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Abstract.—We studied the genetic diversity of a coral reef fish species to investigate the origin of the differentiation.
A total of 727 Acanthurus triostegus collected from 15 locations throughout the Pacific were analyzed for 20 poly-
morphic loci. The genetic structure showed limited internal disequilibrium within each population; 3.7% of the loci
showed significant Hardy-Weinberg disequilibrium, mostly associated with Adh*, and we subsequently removed this
locus from further analysis of geographic pattern. The genetic structure of A. triostegus throughout the tropical Pacific
Ocean revealed a strong geographic pattern. Overall, there was significant population differentiation (multilocus Fgt
= 0.199), which was geographically structured according to bootstraps of neighbor-joining analysis on Nei’ s unbiased
genetic distances and AMOVA analysis. The genetic structure revealed five geographic groups in the Pacific Ocean:
western Pacific (Guam, Philippines, Palau, and Great Barrier Reef); central Pacific (Solomons, New Caledonia, and
Fiji); and three groups made up of the eastern populations, namely Hawaiian Archipelago (north), Marquesas (equa-
torial), and southern French Polynesia (south) that incorporates Clipperton Island located in the northeastern Pacific.
In addition, heterozygosity values were found to be geographically structured with higher values grouped within
Polynesian and Clipperton populations, which exhibited lower population size. Finally, the genetic differentiation
(Fst) was significantly correlated with geographic distance when populations from the Hawaiian and Marquesas
archipelagos were separated from all the other locations. These results show that patterns of differentiation vary within
the same species according to the spatial scale, with one group probably issued from vicariance, whereas the other
followed a pattern of isolation by distance. The geographic pattern for A. triostegus emphasizes the diversity of the
evolutionary processes that lead to the present genetic structure with some being more influential in certain areas or
according to a particular spatial scale.

Key words.—Allozyme, genetic drift, isolation by distance, marine fish, Pacific Ocean, pairwise genetic and geographic
distances, population genetics, vicariance.
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The homogeneity of marine species has been emphasized
in previous works and was mainly explained by the relative
rarity of strong physical barriersto dispersal (Vermeij 1987).
In addition, gene flow has always been viewed as a powerful
cohesive force (Slatkin 1987). One effective migrant ex-
changed between subpopulations per generation is theoreti-
cally sufficient to stop them from drifting to fixation of al-
ternative genes, although a higher level of gene flow is re-
quired to maintain homogeneity (Allendorf and Phelps 1981).
General evidence of genetic homogeneity in marine organ-
isms over large areas (Ward et al. 1994) and theoretical mod-
els of speciation seem opposed to the high diversity found
in marine ecosystems and raise the question about the con-
ditions that may favor genetic divergence and speciation in
groups with planktotrophic larval dispersal (Palumbi 1992).
Neverthel ess, many marine taxa with high dispersal potential
that were once thought to represent a single species spread
over large areas are actually sibling species complexes with
very low genetic distances, implying recent speciesformation
(Knowlton 1993; Palumbi 1997; Shaklee and Bentzen 1998).

Among the models that can lead to speciation, there are
situations in which genetic divergence does occur within con-
tinuous distributions. In species with large enough distri-
butions relative to their dispersal capability, isolation by dis-
tance can occur (Johnson and Black 1998). The phrase ‘‘iso-
lation by distance’’ was introduced by Wright (1943) to de-
scribe the accumulation of local genetic differences under
geographically restricted dispersal. The theory of isolation
by distance has been developed, jointly with the stepping-

stone model of population structure among organisms whose
dispersal ability is constrained by distance such that gene
flow is most likely to occur between neighboring populations
(Kimura 1953; Malécot 1955; Kimura and Weiss 1964). This
approach linking gene flow and geographic distance may also
provide insights into whether the species has experienced
recent expansions or vicariance events (Hellberg 1994).
The theory of isolation by distance has been recently ques-
tioned regarding the validity of the patterns observed in re-
lation to the gene flow—drift equilibrium (Slatkin 1993;
Hutchinson and Templeton 1999). The initial theoretical
model related gene flow, M (= Ngm), estimated according to
Wright’s (1931) island model, to geographic distance (Slatkin
1993). Even if Slatkin (1993) argues that the gene flow—drift
equilibrium is not necessary to establish the model he pro-
posed, it seems inappropriate to compute gene flow using
Wright's (1931) island model because it is based on as-
sumption that cannot be verified (Bossart and Prowell 1998;
Whitlock and McCauley 1998). The efficiency of such an
indirect method to provide estimates of present gene flow is
biased by the effect that population history can exert on ex-
isting population structure derived from Fgr-values (Niegel
1997; Bohonak 1999). As Lewontin (1985) emphasized,
model estimates of gene flow will almost never be valid be-
cause parameters that define these models are spatially and
temporally variable and too sensitive to the forces of evo-
lution. The recent model of Hutchinson and Templeton
(1999) aimed to look at the relationship between Fgr and
geographic distances, and determined several casesaccording
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to the equilibrium between drift and gene flow. This model
does not make any prior assumption because it only looks at
the scatter plot between F<r and geographic distance and uses
the pattern to define the evolutionary state of the population
according to spatial scales surveyed. Some recent studies
have documented significant correlation between gene flow
and geographic distance in most major groups using Slatkin's
(1993) model (see review in Pogson et al. 2001). In contrast,
many failed to detect correlation in species with limited dis-
persal capabilities and exhibiting differentiated populations
(Kim et al. 1998; Franceschinelli and Kesseli 1999). Overall,
it is unclear whether this is due to the model used in esti-
mating gene flow as discussed earlier (Bossart and Prowell
1998), the presence of nonequilibrium conditions, or even
the sampling strategies (Williams and Benzie 1998).

Regarding the Indo-West Pacific fauna, there is a great
difference in the species diversity between the various re-
gions. The mgjority of tropical marine families have their
greatest concentration of species within a comparatively
small triangle formed by the Philippines, the Malay Penin-
sula, and New Guinea (Briggs 1999). As one leaves this East
Indies Triangle to consider the biota of the peripheral areas,
there is a notable decrease in species diversity that appears
to be correlated with distance and length of the larval stage
(Bonhomme and Planes 2000). Reasons for the present-day
distribution are complex and are the subject of fascinating
studies, many of which are fairly recent and ongoing. Many
studies on corals, sea-grasses, mollusks, and fishes (Salvat
1971; Springer 1982; Vermeij 1987; Rosen 1988; Wallace et
al. 1989; Kay 1990; Jokiel and Martinelli 1992; Mukai 1992;
Pandolfi 1992; Stoddart 1992; Veron 1995) haveinvestigated
species distribution and proposed models of colonization and
speciation.

In earlier biogeographic works, several authors suggested
that the distribution of Pacific taxa could be explained by
vicariance (Newman 1986; Kay 1990), and some even sug-
gested that the Pacific tectonic plate is a distinct biogeo-
graphic province (Springer 1982; Newman and Foster 1983).
The term ‘‘vicariance’’ centralizes the idea that speciation
originated from the isolation of some populations resulting
from some geographic or climatic break (Rosen 1978). More
recently, Randall (1995) suggested vicariant patterns to ex-
plain the origin of some of the inshore Hawaiian fish fauna,
emphasizing that some of the distribution can only be ex-
plained in terms of the geological history of the Pacific plate.
Springer’s (1982) hypothesis of vicariance has been largely
rejected on the basis that an insufficient number of taxa sup-
port such a biogeographic pattern and by the pattern of dis-
tribution that shows a west—east gradient of the diversity
(Briggs 1999) in the Pacific. Earlier genetic data also failed
to show evidence of vicariance in the Pacific and suggested
long-range dispersal processes with very low genetic dis-
tance, reinforcing the hypothesis that populations remain
linked through continuing and recent gene flow (Rosenblatt
and Waples 1986; Benzie and Williams 1997).

Recent phylogenetic data showed that speciation and ra-
diation of speciesoccurred in recent times (early Pleistocene).
The low intraocean levels of mitochondrial DNA variation
suggest that the divergence within the Pacific must have been
recent in the fish (McMillan and Palumbi 1995; McMillan et
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al. 1999; Bowen et al. 2001) as well as in sea urchins (Pal-
umbi et al. 1997; Lessios et a. 2001) and mud crab (Go-
purenko et al. 1999). For Chaetodontidae, the authors even
showed concordant temporal and phylogenetic patterns
among independent species groups and suggested that the
genetic differentiation was influenced by common environ-
mental factors, therefore favoring vicariant processes (Mc-
Millan and Palumbi 1995). For sea urchin species, temporal
and phylogenetic patterns varied between groups, suggesting
that they may be more likely driven by chance and historical
accidents (Palumbi et al. 1997). Overall, examples remain
too limited to provide any consensus.

In this paper, we report a survey of allozyme variation in
a coral reef fish, Acanthurus triostegus, mostly sampled
throughout the Indo-West Pacific (only onelocation was sam-
pled in the Indian Ocean). The objective of this work was to
determine whether A. triostegus, a fish with along larval life,
will exhibit genetically structured population across the Pa-
cific Ocean. In addition, we test the relationship between
genetic differentiation and geographic distances to investi-
gate the role of long-distance dispersal and vicariance as
evolutionary processes leading to genetic differentiation in
the Pacific Ocean.

