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Abstract

Hawksbill turtle (Eretmochelys imbricata) populations have experienced global decline because 
of a history of intense commercial exploitation for shell and stuffed taxidermied whole animals, 
and harvest for eggs and meat. Improved understanding of genetic diversity and phylogeography 
is needed to aid conservation. In this study, we analyzed the most geographically comprehensive 
sample of hawksbill turtles from the Indo-Pacific Ocean, sequencing 766 bp of the mitochondrial 
control region from 13 locations (plus Aldabra, n = 4) spanning over 13 500 km. Our analysis of 492 
samples revealed 52 haplotypes distributed in 5 divergent clades. Diversification times differed 
between the Indo-Pacific and Atlantic lineages and appear to be related to the sea-level changes 
that occurred during the Last Glacial Maximum. We found signals of demographic expansion 
only for turtles from the Persian Gulf region, which can be tied to a more recent colonization 
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event. Our analyses revealed evidence of transoceanic migration, including connections between 
feeding grounds from the Atlantic Ocean and Indo-Pacific rookeries. Hawksbill turtles appear to 
have a complex pattern of phylogeography, showing a weak isolation by distance and evidence of 
multiple colonization events. Our novel dataset will allow mixed-stock analyses of hawksbill turtle 
feeding grounds in the Indo-Pacific by providing baseline data needed for conservation efforts in 
the region. Eight management units are proposed in our study for the Indo-Pacific region that can 
be incorporated in conservation plans of this critically endangered species.

Subject areas: Population structure and phylogeography; Conservation genetics and biodiversity
Key words:  marine conservation, marine turtles, mitochondrial DNA, population genetic structure

Understanding the population dynamics of marine migratory species 
has long presented a challenge because of the difficulties in identify-
ing population boundaries and interrelationships. The application of 
genetic markers to study population genetic structure and demogra-
phy has uncovered contrasting population histories and behaviors 
among migratory marine species. A variable degree of genetic struc-
ture within and between ocean basins has been found among many 
highly migratory populations, including those of sharks (Keeney and 
Heist 2006; Castro et al. 2007), marine mammals (Baker et al. 1994; 
Dalebout et al. 2005), and marine turtles (Jensen et al. 2013a).

In some marine species, populations overlap at feeding grounds, 
but unique breeding populations are maintained because individuals 
migrate to discrete natal regions for breeding (Hoffman et al. 2006; 
Jensen et  al. 2013a). In contrast, discrete feeding-ground aggrega-
tions that are maternally determined are observed in some species 
in which migrations to shared breeding grounds result in gene flow 
among the maternal subgroups (Palsbøll et  al. 1997). Our ability 
to define populations and determine the extent of gene flow among 
populations, and to relate this to migratory patterns of individuals 
within populations, is critical to understanding population function 
and for effective conservation management of what are often threat-
ened species.

Identifying genetic lineages and estimating the times of diver-
gence between them allows an understanding of ancestral demo-
graphic connections across ocean basins. In turn, this can reveal the 
influence of past changes in climate, sea level, and ocean currents on 
population structure (Foote et al. 2013). Insights from genetic analy-
ses have included evidence of postglacial colonization and popula-
tion expansion (O’Corry-Crowe et  al. 1997; Stamatis et  al. 2004; 
Pellerito et al. 2009) and shared vicariant events among diverse spe-
cies (Gopurenko and Hughes 2002; Dethmers et al. 2006). Evidence 
of population expansion is often specific to particular ocean basins 
(Lavery et al. 1996; Duncan et al. 2006; Lukoschek et al. 2007).

Most species show global phylogeographic structure but the 
extent of genetic structure within or between ocean basins is not pre-
dictable and there is considerable variation in where phylogeographic 
splits occur (Hoffman et al. 2006; Keeney and Heist 2006; Castro 
et  al. 2007; Díaz-Jaimes et  al. 2010). Some studies have indicated 
isolation-by-distance effects in large marine vertebrates (Dethmers 
et al. 2006; Schultz et al. 2008; Mendez et al. 2010), but the processes 
driving these patterns across species function at different geographic 
scales and are influenced by dispersal capacity, natal philopatry, envi-
ronmental conditions, and recent or historic physical barriers.

Genetic markers have been particularly valuable for delineating 
boundaries in marine turtle populations, understanding colonization 
history, the extent of natal philopatry, and establishing management 
units (MUs) for effective conservation of these vulnerable species 

(Jensen et al. 2013a). In general, marine turtles show natal philopa-
try in their selection of breeding grounds and nesting beaches, as 
well as geographically influenced variation in the extent to which 
different breeding populations overlap on feeding grounds. Within 
marine turtles there is considerable variation in the extent of genetic 
diversity, and regional or global genetic structure among, as well 
as within, species. Loggerhead turtles (Caretta caretta) show low 
genetic diversity among Indo-Pacific populations in comparison with 
Atlantic Ocean populations, whereas green turtles (Chelonia mydas) 
have similarly high levels of genetic diversity in these ocean basins 
(Jensen et al. 2013a). Strong natal homing within some populations 
has led to genetic divergence of rookeries located <200 km apart 
(Dethmers et al. 2006; Browne et al. 2010), in contrast with some 
rookeries located over 1000 km apart that do not display genetic dif-
ferentiation (Dethmers et al. 2006; Dutton et al. 2007). Colonization 
of some rookeries appears to occur through isolated founder events, 
with resultant genetic bottlenecks, while other rookeries display a 
diversity of divergent mitochondrial haplotypes, suggesting coloni-
zation from multiple locations (Lahanas et al. 1994; Dethmers et al. 
2006).

Hawksbill turtles (Eretmochelys imbricata) were once abundant 
in tropical and subtropical regions throughout the world. However, 
the species is now listed as critically endangered by the IUCN (2015) 
as a result of global declines in many populations across all ocean 
basins. These have been caused by pervasive exploitation through 
a large commercial trade in hawksbill shell (“tortoise shell” or 
“bekko”), as well as harvests for eggs, meat, and taxidermied whole 
animals (Witzell 1983; Milliken and Tokunaga 1987; Mortimer and 
Donnelly 2008; Hamilton et al. 2015). There remain concerns over 
domestic trade that continues in some countries (e.g., Bräutigam 
et al. 2006).

The decline of hawksbill turtles is of broader concern for reef 
ecosystems because these turtles often play an important role in con-
trolling the growth of sponges that overgrow corals, thus influenc-
ing competition for space (Hill 1998; Bjorndal and Jackson 2003). 
Hawksbill turtles nest on island and mainland beaches and, like 
other marine turtle species, specific populations typically use a diver-
sity of feeding grounds that often overlap with those of other popu-
lations (Diaz-Fernandez et al. 1999; Bowen et al. 2007; Blumenthal 
et  al. 2009). Improved knowledge of population connectivity, his-
toric gene flow, and patterns of long-distance dispersal are critical 
for managing their recovery (Broderick et al. 1994; Bass et al. 1996; 
Monzón-Argüello et  al. 2011). Previous genetic studies of hawks-
bill turtles in the Indo-Pacific have identified eastern and western 
Australia populations (Broderick et al. 1994). They have also indi-
cated a genetic connection between Seychelles and Chagos rookeries, 
but not with western Australia (Mortimer and Broderick 1999), and 
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suggested genetic differentiation between 2 rookeries in Iran (Tabib 
et al. 2014). However, a comprehensive genetic study of the species 
in the Indo-Pacific is lacking.

