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The importance of ocean currents in influencing the connectivity and dispersal of

marine megafauna, including sea turtles, is becoming increasingly recognized.

However, more comprehensive studies are needed on how these currents impact

the genetic makeup and connectivity of green turtle Chelonia mydas (Linnaeus,

1758) populations in the Pacific Islands region. To address this gap, our study

conducted genetic analyses of green turtles in foraging grounds from four

Micronesian sites and predictive modelling of hatchling dispersal patterns based

on ocean currents to explore connectivity between foraging grounds and rookeries

across Micronesia. We analyzed mitochondrial DNA (mtDNA) haplotype frequencies

from newly collected and published data. We used Bayesian mixed stock analysis

(MSA) to estimate the relative proportion of turtles from different Management Units

(MUs) within the foraging grounds. Our ocean current simulations predicted

hatchling dispersal trajectories, revealing how passive drift may facilitate wide-

ranging dispersal and connectivity among distant foraging and nesting sites.

Across the four Micronesian foraging grounds, the MSA revealed varying

contributions from different rookeries, with some turtles exhibiting rare, long-

distance dispersal traits. Our study highlights the intricate relationship between

oceanic currents and the spatial dynamics of green turtles across the Pacific. Our

findings offer essential insights into the conservation and management of green

turtles by highlighting the role of oceanic currents in shaping population

connectivity. Future research should focus on expanding genetic analyses and

refining ocean drift simulations to enhance our understanding of marine

megafauna migration and inform regional conservation strategies effectively.
KEYWORDS

sea turtles, ocean currents, genetic diversity, mixed stock analysis, conservation,
marine ecosystems
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Introduction

Ocean currents play a critical role in shaping physical and

biological processes in marine ecosystems (Fossette et al., 2012;

Hays, 2017). The dispersal and connectivity of many marine species

are closely linked to the complex and continuously changing ocean

currents, which transport larvae, juveniles, and adults across great

distances. Not surprisingly, this paradigm extends to migratory

marine megafauna, including sea turtles, whose complex life cycles

include multiple stages, during which they rely on different oceanic

conditions for optimal survival and growth (Hays, 2017).

As is the case for all sea turtle species, green turtles Chelonia

mydas (Linnaeus, 1758) have complex life cycles that involve several

ontogenetic shifts. Once hatched on sandy tropical and temperate

beaches worldwide, they navigate the open ocean, utilizing currents

and directed swimming to transport them to suitable habitats for

feeding and development (Musick and Limpus, 1997; Fossette et al.,

2012; Putman et al., 2012). Especially during their early life stages,

ocean currents play a vital role in determining their dispersal

patterns (Luschi et al., 2003). After several years as pelagic

juveniles, young green turtles transition to shallow benthic

habitats, sometimes thousands of kilometers from their

birthplace. This shift typically happens when they reach a curved

carapace length (CCL) greater than 35 cm (Musick and Limpus,

1997). As they mature, their movement can become more

predictable, either displaying fidelity to a specific foraging ground

(e.g., Limpus et al., 1992; Webster et al., 2022) or transitioning

through a series of developmental habitats (e.g. Pilcher, 2010; van

der Zee et al., 2019). The complex regional ocean currents that help

distribute juvenile turtles across multiple locales typically result in

foraging grounds hosting turtles from multiple rookeries (Jensen

et al., 2013a, 2020).

The expansive spatial dynamics inherent to sea turtles present

challenges and opportunities for researchers and managers.

External factors, such as harvest or bycatch in artisanal and

commercial fisheries, can affect populations far from their nesting

sites (Jensen et al., 2013b; Stewart et al., 2016; Horne et al., 2023; Ng

et al., 2024). Satellite telemetry and genetics have become invaluable

tools for studying sea turtle movements and connectivity. While

flipper tagging and satellite telemetry are useful for tracking the

reproductive migrations of mature turtles, due to size constraints,

they are not feasible for tracking recently hatched turtles (but see

Mansfield et al., 2014). Due to the limited battery life of satellite tags

and difficulty re-observing flipper-tagged turtles, these methods

often fail to reveal the long-term movement of juvenile turtles,

which stay in the same feeding ground for decades (Seminoff et

al., 2015).

The remarkable natal homing abilities of female green turtles

typically lead to pronounced genetic isolation between regional

rookeries (i.e., nesting colonies), as illustrated by numerous studies

(Dethmers et al., 2006; Dolfo et al., 2023; Dutton et al., 2014a, b;

Levasseur et al., 2019). As mitochondrial DNA (mtDNA) is

inherited maternally, we can trace the natal origin of juveniles by

comparing their D-loop haplotypes with those of adult females. The
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utility of these genetic tools, especially mtDNA, is evident in

distinguishing between rookeries and identifying fine-scale

conservation units for marine turtles.

Rookeries with significant genetic differentiation are referred to

as genetic stocks or management units (MU) (Moritz, 1994;

Wallace et al., 2023). Although several studies have defined the

population structure of green turtles in Pacific Ocean regions like

Australasia (Dethmers et al., 2006; Cheng et al., 2008; Jensen et al.,

2016; Nishizawa et al., 2018; Read et al., 2015), Japan (Nishizawa

et al., 2013; Hamabata et al., 2014) and the East Pacific (Dutton

et al., 2014a; Chaves et al., 2017), such research in the Pacific Islands

- including Micronesia, Melanesia, and Polynesia - remain lacking.

