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Abstract Pleistocene eustatic changes in sea level are
often invoked to explain genetic divergence among marine
organisms. However, molecular phylogenies have revealed
relatively few examples of speciation events dating to the
Pleistocene. We present a species-level hypothesis of the
timing of evolution for the Pomacentrus coelestis species
complex (Pomacentridae), based on the nuclear S7 intron
and the mitochondrial Cytb gene, and reconstruct ances-
tral range distributions across the timetree. Ancestral range
reconstruction suggests the complex originated in the Coral
Triangle and East Indian Ocean, with subsequent range
expansion outward from this region. We suggest that land
barriers to dispersal (e.g., Indo-Pacific barrier) may be
responsible for the divergence between Indian (P. alleni, P.
similis, P. caeruleopunctatus, and P. caeruleus) and Pacific
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(P. micronesicus, P. auriventris, and P. coelestis) species
groups, and subsequent isolation by Pleistocene sea-level
fluctuations in certain areas of the Coral Triangle (glacial
refugia) may play an important role in the diversification of
this species complex. Additionally, our analyses show cryp-
tic lineages within P. micronesicus and highlight the need
for comprehensive sampling within and among species to
reveal recent speciation events.

Introduction

Allopatric speciation is the most widely accepted mode of
generating new species; however, physical barriers dividing
populations are relatively scant in the marine environment.
Furthermore, marine organisms often disperse as larvae,
reducing the potential for geographic isolation and subse-
quent differentiation (e.g., Palumbi 1994; Mora and Sale
2002). Several marine barriers to dispersal have been iden-
tified, however, that often define well-established biogeo-
graphic provinces (see review Briggs and Bowen 2012). An
obvious example is the Isthmus of Panama, which divided
the East Pacific and western Atlantic marine fauna with its
closing approximately 3.1 Ma (Coates and Obando 1996).
Allopatry has also been proposed as an important mecha-
nism for speciation in the Indo-Pacific (Randall 1998; Bell-
wood and Wainwright 2002).

The Indo-Malay-Philippine (IMP) biodiversity hot spot,
stretching from northern Australia and New Guinea, to
Malaysia, and west to the Philippines, has long been con-
sidered the center of marine biodiversity (Allen 2008). A
complex geologic history, as well as climatic and oceano-
graphic changes, has resulted in vicariance events and
the formation of geographic barriers over the last 16 mil-
lion years. Land barriers and shallow seas were formed
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in the region during the Middle Miocene (~8-16 Ma)
when the Australian and Eurasian plates collided (Ken-
nett et al. 1985). This event also restricted flow between
the Indian and Pacific Oceans. The IMP region was also
greatly impacted by eustatic changes in sea levels due to
glacial cycles since the Pliocene (Naish et al. 2009). Three
to six glacial cycles occurred during the Pleistocene,
which lowered sea level up to 130 m below present levels
(e.g., Chappell 1981; Potts 1983; Voris 2000), and signifi-
cantly decreased available habitat on continental shelves.
Although reproductive isolation may not be generated dur-
ing short inter-glacial periods, alternate genotypes between
temporally separated groups can become fixed, which may
lead to accumulated genetic differences even with ongoing
gene flow (Rocha and Bowen 2008). These processes are
often invoked to explain, at least in part, the high biodiver-
sity within the IMP region (Woodland 1983; Bellwood and
Wainwright 2002; Gaither and Rocha 2013).

Despite the potential for vicariance events in the recent
past (especially during the Last Glacial Maximum through-
out the Pleistocene), molecular studies suggest most diver-
gence events among lineages occurred during the Pliocene
or Miocene for most extant reef fauna (e.g., Barber and
Bellwood 2005; Renema et al. 2008; Bellwood et al. 2010).
Relatively few contradictory examples to this temporal pat-
tern exist: Some sister species splits in chaetodontids (e.g.,
McMillan and Palumbi 1995; Fessler and Westneat 2007;
Bellwood et al. 2010), wrasses (e.g., Choat et al. 2012), Das-
cyllus (Leray et al. 2010), Tetraodontiformes (e.g., Santini
et al. 2013a; 2013b; 2013c), and acanthurids (e.g., Soren-
son et al. 2013) date to the Pleistocene. Instead, the timing
of Pleistocene events appears to be more important in driv-
ing intraspecific differentiation (e.g., see Rocha and Bowen
2008). This pattern of prevalent diversification within the
Miocene and Pliocene and not the Pleistocene, however, may
be due to the paucity of well-sampled phylogenies.

