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The green turtle, Chelonia mydas, is a migratory marine species with a

circumglobal distribution in tropical and temperate waters. Its natal homing

behavior leads to a complex genetic structure with genetically differentiated

populations that breed separately and mix within the same foraging grounds.

Delineating the boundaries of these populations and their connectivity to feeding

grounds is important for the management of this species, classified as

endangered on the IUCN red list. Here, we examined the genetic structure and

the origin of the green turtle in French Polynesia with 239 samples collected

during nesting or hatchling events and 204 samples collected outside of nesting

events, across 21 islands. Amplification of the 770pb mtDNA control region

fragment, the standard base used to characterize haplotype diversity in this

species, revealed 23 haplotypes including three novel ones, belonging to 6

different lineages. Haplotype diversity in the rookeries was 0.615, and

nucleotide diversity was 0.019, values similar to those in the North West Pacific

and Western Indian Oceans, two regions recognized as genetic diversity

hotspots for C. mydas. The genetic structure between the Leeward and

Windward Islands of the Society archipelago was found to be significant with

pairwise Fst index and jst distance. Island groups (Windward Islands, Leeward

Islands, Tuamotu) were genetically different from all other identified Pacific

management units, with a weak differentiation between American Samoa and

Leeward Islands. A mixed-stock analysis for the French Polynesian mixture

revealed an exclusive contribution from the French Polynesian rookeries, with

negligible input from the other Pacific populations. This study provides the first

assessment of the genetic structure of green turtle populations within French

Polynesia and fills an essential data gap regarding the genetic diversity of the

species and its connectivity to other feeding grounds in the Pacific Ocean. The
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French Polynesian populations appear to be important contributors to the overall

genetic diversity of the species, isolated from other Pacific populations, thus

making them essential within the Pacific region. These results have important

implications for the conservation of the species at both local and regional scales.
KEYWORDS
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1 Introduction

The green turtle, Chelonia mydas, is a migratory marine reptile

with a global distribution in both tropical and temperate waters.

The species arose about 34 million years ago, and its populations

have declined over the past century. The green turtle is now listed as

globally Endangered (EN) by the International Union for the

Conservation of Nature (Seminoff, 2004). Consumption of meat

and eggs and commercial use of its shell are the principal threats to

its populations worldwide. Indirect threats such as incidental takes

in fisheries, habitat degradation, and pollution also contribute to

population decline (Seminoff et al., 2015).

Green turtle post-hatchlings spend the first years of their life in

the epipelagic habitat where they are thought to disperse with the

currents (Bolten, 2003). After 5 to 10 years (known as the “lost

years”, Hughes (1970)) as they become larger, they recruit into

neritic habitats that serve as foraging grounds (Bolten, 2003). When

juveniles first recruit to foraging grounds in the Pacific Ocean, their

curved carapace length (CCL) is between 35-40 cm (Limpus et al.,

2005). Next, they may shift through a succession of developmental

habitats (Musick and Limpus, 1997; Hamabata et al., 2016) or stay

in the same foraging ground upon reaching sexual maturity

(Limpus, 2008). Once chosen based on drivers that are currently

unknown, they exhibit strong fidelity to foraging grounds (Read

et al., 2014). Sexual maturity is reached after about 20 years, at a size

of approximately 85 cm CCL (Bjorndal et al., 2013; Phillips et al.,

2021). Reproduction may occur near foraging grounds or close to

natal beaches, and females then periodically migrate back to their

natal rookeries to nest (FitzSimmons et al., 1997; López-Castro

et al., 2010; Wyneken et al., 2013). The natal homing behavior of

females leads to a complex genetic structure worldwide and has

been used to determine a population’s boundaries (i.e. genetic units)

based on the differences in the mitochondrial DNA (mtDNA)

control region fragment (Bowen and Karl, 2007; Jensen et al.,

2013). Associated with other biological and ecological

characteristics, populations are grouped for conservation purposes

into Regional Management Units (RMUs) at a global scale, which

contain populations that are phylogeographically related to each

other (Wallace et al., 2010). These RMUs are composed of several

distinct Management Units (MUs), which are groups of rookeries

that are demographically and genetically independent with little

immigration, at least by reproductive females from other rookeries

(Dutton et al., 2014a). Delineating the boundaries of MUs and
02
identifying those in need of protection is thus important to adapt

management scales to preserve the genetic diversity of the species. It

also serves as a reference dataset to determine the natal origin of

turtles sampled outside nesting events (Jensen et al., 2013). Several

populations usually mix on the foraging grounds where they are

exposed to high threats (Bowen et al., 1992; Bjorndal and Bolten,

2008). Identifying the connectivity between MUs and foraging

grounds is thus important to better assess the threats to green

turtle populations in their different habitats and to improve the

conservation and management of the species.

