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Abstract: Endemism is thought to be relatively rare in marine systems due to the lack of allopatric barriers

and the potential for long-distance colonization via pelagic larval dispersal. Although many species of coral

reef fishes exhibit regionally restricted color variants that are suggestive of regional endemism, such variation

is typically ascribed to intraspecific variation. We examined the genetic structure in 5 putatively monospecific

fishes from the Indo-West Pacific (Amphiprion melanopus, Chrysiptera talboti, and Pomacentrus moluccensis
[Pomacentridae] and Cirrhilabrus punctatus, and Labroides dimidiatus [Labridae]) that express regional color

variation unique to this area. Mitochondrial-control-region sequence analysis showed shallow to deep genetic

divergence in all 5 species (sequence divergence 2–17%), with clades concordant with regional color variation.

These results were partially supported by nuclear RAG2 data. An analysis of molecular variation (AMOVA)

mirrored the phylogenetic results; ΦST values ranged from 0.91 to 0.7, indicating high levels of geographic

partitioning of genetic variation. Concordance of genetics and phenotype demonstrate the genetic uniqueness

of southwestern Pacific color variants, indicating that these populations are at a minimum distinct evolu-

tionarily significant units and perhaps distinct regionally endemic species. Our results indicate that the alpha

biodiversity of the southwestern Pacific is likely underestimated even in well-studied groups, such as reef fishes,

and that regional endemism may be more common in tropical marine systems than previously thought.
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Endemismo y Color Regional y Diferencias Genéticas en Cinco Especies de Arrecife Supuestamente Cosmopolitas

Resumen: Se piensa que el endemismo es relativamente raro en sistemas marinos debido a la ausencia

de barreras alopátricas y al potencial de colonización a larga distancia por medio de la dispersión de

larvas. Aunque muchas especies de peces de arrecifes de coral exhiben variantes de coloración restringidas

regionalmente que sugieren endemismo regional, tal variación es atribuida t́ıpicamente a la variación

intraespećıfica. Examinamos la estructura genética de 5 especies de peces supuestamente monoespećıficas

de la región Indo-Paćıfico Occidental (Amphiprion melanopus, Chrysiptera talboti, y Pomacentrus moluccensis
[Pomacentridae] and Cirrhilabrus punctatus y Labroides dimidiatus [Labridae]) que expresan variación regional

de color única a esta área. El análisis de secuencia de la región de control mitocondrial mostró divergencia

genética que varió entre superficial y profunda en las cinco especies (divergencia de secuencia 2–17%), con

clados concordantes con variación regional de color. Estos resultados fueron soportados parcialmente por

datos RAG2 nucleares. Un análisis de la variación molecular (AVAMO) reflejó resultados filogenéticos: los

valores de ΦST variaron entre 0.91 y 0.7, lo que indica altos niveles de división geográfica de la variación
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genética. La concordancia entre la genética y el fenotipo demuestra la unicidad genética de las variantes de

color en el Paćıfico sudoccidental, lo que indica que estas poblaciones son, por lo menos, unidades significativas

evolutivamente distintas y quizás especies endémicas regionalmente distintas. Nuestros resultados indican que

la diversidad alfa del Paćıfico sudoccidental probablemente es subestimado aun en grupos bien estudiados,

como los peces de arrecife, y que el endemismo regional en los sistemas marinos tropicales puede ser más

común que lo se pensaba anteriormente.

Palabras Clave: ADNmt, ANDn, Labridae, Paćıfico del Sur, peces de arrecife, Pomacentridae, polimorfismo

Introduction

Species endemic to islands or island archipelagos have
long been the focus of special attention in terrestrial con-
servation (Moore 1935) because they are often geograph-
ically restricted, small in population size, and highly spe-
cialized, all of which makes them highly susceptible to
extinction (MacArthur & Wilson 1963; Delaney & Wayne
2005). In contrast, local or regional endemism in ma-
rine ecosystems is thought to be extremely rare because
many marine species produce large numbers of disper-
sive larvae that can potentially travel thousands of miles
on ocean currents (Scheltema & Williams 1983). As a re-
sult, there are few obvious allopatric barriers in the sea
(Palumbi 1994), which reduces opportunities for small-
scale differentiation (Paulay & Meyer 2002).

