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Abstract: The genetic relationships among northern South China Sea populations of the six bar wrasse

(Thallasoma hardwicki) were investigated. Fish collected from the Solomon Islands were used for geographic

comparison. In 1998 and 1999, a total of 100 fish were sampled from 6 localities of the northern South China

Sea and 3 localities of the Solomon Islands. Genetic variations in DNA sequences were examined from the first

hypervariable region (HVR-1) of the mitochondrial control region, as amplified by polymerase chain reaction.

High levels of haplotypic diversity (h = 0.944 ± 0.0016, p = 0.0224 ± 0.01171) in the HVR-1 region of the

mitochondrial control region of T. hardwicki were detected. This yielded 94 haplotypes that exhibited a

minimum spanning tree with a starburst structure, suggestive of a very recent origin for most haplotypes.

Neutrality tests indicated that the pattern of genetic variability in T. hardwicki is consistent either with genetic

hitchhiking by an advantageous mutation or with population expansion. Partitioning populations into

coherent geographic groups divided the northern South China Sea samples (UCT = 0.0313, P < 0.001) into 3

major groups: a north-central group composed of northwestern Taiwan and northern Vietnam; a southwestern

group containing southern Vietnam; and a southern group including the central Philippines. These results are

in concordance with mesoscale boundaries proposed by allozyme markers, thus highlighting the importance of

identifying transboundary units for the conservation and management of fisheries in the South China Sea.

Key words: mitochondrial control region, Thallasoma hardwicki, demographic history, population structure,

South China Sea.

INTRODUCTION

The literature is replete with examples of marine fish spe-

cies with high levels of gene flow that exhibit no genetic
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structure over geographic scales spanning hundreds to

thousands of kilometers (Palumbi, 1992, 1994; Benzie,

1998, 1999; Waters et al., 2000; Riginos and Victor, 2001;

Planes and Fauvelot, 2002). Genetic homogeneity across

such large geographic scales is usually explained by the

connections created by sea surface currents. In contrast,

some studies have documented that reef fishes with high

dispersal capacities exhibit high genetic divergence among

populations in the absence of distinct barriers to dispersal

(Bell et al., 1982; Planes et al., 1994; McMillian and Pa-

lumbi, 1995; Shulman and Berminghan, 1995; Waters et al.,

2000; Riginos and Victor, 2001; Fauvelot and Planes, 2002;

Planes and Fauvelot, 2002; Taylor and Hellberg, 2003).

Palumbi (1996b) reviewed 4 possible explanations for

divergence among marine populations: behavior mecha-

nisms (e.g., vertical migration of larval or adult fishes;

Planes et al., 1994); selection against immigrants or selec-

tion for balanced polymorphisms; complex oceanographic

circulation patterns; and historic barriers to gene flow.

The South China Sea, extending 2800 km north from

the Equator to the Tropic of Cancer and averaging

1000 km in width, harbors the highest diversity of marine

species anywhere on Earth (reviewed in McManus, 1992,

1997). The South China Sea is subject to monsoonal wind

patterns that shift semiannually from origins in the

northeast to origins in the southwest (Figure 1, reviewed in

McManus, 1992). This results in a complex system of

surface currents, many of which completely reverse on an

annual or semiannual basis (Figure 1). Whether these

complex surface currents determine the genetic structure of

marine organisms within the South China Sea is still poorly

understood. Some have suggested that historic barriers,

such as sea level changes during the Pleistocene, may have

played important roles in creating isolated populations by

cutting off local sea basins from the Southeast Asian region

(McManus, 1985; Potts, 1985), and the resulting structure

persists to this day. It is important to understand the extent

to which present conditions or historical events have

determined the current genetic structure within a species,

because genetic data are interpreted as indirect estimates of

dispersal in marine organisms. Genetic structures and the

time frame for the mechanism that brought them about

have implications for the conservation and sustainable

management of these fisheries.

Evidence from a large-scale allozyme study of the

damselfish Dascyllus trimaculatus, using 12 markers from

16 sites in 6 countries (Indonesia, Malaysia, the Philippines,

Taiwan, Vietnam, and the Solomon Islands), suggested the

occurrence of 4 major regional management units in the

South China Sea and adjacent areas: (1) a West Pacific

group to the east of the Philippines and southeast of Tai-

wan; (2) a north-central group encompassing northwestern

Taiwan, northern Vietnam, and the northwestern Philip-

pines; (3) a southwestern group comprising southern

Vietnam and the eastern coast of mainland Malaysia; and

(4) a southern group including the southern and central

Philippines, eastern Malaysia, and central Indonesia (Ablan

et al., 2002). The extent to which this pattern occurs in

Figure 1. Surface currents of the South China Sea in winter (a) and

summer (b).
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other reef fish species, particularly a species with highly

contracting reproductive strategies and much longer larval

durations, will provide more insights into the validity of the

suggested regional management boundaries for reef-asso-

ciated fisheries resources.