In the Pacific Ocean, efforts to describe MUs and their relative

contribution to mixed stocks on foraging grounds have intensified in

recent years. For green turtles, 35 distinct MUs have been identified

including 29 in the Indo-Pacific (Jensen et al., 2016; Nishizawa et al.,

2018), 5 in the Central North and Eastern Pacific (Dutton et al., 2014a;

Chaves et al., 2017), and 1 in Japan (Hamabata et al., 2014). The

contribution of these MUs to several foraging grounds was studied,

including in Australia (Jensen et al., 2016), Malaysia (Nishizawa et al.,

2018), New Caledonia (Read et al., 2015), Fiji (Piovano et al., 2019),

North and South America (Dutton et al., 2014b; Chaves et al., 2017;

Álvarez-Varas et al., 2022), Palmyra Atoll (Naro-Maciel et al., 2014),

and Japan (Nishizawa et al., 2013). However, some regions remain

largely understudied. To date, French Polynesia, a large complex of

islands isolated in the middle of the Pacific Ocean, has been

represented in Pacific stock structure and mixed stock analyses by

only 9 individuals from a single island, accounting for 2 haplotypes

(e.g. Dutton et al., 2014b; Jensen et al., 2016; Piovano et al., 2019).

Nonetheless, this limited sampling allowed French Polynesia and the

neighboring islands of American Samoa to be considered distinct

MUs (Dutton et al., 2014b). French Polynesia is composed of 118

islands distributed over an exclusive economic zone of 5 million sq.

km, a surface as wide as Europe. The green turtle population was first

estimated at 1000 annually breeding females, although an updated

assessment is needed (Groombridge and Luxmoore, 1989; Seminoff

et al., 2015). Nesting is known to occur on several islands, mainly

Tetiaroa, Mopelia, and Scilly (Balazs et al., 1995; Touron et al., 2018),

which are hundreds of kilometers apart, and there have been more

recent reports of nesting in other Polynesian islands. A population

decline was documented between the 1950s and the 1970s (Maison

et al., 2010), and although the species is now protected under the

Environment Code of French Polynesia, it still suffers from poaching.

The genetic structure and the origin of individuals encountered in

water have yet to be assessed for the territory. Boissin et al. (2019)
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started filling this huge data gap by analyzing the mtDNA control

region of 97 individuals from 4 islands, but their sampling was too

limited for an accurate description of genetic structure.

In this study, we describe the genetic structure and diversity of

green turtles in French Polynesia based on 443 samples collected

throughout the territory. We investigate the structure between

French Polynesia and the other MUs in the Pacific Ocean and

analyse their contribution to the French Polynesian mixture of in-

water sampled individuals. This constitutes the most complete

genetic assessment of green turtles in French Polynesia to date

and provides an important contribution to our understanding of its

genetic structure and its connection at the scale of the Pacific Ocean.
2 Material and methods

2.1 Study area and data collection

Skin and muscle tissues were collected from Chelonia mydas

specimens across 21 islands and atolls of French Polynesia between

2005 and 2021 (Figure 1). Tissues were sampled from nesting females

and hatchlings (known maternal origin), as well as free-swimming

turtles, and from individuals seized from poaching (origin to

be determined). In total, 443 specimens including 136 adults,

103 hatchlings, 85 juveniles, and 119 of unknown maturity stage

were used for this study. Animals were classified as “adults” when their

curved carapace length was larger than 85cm (Bjorndal et al., 2013;

Phillips et al., 2021), “hatchlings”when sampled from nests, “juveniles”

otherwise, and “unknown” when no information about the size was

available. Juvenile size ranged from 7.8 to 78 cm, and adult size ranged

from 85 to 115 cm. Samples collected and processed by Boissin et al.

(2019) are included in this study (n=97). For structure andmixed stock

analyses, the samples were divided into two datasets. The first included

only individuals from known origin, i.e. nesting females and hatchlings
Frontiers in Marine Science 03
(n=239). Nesting females were assumed to have originated from the

island where they were sampled (Bowen and Karl, 2007). This dataset

is referred to as the baseline population. As offspring share the same

mtDNA as their mother, and to avoid double counting, the DNA from

only one hatchling per identified nest was considered and sequenced,

unless the mother was identified (in which case only her DNA was

sequenced). When hatchlings were from different nests with the same

identified mother, only the mother was sequenced. When two

hatchlings were sampled on the same date and location with no nest

information reported, they were considered potential siblings, and only

one was kept in the dataset. We recognize that hatchlings from

different dates may still be siblings, as turtles can nest several times

in one season. Although, the probability of such an occurrence is low

in our dataset due to the limited sampling size in most of the islands

(Table 1). On Tetiaroa and Mopelia, islands with the largest sample,

most often females were sampled. On these islands, nesting females

were marked with flipper tags on the first encounter to avoid

resampling within and across seasons. The second dataset included

juveniles and individuals of unknown maturity stages (n=204). This

dataset is referred to as the mixture. These individuals were

occasionally found in the lagoons and barrier reefs around 21

islands across the Society and Tuamotu archipelagos and were

sometimes injured or poached. Individuals from unknown maturity

stages were mostly found on islands with little recorded nesting

activity. However, few of them may correspond to breeding adults.