This is despite the fact that the area is known to host globally

relevant green turtle nesting and foraging populations (Seminoff

et al., 2015).

To help bridge this knowledge gap, we analyzed the genetic

makeup of green turtles in foraging grounds at four foraging sites in

Micronesia combined with ocean current modelling to predict

hatchling dispersal, and to shed light on the connectivity patterns

among these foraging grounds and rookeries across Micronesia and

beyond. Our study contributes to a broader understanding of sea

turtle dynamics in the Pacific, offering valuable insights for

conservation and management in this region.
Materials and methods

Sample collection from nesting turtles

For the rookery (nesting) baseline used in the mixed stock

analysis, mtDNA haplotype frequencies were primarily sourced

from published literature (Dutton et al., 2014a, b; Hamabata

et al., 2014; Read et al., 2015; Jensen et al., 2016; Chaves et al.,

2017; Nishizawa et al., 2018; Li et al., 2022; Song et al., 2022;

Hamabata et al., 2020; Dolfo et al., 2023). These include 3,477

samples spanning 38 previously identified MUs throughout the

Pacific (Figure 1) in addition to nesting samples from two new

rookeries (Lanyu and Wan-an) in Taiwan and one new rookery on

Taipin Tao in the Spratly Islands (Cheng, 1996) for a total of 41

baseline rookeries. In Taiwan, samples from Lanyu (n = 39) were

collected between 1997 and 2014, and from Wan-an (n = 57)

between 1995–1998 and 2009-2013. A subset of these samples was

previously reported by Cheng et al. (2008), based on a shorter 384

bp fragment of the control region. In this study, we re-sequenced

these samples using longer mtDNA fragments to ensure

compatibility with the broader dataset. Additionally, samples were

collected from Taipin Tao in the Spratly Islands (n = 9) in 2013.

Furthermore, new samples from Rose Atoll in American Samoa (n

= 107) were incorporated to expand and strengthen the existing

genetic rookery baseline for this site, originally part of a broader

dataset in Dutton et al. (2014b). Samples from other American

Samoa rookeries (n=6) were excluded due to low sample size (see

Supplementary Table S1), leaving a final baseline dataset of

3,471 samples.
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Sample collection from foraging turtles

A total of 849 skin samples were collected from foraging turtles

across four locations in Micronesia and analyzed for the first time as

part of this study (Figure 1). Whenever possible, turtles were classified
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into three size categories based on curved carapace length (CCL):

juvenile (<65 cm CCL), sub-adult (65−<85 cm CCL), and large

immature and adult turtles (>85 cm CCL) (Limpus, 1992).

Fieldwork and sample collection were conducted by various

prior studies, including, 569 samples from the Commonwealth of
FIGURE 1

Map of the Asia-Pacific region showing the locations of the four foraging areas: Commonwealth of the Northern Mariana Islands (CNMI), Guam,
Republic of the Marshall Islands (RMI), and Palau shown within black boxes. Pie charts on the map show haplotype frequencies at each Management
Units (MUs) employed as the rookery baseline for the Mixed Stock Analysis (MSA) (excluding MUs from the Central and Eastern Pacific). Insert panels
display haplotype frequencies of foraging ground (FG) samples from Palau, Guam, CNMI and RMI. Abbreviations for MU names align with the Stock
ID column in Supplementary Tables S1 and S3. Additionally, the size distribution of turtles, represented by Curved Carapace Length (CCL) in 5 cm
increments, is displayed for three foraging areas. No size data was available for Palau. For detailed haplotype frequencies, see Supplementary
Table S1.
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the Northern Mariana Islands (CNMI), collected between 2008 and

2016 from Saipan (n = 469), Rota (n = 56), and Tinian (n = 44)

(Martin et al., 2018). A total of 73 samples were collected from

Guam between 2014 and 2017 (Martin and Jones, 2017; Martin

et al., 2018). Seventy-seven samples were collected from the

Republic of Palau in 2005, and 130 samples from the Republic of

the Marshall Islands (RMI), primarily obtained from harvested

turtles between 2005 and 2008. While these samples were collected

as part of previously published fieldwork, the genetic sequencing

and analysis were conducted for the first time in the present study.

In the CNMI and Guam, turtles were hand captured by freediving

between 2–25 meters. Captured turtles were immediately brought

aboard for processing either on the boat or shore (Summers et al.,

2017). The capture methods at other sites were either mixed or

unspecified. All research in this study complied with applicable

national guidelines, animal welfare laws, and permitting

requirements. (and are listed in the acknowledgements). All

samples were stored at -20°C in the Southwest Fisheries Science

Center (SWFSC) Marine Mammal and Sea Turtle Research

Collection in La Jolla, California, USA.
Genetic analyses

Genomic DNA was extracted from all samples using multiple

extraction methods, adhering to standard laboratory procedures

as described in Dutton et al., 2014a and Dutton et al., 2014b.

