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Abstract The population genetic structure of the neon
damselWsh (Pomacentrus coelestis) in the northwestern
PaciWc Ocean was revealed by the hypervariable control
region of the mitochondrial gene (343 bp). In total, 170
individuals were sampled from 8 localities distributed
between Taiwan and Japan, and 71 haplotypes were
obtained through sequence alignment. High haplotype
diversity (h = 0.956 § 0.008) with low nucleotide diversity
(� = 0.010 § 0.006) was observed, and the results of the
mismatch distribution test suggested that a historical popu-
lation expansion after a period of population bottleneck
might have occurred among P. coelestis populations. Based
on the results of the UPGMA tree and AMOVA
(�ct = 0.193, P < 0.05) analyses, Wsh populations from
eight localities could be divided into two groups: one
includes populations from localities around mainland
Japan, and the other includes those from Okinawa and
southern Taiwan. A genetic break was found between pop-
ulations from mainland Japan and Okinawa, and this break
was congruent with the pattern of phenotypic variations
documented in previous studies. This evidence supports the
latitudinal variation of reproductive traits among P. coelestis

populations likely being genetically based. It is suggested
that the changes in sea level and sea surface temperatures
during past glaciations might have resulted in population
bottlenecks in P. coelestis and the modern populations in
the northern West PaciWc are likely the results of recoloni-
zation after such events. The Kuroshio Current acts not
only as a vehicle for larval transport along its pathway
(between populations in southern Taiwan and Okinawa)
but also as a barrier for larval dispersal across the Kuroshio
axis (between populations in mainland Japan and
Okinawa).

Introduction

Understanding the population genetic structure of reef
Wshes is crucial to revealing their biogeography, local adap-
tations, and interconnectivity among populations (Planes
2002; Palumbi 2003). Previous studies on the genetic struc-
ture of marine organisms indicated that species with high
dispersal abilities have little genetic divergence over large
geographic distances, and the high level of gene Xow may
counteract genetic divergence and ultimately speciation
(Shaklee 1984; Doherty et al. 1995; Hellberg 1996). How-
ever, increasing evidence has shown that reef Wshes exhibit
high genetic divergence even though some have high dis-
persal capacities (Shulman and Bermingham 1995; Taylor
and Hellberg 2003, 2005). This controversy between dis-
persal capacity and genetic divergence may have resulted
from large variations in larval behavior, selection regimes,
oceanographic patterns, and historical events (Palumbi
1996; Planes 2002).

Pomacentrus coelesis, known as the neon damselWsh, is
widely distributed in the Indo-PaciWc region (Allen 1991),
with particular abundance in reef habitats between Taiwan
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and Japan. The island chain between Japan and Taiwan is
comprised of about 140 subtropical islands. Due to the
complex geological history and hydrodynamic patterns in
this region, the phylogeography of terrestrial animals and
plants have been the focus of many studies (e.g., Ota 1998;
Chiang and Schaal 2006). In contrast to terrestrial organ-
isms, the phylogeographic pattern of marine organisms is
not fully understood due to very few studies have been
conducted (Ogoh and Ohmiya 2005; Kojima et al. 2006).
Kokita (2003, 2004) studied the latitudinal variation of
reproductive traits of P. coelestis populations in the
Ryukyu Islands and mainland Japan, and showed that their
clutch size and size-speciWc clutch weight increased with
increasing latitude, while egg size and inter-spawning inter-
vals decreased with increasing latitude. Countergradient
variations have also been reported in physiological traits of
Wshes such as the growth rate of Gasterosteus aculeatus
and Gadus morhhua (Wright et al. 2004; Salvanes et al.
2004), sexual coloration of Poecilia reticulata (Grether
et al. 2005) and the body shape of G. morhhua (Marcil
et al. 2006). Such variations of Wtness-related life history
traits are possibly shaped by environmental conditions and
selective regimes (Mousseau and Fox 1998). However, the
latitudinal variation of phenotypic traits may be confused
with local adaptations due to environmental variations. To
reveal the interplay of local adaptations, it is necessary to
measure the gene Xow and perform common-environment
experiments (Conover et al. 2006). Kokita (2003) conducted
common-environment experiments and suggested that such
latitudinal variations in reproductive traits of P. coelestis were
likely to be genetically based and might be a consequence
of local adaptations. Herein, we used the mitochondrial con-
trol region to reveal the genetic structure of P. coelestis
populations between Taiwan and Japan since the generally
high rate of base substitution makes the control region a
marker of choice for addressing intraspeciWc phylogenetic
questions (Meyer 1994). In addition, the mtDNA gives a
good record of population size variations because of its
smaller eVective population size. Fish samples collected
from Taiwan and those collected from the same localities
described in Kokita (2003, 2004) were analyzed in an
attempt to discern any environmental and genetic eVects on
variations in reproductive traits.