Nevertheless, an emerging body of evidence is chal-
lenging the assumptions of wide-scale homogeneity in
marine environments. Evidence from genetic (Rhodes
et al. 2003; Barber et al. 2006), biogeochemical (Jones
et al. 1999; Thorrold et al. 2001), and physical mod-
els (Cowen et al. 2006) suggests that marine popula-
tions may demonstrate greater-than-expected levels of
self-recruitment and regional differentiation. Therefore,
our operational paradigm for marine populations, espe-
cially those for highly diverse coral reefs, may warrant
reevaluation.

The majority of the world’s coral-reef area occurs
around the islands of the Indo-West Pacific (IWP) (Spald-
ing & Grenfell 1997), a region that stretches from East
Africa to the central Pacific Ocean. Despite the vast dis-
tances and isolation of these reef habitats, examples of
cosmopolitan marine species across this region abound
(Letourneur et al. 2004; Lobel & Lobel Kerr 2004). In
contrast, examples of range-restricted endemics in this
region are few and result primarily from extreme geo-
graphic isolation in regions such as the Hawaiian Islands
(Hourigan & Reese 1987) or from species with extremely
limited dispersal abilities (Bernardi & Vagelli 2004; Meyer
et al. 2005).

Among the multitude of fish species that are broadly
distributed across the Indo-Pacific, a small number ex-
press unique color patterns in the extreme eastern part of
their range. In particular, 3 species of damselfish (Poma-
centridae, Amphiprion melanopus, Chrysiptera talboti,
and Pomacentrus moluccensis) and 2 species of wrasse

(Labridae, Cirrhilabrus punctatus, Labroides dimidia-

tus) all have color variants endemic to the southwestern
Pacific (Fig. 1, and this issue’s cover), despite pelagic lar-
val periods (15–24 days) that present the opportunity for
genetic connectivity over substantial distances (Table 1;
Victor 1986; Wellington & Victor 1989; Wilson & Mc-
Cormic 1999). Although many fishes are distinguished
by color pattern, coloration is not necessarily a species-
specific diagnostic character (Marliave 1985; Ramon et al.
2003), particularly in pantropical species (Schultz et al.
2006) in which significant color polymorphism can be
observed within and among populations. Although these
southwestern Pacific color variants can be distinctive,
all 5 are currently regarded as broad-ranging monotypic
species (Randall et al. 1990; Allen 1991; Randall 2005).

The codistributed nature of these 5 regional color vari-
ants in the archipelagos of the southwestern Pacific could
be explained through 1 of 3 mechanisms. First, regional
color polymorphism could result from geographically
concordant phenotypic plasticity that is differentially ex-
pressed in the southwestern Pacific. Second, natural se-
lection favoring different color morphs in the southwest-
ern Pacific could reduce a phenotypically diverse group
of larvae into geographically concordant, regionally dis-
tinct adult populations. Third, regional color variants
could evolve in isolation, suggesting that the southwest-
ern Pacific may harbor distinct endemic range restricted
species or evolutionarily significant units (ESUs, sensu
Fraser & Bernatchez 2001). To test these hypotheses
and their conservation implications, we used molecular-
genetic methods to determine whether there are high
levels of genetic connectivity across the IWP, suggest-
ing support for hypotheses 1 and 2, or whether these 5
regional color variants represent genetically distinct evo-
lutionary lineages indicating cryptic biodiversity endemic
to the islands of the southwestern Pacific.

