid repeated collection of
the same clone. The collected fragments were kept alive
in a small plastic tank filled with seawater and brought
to the laboratory of the Tropical Biosphere Research
Center (TBRC) at the University of the Ryukyus. The
fragments were reared in an outdoor holding tank
(2.0·1.0·3.5 m) supplied with running seawater at
TBRC. Coral fragments were frozen and stored at
�30�C for at least 2 h before allozyme electrophoresis.

Frozen fragments were ground in a solution of 0.1% B
mercaptoethanol, 10% sucrose, 0.1% bromphenol blue,
and 0.25 mg/ml NADP; the resulting homogenate was
centrifuged at 3,000 rpm for 3 min. The supernatants
were absorbed onto Whatman No. 3 chromatography
paper wicks (3·10 mm) and then loaded onto horizontal
starch gels (12%). We initially screened for genetic var-
iation in ten enzyme systems, following the methods of
Selander et al. (1971) and Hillis et al. (1996), using hor-
izontal starch gels (12%: at 100–180 V and 36–48 mA for
6–9 h). Based on these results, five enzyme systems were
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used: malate dehydrogenase (Mdh; E.C.#1.1.1.37),
phosphoglucomutase (Pgm; E.C.#5.4.2.2), hexokinase
(Hk; E.C.#2.7.1.1), and peptidase using leucyl-tyrosine
as a substrate (Lt; E.C.#3.4.11), and leucyl-glycyl-glycine
as a substrate (Lgg; E.C.#3.4.11). Tris EDTA citrate
buffer (pH 7.5) was used forMdh, Pgm, andHk, and Tris
citrate buffer (pH 8.0) was used for Lgg and Lt.

Statistical analysis

Genetic variability, allele frequencies, and genetic dis-
tance were analyzed using TFPGA (Miller 1997). Ge-
netic variability, which included the mean number of
alleles per locus, the percentage of polymorphic loci
(95% criterion), the observed heterozygosity, and the
expected heterozygosity under Hardy–Weinberg equi-
librium (HWE), were calculated for each population.
The magnitude and direction of departures from HWE
at each locus were also assessed for each population.
These departures were expressed as Wright’s fixation
index (F), where positive and negative values represented
deficits and excesses of heterozygotes, respectively. Five
tests were conducted and Bonferroni’s adjustment was
used to test the significance of departures from HWE
(significant: P<0.01). The dendrogram based on

unbiased genetic distance (Nei 1978) was conducted
using the UPGMA.

Two measures were used to assess the possible effects
of asexually derived recruits on the genotypic diversity
of the collections. First, each colony was assigned a
multilocus (clonal) genotype. The number of multilocus
genotypes detected, NG, was an estimate of the mini-
mum number of clones present within a population; the
ratio NG: N, where N is the number of individual colo-
nies collected, provided a simple index of the effect of
asexual reproduction on genotypic diversity. Second, the
ratio of observed multilocus genotypic diversity (GO) to
that expected under conditions of sexual reproduction
(GE) was calculated following Stoddart and Taylor
(1988). Departure of GO: GE from unity was used as an
index of the combined effect of departures from sing-
lelocus HWE and multilocus linkage disequilibrium. A
genetically variable population with high levels of
asexual recruitment would have a low ratio of observed
to expected genotypic diversity.

We calculated a hierarchical analysis of molecular
variance (AMOVA). AMOVA enables investigation of
population structure by testing F-statistics at different
levels of spatial hierarchy; those are among local pop-
ulations within the group of sampling sites (FSC) and
among the groups of sampling sites (FCT). Tests of sta-
tistical significance of the AMOVA were based on
nonparametric permutation procedures using 16,000
permutations (Excoffier et al. 1992). Gene flow was
estimated using Wright’s (1969) Island model
(Nem=[(1/h)�1]/4, where Ne is the effective population
size and m is the proportion of migrants per generation).

