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Mitochondrial DNA (mtDNA) analysis is a key tool for defining population
structure in marine turtles, due to their strong natal homing behavior, which
leads to genetic differentiation among rookeries. However, the widespread
occurrence of common haplotypes across large geographic areas, has limited
the ability to resolve fine-scale population structure, particularly in the western
Pacific. Understanding these population dynamics is crucial for effective
conservation and management, as distinct nesting populations may face
different threats. This study evaluates the use of whole mitochondrial genome
sequencing to improve genetic resolution of population structure and enhance
the accuracy of mixed stock analysis (MSA). We analyzed 197 nesting green
turtles from six Pacific rookeries, representing two common mtDNA haplotypes
(CmP20.1 and CmP22.1). Using mitochondrial capture enrichment and MSA
simulations, we detected significant genetic differentiation between the
rookeries in Guam and the Commonwealth of the Northern Mariana Islands
(CNMI), which were previously considered a single genetic stock based on
traditional control region sequencing. Our findings demonstrate that whole
mitochondrial genome sequencing enhances stock resolution, improves the
accuracy of MSA, and strengthens the ability to determine connectivity between
nesting and foraging populations throughout the region. Refining genetics
baselines using whole mitogenome sequencing will support more precise
conservation strategies, allowing for targeted protection of genetically distinct
populations, improved assessments of bycatch impacts, and better-informed
management of critical foraging and nesting habitats.
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Introduction

The conservation of highly migratory marine species is
challenging due to their wide-ranging movements and complex
life histories. Marine turtles spend most of their lives in oceanic
habitats, migrating long distances across developmental habitats
during various life stages. Hatchlings are initially dispersed by ocean
currents (Bolten et al., 2003), spending several years (5-10) in a
pelagic phase before they settle into neritic foraging habitats. These
foraging grounds often support mixed aggregations of juvenile and
adult turtles often originating from multiple nesting populations.
Upon reaching sexual maturity, both males and females migrate to
their natal rookery for mating and nesting (FitzSimmons et al,
1997; Lopez-Castro et al., 2010). This strong natal homing behavior
results in demographic isolation and genetic structuring among
nesting populations (Jensen et al., 2013). Population boundaries are
typically defined by female philopatry to their natal rookery (Bowen
etal., 1992, 1993; Norman et al.,, 1994), a process commonly studied
using genetic techniques. Accurately characterizing population
structure is essential to ensure that demographically isolated
rookeries are appropriately protected and managed, as it provides
critical insights into genetic diversity, connectivity and the specific
needs of each population, and informs targeted conservation efforts.

Green sea turtles (Chelonia mydas) are distributed globally
across tropical and subtropical waters (Hirth, 1997) and are listed
as threatened or endangered globally due to various anthropogenic
threats, including incidental bycatch in fisheries, entanglement,
illegal harvest and loss of habitat. Under the U.S. Endangered
Species Act (ESA), 11 Distinct Population Segments (DPS) have
been recognized to aid conservation efforts (Seminoff et al., 2015).
The DPS designations are based on genetic and morphological
evidence, as well as ecological, behavioral, and oceanographic factors.

Genetic tools have been invaluable for defining stock structure
and understanding the connectivity between marine turtle rookeries
and their foraging habitats (Bowen and Karl, 2007; Jensen et al.,
2013). Due to their strong site fidelity, maternally inherited
mitochondrial DNA (mtDNA), specifically the hypervariable
control region (CR), has been the most informative genetic marker
for assessing population structure and connectivity in marine turtles
(Komoroske et al., 2017). Mixed stock analysis (MSA) is commonly
used to estimate the stock composition of foraging populations, and
determine connectivity between nesting and foraging sites (Jensen
et al, 2013). The MSA method involves analyzing genetic markers,
such as mtDNA, in samples from mixed foraging populations, and
comparing those genetic profiles to known genetic baselines from
potential source nesting populations. MSA can estimate the
proportional contribution of different source nesting populations to
the mixed foraging populations, which is helpful for evaluating
population connectivity and identifying migratory patterns.