The limited evidence for Pleistocene lineage diversifi-
cation events may also be, in part, due to our tendency to
define species based on discernible morphological traits
(Rocha and Bowen 2008; Gaither and Rocha 2013). These
morphological characters may be very subtle, especially
between marine fishes where species distinctions are fre-
quently based on coloration or meristic traits. Increasing
genetic evidence indicates cryptic lineages are commonly
found in reef fishes, especially those with broad geo-
graphic ranges, which may or may not be accompanied by
morphological variation (Craig et al. 2007; Steinke et al.
2009; Drew and Barber 2009; Drew et al. 2010; Liu et al.
2012). Because currently unrecognized species (e.g., cryp-
tic species) may not be considered in molecular phyloge-
netic studies, inferred sister species divergence times will
be older and very recent cladogenesis events will remain
undetected (Gaither and Rocha 2013).
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Damselfishes (Pomacentridae) are a morphologically
and ecologically diverse group of fishes that include many
conspicuous members of coral reef communities. Many
species within this family have broad geographic distribu-
tions, and cryptic lineages have been reported in several of
these species (Drew et al. 2008, 2010; Steinke et al. 2009;
Liu et al. 2012). One widespread species, P. coelestis, was
recently shown to represent at least two distinct species (P,
coelestis and P. micronesicus; Liu et al. 2012, 2013) based
on morphology and genetics. Mitochondrial data suggest
that the P. coelestis lineage underwent rapid expansion dur-
ing the Pleistocene, suggesting that eustatic changes in sea
level may have initiated speciation (Liu et al. 2012).

Pomacentrus coelestis and P. micronesicus are both parts
of the P. coelestis species complex (Liu et al. 2013) that
includes five additional species: P. alleni, P. auriventris,
P. caeruleopuntatus, P. caeruleus and P. similis. All of the
species within the complex are morphologically similar and
difficult to distinguish from P. coelestis in situ, except for P.
alleni and P. auriventris, which have distinct color morphs.
Detailed morphological examination of P. coelestis speci-
mens suggested that an additional cryptic lineage may exist
(Liu et al. 2013). The presence of cryptic lineages and spe-
cies descriptions based on color pattern variations within
the complex make it an ideal model to determine whether
Pleistocene vicariance events play an important role in reef
fish evolution.

Here, we present a biogeographic study of the P. coe-
lestis species complex, including samples from all seven
species from multiple localities across their ranges. We use
mitochondrial Cytb and ribosomal intron S7 sequence to
infer the relationships among species within the complex
and time-calibrate our dataset to estimate divergence times
between species. Our results reveal cryptic lineages within
the species complex and suggest that Pleistocene sea-level
changes and glacial refugia provided a mechanism for spe-
ciation in this fish group.

Materials and methods
Sample collection

A total of 145 individuals including all members of the P.
coelestis complex was collected for this study. In addition, a
P. moluccensis sample was collected for use as an outgroup.
Fishes were collected using either a hand net or small spear
(Table 1), and one P. coelestis and three P. micronesicus
samples were purchased from a Taiwanese aquarium shop.
Individuals were collected from multiple locations within
each species’ range when possible (Table 1): P. similis
(N = 17), P. caeruleus (N = 17), P. auriventris (N = 44), P.
alleni (N = 12), P. caeruleopunctatus (N = 2), P. coelestis
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Table 1 List of species, sampling localities, and biogeographic regions used in this study

Taxon name Sampling location Sample code N Region
Pomacentrus alleni E
Narcondam Island, Andaman Sea all_ana
Cinque Islands, Andaman Sea all_and 7
Nusa Penida, Bali, Indonesia all_nus 1
Species total 12
Pomacentrus auriventris E, T
Banda aur_ba
Kofiau Island, South Raja Ampat aur_kaf 3
Kawe Island, North Raja Ampat aur_kaw 14
Boo Kecil, Raja Ampat aur_kec
Nusa Laut aur_la
Nusa penida, Bali, Indonesia aur_nu
Silang, Bali, Indonesia aur_silang 10
Species total 44
Pomacentrus coelestis E, T,P N
Bali, Indonesia coe_balis 4
Australia coe_cap 9
Palawan coe_palawan 7
Taiwanese aquarium shop coe_twsp 1
Species total 21
Pomacentrus micronesicus T,P
Cenderawasih Bay, West Papua, Indonesia mic_ce 14
Chuuk Atoll, Caroline Islands, Micronesia mic_ch
Bali, Indonesia mic_balis
Taiwanese aquarium shop mic_twsp
Palawan mic_palawan
Species total 28
Pomacentrus caeruleopunctatus
Madagascar cap_mad
Species total
Pomacentrus caeruleus w
Madagascar cae_pca 17
Species total 17
Pomacentrus similis E
Mergui, Myanmar sim_sim 3
Narcondam Island, Andaman Sea sim_sna 14
Species total 17

Biogeographic region information was used in the ancestral range reconstruction analysis. Pomacentrus caeruleopunctatus was not run sepa-
rately in the range reconstruction analysis, so biogeographic range coding is not provided. Region abbreviations are as follows: W West Indian,

E East Indian, T Coral Triangle, P Central Pacific, N North Pacific

(N =21), and P. micronesicus (N = 28). Fin clips or whole
fishes were preserved in ethanol until use.