Materials and methods

Samples and DNA extraction

Fish samples of P. coelestis were collected with barrier nets
by scuba diving at eight localities along the Kuroshio path-
way (Fig. 1). The sampling sites, from north to south, were
Kominato in Chiba Prefecture (KN), Okinoshima Island in

Fukuoka Prefecture (OS), Funakoshi in Ehime Prefecture
(FS), Bohnotsu in Kagoshima Prefecture (BS), Tanega-
shima Island in Kagoshima Prefecture (TN), Nakanoshima
Island in Kagoshima Prefecture (NS), Sesoko Island in Oki-
nawa Prefecture (SK) (all in Japan), and Tiaoshi (TS) in
southern Taiwan. Sample sizes ranged from 15 to 29 indi-
viduals (Table 1), and standard lengths ranged 40–70 mm.
Sampling localities in Japan were exactly the same as those
described in Kokita (2003, 2004) representing Kominato
(KN), Bohnotsu (BS) and Sesoko (SK). The method for
DNA extraction was modiWed from that described in Liu
et al. (2005). The voucher specimens of P. coelestis were
deposited in Institute of Oceanography, National Taiwan
University in Taipei, Taiwan.

PCR and sequence analysis

The partial mitochondrial control region was ampliWed
using the universal primers CR-A and CR-E published in
Lee et al. (1995). Each 25-�l reaction contained 10–50 ng
of DNA, 10 mM Tris–HCl (pH 8.3), 50 mM KCl, 1.5 mM
MgCl2, 1 unit of Taq DNA polymerase (MDbio, Taipei),
0.2 mM dNTPs, and 0.3 mM of each primer, and the mix-
ture was ampliWed with a cycling proWle of 2 min at 94°C
for the Wrst cycle, followed by 34 cycles at 95°C (30 s),
50°C (30 s), and 70°C (40 s). The nucleotide sequences of
the PCR products were determined using an ABI 377 auto-
mated sequencer. The sequences obtained in this study
were submitted to GenBank under accession numbers
EF420785-EF420855.

Data analyses

Sequences of P. coelestis were aligned using CLUSTAL W
(Thompson et al. 1994), followed by manual editing using
Sequencher 4.2 (Gene Code, Ann Arbor, MI, USA). Data
were analyzed by Arlequin 3.0 (Schneider et al. 2000).
Unique haplotypes were counted. The haplotype diversity
(h), nucleotide diversity (�), and their standard errors were
estimated. TCS 1.21 (Clement et al. 2001) which used a
95% conWdence limit for parsimony (Templeton et al.
1995) was used to estimate a network of relationships
among haplotypes and to construct the nested structure of
the haplotypes. The Wxation indices (�st) and gene Xow val-
ues (Nm) were estimated, and the signiWcance of the F sta-
tistics for population comparisons was assessed using 1,000
permutations. In addition, a pairwise mismatch distribution,
comprised of the pairwise diVerences between all haplo-
types, was performed for the historical demographic test.
The distribution is usually multimodal when the data Wt a
demographic equilibrium. In contrast, a unimodal distribu-
tion may indicate recent demographic expansion (Slatkin
and Hudson 1991). Furthermore, the Tajima’s D (Fu and Li
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1993) and Fu’s Fs (Fu 1996) tests were used to test for
departures from mutation-drift equilibrium and to examine
the historical demography of P. coelestis populations.
The neutrality test was applied to examine deviations of
Tajima’s D and Fu’s Fs values from a neutral state. In addition,
the population expansion parameter, Tau (�), can be used to
estimate the time (T) since the population expansion as
T = �/2�, where � is the mutation rate (Gaggiotti and
ExcoYer 2000).

