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The Coral Triangle in the Indo-Pacific is a region renowned for exceptional
marine biodiversity. The area could have acted as a ‘centre of origin’
where speciation has been prolific or a ‘centre of survival’ by providing
refuge during major environmental shifts such as sea-level changes. The
region could also have acted as a ‘centre of accumulation’ for species with
origins outside of the Coral Triangle, owing to it being at a central position
between the Indian and Pacific oceans. Here, we investigated support for
these hypotheses using population-level DNA sequence-based reconstructions of the range evolution of 45 species (314 populations) of Indo-Pacific
reef-associated organisms. Our results show that populations undergoing
the most ancient establishment were significantly more likely to be closer
to the centre of the Coral Triangle than to peripheral locations. The data
are consistent with the Coral Triangle being a net source of coral-reef biodiversity for the Indo-Pacific region, suggesting that the region has acted
primarily as a centre of survival, a centre of origin or both. These results provide evidence of how a key location can influence the large-scale
distributions of biodiversity over evolutionary timescales.
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1. Introduction

An invited contribution to the mini-series
‘Evolutionary ecology of species ranges’.
Electronic supplementary material is available
at http://dx.doi.org/10.1098/rsbl.2016.0090 or
via http://rsbl.royalsocietypublishing.org.

Understanding the causes of spatial distributions of biodiversity is a fundamental goal of contemporary ecology and evolutionary biology. Global-scale
analyses of marine diversity show that some locations are unusually rich in
species [1] and knowledge of the underlying causes of such patterns can
have implications for conservation and sustainable exploitation in a changing
world [2]. The Coral Triangle, otherwise known as the Indo-Australian Archipelago, is a region of the Indo-Pacific characterized by coral-rich shelf-seas
and a high diversity of reef-associated organisms [3], including over 2000
species of coral-reef-associated fishes [4]. From phylogeographic studies of individual taxa in the region, it is clear that many species show strong spatial
genetic structuring, suggesting limited adult dispersal and larval retention
[5,6]. Thus, we can largely reject the concept of panmixia within reef-associated
species across the region and instead we can consider the relative ages of metapopulations within a species. This provides a useful opportunity to investigate
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Figure 1. Applications of Bayesian skyline plots to determine relative timing of population establishment: (a) bluestreak cleaner wrasse (Labroides dimidiatus) and
(b) thousand-spot cone (Conus miliaris). Colours indicate the same populations and circle diameter indicates relative timing of population establishment, also shown
on skyline plots. The Coral Triangle ecoregion is highlighted with a dashed line, with the approximate centre indicated with a white square. Indented figures from
Brian Gratwicke (https://commons.wikimedia.org/wiki/File:Acanthurus_tennentii_Labroides_dimidiatus.jpg) and Jan Delsing (https://commons.wikimedia.org/wiki/
File:Conus_miliaris_001.jpg). (Online version in colour.)
whether specific locations have acted as sources or sinks for
populations of individual species.
There is evidence that the Coral Triangle region is a contact zone of taxa for some species that have diversified in
allopatry (‘centre of accumulation’, [7]), whereas other
studies suggest that it is the source of extant regional diversity, being a ‘centre of origin’ of species [8] and/or a ‘centre
of survival’ [9]. In support of the survival hypothesis, there
is evidence that the richness of coral-reef fish species, on a
global scale, can be best predicted by proximity to reef refugia during the quaternary sea-level changes driven by shifts
in global climate [2]. Complementary work using reconstructions of historical biogeography has suggested that the Coral
Triangle may have had a changing role through time, where
it initially acted as a region of accumulation and survival
during the Palaeocene/Eocene, before acting as a centre of
origin during the Miocene, and most recently as a centre of
survival and export during the Pliocene [10]. Under this
model, the region should have acted as a net source of species
for the surrounding Indo-Pacific region. Here, we tested if the
Coral Triangle has been a net source of extant diversity by
reconstructing the historic population sizes of reef-associated
species and estimating the relative timing of their population
establishments. Specifically, we hypothesized that if the
Coral Triangle has acted as a source of extant diversity then
populations of individual species in closest proximity to the
region should have undergone the most ancient establishments, and there should be an overall reduction in the

relative timing of population establishments with increasing
distance from the region.