Gene amplification and sequencing
Genomic DNA was extracted from preserved tissues using

the Genomic DNA extraction kit (Genomics BioScience
and Technology, New Taipei City, Taiwan) following the

manufacturer’s protocol. A partial Cytb fragment and
the S7 ribosomal protein intron were amplified using
the polymerase chain reaction (PCR) using the follow-
ing primers: GluDG-L and H16460 (Palumbi 1996) for
Cytb; STRPEX1F and S7RPEX2R primers (Chow and
Hazama 1998) for S7. PCRs were carried out in 25 pl reac-
tions containing 5-10 ng DNA, 10 mM Tris HCI (pH 8.3),
1.5 mM MgCl,, 50 mM KCI, 0.2 mM dNTPs, 1 U Taq
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DNA polymerase (Mdbio, Taipei, Taiwan), and 0.3 mM
each of the appropriate forward and reverse primers. PCR
cycling consisted of 2 min at 94 °C for the first cycle, fol-
lowed by 34 cycles of 95 °C for 30 s, 55 °C for 30 s, and
70 °C for Cytb. The S7 intron was amplified by the same
thermocycling profile except with an annealing temperature
of 64 °C. The nucleotide sequences of the PCR products
were determined using an ABI 377-automated sequencer
(Applied Biosystems). Additionally, Cytb sequence data
were downloaded from GenBank for three outgroups used
in this study: Chromis atrilobata, C. multilineata, and P.
moluccensis.

Phylogenetic analyses

Chromatograms were manually edited and assembled
using Sequencher 4.2 (Gene Code, Ann Arbor, MI, USA).
Gene sequences were aligned using the MUSCLE software
(Edgar 2004) in Geneious 5.3 (Biomatters Ltd.). Align-
ments were checked by eye and trimmed to minimize
missing characters. The final gene alignments consisted
of 1,080 bp for Cytb and 707 bp for S7. All generated
sequences were deposited in GenBank (Table S1).

We used jModelTest (Posada 2008) to select the best-fit-
ting substitution model for Cytb and S7 using Akaike Infor-
mation Criterion (AIC). We did not consider models with
the invariant sites parameter since this is accounted for by
the gamma parameter. The HKY 4 G model was selected
as the most appropriate model for both loci.

Phylogenetic trees were generated under maximum
likelihood (ML) using RAXML (Stamatakis 2006). We ran
analyses for two datasets: (1) Cytb only, which included 99
individuals and (2) a complete dataset containing 50 indi-
viduals for which there were Cytb and S7 sequence data.
Because there were no P. micronesicus (Chuuk) individu-
als with sequence for both genes, we combined data for
ch2 (S7) and chl (Cytb) to include a representative from
this clade in the tree. We assigned the GTR 4+ G model,
the closest model to HKY + G that can be implemented
in RAXML, to each gene and ran 500 fast bootstrap repli-
cates using the GTR + CAT model. For the complete data-
set with Cytb and S7, each gene was partitioned separately
and 1,000 fast bootstrap replicates were used with the
GTR + CAT model.

Phylogenetic relationships were also inferred under a
Bayesian framework using MrBayes 3.2 (Ronquist et al.
2012) for both datasets. The HKY + G substitution model
was used, and the complete dataset was partitioned by
gene. Two independent analyses were run for 30 million
generations each using four chains (one cold, three heated),
sampling every 3,000 generations. Trace files were checked
using Tracer 1.5 (Drummond and Rambaut 2007) to ensure
convergence. Analyses were combined, and the first 25 %
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of trees were discarded as burnin. Post-burnin trees were
combined to obtain a 50 % majority rule consensus tree.

We calculated mean genetic distance among described
species and clades recovered in our phylogenetic analyses
using the cytochrome b alignment. We assumed a Kimura
2-parameter model and ran the analysis using MEGA 5.2
(Tamura et al. 2011).

Dating analysis

For the dating analysis, we selected a representative taxon
from each of the species (except P. caeruleopunctatus) in
the P. coelestis species complex that had both Cytb and
S7 sequences. We used one P. caeruleus individual to
represent P. caeruleus + P. caeruleopunctatus since we
were unable to distinguish the two using our genetic data.
Because there were no P. micronesicus (Chuuk) individuals
with sequence for both genes, we used the same individuals
from the RAXML complete dataset analysis that combined
ch2 and chl. We used P. moluccensis, C. atrilobata, and C.
multilineata as outgroups; the latter two species were rep-
resented only by Cytb sequence data in the matrix.