Approximately ~800 bp of the mtDNA control region was

amplified using polymerase chain reaction (PCR) techniques

with primers LCM-15382 (5’ GCTTAACCCTAAAGCATTGG

3’) and H950g (5’GTCTCGGATTTAGGGGTTTG 3’) (Abreu-

Grobois et al., 2006). A 25 µl volume PCR reaction was used,

containing 18.25 µl of MilliQ H20, 2.5 µl of 10x MgCl2 buffer, 1.5

µl of dNTP (25 µM), 0.75 µl of each primer (10 µM), 0.25 µl of

Taq polymerase and 1 µl of DNA template. PCR reactions were

carried out using the following profile: initial DNA denaturation

at 90°C for 2 min, followed by 35 cycles of 1) DNA denaturation

at 94°C for 50 sec, 2) annealing between 52°C and 56°C for 50 sec,

and 3) extension at 72°C for 1 min, ending with a final extension

at 72°C for 5 min. Negative controls were used in each PCR to

identify contamination, if present. The PCR products were run on

2% agarose gels stained with ethidium bromide to verify

amplification (Maniatis et al., 1982). The Qiaquick PCR

Purification kit (Qiagen, Valencia, CA, USA) was used to purify

the PCR products. Samples were sequenced in both directions

using a 12 µl reaction consisting of 3 µl MilliQ H2O, 3 µl of primer

(1 µM), 3 µl of a 1:1 buffered version of the ABI® Big Dye

Terminator v3.1, and 3 µl of purified PCR product. The samples

were processed on an automated genetic analyzer (models 3130

and 3730, Applied Biosystems, Foster City, CA, USA). Sequence

editing was performed using SeqScape v2.5 Applied Biosystems®

or Geneious Prime software (Kearse et al., 2012). Each sequence

was inspected for uncalled and miscalled bases, and all variable

positions were validated by comparing sequences from the

forward and reverse strands.
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Once edited, the sequences were searched against the Basic

Local Alignment Search Tool (BLAST) on GenBank (https://

blast.ncbi.nlm.nih.gov/) and the SWFSC marine turtle haplotype

databases to confirm their uniqueness and identify any matches

with previously reported haplotypes. Haplotype nomenclature

followed the CmP prefix standard, which provided a consistent

naming system for the identified haplotypes (Jensen et al., 2019). All

sequences were cropped to ~766 bp (Frey et al., 2009) to allow an

accurate comparison with published literature.
Rookery population structure

To assess the population structure and genetic diversity among

green turtle rookeries, we used Arlequin v.3.5 (Excoffier and

Lischer, 2010). This was to perform a range of analyses, including

calculating pairwise FST values and exact tests for population

differentiation (Raymond and Rousset, 1995). We compared the

newly obtained rookery samples with previously published MUs to

determine their genetic relationships and potential conservation

implications. The FST metric is widely used in population genetics to

measure genetic differentiation, with values ranging from 0 (no

differentiation) to 1 (complete differentiation). The significance of

the FST values was determined through a permutation test using

10,000 permutations, with p-values less than 0.05 considered

statistically significant. In addition to FST values, we performed

the exact test of population differentiation to provide further insight

into the genetic structure among the green turtle rookeries. This test

compares allele frequencies between populations and calculates the

probability of observing the given level of genetic differentiation by

chance alone. As with the FST analysis, the exact test was conducted

for each pair of rookery samples and between the new samples and

previously published MUs. Statistical significance was determined

using a Monte Carlo simulation (10,000 iterations), with p-values

less than 0.05 considered significant. Finally, haplotype diversity (h)

and nucleotide diversity (p) were estimated for each foraging

ground based on 760-bp sequences using Arlequin v3.5 (Excoffier

and Lischer, 2010).
Mixed stock analysis

Bayesian mixed stock analysis (MSA) was used to calculate the

relative proportion of turtles from regional MUs within each of the

four foraging grounds. The MSA was performed using baseline

information derived from mtDNA haplotype frequencies of 41

genetically distinct green turtle MUs in the Asia-Pacific region

(Supplementary Table S1). We used Bayes (Pella andMasuda, 2001)

to analyze each foraging area individually. Flat priors were used for

the MSA, and each model chain was initiated with equal prior

probabilities. The analysis used four separate chains, each with a

unique starting point. Chains underwent 50,000 iterations, with the

initial 25,000 iterations discarded as burn-in. Subsequently, the

mean, standard deviation, and 95% credibility interval were

calculated. The summary statistics were calculated based both on
frontiersin.org
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individual MUs and summarized by their corresponding discrete

population segment (DPSs) as defined under the US Endangered

Species Act (Seminoff et al., 2015). A Gelman-Rubin shrink factor

was computed to evaluate the convergence across all chains. A

shrink factor value below 1.2 indicates convergence (Gelman and

Rubin, 1992).
Ocean dispersal modeling

The ocean current simulations were conducted using the global

Hybrid Coordinate OceanModel (HYCOM; https://www.hycom.org/)

(Bleck and Halliwell, 2007), which provided surface circulation data

over a 6-year (May 9, 2008 through July 1, 2014, 2245 days) period.

