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Abstract

Aim: To examine the genetic structure and global phylogeography of the endan-

gered green sea turtle, Chelonia mydas, in light of past climatic events and current

conservation needs.

Location: Tropical and subtropical beaches around the world.

Methods: We analysed 386 base pairs of the mitochondrial (mt)DNA control region

of 4,878 individual nesting green turtle samples from 127 rookeries globally. We

used phylogeographic analysis to assess how demographic history, dispersal and bar-

riers to gene flow have led to the current distribution of mtDNA lineages.

Results: We identified 11 divergent lineages that were tied to specific biogeographi-

cal regions. The phylogenetic analyses revealed an ancient origin for the species

centred in the Indo‐Pacific and more recent colonization of the Central/Eastern Paci-

fic as well as the Atlantic Basin. Overall the phylogeographic structure was strong

but with a clear pattern of regional connectivity among rookeries. A Large genetic

separation was found where there were obvious barriers to dispersal such as

between the Atlantic and Pacific oceans and across the Pacific Ocean, as well as less

obvious barriers to dispersal. Admixture of mtDNA haplotype lineages was detected

at latitudinal extremes across the Indian Ocean and western Pacific Ocean resulting

in these areas being nucleotide diversity hotspots. The highest regional genetic

diversity and high endemic richness was observed in the SW Pacific, NW Pacific,

SW Indian and NW Indian oceans.

Main conclusions: Past climatic fluctuations greatly affected the distribution of

genetic diversity in the highly migratory green turtle. Our data suggest that past cli-

matic events influenced local populations in different ways and the species appears

to have survived the last glaciations in multiple glacial refugia.
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1 | INTRODUCTION

Phylogeographic studies aim to reveal the historical processes affect-

ing vicariance, dispersal, extinctions and radiations that lead to the

geographic distributions of genetic lineages (Avise, 2009; Hickerson

et al., 2010). During late Pliocene, the uplift of the Isthmus of

Panama altered ocean currents and created a vicariant event for

many surviving ancestral marine species (Coates & Obando, 1996;

Lessios, 2008), resulting in deep evolutionary splits within species

occupying the two subsequent ocean regions, as seen in sharks (e.g.
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Schultz et al., 2008), marine‐dependent birds (e.g. Avise, 2000) and

most species of marine turtles (Jensen, FitzSimmons, & Dutton,

2013).

Throughout more recent evolutionary history, climatic changes

have played a fundamental role in shaping contemporary patterns of

biodiversity both on land and in marine biota (Hofreiter & Stewart,

2009). The effect of these climatic changes was extensive during the

late Pleistocene (<2.5 Ma) with the occurrence of at least eight

glaciation events during the past 740,000 years (Augustin et al.,

2004). During glacial maxima, many species survived in warmer refu-

gia that were significantly smaller than their current distribution

(Avise, 2000; Hewitt, 1999; Maggs et al., 2008). Additionally, sea

level changes during glacial cycles transformed shallow water marine

habitats and altered ocean currents and the dispersal patterns of

marine organisms (Bowen et al., 2016). Following the last glacial

maximum (26,500–19,000 years ago), sea levels rose and the colo-

nization of new habitats from the refugial populations is reflected in

genetic patterns consistent with periods of expansion and admixture

(Clark et al., 2009; Crandall et al., 2008; Maggs et al., 2008). These

processes occurred on different temporal, spatial and ecological

scales and have led to complex phylogeographic patterns among

marine species (Teske, Von Heyden, McQuaid, & Barker, 2012).

Understanding the processes that led to contemporary population

structure, and the levels of connectivity among populations and

regions has important implications for species management and con-

servation (Avise, 2009).

The green turtle (Chelonia mydas) is an ancient marine species

that split from its sister species, the flatback turtle (Natator depres-

sus) c. 35 Ma (Duchene et al., 2012; Naro‐Maciel, Le, FitzSimmons,

& Amato, 2008). It is one of the most common species of marine

turtles with a range extending throughout tropical and subtropical

seas worldwide (Seminoff et al., 2015). Green turtles show strong

natal homing with female turtles returning to their natal region to

lay their eggs, which over time can generate strong genetic diver-

gence among populations, particularly when looking at maternally

inherited mitochondrial DNA (mtDNA) (Bowen & Karl, 2007; Jensen

et al., 2013).

For more than 20 years, population genetic studies have

advanced understanding of population structure, connectivity and

regional phylogeography of green turtles. An early study concluded

that the global populations of green turtles formed two major phylo-

geographic clusters, one in the Atlantic/Mediterranean and the other

in the Indo‐Pacific region (Bowen et al., 1992). Since then, multiple

studies have mapped out regional patterns from the Atlantic (Encal-

ada et al., 1996; Formia, Godley, Dontaine, & Bruford, 2006; Laha-

nas, Miyamoto, Bjorndal, & Bolten, 1994; Naro‐Maciel et al., 2014),

Mediterranean (Bagda, Bardakci, & Türkozan, 2012; Encalada et al.,

1996), Indian Ocean (Bourjea et al., 2007, 2015; Dethmers et al.,

2006; Jensen et al., 2016), western Pacific (Cheng et al., 2008; Deth-

mers et al., 2006; Dutton, Jensen, Frutchey, et al., 2014; Hamabata,

Kamezaki, & Hikida, 2014; Hamabata, Nishida, Kamezaki, & Koike,

2009; Jensen et al., 2016; Nishizawa, Abe, Okuyama, Kobayashi, &

Arai, 2011; Nishizawa et al., 2013) and central and eastern Pacific

(Dutton, Jensen, Frey, et al., 2014). These studies have documented

significant population structure over relatively small geographic dis-

tances and show that restricted gene flow with occasional long‐dis-
tance dispersal events a common pattern among regional green

turtle populations, but less is known about the evolutionary relation-

ships among these populations.

In this paper, we combine previously published datasets from

green turtle rookeries to investigate the global distribution of

mtDNA lineages. We assemble the most comprehensive mtDNA

dataset of marine turtles to date in terms of sample size (4,878 indi-

viduals) and geographic sample coverage (127 rookeries), spanning

all major ocean basins. We conduct a global phylogeographic analy-

ses of rookeries across ocean basins. We assess levels of connectiv-

ity among populations as well as barriers to genetic dispersal, and

we identify regions of high genetic diversity. Finally, we identify

populations that are expected to function with demographic inde-

pendence, to allow for effective conservation management that is

focused on ecological time scales.