We used the program BEAST 1.7 (Drummond et al.
2012) to infer divergence times for the eight lineages. An
HKY + G nucleotide substitution model was assigned to
each gene partition, and we used an uncorrelated lognormal
relaxed molecular clock. A birth—death prior was assigned
to cladogenesis rates. We used the timing of the rise of the
Isthmus of Panama (3.1-3.5 Ma; Coates and Obando 1996)
to date the split between the Atlantic C. multilineata and
the Pacific C. atrilobata. We set an exponential prior with
an offset of 3.0 and a mean of 0.17. Analyses were run for
40 million generations, sampling every 4,000 generations.
Convergence was confirmed using Tracer 1.5 (Drummond
and Rambaut 2007) and to ensure ESS values exceeded
200. We discarded the first 10 % of trees as burnin and used
TreeAnnotator 1.7 (Drummond et al. 2012) to generate the
maximum clade credibility timetree.

Ancestral range reconstruction

The Indo-Pacific was divided into five broad regions: (1)
West Indian Ocean, (2) East Indian Ocean, (3) Coral Trian-
gle, (4) North Pacific, and (5) Central Pacific. Each species
represented in the timetree was coded as either being pre-
sent or absent from each of the five regions based on pub-
lished records (Allen 1991) and personal field observations
of G. Allen and M. Erdmann (Fig. 1).

We reconstructed ancestral geographic ranges using
a stochastic model of geographic range evolution incor-
porating dispersal, extinction, and cladogenesis (DEC
model). Reconstruction was inferred using a maxi-
mum likelihood approach implemented in the package
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Fig. 1 Species distributions of taxa in the Pomacentrus coelestis species complex based on Allen (1991) and the personal communication with

Dr. Gerald Allen and Dr. Mark Erdmann

BioGeoBEARS 0.2 (Matzke 2013) in R 2.15 (R Devel-
opment Team 2012). We tested the fit of two different
models: (1) a model where dispersal among all adjacent
regions was equally probable and (2) a model where the
probability of dispersal between the Coral Triangle (T)
and the East Indian Ocean (E) was constrained to be 0.05,
reflecting limited dispersal due to the Indo-Pacific Bar-
rier during the Pleistocene. Model fit was assessed using
Akaike Information Criterion (AIC).

Results
Phylogenetic analyses

The relationships among taxa based on the ML and Bayes-
ian Cytb analyses were identical, with high support for
most of the groups (Figure S1 and S2, respectively). Two
major clades were inferred; one composed of species found
in the Indian Ocean (91 bootstrap proportions, bsp; 1.0
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posterior probability, pp) and another composed of species
distributed in the Pacific Ocean (63 bsp, 0.95 pp). Within
the Indian Ocean subclade, P. similis (98 bsp, 1.0 pp) is sis-
ter to a clade including P. caeruleus, P. caeruleopunctatus,
and P. alleni (96 bsp, 1.0 pp). The relationships among P.
caeruleus, P. caeruleopunctatus, and P. alleni could not be
resolved, but P. alleni monophyly was highly supported
(99 bsp, 1.0 pp) and formed a distinct clade from P. caer-
uleus + P. caeruleopunctatus. Within the Pacific clade, two
well-supported subclades were inferred. The first included
P. coelestis sampled from Indonesia, the Philippines, Aus-
tralia, and one individual purchased at a Taiwanese aquar-
ium shop, and P. auriventris (95 bsp, 1.0 pp). Pomacentrus
coelestis sequences were not monophyletic, but P. aurive-
ntris sequences formed a well-supported group (91 bsp,
1.0 pp). The second Pacific subclade was composed of three
distinct lineages, all with bsp = 100 and pp = 1.0: clade A
of P. micronesicus sampled from Chuuk Atoll, Micronesia;
clade B of P. micronesicus sampled from Bali, Indonesia,
Palawan, Philippines, and individuals from a Taiwanese
aquarium shop (TWSP 1-3); and clade C of P. micronesicus
sampled from Cenderawasih Bay, West Papua, Indonesia.
The relationships among these three clades, however, could
not be resolved.