MATERIALS AND METHODS

Study Species

The convict surgeonfish, A. triostegus (Acanthuridae), is
found throughout the tropical Indo-Pacific, from South Af-
rican to Baja Californian reefs. Such awide distribution con-
tributed to the choice of this species. Sexes are separate and
each female can lay more than 100,000 eggs each year (Rand-
all 1961). Reproduction occurs during the day, in groups of
hundreds of individuals, near channels through the reef. This
species has pelagic eggs and a larval duration estimated at
between 60 and 70 days. Pelagic larvae have been reported
at about 50-m depth around Hawaii (Randall 1961), while
the highest concentrations of larvae were found in 13- to 20-
m depth in the Great Barrier Reef (Leis 1991). Competent
postlarvae returning to the reef measure 2025 mm before
settlement.

Sampling Design

A total of 727 surgeonfish (>60-mm total length) were
captured from 16 localities between 1994 and 1998 (Fig. 1),
using spearfishing techniques. Among the 16 locations sam-
pled, we concentrated our effort on the Pacific area and an-
alyzed only one population from the west Indian Ocean (M oz-
ambique), which was used to calibrate the differences be-
tween Pacific Ocean locations. Within the Pacific Ocean, our
objective was to get representation of most archipelagos that
could be used as stepping stones from adispersal perspective.
Due to the sampling difficulties in some areas (e.g., infre-
guent aerial connection, unavailability of liquid nitrogen),
we were unable to include some regions such as the Marshall
and Caroline Islands, located in the equatorial Pacific Ocean.
Exact details of sampling locations are as follows. samples
from Mozambique were collected around I1bo Island; samples
from the Philippines came from the Batanga Reefs; specimens
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Fic. 1.

Location of sampling sites of Acanthurus triostegus within the Indo-Pacific (details of locations are described in the text).

Numbers in parentheses are the number of individuals analyzed at each sampling location. The shaded area maps the species' biogeo-

graphical range.

from Palau came from the east coast of Koror; individuals
from Guam were sampled in front of the Marine Laboratory
of Guam University; fish from the Great Barrier Reef were
collected at Hyde Reef (central); samples from the Solomon
Islands were speared on reefs in front of the International
Center for Leaving and Aquatic Resource Management
(ICLARM) aquaculture center; specimens from New Cale-
donia were caught at three sites around New Caledonig; fish
from Fiji came from the reef in front of Suva; individuals
from the Marquesas were collected in HuaHukalsland; Acan-
thurus from Oahu were sampled around Coconut Island; fish
from Hawaii were collected along the Kona coast; and sam-
ples from Bora-Bora, Moorea, Fangataufa, Rangiroa, and
Clipperton originated from the lagoon of each island.

A minimum of 40 individuals was collected in each lo-
cation (excepting the Solomons, Fiji, and Clipperton) to en-
sure sufficient confidence limits in estimating genetic diver-
sity and allelic frequencies (Allendorf and Phelps 1981). With
the exception of collections from Clipperton, sampled by R.
Robertson and that from Fangataufa by R. Galzin, all other
collections were made by the same scientist (S. Planes), using
the same technique, therefore limiting any selective artifacts
in the data.

Fish were dissected in the field to isolate the liver and part
of the dorsal muscles (a piece of 1-2 g). The tissues were
stored in liquid nitrogen in the field and in a —80°C freezer
in the laboratory to prevent possible degradation of the en-
zymatic activity prior to electrophoresis.

Electrophoresis

Each piece of tissue was homogenized at 4°C in an equal
volume of TrisEDTA/NADP buffer (pH = 6.8). Homoge-

nates were centrifuged at 15,000 g for 30 min at 4°C and the
supernatants were stored at —80°C.

Electrophoresis was performed on starch-gel using three
buffers (TBE pH = 8.0 [0.0125 M Tris, 0.0165 M boric acid,
0.00004 M EDTA]; TC pH = 6.7 [0.008 M Tris, 0.003 M
citric acid], TC pH = 8.0 [0.02 M Tris, 0.004 M citric acid],
and Tris HCI pH = 8.5 [0.01 M Tris, HCI]), according to
Pasteur et al. (1987).

The following 20 loci were screened in the populations
examined (enzyme nomenclature according to Shaklee et al.
1990): aspartate aminotransferase, E.C. 2.6.1.1 (Aat-1* and
Aat-3*; TC 6.7 on muscle, Aat-2*; TC 6.7 on liver); aden-
osine deaminase, E.C. 3.5.4.4 (Ada*; TC 6.7 on muscle);
alcohol dehydrogenase, E.C. 1.1.1.1 (Adh*; Tris HCI on
liver); guanine deaminase, E.C. 3.5.4.3 (Gda*; TC 6.7 on
liver); glycerol-3-phosphate dehydrogenase, E.C. 1.1.1.8
(G3pdh*; TC 8.0 on muscle); glucosephosphate isomerase,
E.C. 5.3.1.9 (Gpi-1* and Gpi-2*; TC 8.0 on muscle); isocit-
rate dehydrogenase (Napd*), E.C. 1.1.1.42 (Idhp-1*; TC 6.7
on liver, Idhp-2*; TC 6.7 on muscle); lactate dehydrogenase,
E.C. 1.1.1.27 (Ldh-1*, Ldh-2*, and Ldh-3*; TC 6.7 on mus-
cle); malate dehydrogenase, E.C. 1.1.1.37 (Mdh*; TC 8.0 on
liver); malic enzyme (NADP-), E.C. 1.1.1.40 (Mep-1* and
Mep-2*; TC 8.0 on muscle); peptidase leucine-glycine-gly-
cinge, E.C. 3.4.11 (Pepb*; TC 6.7 on liver); phosphogluconate
dehydrogenase, E.C. 1.1.1.44 (Pgdh*; TC 6.7 on liver); and
phosphoglucomutase, E.C. 5.4.2.1 (Pgm*; TBE 8.0 on mus-
cle).

Genetic Analysis

Allelic and genotypic frequencies for the polymorphic lo-
cus were obtained by counting phenotypes directly from the
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Fic. 2. Neighbor-Joining phenogram depicting genetic distance relationships of Acanthurustriostegus based on nonbiased Nei’ s distances
(D; Nei 1978) among all samples. Adh* was removed from this analysis (see comment in text). Number in italics on the nodes represent
the percentage of bootstrap replicates (1000 iterations). Branch lengths are proportional to the genetic distances between populations.
Observed heterozygosity values of each population are shown in parentheses following the name of each population. Group designations

follow the description detailed in the text.

gels and computed using the GENETIX package (Bonhomme
et al. 1993, available via www.univ-montp2.fr/~genetix/
genetix.htm). Observed heterozygosity val ueswere computed
for each population from the genotypic frequencies and by
adding monomorphic loci for multilocus values (Nei 1973).
Heterozygosity values were assessed with their estimates of
variance and standard deviations generated by resampling
over loci (available on the GENETIX package). Genetic dif-
ferences among the populations were assessed through their
variation in genetic diversity (number of alleles and hetero-
Zygosity).

Nonbiased genetic distances (D; Nei 1978) were computed
for al pairwise comparisons (for each locus separately and
over al loci) and the resulting matrix was used to produce
a neighbor-joining dendrogram (using PHY LIP 3.5, software
available via http://evolution.genetics.washington.edu/
phylip.html). Topological confidence was evaluated with 1000
bootstrap replicates for neighbor-joining using the SEQBOOT
and CONSENS subroutines in the PHYLIP 3.5 package (Fel-
senstein 1985). In addition to the bootstrapping method, we
conducted a hierarchical analysis of molecular variance
(AMOVA; Excoffier et al. 1992, Arlequin 2.00 software
available via http://anthro.unige.ch/arlequin) to test the sig-
nificance of the partition of the total genetic variance. Total
genetic variation was partitioned according to the subdivi-

sions described previously by the neighbor-joining analysis,
so that we compared three levels: among groups (or subdi-
visions), among populations within groups, and among in-
dividuals within populations.

F-statistics were calculated from Weir and Cockerham
(1984) to estimate the parameters F, f, and 6 (unbiased es-
timates of F1, Fs, and Fgr, respectively; Wright 1951). Prob-
abilities of random departure from zero for single locus 6-
values were calculated using exact test (Raymond and Rous-
set 1995a), which allows correctionsfor rare alleles and small
sample size. F-statistics were computed using the GENETIX
2.0 package. Significance of Fgr-values and probabilities for
divergence from Hardy-Weinberg equilibrium were estimat-
ed using GENEPOP software (Raymond and Rousset 1995b).
Probabilities were corrected according to the sequential Bon-
ferroni procedure (Rice 1989).

Correlation between geographic distances and genetic dif-
ferentiation was tested for each locus and over all loci using
Mantel’s test based directly on the distribution of 10,000
randomized matrices computed by permutation (Mantel
1967). Mantel’ s test was performed using the MANTEL pro-
cedure of the GENETIX package. In such correlations, we
followed Hutchison and Templeton’s model (1999), which
directly links Fst and geographical distances. This recent
approach removed the problems of relating the estimate of
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TaBLE 1. Distribution of Acanthurus triostegus alleles in each population. Only alleles that were not present in all populations are presented
(ADH* data were omitted because they were not used in further analysis). ‘‘ Frequent alleles” are aleles that are found in more than 5% of
the collections but are not present in all populations. ‘‘Rare alleles’ are present less than 5% and occur sporadically among the populations.
Alleles at each locus were identified by their electrophoretic mobility relative to that of the most common allele in the overall population (cf.