Methods

DNA Extraction and Sequencing

We collected tissue samples of all 5 species using pole
spears or hand nets from populations in Indonesia, Papua
New Guinea (PNG), the Solomon Islands, and Fiji, and
stored them in 95% ethanol. Genomic DNA was extracted

Conservation Biology

Volume 22, No. 4, 2008



Drew et al. 967

Figure 1. The study area in the

southwestern Pacific. Sampling sites

are denoted with numbers: 1,

Kalimantan, Indonesia; 2, Teluk

Cenderawasih, Indonesia; 3, Milne

Bay Papua New Guinea; 4,

Nudha/Boneagi Solomon Islands; 5,

Central Fijian Islands, Fiji. Ranges

of Indo-West Pacific (IWP) and

southwestern Pacific (SWP)

morphologies of the fishes examined

are overlaid on maps.

with Chelex (Walsh et al. 1991). We amplified the 3′ por-
tion of the mitochondrial control region via polymerase
chain reaction [PCR]) (Saiki et al. 1988), with primers
CR-A and CR-E (Lee et al. 1995) in a 5 mM MgCl solution

and the following thermocycling parameters: 39 cycles
of 94 ◦C (30 s), 50 ◦C (30 s), 72 ◦C (40 s), and a final
extension of 3 min at 72 ◦C. The PCR products were vi-
sualized following electrophoresis on 1% agarose gel and
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Table 1. Larval duration, sample locality, and sample size for each of the 5 reef fish examined.

Larval duration
Species in days (SD) Sample location n Φ (SD) π (SD)

Amphiprion melanopus 18.6 Milne Bay, Papua New Guinea (PNG) 26 11.51 (4.05) 0.021 (0.01)
Central Fiji 36 10.85 (3.66) 0.02 (0.01)
Nudha Islands, Solomon Islands 11 9.21 (3.95) 0.02 (0.01)

Chrysiptera talboti 21–24a Teluk Cenderawasih, Indonesia 8 5.39 (2.65) 0.01 (0.007)
Milne Bay, PNG 26 5.86 (2.08) 0.007 (0.004)
Central Fiji 37 1.41 (0.86) 0.002 (0.002)
Boneagi, Solomon Islands 11 2.31 (1.2) 0.006 (0.004)

Cirrhilabrus punctatus 21 (1.6)b Milne Bay, PNG 9 11.83 (5.63) 0.02 (0.01)
Central Fiji 29 18.16 (6.03) 0.02 (0.01)

Labroides dimidiatus 20.3 (1.9) Central Fiji 16 11.68 (4.5) 0.02 (0.01)
Fiji—Yellow 8 8.87 (4.15) 0.01 (0.01)
Fiji—Blue 8 7.71 (3.65) 0.02 (0.01)
Teluk Cenderawasih, Indonesia 14 9.93 (4.1) 0.01 (0.01)

Pomacentrus moluccensis 15–19.6 Kalimantan, Indonesia 9 2.47 (1.31) 0.005 (0.003)
Milne Bay, PNG 15 1.57 (0.87) 0.002 (0.002)
Central, Fiji 109 8.22 (3.04) 0.009 (0.005)
Boneagi, Solomon Islands 7 0.408 (0.46) 0.001 (0.001)

aDuration for C. parasema (Wellington & Victor 1989).
bDuration for Cir. cyanopleura (Victor 1986).

enzymatically prepared for sequencing by digestion in 0.5
units of shrimp alkaline phosphotase and 5 units of ex-
onuclease for 30 min at 37 ◦C followed by 15 min at 80 ◦C.
We conducted direct sequencing of double-stranded PCR
products on an ABI377 automated sequencer or on an
ABI3730 (Applied Biosystems, Foster City, California)
with Big Dye 3.0 terminator chemistry (Applied Biosys-
tems) with the PCR primers and manufacturer protocols.
Forward and reverse sequences for each region were rec-
onciled and compiled in Sequencher (Gene Codes, Ann
Arbor, Michigan) and subsequently aligned by eye.