For this reason, the origin of the mixture was determined both with

and without individuals from unknown maturity stages.
2.2 Molecular analyses

Total genomic DNA was extracted using the QIAamp 96 DNA

QIAcube HT kit and the QIAcube HT DNA extraction robot

(QIAGEN GmbH, Hilden, Germany) following the manufacturer’s
FIGURE 1

Sampling locations of green turtles in French Polynesia. Numbers indicate the number of samples from each island. Dashed lines separate the three
main island groups. The shaded area represents the extent of the mixture sampling locations.
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TABLE 1 Genetic diversity parameters and haplotype frequencies for green turtle rookeries and mixture of French Polynesia (FP).
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protocol. The first step was modified as follows: 1 mm2 of tissue was

digested in 200 µL of digestion buffer with 20% Proteinase K

(QIAGEN) and left at 56°C overnight. DNA samples were

amplified by PCR on an 800bp fragment of the mitochondrial

DNA (mtDNA) control region using the primer pair LCM15382

(5 ’-GCTTAACCCTAAAGCATTGG-3 ’ ) and H950 (5 ’-

GTCTCGGATTTAGGGGTTT-3’) (Abreu-Grobois et al., 2006).

The PCR reaction was performed in a final volume of 29µL

containing 2.5µL of Buffer 10X, 1.25µL of MgCl2 (25mM), and

0.5µL of Taq polymerase (5U/µL) from the Taq PCR Core Kit

(QIAGEN), 3µL of dNTP mix (100mM), 0.4µL of each primer

(10µM), 17.3µL of ultrapure water (SIGMA), and 4µL of template

DNA (10-30µM). The PCR parameters included an initial denaturing

step at 94°C for 5 min and then 35 cycles at 94°C for 45 s, 52°C for 45

s, 72°C for 45 s and then a final extension step at 72°C for 5 min. PCR

amplicons were sequenced using the external service provider

GenoScreen (Lille, France). Sequences were aligned using the

ClusterW algorithm implemented in MEGA v7.0 (Kumar et al.,

2016). Haplotypes were identified using BLAST against the

GenBank database (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.3 Genetic diversity and spatial genetic
structure within French Polynesia

Haplotype frequency, haplotype and nucleotide diversities were

calculated using Arlequin v3.5.2.2 (Excoffier and Lischer, 2010). To

investigate spatial genetic structure in French Polynesia, conventional

haplotype-based fixation index Fst and jst distances based on pairwise

difference distance matrix were calculated between the three most

sampled islands (Tetiaroa, n=177; Mopelia, n=24; Moorea, n=13). To
Frontiers in Marine Science 05
extend the analytical power, the sequences from the other islands were

then included in Fst and jst calculations. The sequences were grouped
into the three main island groups belonging to 2 different archipelagos

separated by more than 200km (Windward Islands, n= 191; Leeward

Islands, n=41, in the Society Archipelago; Tuamotu Archipelago, n=7).

The calculations were performed on the baseline dataset using Arlequin

v3.5.2.2 with 1000 permutations. To decrease the genetic variance due

to the difference in sampling size between Tetiaroa and the other

islands, 3 random sub-samplings of Tetiaroa were created and Fst and

jst were also calculated between these, Mopelia, and Moorea.

Bonferroni correction for multiple tests was applied on p_values.

2.4 Mixed stock analysis (MSA)

To determine the origin of the French Polynesian mixture, all of

the management units (MUs) from the Pacific Ocean were considered,

and their haplotype frequencies were retrieved from Chaves et al.

(2017), Dutton et al (Dutton et al., 2014a; Dutton et al., 2014b; Dutton

et al., 2018), Hamabata et al. (2014); Jensen et al. (2016); Nishizawa

et al. (2018) (Figure 2; Supplementary Material S1). In French

Polynesia, two scenarios were explored. First, based on the genetic

structure revealed in this study, 3 source populations with one in each

main island group were considered (Leeward Islands, Windward

Islands, and Tuamotu). Next, as Tetiaroa was the largest and most

sampled source rookery in French Polynesia, 2 source populations, one

in Tetiaroa and one which included the rest of the islands, were

investigated to explore the relative contribution of Tetiaroa and the

other islands to the mixture. Fst was calculated between the source

populations of French Polynesia and the MUs in the rest of the Pacific

Ocean to ensure that the genetic structure is significant and to avoid
FIGURE 2

Regional map of the green turtle management units in the Pacific Ocean. Grey areas represent the management units used for the baseline of the
mixed-stock analysis. The main current flows are represented with grey arrows. Dashed lines represent the regional management units (RMU)
(Wallace et al., 2010). INE, Indian Northeast; ISE, Indian Southeast; WPSA, West Pacific South Asia; PNW, Pacific Northwest; PWC, Pacific West
Central; PSW, Pacific Southwest; PNC, Pacific North Central; PSC, Pacific South Central; PE, Pacific East.
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any bias in the MSA. The R package rubias (Moran and Anderson,

2019) was used to perform the MSA. First, simulations were run to

evaluate the accuracy of mixing proportion estimates for the mixture.