To expand our understanding of the genetic structure of

reef fish populations in the South China Sea, we analyzed the

DNA sequences from the first hypervariable region (HVR-1)

of the mitochondrial control region in six bar wrasse

(Thallasoma hardwicki) collected from 6 populations of 3

countries in the northern South China Sea—the Philippines,

Taiwan, and Vietnam. In addition, fish from 3 populations

of the Solomon Islands were collected for geographic com-

parison. Thallasoma hardwicki is a widely distributed and

frequently observed species of reef fish in the South China

Sea (Froese and Pauly, 2002). Any finding of concordant or

discordant genetic structure of T. hardwicki in the 4 pro-

posed management units within the region would be of

considerable practical significance for the conservation and

management of fisheries in the South China Sea.

MATERIALS AND METHODS

Fish Samples

Fish were collected through an international collaborative

project among 6 countries around the South China Sea and

the Solomon Islands, coordinated by the World Fish Center

in 1997. In total, 100 Thallasoma hardwicki individuals

were collected from 6 populations in the northern South

China Sea and from 3 populations of the Solomon Islands

(Figure 2, Table 1). Thallasoma lunare, T. quinquvevitta-

tum, and T. purpureum were used as outgroups for phy-

logenetic analysis. Fish were frozen whole in liquid nitrogen

and shipped to the headquarters of the World Fish Center

for allozyme electrophoretic analysis (M.C.A., Ablan et al.,

unpublished data) Subsequently, a piece of muscle tissue

was removed, preserved in 95% ethanol, and shipped to the

laboratory of the senior author at the Institute of Zoology,

Academia Sinica, Taiwan, for DNA analysis.

DNA Extraction, Amplification, and Sequencing

DNA extraction was modified from methods described in

Chen and Yu (2000) and Chen et al. (2000). A 400-bp

portion of HVR-1 in the mitochondrial control region was

amplified by the polymerase chain reaction (PCR) using a

pair of specific primers, THDIoop-F, 5¢-AGC ACC GGT CTT

GTA AAC CGG CAG-3¢, and THDloop-R420, 5¢-GTC CTG GTT

GGT CGG TTC TTA CTG CG-3¢, designed from the complete

DNA sequence of the mitochondrial control region of T.

hardwicki (C.A. Chen, unpublished data). PCR was

performed in a PC-9606 thermal sequencer (Corbett

Research, Australia) using the following thermal cycle: 1

cycle at 95�C (4 minutes); 4 cycles at 94�C (30 seconds),

50�C (1 minute), and 72�C (2 minutes), followed by 35

cycles at 94�C (30 seconds), 55�C (1 minute), and 72�C
(2 minutes). The amplification reaction used 50 to

200 ng of the template and Taq polymerase (BRL) in a

50-ll-volume reaction using the buffer supplied with the

enzyme and under the conditions recommended by the

manufacturer. Each 50-ll reaction volume contained

50 mM KCl, 10 mM Tris (pH 9.0), 1 .5 mM MgCl2,

0.2 mM dNTPs, 0.33 unit of each primer, 0.033 units of

Taq polymerase, and 100 ng of genomic DNA. The PCR

products were electrophoresed in a 1% agarose (FMC

Bioproduct) gel in 1· TAE buffer to check the yield. The

amplified DNA was extracted using a DNA/RNA gel

extraction column (Viogene, Taipei) under conditions

recommended by the manufacturer. The nucleotide se-

quences were determined for both ends of the PCR prod-

ucts using an ABI 377 Genetic Analyzer. The sequences

obtained in this study have been submitted to GenBank

under accession numbers AY185923 to AY186029.

Data Analyses

All Thallasoma hardwicki sequences were initially aligned

using CLUSTAL W 1.7 (Thompson et al., 1994), followed

by manual editing using SeqApp 1.9 (Gilbert, 1994). All

data analyses were implemented using Arlequin 2.0 for

Macintosh platform (Schneider et al., 2000). The unique

haplotypes and transitions and transversions were counted.