However, the accuracy of stock structure assessment, and
subsequently of MSA studies, can be undermined by lack of
detectable genetic variation and the widespread occurrence of
shared mtDNA haplotypes. Three key factors influence MSA
accuracy: (1) a comprehensive baseline of potential source
populations, (2) significant detectable genetic structure, and (3) a
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sufficient sample size for both foraging and source populations.
Limited resolution in the mtCR sequences introduces uncertainty,
making precise MSA assignments difficult, even when demographic
separation is evident based on haplotype frequencies (Okuyama and
Bolker, 2005). For example, early mtDNA studies of marine turtles
relied on a 400-500 bp fragment of the control region (Dethmers
et al,, 2006), but these often result in substantial marker overlap.
More recent studies have expanded these sequences to ~800 bp,
revealing additional variation that is geographically informative
(Leroux et al., 2012; Dutton et al., 2014a, b; Shamblin et al., 2014).

Further improvements in MSA accuracy have been made by
expanding the sampling of potential source populations and
increasing the length of mtDNA fragments analyzed. Shamblin
et al. (2017) reassessed the origin of a juvenile green turtle foraging
population along the Texas coast by incorporating a previously
unsampled rookery and identifying novel mitogenomic variation
outside the CR. Additionally, MSA has been used extensively to
determine stock composition of sea turtles incidentally caught in
fisheries. For example, stock composition estimates of loggerhead
turtles (Caretta caretta) captured by the U.S. pelagic longline fishery
in the north Atlantic distant (NED) improved when longer mtCR
sequences were analyzed (LaCasella et al, 2013). Additionally,
mixed-marker approaches, combining nDNA (microsatellites)
and mtDNA data have improved the power of stock assignments,
particularly when haplotype diversity is low, such as in leatherback
turtles (Dermochelys coriacea) caught in the North Atlantic pelagic
longline fishery (Stewart et al., 2016), and green turtles caught in the
Hawaii and American Samoa-based longline fisheries operating in
the central Pacific (Horne et al., 2023).

While whole mitochondrial genome (mitogenome) sequencing
has been applied to sea turtle phylogenetic studies (Duchene et al.,
2012), it has yet to be applied extensively to stock structure studies.
Previous research (Shamblin et al., 2012a, b, 2017; Frandsen et al.,
2020) has demonstrated that sequencing beyond the mtCR can reveal
additional informative single nucleotide polymorphisms (SNPs),
significantly improving stock resolution. For example, Shamblin
et al. (2012b) showed that expanded mitogenome sequencing
reduced marker overlap between rookeries, thereby increasing the
precision of stock assignments in Atlantic green turtles.

Several mtDNA studies have characterized the genetic structure
of green turtle rookeries across the Pacific (Dethmers et al., 20065
Dutton et al.,, 2008; Frey et al,, 2013; Dutton et al., 2014a, 2014b;
Jensen et al., 2018). However, a study based on 384 base pairs (bp)
of the mtCR found no genetic structuring among three rookeries
within the central western Pacific, despite being separated by more
than 1,000 km due to common and widespread haplotypes
(Dethmers et al., 2006). The central western Pacific region
supports relatively small numbers of nesting green turtle
population spread across more than 50 nesting sites, many with
limited or unknown nesting numbers. Conservation challenges in
the region include harvest of eggs and nesting females, targeted
capture in marine habitats, and fisheries bycatch from longline,
pole-and-line, and purse seine fisheries (Seminoff et al., 2015).

Dutton et al. (2014b), identified seven genetically distinct
Management Units (MUs) in the western Pacific DPS based on
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770 bp of the mtCR haplotype frequency distributions. Their findings
indicated shallow genetic structure among rookeries in Micronesia,
with significant differentiation occurring only between sites separated
by more than 500 km. However, four MUs within Micronesia were
dominated by a common haplotype (CmP20.1), shared by 59% of the
750 individuals sampled (see Jensen et al., 2025).

The objective of this study was to examine the whole
mitogenome sequences of common and widespread western
Pacific CR haplotypes to identify informative variation beyond
the mtCR, allowing for more precise assessment of fine-
scale stock structure and MSA. We demonstrate that whole
mitochondrial genome sequences improve the resolution of
population structure in western Pacific green turtles.
Furthermore, while mtCR remains a powerful tool for assigning
individuals to their natal beach using MSA, incorporating whole
mitogenome data may increase confidence in assignments,
particularly when common and widespread haplotypes are
present across multiple sites.

Materials and methods
Sample collection

The samples sequenced in this study had previously been
analyzed for a 770 bp fragment of the mtCR by Dutton et al.