Appendix 2). 1, allele present in population; blank, allele absent.

Frequent alleles

Rare aleles

Mdh Aat-3 Ada Mep-1 Pgd Pgm Pepb Pgm Aat-2 Gpi-2 Mdh Gda Pgdh Sub-

Ada Mep- Idhp- Idhp- Aat- Aat- Pgm Aat- G3pdh

*100 *70 *90 *80 *120 *90 *80 *80 *140 *120 *150 *150 *70 total *60 1*110 2¥140 2*40 1*110 1*140 *120 1*70 *120
Mozambique 1 1 1 1 1 1 1 1 1 1 10 1 1 1
Philippines 1 1 1 1 1 1 6 1 1 1 1
Palau 1 1 1 1 1 1 1 1 8 1 1
Guam 11 1 1 1 1 1 1 1 9 1 1 1 1
Great Barrier Reef 1 1 1 1 1 1 1 1 1 1 10 1 1 1
Solomons 11 1 1 1 1 1 1 1 1 1 1 12 1 1 1 1
New Caledonia 1 1 1 1 11 1 1 1 1 1 1 12 1 1 1 1
Fiji 11 1 1 1 1 1 1 1 9 1 1 1
Bora-Bora 1 1 1 1 1 1 1 1 1 1 1 11 1 1
Moorea 1 1 1 1 1 1 1 1 1 9 1 1 1
Fangataufa 1 1 1 1 1 1 1 1 1 1 10 1 1 1 1
Rangiroa 11 1 1 1 1 1 1 1 1 10 1 1 1 1 1
Marquesas 1 1 1 3 1 1 1 1
Oahu 1 1 1 1 1 1 1 1 8 1 1 1 1 1
Hawaii 1 1 1 1 1 1 6 1 1 1 1 1 1
Clipperton 1 1 1 1 1 1 1 7 1 1 1 1

regional Fsr to gene flow and the subsequent question linked
to the genetic equilibrium assumed by the island model.

REsULTS

A total of 20 loci could be unambiguously interpreted. Of
these, one locus (Ldh-3*) was monomorphic, and seven loci
(G3pdh*, Gpi-2*, Idhp-1*, Idhp-2*, Ldh-1*, Ldh-2*, Mep-2*)
displayed a low level of polymorphism, with the most com-
monly appearing allel e showing frequencies higher than 95%.
The remaining 12 loci (Aat-1*, Aat-2*, Aat-3*, Ada*, Adh*,
Gda*, Gpi-1*, Mdh*, Mep-1*, Pepb*, Pgdh*, Pgm*) were
polymorphic and exhibited moderate to high levels of het-
erozygosity (Appendix 1). The mean overall Pygs and P g9
values (0.50 and 0.75, respectively) suggest that A. triostegus
is among the most polymorphic species of marine fish studied
to date (Planes 1997). Polymorphism values varied enor-
mously among samples with Pg g5 ranging from 0.20 (the
Marquesas) to 0.55 (Clipperton) and Pg g9 from 0.40 (the
Marquesas) to 0.75 (Guam and Solomons). Mean observed
heterozygosity for the species was equal to 0.117, but such
values varied among populations, with the lowest value for
the Marquesas sample (0.045) and the highest for the Fan-
gataufa population (0.181).

Departure from Hardy-Weinberg equilibrium was inves-
tigated using F,s-values. Eight loci showed significant de-
partures from Hardy-Weinberg equilibrium over 217 tests
(3.7%; we omitted the analyses on the overall population).
For the eight significant values, six exhibited excess of ho-
mozygotes due to the presence of a single homozygote for a
rare allele. Single-locus disequilibria were mostly observed
in Adh* (five of eight significant). Significant single-locus
Hardy-Weinberg disequilibrium for Adh* led to multilocus
disequilibrium in some populations (Philippines, Solomons,
Fiji, and Oahu). Overall, the number of significant tests is
less that the number expected due to sampling error (5% of
217 = 10.25) and was shown to be related to the presence

of homozygotesfor rare alleles. Because asinglelocus (Adh*)
displayed most of the disequilibrium, we could not ignore
the hypothesis that these deviations originated from mis-
scoring of the zymograms. Thus, in later analyses we omitted
Adh* to remove any potential scoring artifact. After removing
Adh*, only Oahu still showed significant multilocus Hardy-
Weinberg disequilibrium, which was due to the presence of
a single homozygote for a rare allele in Ada*.

The first comparisons of locations throughout the Indo-
Pacific were based on the distribution of alleles (Table 1).
Frequent alleles are certainly the most interesting because
there is little chance to miss them when they exist in a pop-
ulation given the sample sizes used in this study. The dis-
tribution of the 13 frequent alleles identified for A. triostegus
did not show any clear-cut differences between populations.
However, we distinguished genetically diversified locations
such as ones exhibiting 10 or more frequent alleles (Moz-
ambique, Great Barrier Reef, Solomons, New Caledonia,
Bora-Bora, Rangiroa, and Fangataufa) from less diversified
ones with nine or fewer frequent alleles (Philippines, Palau,
Guam, Fiji, Moorea, Hawaii, Oahu, the Marquesas, and Clip-
perton). In addition to the 13 frequent alleles, 32 rare alleles
were also observed. The distribution of rare alleles followed
almost the same pattern as frequent alleles, with some ex-
ceptions such as the high number of rare alleles in Hawaii
(10) compared to the Solomons (six) or New Caledonia (sev-
en). Overall, rare aleles were randomly spread with five to
eight alleles in each population, except in Bora-Bora and the
Great Barrier Reef, which had three and four, respectively,
and Hawaii, which had 10. Among the 32 rare alleles, 12
were found only once in one population and eight were found
twice in two populations. Due to the very low frequencies
of some alleles, analysis of rare alleles gives little phylo-
genetic information. Overall, there was no strong geographic
pattern in the distribution of rare alleles.

The following analysis concentrated on variation of allelic
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TaBLE 1. Extended.

Rare aleles

Mep-2 Pepb Gpi-2 Ada Gda Idhp-2Mep-1Mep-2 Pepb Pgdh Gpi-1 Aat-2 Aat-3 G3pdh Idhp-11dhp-1 Ldh-1 Ldh-2 Pgdh Gpi-1 Gpi-2 Pgm Aat-3 Sub-

*90 *60 *70 *110 *90 *80 *140 *110

*120 *90 *120 *70 *140 *90

*60 *120 *70 *110 *140 *50 *140 *110 *20 total Total

1 1
1
1 1 1
1 1 1
1
1 1
1 1 1
1
1
1 1
1 1
1 1
1 1 1
1 1

1 1
1

=
=
ODONOOUIOOOWUINOR_OOOO N
=
N

frequencies among locations. Marked differences in the fre-
guencies of alleles at several loci were observed among pop-
ulations (Appendix 2). Major variations appeared in six loci
(Aat-2*, Aat-3*, Ada*, Gda*, Gpi-2*, and Mdh*). Aat-2*100
varied from a fixed status in Mozambique, Philippines, Fiji,
Marquesas, and Hawaii to 0.43 in Bora-Bora, with low fre-
guenciesin Polynesia (Bora-Bora, Fangataufa, and Rangiroa)
and Clipperton. Aat-3*100 also varied from a fixed statusin
the Marquesas and Hawaii to 0.55 in the Philippines, with
higher frequenciesin the eastern Pacific and the Indian Ocean
and lower ones in the western Pacific. Distinction between
eastern and western Pacific samples was also observed for
Ada*, for which the allele 100 dominated in the western
locations, whereas it decreased in the eastern sites. Gda* 100
varied from 0.94 in Guam to 0.48 in Oahu. The main variation
in Gpi-2* came from the Mozambique population, where the
dominant allele (100) had a frequency below 50%. Mdh*
showed three groups, with one consisting of western Pacific
and Indian Ocean samples, one of Polynesian sites, and aone
consisting of Hawaiian Islands and the Marquesas; the fre-
quency of Mdh* 100 decreased in this order, whereas Mdh* 50
increased. Despite some major variations, none of the loci
showed different alleles fixed in different populations, sug-
gesting that gene flow maintains the cohesion of the species
throughout its range.

Nei’s genetic distances were used to generate an unrooted
tree through a neighbor-joining analysis (Fig. 2). The den-
drogram clustered geographically proximate locations to-
gether. Four major groups within the Pacific Ocean came out
of the analysis: (1) Polynesia and Clipperton Island; (2) cen-
tral Pacific (Fiji, New Caledonia, and Solomons); (3) western
Pacific (Philippines, Great Barrier Reef, Palau, and Guam);
and (4) Hawaiian Islands and Marquesas. In addition to these
four groups, the Indian Ocean sample (Mozambique) di-
verged significantly, and we considered it as separate group.
This analysis was done integrating all loci simultaneously

(except Adh*). Similar analyses were computed for each locus
(the 11 most polymorphic ones mentioned earlier and Gpi-
2* that showed large variation of allelic frequencies among
populations) separately to determine the impact of each one.
All loci (except Aat-1*) contributed to separate some pop-
ulations, suggesting that the multilocus pattern resulted from
the interaction of several loci. However, some loci showed
similar patterns, such as Gda*, Pgdh*, and Pepb* that con-
tributed to isolate the two Hawaiian populations, or Adh* and
Aat-2* that separated Polynesian populations. In contrast,
some differentiation was mostly derived from a single locus,
such as Gpi-2* isolating the Marquesas population or Mdh*
segregating Fangataufa from other Polynesians islands.