The haplotypic diversity, h, nucleotide diversity, p (Nei,

1987), and their standard errors were calculated. We also

constructed haplotype networks for T. hardwicki. Matrices

of the absolute number of substitution differences were

produced. The minimum spanning tree (MST; Excoffier,

1993) of haplotypes, drawn by hand, was based on the

output. The historical demography of T. hardwicki was

examined using mismatch distributions based on the ob-

served number of differences among all pairs of haplotypes.

Simulation studies have shown that distribution is multi-

modal in samples drawn from populations at demographic

equilibrium, a pattern reflecting stochastic lineage loss. In
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Figure 2. Locations of the 6 Thallasoma hardwicki populations across the northern South China Sea and the 3 populations in the Solomon

Islands.
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contrast, distribution appears unimodal in populations that

have passed through recent demographic expansions within

the time horizon of the marker (Slatkin and Hudson, 1991;

Roger and Harpending, 1992). We also used Tajima’s D,

Fu’s F statistic (Fu and Li, 1993), and Fu’s Fs (Fu, 1996) to

further examine the historical demography of T. hardwicki

(Tajima, 1989a, 1989b). If populations have experienced

different modes of selection, demographic fluctuation, or

population subdivision, then deviations from neutral

expectations for the frequency of polymorphisms are ex-

pected. Tajima’s D can be used to examine demography in

that a negative value is expected under population expan-

sion and a positive value is expected under population

subdivision. Fu’s F statistic and Fs statistic can detect the

effect of population growth, i.e., an excess of low-frequency

mutations. Fu’s Fs statistic is more sensitive to genetic

hitchhiking and population growth, while Fu’s F statistic is

more sensitive to background selection (Fu, 1996, 1997).

The estimated demographic parameters of each population

were then used as input in a coalescent simulation program

to generate DNA sequences (Schneider and Excoffier, 1999)

for which new sets of parameters were computed.

Approximate 95% confidence intervals were generated after

5000 simulations for the mismatch distribution and the

number of polymorphic sites. Several parameters, including

s, h0, and h1, were calculated: s is the age of expansion,

while h0 and h1 are the population sizes before and after

expansion, respectively. P(SSDobs) is the probability of

observation by chance of a less than good fit between the

observed distribution and the mismatch distribution for a

demographic history of a population defined by the esti-

mated parameters s, h0, and h1 (Petit et al., 1999). The

mismatch distribution and coalescent simulation were

computed.

In order to reveal the population genetic structure of

Thallasoma hardwicki in the northern South China Sea and

its relationship to that in the Solomon Islands, we con-

ducted two statistical analyses. First, total genetic variations

of the northern South China Sea and the Solomon Islands

populations were computed on the basis of the haplotype

frequency distribution analysis (equivalent to a Fst analysis;

Cockerham, 1973) corrected for interhaplotype sequence

divergence using the Kimura 2-parameter model (Kimura,

1980). A Ust value, analogous to the Cockerham Fst esti-

mation of genetic variation, was calculated to estimate the

genetic divergence overall and between paired populations.

The statistical significance of the total and pairwise Ust

values was estimated by comparison of the observed dis-

tribution generated by 10,000 permutations, in which

individuals are randomly redistributed into populations.

The exact test of population differentiation (Raymond and

Rousset, 1995) based on haplotype frequencies was also

applied as implemented using Markov chain length, 20,000

steps. The significance threshold of pairwise comparisons

Table 1. Thallasoma hardwicki Collection Sites, Sample Size (n), Nucleotide Content (AT%), Number of Substitutions (Ti, transition;

Tv, transversion), Number of Haplotypes (nh), Haplotypic Diversity (h), and Nucleotide Diversity (p)a

Locality Latitude Longitude n AT% Ti/Tv nh (h) p

Taiwan

Penghu (p) 23�30¢N 119�30¢E 20 63.83 23/7 20 (1) 0.0199 ± 0.01098

Lanyu (I) 22�N 121�30¢E 3 63.81 23/4 3 (1) 0.0171 ± 0.01241

The Philippines

Zambales (z) 7�–8�N 121�–122�E 18 63.81 21/2 17 (0.988 ± 0.021) 0.02381 ± 0.0157

Vietnam

Qui Nhon (h) 13�–14�N 109�–110�E 10 63.97 22/3 10 (1) 0.0245 ± 0.01407

Nha Trang (n) 11�–13�N 110�–130�E 11 63.6 19/4 11 (1) 0.0220 ± 0.01259

Ca Na Bay (c) 11�–12�N 110�–120�E 8 64.05 19/2 8 (1) 0.0256 ± 0.01509

Solomon Islands

Maro’u Bay (m) 9.9�S 160.8�E 10 63.94 13/3 10 (1) 0.0164 ± 0.00974

Gela (g) 9.0�S 160.1�E 10 63.94 23/3 10 (1) 0.0230 ± 0.01326

West (w) 8.2�S 156.8�E 10 63.94 22/3 10 (1) 0.0287 ± 0.01625

Total 100 63.8 56/14 94 (0.944 ± 0.0016) 0.0203 ± 0.01068

aCalculations were made using DNASP 3.53 (Rozas and Rozas, 1999). Standard errors for haplotypic diversity and nucleotide diversity are indicated.
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(P < 0.05) was always adjusted by sequential Bonferroni

correction (Rice, 1989).