We collected nuclear recombination-activating gene
(RAG2) DNA for a subset of samples that represented
distinct clades recovered in the mtDNA control region.
We used the primers RAG2F and RAG2R in a 5 mM MgCl
solution (Westneat & Alfaro 2005) with the following
thermocycling parameters: 39 cycles of 94 ◦C (30 s), 54–
60 ◦C (30 s), 72 ◦C (40 s), and a final extension of 3 min at
72 ◦C. Because the RAG2 gene exhibits limited heterozy-
gosity, direct sequencing of double-stranded PCR prod-
ucts was conducted with the PCR primers as described
earlier. The RAG2 sequences were edited and aligned as
described earlier, except heterozygous base calls were
retained in universal ambiguity codes.

Phylogenetic and Population Genetic Analyses

To test for genetic differentiation among regional color
morphs, we analyzed mtDNA control-region sequence
data with maximum parsimony in PAUP∗ 4.0 (Swofford
2002). We obtained trees via a heuristic search with
1000 random additions and considered tree bisection-
and-reconnection (TBR) branch swapping and gaps con-
sidered a 5th nucleotide. Support was evaluated with

1000 bootstrap replicates. Nevertheless, because multi-
ple, closely related haplotypes resulted in extremely large
numbers of most parsimonious trees, bootstrapping was
performed swapping on only 1000 trees at each step to re-
duce computation time. Although this method prevents
inferences regarding relationships of individual haplo-
types on the tips of the phylogeny, we did not expect
it to affect levels of deep node support. Phylograms were
rooted with congeneric sequences, except as noted, and
distributions of color morphs were plotted on the result-
ing topologies. To confirm results from the highly vari-
able mtDNA control region, we conducted phylogenetic
analyses similarly on RAG2 sequences with confamilial
samples as outgroups (Westneat & Alfaro 2005). We ran
RAG2 analyses with heterozygous bases scored as univer-
sal ambiguity codes or as missing data. Although this de-
creases the number of phylogenetically informative sites,
it prevents heterozygous bases from introducing error
into the analyses.

To further asses genetic variation within and between
color morphs, we conducted an analysis of molecular
variance (AMOVA) in Arelequin 2.0 (Schneider et al.
2000) in which structure was defined by color pattern.
For most species, because distinct color morphs are en-
demic to the southwestern Pacific, this analysis was the
equivalent of an AMOVA examining geographic partition-
ing of genetic variation between Fiji and populations
from Papua New Guinea, the Solomon Islands, and In-
donesia. The one exception was L. dimidiates; both the
common and distinct color morphs are sympatric in Fiji.
In this case AMOVA analyses were run with data par-
titioned by color morph and geography, and Fiji was
compared with the Solomons, Papua New Guinea, and
Indonesia.
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Results

A total of 384–520 base pairs of the mitochondrial con-
trol region were collected from A. melanopus (n = 73),
C. talboti (n = 82), Cir. punctatus (n = 38), L. dimidia-

tus (n = 27), and P. moluccensis (n = 140). Although
gaps were present in the control-region data, alignments
were straightforward and unambiguous. We also col-
lected between 656 and 740 base pairs of the nuclear
RAG2 from A. melanopus (n = 21), C. talboti (n = 34),
L. dimidiatus (n = 10), and P. moluccensis (n = 19)
and as expected found few heterozygotes (Lovejoy &
Collette 2001). Despite extensive efforts, no RAG2 data
could be collected from Cir. punctatus. All sequences
have been deposited in Genbank under accession num-
bers (EU256666–EU257131).

Parsimony analysis of mtDNA control region revealed
phylogenetic divergence between Fijian and IWP pop-
ulations of all species. Divergence was deep (10–17%
uncorrected sequence divergence) in all species except
C. talboti (2% uncorrected sequence divergence). Con-
sequently, bootstrapping demonstrated strong support
of reciprocal monophyletic relationships (97–100% boot-
strap values) between Fiji and IWP populations for all
species except C. talboti (Fig. 2). For C. talboti (PNG),
and Solomon samples formed a clade (100% bootstrap
value), separated by 4 fixed nucleotide changes, that was
distinct from a basal group of Fiji and Indonesian sam-
ples. Within the latter, Indonesian populations formed
a monophyletic clade separated from Fijian samples by
one fixed substitution (100% bootstrap value). Regional
color patterns were highly concordant to mtDNA phy-
logeny in A. melanopus, P. moluccensis, and Cir. punc-