Given the 5–7 year pelagic phase typical for green turtles, extending

simulations beyond a few years is unrealistic since the movement of

larger, older individuals will likely have a more substantive

swimming component than a passive drifting component.

Therefore, hatchling dispersal was modeled for up to three years,

focusing on the passive drift of simulated particles released daily

from key nesting sites. Given the duration of currents, this drift

window resulted in daily hatchling outputs of 3+ years (1150 release

days with full 3-years at liberty), which were ten hatchlings per day

per each of 33 critical nesting sites. Daily positions of each particle

(hatchling) were recorded after one year of drift and until the end of

3 years. The trajectories and density of particles were visualized

using GIS approaches and dispersal kernel matrices.
Results

Rookery baseline

The FST and Exact tests for samples from the new rookery at

Taipin Tao, situated in the Spratly Islands, displayed significant

differentiation from all other MUs, except for rookeries in the

Paracel Islands, approximately 750 km northwest. However, given

the small sample size (n = 9) and large distance (>500 km), we

categorized the Spratly Islands as a distinct MU. A more extensive

sample size is needed to determine if the Spratly Islands form a

distinct genetic breeding population or part of a broader MU that

includes the Paracel Islands. The FST and Exact tests of the samples

from Lanyu, Wan-An, and American Samoa showed no significant

difference compared to several earlier published data for regional

rookeries (Supplementary Table S2). In our analysis, the Lanyu

rookery demonstrated significant differentiation from all other

MUs, except Western Peninsular Malaysia (FST and Exact test)

and Cocos “Keeling” Islands (only FST) (Supplementary Table S2).

A plausible explanation is the predominant presence of the

haplotype CmP49.1 across the Asia Pacific region. Given the vast

geographic distance between Lanyu to both Western Peninsular

Malaysia (>3,200 km) and Cocos “Keeling” Islands (>4,700 km),

these rookeries are also recognized and treated as distinct MUs. The

Wan-An rookery showed a significant difference from all other

MUs, reinforcing it as a distinct MU, consistent with previous work
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using shorter fragments of mtDNA d-loop (Cheng et al., 2008).

Finally, in American Samoa, most samples originate from Rose

Atoll (n = 107), while a small number of samples (n = 6) were

collected from Swains, Tutuila, and Ofu and were excluded from the

rookery baseline (Supplementary Table S1). Larger sample sizes

from these sites are crucial to determine if multiple MUs exist

within American Samoa. After grouping new samples with existing

MUs, we conducted conclusive pairwise comparisons among the 41

MUs found throughout the Indo-Pacific (Supplementary Table S2).

Of the 820 pairwise comparisons, 14 were not significant based on

the FST, and nine were not significant for the Exact test. However,

most of these (17 out of 20) included at least one site with samples

fewer than 20, and these sites were over 500 km apart. Given this

distance, which typically exhibits genetic differentiation, the results

are attributed to a small sample size, and thus, we recognized these

locations as distinct MUs. As a result, 41 MUs were identified as

potential source rookeries when the mixed stock analysis was

applied to the foraging grounds.
Sequence analysis

We identified 151 haplotypes across the 41 rookeries and the

four foraging grounds (FG). Of these, 28 haplotypes (760 bp) were

identified from 849 samples across four foraging grounds

(Supplementary Table S1). Two haplotypes found in CNMI,

CmP216.1 (GenBank accession number OR594305) and

CmP223.1 (GenBank accession no. OR594306); one haplotype

was found in Guam, CmP22.5 (GenBank accession no.

OR594304) and one haplotype in Palau, CmP55.1 (GenBank

accession no. KJ502596) were orphan haplotypes that had not

been previously identified in the baseline (Supplementary Figure

S1). These haplotypes were rare, making up less than 2% of the

samples at each FG. No orphan haplotypes were found in RMI.

For the analysis of genetic diversity across the four foraging

grounds, Palau showed a high number of haplotypes (16), including

one orphan haplotype, the highest haplotype diversity at 0.6070 ±

0.0655 and nucleotide diversity, 0.01192 ± 0.00613, despite not

having the most substantial sample size (n = 77). The CNMI, with

the largest sample size of 569, also had a high number of haplotypes

(18), including two orphan haplotypes. However, its haplotype

diversity (0.5389 ± 0.0225) and nucleotide diversity (0.00512 ±

0.00283) were lower than Palau. Similar values were seen in Guam,

with a moderate sample size of 73, a haplotype diversity of 0.4981 ±

0.0681, and a nucleotide diversity of 0.00622 ± 0.00340, also

showing the presence of a unique orphan haplotype. The RMI,

which presented a sample size of 130, recorded the lowest haplotype

and nucleotide diversities among the regions, at 0.3549 ± 0.0497

and 0.00072 ± 0.00066, respectively (Table 1).
Carapace size of foraging turtles

The size of turtles varied across the different foraging grounds.