In this study, we sequence a portion (766 bp) of the mitochon-
drial control region in samples taken from nesting turtles at 13 
rookeries in the Indian Ocean and western Pacific Ocean. We com-
bine these data with previously published sequence data, allowing 
us to investigate population genetic structure and phylogeographic 
patterns. Using tests for genetic divergence, we identify MUs (sensu 
Moritz 1994) among Indo-Pacific populations to aid in the conserva-
tion of this species. This study aims to 1) quantify the genetic diver-
sity at rookeries in the Indo-Pacific region; 2) determine the extent 
of genetic divergence among rookeries to define population bounda-
ries and identify MUs; 3) determine the relationships among mito-
chondrial lineages globally and estimate divergence times between 
lineages; 4)  uncover phylogeographic patterns in the Indo-Pacific 
region; 5) establish baseline data for future genetic studies of feed-
ing grounds throughout the Indo-Pacific; and 6) contribute toward 
more effective conservation actions for hawksbill turtle populations.

Materials and Methods

Data Collection
Collections of tissues from nesting females were taken from 13 loca-
tions (plus Aldabra, n = 4), either from single rookeries or from a group 
of nearby rookeries in the western Pacific Ocean and Indian Ocean 
(Figure 1). Samples were collected between 1990 and 2010, and ranged 
in from 4 to 71 per site (Supplementary Table S1 online). Samples from 
the Aldabra group (n = 4) were excluded from the statistical analyses.

From each individual, a small (~5 mm2) piece of skin was taken 
from the neck region or trailing edge of the rear flipper using a steri-
lized scalpel and collected into either a 20% DMSO solution that was 
saturated with NaCl or in EtOH (≥70%). At some remote locations, 
tissue samples were collected from a single dead embryo or hatchling 

from nests that had previously hatched. When hatchlings or embryos 
were sampled, care was taken to restrict sampling of clutches to those 
laid within a 2-week period (minimum renesting interval) to avoid 
sampling of successive clutches from the same female. For some of 
the earlier sampling efforts, blood samples were taken from the dor-
sal cervical sinus (FitzSimmons et al. 1997). Total genomic DNA was 
extracted using a salting-out protocol after digestion with proteinase 
K (Jensen et al. 2013b). We checked this for quality and quantity by 
running the samples through 1.2% agarose gels and visualizing them 
using SyBRSafe gel stain and a UV illuminator.

The mitochondrial control region (d-loop) was amplified using 
the marine turtle primers LTEi9 and H950, which amplify ~800 bp. 
This includes a smaller region (~385 bp) used in previous studies 
(Abreu-Grobois et al. 2006). Polymerase chain reaction (PCR) vol-
umes of 25 μL included ~40 ng of genomic DNA, 1 U of Taq poly-
merase (Astral), 200 μM of each dNTP, 1×Tris–KCl buffer, 1.5 mM 
MgCl, 0.5 μM of each primer, and 0.5 M betaine. The amplification 
program consisted of 5 min at 94 °C, followed by 35 cycles of 30 s at 
94 °C, 30 s at 52 °C, 30 s at 72 °C, and a final extension step of 5 min 
at 72 °C. Negative controls, in which template DNA was omitted, 
were included in all amplification runs. PCR products were checked 
for amplification quality and lack of contamination by electropho-
resis in 1.2% agarose gels as described above. Before sequencing, 
PCR products were cleaned by precipitation using polyethylene gly-
col (20% PEG 8000, 2.5 M NaCl). Forward and reverse sequencing 
reactions were performed by Macrogen, Inc. (Seoul, South Korea). 
Sequences were aligned using Geneious 4.5.3 or 6.1.7 (Drummond 
et al. 2010), using a global alignment with free end gaps, and the 
consensus sequences were checked manually.

Data Availability
In agreement with the data archiving rule (Baker 2013), all sequences 
generated in this study have been deposited in GenBank (accession 
numbers KT934050–KT934101—see Supplementary Table S1 online).

Figure 1.  Sampling locations of hawksbill turtle nesting populations in the Indo-Pacific: 1, Iran Northwest; 2, Iran Southeast; 3, Saudi Arabia; 4, Aldabra Group, 
Seychelles; 5, Amirantes Islands, Seychelles; 6, Platte Island, Seychelles; 7, Granitics Islands, Seychelles; 8, Chagos Archipelago; 9, East Malaysia; 10, Peninsular 
Malaysia; 11, Western Australia; 12, northeast Arnhem Land, Northern Territory; 13, Milman Island, north Queensland; and 14, Solomon Islands. Letters represent 
the 8 identified genetic stocks: A, Persian Gulf; B, western/central Indian Ocean; C, western Peninsular Malaysia; D, Sulu Sea; E, Western Australia; F, NE Arnhem 
Land; G, north Queensland; H, Solomon Islands.
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Population Genetics
We used the program Arlequin 3.5 (Excoffier and Lischer 2010) to 
calculate haplotype diversity (h), nucleotide diversity (π), the average 
number of nucleotide differences (k), and number of variable sites. 
We conducted exact tests of population differentiation and deter-
mined population pairwise FST values (based on haplotype frequen-
cies) to describe the genetic structure of the Indo-Pacific populations 
and to propose MUs (Moritz 1994) for the region. We tested for a 
correlation between genetic distance (FST/[1 − FST]) and geographic 
distance (logarithm [ln] of distance [km]) matrices using a Mantel 
nonparametric permutation (n = 10 000) test in Arlequin.

Analyses of molecular variance (AMOVA; Excoffier and Lischer 
2010) among a hierarchical grouping of populations were used to 
depict regional genetic structure using Arlequin. We performed 2 dif-
ferent AMOVAs using a reduced alignment of 740 bp to maintain 
compatibility with previously published data that were included in 
the analyses. These groupings were: 1) all sampled populations in 
the Indian Ocean (8 populations from our study) versus those in 
the Pacific Ocean (5 populations from our study); and 2) all sam-
pled Indo-Pacific populations versus those in the Atlantic Ocean. The 
Atlantic population data were obtained from Diaz-Fernandez et al. 
(1999), Lara-Ruiz et al. (2006), Velez-Zuazo et al. (2008), Browne 
et al. (2010), Trujillo-Arias et al. (2014), and LeRoux et al. (2012) 
and included 11 populations from the Caribbean and western 
Atlantic Ocean. These analyses were done twice, either only con-
sidering haplotype frequencies or also accounting for Tamura-Nei 
distances among haplotypes.

We used a median network analysis (Bandelt et al. 1999) in the 
software Network 4 (http://www.fluxus-engineering.com) to depict 
the relationships among haplotypes (based on 766 bp). Sequence 
divergences among haplotypes and clades were estimated using the 
Tamura-Nei substitution model (gamma shape parameter = 0.04) in 
MEGA 6 (Tamura et al. 2013).

To test for demographic expansion, we conducted neutrality tests 
(Tajima’s D and Fu’s Fs) using Arlequin. Using DnaSP 5 (Librado 
and Rozas 2009), we tested for changes in population size using the 
R2 test (Ramos-Onsins and Rozas 2002).