Second, the extent of population subdivision between

populations was examined using analysis of molecular

variance (AMOVA; Excoffier et al., 1992). The standard

variance and haplotypic correlation measures (U statistics)

can be used to reveal the degree of population subdivision

(Schneider et al., 2000). To correct for any effects of un-

equal nucleotide composition, multiple substitutions, and

differences in substitution rates among sites in the control

region that are characteristic of this region (see Perna and

Kocher, 1995; Rosel and Block, 1996), interhaplotypic

distances for AMOVA were estimated using the Tamura-

Nei evolution model (Tamura and Nei, 1993). The shape

parameter, a, of a c distribution of mutation rates was

estimated using the method of moments (Johnson and

Kotz, 1975), as described by Petit et al. (1999). The sig-

nificance of the resultant statistics and variance compo-

nents was tested with 1 0,000 permutations.

RESULTS

Control Region Sequence Variation

After unreadable sites close to the primers at either end

were removed, 332 bp of HVR-1 sequences were obtained

for 100 Thallasoma hardwicki from 9 populations. In a total

of 94 haplotypes with 91variable sites and 41 phylogeneti-

cally informative sites were identified for T. hardwicki

(Table 1). The nucleotide composition was A+T-rich (A,

41.5%; T, 29.2%), and variations consisted predominantly

of transition substitutions (Ti: Tv = 4.0). A c value of 0.18

was calculated for T. hardwicki, suggesting strong hetero-

geneity of substitution rates among nucleotide sites in its

HVR-1. The greatest number of absolute differences among

haplotypes was 8. Total haplotypic diversity was high

(0.94 ± 0.0016). Of the 9 populations, all except Zambales

had a haplotypic diversity of 1; i.e., in most of populations,

there was no identical haplotype shared by T. hardwicki

within the population (Table 1).

Pattern of Historical Demography

Relationships between haplotypes are represented on a

minimum spanning tree (MST), and the MST of T.

hardwicki appeared star-like, with many individual haplo-

types linked by a single or a few mutations (Figure 3).

Among the 94 haplotypes, only 1 (c6/w3) was shared be-

tween the South China Sea and Solomon Island popula-

tion. The MST showed no obvious haplotype clustering

with respect to the South China Sea and the Solomon Is-

lands. These characteristics of the T. hardwicki mitochon-

drial control region are consistent with results from other

studies assessing fish mitochondrial-control-region vari-

ability (Lee et al., 1995; Dudgeon et al., 2000).

The high haplotypic diversity (0.998 ± 0.0016,

mean ± SE) relative to nucleotide diversity (0.0224 ±

0.01171) is indicative of a population bottleneck followed by

rapid population growth and accumulation of mutations

(Grant and Bowen, 1998; Avise, 2000). Thallasoma hardw-

icki has a mismatch distribution that fits well with a model

of population expansion (Figure 4). This is supported by a

significant negative value for Tajima’s D (Table 2) for all

populations ()1.61784, P < 0.05). In addition, Fu’s Fs sta-

tistic, which is more sensitive to genetic hitchhiking and

population growth, was significant in all populations. In

contrast, Fu’s F statistic, which is more sensitive to back-

ground selection, was never significant (Table 2). We also

noticed that Fs was negative in all populations but 2—the

western population of the Solomon Islands and that from

Zambales in the Philippines had positive values. Thallasoma

hardwicki has a mismatch distribution that fits well with a

model of population expansion (Figure 4). The estimation

of h0, and h1, and the P values of the SSDobs statistic revealed

that the patterns of polymorphism in 7 of 8 populations

(except Zambales) were under a population expansion

model (Table 3). For the Zambales population, significantly

small P values of SSDobs indicated that the pattern of

polymorphism observed in this population was under a

stationary population model. For the 7 populations for

which a model of population expansion was indicated by

the SSDobs test, the observed number of polymorphic sites

(s) was within the range of the 95% confidence interval

generated by the simulations (Si), suggesting that the

parameters estimated by the model accurately accounted for

the polymorphism observed in these populations (Table 3).