In CNMI, Guam, and RMI, the CCL ranged from 36.1 to 105.1 cm,
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41.6 to 87.3 cm, and 44.7 to 111.2 cm, respectively. However, the

size distribution was skewed towards juvenile individuals in CNMI

(mean = 54.7 cm) and Guam (mean = 57.9 cm). In contrast, the

samples from the RMI foraging grounds predominantly included

turtles that fell into the adult size category (mean = 91.7 cm CCL)

(Figure 1). While this size distribution is typical of the turtles in

Guam and CNMI (Summers et al., 2017, 2018; Gaos et al., 2020a, b),

it may not reflect the actual size composition of the foraging turtles

at RMI, given that RMI turtles were primarily sourced from

harvested turtles (see discussion). No size data was available for

the Palau FG. As such, in CNMI, most of the turtles were classified

as juveniles (85%), 14% were subadults, and only five turtles were in

the adult size range (>85 cm CCL) (Summers et al., 2017). Of the 73

samples in Guam, most turtles were juveniles (77%), 21% were sub-

adults, and only two were large enough to be considered adults

(Martin and Jones, 2017; Gaos et al., 2020b). The size range of the

77 turtles sampled from Palau were mostly unknown. Finally, the

130 samples collected from the Republic of the Marshall Islands

(RMI) were classified as 7% juveniles, 4% as subadults, and 89%

classified as adults. No size data was available for three turtles

from RMI.
Mixed stock analysis

The MSA results across the four FGs showed some highly

similar source contributions but also distinct differences in the

origin of turtles (Figure 2, Supplementary Table S3). The

predominant contributors in Guam and CNMI FGs were the

rookeries in RMI (91% and 78%, respectively) and Yap (4% and

18%, respectively), with minimal contribution from MUs outside

the region (3-4%). The MSA showed that turtles foraging within

RMI waters also originate mainly from rookeries within RMI (82%),

with a smaller contribution from rookeries in CNMI/Guam (12%)

and Yap (4%) and minimal contributions from rookeries elsewhere

(1%). Palau contrasted starkly with these foraging grounds, with the

MSA showing minimal contribution from RMI (3%) and a more

diverse mix of origins, including turtles originating from Yap (31%),

Palau (47%), and a larger proportion of turtles coming from outside

the region (16%). The latter included primary contributions from

rookeries in the Central South Pacific DPS (American Samoa and

French Polynesia) and the Indo-Pacific DPS (rookeries in northeast
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Borneo). The high diversity of haplotypes found in the Palau

foraging grounds further supports the diverse origin of turtles

that use this area.

Although rare, evidence of long-distance dispersal was evident

by stock-specific haplotypes. For instance, in the Palau FG,

haplotype CmP169.1 has only been identified in the northern

Great Barrier Reef MU; haplotype CmP56.1 has only been found

in American Samoa and French Polynesia, and haplotypes

CmP40.1 and CmP57.1 are only found in rookeries in Indonesia

and Malaysia. In the Guam foraging ground, haplotype CmP57.2

has only been found in low frequencies in Indonesia, American

Samoa, and French Polynesia. Meanwhile, in the CNMI foraging

ground, haplotype CmP106.1 is associated with rookeries in

Indonesia and Malaysia.

In contrast, haplotype CmP50.1, found in both Guam and

CNMI, has only been found in nesting turtles from Japan.

Remarkably, four haplotypes uniquely linked to the Hawaiian and

Eastern Pacific MUs (CmP1.1, CmP2.1, CmP3.1, and CmP3.2) were

found in 20 individuals in CNMI and a single individual in Guam.

This finding underscores the intricate movement patterns and

diverse origins of marine turtles in these foraging areas.
Ocean dispersal models

The ocean dispersal modeling was conducted for 33 rookeries

across the Pacific and Southeast Asia, with results presented in

Supplementary Figures S1. While these simulations demonstrated

broad dispersal patterns, they primarily highlighted within-region

connectivity, aligning with the boundaries of discrete population

segments (DPSs). For rookeries outside Micronesia, dispersal was

generally confined to their respective DPSs, reinforcing the

regional structure of green turtle populations. These broader

patterns are visualized in the supplementary figures and provide

insights into connectivity dynamics across the Pacific and

Southeast Asia.

Focusing on the region of the study, the ocean dispersal modeling

results show that the four Micronesian nesting sites were the primary

source of particles dispersing to the Micronesian FGs (Figure 3;

Supplementary Figures S1). The three-year simulations revealed that

particles were dispersed widely within the region, primarily driven by

prevailing westward currents. Dispersal patterns from the Republic of
TABLE 1 Measures of genetic diversity across the four foraging locations including: Helen Reef, Palau; Commonwealth of Northern Mariana Islands
(CNMI); Guam; and Republic of the Marshall Islands (RMI).