2 | MATERIALS AND METHODS

2.1 | Data sets

The dataset was drawn from the published literature as well as a

small number of unpublished datasets (e.g. St. Croix, USVI and

Cyprus) (see Figure 1 and Supporting Information Table S1.1 in

Appendix S1) and comprises a total of 4,878 samples from 127

rookeries (Figure 1 and Supporting Information Table S1.1 in

Appendix S1). Sequence information was sourced from the litera-

ture and Genbank (http://www.ncbi.nlm.nih.gov/genbank/). Because

the published datasets used sequences of varying lengths (384–
770 bp, basepairs), we cropped all sequences to 384 bp, which was

the minimum fragment shared among all studies. This fragment cor-

responds to the use of mtDNA control region primers TCR5 and

TCR6 (Norman, Moritz, & Limpus, 1994). While the use of longer

mtDNA fragments has proven to increase the resolution of stock

structure for green turtles in some regions (Dutton, Jensen, Frey, et

al., 2014; Dutton, Jensen, Frutchey, et al., 2014; Shamblin et al.,

2012), use of shorter 384 bp was adequate for addressing broad

scale phylogeography and allowed for a geographically broader

sample.

2.2 | Standardizing haplotypes

Due to a lack of standard protocols for naming haplotypes, more

than 700 green turtle haplotype names have been used for green

turtles worldwide (published and unpublished), many of which are

duplicates. To work with a consistent dataset, we assigned standard-

ized names to all haplotypes that did not already have one. For the

Indo‐Pacific region, we used the prefix CmP followed by the next

sequential number and for all Atlantic haplotypes we adopted the

use of prefix CmA, which is already in use in the published literature

(see http://accstr.ufl.edu/resources/mtdna-sequences/).
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2.3 | Sequence analyses—Population structure and
genetic diversity

Sequences were aligned with CLUSTAL W as implemented in GENEIOUS

6.0.4 (www.geneious.com, Kearse et al., 2012) and alignment results

were confirmed by eye. Sequences were analysed in ARLEQUIN 3.5

(Excoffier & Lischer, 2010) for the number of polymorphic sites, transi-

tions, transversions and nucleotide composition as well as haplotype

(h) and nucleotide (π) diversities for each genetic stock. Haplotype

richness and the number of private haplotypes were calculated manu-

ally and standardized to a sample size of n = 20 for comparison using

a rarefaction test (Szpiech, Jakobsson, & Rosenberg, 2008), with the

exception of a few sample locations with n < 20. In those cases actual

values are shown. Pairwise FST, ΦST and exact test estimates (using

100,000 permutations) were calculated between all sampling locations

in ARLEQUIN 3.5 to identify groupings of rookeries as independent

genetic stocks or management units (MUs) (sensu Moritz, 1994). From

here on these independent genetic stocks will be referred to as MUs.

We first performed pairwise comparisons between all individual rook-

eries and those rookeries showing no genetic differentiation were

grouped. The second round of pairwise comparisons used the newly

grouped rookeries to identify groups of rookeries that were signifi-

cantly differentiated. Statistical significance was determined from

10,000 random permutations of each dataset. We did not apply any

correction for multiple tests (i.e. Bonferroni) as we considered each

test an independent hypothesis (Perneger, 1998).

To identify major genetic barriers and broader groupings of

related genetic stocks, we used the Spatial Analyses of Molecular

Variance (SAMOVA) software (Dupanloup, Schneider, & Excoffier,

2002). This program takes into account the geographical location of

stocks and the genetic diversity within and among populations to

define K groups of MUs that are geographically homogenous and

maximally differentiated from each other, thereby identifying major

genetic barriers and population structure above the level of MUs.

We tested K = 2 to K = 20 to find the largest among group differen-

tiation (ΦCT).

F IGURE 1 Map showing collection sites for green turtles, Chelonia mydas. Individual rookeries are shown on the regional maps (1–6) (black
dots) and are identified by a number for the management unit (MU) they belong to and a letter identifying each rookery belonging to that
specific MU. The main panel provides an overview of the approximate locations of all proposed management units (MUs) (open circles). When
encompassing multiple rookeries circles are placed in the geographical centre of those rookeries. For detailed information on each sampling
location see Supporting Information Table Table S1.1 in Appendix S1
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2.4 | Phylogenetic relationships and divergence
time

To visualize the relationship of haplotypes and to evaluate the sup-

port for major clades we constructed phylogenetic trees, using a

Bayesian approach in BEAST 1.8.1 (Drummond et al. 2012). The best

models of nucleotide substitution were tested using the Bayesian

information criterion in ModelGenerator (Keane, Creevey, Pentony,

Naughton, & McInerney, 2006). We used sequences from a sister

species, N. depressus (GenBank U40662) as the out‐group. Haplotype

trees in BEAST were sampled from the posterior distribution every

1,000 steps over a total of 1 × 107 steps. Evolutionary relationships

within each clade of the tree were assessed with median‐joining net-

works constructed with the program POPART v1.1 beta (http://www.

leigh.net.nz/software.shtml) using a median joining algorithm and

default settings.

We used the program BEAST 1.8.1 (Drummond et al., 2012) to esti-

mate divergence times among major lineages of green turtles. The

HKY+G model of nucleotide substitution was selected as the best fit-

ting substitution model to our dataset, with rate variation among sites

modelled using a gamma distribution with six rate categories (Yang,

1993). To assess the divergence times for major breaks in the phyloge-

netic tree, we used the constant population size prior, assuming a

strict molecular clock (rate homogeneity among branches) in BEAST. We

used a calibration prior based on recent molecular estimates of marine

turtles suggesting that green turtle lineages diverged between 1.76

and 4.87 Ma (Duchene et al., 2012). We used their molecular estimate

as a calibration point for the most recent common ancestor of modern

green turtles, using a normal distribution with a mean of 3.09 Ma and

a SD of 0.79 Ma (Duchene et al., 2012). This was specified as the prior

distribution of the age of the root node, representing the divergence

of green turtle lineages. We used a truncated lognormal prior for the

substitution rate, ranging from 10−6 to 0.02 substitutions/site/Ma. The

samples from the posterior distribution of the Markov chain Monte

Carlo (MCMC) analyses were drawn every 1 × 103 steps over a total

of 1 × 107 steps. All input files and parameters were prepared using

BEAUTI v 1.8.1 (Drummond et al., 2012) and the posterior results were

evaluated using TRACER v 1.5 (http://tree.bio.ed.ac.uk/software/tracer/

). Historical demographics were further estimated with Bayesian sky-

line plots using BEAST. Two MCMC chains were run for 1 × 107 steps

and were combined to achieve ESSs >200. The skyline plots were run

for each genetic grouping identified by the SAMOVA.