Results

The mean number of alleles per locus in each subpop-
ulation ranged from 3.2 to 4.0, and the percentage of
polymorphic loci (P95) ranged from 80% to 100%
(Table 1). The observed mean heterozygosity in each
population was lower than the expected heterozygosity
assuming HWE (paired t-test, P<0.001). Only one fixed
locus was found, the Lt-2 locus in the GES (Gesashi)
population (Table 2). Significant heterozygosity deficits
from HWE were found in three of five loci; Mdh, Lt-1,
and Lt-2 (Table 3). In particular, Lt-1 and Lt-2 loci
often exhibited significant deviations from HWE. Het-
erozygote deficits occurred in 21 out of 24 cases, and
significant deviations from HWE were detected in seven
cases.

The ratio of the number of observed genotypes (NG)
to the number of individuals sampled (N) ranged from
0.92 to 1.00, and the ratio of observed multilocus
genotypic diversity (GO) to that expected under condi-
tions of sexual reproduction (GE) among collection sites
ranged from 0.87 to 1.01 (Table 4). Both ratios of NG: N
and GO: GE were high (0.97±0.03 and 0.95±0.06,
respectively; mean ± SD), and there were no significant
differences between GO and GE using unpaired t-test

Fig. 1 Map of the Ryukyu Archipelago and Okinawa Islands
showing five collection sites indicated (*). (OHD Ohdo, SES
Sesoko, HED Hedo, GES Gesashi, KIN Kin). Arrows indicate
Kuroshio Current flows
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(following Stoddart and Taylor 1988). Both these mea-
sures (NG: N and GO: GE) indicate a high degree of
sexual reproduction within the five populations
examined.

The unweighted pairwise group method using arith-
metic averages (UPGMA), based on Nei’s (1978) unbi-
ased genetic distance, identified two clusters: one
containing the OHD and KIN populations (south
Okinawa, hereafter referred to as S-Okinawa) and the
other the SES, HED, and GES populations (north
Okinawa, hereafter referred to as N-Okinawa) (Fig. 2).

The AMOVA analysis assessed variation 2 hierar-
chies (among group and among populations within

group) in three analyses using different geographic
groups, S–N Okinawa, Okinawa–Kerama, and
Okinawa–Kerama–Ishigaki (Table 5). The percent of
molecular variation was greater among populations
within groups than among groups. F-statistics among
populations within group (FSC) were significant in all
three geographic groupings while those among groups
(FCT) were not detected in S–N Okinawa and Okinawa–
Kerama. FSC values were greater than FCT in all three
geographic groups. The number of migrants per gener-
ation at equilibrium (Nem) was 3.8 to 6.2 and 7.1 to 12.9
among populations within group and among group,
respectively.

Discussion

The genotypic diversity of the five populations of G.
aspera from the Okinawa Islands indicates that the
sampled colonies, all of which were separated by more
than 3 m, were produced primarily by sexual repro-
duction. Populations dominated by asexual reproduc-
tion (i.e., fragmentation or larvae of asexual origin)
generally have low ratios for both the number of mul-
tilocus genotypes to the number of individuals (NG: N)
and the observed genotypic diversity to the expected
genotypic diversity (GO: GE) (Stoddart 1984; Ayre and
Willis 1988). Stoddart (1984, Pocillopora damicornis)
and Ayre and Willis (1988, Pavona cactus) found mean
values for NG: N and GO: GE of 0.40 and 0.27, and 0.35
and 0.35, respectively, and both studies concluded that
these low ratios are typical of coral populations domi-
nated by asexual recruitment. By contrast, Dai et al.
(2000, Mycedium elephantotus) and Nishikawa and Sa-
kai (2003, G. aspera) found mean values for NG: N and
GO: GE of 0.98 and 0.94, and 0.90 and 0.84, respectively,
suggesting the predominance of sexual reproduction in
these coral populations. Here, we found high values of
NG: N and GO: GE (0.97± 0.03 and 0.95±0.06) in the
populations of G. aspera. Together with a lack of his-
tological evidence for asexually produced larvae in G.
aspera (Sakai 1997), these results indicate that asexual
recruitment has contributed very little to the mainte-
nance of G. aspera populations around the Okinawa
Islands.