10.3389/fmars.2025.1581306

(2014b). These samples were collected from green turtle nesting
locations across six rookeries, representing five of the MUs in the
Pacific islands: the Republic of Marshall Islands (RMI), Yap in
the Federated States of Micronesia (FSM), Palau, Guam, the
Commonwealth of the Northern Mariana Islands (CNMI), and
American Samoa (Figure 1). Guam and CNMI are currently
considered to belong to one MU, based on Dutton et al. (2014b).

Samples consisted of skin biopsies from nesting turtles and tissue
from dead hatchlings. All samples were preserved in saturated salt
and frozen as part of the Marine Mammal and Sea Turtle Research
(MMSTR) collection at NOAA’s Southwest Fisheries Science Center
(La Jolla, California USA). For mitogenome analysis, we selected all
individuals with a CmP20.1 haplotype from Palau (n = 28), Guam (n
= 24), CNMI (n = 19). Additionally, we included randomly selected
subset (~23%) of individuals from RMI (n = 30) and FSM (n = 64).
All individuals with a CmP22.1 haplotype from American Samoa (n
= 12) and RMI (n = 21) were also included. These two haplotypes,
CmP20.1 and CmP22.1 represent the two most common and
widespread haplotypes found in the central and south western
Pacific region (Dutton et al., 2014b).

Laboratory preparation

To ensure accurate measurement of double-stranded DNA
from various extraction methods, DNA concentrations were
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FIGURE 1

Map of the western Pacific region illustrating the locations of six rookeries in the Pacific islands: the Republic of Marshall Islands (RMI), Yap in the
Federated States of Micronesia (FSM), Palau, Guam, the Commonwealth of the Northern Mariana Islands(CNMI) and American Samoa.
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quantified using the Quant-iT""" PicoGreen® ds DNA assay Kit
(Invitrogen) with a fluorospectrometer. The minimum target
quantity of DNA was 200 ng. Samples with <200 ng DNA were
re-extracted using a sodium chloride protein precipitation protocol
(Miller et al., 1988). Genomic libraries were prepared and pooled for
capture enrichment following the methods described in Hancock-
Hanser et al. (2013). Capture enrichment was done using two
SureSelect DNA capture arrays, each containing 244 K 60 bp
probes on a l-inch by 3-inch glass slide (Agilent Technologies
Inc.). Capture array design was done using the Agilent eArray
software (https://earray.chem.agilent.com/earray/; design data files
available in the Dryad data repository, doi:10.5061/dryad.cv35b).
The mtDNA genome used in the design was obtained from
GenBank® (NCBI/NIH; accession number JX454985.1) and 40 bp
from each end of the mitogenome were copied and added to the
opposite end of the sequence to improve depth of the circular
nature of the mitochondrial genome. On the array, the probes were
spaced every 15 bp and 221 copies of the mitogenome were
included. Pooled libraries were sequenced on an Illumina
NextSeq500 (Illumina, Inc).

Data analysis

Mitogenome assemblies were performed using custom scripts
(Dryad data repository doi:10.5061/dryad.cv35b) in the R computing
environment (R Development Core Team, 2021). These scripts
automated the application of publicly available analysis packages for
quality filtering (FASTX toolkit; http://hannonlab.cshl.edu/
fastx_toolkit/), assembly (BWA; Li and Durbin, 2009), multiple
alignment (MAFFT; Katoh et al., 2005) and SNP detection
(GATK; DePristo et al., 2011; Nielsen et al., 2012). The same
reference sequence was used to assemble the mitogenome
sequences (NCBI/NIH; accession number JX454985.1).

Using custom R scripts, additional quality control steps were
incorporated to address “index hopping” which has been reported
to occur both during library amplification and by Illumina
sequencers (Kircher et al., 2012). The first nucleotides were called
based on a frequency threshold of >80% of reads at each site. If the
threshold was not met, common alleles, defined as an allele that is
found in >50% of the pooled sample allele frequency, were called if
the proportion of the reads at that site in the sample was greater
than the proportion at the site across the entire pool of samples. A
rare allele was called when two criteria were met, the proportion of
reads at that locus in the sample (rp) was greater that the pooled
proportion (pp) by a ratio of at least rp = (pp+ 0.25)/1.25, and the
binomial probability of a specific base at each site was greater than
95%, given the sample-wide frequency of that base at that site.
Additionally, unique variants were inspected in Geneious (V. 7.1.5,
Biomatters, Auckland, New Zealand), by aligning sequences and
visually comparing the BAM files.