3 | RESULTS

3.1 | Sequence analyses—Population structure and
genetic diversity

A total of 144 distinct mtDNA haplotypes (Supporting Information

Appendix S4) and 79 variable sites were identified among 4,878

nesting turtles from 127 rookeries throughout the global distribution

of the species. The most common haplotypes were CmA8 (11%) and

CmA3 (9%) from the Atlantic, CmP49 (11%) observed across the

Indo‐Pacific and CmP20 (12%) dominating in the central western

Pacific. Together these four haplotypes made up 43% of all samples.

Of the remaining haplotypes, 25 were found at frequencies between

1% and 5% and 112 haplotypes were found at very low frequencies

and together made up only 1% of the total sample. The average hap-

lotype diversity (h) of populations was 0.420 and was highly variable

across the study locations (Figure 2a, Supporting Information

Table S2.2 in Appendix S2). Nucleotide diversity (π) was generally

low across most regions (global average = 0.0093), but high values

were observed in the NW Pacific, SW Pacific and the western Indian

Ocean (Figure 2b, Supporting Information Table S2.2 in

Appendix S2). The number of private haplotypes (standardized to

n = 20) was highest (4.8) in the northern Great Barrier Reef, and 0 in

19 MUs throughout the study area (Figure 2d, Supporting Informa-

tion Table S2.2 in Appendix S2).

Generally, population pairwise tests (ΦST or FST) showed no or little

genetic differentiation between rookeries located within 500 km of

each other and significant structure between more distant rookeries.

After combining individual rookeries into genetically differentiated

MUs, we found significant differentiation among all MUs, with the

exception of comparisons that included a few poorly sampled loca-

tions. However, due to the large distance between rookeries in each

of these comparisons (>5,000 km), they were treated as demographi-

cally independent MUs. This resulted in the 127 individual rookeries

grouping into 58 separate MUs (Figure 1 and Supporting Information

Table S1.1 in Appendix S1) based on FST, ΦST and exact tests.

The SAMOVA confirmed that multiple genetic partitions exist

between and within regions at varying scales. In the Atlantic, K = 4

showed that most variation (87.2%) is among groups, with 2.38% of

variation among populations within groups, which was also signifi-

cant (p < 0.001). However, across the Indo-Pacific the number of K

maximally differentiated groupings was not easily defined and multi-

ple partitions were suggested in tests with 8–20 groups. While some

MUs consistently grouped together (e.g. Indo‐Pacific MUs and east-

ern Pacific MUs) others did not. To decide on the most appropriate

partitioning, we considered the biology and geographical distribution

of the MUs. For example, MUs in the NW Pacific were not consis-

tently grouped together, however, they show shared ancestry (Fig-

ure 3), and have shown overlap in feeding areas. A similar situation

is true for MUs in the SW Pacific. For this reason, those MUs were

grouped together. With this in mind, we made a final selection of 12

regional groupings of MUs that showed strong genetic isolation and

evidence of connectivity within regions. A total of four groups were

identified in the Atlantic and eight across the Indian and Pacific

Oceans (Figure 3). A global analysis of molecular variance showed

high structure among these 12 groups (73.7%) vs within groups

(11.2%).

3.2 | Phylogenetic relationships and divergence
times

Globally, the Bayesian analysis supported 11 clades (Figure 3). The

maximum sequence divergence was 8.5%, however, sequence
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F IGURE 2 Graph showing the distribution of nucleotide and haplotype diversities as well as private haplotypes for green turtle, Chelonia
mydas, management units. Genetic hotspots (areas of elevated haplotype and/or nucleotide diversity) are seen as large black circles. For
detailed description of genetic diversities for each sample site see Supporting Information Table S1.1 in Appendix S1
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divergence between clades ranged from 0.00841 to 0.3562 versus

0.00448–0.01215 within clades. A deep evolutionary split (2.83 Ma)

into two diverse lineages was evident with one lineage containing

clades I–IV and the other clades V–XI. These lineages were widely dis-

tributed and overlap throughout the Indo‐Pacific (Figure 3). The 11

clades displayed strong phylogeographic structure to particular

regions of oceanic basins, but weaker structure within regions due to

the occurrence of several common and widespread haplotypes. The

split between clades I–II and clades III–IV (2.34 Ma) separates the

Atlantic versus Indo‐Pacific rookeries, with the exception of one

Atlantic haplotype (CmA8) also found in rookeries in the SW Indian

Ocean (Figure 3). The two Atlantic clades were separated by 1.93%

mean sequence divergence (0.79 Ma), with clade I dominating in the

northwest Atlantic and Mediterranean and clade II found throughout

the south Atlantic. The Mediterranean rookeries (Turkey and Cyprus)

were further split from those in the northwestern Atlantic (Florida,

Cuba, Mexico and Costa Rica), with only one individual in Turkey and

one individual in Cuba sharing the same haplotypes (CmA27) (Fig-

ure 3). Although most haplotypes found at rookeries in St. Croix

(USVI), Aves Island (Venezuela) and Surinam were nested within the

broad clade II, they were strongly isolated from other Atlantic rook-

eries (Figure 3, Supporting Information Table S1.1 in Appendix S1).

The remaining south Atlantic MUs, however, all showed evidence of

recent connectivity based on sharing the common and widespread

haplotype CmA8, also found in the southwestern Indian Ocean. The

phylogenetic tree indicated that clades III and IV are most closely

related to the Atlantic lineages, however, the branch support was not

strong. Both clade III and IV were characterized by relatively few

highly divergent haplotypes. Haplotypes from these two lineage were

centred in the Central West Pacific with clade III dominating the

Micronesia region while clade IV was found both in the SW Pacific

region as well as in the SW Indian Ocean (Figure 3, Supporting Infor-

mation Table S1.1 in Appendix S1). Clades V and VI were only found

in the SW and SC Pacific while VII was only found at rookeries in

Japan with the exception of one haplotype found at low frequencies

in SE Asia.

The other main lineage in the tree contained clades VIII–XI
and was found distributed from the western Indian Ocean and

across to the eastern Pacific, but not in the Atlantic. Clade VIII is

a large and widespread clade with a central haplotype (CmP49)

that was common throughout the Indo‐Pacific. Clade IX–X are clo-

sely related (0.79%–1.85% sequence divergence) yet geographically

widely separated, with clade IX only observed in the central and

eastern Pacific while clade X has only been found in the NW

Indian Ocean in Oman and the Arabian Gulf. Clade XI contained

two haplotypes and was restricted to the Red Sea and Oman.