Phylogenetic Inference of Demography and 
Timescale
To infer past changes in population size, sequence data from the 
entire Indo-Pacific population were analyzed using a Bayesian phy-
logenetic approach in BEAST 1.8.1 (Drummond et al. 2012). Using 
the Bayesian information criterion in ModelGenerator (Keane et al. 
2006), we identified the TN + G model as the best-fitting model of 
nucleotide substitution. Owing to the intraspecific nature of the 
data, we did not consider models that included a parameter for the 
proportion of invariable sites (Jia et al. 2014). Rate variation among 
sites was modeled using a gamma distribution with 6 rate catego-
ries (Yang 1993). We assumed rate homogeneity among branches 
(strict molecular clock) and fixed the rate to 1.0. This allowed us 
to compare demographic models and to track relative population 
sizes through time, but precluded us from estimating the evolution-
ary timescale.

Posterior distributions of parameters were estimated using 
Markov chain Monte Carlo (MCMC) sampling. Samples were 
drawn every 104 steps over a total of 108 steps. The first 10% of 
samples were discarded as burn-in, and convergence to the sta-
tionary distribution was checked by inspection of MCMC traces. 
We compared 2 coalescent-based tree priors: constant population 

size and Bayesian skyline plot (BSP; Drummond et al. 2005). This 
comparison was done by calculating the Bayes factor, which is the 
ratio of marginal likelihoods between the 2 candidate models. The 
marginal likelihoods were calculated by stepping-stone analysis (Xie 
et al. 2011).We also analyzed the data using the extended BSP (Heled 
and Drummond 2008).

The Bayesian phylogenetic analyses were repeated for each 
group of most genetically divergent populations, according to pair-
wise FST: Iran NW, Iran SE and Saudi Arabia, Solomon Islands, SW 
Indian Ocean, Western Australia, Northern Australia, Peninsular 
Malaysia, and East Malaysia. To decrease the error associated with 
the small sample sizes, we also conducted separate analyses of geo-
graphically defined groups: Australian group consisting of Western 
Australia and Northern Australia (n  =  182), Malaysian group 
consisting of Peninsular Malaysia and East Malaysia (n  =  48), 
and Persian Gulf group consisting of Iran NW and Iran SE + SA 
(n = 95). For each subset of samples, we identified the best-fitting 
model of nucleotide substitution: HKY for Iran NW, Iran SE + 
SA, Western Australia, Solomon Islands, East Malaysia, and the 
Malaysian group; HKY + G for Northern Australia, SW Indian 
Ocean, the Persian Gulf group, and the Australian group; and F81 
for Peninsular Malaysia. Samples from the posterior were drawn 
every 103 MCMC steps over a total of 107 steps (except for the 
Australian group, for which we drew samples every 5 × 103 steps 
over a total of 5 × 107 steps).

To estimate the divergence times among mitochondrial line-
ages, we used BEAST to analyze an alignment of 440 sequences 
representing the Atlantic population. This data set comprised 118 
random samples, representing all 23 of the hawksbill turtle haplo-
types found by LeRoux et al. (2012), Lara-Ruiz et al. (2006), Diaz-
Fernandez et  al. (1999), and Velez-Zuazo et  al. (2008), and 322 
randomly selected sequences that represented all 57 of the haplo-
types for the Indo-Pacific populations from Tabib et al. (2011) and 
from this study. The TN + G model of nucleotide substitution was 
selected, with rate variation among sites modeled using a gamma 
distribution with 6 rate categories. We used a Bayesian skyline coa-
lescent prior and assumed a strict molecular clock. Samples from 
the posterior were drawn every 5 × 104 MCMC steps over a total 
of 5 × 108 steps.

To calibrate the molecular clock, we used a normal calibra-
tion prior with a mean of 5.63 million years (standard deviation 
[SD] = 1.38) for the age of the root of the tree and a truncated log-
normal prior for the substitution rate, ranging from 10−6 to 0.02 sub-
stitutions/site/million years (Myr). Our age calibration is based on a 
molecular estimate by Duchene et al. (2012), obtained using whole 
mitochondrial genomes. However, its application to population-level 
data is likely to lead to overestimates of divergence times (Ho et al. 
2005; Ho and Shapiro 2011). Therefore, the date estimates obtained 
in this study need to be interpreted as maximum ages.

To evaluate support for major clades in the tree, we conducted 
additional phylogenetic analyses using a Bayesian approach in 
MrBayes 3.2 (Ronquist et  al. 2012) and maximum-likelihood 
in RAxML 7.3.1 (Stamatakis 2006). For both analyses, we used 
sequences from 2 species of marine turtles, C.  caretta (GenBank 
accession number JF837824.1) and Lepidochelys olivacea (GenBank 
accession number AY920523.1), as outgroups. The best-fitting 
model of nucleotide substitution was selected using the Bayesian 
information criterion. In MrBayes, samples from the posterior distri-
bution were drawn every 103 steps over a total of 2 × 106 steps. In the 
RAxML analysis, node support was evaluated using 1000 bootstrap 
replicates.
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Results

Genetic Diversity
Mitochondrial sequence data were obtained for 492 turtles, and 
aligned for a 766 bp region for all individuals. Fifty-two mitochon-
drial haplotypes were identified from the 13 Indo-Pacific sample 
locations (plus Aldabra, n = 4). A total of 67 polymorphic sites were 
observed, including 6 transversions and 61 transitions. Comparing 
our longer 766 bp fragments with a 740 bp fragment used in earlier 
studies (Diaz-Fernandez et  al. 1999; Lara-Ruiz et  al. 2006; Velez-
Zuazo et al. 2008; Tabib et al. 2011; LeRoux et al. 2012; Trujillo-
Arias et al. 2014), we found only one additional polymorphic site 
at position 1, which defines haplotype EiIP-30 (GenBank accession 
number KT934077). Consequently, we used the 740 bp fragments in 
further analyses to maintain compatibility with previous data.

Eleven of the 52 haplotypes were observed at multiple rook-
eries, with the remainder only observed at a single rookery each 
(Supplementary Table S1 online). Haplotype EiIP-08 was the most 
common (n = 99), but it was only shared among the 3 Australian 
rookeries, whereas the common (n  =  86) haplotype EiIP-33 was 
shared by 8 of 13 populations (plus Aldabra, n = 4). The other 9 
shared haplotypes were found among closer geographic populations, 
including: EiIP-09 in Northeast Arnhem Land and Milman Island; 
EiIP-16 and EiIP-17 in the Amirante, Platte, and Granitics islands, 
and the Chagos Archipelago; and EiIP-36 in Iran and Saudi Arabia. 
The remaining 41 haplotypes observed at individual rookeries had 
frequencies that ranged from a single individual (19 haplotypes) up 
to 22 individuals for EiIP-53 in Peninsular Malaysia.

The number of different haplotypes observed per rookery ranged 
from 2 for Peninsular Malaysia to 10 for north Queensland, with an 
average of 3.7 haplotypes per rookery. Haplotype diversity among 
the 13 rookeries ranged from h = 0.087 to h = 0.782, with an overall 
estimate of h  = 0.897 (SD = 0.007) (Table 1). Nucleotide diversi-
ties within rookeries ranged from π = 0.0002 to π = 0.0214, with 
an overall estimate of π  = 0.0216 (SD = 0.0107). The number of 
nucleotide differences within populations ranged from k = 0.174 to 
k = 15.6, with an overall number of nucleotide differences across all 
samples of k = 15.7.