Species relationships based on the ML and Bayesian
analyses of the complete dataset were identical, and this
topology was highly congruent with the cytochrome b
tree (Fig. 2). Indian (96 bsp, 0.99 pp) and Pacific (83 bsp,
0.90 pp) Ocean clades were again recovered. Pomacentrus
similis (96 bsp, 1.0 pp), P. alleni (100 bsp, 1.0 pp), and
P. caeruleus + P. caeruleopunctatus (80 bsp, 1.0 pp) were
all monophyletic, but unlike the Cytb trees, P. alleni was
sister to the P. caeruleus + P. caeruleopunctatus clade (88
bsp, 0.99 pp). In the Pacific clade, the first subclade (83
bsp, 0.90 pp) contained P. coelestis individuals, as well as
a strongly supported P. auriventris clade (97 bsp, 1.0 pp).
The second Pacific subclade (99 bsp, 1.0 pp) included
the three lineages of P. micronesicus, all with >99 bsp,

1.0 pp).
Genetic divergence

Pomacentrus coelestis individuals were combined into one
group because of the low support for their non-monophyly
recovered by our phylogenetic analyses. We also separated
P. caeruleus and P. caeruleopunctatus into two groups
because they are previously described species. Finally, we
were interested in assessing the divergence among the three
subclades of P. micronesicus, so we defined the subclades
as three different groups. Mean genetic divergence between
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Fig. 2 Maximum likelihood hypothesis of relationships within the
Pomacentrus coelestis species complex based on the complete data-
set. Only bootstrap proportions >70 % and posterior probability val-
ues >0.95 based on the Bayesian analysis are shown preceding the
nodes. The outgroup has been removed
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Table 2 Mean genetic

N cap coe mic A aur all mic C mic B cae sim
divergence among Pomacentrus
coelestis species complex taxa cap

1
and subclades coe 0.0600
micA  0.0690  0.0480

Genetic divergence calculations aur 0.0640 0.0100 0.0480
;V;feTcomputed 111512“(;%1 IIVIEGA all 0.0190 00660  0.0770  0.0710

. t al.

(Tamura et a ) micC  0.0660 00480  0.0220  0.0480  0.0720

assuming a Kimura 2-parameter
model. Pomacentrus micB  0.0740  0.0490  0.0230  0.0490  0.0810  0.0290
micronesicus subclades A-C cae 0.0060  0.0620  0.0700  0.0680  0.0210  0.0660  0.0740
were grouped separately. See sim 0.0480  0.0630  0.0660  0.0690  0.0530  0.0730  0.0750  0.0490

Table 1 for taxon abbreviations
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Fig. 3 Time-calibrated phylogeny of the Pomacentrus coelestis spe-
cies complex based on BEAST 1.7 analysis. Node bars indicate 95 %
highest posterior density, and white circles on nodes indicate pos-

groups (Table 2) ranged from 0.006 (P. caeruleus vs. P.
caeruleopunctatus) to 0.077 (P. alleni vs. P. micronesicus
A). Mean divergence between P. micronesicus subclades
ranged from 0.022 to 0.029 (Table 2).

0.0

terior probability values >0.99. The outgroups have been removed.
Inferred evolutionary timing indicates a Pleistocene origin and diver-
sification of the entire clade

Divergence time estimation

The BEAST topology (Fig. 3) was identical to the ML
and Bayesian trees based on the complete dataset, and we
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recovered pp > 0.99 for all nodes except for the sister rela-
tionship between P. micronesicus A and C (0.92 pp).

The P. coelestis species complex arose in the Early to
Middle Pleistocene; we inferred a crown age of ~1.8 Ma
(0.77-2.72 Ma 95 % highest posterior density, HPD) for
the group. The Indian and Pacific Ocean subclades arose
contemporaneously ~1.2 Ma. The split between P. alleni
and P. caeruleus + P. caeruleopunctatus occurred ~0.5 Ma
(0.19-0.85 Ma 95 % HPD). Within the first Pacific sub-
clade, P. auriventris split from P. coelestis ~0.3 Ma (0.07—
0.48 Ma 95 % HPD). Divergence times among lineages
in the second Pacific subclade significantly overlapped.
We inferred a crown age of ~0.5 Ma (0.21-0.87 Ma 95 %
HPD) for the P. micronesicus subclade containing lineages
A-C, with only a slightly younger 95 % HPD range for the
split between P. micronesicus A and C (0.16-0.78 Ma 95 %
HPD).

Historical biogeographic ranges

For our model comparison, the fit of model 1, where dis-
persal among all adjacent regions was equally probable,
was preferred over model 2 (AAIC = 9.6). We recon-
structed the ancestral ranges under conditions of model 1
and inferred that the most recent common ancestor of the
P. coelestis species complex most likely originated in the
East Indian Ocean/Coral Triangle (Fig. 4; Table S2) with
subsequent expansion outward from this region. The ances-
tor to the Indian Ocean clade occurred in the East Indian
Ocean region. Pomacentrus similis maintained this ances-
tral range, while the ancestor to P. alleni and P. caeruleus
expanded its range to include the West Indian Ocean. The
split between P. alleni and P. caeruleus divided the EW
range, with P. alleni in the East Indian, and P. caeruleus
into the West Indian Ocean.