Patterns of Population Structure

The population structure was estimated from 8 popula-

tions; Lanyu was excluded from the following analyses

because of its small sample size. Most of the pairwise Ust

values (Table 4) were low and statistically not significant

(25 of 28). However, all the Ust values observed were not

significantly different after application of the sequential
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Bonferroni correction (P = 0.3174), suggesting a pattern of

overall mitochondrial control region homogeneity of the

South China Sea and the Solomon Island Thallasoma

hardwicki. In addition, we examined the population

structure using 3 sets of hierarchical AMOVAs. First, we

divided the groups according to natural geographic

boundaries: i.e., Penghu, the Philippines, and Vietnam.

Second, the groups were assigned according to the meso-

scale boundaries suggested by Ablan et al. (2002): i.e., the

north-central group contains Penghu and Qui Nhon of

Figure 3. Thallasoma hardwicki haplotype network. Each circle represents a unique haplotype; small circles represent 1 individual and large

ones represent 2 individuals possessing that haplotype. White circles represent the South China Sea haplotype; hatched circles, the Solomon

Island haplotype; and dotted circle, the haplotype shared by both regions. Abbreviations of localities are given in Table 1.
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Vietnam; the southwestern group contains Nha Trang and

Ca Na Bay of Vietnam; and the southern group contains

Zambales of the Philippines. Finally, we compared genetic

structures between the populations in the northern South

China Sea and those in the Solomon Islands (Table 5). The

AMOVA, incorporating both sequence divergence and

haplotype frequencies among populations, detected signif-

icant structuring among populations with in the northern

South China Sea using mesoscale boundaries as grouping

criterion (UCT = 0.0313, P < 0.001). Population subdivi-

sion was not significant using natural geographic bound-

aries as the criterion (UCT = 0.01795, P > 0.01), or was it

significant between the Solomon Islands and the South

China Sea (UCT = 0.01136, P > 0.01). Within-population

variations were all significant in the 3 comparisons, with

the greatest variation in genetic structure (97.66%) found

in the comparison between the South China Sea and the

Solomon Islands. Negative values were obtained for some

comparisons. Negative values indicate great differences

between 2 random individuals from the same population,

rather than between 2 random individuals from different

populations (Arnason and Palsson, 1996).

DISCUSSION

Variability of the HVR-1 Region in Thallasoma

hardwicki

Thallasoma hardwicki showed high levels of haplotypic

diversity but relatively low sequence divergence in the

HVR-1 region of the mitochondrial control region. Hap-

lotype and nucleotide diversity estimates were similar to

Figure 4. Mismatched distribution of

Thallasoma hardwicki pairwise sequence

differences as computed by ARLEQUIN

2.0.

Table 2. Thallasoma hardwicki: Results of Tajima’s D and Fu’s Neutrality Tests

Population Tajima’s D Fs F

Penghu )1.07553 )13.547** )1.334

Zambales )0.10288 )5.882** 0.096

Quio Nhon )0.92982 )3.568** )1.1036

Nha Trang )0.44186 )4.52** )0.901

Ca Na Bay )0.24052 )2.4386** )0.97139

Maro’u Bay )0.55493 )4.5046** )0.71495

Gela )0.85316 )3.6226** )0.97139

West )0.39112 )3.376** 0.4071

All populations )1.61784* )24.631** )0.35153*

*P < 0.05; **P < 0.000001.
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values reported for 2 scarid fishes, Scarus frenatus and

Chlorurus sodidus (Dudgeon et al., 2000), and for several

species of Caribbean reef fishes from mtDNA restriction

fragment length polymorphism (RFLP) data (Shulman and

Bermingham, 1995). Several scenarios have been proposed

to explain the maintenance of high haplotypic diversity

within populations, including large population sizes,

environmental heterogeneity, and life-history traits that

favor rapid population increase (Nei, 1987). In marine

fishes, large population sizes (in excess of hundreds of

millions of individuals) were thought to be responsible for

extraordinarily high levels of genetic diversity (reviewed in

Avise, 1998). Thallasoma hardwicki is a widely distributed

and frequently observed species of reef fish in the South

China Sea (Froese and Pauly, 2002), indicating that large

population sizes may account for the high levels of ha-

plotypic diversity observed in this study. A similar pattern

was observed in the Caribbean congeneric species T. bi-

fasciatum, as revealed by RFLP analysis of mtDNA (Shul-

man and Bermingham, 1995). In addition, life-history

traits, such as short generation times, small maximum size,

and quick maturation, have shown a significant correlation

with high heterozygosity in bony fishes (Mitton and Lewis,

1989). This correlation was also proposed for the com-

parison between S. frenatus and C. sodidus, in which the

former has a maximum life span that is 2 times longer than

the latter. Chlorurus sodidus has greater haplotypic and

nucleotide diversities than S. frenatus (Dudgeon et al.,

2000). However, little is known about these life-history

traits for T. hardwicki, and further work is needed to

examine this correlation.