Foraging
location

N #H OH h SD p SD

Palau 77 16 1 0.6070 +/- 0.0655 0.01192 +/- 0.00613

CNMI 569 18 2 0.5389 +/- 0.0225 0.00512 +/- 0.00283

Guam 73 9 1 0.4981 +/- 0.0681 0.00622 +/- 0.00340

RMI 130 5 0 0.3549 +/- 0.0497 0.00072 +/- 0.00066
Presented values include sample size (N), total number of haplotypes (#H), count of orphan haplotypes (OH), haplotype diversity (h), nucleotide diversity (p), and the associated standard
deviation (SD).
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the Marshall Islands (RMI) suggested westward trajectories, with some

particles reaching the Commonwealth of the NorthernMariana Islands

(CNMI) and Guam. In contrast, particles released from Palau showed

more particles remaining localized, highlighting the strong retention

effects of currents near Helen Reef (Figure 3). Particles released from

CNMI and Guam primarily followed westward trajectories, moving
Frontiers in Marine Science 07
into the Philippines and beyond, indicating limited retention

within Micronesia.

Similarly, particles released from Yap displayed dispersal

patterns consistent with ocean currents driving westward

movement, although some retention where particles remained

was observed locally within the Micronesian region.
FIGURE 2

Results from a Bayesian Mixed Stock Analysis (MSA) showing the estimated contributions of source populations to four foraging grounds (FGs):
Guam, CNMI, RMI, and Palau. Panels (A–D) display the relative contributions of individual Management Units (MUs). Only MUs within Micronesia are
shown; contributions from other rookeries were negligible and are grouped under the “Other” category. Bars represent the mean estimated
contribution, and error bars indicate the 95% Credibility Interval. Panels (E–H) present the same foraging grounds, but with contributions
summarized by Discrete Population Segments (DPS).
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Discussion

Although our drift models and mixed stock analysis revealed

migration patterns that varied geographically, our findings suggest
Frontiers in Marine Science 08
that most green turtles found at the four foraging grounds we

sampled in Micronesia predominantly also nest in the same ocean

region. However, albeit rare, we also see significant deviations from

this paradigm, with some individuals originating from
FIGURE 3

Simulated drift trajectories of Chelonia mydas post-hatchlings from four different release sites based on ocean current models. Panels (A–D)
represent passive particle simulations from (A) Republic of the Marshall Islands (RMI), (B) Commonwealth of the Northern Mariana Islands (CNMI),
(C) Federated States of Micronesia (Yap), (D) Helen Reef, Palau. Colors indicate relative density of simulated particles, with warmer colors (red/
orange) showing areas of higher particle concentration.The approximate locations of the four key foraging grounds are marked with black squares,
RMI, CNMI, Guam and Helen Reef, Palau.
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geographically disparate rookeries, including some located

thousands of kilometers away in the central and eastern Pacific,

requiring trans-Pacific migrations. These results underscore the

significance of evaluating connectivity on local and regional scales.
Foraging grounds in Micronesia

The RMI foraging ground predominantly hosted turtles from its

own rookeries, with an estimate that 82% of turtles originate from

local beaches. It is however important to note that the RMI spans a

significantly larger geographic area than Guam, CNMI and Palau.

As a result, hatchlings born within the RMI may still undertake

substantial movements to settle at different foraging areas within

this broad region. However, not all turtles born in RMI rookeries

recruit to local foraging grounds, with the RMI nesting colony

substantially contributing to the foraging grounds in Guam and

CNMI, a distance exceeding 2,700 km. At the same time, the

foraging ground in Palau, situated further east (more than 4,000

km), showed a minimal (3%) contribution from RMI. These

dispersal patterns are supported by the passive drift models

(Figure 3), which suggest ocean currents facilitate the dispersal of

post-hatchlings from RMI westward towards CNMI and Guam and

even further into the northern parts of the Philippines, but not

southwestward toward Palau.

The rookery contributions and ocean dispersal patterns for

green turtles foraging in CNMI and Guam differ from those in the

RMI. The MSA indicates only a moderate 12% contribution from

CNMI/Guam nesting colonies to the RMI foraging ground, and

ocean simulations show no connectivity flowing from CNMI/Guam

to RMI. The perceived contribution from CNMI/Guam in the RMI

foraging grounds might be attributed to the inherent limitations of

the MSA (Jensen et al., 2013a). The weak genetic differentiation

between MUs in CNMI/Guam and RMI, underscored by shared

haplotypes, could skew the MSA results. Enhancing the genetic

resolution is needed for a more accurate interpretation of the MSA.

Whole mitogenome sequencing, which has previously

augmented resolution for green turtles in other regions (Shamblin

et al., 2012), has recently been applied to CNMI and Guam green

turtles (Frey et al., 2025). Frey et al. demonstrated that although D-

loop haplotypes are shared between these neighboring rookeries

(Dutton et al., 2014a; this study), full mitochondrial genomes

provided the resolution needed to distinguish them. Such

advancement is likely to bolster the precision of stock assignments.

Both of the aforementioned potential hatchling dispersal

patterns are supported by satellite telemetry, which shows post-

nesting green turtles satellite-tagged at Erikub Atoll in RMI

migrating to foraging grounds in RMI, Kiribati, Philippines, and

Federated States of Micronesia (FSM) (Maison et al., 2010).