AMOVA (analysis of molecular variance; ExcoYer
et al. 1992) was used to estimate � statistics which incorpo-
rate information on nucleotide diVerences between haplo-
types. Hence the proportions of variations among regions
(�ct), among populations within regions (�sc), and within
populations (�st) were estimated. Random permutations of
sequences among populations were evaluated to determine
their signiWcance. This hierarchical test can be used to
reveal the degree of population subdivision (Schneider

Fig. 1 Map showing the sampling localities of Pomacentrus coelestis populations in Taiwan and Japan. The solid arrows indicate the pathway of
the Kuroshio Current and the dash line indicates the Tokara gap

Table 1 Collection localities, sample sizes (n), number of haplotypes (nh), haplotype diversity (h), and nucleotide diversity (�) of Pomacentrus
coelestis

Abbreviation Locality Latitude Longitude n nh (h) �

KN Kominato, Chiba, Japan 35.04°N 140.07°E 20 12 (0.890 § 0.055) 0.007 § 0.005

OS Okinoshima Island, Fukuoka, Japan 34.09°N 130.04°E 29 18 (0.934 § 0.034) 0.010 § 0.006

FS Funakoshi, Ehime, Japan 33.02°N 132.16°E 15 12 (0.962 § 0.040) 0.010 § 0.006

BS Bohnotsu, Kagoshima, Japan 31.09°N 131.09°E 23 14 (0.937 § 0.033) 0.008 § 0.005

TN Tanegashima Island, Kagoshima, Japan 30.43°N 130.59°E 26 14 (0.938 § 0.024) 0.010 § 0.006

NS Nakanoshima Island, Kagoshima, Japan 29.30°N 129.31°E 22 16 (0.961 § 0.028) 0.012 § 0.007

SK Sesoko Island, Okinawa, Japan 26.23°N 127.31°E 16 11 (0.908 § 0.063) 0.010 § 0.006

TS Tiaoshi, Taiwan 21.57°N 120.46°E 19 12 (0.871 § 0.073) 0.008 § 0.005

Total 170 71 (0.956 § 0.008) 0.010 § 0.006
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et al. 2000). A dendrogram representing the genetic rela-
tionships between sampling localities was constructed by
UPGMA with Nei’s genetic distance matrix generated in
MEGA 3.1 (Kumar et al. 2004).

Results

After manual editing, 343 bp representing the mitochon-
drial control region was obtained from 170 specimens of
P. coelestis. The haplotype composition of each population
is shown in Electronic supplementary material S1. Fifty
variable sites and 29 parsimoniously informative sites were
found among 71 haplotypes. The nucleotide composition
was 33.90% A, 33.25% T, 16.51% C, and 16.35% G. The
ratio between transitions and transversions was 2.93:1. The
nucleotide diversity (�) ranged from 0.007 § 0.005 to
0.012 § 0.007, and haplotype diversity (h) ranged from
0.871 § 0.073 to 0.961 § 0.028 among localities (Table 1).

Patterns of historical demography

The relationships between haplotypes were shown on a
haplotype network tree (Fig. 2) with the “bush-like” struc-
ture on some dominate haplotypes indicating a relatively
recent expansion. The mismatch distributions of all P. coe-
lestis populations were unimodal, except that in SK
(Fig. 3), and all populations Wtted well with the expansion
model suggesting a possible population expansion in the
past. All Tajima’s D values were negative, but only those of
TS and OS signiWcantly deviated from a neutral state
(P < 0.05) indicating the results of both selection and popu-
lation expansion. In addition, Fu’s Fs values were all nega-
tive and deviated from a neutral state (P < 0.01), suggesting
the eVects of population growth or genetic hitchhiking. All
evidences suggest that P. coelestis may have experienced a
possible population-expansion event in the past.