The ancestor to the Pacific Ocean clade was most likely
broadly distributed across the East Indian, Coral Triangle,
and Central and North Pacific regions. This distribution
was maintained in the palawan4 lineage, but the silang3
lineage originated in the East Indian and Coral Triangle
regions. The P. micronesicus clade arose in the Coral Trian-
gle, and P. micronesicus subclade A expanded its range to
include the Central Pacific.

Discussion

Speciation process and historical biogeography

Our study provides some of the first evidence of origin and
subsequent diversification of an entire species complex

during the Pleistocene. Although eustatic sea levels during
the Pleistocene have been implicated in the diversification
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of many reef groups, evidence is scant based on previously
published studies. Most timing of origin and divergence
time estimates for reported lineages tend to date to the Plio-
cene and/or Miocene (e.g., McCafferty et al. 2002; Barber
and Bellwood 2005; Bellwood et al. 2010; Cowman and
Bellwood 2011; Santini et al. 2013a, 2013b; 2013c¢; Soren-
son et al. 2013), calling into question the impact of Pleisto-
cene sea levels on reef fish speciation. The importance of
Pleistocene speciation may be revealed, however, with bet-
ter sampled phylogenies. Increasing the sampling coverage
will include more sister taxa comparisons that may uncover
very recent speciation events, whereas poorly sampled trees
will inevitably elevate divergence time estimates (Gaither
and Rocha 2013). Therefore, generating fully sampled phy-
logenies that also include multiple taxa per species (that
could represent cryptic lineages) is vital to understanding
the evolutionary histories of reef fish fauna.

Physical barriers and loss of reef habitat due to glacial
cycles during the Pleistocene have certainly impacted the
evolutionary history of marine fishes (Rocha and Bowen
2008). By the Pleistocene, modern geological and oceano-
graphic features and patterns were mostly established in the
Indian Ocean and Indo-West Pacific. Also importantly at this
time, eustatic sea levels resulted in exposure of the Sunda
Shelf (Voris 2000; Naish et al. 2009), resulting in the Indo-
Pacific Barrier (IPB) that decreased genetic flow between
the Pacific and Indian Oceans. The IPB appears to be a pri-
mary evolutionary driving force early in the history of the
P. coelestis species complex; we found support for two dis-
tinct subclades: one Indian and one Pacific. The divergence
time between these two subclades is comparable to previous
dating of 17 fish species pairs (0.3-6.6 Ma) across the Indo-
Pacific barrier (e.g., Gaither and Rocha 2013).

During times of low sea level, glacial refugia through-
out the Indo-West Pacific may have played an important
role in generating diversity in Pomacentrus. Sea-level fluc-
tuations have had a great influence on marine fish diver-
sification in the Indo-West Pacific (Randall 1998). Over
the past 0.5 million years, sea levels have dropped below
100 m than present day levels at least five times (Sid-
dall et al. 2003; Rohling et al. 2010). Several areas in the
Coral Triangle have been documented as Pleistocene refu-
gia, such as the Celebes-to-Banda Sea and the Philippine
regions (Carpenter and Springer 2005). In the Coral Tri-
angle, a mosaic of deep seas (i.e., the South China, Sulu,
Celebes, Molucca, and Banda Seas) maintains highly
fragmented coral reef communities during periods of low
sea level (Carpenter et al. 2011). During Pleistocene low-
stands, Tomini Bay of Sulawesi (Wallace et al. 2002), Cen-
derawasih Bay of West Papua (Allen and Erdmann 2006;
2012), and the Andaman Sea (Benzie 1999; Satapoomin
2002) were semi-closed from adjacent seas and were pro-
posed to be the driving force behind the high endemism
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Fig. 4 Ancestral range reconstruction for the Pomacentrus coeles-
tis species complex. Most likely ranges for nodes and branches are
indicated in colored boxes on the timetree. Region abbreviations are
as follows: W West Indian, E East Indian, T' Coral Triangle, P Cen-

observed today. Such glacial refugia may have provided a
mechanism for the rapid diversification of the P. coelestis
complex, especially Pacific Ocean lineages, and those in
the northeast Indian Ocean, P. alleni and P. similis. All five
Pacific lineages occur in the Coral Triangle, and ances-
tral range reconstructions suggest origins and population

tral Pacific, N North Pacific. Numbers following internal nodes cor-
respond to ancestral range reconstruction probability values provided
in Table S2