It is unlikely that frequent coral recruitments in G.
aspera occur around the Okinawa Islands. UPGMA

Table 1 Goniastrea aspera.
Genetic variability in five
populations

Locality abbreviation
as in Fig. 1

Population Locality Mean no.of
alleles per
locus

% of polymorphic
loci (P95)

Mean
heterozygosity
(S.D.)

Observed Expected

Ohdo OHD 3.4 100 0.418 (0.312) 0.496 (0.206)
Sesoko SES 3.6 100 0.379 (0.307) 0.522 (0.224)
Hedo HED 3.8 80 0.329 (0.210) 0.455 (0.246)
Gesashi GES 3.2 80 0.308 (0.242) 0.474 (0.301)
Kin KIN 4.0 100 0.356 (0.216) 0.487 (0.208)
Mean 3.6 92

Table 2 Goniastrea aspera. Allele frequency of five populations

Locus Allele Population

OHD SES HED GES KIN

Pgm*
N 46 40 50 31 39

100 0.402 0.325 0.410 0.436 0.103
90 0.152 0.163 0.060 0.145 0.269
85 0.011 0.038 0.020 0.081 0.244
75 0.065 0.113 0.140 0.000 0.051
67 0.000 0.050 0.030 0.000 0.000
57 0.370 0.313 0.340 0.338 0.333

Mdh*
N 45 41 50 32 40

140 0.400 0.658 0.670 0.453 0.412
100 0.600 0.342 0.330 0.547 0.588

Lt-1*
N 46 41 49 33 41

110 0.043 0.207 0.194 0.273 0.049
105 0.098 0.000 0.051 0.000 0.061
100 0.859 0.793 0.745 0.712 0.805
95 0.000 0.000 0.010 0.015 0.061
87 0.000 0.000 0.000 0.000 0.024

Lt-2*
N 45 40 50 33 31

112 0.000 0.025 0.000 0.000 0.065
100 0.778 0.812 0.960 1.000 0.870
93 0.222 0.163 0.040 0.000 0.065

Lgg*
N 44 41 48 32 42

117 0.080 0.207 0.073 0.266 0.118
100 0.420 0.207 0.500 0.250 0.512
88 0.136 0.281 0.188 0.188 0.060
70 0.205 0.256 0.229 0.063 0.298
55 0.159 0.049 0.010 0.203 0.012
53 0.000 0.000 0.000 0.030 0.000

Collection sites as in Fig. 1. N number of individuals colonies
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based on Nei’s (1978) genetic distance produced two
clusters: one consisting of populations from the N-
Okinawa (SES, HED, and GES) and the other consist-
ing of populations from the S-Okinawa (OHD and
KIN). This suggests that the coral populations are
subdivided between the north and the south populations
around the Okinawa Islands. On the other hand, the
value of FCT among the N-S Okinawa groups was not
significant (0.026 and 9.4 in FCT and Ne m, respectively).
Significance was detected in FSC values among popula-
tions within groups (0.039 and 6.2). These results sup-
port the local-recruit hypothesis (see below) but also
suggest the presence of genetic connectivity between the
N–S Okinawa groups around the Okinawa Islands.

The significant FSC values (among populations within
groups) and nonsignificant FCT values (among group)

were also found in the relatively small geographic scale
of part of Ryukyu Archipelago (30–100 km). The sig-
nificant FSC values (among population within group)
were detected in all three geographic groups (0.039 and
6.2, 0.061 and 3.8, and 0.057 and 4.1 in FSC and Ne m in
N–S Okinawa, Okinawa–Kerama, and Okinawa–Kera-
ma–Ishigaki group, respectively) but those of FCT

(among group) were not significant in the N–S Okinawa
and the Okinawa–Kerama groups. Additionally, the
percentage of molecular variation was greater among
populations within the groups than among the groups.
These results are similar to those by Ayre and Hughes
(2000); they found significant genetic variation among
local populations within geographic groups for all nine
species but not among the groups for five out of nine
species. The ‘‘local-recruits’’ hypothesis, which assumes
that a substantial proportion of recruits is produced
locally, is applicable to coral populations in the Ryukyu
Archipelago. On the other hand, Ayre and Hughes
(2000) also concluded that gene flow is sufficient to
prevent the accumulation of fixed genetic differences
among vast geographic scales along the GBR. We sug-
gest that the nonsignificant value in the small scale of the
present study is probably due to mostly local dispersal
coupled with rare dispersal between populations in dif-
ferent groups, so that we might detect significance of
F-statistics among populations within groups but not
among groups.