The Bayesian skyline plots of the 12 regional groups indicated dif-

ferent historical patterns. In the Atlantic, both the Mediterranean and

the South Atlantic showed relatively stable population sizes over time,

while the NW Atlantic showed a recent increase in population expan-

sion. The eastern Caribbean, on the contrary showed a recent popula-

tion decline. In the Indian and Pacific Oceans populations at the

latitudinal extremes (SW Indian Ocean, NW Indian Ocean, Japan, SW

Pacific and CS Pacific) all indicated recent population declines, while

population groups in SE Asia and the Central/eastern Pacific indicated

recent expansions (Supporting Information Figure S3.1 in Appendix S3).

4 | DISCUSSION

Using sequence data to compile the most comprehensive study to

date, we showed that a complex pattern with multiple levels of

genetic structure exists among global populations of green turtles.

Our results identified 12 regionally structured assemblages that

shared a deeper evolutionary history and have strong genetic barri-

ers among them. These regional groups varied greatly in both geo-

graphical coverage as well as in genetic diversity.

4.1 | Phylogenetic relationship, divergence times
and demographic history

In green turtles, the split between the Atlantic and the Indo‐Pacific
has been estimated at 1.5–3 Ma using RFLP mtDNA (Bowen et al.,

1992), 7.0 Ma using a combination of nuclear and mtDNA sequences

(Naro‐Maciel et al., 2008) and most recently, 3.09 Ma using whole

mitogenomic sequences (Duchene et al., 2012). In this study, the split

between the Atlantic and the Indo‐Pacific (2.34 Ma) is similar to that

of Duchene et al. (2012), which is not surprising given we use their

data as the prior to calibrate the tree. These discrepancies in diver-

gence dating highlight the uncertainty associated with estimating coa-

lescence events up to millions of years ago from a small fragment of

mtDNA. We recognize that the paucity of independent information to

calibrate the tree, as well as errors inherent with estimating molecular

clocks (e.g. Ho & Larson, 2006; Karl, Toonen, Grant, & Bowen, 2012;

Pulquério & Nichols, 2007), undermine the reliability of these methods

for obtaining absolute node ages, and emphasis should instead be

placed on looking at the estimates of relative sequence divergence.

This provides a useful way to compare major splits of lineages relative

to each other. Regardless of the method and divergence rates used

for green turtles, most of the early divergence times all fall within the

Pleistocene (2.59 Ma to 11,500 years ago), a time period that was

characterized by repeated glaciation events.

The two contrasting patterns we found between ocean basins

suggest that regional assemblages in the Atlantic/Mediterranean and

central/eastern Pacific are younger and were likely colonized by sin-

gle events, as opposed to the more complex distribution of lineages

in the Indo‐Pacific that contain older lineages whose distribution

show evidence of secondary contact between many regions. Our

findings also show that the mtDNA lineages appear to coalesce in

the Indo‐western Pacific, suggesting that this region serves as the

centre of origin for green turtles. In fact, only three of the 11

clades identified in this study are found outside the Indo‐western

Pacific. This pattern is not unexpected as the Indo‐Pacific has been

regarded as the evolutionary and distributional centre for many

tropical marine species of the world (Bowen, Rocha, Toonen, & Karl,

2013; Carpenter & Springer, 2005; Carpenter et al., 2011). This
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appears to be true for the olive ridley turtle, Lepidochelys olivacea

(Shanker, Ramadevi, Choudhury, Singh, & Aggarwal, 2004), the

leatherback turtle (Dutton, Bowen, Owens, Barragan, & Davis,

1999), and the flatback turtle, N. depressus, which is endemic to

Australia and is the closest relative to green turtles (Duchene et al.,

2012; Naro‐Maciel et al., 2008).

Within the Atlantic and Mediterranean, two clades showed very

strong geographical partitioning with a northern group (clade I),

including rookeries from the northwest Atlantic and western Carib-

bean and the Mediterranean, and a southern group (clade II) includ-

ing rookeries from across the South Atlantic. These clades coalesce

at around 0.788 Ma and the phylogenetic pattern suggest that green

turtles colonized the Atlantic Ocean in one event and then expanded

throughout the Atlantic basin (see also, Reece, Castoe, & Parkinson,

2005). The patterns of subdivision suggest that the Atlantic green

turtles survived in most likely two refugial areas, one in the South

Atlantic and one in the Caribbean, where they diverged into the two

lineages we see today and more recently recolonized the tropical

South Atlantic and the Mediterranean respectively.

While the phylogenetic split between clades in the Atlantic and

the Indian and Pacific Oceans is clear, the barrier to dispersal is not

absolute. Rookeries in the southern Mozambique Channel have a high

frequency of haplotype CmA‐8, which is the most common haplotype

in the Atlantic and is nested deep within an Atlantic lineage (clade II),

suggesting one or several recent dispersal events from the Atlantic

back into the Indian Ocean via the Cape of Good Hope (Bourjea et al.,

2007, 2015). Genetic diversity observed in SW Indian Ocean rook-

eries show admixture with genetic lineages from the Atlantic, Indian

Ocean and western Pacific co‐existing, resulting in elevated nucleotide

diversities. Most other haplotypes in the SW Indian Ocean are within

clades VI and VIII suggesting that this region was colonized from Aus-

tralasia to the east where these two clades are common and wide-

spread. The existence of the widespread lineage VIII and in particular

the distribution of the common haplotype CmP49 across the Indo‐
Pacific raises the question of whether rookeries across the Indian

Ocean are linked by contemporary gene flow or if they are the result

of infrequent historical dispersal events.