The estimation of mutation rates of the 5� portion of the
mitochondrial control region in bony Wsh varies among spe-
cies due to the paucity of Wsh fossils. In the damselWsh,
Chromis chromis, the mutation rate ranges from 8.2
to 9.3% per million years (Domingues et al. 2005). The
� values ranged from 1.005 to 4.461 (2.850 § 1.101,
mean § SD) (Table 2), and the time since population
expansion of P. coelestis was about 27,000–70,000 years
before the present.

Population genetic structure

The pairwise �st values (Table 3) did not signiWcantly diVer
(P > 0.05) among populations from mainland Japan (KN,
FS, BS, TN, and OS). Moreover, no signiWcant diVerence
was found between TS and SK populations or between SK

and NS populations. In both cases, gene Xow was not sig-
niWcantly lower than the average level between localities.
However, �st values between populations from mainland
Japan and TS, SK, and NS were high with signiWcant diVer-
entiation (P < 0.01). Minor genetic diVerentiation was
found between NS and populations from mainland Japan
(P < 0.05). Moreover, the estimated gene Xow per genera-
tion (Nm) ranged from inWnite to 1.096. The inWnite Nm

value indicates that extremely high gene Xow has occurred
between populations, while those lower than 11 are consid-
ered to be low gene Xow between localities (Table 3).

The UPGMA tree showed that populations from the
eight sampling sites were grouped into two major clusters
(Fig. 4): one cluster contained populations from mainland
Japan (KN, FS, BS, OS, and TN), and the other included
populations from Okinawa (SK) and Taiwan (TS). This
grouping corresponds to the haplotype distribution in the
network tree (Fig. 2). Furthermore, a genetic break was
found at the Tokara Gap according to the �st and AMOVA
analyses (Fig. 1) that divided P. coelestis populations into
two groups.

Fig. 2 The haplotype network of Pomacentrus coelestis. Black circles
represent haplotypes from mainland Japan, gray circles represent
haplotypes from Taiwan and Okinawa, and white circles represent
haplotypes from Nakanoshima. Small hollow circles between
haplotypes represent intermediate hypothesized haplotypes. Details of
haplotype distribution are given in the Electronic supplementary
material (S1)
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Discussion

The relationship between phenotypic and genetic variations

SigniWcant genetic divergences were found between P. coe-
lestis populations in KN and SK (�st = 0.158, P < 0.01) as
well as between the BS and SK populations (�st = 0.151,

P < 0.01). Furthermore, there was inWnite gene Xow
between the KN and BS populations (�st = ¡0.022). This
pattern is congruent with the phenotypic variations found
among diVerent latitudinal locations (Kokita 2003, 2004)
with the sampling sites KN, BS, and SK representing high,
middle, and low latitudes, respectively. Kokita (2003)
showed that females of P. coelestis from low latitude (SK)
spawned larger eggs than female from high (KN) and mid-
dle (BS) latitudes at every temperature treatment in the
common-environment experiments. Furthermore, size-spe-
ciWc clutch size and weight were greater in females from
high latitude (KN). Kokita (2004) further suggested that the
close correspondence between latitudes and these maternal
reproductive traits may be a consequence of local
adaptation.

The potential for local adaptation is determined by the
interplay between the selection diVerential and the level of
gene Xow among locations (Conover et al. 2006). However,
the adaptive divergence cannot be maintained under the cir-
cumstance of high gene Xow because it will homogenize
genetic variation across habitats. In this study, the limited
gene Xow found between latitudinal populations may play a
crucial role in maintaining the phenotypic variations. The
genetic divergence of P. coelestis populations along the

Fig. 3 Mismatch distributions of eight Pomacentrus coelestis populations. The curves represent the distributions Wtted to the data under a model
of population expansion
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Table 2 Results of Tajima’s D and Fu’s Fs neutrality tests for Poma-
centrus coelestis

� indicates the parameter of expansion. Abbreviations of localities are
given in Table 1