Meanwhile, of more than 40 post-nesting green turtles tagged on

Guam and CNMI, 38 migrated to waters further west (e.g.,

Philippines, Indonesia), and only one migrated eastward to the

FSM (NOAA unpublished data). This scenario supports the idea

that contra-current dispersal patterns are rare and is consistent with

the limited MSA contributions of Guam and CNMI rookeries to
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RMI foraging grounds from our results. One likely explanation for

the migratory patterns of these reproductive females is that post-

hatchlings from RMI are transported to foraging grounds in CNMI,

Guam, and the Philippines during their early developmental years,

but as these turtles reach maturity, they return to foraging grounds

proximate to their rookery origins. This cycle explains the lack of

larger adult-sized turtles in CNMI and Guam FGs and the

predominant presence of adult-sized turtles foraging in RMI.

Alternatively, it is possible that larger adult turtles were

previously depleted in CNMI and Guam, and the current

observations reflect a new post-protection cohort of turtles now

maturing. Ongoing monitoring efforts will be able to assess this

possibility in the coming years.

In CNMI and Guam, the reefs surrounding the islands host a

large number of foraging green turtles that originate primarily from

RMI, accounting for 78-91%. The Yap MU contributes a smaller

fraction, with 4-18% and near zero (0-1%) originating from the

CNMI/Guam MU itself. However, the number of juvenile turtles

from Guam and CNMI may be too low to detect in mixed stock

analysis. In CNMI and Guam, there are only tens of turtles nesting

annually across the main four islands (Maison et al., 2010; Summers

et al., 2018). Ocean simulations provide insights into the trajectories

of these turtles post-hatching. Turtles from CNMI and Guam are

likely swept westwards into the Philippines by prevailing currents

and northwards into Japanese foraging grounds (Figure 3). This

movement aligns with the MSA results, which show minimal

connectivity to FGs in Palau or RMI, and satellite telemetry

results for nesting females (NOAA unpublished data).

Reinforcing this observation, satellite telemetry of two post-

nesting green turtles from Guam showed that one migrated to

foraging grounds in the Philippines and the other migrated north to

Japan (Maison et al., 2010) and green turtles nesting in Yap have

been tracked to the Philippines, and north to the Ryukyu Islands in

Japan (Kolinski et al., 2014). Furthermore, genetic studies

conducted in Japanese foraging grounds support these findings,

indicating contributions from RMI and Yap (Hamabata

et al., 2018).

Foraging turtles in Palau showed a more diverse range of

origins. The primary contributors to this FG are local Palau

rookeries, accounting for 47%, followed by Yap at 31%. In

contrast, contributions from CNMI/Guam and RMI are minimal,

at 1% and 3%, respectively. Again, these observations can be

explained by ocean simulations. As highlighted previously, the

simulations reveal how hatchlings from RMI could be transported

towards CNMI and Guam but veer northwest, bypassing Palau and

the north coast of Papua.

On the other hand, the simulations show connectivity of the

Palau FG to the Palau and Yap MUs, which is consistent with the

MSA results, which show Yap contributing significantly to Palau’s

foraging ground but with minimal contributions to CNMI, Guam,

or RMI. The dispersal patterns from Yap highlight its intermediate

role within the regional connectivity of Micronesia, both

contributing locally and facilitating connections with areas to the

west. This suggests that while passive drift plays a role in dispersal,

the local oceanic dynamics and the swimming behavior of
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hatchlings and young juveniles influence the eventual distribution

of turtles in these regions.

Interestingly, the Palau FG showed small but specific

contributions from regions outside the Central West Pacific,

accounting for 16%. These contributions mainly came from

rookeries in the Central South Pacific DPS (primarily American

Samoa and French Polynesia) and the Indo-Pacific DPS, specifically

pointing towards MUs in northeast Borneo (Sulu Sea, southeast

Sabah and Sangalaki). Ocean simulations corroborate this potential

connectivity (Supplementary Figure S1), where rookeries in

northeast Borneo show links to the strait leading to Palau. While

the connections to American Samoa and French Polynesia are less

obvious, simulations and post-nesting satellite tracks (Murakawa

et al., 2024) still hint at possible routes directing turtles’ northwest

into regions proximate to Palau. Such findings are consistent with

the high haplotype diversity identified in the Palau foraging

grounds, underscoring the diverse origin of turtles that use this area.

These results emphasize the complex connectivity patterns

observed among the different foraging grounds and the potential

role of ocean currents in shaping these patterns.
Long-distance migrations

The long-distance movements of turtles in this study are

remarkable. Perhaps most noteworthy are 20 turtles (3.4%) in the

CNMI foraging ground that showed haplotypes only found in the

nesting populations of the central and eastern Pacific rookeries. The

MSA indicated that the turtles originated from the Northwestern

Hawaiian Islands more than 4,200 km to the east. Although green

turtles are not generally known for the ocean-wide migrations of

leatherbacks and loggerheads (Bolten et al., 1998; Benson et al.,

2011), support for sporadic long-distance dispersal across the

Pacific Ocean has been documented in both directions.