We reported the observed heterozygosity values on the
multilocus neighbor-joining tree computed from Nei’'s ge-
netic distances (Fig. 2). Heterozygosity values within the
Pacific Ocean can be split into three major groups: (1) the
maximum heterozygosity values (0.127 to 0.162, mean =
0.143) are found in eastern samples (Fangataufa, Clipperton,
Rangiroa, Bora-Bora, and Moorea); (2) the central Pacific,
western Pacific, and Hawaiian areas showed heterozygosity
values varying from 0.091 in the Great Barrier Reef to 0.121
in the Solomons with a mean value of 0.103; and (3) the
Marquesas sample showed a much lower heterozygosity val-
ue (0.040). Overall, mean heterozygosity of the Polynesian
group (0.143) showed an increase of 40% compared to other
groups. Single-factor ANOVA performed using the four
groups of the Pacific Ocean extracted from the neighbor-
joining analysis demonstrated significant difference in H,
among the groups (F = 8.722, df = 3, P = 0.003). Scheffe's
post hoc tests confirmed that the difference was due to Poly-
nesian groups in which samples showed significant higher
H, than other groups (P = 0.005 and 0.037 with Hawaii and
western Pacific, respectively).

Over all locations, the multilocus Fgr-value (0.199) was
highly significant (P < 0.0001), and 14 loci showed signif-
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TABLE 2. Matrix of pairwise Fg-values between Pacific Acanthurus triostegus populations. Above the diagonal are the multilocus F-values
with the straight-line geographic distance (nautical miles) between each pair of samples denoted below in parentheses. Only polymorphic loci
were included in the analysis and Adh* data were omitted because they were not used in the multilocus analysis. Almost all pairwise comparisons
show significant divergence of genotypic frequencies (according to exact test computed with GENEPOP 2.0) with a few exceptions identified
by an asterisk following the F¢;-values (* P > 0.05). Below the diagonal are theindividual loci showing significant F-values. Loci are encoded
as follows: a, Aat-1*; b, Aat-2*; c, Aat-3*; d, Ada*; e, Gda*; f, G3pdh*; g, Gpi-1*; h, Gpi-2*; i, Idhp-1*; j, Idhp-2*; k, Ldh-1*; |, Ldh-2*; m,

Ldh-3*; n, Mdh*; o, Mep-1*; p, Mep-2*; q, Pepb*; r, Pgdh*; s, Pgm*.

Great New
Philippines Palau Guam Barrier Reef Solomons Caledonia
Philippines — 0.0086* 0.0298 0.0217 0.0555 0.0651
(845) (1341) (2593) (2659) (3394)
Palau 0 — 0.0282 0.0225 0.0177 0.0310
(718) (1830) (1815) (2554)
Guam b,c,d,0 c,.e — 0.0167 0.0672 0.0495
(2014) (1644) (2467)
Great Barrier Reef €,0,S e,0,s b,d,e — 0.0678 0.0589
(1858) (974)
Solomons b,c,0 eh c,eh er — 0.0121
(849)
New Caledonia a,c,e0,s [oX XS b,d,eq es c.e —
Fiji €0 e b,d,e es b,e f,h,s
Bora-Bora b,c,e,n,o,s b,c,n,rs b,c,d,e,n b,c,en,r b,c,n b,cf,n
Moorea b,c,d,n,0 c,d,en d,n,s b,c,d, c,d,en b,d,en,s
en,rs
Fangataufa b,c,d,e,n,0 b,c,d,n b,c,d,e,n b,c,d,e,g, b,c,d,n b,c,d,n
n,s
Rangiroa b,c,d,n,0 b,c,d,n b,d,n b,c,d,e,n, b,c,d,e,n,h b,d,e,n
rs
Marquesas c,e,g,h,n, c,g,h,nrs rb,c,d,e c,e,g,h,n, b,c,e,g,n, c,e,g,h,n,
o,,s g,h,n rs o,,s rs
Oahu c,d,e,g,n, c,d,e,g,n, b,d,e,g,n,q b,c,d,e,g, b,c,d,g,h,n,q,r a,c,d,eq,
0,q,r,s qrs n,q,r h,n,q,r,s
Hawaii c,e,g,n,0, c,e,g,n,q, c,d,e,g,n, c,en,q,r b,c,g,h,n, a,c,eg,n,
q.r,s rs q,r 0,q,r q,h,s
Clipperton b,c.e,p b,c,d,p,g b,c,d,e,p b,c,d,en, b,c,d,p a,b,c,d,g,
p,s n,p,s

icant divergence (only Idhp-1*, Idhp-2*, Ldh-1*, and Ldh-2*
were not significant and Ldh-3* was monomorphic). Signif-
icant Fsr-valuesranged from 0.0101 (Pgm*) to 0.203 (Mdh*).
Once removing the Indian Ocean sample (Mozambique), Fsr
became higher (0.273) with the same loci remaining signif-
icantly divergent from zero. When looking at pairwise com-
parisons (Table 2), most pairs (100 of 105) showed significant
genetic divergence with Fgy that varied from zero (—0.0019)
between the Solomons and Fiji to 0.4271 between the Great
Barrier Reef and the Marquesas. Significant divergence was
also found between closer populations such as Moorea and
Bora-Bora (0.1127) or Oahu and Hawaii (0.0941; Table 2).
Regarding the divergence between I ndian and Pacific Oceans,
multilocus Fsr-values between Mozambique, Guam, Phil-
ippines, Palau, and the Great Barrier Reef varied between
0.2107 and 0.2491, demonstrating pronounced genetic di-
vergence similar to the level of divergence observed within
the Pacific Ocean between Hawaii or the Marquesas and other
locations. When looking at each locus individually and cor-
recting P-values according to Bonferroni procedure, 544 pair-
wise comparisons were significant with 70% occurring at five
loci (Aat-2*, Aat-3*, Ada*, Gda*, and Mdh*; Table 2).

The genetic and geographic structures were examined us-
ing an analysis of hierarchical molecular variance (AMOVA).
We performed the AMOVA using the four groups of the

Pacific Ocean (Polynesia, central Pacific, western Pacific, and
Hawaiian and Marquesas archipelagoes) extracted from the
neighbor-joining analysis. The division among the four
groups accounted for a substantial amount of the molecular
variance (15.5%; Table 3). Examination of the hierarchical
d-statisticsindicated that most of the variance isfound within
populations (78.3%; Table 3). Jointly, the amount of variance
found among populations within groups is still remarkable
(6.3%), suggesting some heterogeneity between populations
within the same group. When looking at single-locus AMO-
VA (Table 4), six loci had a substantial amount of the var-
iance explained by the division into groups (Aat-2*, Aat-3*,
Ada*, Gda*, Ldh-1*, and Mep-2*), and four loci had a rel-
atively high percentage of variance at the within-group level
(Aat-2*, Ada*, Mdh*, and Mep-2*).

Global analysis of geographic distances and Fsr demon-
strated a general significant relationship (r = 0.355, P =
0.0002) but that only explains 12.6% of the total variance.
A scatter plot of the Fgr-values and the geographic distances
(nautical miles) between all Pacific population pairs showed
a structured scatter, both when Hawaii, Oahu, and the Mar-
quesas only were paired with the other Pacific locations and
when these three locations were excluded from the pairwise
comparisons (Fig. 3). Therefore, we computed separate re-
lationships for each group distinguished in the scatter plot.
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TABLE 2. Extended.