* P < 0.05; ** P < 0.01

Tajima’s D Fs �

KN ¡1.302 ¡6.204** 2.448

OS ¡1.602* ¡10.251** 3.677

FS ¡1.428 ¡7.053** 3.520

BS ¡1.061 ¡7.766** 2.935

TN ¡1.459 ¡5.549** 1.775

NS ¡1.089 ¡8.895** 4.461

SK ¡1.499 ¡4.347* 3.028

TS ¡1.820* ¡6.349** 1.005
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island chain between Japan and Taiwan may be related to
the vicariance eVect of ocean currents and self-recruitment
of larvae. The Kuroshio Current with average speed of
1 m s¡1 (Liang et al. 2003) may play a crucial role in segre-
gating P. coelestis populations between Okinawa and main-
land Japan since the pelagic larvae of P. coelestis, with
limited mobility, are unlikely to penetrate the Kuroshio.
During the last few years, many studies including circula-
tion modeling (Cowen et al. 2006), trace element (Swearer
et al. 1999), and tagging (Jones et al. 1999, 2005) experi-
ments have suggested that reef Wshes tend to stay where
they settle. The prevalence of self-recruitment may result in
limited gene Xow among P. coelestis populations and fur-
ther reinforce latitudinal variations of life history traits.

The consistency between population subdivision and
phenotypic variation among local populations has been
reported among diVerent color morphs of reef Wshes (Tay-
lor and Hellberg 2003; Messmer et al. 2005). However,
very few studies have shown the consistency between phys-
iological traits and genetic variations. The results of this
study suggest that variations in reproductive traits among
P. coelestis populations are likely associated with genetic
divergences.

Patterns of historical demographic and population 
structures

In contrast to the high haplotype diversity (h = 0.956 §
0.008), low nucleotide diversity (� = 0.010 § 0.006) was
found in the 5� portion of the mitochondrial control region
among P. coelestis samples. This phenomenon was also
found in several other reef Wshes (e.g., Fauvelot et al. 2003;
Chen et al. 2004). Grant and Bowen (1998) proposed four
scenarios involving possible factors related to population
dynamics to explain diVerent combinations of small and
large values of haplotype and nucleotide diversities. The
Wrst category includes species with low values of both h
and � may represent a recent recolonization following peri-
ods of low eVective population size within recent thousands
or tens of thousands of years. The second category consists
of populations with high h and low �, which is the case of
this study, can be attributed to rapid population expansion
after a period of low eVective population size. Many spe-
cies of this category are believed to have originated in the
Pliocene or early Pleistocene but their mtDNA genealogies
coalesce on a more recent scale (Grant and Bowen 1998).
The third category characterizes populations with low h and
high � may result from secondary contact between isolated
populations or by a strong bottleneck in a formerly large
and stable population. The fourth category consists of spe-
cies with high values of both h and � may be attributed to
secondary contact between previously diVerentiated allo-
patric lineages or to a long evolutionary history in a large
stable population.

Although little is known about the evolutionary history
of P. coelestis, the high h could be maintained within popu-
lations under several conditions such as a large population
size, environmental heterogeneity, and life-history traits
that favor rapid population expansion (Nei 1987). P. coe-
lestis often occurs abundantly on temperate rocky reefs to
coral reefs (Kokita 2003; Liu SYV unpublished data), and
this phenomenon may account for the high level of genetic

Table 3 Pairwise �st and Nm values between Taiwanese and Japanese populations of Pomacentrus coelestis

�st values are shown below the diagonal and Nm values above the diagonal. Abbreviations of localities are given in Table 1. 1 = inWnite