2. Material and methods
We sourced published population-level DNA sequence data from
Genbank (http://www.ncbi.nlm.nih.gov/genbank/) for broadly
distributed Indo-Pacific reef-associated fish and invertebrates
with a partial distribution in the Coral Triangle region. We
used data for species that had sequences from three or more
locations, where eight or more individuals had been sampled
from each, and where at least one of the locations sampled was
within 2500 km of our approximated centre of the Coral Triangle
(approximated as 18350 S, 1358200 E, following maps in Green &
Mous [3]; figure 1). In total, this yielded data from 45 species,
314 populations in total and an average of 6.97 (range 3 to 23)
populations per species (electronic supplementary material,
table S1). We aligned data for each species separately using ClustalW in DAMBE v. 5.3 [11], and reconstructed the effective
population size through time for each population separately
using Bayesian skyline plots in BEAST v. 1.8.2 [12]. Each analysis
was run for 10 million steps, using the HKY þ G model. We
employed a strict molecular clock and a coalescence Bayesian
skyline tree prior with either the default 10 grouped coalescent
intervals or instead 4 groups where 10 or fewer individual
sequences were available from a location. Operators were set to
auto-optimize, and parameters were logged every 1000 iterations. All other search parameters were as default. We aimed
to generate only information on the relative timing of effective
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Figure 2. (a) Individual species regression lines fitted to relationships between relative distance to centre of Coral Triangle and relative timing of population establishment. Relative times and distances were standardized (mean ¼ 0, s.d. ¼ 1), enabling an average regression slope to be calculated (black line). (b) Average geographical
distance (+95% CIs) of populations with the earliest and latest population establishment, as estimated from Bayesian skyline plots. (Online version in colour.)
population size changes, so no temporal calibrations were
employed. Bayesian skyline plots were plotted using TRACER
v. 1.6 [13]. All populations showed evidence of an expansion
towards the present day. Thus, we were able to identify the
point in relative time where that constant expansion was initiated
[14] and we refer to this as the time of population establishment.
Occasionally, populations showed declines in population size
after a period of population establishment and growth. Here,
we only use the point of the initial population expansion as the
time of population establishment.
We estimated the distance of each of the 314 sampled populations to the centre of the Coral Triangle (figure 1). For each
species, we fitted a regression line to the relationship between
the distance from the centre of the Coral Triangle and the relative
time of population establishment. Data for both variables were
standardized (mean ¼ 0 and s.d. ¼ 1), ensuring a regression
intercept of zero for all species and enabling the calculation of
a standardized slope for each species. These slopes were compared to an expected mean slope of zero using a one-sample
t-test and bias in the direction of slopes was tested using a binomial test. We also tested if populations undergoing the earliest
expansions were relatively closer to the centre of the Coral
Triangle than those undergoing the latest establishments using
a paired t-test.

3. Results and discussion
There was a consistent pattern of the populations undergoing
earlier establishment (oldest) being closest to the estimated
centre of the Coral Triangle (30 of 45 species, binomial
test, p ¼ 0.010; figure 2a, electronic supplementary material,
table S2). The slope of the relationship between geographical
distance from the centre of the Coral Triangle and the relative
time of population establishment was significantly negative
(one sample t-test, mean slope ¼ 20.215, n ¼ 45, t ¼ 22.51,
p ¼ 0.016; figure 2a). Populations undergoing the earliest
establishments (oldest) were closer to the centre of the Coral
Triangle than those undergoing the latest establishments
(youngest) ( paired t-test, t ¼ 23.071, p ¼ 0.004; figure 2b, electronic supplementary material, table S2). Together these
results support the hypothesis that the Coral Triangle has
acted as a net source of extant Indo-Pacific coral-reef diversity,