For each baseline scenario, several sets of 40 simulations with 200

individuals in the mixture were performed with the leave-one-out

cross-validation method, which improves accuracy estimates

(Anderson et al., 2008). The method draws 200 individuals from the

baseline to constitute a mixture in which the contribution of each MU

is known. These contributions are then calculated with Conditional

Bayesian MSA based on the haplotype frequency of each MU. Known

contributions were plotted against calculated contributions to assess the

accuracy of MSA calculations. Each set of simulations was run with a

different prior parameter that assigned different weights to the MUs

from which the 200 individuals were sampled according to i) MU size

(i.e. estimated number of nesters), ii) MU distance from the mixture,

and iii) both the size and the distance. The size prior was defined to be

ps = s/smax, with s being the size of the MU and smax the size of the

largest MU of the dataset. Population sizes were those defined in Balazs

et al. (2015) (Hawaii), Seminoff et al. (2015) (East Pacific MUs), and

Hamabata et al. (2014) (Japan), and those used in Jensen et al. (2016)

and Nishizawa et al. (2018) for the other rookeries. In French

Polynesia, a population size of 1350 breeding females over the

sampling period was adopted based on estimates provided in the

available literature, and distributed as follows: 850 individuals in the

Windward Islands including 800 in Tetiaroa, 400 in the Leeward

Islands, and 100 in the Tuamotu archipelago (Craig et al., 2004;

Seminoff et al., 2015; Touron et al., 2018; Laloë et al., 2020). The

Windward Islands are thought to host the majority of French

Polynesia’s nesters. The distance prior was set as pd = dmax/d, with d

as the MU distance to the mixture and dmax as the distance of the

furthest MU to the mixture. The southernmost tip of Fakarava atoll

was arbitrarily considered as the center of the mixture and distances to

the centers of source populations and MUs were calculated from that

point. The last prior was a combination of these two, psd = ps x pd, and

one set was run without prior (i.e. equal weight was assigned to all

MUs). Conditional Bayesian MSA was then performed on the real

mixture with these different priors. First, it was performed on juveniles

only (n=85), then on the total mixture (n=204). For each prior, five

Markov chain Monte Carlo (MCMC) chains of 150’000 iterations and

burn-in of 50’000 were run starting at different values of proportions

such that 90% of the mixture came from either a Polynesian source

population or the American Samoan MU, and the remaining 10% was

equally distributed among the other MUs. Chain convergence was

tested with the Gelman-Rubin diagnostic implemented in the diag

function of the R package coda (Plummer et al., 2006). All of the values

were below 1.2, which indicates convergence to a single posterior

distribution (Gelman and Rubin, 1992).
3 Results

3.1 Haplotype diversity in French Polynesia

A total of 23 haplotypes were identified with the 770pb mtDNA

control region fragment from 443 green turtle individuals (Table 1). In

the nesting population (baseline population), 14 haplotypes were
Frontiers in Marine Science 06
identified from 239 samples. In the mixture, 204 samples

corresponded to 20 haplotypes. In both groups, CmP65.1 was the

most abundant haplotype, representing 58.9% of all sequences in the

baseline population and 41.1% in the mixture. The second haplotype,

CmP22.1, represented 17.1% and 28.4% of all sequences in the baseline

population and mixture respectively. CmP97.1 counted for 10.3% of

the sequences in the mixture and only 0.8% in the baseline population.

CmP65.1 was previously found at low frequency in the Marshall

Islands and American Samoa rookeries, CmP65.1 belongs to clade

VI (Supplementary Figure 1), which is mostly restricted to the Central

South Pacific (Jensen et al., 2019). Haplotypes CmP56.1, CmP85.1, and

CmP65.2 also belong to clade VI, which represented 59% of our total

sample. CmP22.1 was dominant in American Samoa, moderate in the

Marshall Islands, and found at low frequency in Micronesia (Jensen

et al., 2016). This haplotype belongs to clade III, which represented an

additional 31% of our total sample. CmP97.1 was an orphan haplotype

(never linked with any rookery) (Naro-Maciel et al., 2014; Chaves et al.,

2017; Álvarez-Varas et al., 2022). The other 20 haplotypes each

accounted for less than 5% of the sequences in both the baseline and

the mixture populations. Three haplotypes, CmP65.3, CmP271.1, and

CmP272.1 are described here for the first time (GenBank accession

numbers: OQ683229-OQ683231). All of the haplotypes were closely

related to CmP65.1 (Supplementary Figure 1). CmP271.1 is

characterized by a 4bp indel and was found in 9 individuals, and

CmP65.3 and CmP272.1 are characterized by one transition and were

found in one individual.

Haplotype diversity was moderate (h = 0.615) and nucleotide

diversity was high (pi = 0.019) in the nesting populations indicating the

abundance of genetically distinct haplotypes (Table 1). Haplotype and

nucleotide diversity were lower in the Windward Islands than in the

two other groups, and the mixture had a higher haplotype and

nucleotide diversity than the rookeries (h = 0.7383, pi = 0.0248). The

mixture also had a higher number of haplotypes, 9 of which were not

found in the rookeries. Eight were found on a single individual, and one

was found on 3 individuals, indicating the presence of rare haplotypes

in French Polynesia. Among these, CmP44.1, CmP44.4, and CmP85.1

are abundant in the northern Great Barrier Reef and western New

Caledonia rookeries (Jensen et al., 2016), CmP32.1 and CmP67.1 have

so far been found exclusively in the Marshall Islands and Micronesia

rookeries (Jensen et al., 2016), and CmP4.6 is from the Central and

Eastern Pacific lineage and found in Eastern Pacific rookeries (Dutton

et al., 2014a; Chaves et al., 2017). Three haplotypes were orphan (i.e.

never found in any rookery): CmP65.3 is described here for the first

time, CmP186.1 was previously found in low frequency in Australian

foraging grounds (Jensen et al., 2016), and CmP109.1 was found on 1

individual in Palmyra Atoll (Naro-Maciel et al., 2014) and 1 individual

in the Easter Island foraging aggregation (Álvarez-Varas et al., 2022).
3.2 Spatial genetic structure within
French Polynesia