expansions throughout this region for all lineages, even
the widespread P. coelestis. P. micronesicus C is primar-
ily found in Cenderawasih Bay, and P. alleni and P. similis
are distributed in the Andaman Sea, lending support to the
glacial refugia hypothesis (e.g., Benzie 1999; Satapoomin
2002; Allen and Erdmann 2006).
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Based on the results of biogeography reconstruction, the
P. coelestis species complex most likely originated in the
eastern Indian Ocean or the Coral Triangle. We inferred
population expansion westward in the ancestor of P
alleni + P. caeruleus, but P. alleni continues to reside in
the proposed ancestral East Indian Ocean and Coral Trian-
gle portion of the range. Very recent population expansion
(since ~0.5 Ma) within the eastern Indian Ocean region has
resulted in the current P. alleni range stretching north from
the Andaman Sea, south to Bali, Indonesia. Most likely,
this expansion followed a rise in sea level that increased
habitat availability along the shallow continental margin of
western Indonesia. Pomacentrus similis and P. alleni occur
in sympatry in the northeastern Indian Ocean. Pomacen-
trus alleni is one of the two species in the species complex
with significant color pattern variation (black streak on the
lower part of the caudal fin). Taylor and Hellberg (2005)
proposed that differentiation in gobies (genus Elacatinus) is
initiated in allopatry, but maintained by assortative mating
based on color differences after secondary contact. A simi-
lar mechanism is plausible for P. alleni, evolving a distinct
color morph and maintaining species identity during sec-
ondary contact following glacial retreat.

Following westward dispersal, divergence between P.
alleni and P. caeruleus (+P. caeruleopunctatus) may have
been established and maintained by restricted connectiv-
ity between the East and West Indian Ocean (see review by
Ridgway and Sampayo 2005). The surface current regime
was suggested to be the main factor constraining marine
organism dispersal within the Indian Ocean (Goetze 2011;
Vogler et al. 2012). Therefore, we suggest that rare disper-
sal events from the East Indian to the West Indian Ocean,
followed by isolation by oceanographic regimes, may
explain the speciation process leading to the separation of
P. alleni and P. caeruleus (+P. caeruleopunctatus). The
ancestor of P. caeruleus and P. caeruleopunctatus estab-
lished populations in the western Indian Ocean, but the
evolutionary history of these species is not well under-
stood. Although subtle morphological differences exist
between P. caeruleus and P. caeruleopunctatus, we could
not distinguish between the two species based on Cytb and
S7 sequence data. Several studies have found that genetic
markers, such as mitochondrial genes, may lack the reso-
lution to differentiate color polymorphisms found in some
marine fishes (e.g., Messmer et al. 2005; Schultz et al.
2007). Craig et al. (2007) suggested that coloration may
evolve faster than molecular rates to explain the discongru-
ence between molecular markers and color morphs, and
this may be a possible explanation for the lack of genetic
variation between P. caeruleus and P. caeruleopuncta-
tus. Alternatively, there may not be reproductive isolation
between these two species, and P. caeruleopunctatus may
represent a color morph of P. caeruleus. Phylogenomic and
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population genomic methods may provide greater resolu-
tion and solve this intriguing evolutionary enigma in the
future.

Species boundaries

Our molecular study is the first to include complete sam-
pling across the entire P. coelestis species complex, provid-
ing valuable information to discern the evolutionary history
of this group. Based on our combined dataset analyses, we
find support for the monophyly of five of the seven previ-
ously described species within the complex based on mor-
phological characters. The exceptions are P. caeruleus,
rendered paraphyletic by P. caeruleopunctatus, and P. coe-
lestis, which is paraphyletic with respect to P. auriventris.

Within the Indian Ocean clade, our analyses highly sup-
ported the monophyly of P. similis and P. alleni. We were
unable to resolve the relationship between P. caeruleus and
P. caeruleopunctatus. The former species is widely dis-
tributed throughout the western and north central Indian
Ocean; P. caeruleopunctatus is distributed sympatrically,
but limited primarily to islands (currently known from
Madagascar and Seychelles) off the eastern African coast.
Though morphologically similar, P. caeruleopunctatus
achieves greater maximum size compared to P. caeruleus
and is also distinguished based on body shape, and details
in the color pattern along the anal and caudal fins and body
scales margins (Allen 2002). The lack of genetic divergence
between these two species may be due to P. caeruleopunc-
tatus representing a color morph of the more widespread
P. caeruleus. However, given the additional morphological
variation besides coloration between the two species, and
our estimate of a very recent stem age of ~493,000 years
for P. caeruleus + P. caeruleopunctatus, P. caeruleopunc-
tatus is likely an incipient species, and fixed genetic dif-
ferences between P. caeruleus and P. caeruleopunctatus
have not had enough time to accumulate. Overlapping geo-
graphic distributions of P. caeruleus and P. caeruleopunc-
tatus suggest that P. caeruleopunctatus may have evolved
in sympatry or parapatry with P. caeruleus.