Variable sites were identified and haplotype labels were assigned
to the unique mitogenome sequences using the strataG package
(Archer etal., 2017) carried out in the R computing environment (R
Development Core Team, 2021). Additionally, in strataG,
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frequencies for each haplotype were calculated. For the RMI and
FSM rookeries, where a subset of the individuals with a CmP20.1
haplotype were sequenced, haplotype frequencies were adjusted in
order to preserve the original relative frequencies for each
population. Adjustments were done by multiplying the number of
individuals assigned a CmP20.1.x haplotype by the total number of
individuals at that rookery that were assigned a CmP20.1 haplotype
then dividing that by the number of individuals sequenced in this
study from that rookery with a CmP20.1 haplotype. For example,
FSM was reported to have 276 individuals with haplotype CmP20.1.
We sequenced 64 and found 3 that assigned to CmP20.1.1. The
adjusted frequency was 13.

To estimate population differentiation among rookeries,
pairwise Fgr values were calculated for each of the five previously
described MUs, except Guam/CNMI, which were analyzed as
separate populations. Significance values were acquired from
10,000 permutations, and a minimum significance threshold of
p<0.05 was applied. Exact tests of population differentiation were
also performed with 100,000 permutations and 10,000
dememorization steps (Raymond and Rousset, 1995) using
Arlequin V. 3.5.1.2 (Excoffier and Lischer, 2010).

To evaluate the degree to which a haplotype was informative for
stock structure analysis, rare haplotypes (those occurring in < 5% of
sequences), were excluded by ignoring their variable sites and
grouping those haplotypes with the next most similar haplotype.
We then reran the Arlequin analysis to verify the pairwise
comparisons of Fgr and exact tests results remained significant.
This process was repeated iteratively, using haplotype frequency
data based on “collapsed” haplotypes, until the most informative
variants were identified.

MSA simulations

To evaluate the utility of the new genetic marker, we conducted
a mixed stock analysis (MSA) using three simulated population
scenarios. Equal prior probabilities were assigned to each
parameter. The haplotype frequencies for each population varied
according to the rookery contribution. (1) equal contribution from
all rookeries (20%), (2) unequal contributions with 20% from RMI,
5% from FSM, 5% from Palau, 60% from Guam, and 10% from
CNM]I, and (3) a skewed contribution scenario with 80% from RMI,
10% from FSM, 5% from Palau, 4% from Guam, and 1%
from CNMI.

To evaluate the effect of sample size on MSA accuracy, we tested
three different sample sizes (n = 20, 50, and 100) for each
simulation. These reflect the range of sample sizes of green turtle
foraging population studies in this region. Three baseline datasets
were compared: (1) haplotype frequencies from a 770 bp control
region (Dutton et al,, 2014b), (2) mitogenome haplotypes, and (3)
collapsed mitogenome haplotypes. The American Samoa rookery
was excluded from these simulations because it did not share the
CmP20.1 haplotype.

Bayesian MSA was conducted using the software BAYES (Pella
and Masuda, 2001), which estimates the proportional contributions
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of each rookery to the simulated populations. Each MSA was run
using five independent chains with different starting points,
performing 10,000 Monte Carlo Markov Chain (MCMC) steps,
including 5,000 steps for burn-in followed by 5,000 steps for
sampling. To ensure the results were reliable, convergence was
checked for by calculating the Gelman and Rubin shrink factor,
aiming for a value below 1.2 (Pella and Masuda, 2001).

Results

DNA concentrations for the 198 samples ranged from 1.1 ng/ul
to 500 ng/ul. Sixty-four individuals were re-extracted, 23 of which
were still below 200 ng but were included anyway. A total of 197
mitogenomes were successfully sequenced with an average coverage
of 139 reads per base. Subsequently, eight samples were removed as
a result of unresolved base calls due to index hopping. Analysis of
the sequenced mitogenomes identified 28 variable sites, defining 27
unique haplotypes (Supplementary Table 1). The previously
described 770 bp control region haplotype CmP20.1 was further
resolved into 23 distinct haplotypes, 18 of which occurred in fewer
than 5% of individuals. These rare haplotypes were collapsed into
six mitogenome haplotypes (Table 1). Similarly, the 770 bp
haplotype CmP22.1 was split into four haplotypes, three of which
were only observed once and were subsequently collapsed into one
mitogenome haplotype.