either by acting as a centre of origin and/or a centre of survival.
Notably, time-calibrated phylogenies indicate that IndoPacific reef fish species tend to have diverged from their
sister taxa on average approximately 3 Ma [15], while intraspecific population divergence and expansion events typically
date to within the last million years (e.g. [16]). As such, processes that led to the formation of present day ranges are
likely to be decoupled from earlier speciation events, temporally and spatially. Our evidence of the Coral Triangle
region acting as a net source of extant species diversity is
therefore most parsimoniously interpreted as supportive of
the Coral Triangle acting as a centre of survival during Pliocene
and Pleistocene environmental changes, including major
sea-level fluctuations.
We assumed that populations that have undergone the
most ancient establishments are the most likely source of present genetic diversity, whereas those that have undergone
more recent establishments are in sink locations. However,
we did not explicitly consider genetic interrelationships of
populations. Several issues require consideration. First, the
extent of genetic connectivity among populations is dependent
on life history (duration of larval pelagic dispersal phase) and
habitat specialization [17]. Demographic patterns may therefore have become homogenized in some species with gene
flow since initial colonisation. Second, phenotypically similar
allopatric populations may have persisted in multiple historical
refugia, in which case population spread may have been from
several geographically segregated sources [18]. Third, studies
have demonstrated multiple sympatric clades that may represent cryptic species with overlapping distributions [19],
suggesting that finer-scale taxonomic resolution may be
required to fully evaluate patterns of population persistence
and dispersal. Finally, there is evidence of hybridization
among reef-associated species [20], which would make patterns of population establishment difficult to recover. Clearly,
therefore, further investigations require accurate dating of the
time of population establishments, alongside quantification of
the direction and timing of reciprocal gene flow, ideally
using information from genome-wide markers [21].
Building on previous studies, our results support the concept that refugia have a pivotal role in the recovery of

Biol. Lett. 12: 20160090

30 species

distance from centre of Coral Triangle (km)

8000

oldest

3

3

rsbl.royalsocietypublishing.org

relative time of population establishment (standardized)

(a)

Downloaded from http://rsbl.royalsocietypublishing.org/ on January 22, 2018

Data accessibility. The supporting datasets are freely available via Genbank (accession numbers in the electronic supplementary material).
Authors’ contributions. M.J.G. and S.D.S conceived the idea. S.M.E., C.M.,
J.T. and M.J.G. conducted data analyses. M.J.G. drafted the original
manuscript and all authors contributed to later versions. All authors
approved the final version for publication and accept accountability
for all aspects of the work.
Competing interests. We have no competing interests
Funding. Natural Environment Research Council (NE/F001878/1) to
M.J.G. and S.D.S.
Acknowledgements. We are grateful to researchers who provided us data
and reviewers for useful comments.

1.

2.

3.

4.

5.

6.

7.

8.

9.

Tittensor DP, Mora C, Jetz W, Lotze HK, Ricard D,
Berghe EV, Worm B. 2010 Global patterns and
predictors of marine biodiversity across taxa. Nature
466, 1098 –1101. (doi:10.1038/nature09329)
Pellissier L et al. 2014 Quaternary coral reef refugia
preserved fish diversity. Science 344, 1016 –1019.
(doi:10.1126/science.1249853)
Green AL, Mous PJ. 2008 Delineating the Coral Triangle,
its ecoregions and functional seascapes. Version 5.0.
TNC Coral Triangle Program Report 1/08.
Allen GR. 2007 Conservation hotspots of biodiversity
and endemism for Indo-Pacific coral reef fishes. Aq.
Cons. Mar. Freshw. Ecosyst. 18, 541– 556. (doi:10.
1002/aqc.880)
Winters KL, van Herwerden L, Choat JH, Robertson DR.
2010 Phylogeography of the Indo-Pacific parrotfish
Scarus psittacus: isolation generates distinctive
peripheral populations in two oceans. Mar. Biol. 157,
1679–1691. (doi:10.1007/s00227-010-1442-4)
Carpenter KE et al. 2011 Comparative
phylogeography of the Coral Triangle and
implications for marine management. J. Mar. Biol.
2011, 1– 14. (doi:10.1155/2011/396982)
Gaither MR, Rocha LA. 2013 Origins of species
richness in the Indo-Malay-Philippine biodiversity
hotspot: evidence for the centre of overlap
hypothesis. J. Biogeogr. 40, 1638– 1648. (doi:10.
1111/jbi.12126)
Briggs JC. 2000 Centrifugal speciation and centres of
origin. J. Biogeogr. 27, 1183 –1188. (doi:10.1046/j.
1365-2699.2000.00459.x)
Bellwood DR, Meyer CP. 2009 Searching for heat in
a marine biodiversity hotspot. J. Biogeogr. 36,
569–576. (doi:10.1111/j.1365-2699.2008.02029.x)