Fiji Bora-Bora Moorea Fangataufa Rangiroa Marquesas Oahu Hawaii Clipperton
0.0310 0.1957 0.0866 0.1878 0.1278 0.3927 0.4075 0.3904 0.2839
(3870) (5438) (5634) (6229) (5648) (6031) (4585) (4690) (7428)
0.0012* 0.1650 0.0760 0.1519 0.1108 0.3767 0.3801 0.3623 0.2330
(3007) (4347) (4454) (5053) (4586) (5098) (3998) (4100) (6850)
0.0398 0.1262 0.0351 0.1166 0.0576 0.3639 0.3800 0.3700 0.2035
(2746) (4167) (4292) (4973) (4360) (4702) (3299) (3406) (6164)
0.0384 0.1930 0.0958 0.1927 0.1345 0.4271 0.4262 0.4058 0.2886
(1674) (3396) (3491) (4014) (3629) (4274) (4000) (4010) (6279)
0.0019* 0.1426 0.1078 0.1321 0.1194 0.3538 0.3433 0.3230 0.2509
(1199) (2855) (2967) (3599) (3087) (3588) (3110) (3147) (5555)
0.0024* 0.1407 0.0921 0.1482 0.1180 0.3022 0.3718 0.3250 0.2669

(733) (2409) (2500) (3067) (2673) (3305) (3364) (3341) (5346)
— 0.1542 0.0835 0.1421 0.1156 0.3559 0.3625 0.3377 0.2549
(1705) (1809) (2409) (1950) (2505) (2764) (2721) (4602)
b,c,n,s — 0.1127 0.0584 0.0523 0.3132 0.3553 0.3177 0.1632
(125) (810) (249) (849) (2308) (2194) (2992)
b,c,d,en b,c.des — 0.0515 0.0173 0.2423 0.2857 0.2969 0.1413
(685) (188) (793) (2387) (2269) (2927)
b,c,d,n b,d,r b,ces — 0.0132* 0.2611 0.2424 0.2762 0.0566
(661) (806) (2855) (2723) (2621)
b,c,d,en b,c,de b e — 0.2722 0.2917 0.3102 0.0788
(608) (2280) (2166) (2749)
c,g,h,nr,s b,g,h,n,r,s b,c,d,e,g, b,c,d,g,h, b,c,d,g,n, — 0.3244 0.2614 0.4215
h,n,r,;s n,r r,h (2121) (1981) (2144)
c,d,e,g,n, b,d,eg,n, b,d,e,g,n, b,e,g,n,q,r b,e,g,n,q,r r.c,d,eh,q, — 0.0941 0.3199
q.r,s q.r qrs S (143) (2870)
c,9,n,q,r,s b,e,g,n,q,r b,c,d,e,g, b,c,d,g,n, b,c,d,e,g, reh,n,g,s cd — 0.4047
n,q,rs q,r n,q,r (2759)

b,c,d,p d,g,p,s b,d,e,g,p d,g,n,p b,d,p a,b,c,d,h, b,e,n,p,q, b,c,d,en, —

n,o,p,h,s rs 0,p,q.,1,s

Pairwise comparisons of the Hawaii, Oahu, and Marquesas
samples provided a significant positive correlation: y = 0.229
+ 3.6 X 10-5%, r = 0.718, P < 0.0001. Pairwise comparisons
between all locations except Hawaii, Oahu, and the Marque-
sas also provided a significant positive correlation: y = 0.008
+ 3.1 X 105, r = 0.730, P < 0.0001. Both relationships
were highly significant, indicating an increase of Fgr-values
as geographic distancesincrease. These two relationshipsdif-
fered by their intercept (0.229 vs. 0.008), which suggested
that populations of Hawaii, Oahu, and the Marquesas show
a marked differentiation compared to all the other locations
within the Pacific. However, the differentiation between these
three locations (Hawaii, Oahu, and the Marquesas) and all

other Pacific populations remains correlated with geographic
distance.

Similar analyses were performed for each singlelocus. The
marked step of differentiation between the populations of
Hawaii, Oahu, and the Marquesas and other Pacific locations
was found for Mdh*, Pepb*, Pghd*, even though significant
correlation with geographic distance was only observed in
Mdh* among these three loci. When looking at the correlation
computed over all locations, three loci (Aat-2*, Aat-3*, and
Ada*) showed a significant relationship (Table 5). Based on
the previous correlation found when separating the Hawaiian
and Marquesas archipelagos from all other Pacific popula-
tions, the analysis performed for each locus considered a

TaBLE 3. Results of hierarchical analysis of molecular variance (AMOVA) for three levels of geographic structure derived from the neighbor-
joining dendrogram computed from allelic frequencies. Only polymorphic loci were included in the analysis and Adh* data were omitted
because they were not used in the multilocus analysis. P-values, calculated from a random permutation test (10,000 replicates), and ®-statistics
represent the probability of obtaining by chance alone a more extreme variance than the observed values (Excoffier et al. 1992).

Variance Percentage
Source of variation df components of variance P-statistics P
Among groups 3 0.2243 15.47 b = 0.2175 <0.0001
Among populations within groups 11 0.0911 6.28 o = 0.0743 <0.0001
Within populations 1359 1.1347 78.25 b = 0.1547 <0.0001
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Fic. 3. Relationship between multilocus Fsr-values (omitting Adh*) and straight-line geographic distances (nautical miles) for pairwise
comparisons using the 15 Acanthurus triostegus populations from the Pacific Ocean (the population from Mozambique was excluded
from this analysis). We separated pairwise comparisons between Hawaii, Oahu, and the Marquesas samples and the other locations (open
diamonds) from pairwise comparisons of all locations except Hawaii, Oahu, and the Marquesas (dark circles).

similar separation and demonstrated variable single-locus
patterns. The relationship between Fst and geographic dis-
tances for Aat-3* was similar when looking at all populations
or isolating the Hawaiian and Marquesas archipelagos. Aat-
2* and Mdh* showed significant relationships in both cases
but with very different intercept values, with Fgr-values of
AAT-2* being negatively correlated with geographic distance.
Ada*, Gpi-1*, Mep-1*, and Pepb* were significantly corre-
lated only in one case, suggesting that the addition of other
pairwise comparisons adds noise to the relationship. Finally,
Gda*, Gpi-2*, Pgdh* and Pgm* did not show any significant
correlation. The multilocus pattern seems to be randomly
distributed over loci, following the hypotheses that genetic

drift isresponsible for the evolution of the divergence among
populations.

Discussion

Genetic Structure of Acanthurus triostegus throughout the
Pacific Ocean

The allozyme survey of A. triostegus populations over the
Pacific and Indian (Mozambique) Oceans showed strong di-
vergence between populations, with multilocus Fsr-values
up to 0.42. In this study, the polymorphism level found in
most enzymes (12 highly polymorphic loci and seven with
low polymorphism levels) provided 47 independent alleles

TaBLE 5. Pearson’s correlation (r) between Fg-values and geographic distances for pairwise comparisons of Pacific populations computed
for each locus and multilocus (all 18 polymorphic loci were included in the analysis and Adh* data were omitted). Significance of correlation
computed according to the Mantel algorithm is denoted by an asterisk (P < 0.05). Values in parentheses are the intercept of the linear regression

for significant correlation.

Hawaii, Oahu, and

Marquesas pairwise All locations except

Locus All locations with the other locations Hawaii, Oahu, and the Marquesas
Aat-2* 0.228* (0.102) —0.463* (0.377) 0.539* (0.023)
Aat-3* 0.495* (0.008) 0.612* (—0.026) 0.533* (0.000)
Ada* 0.342* (0.058) —-0.234 0.589* (—0.027)
Gda* 0.079 0.297 —0.036
Gpi-1* 0.038 0.000 0.263* (0.002)
Gpi-2* 0.001 0.008 0.041
Mdh* 0.142 0.617* (0.328) 0.378* (0.014)
Mep-1* 0.196 0.337* (0.114) 0.156
Pepb* 0.038 0.085 0.310* (—0.001)
Pgdh* 0.017 0.162 0.102
Pgm* —0.096 —0.049 —-0.162
Multilocus 0.355* (0.100) 0.718* (0.229) 0.730* (0.008)
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that certainly contribute to increasing the analytical power
of allozyme markers compared to most other studies that
surveyed fewer polymorphic locus. As mentioned earlier,
gene flow is a powerful cohesive force (Allendorf and Phelps
1981; Slatkin 1987). Consequently any significant divergence
indicates at least a partial barrier to gene flow, provided that
genes are not subject to local selection. Usual precautions
involve comparing the distribution of gene expression with
frequencies expected under models of simple Mendelian in-
heritance and screening variation across a wide range of pu-
tative gene loci. In the present survey, significant departures
from Hardy-Weinberg equilibrium were found in less than
5% of the 217 single-locus tests performed, suggesting that
internal disequilibrium within populations had little effect on
genetic variation among populations. Such a significant pop-
ulation structure is even more surprising considering the dis-
persal capabilities of surgeonfish larvae. Acanthurus trios-
tegus larvae remain in the plankton between 44 to 60 days
(mean = 53 days, n = 90 individuals; McCormick 1999),
and the swimming capabilities of their settlement stage en-
able forced swims of up to 60 nautical miles under |aboratory
conditions (Stobutzki and Bellwood 1997). These data seem
contrary to the high divergence (Fst = 0.1127) found be-
tween populations of Moorea and Bora-Bora, which are only
125 nautical miles apart. This last result corroborates pre-
vious direct measures of dispersal, which emphasized self-
recruitment in coral reef fish populations (Jones et al. 1999;
Swearer et al. 1999). Initial genetic work on A. triostegus
within French Polynesia already proposed a metapopulation,
defined as a patchy population model, in which all patches
are occupied and reproductively active, although with few
successful migrations between neighboring populations
(Planes et al. 1996). This model describes a subdivided pop-
ulation that is stable through time, with gene flow small
enough to allow significant local differentiation in neutral
gene frequency, but high enough to prevent differential fix-
ation in the long term, and therefore preserving the genetic
cohesion of the species. This model was only valid for a
restricted spatial scale within an archipelago. The funda-
mental basis of this model was the existence of differentiated
populations only separated by a few nautical miles (Planes
1993), indicating that self-recruitment was the main process
in maintaining populations. Biological and behavioral mech-
anisms allowing larvae to maintain themselves remain un-
clear, but we suggest that the self-recruitment process derives
from some homing behavior as proposed for Anguillaanguilla
larvae (Wirth and Bernatchez 2001).