Within the Pacific Ocean clade, we did not recover
monophyly of the widely distributed P. coelestis, albeit
with low support in nearly all of our analyses, due one line-
age within the clade giving rise to P. auriventris. Based on
our analyses, P. auriventris is nested deeply within the P.
coelestis clade, suggesting that the two species may have
evolved in parapatry or sympatry. Poor resolution within P,
coelestis may be due to recent and rapid population expan-
sion. Liu et al. (2012) performed a mismatch distribution
test and coalescence analysis based on mitochondrial con-
trol region sequence data, assuming a mutation rate range
from 8.2 to 9.3 % per million years, and found evidence for
rapid population growth in P. coelestis within the Pacific
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between ~750,000-860,000 years ago. The estimate for
expansion time by Liu et al. (2012) is slightly older than
our inferred crown age of P. coelestis (0.27 Ma), but still
falls well within the stem age (1.2 Ma, 0.49-1.85 Ma 95 %
HPD) we inferred for this species. This slight variation in
estimates may be due to several factors, including the faster
evolutionary rate at the control region locus compared to
Cytb, which may lead to older age estimates; variation in
sampling between the two studies; and also because we
used only one taxon to represent the species in our dating
analysis.

Morphologically, P. coelestis is more similar to the
recently described P. micronesicus (Liu et al. 2013), which
was split from P. coelestis based on CoxI genetic distance
and slight variations in anal fin ray counts and number of
gill rakers (Liu et al. 2013). Interestingly, however, we
did not recover these two species as sister taxa. Instead,
we found high support for a clade, sister to P. coelestis+
a highly supported monophyletic P. auriventris. We recov-
ered three distinct lineages of P. micronesicus, support-
ing the finding of three subclades within the ‘Micronesian
clade’ of Liu et al. (2012). One of the subclades includes
all Cenderawasih Bay individuals (subclade C); the second
one includes all Chuuk Atoll individuals (subclade A); and
the third one includes some individuals from Bali (Indo-
nesia) and Palawan (Philippines), and three samples were
purchased from a Taiwanese aquarium store, which were
imported from the Philippines (TWSP 1-3) (subclade B).
Those individuals collected from subclade B revealed that
the distribution of this lineage is not only restricted to the
area between Bali and Raja Ampat (Liu et al. 2012), but
extends northward to the Philippines.

The genetic lineages we recovered within the P. micro-
nesicus clade may represent cryptic species. Discovery of
genetically distinct, but morphologically indistinguishable
organisms, is a common phenomenon in the marine envi-
ronment (e.g., Knowlton 2000). Based on our analysis of
Cytb genetic distance, mean divergence among the three P.
micronesicus lineages is greater than the mean divergence
between comparisons involving four previously described
species (P. caeruleopunctatus vs. P. caeruleus; P. alleni vs.
P, coelestis; P. alleni vs. P. caeruleus; and P. alleni vs. P.
caeruleopunctatus). Furthermore, mean genetic distance
values between each of the P. micronesicus subclades to all
other species are comparable to mean distances calculated
between other species within the complex. Morphological
evidence may also exist to support distinct species within
the P. micronesicus clade. Examination of 23 specimens
from Cenderawasih Bay, West Papua, Indonesia (subclade
C), showed variation in anal fin ray counts and number
of gill rakers compared to the P. micronesicus-type speci-
mens from the Kwajalein Atoll, Marshall Islands (Liu et al.
2013). Systematic morphological examinations are now

underway to determine fixed morphological differences
between these suspected cryptic lineages.

Conclusions

Our results are some of the first to reveal Pleistocene origi-
nation and diversification of an entire marine fish species
complex, lending support to the importance of land barri-
ers and isolation in glacial refugia caused by sea-level fluc-
tuations. Ancestral range reconstruction across the timetree
suggests origination in the Coral Triangle and East Indian
Ocean, with range expansion outward, resulting in two
subclades: one Indian and one Pacific. The IPB therefore
appears to be a factor in driving early speciation within the
species complex. The presence of three lineages in semi-
enclosed regions during Pleistocene lowstands (P. microne-
sicus C in Cenderawasih Bay, and P. alleni and P. similis in
the Andaman Sea) suggests the importance of glacial refu-
gia in the diversification of this fish group. Broad sampling
for most species revealed cryptic lineages within P. micro-
nesicus that are as genetically distinct from each other as
some previously described species comparisons within the
complex. Our comprehensive sampling regime, including
all described species and multiple individuals per species,
highlights the importance of complete sampling to reveal
recent speciation events.
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