The present study also supports the ‘‘source-sink’’
hypothesis, which assumes that coral populations in the
Kerama Islands have been the source of larval supply
for the recovery of coral populations around the Oki-
nawa Islands since the 1998 mass coral bleaching. The
nonsignificant value of FCT for the Kerama–Okinawa
group in the present study suggests some gene flow be-
tween the Kerama and the Okinawa Islands. In addition,
Nadaoka et al. (2002a, b) demonstrated that a slick of
coral eggs and larvae produced in the Kerama Islands
was transported to the west coast of Okinawa Islands by
the surface currents, suggesting the dispersal of coral
larvae produced at the Kerama Islands to the Okinawa

Table 5 Goniastrea aspera. Hierarchical analysis of variance com-
ponents and F-statistics estimates from AMOVA in 3 geographical
groups

Variance
component

d.f. % variation F-statistic
(Nem)

P

North-South Okinawa Islands
Among groups (FCT) 1 2.57 0.026(9.4) 0.098
Among populations
within group (FSC)

3 3.78 0.039(6.2) <0.001

Okinawa(North& South)-Kerama Islands
Among groups (FCT) 1 1.95 0.019(12.9) 0.093
Among populations
within group (FSC)

6 5.99 0.061(3.8) <0.001

Okinawa-Kerama-Ishigaki
Among groups (FCT) 2 3.40 0.034(7.1) 0.008
Among populations
within group (FSC)

7 5.49 0.057(4.1) <0.001

Table 3 Goniastrea aspera. Wright’s fixation index (F) indicating
heterozygote excess (negative number) or deficit (positive number)
for each locus in populations

Pgm Mdh Lt-1 Lt-2 Lgg All loci

OHD 0.097 �0.019 0.740*** 0.614*** �0.088 0.157
SES 0.171 0.132 0.629** 0.920*** 0.047 0.275
HED 0.306 0.141 0.647*** �0.042 0.144 0.276
GES 0.179 0.559** 0.493 n 0.284 0.349
KIN 0.276 0.123 0.072 1.000*** 0.208 0.269

Significant deviations from Hardy-Weinberg equations are using by
Bonfferoni adjustment for multiple comparisons (siginificant level:
*P<0.05, **P<0.01, ***P<0.001), (n: no data available)

Table 4 Goniastrea aspera. Estimates of contribution of asexual
reproduction in each five populations

Population N NG N: NG GO GE GO: GE

OHD 46 44 0.96 42.32 45.95 0.92
SES 41 41 1.00 41.00 40.96 1.00
HED 50 46 0.92 43.10 49.75 0.87
GES 33 32 0.97 33.11 32.93 1.01
KIN 42 41 0.98 40.09 42.00 0.95
Mean 42.40 40.80 0.97 39.92 42.32 0.95

N number of individuals, NG number of multi-locus genotypes, GO

observed genotypic diversity, GE expected genotypic diversity.
Population abbreviations as in Table 1

Fig. 2 The UPGMA dendrogram showing relationship among
populations in the Okinawa based on Nei’s (1978) unbiased genetic
distance D
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Islands. Our data suggest that both ‘‘local-recruits’’ and
‘‘source-sink’’ hypotheses are relevant to G. aspera that
was affected little by the1998 mass coral bleaching (Loya
et al. 2001). For coral species that declined severely due
to the bleaching such as Acropora spp. (Loya et al.
2001), adult populations that produce larvae for ‘‘local
recruits’’ are not present around the Okinawa Islands,
and ‘‘source-sink’’ hypothesis is especially relevant.
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