Interpopulation Analysis
Population pairwise FST tests indicated non-significant genetic dif-
ferentiation (P > 0.05) among 9 pairs of sampled rookeries (Table 2). 
All other FST values were significant (P  <  0.01), and ranged from 
0.084 between Iran NW and Iran SE to 0.754 between Saudi Arabia 
and Peninsular Malaysia. Exact tests of population differentiation 
showed nonsignificant (P > 0.05) genetic differentiation among 8 
of the 9 pairs of rookeries identified as not differentiated in pair-
wise FST tests. The exception was the north Queensland and north-
east Arnhem Land rookeries, which were differentiated by this test 
(P = 0.005).

The Mantel test for isolation by distance among Indo-Pacific 
populations indicated a positive correlation between genetic and 
geographic distance (r = 0.29, P = 0.0009), although the relationship 
(r2) was weak and only accounted for 8.1% of the variation in the 
data (Figure 2). AMOVAs revealed differences in the partitioning of 
genetic variation depending on the test used (Table 3). In the analy-
sis of Indian Ocean versus Pacific Ocean, only 1–3% of the varia-
tion was partitioned among groups. Based on haplotype frequencies, 
most variation (64%) occurred within populations, but if molecu-
lar distances were included, similar levels of variation were distrib-
uted among populations (53%) and within (46%) populations. In 

the analysis of Indo-Pacific versus Atlantic Ocean, most variation 
(64%) was partitioned among groups when molecular distance was 
included in the analysis.

Phylogenetic Relationships, Divergence Times, and 
Demographic History
The median network grouped the 52 haplotypes (740 bp) into 5 
clades, 2 of which only contained a single haplotype each (Figure 3). 
Clades were separated by a minimum of 15 mutations. The range 
in sequence divergence among the clades was 0.044–0.131 (mean 
0.0914) and the mean divergence within clades with more than 1 
haplotype ranged from 0.004 to 0.008. The monophyly of clades 
1, 2, and 3 and the western Atlantic and Caribbean clade was sup-
ported in the Bayesian analyses using BEAST and MrBayes, and in 
the maximum-likelihood analysis (Figure 4).

Neutrality tests yielded concordant significant negative values of 
Fu’s Fs and Tajima’s D only for Iran NW and Persian Gulf group 
(Table  4), indicating demographic expansion. The R2 test revealed 
evidence of a change in population size only for Iran NW. Bayesian 
inference of demographic history indicated a pattern of population 
expansion across the Indo-Pacific (Figure 5), but limited evidence of 
expansion within regions. For the combined Indo-Pacific populations, 
we found a log Bayes factor of 24.4 for the BSP model compared with 
the constant-size model (Table 4). Log Bayes factors greater than 5 
indicates very strong support (Kass and Raftery 1995). In regional 
groupings of populations, the constant-size model received better 
support for the Persian Gulf group (log BF = 18.34), Malaysian group 
(log BF = 6.34), and Australian group (log BF = 6.40).

Using the BSP model, we estimated the time to most recent com-
mon ancestor (TMRCA) for the 5 clades identified in our median 
network to be 4.27 Myr (95% highest posterior density interval: 
1.93–6.74 Myr) (Figure 4). The divergence between clade 4 (EIIP-
04) and the other clades (clades 2, 3, and 5) was estimated to have 
occurred 3.23 Myr ago, (95% HPD interval: 1.33–5.29 Myr) fol-
lowed by the divergence of clade 5 (2.65 Myr, 95% HPD interval: 
1.08–4.50) and the split between clades 2 and 3 at 2.32 Myr (95% 
HPD interval: 0.88–3.82) (Figure 4). The basal divergence in each 
Indo-Pacific clade was estimated to have occurred prior to the earli-
est divergence among the Atlantic lineages (1.35 Myr, 95% HPD 
interval: 0.44–2.36). The most diverse clades from the Indo-Pacific 
Ocean (clades 1 and 3) were estimated to have similar within-clade 
diversification times (clade 3 = 0.68 Myr, 95% HPD interval = 0.20–
1.28 and clade 1  =  0.58 Myr, 95% HPD interval  =  0.15–1.28), 
and clade 2 diversified more recently (0.34 Myr, 95% HPD inter-
val = 0.07–0.73). All of our date estimates represent maximum ages 
because they have been calibrated using a rate that is likely to be 
lower than the intraspecific rate.

Discussion

Genetic Diversity and Structure
Hawksbill turtle rookeries in the Indo-Pacific are characterized 
by variable patterns of genetic diversity and structure that reflect 
dynamic processes of population history and gene flow. In general, 
genetic diversity within Indo-Pacific hawksbill rookeries is high in 
comparison with other ocean basins. In the populations from the 
Caribbean and western Atlantic Oceans the haplotype diversity (h) 
averaged 0.43 (overall h = 0.79) and 8 of 12 populations had rela-
tively low diversity (h ≤ 0.50) (LeRoux et al. 2012), based on the 
same 740 bp mitochondrial fragment used in this study. With larger 
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sample sizes (average 65.3 samples/rookery) only 23 haplotypes 
were found among 717 samples (LeRoux et  al. 2012). However, 
the greater haplotype diversity observed in the Indo-Pacific popula-
tions is not mirrored by nucleotide diversity, which is similar in the 
Caribbean/western Atlantic (average population π  =  0.011 ± 009; 
overall  =  0.023). This is consistent with observations that several 
rookeries in the Caribbean/western Atlantic are characterized by 
a collection of divergent haplotypes from different clades, while 
other rookeries only contain haplotypes within the same clade, as 
is also observed in the Indo-Pacific. In comparison, rookeries in the 
U.S. Virgin Islands and Cuba had haplotypes from each of 3 iden-
tified haplotype clades (LeRoux et al. 2012) similar to the eastern 
Australia (Milman) and the Seychelles (Platte and Granitics) rook-
eries, whereas rookeries in Brazil (Bahia) and Barbados (Leeward) 
(LeRoux et al. 2012), Iran-NW, Saudi Arabia, Peninsular Malaysia, 
Western Australia, and the Solomon Islands all were observed to 
have haplotypes restricted to a single clade.

Genetic structure among Indo-Pacific rookeries indicated that 
most rookeries separated by 500 km in the Indo-Pacific had signifi-
cant genetic divergence and can be considered as demographically 
distinct populations, with some exceptions. Of the 13 rookeries 
sampled in the Indo-Pacific, we identified 8 populations that were 
typically differentiated because they did not share a common haplo-
type and had several unique haplotypes. The only rookeries <500 km 
apart that were genetically differentiated were the Iran SE and Iran 
NW rookeries, located only 200 km apart, but these were each not 
differentiated from the Saudi Arabia rookery (165–375 km distant). 
Although rookeries in the Persian Gulf were grouped as a single pop-
ulation they may function more as a metapopulation, given these 
results and as also suggested by genetic differentiation observed by 
Tabib et al. (2014) between 2 rookeries located to the east of our 
Iran SE samples.

In Australia, rookeries in the Northern Territory and northern 
Queensland, located 800 km part, were not genetically differentiated. 