Within the Indo‐Pacific, the NW Indian Ocean (the Red Sea,

Oman and the Arabian Gulf) was highly differentiated from the rest

of the Indo‐Pacific and consists mostly of haplotypes unique to the

region. Interestingly, clade X found only in Oman and the Arabian

Gulf is most closely related to clade IX, which is only found in the

eastern Pacific, more than 13,000 km away. These two clades are

separated by only 1.4% sequence divergence and most likely share a

common ancestor within the past 0.500 Myr. This conundrum, which

was also reported by Bowen et al. (1992), may be explained by

either a historical long distance dispersal event between these two

regions or parallel evolution from the common and widespread clade

VIII that is predominant across the Indo‐Pacific.
The widespread and diverse clade VIII is found across the Indo‐

Pacific and appears to have expanded west and south into the

Indian Ocean to the east coast of Africa where haplotypes from

clade VIII are common but less diverse than in Australasia. While

there is shallow differentiation among many Australasian rookeries

and those in the SW Indian Ocean, a remarkably strong genetic bar-

rier exists between rookeries in SE Asia and east of the Torres

Strait in Australia and those located throughout Micronesia and

eastern Australia. This strong phylogeographic partitioning of lin-

eages was first noted by Dethmers et al. (2006) and additional sam-

pling from the western Pacific strongly supports this pattern

(Dutton, Jensen, Frutchey, et al., 2014; Hamabata et al., 2014; Jen-

sen et al., 2016). There is no present day physical barrier to disper-

sal across Torres Strait, but during the last glacial maximum sea

levels were 150 m below present levels and SE Asia formed one

large continuous landmass, as did Australia and New Guinea (Bar-

ber, Palumbi, Erdmann, & Moosa, 2000; Crandall et al., 2008). Dur-

ing these periods, only a narrow deep‐water channel separated

southeastern Asia from Australia/New Guinea, resulting in limited

connectivity between the Indian Ocean and the Pacific Ocean

(Bowen et al., 2016). This split is similar to other divides in faunal

composition found across SE Asia and Australia (e.g. Wallace line)

and may be explained by the biogeographical features of the region

(e.g. see Barber et al., 2000; Carpenter et al., 2011). The climatic

fluctuations during the Pleistocene affected sea levels, sea tempera-

ture and shoreline configuration and would have impacted the dis-

tribution of green turtles and other marine organisms (e.g. Amaral

et al., 2012; Blair et al., 2014; Gaither et al., 2011).

Another large break in the phylogeography exists between the

western and central/eastern Pacific. The central and eastern Pacific

region was likely colonized from the western Pacific relatively

recently (0.385 Ma) based on low sequence divergence between

clades VIII and IX (average 1.56%). Using longer sequence data, Dut-

ton, Jensen, Frey, et al. (2014) identified three subclades within the

central/eastern Pacific and proposed that the colonization of the

F IGURE 3 Bayesian phylogenetic tree inferred from the mitochondrial control region (384 bp) of green turtles, Chelonia mydas. Numbers
above branches correspond to posterior probabilities calculated in BEAST. The axis of branch lengths is given in millions of years. Vertical blue
bars denote the 95% highest posterior density intervals values estimated for tree nodes. Natator depressus was the outgroup for this analysis.
The map shows the proportions of population ancestry from each of 11 green turtle mtDNA lineages (I–XI). Pie charts on the map indicate the
relative proportion of individuals from each MU that belong to each lineage with each color corresponding to a genetic lineage. Major
evolutionarily distinct regions (grouped by dashed lines on the map) are NWATL = NW Atlantic, ECARIB = Eastern Caribbean,
MED = Mediterranean, SATL = South Atlantic, SWIO = SW Indian Ocean, NWIO = NW Indian Ocean, IP = Indo‐Pacific, JP = Japan,
CWP = Central West Pacific, SWP = SW Pacific, CSP = Central South Pacific, and C&EP = Central and Eastern Pacific. Median joining
networks for green turtle mtDNA haplotypes in each clade are also shown. The relative frequency of haplotype is reflected in the size of the
circles and the colours visualized by pie diagrams correspond to the 12 geographical groupings
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eastern Pacific followed a stepping stone model with an initial colo-

nization of the Hawaiian Islands from the western Pacific. From here,

green turtles spread east to the Revillagigedo Islands off the coast of

Mexico then to mainland Mexico, and south through Central Amer-

ica, and across to the Galapagos Islands (Dutton, Jensen, Frey, et al.,

2014). The Central and eastern Pacific is the only region where pop-

ulations belong to the same monophyletic clade. These population

are also morphologically distinct and recognized as the eastern Paci-

fic green turtle (C. mydas agassizii). It is noteworthy that the eastern

Pacific populations are completely isolated when other open ocean

barriers appear less formidable to gene flow. For example, rookeries

across the Indo‐Pacific share haplotypes (e.g. CmP49 and CmP47), as

do as rookeries across the South Atlantic (e.g. CmA‐08). The extent

of dispersal across open oceans is poorly understood for green tur-

tles, but we know that it includes at least occasional long‐distance
movements of juveniles or sub‐adults across the Pacific (Amorocho,

Abreu‐Grobois, Dutton, & Reina, 2012; Godoy, Smith, Limpus, &

Stockin, 2016; Nishizawa et al., 2014) and the Atlantic (Monzón‐
Argüello et al., 2010). However, there is no evidence that these tur-

tles stay and nest in these areas.

4.2 | Glacial refugia, admixture and hotspots of
genetic diversity

A common signature of refugial areas versus recently colonized areas

is low genetic diversity in areas that were previously unavailable,

with a small number of broadly distributed haplotypes, versus a high

diversity including “private” alleles in glacial refugia (Maggs et al.,

2008). In the Atlantic Ocean, for example, it has been proposed that

two refugial populations existed, one in the south western Atlantic

and one in the Caribbean (Encalada et al., 1996; Reece et al., 2005).

Rookeries in Cuba and Mexico have high haplotype diversity and a

high number of endemic haplotypes, suggesting that the northwest-

ern Caribbean was a refugial area, in contrast to low diversity in the

Mediterranean. The South Atlantic shows shallow structuring with a

common and widespread haplotype CmA‐08 dominating the region.

The highest number of haplotypes and private alleles was found in

West Africa (São Tomé and Príncipe) suggesting that this might have

been a refugial area, rather than the east coast of South America.

Some regions across the Indo‐Pacific are more genetically diverse

in terms of nucleotide diversity and surprisingly, these regions are

found not around the equator, but at higher latitudes of the species

distribution. In particular, rookeries in five areas showed elevated

nucleotide diversities; the northwest Pacific (Japan and Western Tai-

wan), the southwestern Pacific (East Australia, New Caledonia and

Vanuatu), the south‐central Pacific (American Samoa and French Poly-

nesia), the southwestern Indian Ocean (Mozambique Channel and

Seychelles), and the northwest Indian Ocean (Red Sea, Oman and Per-

sian Gulf). These areas are all located at latitudinal extremes and com-

prise rookeries containing haplotypes from several highly divergent

lineages in the phylogenetic tree. It is possible that these areas are

remnants of previous refugial populations of green turtles. These “ge-

netic hotspots” show not only admixture of haplotypes from widely

divergent lineages, but also contain regionally endemic lineages such

as clade V and VI in SW Pacific, clade VII in the NW Pacific and clade

X and XI in the NW Indian Ocean. It is unclear if the high percentage

of genetic diversity found at the periphery of the range is the result of

repeated immigration in response to the changes in climate and dis-

persing to suitable habitat, or diversification within those regions cou-

pled with extinction of populations outside the refugia. These refugial

areas further show evidence of past population contraction as evi-

denced by the skyline plots (Supporting Information Figure S3.1 in

Appendix S3). These patterns are in contrast to younger areas such as

the eastern Pacific and the Atlantic Ocean that seem to have under-

gone extended diversification and expansion after their colonization

(Supporting Information Figure S3.1 in Appendix S3). The broad distri-

bution of single clades in low diversity regions tells us that despite a

high degree of natal philopatry, green turtles are capable of “rapid”

population expansion and colonization. These patterns of rapid popu-

lation expansion were also seen in the skyline plots for the NW Atlan-

tic, Indo‐Pacific and the central/eastern Pacific region.