Even if marked genetic differentiation were already ob-
served in A. triostegus between island populations within
French Polynesia (Planes 1993; Planes et al. 1996), this is
not a standard observation for marine species surveyed over
large areas of the Pacific Ocean. Shaklee and Bentzen (1998)
proposed four major models of genetic pattern from a large
review on marine fish and shellfish. These patterns ranged
from species highly subdivided over small distances to spe-
ciesthat can show little or no subdivision over large distance,
considering also species showing local isolation or major
break due to oceanographic or historical effects. Overall,
most surveys up to now described little or no subdivision
over large distances. Within the Pacific Ocean, earlier work

S. PLANES AND C. FAUVELOT

on milkfish (Chanos chanos) failed to find any genetic dif-
ference between populations from the Philippines and the
Line Islands, and only Hawaiian populations showed differ-
entiated genetic structure (Winans 1980). But it is not clear
whether adults, as well as larvae, can also contribute to mi-
gration of milkfish. More recent studies on the coconut crab,
Birgus latro (Lavery et a. 1996), giant clams, Tridacna spp.
(Benzie and Williams 1995, 1997), sea urchin, Echinometra
spp. (Palumbi et al. 1997), Linckia starfish (Williams and
Benzie 1998), crown-of-thorns starfish, Acanthaster plancii
(Benzie 1999), and mud crab, Scylla serrata (Gopurenko et
al. 1999) provided evidence of much higher gene flow across
the Pacific (Fst or equivalent indices varied from 0.00 to
0.05) than the present A. triostegus results within the Pacific
Ocean (Fsr = 0.27), athough patterns of gene flow varied
from one species to another.

Surveys on coconut crab, crown-of-thorns starfish, Linckia
starfish, and mud crab mentioned above emphasized a major
break between Indian Ocean and Pacific Ocean populations.
In the case of A. triostegus, the Mozambique population
shows significant divergence from Pacific Ocean populations
and some distinct breaks in Aat-3*, Gda*, and Gpi-2* (cf.
Appendix 2). More surprising is the similarity in some alele
frequencies between the Mozambique and the Hawaiian col -
lections even though they differ substantially from those of
most other Pacific samples. Because we have only a single
sample originating from the Indian Ocean, it is difficult to
conclude on this special feature as well as on the existence
of a break along the Indonesia axis. Analysis of collections
from the eastern Indian Ocean should resolvethisuncertainty.

The A. triostegus survey describes a new pattern of genetic
structure throughout the tropical Pacific compared to some
invertebrate species, with the evidence of four geographic
groups within the Pacific (without considering the Indian
Ocean, Mozambique). This pattern was validated by both
AMOVA and bootstrap analysis. The giant clams (Tridacna
deresa, T. gigas, and T. maxima) showed a similar pattern,
with a high level of gene flow between the Philippines and
the Great Barrier Reef, whereas Fijian and Micronesian pop-
ulations were more isolated (Benzie and Williams 1997). In
some way, this is similar to what we found for Acanthurus,
for which the Philippines and Great Barrier Reef populations
group together. However, Fiji and the Solomons appear in
the same group for A. triostegus, whereas they are highly
divergent for Tridacna. The Acanthurus genetic pattern ap-
pears geographically structured, with a group made up of the
western populations (Guam, Philippines, Palau, and Great
Barrier Reef), acentral Pacific group made of the Micronesian
populations (Solomons, New Caledonia, and Fiji), and two
groups made up of the eastern populations (north and equa-
torial, Marquesas and Hawaii, and south, French Polynesia).
Separation between western and Micronesian samplesis sup-
ported by relatively high bootstrap values considering the
intraspecific analysis (75%). One sample seems to be a clear
exception: Clipperton appears related to French Polynesian
populations (also shows similar heterozygosity value; dis-
cussed later) while being located in the northeastern Pacific,
and therefore in the same oceanographic currentsasHawaiian
collections. The reasons for such similarity remain unclear
and are probably related to the origin and/or the history of
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the species because there are no specific geomorphologic or
oceanographic characteristics that could link Clipperton to
French Polynesia.

Among all surveyslooking at large-scal e genetic structure,
only the surveys on sea urchins (Echinometra mathaei and
E. oblonga) included both Hawaiian and Polynesian samples
(Palumbi et al. 1997). These two species demonstrated dif-
ferent patterns, with E. mathaei exhibiting limited gene flow
(Nem < 1) between Hawaii, Polynesia, and western popu-
lations, whereas E. oblonga shows substantial gene flow be-
tween Hawaii and Polynesia and limited exchanges between
the two eastern locations and western ones. The A. triostegus
pattern is consistent with the E. mathaei structure and shows
significant divergence between Polynesian populations and
both Hawaiian and Marquesan ones. The high genetic di-
vergence of Hawaiian populations confirms the taxonomic
descriptions that conferred a subspecies name (sandwicensis)
to Hawaiian A. triostegus (Randall 1961). In addition to sep-
arating Hawaiian and Polynesian populations, the survey of
A. triostegus also segregated out the Marquesas population.
This result is concordant with a previous genetic survey
(Planes 1993), as well as with the survey results of up to
20% for the endemism of the marine fauna of the Marquesas.
This biogeographic isolation of the Marquesas owesitsorigin
to the prevailing currents of this area (Rougerie and Wauthy
1986). The Marquesas countercurrent (South Equatorial
Counter Current) flows east to west, opposite to the South
Equatorial Current, and the border between these two currents
constitutes a barrier for larvae (Vermeij 1987). Finally, the
strong genetic divergence among Hawaiian, Marquesan, and
Polynesian populations originated because they lie along a
north—south axis that is perpendicular to the prevailing cur-
rent pattern flowing along an east—west axis, creating abarrier
to gene flow.

The most significant results on the genetic structure of A.
triostegus populations are: (1) the high divergence found be-
tween populations, even between geographically close ones
such as Moorea and Bora-Bora (separated by approximately
140 nautical miles), suggesting limited exchange between
nearby islands and favoring the recent idea that self-recruit-
ment mostly maintains populations; and (2) the evidence of
five genetic units within the Pacific that correspond to the
geographic distribution of the populations. Overall, this study
demonstrates that the distance between archipelagosis large
enough to build up significant population structure even for
high dispersal marine species.

Genetic Diversity Distribution

Heterozygosity values were found to be geographically
structured, with higher values grouped within Polynesian and
Clipperton populations, whereas other locations exhibited
lower values. The distribution of heterozygosity values
matches the genetic structure described from allelic frequen-
cies grouping Polynesian and Clipperton populations (Fig.
2). The distribution of heterozygosity differs from all pre-
vious surveys. Most surveys found similar values all over
the Pacific Ocean (Williams and Benzie 1997; Winans 1980),
whereas others observed peripheral populations located in
the eastern Pacific showing low mitochondrial DNA diversity
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compared to the heterozygosity of western populations, such
as for sea urchins (Palumbi et al. 1997) or the Ridley sea
turtle (Bowen et al. 1998).

Theoretically, in isolated populations the equilibrium-state
heterozygosity (also called steady-state level of heterozy-
gosity) is a direct function of the effective population size
(Ng) and the mutation rate (n = 10-6 for allozymes; Voelker
et al. 1980) according to the model H = 4Ngw/(4Ngp + 1).
Because the mutation rate is fairly stable for allozymes over
the species analyzed so far (between 10-6 and 10-7; Voelker
et al. 1980), we can assume that heterozygosity of A. trios-
tegus will be mainly driven by the effective population size.
Estimates of effective population size are often approximate
for present-day populations and it is therefore almost im-
possible to evaluate change in effective population size
through geological time. This is even more approximate in
island populations, which have certainly experienced a
founder effect initially and probably some bottleneck through
geological time. To compare heterozygosity values with po-
tential effective population size of the different locations, we
used estimates of areas of coral reefs for each location, as-
suming that larger coral reef areas maintain larger popula-
tions (Planes et al. 1996). Regarding areas covered by coral
reefs, larger areas are found along the Australian coast (Great
Barrier Reef) and in the Indonesian, Melanesian, and Phil-
ippines triangle, which represent about 40% of total coral
reefs, compared to the Polynesian islands, which account for
only 4% (Smith 1978). We can therefore hypothesize that
small isolated areas, such as remote islands in the Pacific
Ocean, will maintain small population size (e.g., because of
small habitat availability) and will also show higher proba-
bility of reduction in population size through time. Conse-
quently, remote isolated islands should exhibit lower hetero-
zygosity values. However, higher heterozygosity values were
found in some remote locations that exhibit reduced coral
reef areas such as Clipperton (0.143) or the Polynesian is-
lands (0.127 to 0.162), whereas lower values were found in
larger reef areas such as the Great Barrier Reef (0.091) and
the Philippines (0.096). All islands did not exhibit high het-
erozygosity (e.g., Hawaii, Fiji, New Caledonia, and the Mar-
quesas).