Haplotypes unique to East Pacific nesting populations have been

identified at foraging grounds in Japan (Nishizawa et al., 2013,

2014), Fiji (Piovano et al., 2019), as well as at the small foraging

population in New Zealand (Godoy et al., 2012). Notably, these

examples all include juvenile turtles, which are only found at higher

latitudes, such as in Japan and CNMI to the north or New Zealand

to the south. For example, no East Pacific haplotypes were found in

Palau or RMI, and no case exists for thousands of turtles sampled in

New Caledonia (Read et al., 2015) or along the East Australian

coastline (Jensen et al., 2016; Jones et al., 2018; Day et al., 2024).

Similarly, haplotypes unique to the western Pacific have been

identified at foraging grounds at the Northwest Hawaiian Islands

(Dutton et al., 2008) and Gorgona Island in Colombia (Amorocho

et al., 2012), and rare trans-oceanic dispersal of juvenile green

turtles have been documented in the Atlantic (Monzón-Argüello

et al., 2010). Interestingly, all these turtles shared a common feature:

they were all juvenile-size classes, and it is noteworthy that except

for the two individuals in Wan-an identified in this study, no

haplotypes are shared between nesting populations on either side of

the Pacific, suggesting that these turtles, once they reach maturity,

migrate back across the Pacific to nest in their natal region.
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Finally, it is worth noting that in the Wan-An rookery, two

turtles had the haplotype CmP4.6, previously only found in

rookeries in the East Pacific (Mexico, Costa Rica, and Ecuador).

These two samples were sequenced multiple times (3 and 4 times,

respectively) to validate the sequence accuracy. Furthermore, a

supplementary microsatellite analysis of the same samples

revealed that one individual was assigned to the Wan-An rookery

while the other was assigned to the Galapagos Islands stock (Roden

et al., 2023; Roden and Dutton, unpublished). These results allude

to the potential presence of a recent migrant, marking the first

instance of shared green turtle haplotypes between the West and

East Pacific rookeries.
The role of ocean currents

The role of ocean currents in shaping the connectivity patterns

of green turtle populations is critical, particularly during the early

pelagic phase (Jensen et al., 2020; Putman and Naro-Maciel, 2013).

Our simulations demonstrate that passive drift largely determines

the initial dispersal of hatchlings, leading to significant westward

movement from key rookeries like RMI and Yap. This westward

flow aligns with the predominant current systems, supporting the

findings of long-distance movements and the distribution of turtles

in distant foraging grounds such as CNMI and Guam. However, the

localized retention observed in Palau indicates that not all regions

experience the same level of connectivity. In areas with more

complex current systems or eddies, like Helen Reef in Palau,

particles remained more clustered, suggesting these conditions

may enhance site fidelity or local recruitment.

This variability underscores the need for detailed, site-specific

conservation strategies that consider both regional connectivity and

localized retention dynamics. Further refinement of drift models,

incorporating longer time scales, interannual oceanographic

variability (e.g. ENSO), and behavior based inputs would enhance

our understanding of the complex connectivity patterns across such

dynamic regions.

While our ocean drift simulations relied exclusively on passive

dispersal models, there is a growing body of research highlighting

the value of incorporating behavioral elements, such as swimming,

into ocean dispersal modelling (Putman and Mansfield, 2015;

Gaube et al., 2017; Wildermann et al., 2017). These Individual-

Based Models (IBM) can offer a detailed understanding of how

hatchlings and juveniles interact with dynamic features such as

eddies and fronts (Putman and Naro-Maciel, 2013; Phillips et al.,

2025). However, the primary objective of our study was to test

whether passive drift alone could explain the observed genetic

connectivity across Micronesia. The strong alignment between

early (3-year) dispersal trajectories and the distribution of benthic

foraging aggregations, suggests that passive drift can broadly predict

turtle dispersal during early life stages.

We also acknowledge that our simulations, based on HYCOM

data from a six years period (2008–2014), do not fully capture

longer-term ocean variability. However, considering that juvenile

turtles sampled span multiple size classes and likely hatched over a
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15+ year period, both the MSA results and dispersal models reflect

cumulative regional patterns rather than discrete temporal events.

While more sophisticated modelling approaches will undoubtedly

add value in the future, they fall outside the scope of this study.
Conclusion

Sea turtles hold deep cultural, spiritual and subsistence

importance across the Pacific Islands (Balazs, 1975, 1983; Allen,

2007). Understanding their movements and habitat use is crucial

for effective conservation, especially given ongoing threats from

fisheries bycatch and traditional harvest (Aylesworth, 2009;

Summers et al., 2018). A key priority for informed management

and conservation is identifying population boundaries and

connectivity between rookeries and foraging grounds (Hamann

et al., 2010; Fuentes et al., 2023).

This study contributes to that goal by combining genetic and

ocean simulation data to assess regional connectivity of green

turtles across Micronesia. The findings highlight the diverse

origins and migratory routes of green turtle populations,

reinforcing the need for regional conservation efforts that can be

tailored to protect the most vulnerable populations. The results

presented here offer a valuable baseline to inform future efforts.

In particular, integrating genetic baselines with tagging,

telemetry, behaviorally-informed dispersal models, and more

comprehensive genomic and mitogenomic markers (Horne et al.,

2023; Frey et al., 2025), will be important next steps for

understanding and conserving green turtle populations in the

western Pacific.
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