Table 1.  Standard and molecular diversity indices for hawksbill turtle rookeries in the Indo-Pacific based on 740 bp of the mitochondrial 
control region

Rookery n S H k h ±SD π ±SD

IranNW 41 5 6 0.463 0.383 0.092 0.0006 0.0006
IranSE 41 32 8 2.38 0.727 0.062 0.0003 0.0020
SaudArab 13 2 3 0.847 0.500 0.136 0.0012 0.0009
Amrt 28 20 6 8.56 0.725 0.054 0.0118 0.0062
Plat 27 35 6 9.14 0.687 0.077 0.0125 0.0066
Gran 48 36 9 10.3 0.782 0.041 0.0141 0.0073
Chag 18 19 5 6.75 0.660 0.102 0.0092 0.0051
EastMaly 25 31 5 12.1 0.743 0.051 0.0165 0.0086
PenMaly 23 2 2 0.174 0.087 0.078 0.0002 0.0004
WestAust 47 6 4 1.30 0.373 0.086 0.0018 0.0013
neAl 71 32 6 14.9 0.571 0.030 0.0204 0.0102
nQld 64 39 10 15.6 0.725 0.038 0.0214 0.0107
Solo 42 7 6 1.39 0.660 0.045 0.0019 0.0013
Overall 488 67 52 15.7 0.897 0.007 0.0216 0.0107

Values are given for sample number (n), variable sites (S), haplotype number (H), average number of nucleotide differences (k), haplotype diversity (h), and nucleo-
tide diversity (π). Iran NW, Iran Northwest; Iran SE, Iran Southeast; SauArab, Saudi Arabia; Aldb, Aldabra Group, Seychelles; Amrt, Amirantes Islands, Seychelles; 
Plat, Platte Island, Seychelles; Gran, Granitics Islands; Chag, Chagos Archipelago; East Maly, East Malaysia; Pen Maly, Peninsular Malaysia; West Aust, Rosemary 
and Varanus Islands, Western Australia; neAl, northeast Arnhem Land, Northern Territory; nQld, Milman Island, north Queensland; Solo, Solomon Islands.

Table 2.  P-values of exact tests of population differentiation method (below diagonal) between Indo-Pacific hawksbill turtle rookeries and 
population pairwise FST based on haplotype frequencies (above diagonal)

IranNW IranSE SauArab Amrt Plat Gran Chag East Maly Pen Maly West Aust neAl nQld Solo

IranNW — 0.084 0.028* 0.4625 0.466 0.381 0.509 0.459 0.733 0.622 0.509 0.408 0.237
IranSE 0.0019 — 0.050* 0.2741 0.279 0.221 0.302 0.266 0.540 0.456 0.359 0.257 0.136
SauArab 0.1109 0.0732 — 0.369 0.375 0.298 0.413 0.361 0.754 0.587 0.451 0.336 0.179
Amrt <0.0001 <0.0001 <0.0001 — −0.020* −0.011* −0.021* 0.266 0.574 0.474 0.366 0.275 0.310
Plat <0.0001 <0.0001 <0.0001 0.7796 — −0.006* −0.036* 0.285 0.597 0.493 0.382 0.290 0.318
Gran <0.0001 <0.0001 <0.0001 0.4301 0.7043 — −0.001* 0.236 0.499 0.421 0.330 0.246 0.259
Chag <0.0001 <0.0001 <0.0001 0.7204 0.7928 0.5102 — 0.296 0.652 0.520 0.396 0.301 0.340
EastMaly <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 — 0.576 0.471 0.359 0.267 0.302
PenMaly <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 — 0.732 0.593 0.511 0.575
WestAust <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 — 0.207 0.185 0.488
neAl <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 — 0.011* 0.389
nQld <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0045 — 0.292
Solo <0.0001 <0.0001 0.0004 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 —

Rookery abbreviations are defined in Table 1.
*Indicates nonsignificant FST values.
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Broderick et al. (1994) also found a lack of differentiation between 
these rookeries using analyses of restriction fragment length poly-
morphisms of whole mitochondrial DNA. This lack of differentia-
tion is interesting because it contradicts what is known about the 
breeding dynamics at these rookeries. The 2 rookeries are biologi-
cally distinguished by a shift in the timing of nesting, with peak nest-
ing in summer in north Queensland (Dobbs et al. 1999) and winter/
spring nesting in Arnhem Land (Limpus and Fien 2009). This sub-
stantial difference in the timing of breeding cycles would be regu-
lated by physiological triggers (Hamann et al. 2003) and selective 
pressure to allow successful incubation of eggs and favorable hatch-
ling dispersal conditions. Therefore, interbreeding between these 
rookeries is unlikely (Limpus and Fien 2009). We have some evi-
dence to support this, in that the exact test indicated genetic differ-
entiation between these rookeries. Based on this and the important 
biological differences between these rookeries, we consider them to 
function as separate populations. Therefore, we hypothesize that the 
lack of genetic differentiation between these 2 populations is not due 
to ongoing gene flow but results from a recent separation event, as 

suggested for other marine turtle populations (Encalada et al. 1996). 
One caveat to this is that there are low numbers of turtles nesting 
outside the peak nesting periods in both areas (Chatto and Baker 
2008; Miller et al. 2008), so these turtles could represent avenues for 
gene flow. Research on turtles nesting outside peak nesting periods 
may provide insights into this question.

Comparisons of genetic diversity and structure in hawksbill 
populations to those of green turtle populations in the Indo-Pacific 
suggest regional differences in colonization histories and patterns 
of gene flow. Whereas hawksbill turtles in northeast Arnhem Land 
and the northern Great Barrier Reef (nGBR) show relatively high 
levels of haplotype diversity, the nGBR green turtle population 
have relatively low haplotype diversity (Dethmers et  al. 2006), 
even though that population supports one of the world’s larg-
est green turtle rookeries (Limpus et  al. 2003). Populations of 
both species in this region contain highly divergent genetic lin-
eages, suggestive of multiple colonization events, but coloniza-
tion frequency or subsequent gene flow may have varied in the 
2 species. Several island rookery sites in this region were not 

Figure 2.  Correlation between genetic distance (FST/1 − FST) and geographic distance (logarithm of distance in km) matrices for Indo-Pacific hawksbill turtles. The 
Mantel test identified significant isolation by distance (r = 0.29; P = 0.0009). A trendline is provided.

Table 3.  Percent variation and fixation indices for 2 AMOVA analyses of hawksbill turtle rookeries in the Indo-Pacific

2 groups (Indo × Pac)1 2 groups (IndoPac × Atl)

Tamura-Nei distances Haplotype frequencies Tamura-Nei distances Haplotype frequencies

% Variation
  Among groups 1.24 2.85 64.0 13.8
  Among populations within 

groups
52.9 33.5 19.8 37.4

  Within populations 45.9 63.6 16.2 48.8
Fixation index
  ΦSC 0.536 0.345 0.549 0.434
  ΦST 0.541 0.364 0.838 0.512
  ΦCT 0.012 0.020 0.640 0.138