Genetic differentiation indices Fst and jst were first calculated

between the islands of Tetiaroa, Moorea, and Mopelia, as these sites

included enough samples to conduct the analysis (n > 10). Fst and

jst were low and not significant after Bonferroni correction for
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multiple tests (Table 2) (jst was significant between Mopelia and

Tetiaroa before the correction). When using random sub-sampling

on Tetiaroa, Fst and jst were again non-significant between the

islands (Table 2). The other islands were then included (n < 10 for

each island), and pooled together according to the main island

groups. Both Fst and jst were significant between the Leeward

Islands and Windward islands indicating a genetic differentiation

between the two island groups of the Society archipelago (Fst = 0.097

and jst = 0.141, p_value < 0.001). No significant differentiation was

found with the Tuamotu archipelago, which had a low number of

samples (n=7) (Table 2). Thus, at least two genetically distinct

populations are present in French Polynesia, one nesting in the

Leeward Islands and one nesting in the Windward Islands of the

Society archipelago. The small sample size in the Tuamotu

archipelago did not allow for the detection of a distinct

population in this archipelago.
3.3 Mixed-stock analysis

As significant genetic differentiation was observed between island

groups in French Polynesia, MSA was first run considering 3 source

populations for the following areas: Leeward Islands, Windward

Islands, and Tuamotu. Although Tuamotu was not significantly

different from the other French Polynesian source populations, it

was kept as a separate source population considering its geographical

distance and geological differences. The Leeward Islands and

American Samoa had a low genetic difference at the significance

threshold limit (Fst = 0.063, p_value = 0.064, Table 3), and were also

kept as different source populations. The Leeward Islands, the

Windward Islands, and the Tuamotu archipelago were genetically

different from all of the other Pacific management units (MUs), with

most of the p_values lower than 0.001, indicating strong

significance (Table 3).

Furthermore, the simulations showed that regardless of which

prior was used, the contributions of the Tuamotu and Leeward

Islands to the French Polynesian mixture were underestimated,
Frontiers in Marine Science 07
likely due to limited sampling (Figure 3A, Supplementary Material

S2). The contribution from the Windward Islands was more

accurately estimated with the population size prior and the

combined prior (size x distance), and overestimated with the

distance and flat priors. The results of the MSA showed that only

French Polynesian source populations contributed significantly to

the mixture in French Polynesia. Overall, the contribution of the

Windward Islands ranged from 90.8% to 93.5% (confidence interval

from 82.0% to 99.1%) with flat, population, size, and combined

priors (Figure 4A). All of the other contributions were negligible,

with a confidence interval including 0% (See Supplementary

Material S3 for details). The distance prior was the only prior to

detect a significant contribution of the Tuamotu (15.5%, conf. int.

11.0% to 20.7%) and the Leeward Islands (13.5%, conf. int. 8.2% to

19.7%), in addition to the Windward Islands (39.6%, conf. int.

32.0% to 47.2%). Mixtures that included juveniles only

(Supplementary Material S3) or juveniles and individuals from an

unknown maturity stage (Figure 4A) showed similar results.

The role of Tetiaroa in this dominance by the Windward

Islands was further explored. Tetiaroa was found to be genetically

different from all other Pacific MUs, as was the group formed by the

other Polynesian islands (Table 3). Although simulations indicated

an overestimation for Tetiaroa with respect to the distance and flat

priors, and an underestimation of other Polynesian islands for all

priors (Figure 3B, Supplementary Material S2), a contribution from

these islands was detected. Their contribution was smaller on the

mixture with juveniles only (Figure 4B) than on juveniles and

unknown individuals (Figure 4C). It ranged from 33.1% to 55.5%

(C.I. 0% to 62.8%) depending on the prior, with the distance prior

providing the greatest contribution from these islands, and the size

prior providing the least. The contribution of Tetiaroa ranged from

21.3% to 64.1% (C.I. 15.2% to 98.3%), with the distance prior

providing the lowest contribution, and the size prior the highest.

The percentages from all of the other MUs from the Pacific Ocean

were once again negligible, confirming the exclusive contribution of

Polynesian Islands to the French Polynesian mixture (See

Supplementary Material S3 for details).
TABLE 2 Fst and jst among the three most sampled islands Tetiaroa, Mopelia, Moorea, and among the three main island groups Leeward Islands,
Windward Islands, and Tuamotu.