5 | CONCLUSION

In this study, we identified 12 geographically restricted regions

grouping MUs that share a deeper evolutionary history. These

regions varied tremendously in size and it was clear that some very

large regions contained many MUs and spanned entire ocean basins

(e.g. South Atlantic and Indo‐Pacific) while other regions included

only few rookeries and were geographically restricted (e.g. NW Paci-

fic, SW Pacific and NW Indian Ocean). Likewise, some regions (e.g.

South Atlantic or central/eastern Pacific) contain the majority of the

diversity of independent evolutionary lineages while other smaller

regions contain diversity from a number of highly diverged lineages

(e.g. SW Pacific, NW Pacific, NW Indian Ocean and SW Indian

Ocean). These “diversity hotspots” may be areas with an inherent

resilience to climate and sea level changes and may provide safe

havens for this and other marine species during future climate

change. However, an integrated approach is needed to better under-

stand the ecological and evolutionary settings of these hotspots.

These regional assemblages possess unique genetic variation not

found elsewhere in the world and require international conservation

efforts to maintain the evolutionary potential of the species.

ACKNOWLEDGMENTS

This work was funded in part by the National Research Council

(NRC) Research Associates Program, Ocean Associates and IFREMER

Monaco NExT Project. We also thank the two anonymous referees

and the editor for their valuable comments and suggestions that

greatly improved the manuscript.

ORCID

Michael P. Jensen http://orcid.org/0000-0003-1067-831X

868 | JENSEN ET AL.

http://orcid.org/0000-0003-1067-831X
http://orcid.org/0000-0003-1067-831X
http://orcid.org/0000-0003-1067-831X


REFERENCES

Amaral, A. R., Beheregaray, L. B., Bilgmann, K., Freitas, L., Robertson, K.

M., Sequeira, M., … Möller, L. M. (2012). Influences of past climatic

changes on historical population structure and demography of a cos-

mopolitan marine predator, the common dolphin (genus Delphinus).

Molecular Ecology, 21, 4854–4871.
Amorocho, D. F., Abreu-Grobois, F. A., Dutton, P. H., & Reina, R. D. (2012).

Multiple distant origins for green sea turtles aggregating off Gorgona

Island in the Colombian Eastern Pacific. PLoS ONE, 7, e31486.

Augustin, L., Barbante, C., Barnes, P. R. F., Barnola, J. M., Bigler, M.,

Castellano, E., … Zucchelli, M. (2004). Eight glacial cycles from an

Antarctic ice core. Nature, 429, 623–628.
Avise, J. C. (2000). Phylogeography: The history and formation of species.

Cambridge, MA: Harvard University Press.

Avise, J. C. (2009). Phylogeography: Retrospect and prospect. Journal of

Biogeography, 36, 3–15.
Bagda, E., Bardakci, F., & Türkozan, O. (2012). Lower genetic structuring

in mitochondrial DNA than nuclear DNA among the nesting colonies

of green turtles (Chelonia mydas) in the Mediterranean. Biochemical

Systematics and Ecology, 43, 192–199.
Barber, P. H., Palumbi, S. R., Erdmann, M. V., & Moosa, M. K. (2000). Bio-

geography. A marine Wallace's line? Nature, 406, 692–693.
Blair, D., McMahon, A., McDonald, B., Tikel, D., Waycott, M., & Marsh, H.

(2014). Pleistocene sea level fluctuations and the phylogeography of

the dugong in Australian waters. Marine Mammal Science, 30, 104–121.
Bourjea, J., Lapègue, S., Gagnevin, L., Broderick, D., Mortimer, J. A., Ciccione,

S., … Grisel, H. (2007). Phylogeography of the green turtle, Chelonia

mydas, in the Southwest Indian Ocean.Molecular Ecology, 16, 175–186.
Bourjea, J., Mortimer, J. a., Garnier, J., Okemwa, G., Godley, B. J.,

Hughes, G., … Muths, D. (2015). Population structure enhances per-

spectives on regional management of the western Indian Ocean

green turtle. Conservation Genetics, 16, 1069–1083.
Bowen, B. W., Gaither, M. R., DiBattista, J. D., Iacchei, M., Andrews, K.

R., Grant, W. S., … Briggs, J. C. (2016). Comparative phylogeography

of the ocean planet. Proceedings of the National Academy of Sciences

of the United States of America, 113, 7962–7969.
Bowen, B. W., & Karl, S. A. (2007). Population genetics and phylogeogra-

phy of sea turtles. Molecular Ecology, 16, 4886–4907.
Bowen, B. W., Meylan, A. B., Ross, J. P., Limpus, C. J., Balazs, G. H., &

Avise, J. C. (1992). Global population structure and natural history of

the green turtle (Chelonia mydas) in terms of matriarchal phylogeny.

Evolution, 46, 865–881.
Bowen, B. W., Rocha, L. A., Toonen, R. J., & Karl, S. A. (2013). The origins

of tropical marine biodiversity. Trends in Ecology & Evolution, 28, 359–
366.

Carpenter, K. E., Barber, P. H., Crandall, E. D., Ablan-Lagman, M. A., Car-

men, A., Mahardika, G. N., … Toha, A. H. A. (2011). Comparative

phylogeography of the coral triangle and implications for marine man-

agement. Journal of Marine Biology, 2011, 1–14.
Carpenter, K. E., & Springer, V. G. (2005). The center of the center of

marine shore fish biodiversity: The Philippine Islands. Environmental

Biology of Fishes, 72, 467–480.
Cheng, I.-J., Dutton, P. H., Chen, C.-L., Chen, H.-C., Chen, Y.-H., & Shea,

J.-W. (2008). Comparison of the genetics and nesting ecology of two

green turtle rookeries. Journal of Zoology, 276, 375–384.
Clark, P. U., Dyke, A. S., Shakun, J. D., Carlson, A. E., Clark, J., Wohlfarth, B.,

… McCabe, A. M. (2009). The last glacial maximum. Science, 325, 710–
714.