We propose two main hypotheses that could lead to the
discrepancy between potential population size based on coral
reef area and heterozygosity values. First, the present-day
population size of A. triostegus is not related to the surface
area of coral reefs. Acanthurus triostegus is a widespread
species found in abundance across the Indo-Pacific, and even
if its density varies according to the geol ogical and ecol ogical
specificity of some areas, the differences are not up to alevel
that the species becomes rare (Randall 1961). Because we
are looking at large differences in coral reef areas, we can
be confident of some nonparametric relationship between sur-
face areas of reef and population size of A. triostegus. Second,
under genetic drift alone (i.e., due to finite population size),
the heterozygosity declines through time (t, number of gen-
erations) as the inbreeding coefficient rises because the ef-
fective size (Ng) is reduced, according to the following model
H; = (1 — 0.5Ng)H, (Strickberger 1968). This model suggests
that the stability of the population will have implications on
the level of heterozygosity with an older and stable popu-
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Fic. 4. Relationship between log-transformed multilocus Fsr-values (log [1 — Fsr]/4F<st), according to the Slatkin’s (1993) model, and
log of the straight-line geographic distances (nautical miles) for pairwise comparisons of Pacific Acanthurus triostegus populations. We
plotted two different datasets (cf. Fig. 3). Pairwise comparisons including Hawaii, Oahu, and the Marquesas samples (open diamonds)
provided a significant negative correlation: y = 1.093 — 0.409x, r2 = 0.684, P < 0.001. Pairwise comparisons for all locations except
Hawaii, Oahu, and the Marquesas (dark circles) also provided a significant negative correlation: y = 3.535 — 0.894x, r2 = 0.383, P <
0.001. Pairwise comparisons using within-archipelago data (Society Archipelago—French Polynesia) from Planes et al. (1996) (asterisk)
provided a significant negative correlation: y = 3.465 — 1.396x%, r2 = 0.655, P < 0.001. Significance was computed using Mantel’s test

because points were not independent.

lation reaching its steady-state equilibrium, whereas younger
and/or unstable populations show lower heterozygosity val-
ues. Thistheoretical approach applied to our data would sug-
gest that Polynesian populations are old and have been stable
for a long time, such that they express high levels of het-
erozygosity close to their equilibrium state, whereas other
populations showing lower values have recently undergone
changein their structure. Change in sea level has contributed
to modifying coral reef extension and thus ecosystems ac-
cording to transgression and regression. Regarding the actual
ecology of A. triostegus, change in habitat structure will have
a minor effect on population density because it is among the
most ubiquitous speciesthat isfound in fringing reefs, barrier
reefs, and outer slopes (Galzin 1987). Overall, it is ailmost
impossible to conclude whether the variation of heterozy-
gosity indicates recent reduction in population size leading
to genetic drift or depicts some pattern of older colonization
(Lewontin 1985).

Isolation by Distance in the Tropical Pacific

The genetic differentiation (Fsr) among Pacific popula-
tions was significantly correlated with geographic distance.
However, the pattern appeared more complex than the tra-
ditional single relationship with the existence of two struc-
tured groups (Fig. 3). Linear relationships computed between
genetic differentiation and geographic distance for both
groups of populations explained more than 50% of the total
variance (r2 = 0.516 and 0.533, respectively). Apart from
larval dispersal, the different relationships between genetic
differentiation and geographic separation in A. triostegus
could conceivably result from selection acting on allozymes,
as was shown in the Atlantic cod when comparing correlation
computed with allozymes and DNA markers (Pogson et al.
1995). The multilocus pattern described from our dataset was

found to be concordant with the results for several individual
loci (four and six loci, respectively, for the two graphs),
suggesting that natural selection on allozyme markers seems
unlikely to drive relationships. The correlation between gene
flow and geographic distances remained significant when pro-
cessing several analyses removing a different locus from the
multilocus Fst computations, refuting the hypothesisthat nat-
ural selection on one locus could have created a geographic
gradient of differentiation. This approach also reinforces the
assumption that selection has little impact on the genetic
structure observed for A. triostegus throughout the tropical
Pacific.

The relationship we found cannot be directly compared to
most previous work that used Slatkin’s (1993) model and
related logarithmic transformed gene flow and geographic
distances. Analyzing our data according to Slatkin’s model,
a similar pattern for the two datasets was observed (Fig. 4).
There was a significant correlation between estimated gene
flow and geographical distance with the pairwise comparison
between the Hawaiian and Marquesas archipelagos and the
other locations, exhibiting a higher correlation value (r2 =
0.684) than the comparison of all the other locations (r2 =
0.383). Such alevel of variance explained by the relationship
between estimated gene flow and geographic distance is un-
expected when compared to previous results in the tropical
Pacific Ocean, which show no relationship (Williams and
Benzie 1998; Benzie 1999) or a weak one (Palumbi et al.
1997).

Relationships between estimated gene flow and distance
have already been documented in marine fish with high dis-
persal capabilities (Pogson et al. 1995, 2001; Wirth and Ber-
natchez 2001). In Atlantic cod (Gadus morhua), these re-
searchers observed asimilar relationship when dealing within
the northwestern Atlantic Ocean (with geographic distances
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less than 900 nautical miles) or across the species’ entire
geographic range (up to 4000 nautical miles between pop-
ulations). For A. triostegus, previous results have already
demonstrated a significant correlation (r2 = 0.655) between
estimated gene flow and geographical distances within the
scale of the Society Archipelago (French Polynesia) with
islands distant by 145 nautical miles maximum (Planes et al.
1996). When considering all samples from all archipelagos
of French Polynesia (distant of up to 1015 nautical miles),
correlation between estimated gene flow and distance ac-
counted for almost 40% of the total variance but was not
significant. It was suggested that exchange of individuals is
favored between neighboring populations, whereas long-dis-
tance migrations are more sporadic. The present data con-
tradict this last hypothesis, and we have demonstrated that
even long-distance migrations are correlated to geographic
distance up to the scale of the entire tropical Pacific Ocean.
The main difference among the relationships is the slope of
the linear regression (Fig. 4). Slope values vary from —1.40
for the relationship within the Society Archipelago (com-
puted from Planes et al. 1996) to —0.89 among the popu-
lations spread over the Pacific Ocean (without Hawaiian and
Marquesas Archipelagos,; present data) and —0.41 for the
relationship incorporating the Hawaiian and Marquesan pop-
ulations. In the present study, we observed an exponential
increase of estimated gene flow as the spatial scale decreased.

The question that remains open is related to the origin of
the two relationships found in the present dataset, rather than
a single one, because we are dealing with a similar spatial
scale. The marked difference in the relationship between ge-
netic differentiation and geographic distances, between Ha-
waiian and Marquesan populations together, and all other
Pacific populations clearly indicates that gene flow among
populations is not only a function of the physical distance
that separates populations of A. triostegus. The most signif-
icant example arises when looking at the Marquesas popu-
lation: The Marquesas Islands are geographically closeto the
Tuamotu and Society Archipelagos but appeared genetically
distant and were found genetically closer to the Hawaiian
Archipelago. Regarding the relationship between gene flow
and geographic distances (Fig. 4), the group made up of the
Hawaiian and Marquesan populations showed also a strong
divergence in the intercept, which was much lower (1.09)
than within the Society Archipelago (3.46) or over the larger
scal e of the Pacific (3.53). Currents have often been proposed
to explain genetic differentiation in marine species, but anal-
yses using present-day currents have failed to find better re-
lationships (Palumbi et al. 1997). In earlier work, theisolation
of the Marquesas population was already explained by the
current pattern of the area (Planes 1993). However, it seems
that when considering the populations of the Hawaiian and
Marquesas Archipelagos, we are dealing with isolated pop-
ulations that show similar gene flow within an archipelago
(cf. the Fgr between Oahu and Hawaii, Table 2) but almost
no exchange with all other populations in the tropical Pacific
Ocean. These observations favor the hypothesis of biogeo-
graphic vicariance as an evolutionary process leading to the
differentiation of the A. triostegus populations in the Ha-
waiian and Marquesas Archipelagos. Vicariant process is
usually support by a congruent biogeographic pattern shared
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by several taxa and/or several independent genetic markers
within a species (Avise et al. 1987). Congruence in the bio-
geographic distribution of some Hawaiian and Marquesan
coral reef fish has been emphasized, although not always
convincingly (Springer 1982; Newman and Foster 1983;
Randall 1995). Regarding allozymeloci in A. triostegus, some
show unique patterns for both the Marquesas and Hawaiian
archipelagos (Aat-3* and Mdh*), whereas others are specific
to Hawaii (Gda*, Pgdh*, Pepb*) or to the Marquesas (Gpi-
2*). Both genetic and biogeographic patterns favor the hy-
pothesis of vicariant processes leading to the actual genetic
structure. Other results have demonstrated that the genetic
patterns do not fit with the actual current pattern because they
integrated several past changes in climate and water mass
circulation (Benzie and Williams 1995, 1997). Assuming that
Hawaiian and Marquesan reefs were colonized during special
climatic and oceanographic conditions, a later climatic break
could have since isolated these populations.

The scenario proposed for A. triostegus indicates the di-
versity of the evolutionary processes that led to the present
genetic structure. Limits to any further interpretation result
mostly from the diversity of evolutionary forces and their
variability through time according to climatic and geological
transitions. Such complexity is highlighted by the variability
of the genetic pattern already observed in the tropical Pacific
Ocean (Benzie and Williams 1997; Palumbi et al. 1997; Wil-
liams and Benzie 1997; Gopurenko et al. 1999; McMillan et
al. 1999).
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APPENDIX 1.