Islands [n]

Fst jst

Moorea [10] Mopelia [24] Moorea [10] Mopelia [24]

Mopelia [24] -0.015 (1.00) – -0.022 (1.00) –

Tetiaroa [177] -0.024 (1.00) 0.018 (0.38) -0.048 (1.00) 0.065 (0.12)

sub-sampling 1 [59] -0.024 (1.00) -0.004 (1.00) -0.058 (1.00) 0.032 (0.49)

sub-sampling 2 [59] -0.015 (1.00) 0.049 (0.12) -0.042 (1.00) 0.095 (0.11)

sub-sampling 3 [59] -0.031 (1.00) 0.010 (0.75) -0.057 (1.00) 0.048 (0.25)

Island groups [n] Tuamotu [9] Leeward Islands [41] Tuamotu [9] Leeward Islands [191]

Leeward Islands [41] 0.077 (0.30) – 0.0264 (0.42) –

Winward Islands [191] -0.037 (1.00) 0.097 (0.00) -0.0430 (1.00) 0.141 (0.00)
P_values after Bonferroni correction are shown in brackets, significant values in bold. n, number of samples.
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4 Discussion

From the 443 specimens analysed, a total of 23 haplotypes were

recovered in French Polynesia. This constitutes the first
Frontiers in Marine Science 08
comprehensive structural assessment of green turtle populations

on this vast and isolated Central South Pacific Ocean territory and

broadens our understanding of population connectivity at the

Pacific scale. We found that nesting turtles are structured in at
TABLE 3 Fst values between the French Polynesian source populations and the other management units in the Pacific Ocean.

Tuamotu Leeward Is. Winward Is. Fr. Polynesia
(w/o Tetiaroa)

Tetiaroa

n GBR 0.364 0.339 0.385 0.355 0.380

Coral Sea Chesterfield 0.482 0.427 0.452 0.438 0.448

s GBR 0.769 0.637 0.586 0.624 0.585

w New Caledonia 0.258 0.249 0.313 0.270 0.307

n New Guinea 0.647 0.478 0.493 0.487 0.490

Aru 0.786 0.582 0.562 0.574 0.559

GoC 0.343 0.321 0.375 0.340 0.369

Vanuatu 0.458 0.398 0.436 0.413 0.431

Marshall Is. 0.497 0.395 0.434 0.413 0.431

Micronesia 0.351 0.308 0.342 0.322 0.338

Palau 0.594 0.465 0.475 0.471 0.471

CNM/GUAM 0.853 0.620 0.567 0.604 0.566

American Samoa 0.225 (0.015) 0.063 (0.064) 0.228 0.119 (0.010) 0.223

e Borneo 0.306 0.293 0.353 0.314 0.347

TIP 0.496 0.455 0.469 0.462 0.466

SIPA 0.342 0.320 0.368 0.336 0.363

Penang Perak 0.648 0.525 0.521 0.524 0.518

Vietnam 0.499 0.420 0.459 0.435 0.454

Malesian Pen. 0.305 0.288 0.337 0.304 0.332

Pahang 0.442 0.390 0.431 0.405 0.426

Mersing 0.551 (0.002) 0.448 0.489 0.464 0.484

Sarawak 0.504 0.459 0.473 0.466 0.470

Ashmore Reef 0.384 0.336 0.383 0.355 0.378

Scott Browse 0.440 0.397 0.430 0.409 0.426

w Java 0.331 0.311 0.369 0.332 0.364

Coboug Pen. 0.381 0.350 0.399 0.367 0.393

North West Shelf 0.495 0.441 0.461 0.449 0.458

Cocos “Keeling” Is. 0.662 0.511 0.523 0.515 0.519

Michoacan 0.379 0.353 0.394 0.367 0.389

Costa Rica 0.279 0.271 0.336 0.295 0.330

Equador 0.321 0.303 0.351 0.318 0.345

nw Hawai 0.513 0.471 0.482 0.477 0.479

Revillagigedo 0.342 0.321 0.372 0.339 0.366

Japan 0.355 0.332 0.380 0.348 0.375
Non-significant p_values (> 0.05) are indicated in bold.
P_values > 0.001 are indicated in brackets.
P_values lower than 0.001 are not shown.
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least two genetically different populations, which are i) isolated

from the other Pacific MUs, and ii) the only contributors to the

mixture of juveniles sampled on the territory.
4.1 Haplotype diversity in French Polynesia

With 23 haplotypes found in the territory, this study fills an

important gap in the knowledge about green turtle genetic diversity in

the Pacific Ocean. Previously, only 2 haplotypes retrieved from 9

individuals in Mopelia atoll were described (Dutton et al., 2014a) and

used in genetic structure and mixed stock analysis studies at the

Pacific Ocean scale (ex. Read et al., 2015; Jensen et al., 2016; Piovano

et al., 2019). Boissin et al. (2019) found a total of 9 haplotypes in 97

sequences (included here), and the present study builds on previous

efforts with 346 new sequences, and 14 additional haplotypes. Thanks

to coordinated efforts on several islands spread across a vast area,

many of which are remote and not easily accessible, this constitutes

the largest sampling effort in French Polynesia so far, making it one of

the most comprehensively sampled locations in the Pacific Ocean.

Unsurprisingly, and because of a significant increase in the number of
Frontiers in Marine Science 09
samples analysed, the haplotype and nucleotide diversity are also

higher than previously reported in Dutton et al. (2014a) (p=0.0003).
With a haplotype diversity of 0.615 and a nucleotide diversity of 0.019