Patterns of Historical Demography

Results from the MST analysis and shallow divergence

among Thallasoma hardwicki haplotypes suggest that this

Table 4. Pairwise Ust Value of Population Differentiationa

P Q N C Z W M

P

Q )0.00661

N 0.03723 0.07552*

C 0.03418 0.00884 0.00627

Z 0.01744 0.05684 0.04020 0.10992*

W 0.03939 0.02793 )0.00081 0.01068 0.03558

M )0.02493 )0.02075 0.04999 0.03200 0.04152 0.06068*

G )0.02725 )0.02297 0.01475 )0.01599 0.03721 )0.00727 )0.0427

aSignificance by the exact test (P < 0.05) is labeled with an asterisk. Abbreviations of populations are given in Table 1.

Table 3. Thallasoma hardwicki: Observed (s) and 95% Cl Confidence Interval of Simulated (95% Cl Si) Polymorphic Sites as well as

estimated Demographic Parameters (with their 95% Cl) in eight Populations of T. hardwickia

Population s 95%Cl Si s h0 h1 P(SSDobs)

Penghu 32 42–71 6.054 (3.483–7.542) 0 (0–2.813) 6655 (84.8–10695) 0.816

Zambales 24 39–67 6.396 (3.552–7.850) 0 (0–2.582) 6840 (98.4–10485) 0.005

Qui Nhon 28 25–48 7.477 (2.954–10.031) 0 (0–3.754) 4683 (95.7–9225) 0.353

Nha Trang 23 23–45 6.871 (3.975–8.668) 0 (0–2.947) 6655 (151.9–9530) 0.621

Ca Na Bay 22 10–39 7.662 (3.663–10.031) 0 (0–3.926) 6655 (101.3–9062.5) 0.859

Maro’u Bay 18 17–36 5.33 (2.252–7.457) 0 (0–3.184) 6655 (51.8–9177.5) 0.2

Gela 28 19–39 5.815 (2.909–8.705) 0.63 (0–3.443) 4832.5 (64–8832.5) 0.745

West Solomon 28 25–48 7.848 (4.254–10.225) 0 (0–3.693) 7035 (115.6–8787.5) 0.302

aValues for s, h0, and h1 are the age of the expansion, the population size before the expansion, and the population size after expansion, respectively, all

expressed in units of mutation time. P(SSDobs) is the probability of observing by chance a less than good fit between the observed and mismatch

distribution for a demographic history of the population defined by the estimated parameters s, h0, and h1.
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species has experienced a series of increases and reductions

in population size throughout its history. In particular,

population bottlenecks and expansions can produce the

starburst pattern of haplotype relatedness (Figure 3) seen in

T. hardwicki (Slatkin and Hudson, 1991; Roger and Har-

pending, 1992). The unimodal distribution of pairwise

distances between haplotypes of T. hardwicki do fit a model

of population expansion. This finding is corroborated by

significantly negative Tajima’s D and Fs statistic, and by the

high level of haplotypic diversity and low level of nucleotide

diversity (Grant and Bowen, 1998). Although both D and Fs

are consistent with population expansion (demographic

hypothesis), the other alternative hypothesis, genetic

hitchhiking by an advantageous mutation (selective

hypothesis), should also be noted (Maruyama and Birky,

1991; Slatkin and Hudson, 1991; Fu, 1997). Deciding be-

tween the selective hypothesis and the demographic

hypothesis requires comparison of the behavior of several

unlinked loci (Tajima, 1989b). Unfortunately, we did not

conduct this examination in the present study. Neverthe-

less, a good fit of observed mismatch distributions to the

model of sudden population growth (Figure 4) supports

the neutrality test of T. hardwicki populations (with the

exclusion of Zambales), favoring the demographic

hypothesis. Although the statistical analysis supports T.

hardwicki populations having experienced a sudden

expansion, evaluation of our model reveals that it is unable

to account for the diversity of the Zambales population

(Table 4). This is probably due to either an incorrect

mutational model (Bertorelle and Slatkin, 1995; Aris-Bro-

sou and Excoffier, 1996) or a demographic history other

than a simple sudden expansion, such as an admixture of

events as in some human populations (Marjoram and

Donnelly, 1994).