Pairwise comparisons of the four previously described MU
rookeries (American Samoa, Marshall Islands, Yap, Palau), and the
additional Guam and CNMI rookeries, (previously undifferentiated
and combined into one MU), all showed highly significant genetic
differentiation (p<0.005) in both conventional F¢r and exact
tests (Table 2).

For the MSA simulations, we evaluated the difference between
the estimated mean assigned and the expected “true” contribution
for each MU, referred to as %diff, as well as the range of the 95%
credible interval (CI) across different sample sizes. The collapsed
mitogenome baseline consistently produced the most accurate
estimates, aligning most closely to the “true” contributions
(Table 3). The average range of the 95% CI was 0.52 for the
control region (CR) baseline, 0.28 for the collapsed mitogenome
(CM) baseline and 0.27 for the mitochondrial genomes (MG). The
%diff values were highest for the smallest sample size (n=20),

10.3389/fmars.2025.1581306

whereas sample sizes of 50 and 100 performed similarly across all
baseline datasets and rookery contributions.

Simulation 2, which had a large difference in contributions
between the CNMI and Guam rookeries, had the highest %diff for
baselines and sample sizes, 10% for CR, 5.6% for MG and 4% for
CM (Figure 2, and supplementary material). Simulation 3, which
represents a real foraging population (Jensen et al., 2025), yielded
similar %diff for both the control region and the mitogenome
baselines. However, the collapsed mitogenome baseline provided
the most accurate estimates to the true population contributions.

Discussion
Population structure

Whole mitogenome sequencing revealed previously undetected
fine-scale population structure, distinguishing green turtle rookeries
separated by approximately 220 km between Guam and the CNMI.
These findings provide strong genetic support for demographic
isolation between these rookeries, which had not been identified in
earlier studies using CR haplotypes. While previous genetic studies
using mtCR suggested that green turtle population differentiation
occurred at distances greater than 400 km (Dutton et al.,, 2014b;
Bowen and Karl, 2007; Meylan et al., 2011), our results highlight how
whole mitogenome sequencing offers a more refined resolution. This
approach enables detection of genetic differentiation at smaller spatial
scales, such as between neighboring rookeries just 220 km apart.
Recent studies have shown that significant genetic differentiation can
occur between neighboring rookeries as close as 300 km apart, as
observed around south of the Taiwan Island (Cheng et al., 2008).

This unexpected differentiation between Guam and CNMI may
be influenced by genetic drift in small populations or a founder effect,
similar to the patterns observed in Hawaiian green turtle populations,
and would be driven by natal homing (Frey et al., 2013). Both Guam
and CNMI host very small nesting populations, with fewer than 50
females estimated in each (Seminoff et al., 2015). Additionally, the
foraging populations around Guam and CNMI consist primarily of
juveniles, with adults mostly observed during the nesting season
(Martin et al., 2016; Summers et al., 2017; Gaos et al., 2020).

Our results, combined with findings from Roden et al. (2023),
who reported significant differentiation between Guam and CNMI

TABLE 1 Haplotype frequencies across six rookeries for collapsed mitogenome haplotypes.

\| AmSamoa Guam RMI Yap CNMI Palau
20.1.01 23 0 2 17 3 0 1
20.1.05 10 0 0 1 2 0 7
20.1.06 42 0 5 0 8 15 14
20.1.07 7 0 6 0 0 1 0
20.1.09 27 0 1 0 24 2 0
20.1.17 49 0 7 12 24 0 6
22.1.01 31 10 0 21 0 0 0
Frontiers in Marine Science 05 frontiersin.org
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TABLE 2 Pairwise Fst values and results for the exact test between six rookeries in the western Pacific region.

RMI FSM Palau Guam CNMI Am.Samoa
RMI -
FSM 0.0954*%, 0.2417** -
Palau 0.1191%, 0.3139** 0.0838*%, 0.1172** -
Guam 0.0958*%, 0.3179** 0.0819*, 0.0947** 0.0629%, 0.0858** -
CNMI 0.3259*, 0.5001** 0.2523*, 0.2925** 0.2058*%, 0.2025** 0.2590%, 0.3271** -
Am.Samoa 0.1571%, 0.1010* 0.1960%, 0.2331** 0.2125%, 0.2733** 0.2339%, 0.2998** 0.4616*, 0.5623** -

Values were generated from mitogenome haplotypes and collapsed mitogenome haplotypes. P values are shown as <0.05* and <0.005**.