10. Cowman PF, Bellwood DR. 2013 The historical
biogeography of coral reef fishes: global patterns of
origination and dispersal. J. Biogeogr. 40, 209–224.
(doi:10.1111/jbi.12003)
11. Xia X. 2013 DAMBE5: a comprehensive software
package for data analysis in molecular biology and
evolution. Mol. Biol. Evol. 30, 1720 –1728. (doi:10.
1093/molbev/mst064)
12. Drummond AJ, Suchard MA, Xie D, Rambaut A.
2012 Bayesian phylogenetics with BEAUti and the
BEAST 1.7. Mol. Biol. Evol. 29, 1969 –1973. (doi:10.
1093/molbev/mss075)
13. Rambaut A, Suchard MA, Xie D, Drummond AJ.
2014 Tracer v1.6, Available from http://tree.bio.ed.
ac.uk/software/tracer/.
14. Genner MJ, Turner GF. 2015 Timing of population
expansions within the Lake Malawi haplochromine
cichlid fish radiation. Hydrobiologia 748, 121–132.
(doi:10.1007/s10750-014-1884-7)
15. Hodge JR, van Herwerden L, Bellwood DR. 2014
Temporal evolution of coral reef fishes: global
patterns and disparity in isolated locations.
J. Biogeogr. 41, 2115 –2127. (doi:10.1111/jbi.
12356)
16. Kuriiwa K, Chiba SN, Motomura H, Matsuura K.
2014 Phylogeography of Blacktip Grouper,
Epinephelus fasciatus (Perciformes: Serranidae), and
influence of the Kuroshio Current on cryptic lineages
and genetic population structure. Ichthyol. Res. 61,
361 –374. (doi:10.1007/s10228-014-0408-9)
17. Selkoe KA, Gaggiotti OE, Bowen BW, Toonen RJ.
2014 Emergent patterns of population genetic
structure for a coral reef community. Mol. Ecol. 23,
3064 –3079. (doi:10.1111/mec.12804)

18. Ludt WB, Bernal MA, Bowen BW, Rocha LA. 2012
Living in the past: phylogeography and population
histories of Indo-Pacific wrasses (genus Halichoeres)
in shallow lagoons versus outer reef slopes. PLOS
ONE 7, e38042. (doi:10.1371/journal.pone.0038042)
(doi:10.1371/journal.pone.0038042)
19. Warner PA, van Oppen MJ, Willis BL. 2015
Unexpected cryptic species diversity in the
widespread coral Seriatopora hystrix masks spatial –
genetic patterns of connectivity. Mol. Ecol. 24,
2993– 3008. (doi:10.1111/mec.13225)
20. Montanari SR, Hobbs JPA, Pratchett MS, Bay LK,
Van Herwerden L. 2014 Does genetic distance
between parental species influence outcomes of
hybridization among coral reef butterflyfishes? Mol.
Ecol. 23, 2757–2770. (doi:10.1111/mec.12762)
21. Reitzel AM, Herrera S, Layden MJ, Martindale MQ,
Shank TM. 2013 Going where traditional markers
have not gone before: utility of and promise for
RAD sequencing in marine invertebrate
phylogeography and population genomics. Mol.
Ecol. 22, 2953–2970. (doi:10.1111/mec.12228)
22. van Hooidonk R, Maynard JA, Planes S. 2013
Temporary refugia for coral reefs in a warming
world. Nat. Clim. Change 3, 508 –511. (doi:10.1038/
nclimate1829)
23. Cacciapaglia C, Woesik R. 2015 Reef-coral refugia in
a rapidly changing ocean. Glob. Change Biol. 21,
2272– 2282. (doi:10.1111/gcb.12851)
24. van Hooidonk R, Maynard JA, Manzello D, Planes S.
2014 Opposite latitudinal gradients in projected
ocean acidification and bleaching impacts on coral
reefs. Glob. Change Biol. 20, 103–112. (doi:10.
1111/gcb.12394)

Biol. Lett. 12: 20160090

References

4

rsbl.royalsocietypublishing.org

communities following Pliocene and Pleistocene habitat loss.
This emphasizes the importance of refugia for preventing biodiversity loss and has relevance to ongoing threats to shallow
water reef communities through habitat destruction, ocean
acidification and thermal stress linked to climate change
[22]. It has been projected that many species of coral will
lose habitat over the next century [23] and the incidence of
bleaching will become more frequent [24]. Long-term conservation of tropical reef biotas in a warming world may
therefore depend on the identification and preservation of
future potential refugia.