in the rookeries, French Polynesia demonstrates similar levels of

diversity to that of the NorthWest Pacific andWestern Indian Ocean

MUs, two areas identified as nucleotide diversity hotspots (Jensen

et al., 2019). This work also confirms the dominance of haplotypes

CmP65.1 and CmP22.1 on the territory, belonging to the clades VI

and III respectively. This aligns with the conclusion made by Boissin

et al. (2019) that considered French Polynesia as the center of the

range for the lineage VI and one of the genetic diversity hotspots for

C. mydas, suggesting a potential past glacial refuge for the green turtle

in French Polynesia. The three new haplotypes were all closely related

to the dominant haplotype CmP65.1 and belong to clade VI

(Supplementary Figure 1). As they were found at low frequency

and are derivatives of the dominant haplotype, they may indicate the

presence of either newly appearing lineages deriving from CmP65.1

or ancient and declining lineages in the populations. They may also

be present in the populations at a higher frequency, which would

indicate that populations dominated by CmP65.1 were

under-sampled.
A

B

FIGURE 3

Simulations from the MSA baseline accuracy assessment with the size and distance combined prior for the French Polynesian source populations,
representing known versus calculated contribution on 40 simulations. (A) scenario 1 with three source populations in French Polynesia, (B) scenario
2 with two source populations in French Polynesia. All the simulations are available in Supplementary Figure 2.
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4.2 Spatial genetic structure in French
Polynesia and the Pacific Ocean

Within French Polynesia, no clear genetic structure between the

most sampled islands, Tetiaroa and Mopelia, appeared after

Bonferroni correction (Table 2). These two islands are 460km

apart, and genetic differentiation among sites 500km apart was

previously detected in the Pacific (Dutton et al., 2014a) and Indian

Oceans (Bourjea et al., 2007). When nearby islands are included in

the analysis, a genetic difference between the two island groups,

Leeward Islands and Winward Islands, is detected. This indicates

the presence of at least two genetic groups in French Polynesia and

constitutes the first description of spatial genetic structure within
Frontiers in Marine Science 10
French Polynesia. Additionally, French Polynesian source

populations were genetically different from the other Pacific MUs

which indicates some degree of reproductive isolation. This

emphasizes the uniqueness of French Polynesian populations in

terms of genetic diversity. While the genetic difference between the

Leeward Islands and American Samoa was very weak and at the

limit of significance (p-value = 0.064), Dutton et al. (2014b) found a

significant difference between rookeries in American Samoa and

Mopelia. This structure should be investigated with additional

samples from American Samoa (currently 17 sequences).

Despite this unprecedented sampling effort in French Polynesia,

the present genetic assessment suffers from bias. The majority of the

samples (74%) comes from one island, Tetiaroa, while the other
A B

C

FIGURE 4

Contribution of the 5 most contributing MUs in the Pacific Ocean to the mixture of green turtles of French Polynesia calculated with the mixed-
stock analysis using different priors. (A) scenario 1 with three source populations in French Polynesia (Windward Islands, Leeward Island, Tuamotu)
on the total mixture. (B) scenario 2 with two source populations in French Polynesia (Tetiaroa, FP other islands) on juveniles only. (C) scenario 2 on
the total mixture (juveniles and individuals of unknown maturity stage).
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26% are distributed among 11 islands. This sampling bias may

hinder the detection of the complete genetic structure on the

territory. The natal homing spatial scale is variable among

locations, and islands as close as 60km from one another have

shown genetic structuring such as in the Yaeyama Islands of Japan

(Nishizawa et al., 2011). French Polynesia is characterized by more

than one hundred islands distributed across 2000km, and a more

even sampling effort would allow for the detection of a finer genetic

structure. In particular, all of the islands in the Tuamotu, grouped

into one population, accounted for only 7 sequences and thus could

not reveal any structure, neither within the archipelago nor with the

other island groups, Leeward Islands and Windward Islands. With

respect to the size of the archipelago (approx. 1300km) and its

distance from the other island groups (200 to 2000km), we cannot

exclude the possibility that a structure exists and would be detected

with more samples from the Tuamotu islands. For this reason, it

was conservatively kept as a distinct population in MSA analyses,

but this should be confirmed with further sampling. However, fewer

females are expected to nest in this archipelago, which could make

sampling even more challenging (Seminoff et al., 2015). Fine-scale

structure assessment among rookeries that share haplotypes

presents significant challenges globally, and precision can be

gained with more variable markers. Particularly, the green turtle

mitochondrial repeats described by Tikochinski et al. (2012) have

proven invaluable for identifying fine-scale structures in the

Atlantic (70-150km) (Shamblin et al., 2015; Shamblin et al., 2020)

and Mediterranean (Bradshaw et al., 2018; Tikochinski et al., 2018),

where the 770pb control region fragment failed to detect any

structure. Using this marker to tease out the structure between

the archipelagos within French Polynesia should be considered in

further analyses and may also require less sampling effort.
4.3 MSA and connectivity with other
foraging grounds