Coates, A. G., & Obando, J. A. (1996). The geologic evolution of the Cen-

tral American Isthmus. In J. B. C. Jackson, A. F. Budd, & A. G. Coates

(Eds.), Evolution and environment in tropical America (pp. 21–56). Chi-
cago, IL: University of Chicago Press.

Crandall, E. D., Jones, M. E., Muñoz, M. M., Akinronbi, B., Erdmann, M.

V., & Barber, P. H. (2008). Comparative phylogeography of two

seastars and their ectosymbionts within the coral triangle. Molecular

Ecology, 17, 5276–5290.
Dethmers, K. E. M., Broderick, D., Moritz, C., FitzSimmons, N. N., Limpus,

C. J., Lavery, S., … Kennett, R. (2006). The genetic structure of Aus-

tralasian green turtles (Chelonia mydas): Exploring the geographical

scale of genetic exchange. Molecular Ecology, 15, 3931–3946.
Drummond, A. J., Suchard, M., Xie, D., & Rambaut, A. (2012). Bayesian

phylogenetics with BEAUti and the BEAST 1.7. Molecular Biology and

Evolution, 29, 1969–1973.
Duchene, S., Frey, A., Alfaro-Núñez, A., Dutton, P. H., Gilbert, M. T. P., &

Morin, P. A. (2012). Marine turtle mitogenome phylogenetics and

evolution. Molecular Phylogenetics and Evolution, 65, 241–250.
Dupanloup, I., Schneider, S., & Excoffier, L. (2002). A simulated annealing

approach to define the genetic structure of populations. Molecular

Ecology, 11, 2571–2581.
Dutton, P. H., Bowen, B. W., Owens, D. W., Barragan, A., & Davis, S. K.

(1999). Global phylogeography of the leatherback turtles (Der-

mochelys coriacea). Journal of Zoology, 248, 397–409.
Dutton, P. H., Jensen, M. P., Frey, A., LaCasella, E., Balazs, G. H., Zárate, P.,

… Velez, E. (2014). Population structure and phylogeography reveal

pathways of colonization by a migratory marine reptile (Chelonia mydas)

in the central and eastern Pacific. Ecology and Evolution, 4, 3417–3431.
Dutton, P. H., Jensen, M. P., Frutchey, K. P., Frey, A., LaCasella, E. L.,

Balazs, G. H., … Tatarata, M. (2014). Genetic stock structure of green

turtle (Chelonia mydas) nesting populations across the Pacific islands.

Pacific Science, 68, 451–464.
Encalada, S. E., Lahanas, P. N., Bjorndal, K. A., Bolker, B., Miyamoto, M. M., &

Bowen, B. W. (1996). Phylogeography and population structure of the

Atlantic and Mediterranean green turtle Chelonia mydas: A mitochondrial

DNA control region sequence assessment.Molecular Ecology, 5, 473–483.
Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: A new ser-

ies of programs to perform population genetics analyses under Linux

and Windows. Molecular Ecology Resources, 10, 564–567.
Formia, A., Godley, B. J., Dontaine, J.-F., & Bruford, M. W. (2006). Mito-

chondrial DNA diversity and phylogeography of endangered green

turtle (Chelonia mydas) populations in Africa. Conservation Genetics, 7,

353–369.
Gaither, M. R., Bowen, B. W., Bordenave, T.-R., Rocha, L. A., Newman, S.

J., Gomez, J. A., … Craig, M. T. (2011). Phylogeography of the reef

fish Cephalopholis argus (Epinephelidae) indicates Pleistocene isolation

across the Indo‐Pacific Barrier with contemporary overlap in The

Coral Triangle. BMC Evolutionary Biology, 11, 189.

Godoy, D. A., Smith, A. N. H., Limpus, C., & Stockin, K. A. (2016). The

spatio-temporal distribution and population structure of green turtles

(Chelonia mydas) in New Zealand. New Zealand Journal of Marine and

Freshwater Research, 50, 549–565.
Hamabata, T., Kamezaki, N., & Hikida, T. (2014). Genetic structure of

green turtle (Chelonia mydas) peripheral populations nesting in the

northwestern Pacific rookeries: Evidence for northern refugia and

postglacial colonization. Marine Biology, 161, 495–507.
Hamabata, T., Nishida, S., Kamezaki, N. I., & Koike, H. (2009). Genetic

structure of populations of the green turtle (Chelonia mydas) in Japan

using mtDNA control region sequences. Bulletin of the Graduate

School of Social and Cultural Studies, Kyushu University, 15, 35–50.
Hewitt, G. M. (1999). Post‐glacial re‐colonization of European biota. Bio-

logical Journal of the Linnean Society, 68, 87–112.
Hickerson, M. J., Carstens, B. C., Cavender-Bares, J., Crandall, K. A., Gra-

ham, C. H., Johnson, J. B., … Yoder, A. D. (2010). Phylogeography's
past, present, and future: 10 years after Avise, 2000. Molecular Phylo-

genetics and Evolution, 54, 291–301.
Ho, S. Y. W., & Larson, G. (2006). Molecular clocks: When times are a‐

changin. Trends in Genetics, 22, 79–83.
Hofreiter, M., & Stewart, J. (2009). Ecological change, range fluctuations

and population dynamics during the Pleistocene. Current Biology, 19,

R584–R594.

JENSEN ET AL. | 869



Jensen, M. P., Bell, I. P., Limpus, C. J., Hamann, M., Ambar, S., Whap, T.,

… FitzSimmons, N. N. (2016). Spatial and temporal genetic variation

among size classes of green turtles (Chelonia mydas) provides infor-

mation on oceanic dispersal and population dynamics. Marine Ecology

Progress Series, 543, 241–256.
Jensen, M. P., FitzSimmons, N. N., & Dutton, P. H. (2013). Molecular

genetics of sea turtles. In J. Wyneken, K. J. Lohmann, & J. A. Musick

(Eds.), The biology of sea turtles, vol. 3 (pp. 135–154). Boca Raton, FL:

CRC Press.

Karl, S. A., Toonen, R. J., Grant, W. S., & Bowen, B. W. (2012). Common

misconceptions in molecular ecology: Echoes of the modern synthe-

sis. Molecular Ecology, 21, 4171–4189.
Keane, T. M., Creevey, C. J., Pentony, M. M., Naughton, T. J., & McIner-

ney, J. O. (2006). Assessment of methods for amino acid matrix

selection and their use on empirical data shows that ad hoc assump-

tions for choice of matrix are not justified. BMC Evolutionary Biology,

6, 29.