Population Structure

We conclude from demographic analyses that Thallasoma

hardwicki has experienced demographic changes throughout

its history, and that the changes have been recent enough to

remove much of the nucleotide divergence among haplo-

types. In order to understand patterns of genetic structure,

population genetic analyses that focus on a more recent time

frame are needed. The pairwise Ust statistics and AMOVA

allow us to test for large-scale patterns of genetic structure.

Even though MST failed to detect historical fragmentation

of T. hardwicki, a genetic division might still exist among

populations within the northern South China Sea. Indeed,

the pairwise Ust statistics and AMOVA did detect highly

significant structuring among 5 populations within the

South China Sea, but it was insignificant between the South

China Sea and 3 populations in the Solomon Islands.

Three implications can be drawn from the results of

pairwise Ust statistics and AMOVA. First, genetic struc-

turing detected in T. hardwicki is not concordant with the

scenario that genetic heterogeneity of reef fishes is corre-

Table 5. Thallasoma hardwicki: Hierarchical AMOVA Within and Among Five Populations in the South China Sea and Three Popu-

lations from the Solomon Islandsa

Observation-partition

Comparison Variance component Variance % Total U statisticb

South China Seac Among regions )0.06067 )1.79 UCT = )0.01795

(P), (C, N, Q), (Z) Among populations/within regions 0.15904 4.70 USC = 0.04622

Within populations 3.28185 97.09 UST = 0.02910**

South China Sead Among regions 0.10832 3.13 UCT = 0.0313**

(P, Q), (C, N), (Z) Among populations/within regions 0.02146 0.62 USC = 0.0064

Within populations 3.33054 96.25 UST = 0.0375*

South China Sea vs. Solomon Islands Among regions 0.03907 1.14 UCT = )0.01136

Among populations/within regions 0.04151 1.21 USC = 0.01221

Within populations 3.35895 97.66 UST = 0.02343*

aAbbreviations of localities are given in Table 1.
bThe significance level (P) of the U statistic, based on 10,000 permutations, is the proportion of permutation results larger than the estimate. *P < 0.01;

**P < 0.001.
cGrouping defined by natural geographic boundaries.
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lated with pelagic larval dispersal ability (Doherty et al.,

1994, 1995; Shulman and Bermingham, 1995; Dudgeon et

al., 2000; Riginos and Victor, 2001). It has been proposed

that species with shorter pelagic phases tend to show sig-

nificant mtDNA differences between populations, while

species with longer pelagic durations do not. In the con-

familial comparison of 2 Caribbean labrid fishes, Halicho-

eres bivittatus and Thallasoma bifasciatum, the former has a

shorter pelagic duration (24 days; see Victor, 1986) and

shows significant population structure by AMOVA, but the

latter, with a longer larval life (49 days), does not (Shulman

and Bermingham, 1995). The planktonic larval stage of T.

hardwicki was estimated to be 47 days (Victor, 1986), which

is similar to that of T. bifasciatum; therefore, it is expected

that metapopulations would be maintained in a state of

panmixia for T. hardwicki. However, this was not the case

observed in the present study. Indeed, Shulman and Ber-

mingham (1995) concluded that neither egg type nor

length of larval duration is a simple predictor of geographic

structure in reef populations after finding contrast results

in 3 Caribbean fish species. Recently, results of a partial

mitochondrial cytochrome b sequence suggested that

populations of a Caribbean cleaner goby, Elacatinus evely-

nae, can remain demographically closed for thousands of

generations despite extend larval duration (Taylor and

Hellberg, 2003).

Second, AMOVA using allozyme markers (Ablan et al.,

1999, 2002) and using 5¢-end DNA sequence of the mito-

chondrial control region indicated a concordant genetic

structure of T. hardwicki within the South China Sea. A 4-

province division was proposed for the allozyme survey of

the damselfish Dascycllus trimaculatus in this region, and a

similar pattern was observed in T. hardwicki using allozyme

markers, although sampling was not as extensive as for the

damselfish (Ablan et al., 1999). According to Ablan’s model,

AMOVA of T. hardwicki’s mitochondrial control region

shows the highest percentage of total variance among re-

gions (3.13%), and a more statistically significant UCT than

those derived from natural geographic boundaries. This

result supports the hypothesis that 4 subprovinces exist in

the South China Sea, and the patterns observed are highly

correlated with the general flow of sea surface currents

(Figure 1) in the South China Sea (Ablan et al., 2002).