The results of the MSA showed an exclusive contribution of

French Polynesian source populations to the French Polynesian

mixture. This suggests that all juveniles in French Polynesia may

come from local rookeries. Significant contributions from the

Leeward islands and the Tuamotu archipelago were found only

when using the distance prior. These populations have a small

number of breeders and are close to the center of the mixture. Thus,

the distance prior gives greater relative weight to these populations

compared to the size prior, which may explain the significant

contribution. With all priors, the Windward Islands are the

principal contributors, and Tetiaroa, which is by far the most

sampled rookery, contributes significantly but not exclusively to

the mixture. The contribution of other islands was slightly higher

when including individuals from unknown maturity stages. Some of

them might correspond to adults poached on nesting beaches,

however the difference was small when looking at the confidence

intervals. This result provides critical information with respect to

early life history traits of the green turtle in French Polynesia. Post-

hatchlings are usually thought to recruit in neritic habitats at a CCL

of 35-40 cm in the Pacific (Limpus et al., 2005) after an epipelagic
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phase of several years. During this phase, they are thought to

disperse widely depending on the currents (Bolten, 2003). The

Southern Equatorial Current which flows westward to Fiji and the

Australian coast facilitates long-distance dispersion of post-

hatchlings from French Polynesia to foraging grounds in the

Western Pacific Ocean, as was reported by Jones et al. (2018) on

the Great Barrier Reef, and by Piovano et al. (2019) in Fiji

(Figure 2). However, the presence of several individuals smaller

than 35cm CCL in the French Polynesian mixture (Supplementary

Table 4) suggests that post-hatchling dispersion may be limited for

some individuals. Information about green turtles’ “lost years” is

very scarce, but Hamabata et al. (2016) also observed unexpectedly

limited migrations of post-hatchlings restricted to Japanese waters.

Most importantly, dispersion seems to occur unidirectionally from

French Polynesian rookeries, and the territory does not seem to host

juveniles originating from other Pacific rockeries. Such isolation in

terms of recruitment from the other regional MUs makes the

French Polynesia green turtle population highly vulnerable to

local threats.

Additionally, migrations of nesting females from French

Polynesia to American Samoa, Tonga, New Caledonia, and Fiji

have been documented with satellite tracking (Craig et al., 2004;

DIREN, personal com.). Fijian foraging grounds offer seagrass beds

for adult green turtle foraging, which are absent in French Polynesia

(Craig et al., 2004). Juveniles have also been found to forage in Fiji,

and MSA on Fijian foraging grounds indicates that French

Polynesian rookeries contribute 7% to this mixture (Piovano

et al., 2019). However, this contribution was considered

underestimated because it was based on only 9 individuals

(accounting for 2 haplotypes) from Mopelia’s rookery, which does

not reflect the diversity of the French Polynesian population

(Piovano et al., 2019). Therefore, the contribution to Fijian

foraging aggregations can likely be revised with the more

complete baseline presented here. Similarly, this baseline resolves

several haplotypes previously considered orphan haplotypes that

can now be linked to French Polynesian rookeries. Haplotype

CmP33.1 was found on one juvenile in foraging aggregations in

Fiji (Piovano et al., 2019), haplotype CmP192.1 was found both in

Fiji (n=5) and on the Gear Barrier Reef (n=1) (Jensen et al., 2016),

and haplotype CmP97.1 was found in Ecuador (n=10) (Chaves

et al., 2017), Easter Island (n=10) (Álvarez-Varas et al., 2022), and

Palmyra atoll foraging aggregations (n=6) (Naro-Maciel et al.,

2014). However, these three haplotypes were found at very low

frequencies in French Polynesian rookeries (1 individual for

CmP33.1 and CmP192.1, 2 for CmP97.1), and might also be

present in other source populations that have yet to be sampled.

Also, the presence of three orphan haplotypes in our mixture, even

though they were found at low frequencies, is a sign of incomplete

sampling of existent rookeries, or unsampled rookeries. The

baseline used here includes an incomplete sampling of Samoan

and Fijian rookeries, in addition to French Polynesia. Extending

sampling efforts in these areas could improve our understanding of

the connection between these three territories that are used by

French Polynesian green turtles during their lifetime. Additionally,

the presence of French Polynesian haplotypes in Eastern and

Central North Pacific foraging grounds may indicate rare
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Northward and Eastward migration events. French Polynesian

rookeries were also found to contribute 7% to Gorgona Island

foraging ground in Colombia (Correa-Cárdenas et al., 2012). This

low contribution seems realistic as post-hatchlings may swim

northward through the South Equatorial Current and reach the

Pacific Equatorial Countercurrent that follows the Equator line and

flows eastward towards South America (Figure 2). These migrations

and the connectivity between Central South and East Pacific Oceans

are still poorly understood, and further investigations should

be considered.
4.4 Conclusion and implication
for conservation

This work is the most comprehensive assessment of genetic

diversity, structure and connectivity of green turtle populations in

French Polynesia to date. Here, French Polynesia’s green turtle

populations are shown to be genetically isolated from other

populations and can thus be considered as a separate management

unit from nearby islands, and highlights the population’s

vulnerability to local threats. This finding is in accordance with the

regional MUs defined for green turtles in the South Pacific region

(Seminoff et al., 2015). It confirms the role of French Polynesia as a

genetic diversity hotspot, emphasizing the importance of preserving

this endemic diversity at the species scale. Given the genetic structure

within the territory, further division into two genetic groups is

needed, one in the Leeward Islands and one in the Windward

Islands. Interestingly, the Leeward Islands hosted a greater genetic

diversity than theWindward islands despite a smaller sampling effort.

Conservation efforts should thus not be overlooked in this island

group that plays an important role in the overall genetic diversity of

the species. Despite genetic isolation, French Polynesian rookeries are

source populations for several feeding grounds, both in the Eastern

and Western Pacific and are thus connected with several islands

through adult and juvenile migrations. This highlights the need for

coordinated regional conservation efforts at the Pacific scale to

preserve green turtles throughout their entire lifetime.
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