tatus. For L. dimidiatus, Fiji samples formed a highly dis-
tinct regional clade, but contained both the Fijian color
variants and the normal IWP variants. For C. talboti, the
IWP color morph spanned the divergent Indonesian and
(PNG, Solomon, and Fiji) clades. Nevertheless, fixed dif-
ferences between Fiji and PNG, and Solomon Island popu-
lations corresponded to color differences.

For the RAG2 data, parsimony analyses supported phy-
logenetic differentiation between Fijian and IWP popula-
tions of A. melanopus and L. dimidiatus (Figs. 2a & 2d).
Nevertheless, for C. talboti and P. moluccensis, there
was no association between phylogeny and geography.

Further support for genetic divergence among color
morphs came from AMOVA analyses (Table 2). There
was pronounced genetic structure between southwest-
ern Pacific and IWP color morphs in A. melanopus (�ST

= 0.75, p < 0.0001), Cir. punctatus (�ST = 0.86, p <

0.0001), and P. moluccensis (�ST = 0.93, p < 0.0001),
with 70.87, 86, and 93.39% of the variation among color
morphs and 24.12, 24, and 7.10% of the variation within
color morphs, respectively. Despite lower levels of ge-
netic differentiation, �ST = 0.73 (p < 0.0001) was ob-

served among color morphs of C. talboti. Finally, within
L. dimidiatus, �ST = 0.85 (p < 0.0001) between Fiji
and populations to the west. Nevertheless, there was no
differentiation among color morphs within Fiji (�ST =
0.009, p > 0.60).

Discussion

Results of our molecular genetic analysis that compared
southwestern Pacific and IWP populations indicated that
populations of 5 species of fishes from Fiji are genetically
isolated from other IWP populations. Surprisingly, in 4
out of 5 cases, genetic analyses also indicated strong con-
cordance between regional genetic divergence and re-
gionally distinct color morphs observed only in the south-
western Pacific. Although present taxonomy suggests
that these regional color morphs are simply intraspecific
polymorphisms within broadly distributed monospecific
taxa, genetic analyses clearly indicated that they likely
represent distinct ESUs (Fraser & Bernatchez 2001), and
perhaps unique species for some taxa.

Although deep genetic divergence is commonly re-
ported among populations from the Pacific and Indian
Oceans that span the geologically dynamic Indonesian
Archipelago (Williams & Benzie 1998; Barber et al. 2000;
Barber et al. 2006), similar patterns have not been re-
ported for the southwestern Pacific. Although the 5
species we studied do not represent the diversity of dis-
persal abilities in coral reef ecosystems, the regional ge-
netic divergence of southwestern Pacific color morphs
suggests that regional endemism in this region may be
higher than presently believed. Given that fish are one
of the most studied reef taxa, it is likely that the regional
endemism is underestimated in lesser-studied groups.

Regional Isolation of Southwestern Pacific Populations

Sequences of the mitochondrial control region strongly
supported reciprocal monophyly between Fijian and IWP
populations in all species except C. talboti. Reciprocal
monophyly can only occur when the level of gene flow
is insufficient to counteract the diversifying effects of
genetic drift or natural selection. Evidence of highly re-
stricted gene flow came from the AMOVA analyses in
which �ST values ranged from 0.91 to 0.70, indicating
high levels of geographic partitioning of genetic varia-
tion. Even in C. talboti, for which Fiji samples formed a
paraphyletic group, there were fixed genetic differences
and pronounced genetic partitioning (�ST = 0.77) be-
tween populations in Fiji and those from PNG, Indone-
sian, and the Solomon Islands. It is puzzling to note that
within C. talboti, Fiji and Indonesia form a clade to the
exclusion of the geographically intermediate PNG and
Solomon Island samples. This pattern could have resulted
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