Nevertheless, our interpretation should be considered pre-

liminary because the number of sites and sample size per

population surveyed in this study were limited. Future

sampling from Malaysia, Indonesia, and other sites in the

Philippines is needed to confirm this model.

Third, when the 3 populations from the Solomon Is-

lands were included in the AMOVA, the percentage of total

variance among regions dropped considerably, and UCT

became insignificant. This result implies that gene flow

between the northern South China Sea and Solomon Is-

lands for T. hardwicki is high, and in concordance with

major trends in several marine invertebrates (e.g., giant

clams, Tridacna spp.) that have an axis trending northwest

to southeast through the West Pacific (Benzie and Wil-

liams, 1995, 1997; reviewed in Benzie, 1998, 1999). How-

ever, this pattern is inconsistent with the present-day major

sea surface currents between the Solomon Islands and the

South China Sea. Therefore, larval dispersal by ocean cur-

rents alone cannot totally account for the high gene flow of

T. hardwicki between the northern South China Sea and the

Solomon Islands.

In contrast, currents at a depth of 100 m are more

parallel to the island chains, and it has been proposed that

the sea surface currents at the time of low sea levels may

well have flowed from the northwest to the southwest

(Benzie and Williams, 1995, 1997). This hypothesis is

supported by the MST with a centralized haplotype, m5/g7,

in the Solomon Islands, which may represent an ancestral

haplotype to those in the South China Sea. In addition,

only 1 haplotype, c6/w3, was shared by both the South

China Sea and the Solomon Islands, indicating that existing

gene flow between them might be limited. We concluded

that patterns of spatial differentiation in giant clams, as

ghosts of the dispersal past, are comparable to the pattern

seen in T. hardwicki, and that these have not been changed

by the system of currents since at least the early Holocene

(Benzie and Williams, 1995, 1997; reviewed in Benzie, 1998,

1999).

Implications for Fisheries Management in the

South China Sea

Marine ecosystems of the South China Sea are among the

most heavily affected by human fishing in the world (Pauly et

al., 1996; Silvestre and Pauly, 1997). Conservation of marine

organisms within the South China Sea is a challenging

enterprise. It covers a broad latitudinal range that makes the

direct observation, study, and collection of marine species

difficult (McManus, 1992, 1997). Overfishing on reefs limits

the study of commercial fish to a few species that are com-

mon to all areas in sufficient numbers. Furthermore, this

region is politically sensitive. A widely distributed noncom-

mercial and reef-associated species, such as T. hardwicki,

322 Chaolun Allen Chen et al.



provides an opportunity to elucidate the connectivity of fish

populations within the South China Sea.

Demographic expansion provides the historical mech-

anism for the formation and consequence of population

structuring in T. hardwicki. It would be interesting to

investigate the extent to which these models apply to other

reef species in the region and to compare the results between

exploited and unexploited species. That would allow us to

validate the neutrality models under the unique situation of

extinction-level exploitation rates, complex multigear and

multispecies fisheries, similarity in target species over a wide

range, the open access nature of fisheries, and the rapid

coastal development and climate changes that may cause

large-scale alternations in biophysical cycles.

In addition, the mitochondrial DNA sequence analyses

adopted in the present study do provide a preliminary and

feasible approach to determining population interdepen-

dencies around the South China Sea. Although the inter-

pretation might be limited by the high mutation rate of the

mitochondrial HVR-1, and sampling for this species was not

as widespread as that for Dascyllus trimaculatus in Ablan et al.

(2002), the results for the populations in this study are con-

sistent with the proposed mesoscale boundary units sug-

gested for the management of reef fisheries in the region,

despite the fact that they represent the extreme range of

reproductive strategies and pelagic larval duration of reef fish

species. Dascyllus trimaculatus adults lay eggs in nests, and

their larvae remain in the water column for 7 to 14 days.

Thallasoma hardwicki adults are broadcast spawners, and the

larvae settle after as many as 49 days. The results suggest that

mesoscale management units proposed are sufficiently ro-

bust to apply to a wide range of reef fish species on a regional

scale, and that population structures on a finer scale are likely

to define units within these 4 regional management units.

Investigations with a wider number of sites for T. hardwicki

and a larger number of species, particularly for commercially

important species, are required to test these hypotheses and

their implications for the management of reef-associated

fisheries. Sampling of T. hardwicki from other areas of the

South China Sea and extension to the examination of con-

cordant and discordant patterns from other taxa are therefore

needed to provide complete information for the conservation

and management of fisheries in the South China Sea.
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