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock,

S., … Drummond, A. (2012). Geneious Basic: An integrated and

extendable desktop software platform for the organization and analy-

sis of sequence data. Bioinformatics, 28, 1647–1649.
Lahanas, P. N., Miyamoto, M. M., Bjorndal, K. A., & Bolten, A. B. (1994).

Molecular evolution and population genetics of Greater Caribbean

green turtles (Chelonia mydas) as inferred from mitochondrial DNA

control region sequences. Genetica, 94, 57–66.
Lessios, H. A. (2008). The Great American Schism: Divergence of marine

organisms after the rise of the Central American Isthmus. Annual

Review of Ecology, Evolution, and Systematics, 39, 63–91.
Maggs, C., Castilho, R., Foltz, D., Henzler, C., Jolly, M. T., Kelly, J., …

Wares, J. (2008). Evaluating signatures of glacial refugia for North

Atlantic benthic marine taxa. Ecology, 89, S108–S122.
Monzón-Argüello, C., Lopez-Jurado, L. F., Rico, C., Marco, A., Lopez, P.,

Hays, G., & Lee, P. L. M. (2010). Evidence from genetic and Lagran-

gian drifter data for transatlantic transport of small juvenile green

turtles. Journal of Biogeography, 37, 1752–1766.
Moritz, C. (1994). Defining “Evolutionarily Significant Units” for conserva-

tion. Trends in Ecology & Evolution, 9, 373–375.
Naro-Maciel, E., Le, M., FitzSimmons, N. N., & Amato, G. (2008). Evolu-

tionary relationships of marine turtles: A molecular phylogeny based

on nuclear and mitochondrial genes. Molecular Phylogenetics and Evo-

lution, 49, 659–662.
Naro-Maciel, E., Reid, B. N., Alter, S. E., Amato, G., Bjorndal, K. A., Bolten,

A. B., … Pineda-Catalan, O. (2014). From refugia to rookeries: Phylo-

geography of Atlantic green turtles. Journal of Experimental Marine

Biology and Ecology, 461, 306–316.
Nishizawa, H., Abe, O., Okuyama, J., Kobayashi, M., & Arai, N. (2011).

Population genetic structure and implications for natal philopatry of

nesting green turtles Chelonia mydas in the Yaeyama Islands, Japan.

Endangered Species Research, 14, 141–148.
Nishizawa, H., Naito, Y., Suganuma, H., Abe, O., Okuyama, J., Hirate, K., …

Arai, N. (2013). Composition of green turtle feeding aggregations along

the Japanese archipelago: Implications for changes in composition with

current flow. Marine Biology, 160, 2671–2685.
Nishizawa, H., Narazaki, T., Fukuoka, T., Sato, K., Hamabata, T., Kinoshita,

M., & Arai, N. (2014). Juvenile green turtles on the northern edge of

their range: mtDNA evidence of long‐distance westward dispersals in

the northern Pacific Ocean. Endangered Species Research, 24, 171–179.
Norman, J. A., Moritz, C., & Limpus, C. J. (1994). Mitochondrial DNA con-

trol region polymorphisms: Genetic markers for ecological studies of

marine turtles. Molecular Ecology, 3, 363–373.
Perneger, T. V. (1998). What's wrong with Bonferroni adjustments. BMJ,

316, 1236–1238.
Pulquério, M. J. F., & Nichols, R. A. (2007). Dates from the molecular clock:

How wrong can we be? Trends in Ecology & Evolution, 22, 180–184.

Reece, J. S., Castoe, T. A., & Parkinson, C. L. (2005). Historical perspec-

tives on population genetics and conservation of three marine turtle

species. Conservation Genetics, 6, 235–251.
Schultz, J. K., Feldheim, K. A., Gruber, S. H., Ashley, M. V., McGovern, T.

M., & Bowen, B. W. (2008). Global phylogeography and seascape

genetics of the lemon sharks (genus Negaprion). Molecular Ecology,

17, 5336–5348.
Seminoff, J. A., Allen, C. D., Balazs, G. H., Dutton, P. H., Eguchi, T.,

Haas, H., … Waples, R. (2015). Status review of the green

turtle (Chelonia mydas) under the U.S. Endangered Species

Act. NOAA Technical Memorandum, NOAA-NMFS-SWFSC-539.

571 pp.

Shamblin, B. M., Bolten, A. B., Bjorndal, K. A., Dutton, P. H., Nielsen, J.

T., Abreu-Grobois, F. A., … Nairn, C. J. (2012). Expanded mitochon-

drial control region sequences increase resolution of stock structure

among North Atlantic loggerhead turtle rookeries. Marine Ecology Pro-

gress Series, 469, 145–160.
Shanker, K., Ramadevi, J., Choudhury, B. C., Singh, L., & Aggarwal, R. K.

(2004). Phylogeography of olive ridley turtles (Lepidochelys olivacea)

on the east coast of India: Implications for conservation theory.

Molecular Ecology, 13, 1899–1909.
Szpiech, Z. A., Jakobsson, M., & Rosenberg, N. A. (2008). ADZE: A rar-

efaction approach for counting alleles private to combinations of

populations. Bioinformatics, 24, 2498–2504.
Teske, P. R., derVon Heyden, S., McQuaid, C. D., & Barker, N. P. (2012).

A review of marine phylogeography in southern Africa. South African

Journal of Science, 107(5/6), 43–53.
Yang, Z. (1993). Maximum‐likelihood estimation of phylogeny from DNA

sequences when substitution rates differ over sites. Molecular Biology

and Evolution, 10, 1396–1401.

BIOSKETCH

Michael P. Jensen is a research biologist with Ocean Associates,

Inc. This work was carried out during his time as a National

Research Council post‐doctoral fellow with the Marine Mammal

& Turtle Division at the Southwest Fisheries Science Center,

NOAA. His research interest include population genetics, ecology

and conservation of marine species, with a special focus on mar-

ine turtles.

Author contributions: All authors contributed to the ideas and

the writing; M.P.J. conducted the analyses and led the writing.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Jensen MP, FitzSimmons NN,

Bourjea J, Hamabata T, Reece J, Dutton PH. The evolutionary

history and global phylogeography of the green turtle

(Chelonia mydas) . J Biogeogr. 2019;46:860–870.
https://doi.org/10.1111/jbi.13483

870 | JENSEN ET AL.

https://doi.org/10.1111/jbi.13483