The Indian Ocean group included 8 rookeries: Iran NW, Iran SE, Saudi Arabia, Amirantes, Platte Island, Granitics, Chagos, and Western Australia. The Pacific 
Ocean group included 5 populations: Solomon Islands, North Queensland, Arnhem Land, Peninsular Malaysia, and East Malaysia. The Atlantic Ocean group 
included 11 populations from 6 previous studies: Antigua (n = 72), Costa Rica (n = 60), Guadeloupe – TroisIlets, Marie Galante (n = 72), Nicaragua (n = 95), and 
United States Virgin Islands (n = 67) from LeRoux et al. (2012); Barbados–Leeward (n = 54). and Barbados–Windward (n = 30) from Browne et al. (2010); Brazil, 
nonhybrids (n = 62) from Lara-Ruiz et al. (2006); Cuba (n = 65) from Díaz-Fernádez et al. (1999), Colombia Caribe (n = 29) from Trujillo-Arias et al. (2014), and 
Puerto Rico (n = 109) from Velez-Zuazo et al. (2008).
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Figure 4.  Bayesian chronogram inferred from the mitochondrial control region (740 bp) of the hawksbill turtle. Numbers above branches correspond to posterior 
probabilities calculated in BEAST/MrBayes. Numbers below branches denote percentage bootstrap support from a maximum-likelihood analysis. Branch 
lengths are proportional to time, with the horizontal axis given in millions of years. Clade names correspond to those in the median network. Horizontal grey 
bars denote the 95% highest posterior density intervals values estimated for tree nodes. Haplotype designations for the Indo-Pacific clades are based on Table 1 
(this study), Trujillo-Arias et al. (2014), Monzón-Argüelo et al. (2011), and Tabib et al. (2011). For the Atlantic Ocean clade, we used haplotypes from LeRoux et al. 
(2012), Lara-Ruiz et al. (2006), Díaz-Fernádez et al. (1999) and Velez-Zuazo et al. (2008).

Figure 3.  Median network of 53 Indo-Pacific mitochondrial control region haplotypes of 766 bp found in nesting hawksbill turtles. Red diamonds represent 
hypothesized median vectors.
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available for nesting during the higher sea levels of the Holocene 
around 6000  year ago (Limpus et  al. 2003), so some variation 
in genetic diversity may be due to differences in the choice of 
nesting beaches by the 2 species and their availability through 
time. Beaches used by both species in Peninsular Malaysia were 
not available until sea level rose within the last 15 000 years ago 
as the coastline shifted over 500 km westwards (Sathiamurthy 
and Voris 2006). There, lower haplotype and nucleotide diversity 
was observed in hawksbill turtles in comparison to green turtles, 
which may have been influenced by a combination of variable 
colonization patterns as sea level rose and anthropogenic pres-
sures that have reduced hawksbill turtle populations to a larger 
extent than green turtles (Chan 2006).

The geographic scale of genetic divergence among hawksbill 
turtles in this study is similar to that of green turtle populations 

in the Indo-Pacific. Most green turtle rookeries separated by 
500 km or more are genetically distinct (Dethmers et  al. 2006), 
but some rookeries less than 200 km apart show significant 
genetic differentiation (Dethmers et al. 2006; Cheng et al. 2008; 
Nishizawa et  al. 2011), and others 1000 km apart are similar 
(Dethmers et  al. 2006). Additionally, a similar pattern of isola-
tion by distance is shared between the 2 species, with a significant 
relationship found between genetic and geographic distance that 
explains a low proportion (6–12% for green turtles) of the pat-
tern of genetic diversity within the Indo-Pacific (Dethmers et  al. 
2006). Nuclear markers will allow further testing of hypotheses 
of genetic flow among populations as demonstrated by microsatel-
lite analyses that revealed genetic divergence in leatherback tur-
tles (Dermochelys coriacea) not detected by mitochondrial DNA 
analysis (Dutton et al. 2013).

Table 4.  Results of neutrality tests and population-size changes in hawksbill turtle rookeries and groups of rookeries in the Indo-Pacific 
including Tajima’s D, Fu’s FS, R2, and Bayes factors

Neutrality Tests Demographic expansion

N D P-value Fs P-value R2 P-value Bayes factor constant (c) vs. skyline (s)

IranNW 41 −1.53 0.034 −3.80 0.003 0.061 0.047 —
IranSE 41 −2.34 0.000 −0.150 0.503 0.121 0.626 —
SauArab 13 0.878 0.822 0.436 0.559 0.212 0.734 —
Amrt 28 1.78 0.978 8.03 0.990 0.204 0.988 —
Plat 27 0.118 0.604 7.35 0.982 0.140 0.748 —
Gran 48 0.818 0.856 7.56 0.972 0.142 0.892 —
Chag 18 0.720 0.799 4.90 0.968 0.167 0.821 —
EastMaly 25 1.71 0.962 11.5 0.998 0.191 0.978 —
PenMaly 23 −1.52 0.048 −0.153 0.209 0.204 0.860 —
WestAust 47 −0.357 0.420 1.26 0.771 0.107 0.498 —
neAl 71 3.88 1.000 23.4 0.999 0.229 1.000 —
nQld 64 2.83 0.999 14.6 0.998 0.197 0.999 —
Solo 42 −0.408 0.391 −0.260 0.465 0.102 0.427 —
Persian Gulf group 95 −2.47 0.001 −4.38 0.037 0.070 0.230 18.3 (c)
Malaysia group 48 0.288 0.696 8.23 0.987 0.121 0.733 6.34 (c)
Australian group 182 2.71 0.995 14.4 0.979 0.167 0.998 6.4 (c)
Indo-Pacific 488 1.55 0.954 0.763 0.645 0.115 0.951 24.4 (s)

Rookery abbreviations are defined in Table 1.

Figure 5.  Bayesian skyline plot of demographic history for the combined Indo-Pacific populations of hawksbill turtles (n = 488). The vertical axis gives the product 
of effective female population size and mutation rate and the horizontal axis represents genetic distance (in mutations per site).
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In comparisons of genetic structure within and among ocean 
basins, there was low genetic divergence between hawksbill turtles in 
the Indian Ocean and Pacific Ocean, moderate differentiation among 
Indo-Pacific populations, and high differentiation between turtles in 
the Indo-Pacific versus the western Atlantic/Caribbean oceans. The 
lack of genetic differentiation between Indian Ocean and Pacific 
Ocean populations occurred regardless of whether or not genetic 
distances among haplotypes were considered. In contrast, differenti-
ation between Indo-Pacific and western Atlantic/Caribbean popula-
tions was much greater when genetic distances were included in the 
analysis. This reflects a lack of shared haplotypes observed between 
the nesting turtles in the western Atlantic (LeRoux et al. 2012) and 
those in the Indo-Pacific. Within the Indo-Pacific, most genetic varia-
tion was distributed within populations, rather than among popula-
tions, but when molecular distance was considered, about half of 
the genetic variability was partitioned among populations. This is 
consistent with the existence of some widespread haplotypes that 
is countered by moderate phylogeographic structure in the distribu-
tion of related haplotypes. For example, the very common EiIP-33 
haplotype was found in 8 of the 13 rookeries (plus Aldabra, n = 4) 
sampled from the Persian Gulf (this study) and haplotype Iran 3 in 
Tabib et al. (2014), central Indian Ocean, north Queensland and the 
Solomon Islands. In contrast, 3 other common haplotypes (EiIP-08, 
EiIP-17, and EiIP-09) were only observed either in Australia or the 
central Indian Ocean.