* P < 0.05; ** P < 0.01

KN OS FS BS TN NS SK TS

KN – 1 1 1 1 7.627 2.667 1.096

OS ¡0.026 – 1 1 1 6.217 2.753 1.260

FS ¡0.020 ¡0.020 – 1 1 10.131 4.254 1.519

BS ¡0.022 ¡0.012 ¡0.033 – 1 6.520 2.822 1.240

TN ¡0.017 ¡0.015 ¡0.016 ¡0.009 – 5.568 2.620 1.207

NS 0.062* 0.074** 0.047* 0.071* 0.082** – 13.022 2.464

SK 0.158** 0.154** 0.105** 0.151** 0.160** 0.037 – 52.902

TS 0.313** 0.284** 0.247** 0.287** 0.293** 0.168** 0.009 –

Fig. 4 UPGMA tree showing the genetic relationships among eight
populations of Pomacentrus coelestis using Nei’s (1978) genetic dis-
tance. Abbreviations of localities are given in Table 1
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diversity (Avise 1998). Moreover, it was proposed that
P. coelestis has an annual life cycle (Suzuki et al. 1985;
Kokita unpublished data), and their minimum maturation
size is 3.6 cm in standard length (Chen 1992). Females of
P. coelestis often spawn multiple clutches, approximately Wve
times per month, during the spawning season (Tanaka and
Nitta 1997). Such life-history traits including early matura-
tion, high reproductive investment, and large population
size may contribute to rapid population growth and enhance
the retention of new mutations that results in high h. The
results of unimodal mismatch distribution and the deviation
from neutrality test also suggest that P. coelestis popula-
tions have gone through rapid expansion after a period of
low eVective population size (Rogers and Hapending 1992;
Grant and Bowen 1998). These possible factors may result
in high h and low � observed among P. coelestis popula-
tions.

Tajima’s D and Fu’s Fs values of P. coelestis popula-
tions were all negative, and the bush-liked haplotype net-
work was found in the haplotype tree. These Wndings are
consistent with the high h and low �, suggesting the occur-
rence of population expansion (Grant and Bowen 1998).
Moreover, the results of goodness-of-Wt test showed that
our data Wts well with the model of population expansion
(Fig. 3). Similar phenomena have been reported in other
studies demonstrating population structures after a possible
historical expansion (Fauvelot et al. 2003; Chen et al.
2004). Sea-level changes during past glaciations were pro-
posed as important factors in shaping the biogeography of
damselWsh (Nelson et al. 2000; Fauvelot et al. 2003). When
sea surface temperature and sea level dropped during the
last glaciations, such drastic environmental changes might
have resulted in population bottlenecks among reef Wsh
populations in shallow water habitats. Thus, the modern
populations of P. coelestis in the northern West PaciWc pos-
sibly represent the results of recolonization after such
events.

Population structure of P. coelestis in the northern West 
PaciWc

The population structure of marine species has long been
assumed to be homogenous due to the long pelagic duration
and lack of obvious geographical barriers in marine envi-
ronments (Shaklee 1984). However, there was apparent
restricted gene Xow between P. coelestis populations of two
groups, i.e., mainland Japan and Okinawa–Taiwan, along
the Kuroshio pathway (Table 3). The UPGMA tree based
on Nei’s genetic distance also support the same genetic
break. This grouping was further tested by hierarchical
AMOVA analyses of three artiWcially divided groups repre-
senting diVerent scenarios. First, the eight populations were
assigned to four groups by considering isolation by the

Kuroshio Current and the land barrier of mainland Japan.
Second, populations along the path of the Kuroshio were
divided into three major groups. Third, the populations
were assigned into two groups based on their genetic struc-
ture, i.e., the mainland Japan group and the Taiwan-Ryukyu
group (Table 4). The results showed that most of the vari-
ances in all three groupings occurred at the within-popula-
tion level. SigniWcant genetic diVerentiations were found
among/between groups of the second and third groupings
(P < 0.05). The highest proportion of variance (19.26%)
was found between the two groups in the third scenario
suggesting that this grouping represents the highest genetic
diVerentiation among populations.