Summary of the electrophoretic results for each Acanthurus triostegus population, each locus, overall loci and overall populations. N, number
of fish sampled; H, observed heterozygosity; dash, no calculation made because the locus is monomorphic within the population considered;
P,es and P, percent of polymorphic loci within each population and for all populations. Significant divergences from Hardy-Weinberg
equilibrium are denoted as * P < 0.05 and ** P < 0.01 following the F,s-values (such an estimate does not test the F s-value but the Hardy-
Weinberg equilibrium according to the GENEPOP 2.0 algorithm). Overall values consider all locations from the Pacific and Indian Oceans
within a single population of 727 individuals.

Indian Pacific Ocean
Ocean -
Locus/ Great Barrier New

population Mozambique Philippines Palau Guam Reef Solomons Caledonia Fiji
N 40 38 41 40 40 39 123 39
Aat-1*

H 0.100 0.079 — 0.025 0.025 — — —

Fis —0.026 -0.018 — 0.000 0.000 — —_ —
Aat-2*

H —_ — 0.024 0.175 0.025 0.154 0.057 —

Fis — — 0.661 0.136 0.000 —-0.07 —0.022 —
Aat-3*

H 0.050 0.368 0.390 0.325 0.400 0.359 0.309 0.359

Fis —0.006 0.267 0.220 0.115 0.101 0.270 0.166 0.247
Ada*

H 0.0250 — 0.073 0.200 0.025 0.051 0.033 0.051

Fis 0 — —-0.017 0.110 0.000 —-0.013 —0.009 —0.007
Adh*

H — 0.079 0.073 0.150 0.125 0.128 0.114 0.026

Fis —_ 0.807** —0.026 —0.068 0.229 0.769** —0.052 0.931**
Gda*

H 0.4500 0.105 0.317 0.125 0.225 0.436 0.447 0.256

Fis 0.314 0.297 0.061 —0.054 —0.100 0.132 0.053 0.434
G3pdh*

H 0.0500 — — — — 0.026 — 0.077

Fis —-0.013 — — —_ — 0.000 —_ —-0.027
Gpi-1*

H 0.0250 0.237 0.342 0.250 0.225 0.231 0.285 0.231

Fis 0 0.178 0.086 0.045 -0.114 0.182 0.100 0.269
Gpi-2*

H 0.5750 — — — 0.025 0.128 0.057 0.077

Fis —-0.138 — — —_ 0 —0.056 —0.025 -0.018
dhp-1*

H 0.025 — 0.024 —_ — — —_ —

Fis 0 — 0.000 — — — — —
Idhp-2*

H 0025 0.026 0.049 0.025 0.025 0.051 0.041 0.026

Fis 0.000 0.000 —-0.013 0.000 0.000 -0.013 —-0.012 0.000
Ldh-1*

H —_ 0.026 — —_ — — —_ —

Fis — 0.000 — — — — — —
Ldh-2*

H — — — 0.025 — — — —

Fis —_ — — 0.000 — — —_ —
Ldh-3*

H — _ — _ _ _ _ _

Fis — - _ - - - - -
Mdh*

H 0.325 0.263 0.293 0.225 0.175 0.231 0.317 0.282

Fis -0.129 0.138 —0.021 0.186 0.147 0.182 0.111 —0.002
Mep-1*

H 0.025 0.316 0.073 0.075 0.050 0.128 0.049 0.077

Fis 0.000 0.009 —0.017 —0.017 —0.006 —0.038 —0.017 —0.027
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ApPPENDIX 1. Extended.

Pacific Ocean

Bora-Bora Moorea Fangataufa Rangiroa Marquesas Oahu Hawaii Clipperton Overal
49 40 41 42 40 40 40 35 727
— —_ —_ 0.048 0.050 0.050 0.075 0.086 0.029
— — — —0.006 -0.013 0.489 -0.017 —0.030 0.078
0.449 0.200 0.512 0.643 — 0.025 — 0.371 0.157
0.094 0.098 —0.053 —0.37* —_ 0.000 — 0.268 0.324
0.082 0.350 0.146 0.262 —_ 0.175 — 0.200 0.242
—0.032 —0.200 —0.067 0.011 — 0.136 — —0.097 0.244
0.061 0.400 0.415 0.381 0.050 0.025 0.050 0.514 0.132
—0.021 0.090 0.182 0.182 —0.006 0.952** —0.006 —0.223 0.470**
0.653 0.300 0.537 0.405 0.150 0.200 0.275 0.514 0.224
—0.311* 0.409** -0.077 0.202 0.179 —0.099 -0.147 —0.246 0.503**
0.347 0.150 0.293 0.191 0.250 0.475 0.475 0.229 0.316
0.177 —0.068 0.360 0.234 0.355* 0.084 0.106 0.452 0.251
0.061 —_ —_ —_ —_ —_ 0.050 —_ 0.015
—-0.021 — — — — — —-0.013 — —0.006
0.306 0.400 0.366 0.214 0.025 0.025 0.100 0.143 0.223
0.101 —-0.117 0.052 0.281 0.000 0.000 —0.040 —0.062 0.124
0.041 0.075 0.098 —_ 0.200 0.025 — —_ 0.078
—-0.011 -0.017 —0.029 — 0.228 0.000 — — 0.240
— — — — — — — — 0.003
— —_ —_ —_ —_ —_ — —_ 0.000
— 0.025 0.098 0.024 0.150 —_ 0.025 0.029 0.039
— 0.000 —0.026 0.000 —0.042 — 0.000 0.000 —0.006
— — — — — — — — 0.001
— —_ —_ —_ —_ —_ — —_ 0.000
— —_ —_ —_ —_ —_ — —_ 0.001
— — — — — — — — 0.000
0.490 0.475 0.634 0.619 —_ 0.100 0.150 0.429 0.316
—-0.071 0.033 —0.276 —-0.302 — —0.040 —0.068 —0.069 0.329
0.122 0.075 0.122 0.143 — 0.025 — 0.171 0.085

—0.038 —0.017 —0.042 —0.047 — 0.000 — —0.049 —0.001
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APPENDIX 1.
Continued.
Indian Pacific Ocean
Locus/ Oc%ean Great Barrier New
population Mozambique Philippines Palau Guam Reef Solomons Caledonia Fiji
N 40 38 41 40 40 39 123 39
Mep-2*
H —_ —_ 0.024 0.025 —_ 0.026 —_ —_
Fis . — 0.000 0.000 — 0.000 — —
Pepb*
H 0.025 0.053 0.024 0.100 0.025 0.051 0.016 0.026
Fis 0.000 -0.014 0.000 —-0.04 0.000 —0.007 —0.004 0.000
Pgdh*
H 0.550 0.211 0.317 0.275 0.350 0.282 0.220 0.282
Fis —0.161 0.092 —0.048 —0.132 0.009 0.069 —0.110 —0.152
Pgm*
H 0.150 0.132 0.171 0.100 0.150 0.128 0.122 0.154
Fis —0.056 —-0.057 —0.081 —0.026 0.179 —0.035 0.071 0.187
Overall
Poos 0.30 0.40 0.30 0.50 0.35 0.50 0.35 0.35
Poos 0.70 0.60 0.70 0.75 0.70 0.75 0.60 0.65
H 0.120 0.095 0.110 0.105 0.093 0.121 0.103 0.096
Fis —0.055 0.246** 0.073 0.046 0.053 0.230** 0.062 0.277**
Overall (without Adh*)
Poos 0.32 0.37 0.32 0.47 0.32 0.47 0.32 0.32
Po.go 0.74 0.58 0.68 0.74 0.68 0.74 0.58 0.63
H 0.126 0.096 0.112 0.103 0.091 0.121 0.103 0.100
Fis —0.055 0.136 0.076 0.054 0.037 0.114 0.068 0.171
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APPENDIX 1.
Continued Extended.

Pacific Ocean

Bora-Bora Moorea Fangataufa Rangiroa Marquesas Oahu Hawaii Clipperton Overall
49 40 41 42 40 40 40 35 727
0.020 0.025 — — — — — 0.314 0.022
0.000 0.000 — — — — — 0.081 0.191
0.020 — — 0.024 0.025 0.275 0.325 — 0.056
0.000 — — 0.000 0.000 0.123 —0.014 — 0.103
0.225 0.200 0.293 0.167 — 0.550 0.325 0.143 0.268
—0.084 —0.099 —0.144 —0.079 — —0.242 0.308 0.220 0.200
0.184 0.175 0.098 0.095 — 0.200 0.225 0.086 0.135
-0.072 0.136 —-0.022 —0.028 — —0.063 —0.068 0.366 0.043
0.40 0.45 0.45 0.45 0.20 0.45 0.35 0.55 0.50
0.70 0.65 0.60 0.65 0.40 0.65 0.55 0.65 0.75
0.153 0.143 0.181 0.161 0.045 0.108 0.104 0.161 0.117
0.024 0.060 0.005 —0.002 0.198 0.194** 0.059 0.053 0.276**
0.37 0.42 0.42 0.42 0.16 0.42 0.32 0.53 0.47
0.68 0.63 0.58 0.63 0.37 0.63 0.53 0.63 0.74
0.127 0.134 0.162 0.148 0.040 0.103 0.095 0.143 0.112

0.034 0.100 0.018 —0.040 0.202 0.215** 0.085 0.095 0.241**
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