Among western Atlantic and Caribbean populations of hawks-
bill turtles, although the overall level of genetic differentiation was 
similar to that of the Indo-Pacific population, there are some striking 
differences. First, the overall level of genetic differentiation changes 
very little if the genetic distance is considered, reflecting a low level 
of phylogeographic structure in the western Atlantic and Caribbean. 
Second, there is a high level of genetic differentiation between some 
neighboring populations <500 km distant (LeRoux et al. 2012). In 
Barbados, turtles nesting on a single beach on the windward side 
of the island are highly differentiated from those using nesting on 
beaches along the leeward side, some of which are <50 km distant 
(Browne et al. 2010; LeRoux et al. 2012). Differentiation on such a 
small scale is not expected. Tagging data from hawksbill turtles in 
north Queensland indicates that a substantial number of hawksbill 
turtles use multiple nesting beaches, either within seasons or across 
seasons, at least as much as 38 km distant (Miller et al. 2008). The 
extent to which nest site selection defines boundaries for gene flow 
among rookeries will depend in part upon the distribution of suit-
able nesting beaches between rookeries and perhaps regional behav-
ioral differences among populations.

Phylogenetic Relationships, Phylogeography, and 
Demographic History
Support for the monophyly of the clade including all sequences 
from the Indian and Pacific Ocean was low, but the monophyly 
of Indo-Pacific clades 1, 2, 3, and 4 and lineages from the Atlantic 
Ocean was strongly supported. The lack of strong support for the 
Indo-Pacific clade is expected because of the absence of observed or 
assumed interconnecting haplotypes among the clades. Many rook-
eries throughout the Indo-Pacific are yet to be included in genetic 
analyses. These will be needed to clarify the relationships among the 
lineages and better understand how hawksbill turtle populations in 
the region have responded to dramatic changes in climate, sea level, 
and oceanic currents over the past 4 million years. Our divergence 
time estimate should be regarded as a maximum value, because it is 
based on the estimate of Duchene et al. (2012) and its application 

to a population scale is likely to lead to overestimates of divergence 
times (Ho et al. 2005; Ho et al. 2011).

Our date estimates suggest that Indo-Pacific lineages of the 
hawksbill turtle diverged during or subsequent to the early Pliocene, 
which was a time of dramatic changes to Indo-Pacific oceanic cur-
rents. The earth was cooling after the warm Miocene, Australia col-
lided with the Banda arc, New Guinea was moving northwards, and 
the Isthmus of Panama formed (Cane and Molnar 2001; Hall 2002). 
Prevailing Miocene ocean currents that travelled westwards across 
the Pacific Ocean, north of New Guinea into the Indian Ocean were 
blocked by the movement of New Guinea northwards (Cane and 
Molnar 2001; Hall 2002). This shifted the origin of water within 
the Indonesian through-flow to the North Pacific, with resultant 
impacts upon global climate (Cane and Molnar 2001), the disper-
sal of marine organisms (Srinivasan and Sinha 1998), and probably 
the migratory life stages of hawksbill turtles. Our age estimates for 
the diversification within clades 1, 2, and 3 clades are broadly con-
sistent with inter- or post-glacial expansion. In contrast, diversifica-
tion of clades 4 and 5 may have occurred in the Pliocene or early 
Pleistocene, bearing mind that our estimates of divergence times 
should be regarded as maximum values.

Our Bayesian demographic analysis of the combined Indo-Pacific 
populations revealed a recent growth following a decrease in popu-
lation size (Supplementary Figure S1 online). This is similar to the 
demographic pattern found for leatherback turtles (Molfetti et  al. 
2013) and might be associated with recoveries from bottlenecks 
after the Last Maximum Glacial about 18 000 years ago. However, 
potential violations of the coalescent assumptions involved in BSP 
analyses suggest that our results should be interpreted cautiously 
(Grant 2015). For example, in our analyses of subpopulations, small 
sample sizes are likely to have reduced our power to resolve past 
changes in population size (Ho and Shapiro 2011). Our non-Bayes-
ian analysis of demographic history shows additional evidence of 
expansion for the Persian Gulf region, suggesting a relatively recent 
colonization history, as also indicated by the star-shaped phylogeny 
around a central haplotype (EiIP-33). Persian Gulf nesting beaches 
were differentially inundated after the Last Glacial Maximum from 
12 000 years ago and higher sea levels of the Holocene (Lambeck 
1996) would have flooded some of the low-lying islands used by 
hawksbill turtles, so multiple colonization events are likely.

Our genetic studies of hawksbill turtles in the Indo-Pacific have 
uncovered complex patterns of phylogeography and genetic struc-
ture. Most previous genetic studies of female hawksbill turtles have 
indicated the strong prevalence of natal homing, whereby females 
return to the region of their birth to nest (Bass 1999; LeRoux et al. 
2012). Our study confirms that the scale at which this behavior oper-
ates is variable, and depends in part on geographic location and the 
influence of changing ocean currents (as also indicated for green 
turtles; Dethmers et al. 2006). Obviously, some degree of flexibility 
is needed across evolutionary time; otherwise colonization of new 
beaches, as needed in changing environments, would not be possible 
(Carr et al. 1978; Bowen et al. 1992).

Our results suggest there have been long-distance migrations to 
distribute the EiIP-33 haplotype found from Iran to the Solomon 
Islands (and also in the eastern Pacific feeding aggregation; Trujillo-
Arias et al. 2014). Whether this haplotype was transported to Western 
Australia (or the Northern Territory) and subsequently lost from the 
population is unclear, but all haplotypes found in Western Australia 
are closely related to EiIP-33. Long-distance migrations have also 
transported haplotypes between Indo-Pacific and western Atlantic 
rookeries. The Oka24/EATL haplotype found in all nesting turtles 
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(n = 20) in Príncipe in the eastern Atlantic (Monzón-Argüello et al. 
2011) was originally observed in 2 foraging turtles in the Seychelles 
(Okayama et al. 1999). Based on this, Monzón-Argüello et al. (2011) 
hypothesized that the Príncipe population was founded by a long-
distance migration event from the central Indian Ocean around the 
Cape of Good Hope. We find support for this hypothesis because 
the Oka24/EATL haplotype, which was based on a shorter d-loop 
sequence (481 bp), corresponds to 2 haplotypes (based on 740 bp) in 
clade 2 (EiIP-16, EiIP-76) that we found only in the central/western 
Indian Ocean. Additionally, the lack of genetic divergence between 
the Seychelles and Chagos rookeries, located 1800–2100 km apart, 
is based on the sharing of clade 2 haplotypes.

These examples of long-distance gene flow among island rooker-
ies is quite different from the pattern observed in green turtles in the 
Indo-Pacific, where long-distance gene flow occurs when there are 
intermediate nesting beaches between the sampled sites (Dethmers 
et al. 2006). For the Granitic and Amirantes islands of Seychelles, 
Phillips et al. (2014) found that 8 hawksbill rookeries spanning a 
distance of 500 km showed considerable gene flow among the sam-
pled sites, a relatively large effective population size (Ne) estimated 
to exceed 1000, and no evidence of a genetic bottleneck. Molecular 
data suggest that the mating system of the Seychelles hawksbills tur-
tles is conducive to maintaining a large Ne, with a relatively large 
and widely distributed male population that promotes considerable 
gene flow among nesting sites across the Seychelles area (Phillips 
et al. 2013, 2014).