Similar patterns have been reported among reptiles,
amphibians, plants, and Wsh (Ota 1998; Mukai et al. 2004,
2005; Chiang and Schaal 2006; Tseng et al. 2006), but most
of those are terrestrial or freshwater organisms that are eas-
ily inXuenced by isolation among islands. The hypotheses
that have been proposed to explain the phylogeography of
terrestrial animals and plants between Taiwan and the
Ryukyu Arc might not be appropriate for marine species
such as P. coelestis. Herein, we propose a scenario to
explain the population structure of P. coelestis based on
historical events and hydrodynamic patterns. During the
last glacial maximum (LGM), the Kuroshio Current did not
enter the Okinawa Trough, but instead turned northeast-
ward due to the appearance of a land bridge between Tai-
wan and the southern Ryukyus (Ujiié et al. 1991). Shifting
of the Kuroshio pathway led to a decrease in sea surface
temperature in coastal waters of East Asia, as suggested by
CLIMAP Project Members (1981). During that period,
coastal waters around mainland Japan might not be suitable
habitats for P. coelestis due to the low water temperatures

Table 4 Hierarchical AMOVA within and among eight populations
of Pomacentrus coelestis between Taiwan and Japan

Abbreviations of localities are given in Table 1

* P < 0.05

Comparisons Source of variance Percent total 
variance

� Statistic

(KN, FS, BS, 
TN, NS), 
(TS), (OS), (SK)

Among regions 11.19 0.111

Among pop./
within regions

1.98 0.022*

Within populations 86.82 0.132*

(KN, FS, BS, 
TN, NS, OS), 
(TS), (SK)

Among regions 18.06 0.181*

Among pop./
within regions

1.30 0.016*

Within populations 80.63 0.194*

(KN, FS, BS, 
TN, NS, OS), 
(TS, SK)

Among regions 19.26 0.193*

Among pop./
within regions

1.19 0.015*
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(about 6°C), and the population might move to lower lati-
tudes. Only after the glaciers receded and sea temperatures
increased, did individuals of P. coelestis begin recolonizing
the coastal areas of mainland Japan forming the present
populations. When individuals of P. coelestis crossed the
Takara Gap, they might rapidly spread along the eastern
and western coastlines of Japan to Wll in empty niches.
When the present Kuroshio pathway was established in
early Holocene, the current pattern might have constrained
the gene Xow between P. coelestis populations in mainland
Japan and Okinawa.

The biogeographic pattern of P. coelestis is analo-
gous with those of marine ostracods (Ogoh and Ohmiya
2005) and tideland snail Cerithidea cingulata (Kojima
et al. 2006). Two deep straits, Tokara Gap and Kerama
Gap, were suggested to be responsible for the phylogeo-
graphic patterns of amphibians and reptiles (Ota 1998).
The present results indicated the Tokara Gap may aVect
the population structure of P. coelestis between main-
land Japan and Okinawa. However, the Kerama Gap is
unlikely acted as a barrier to P. coelestis since high gene
Xow persisted among populations between Okinawa and
southern Taiwan populations (�st = 0.009) which were
separated by a distance of approximately 880 km. More-
over, a shared haplotype (haplotype 66 in Electronic
supplementary material S1, n = 12) was found among
individuals of southern Taiwan and Okinawa (n = 35)
that represented about 1/3 of all individuals. This phe-
nomenon may represent a case of ancestral polymor-
phism or the consequence of a shared gene pool due to
high gene Xow between these two populations. In con-
trast, non-signiWcant �st value was found between
P. coelestis populations in Nakanoshima (NS) and Oki-
nawa (SK) which might be resulted from the Xuctuations
of Kuroshio axis across the Tokara Strait. When Kuro-
shio passes through the Tokara Strait where NS located,
its axis varies greatly among years due to the large
meander of Kuroshio (Yamashiro and Kawabe 2002).
When the Kuroshio axis moving northward occasion-
ally, the pelagic larvae of P. coelestis from Okinawa
may have opportunities to reach NS and thus increase
the genetic exchange between NS and SK.

In conclusion, the mitochondrial DNA sequence anal-
yses provided a useful probe to detect the population
structure of P. coelestis among diVerent localities in
Taiwan and Japan. The results demonstrated not only a
link between phenotypic and genetic variations of
P. coelestis populations but also the genetic divergence
between mainland Japan and Okinawa–Taiwan groups.
This study also showed the connectivity between local
populations which can provide useful information on the
design of future marine reserves in the northern West
PaciWc.
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