The striking lack of observed differences between the isolated 
Chagos and Seychelles rookeries may reflect occasional ongoing 
gene flow, or a relatively recent colonization event with insufficient 
time for genetic divergence. The Chagos Archipelago is relatively 
isolated from other coral reef systems in the Indian Ocean, with the 
nearest shallow reef system (with nesting beaches) existing in the 
Seychelles (Sheppard et al. 2012). Ocean currents in this region shift 
seasonally between flowing easterly and westerly, which has led to 
the Chagos Archipelago functioning as a stepping stone for marine 
species in both directions, and to genetic links with the Seychelles 
(Sheppard et  al. 2012). The archipelago is characterized by low-
lying coral atolls formed of Holocene reef platforms less than 3000–
5000 years old (Eisenhauer et al. 1999). This suggests that nesting 
beaches in the area are relatively recent, and that turtles may have 
colonized Chagos beaches only 100–150 generations ago, based on 
age-to-maturity estimates of around 30 years for hawksbill turtles in 
the Indo-Pacific (Bell and Pike 2012).

The parallel lack of genetic divergence observed between the 
Northern Territory and north Queensland rookeries is also interest-
ing because the distance spans a barrier to gene flow that emerged at 
various times throughout the Pleistocene resulting from the forma-
tion of the Torres Strait land bridge (Chivas et al. 2001). In green 
turtles (Dethmers et  al. 2006), flatback turtles (Pittard 2010) and 
dugong (Blair et al. 2014), a major divergence among clades is asso-
ciated with this Indo-Pacific barrier (Gaither and Rocha 2013), and 
across several species there is evidence of vicariance dated to dif-
ferent periods of land bridge formation and variable indications of 
secondary contact (Mirams et al. 2011). That the hawksbill phylo-
geography does not show this pattern suggests recent (<8000 years; 
Chivas et al. 2001) colonization across the Torres Strait.

Elucidating the processes underlying the distribution of genetic 
variation in marine migratory species is challenging because of 
the complex mix of factors that influence the species distribution 
and behavior. These include the dispersal capacity of migratory life 
stages, changing patterns of oceanic currents, sea level and surface 

temperatures, the potential for multiple colonization events and sec-
ondary contact and, more recently, habitat loss caused by human 
disturbance. Gaps in our knowledge of how marine species respond 
to changing environments add to the challenge of effectively protect-
ing endangered migratory species.

MUs and Implications for Conservation
Our study of mitochondrial DNA suggests that the 13 Indo-Pacific 
hawksbill rookeries studied belong to 8 different genetic stocks that 
should be considered as independent MUs (sensu Moritz 1994) 
(Figure 1). Differentiation of the northeast Arnhem Land and north 
Queensland MUs is based on variation in the peak nesting period 
and the significant difference in allele frequencies observed in the 
exact test. Indo-Pacific hawksbill rookeries are genetically very dis-
tinct from those in the Atlantic and Caribbean. To date, the only 
mitochondrial haplotype (Oka24/EAT) observed for these dis-
tant ocean basins is hypothesized to have travelled to the eastern 
Atlantic from the central Indian Ocean around the Cape of Good 
Hope (Monzón-Argüello et al. 2011). Additional genetic studies of 
hawksbill turtles nesting and using foraging grounds around south-
ern Africa may improve our understanding of the pattern of long-
distance migrations around this region. Such events are hypothesized 
for green turtles, though in the opposite direction (Bourjea et  al. 
2007). Regardless of the dynamics of colonization, conservation of 
genetic diversity in hawksbill turtles requires the conservation of 
unique populations. Particular regions may warrant additional pro-
tection either because of the existence of unique genetic lineages or 
due to high levels of genetic diversity, as may be further determined 
using nuclear makers. The Peninsular Malaysia MU is interesting 
because it has an endemic haplotype (EiIP-53) at a high frequency, 
suggesting that this isolated rookery will be not replaced on ecologi-
cal time frames once depleted (Palsbøll et al. 2007).

Identification of MUs and assessment of levels of gene flow 
among populations is the first step in understanding the popula-
tion dynamics of hawksbill turtles in the Indo-Pacific. Importantly, 
because this study has included 13 rookeries scattered throughout 
the Indo-Pacific, it can provide the baseline for further analyses to 
determine the origin of animals from feeding grounds using mixed-
stock analysis (Vargas et al. 2008; Velez-Zuazo et al. 2008; Dutton 
et al. 2013).

Understanding the spatial scale, uniqueness, and vulnerability 
of MUs assists recovery plans by combining relevant anthropogenic 
pressures to assess risk. Additional studies should be done using 
nuclear markers such as microsatellites or SNPs (e.g., Roden et al. 
2013) to test for concordance (e.g., Dutton et al. 2013), investigate 
genetic differentiation across various time frames, and determine 
the value of assignment tests for studies of hawksbill turtles in the 
Indo-Pacific. Our results also suggest the origins for some haplotypes 
previously found in studies of foraging turtles in the Indo-Pacific 
(Okayama et al. 1999) and eastern Atlantic (Monzón-Argüello et al. 
2010, 2011). We found that 2 of 3 haplotypes found in nesting and 
foraging hawksbill turtles in Príncipe (Monzón-Argüello et al. 2011) 
and 2 unknown haplotypes found in foraging turtles in Cape Verde 
(Monzón-Argüello et al. 2010) all group with the clade 2 haplotypes 
observed in the western/central Indian Ocean. Further research to 
determine the distribution of all clades in the western Indian Ocean 
and eastern Atlantic is needed to better understand the migratory 
behavior of hawksbill turtles that leads to gene flow.

International cooperation will be required to manage criti-
cally endangered hawksbill turtle populations in the Indo-Pacific. 
Assessment by the IUCN for the red list of threatened species 
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indicates that all rookeries in the Indo-Pacific are declining, depleted, 
or lack data to indicate trends, with the exception of possibly stable 
populations in Oman, Qatar, and Sabah, East Malaysia (since 1985; 
Mortimer and Donnelly 2008), Arnavon Islands in Solomon Islands 
(Hamilton et  al. 2015), and protected islands in the Seychelles 
(Mortimer JA, unpublished data). Throughout the region there are 
only 6 large MUs with estimates of over 1000 females nesting per 
year, including the Persian Gulf MU, western/central Indian Ocean 
MU, Indonesia, northeast Arnhem Land MU, north Queensland MU, 
and Western Australia MU (Mortimer and Donnelly 2008). Oman 
and Papua New Guinea have relatively large populations (600–800 
and ~500–1000 nesting females per year, respectively; Mortimer and 
Donnelly 2008) that need to be assessed for genetic diversity, along 
with several smaller rookeries throughout the region.

Two of the identified MUs, the Persian Gulf MU and the western/
central Indian Ocean MU have rookeries in multiple countries, and 
it is expected that most of the MUs will use foraging grounds in 
other countries. The north Queensland MU is known to use foraging 
grounds in the Solomon Islands, Papua New Guinea, and Vanuatu, 
whereas the Solomon Island MU uses foraging grounds in Australia 
and Papua New Guinea (flipper tag data; Miller et  al. 1998; 
Limpus and Fien 2009). The Sulu Sea MU uses foraging grounds in 
Indonesia and the Philippines and the western Peninsular Malaysia 
MU uses foraging grounds in Indonesia and Singapore (reviewed by 
FitzSimmons and Limpus 2014). It is crucial to reverse the declines 
in hawksbill turtle populations throughout the Indo-Pacific, and this 
will be aided by a better understanding of the links between nesting 
and foraging populations.

Supplementary Material

Supplementary material can be found at http://www.jhered.oxford-
journals.org/
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