TABLE 3 Comparing baseline datasets, control region (CR), mitogenome haplotypes (MG), and collapsed mitogenome haplotypes (CM) of the average
difference between the mean assigned and the “true” contribution from each population and the average range of the Cl from each population for
each simulation.

N =20 N =100
avg. % diff a"%f'?:rl‘ge avg. % diff a"%fracrl‘ge avg. % diff a"%fr‘gl‘ge
CR 5% 0.67 7% 0.61 4% 0.48
Simulation 1 MG 6% 0.54 3% 0.42 3% 0.28
CM 4% 0.54 3% 0.22 1% 0.35
CR 10% 0.71 10% 0.61 10% 0.53
Simulation 2 MG 6% 0.33 6% 0.24 5% 0.19
CM 3% 0.42 5% 0.28 4% 0.23
CR 5% 0.46 3% 0.33 2% 0.27
Simulation 3 MG 5% 0.16 3% 0.16 2% 0.14
CM 5% 0.17 3% 0.18 0% 0.16
SIM1 SIM2 SIM3

TRUE CR MG CM TRUE CR MG CM TRUE CR MG CM TRUE CR MG CM TRUE CR MG CM

RMI

FIGURE 2

Comparison of baseline datasets, control region (CR)

M

Palau Gum

= seriest

simulation with 100 individuals.

using nDNA (microsatellites), supports the recognition of Guam
and CNMI as distinct MUs. Treating them as separate populations
will contribute new baseline data for MSA and enable more precise
management strategies. However, this approach will only be
effective if future studies continue using whole mitogenome
sequencing to identify and incorporate informative variations.
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Without these additional genetic markers, traditional CR based
MSA may fail to distinguish between the two populations, limiting
the accuracy of stock assignments. Given that both populations are
significantly depleted and face ongoing conservation challenges,
recognizing them as independent MUs will help preserve local
adaptation and genetic diversity. This distinction is particularly
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important for tailoring conservation efforts to the unique threats
and recovery needs of each population. Future work should focus
on refining the regional genetic baseline using whole mitogenomes
to ensure long-term effectiveness of MSA in distinguishing the
Guam and CNMI stocks as well as other neighboring rookeries.

Mixed stock analysis

The MSA simulations confirm the value of the mitogenome
sequences in accurately assigning individuals to their natal rookeries.
The improved resolution, particularly for the CmP20.1 haplotype,
demonstrates the importance of incorporating mitogenome data into
MSA (Dutton et al., 2014b). With the collapsed mitogenome variants,
the CR haplotype CmP20.1 was expanded into six separate
haplotypes. This reduction in haplotype overlap among rookeries
significantly enhanced the estimated rookery contributions to mixed
foraging aggregations, addressing concerns previously raised by
Bolker et al. (2007).

The findings also illustrate the effect of sample size on the reliability
of stock assessments. Across all three simulations, the largest sample
size (n = 100) produced the most accurate estimates, with the lowest %
diff and the smallest 95% CI range across all baseline datasets. In
simulation 2 where Guam and CNMI contributions differed
significantly, the CR dataset performed poorly (10%diff), failing to
distinguish between the two MUs. In contrast, both mitogenome
datasets (MG and CM) showed lower %dift and narrower 95% CI,
particularly in smaller sample sizes, emphasizing that the mitogenome
allows for more precise MSA with small sample sizes.

Collapsing MG haplotypes further improved stock assignments
and brought into focus the most informative variants. This
highlights the potential for targeted sequencing assays,
eliminating the need for full mitogenome sequencing. Shamblin
et al. (2012b, 2017) previously demonstrated this approach using
Sanger sequencing; however, our study leverages Next Generation
Sequencing (NGS), which offers greater efficiency. While costs for
NGS are still not trivial, the ability to sequence targeted regions at
scale (i.e., reanalyzing large rookery datasets, as well as foraging and
bycatch individuals) makes it a cost-effective alternative to
traditional Sanger sequencing methods (Legati et al., 2021).

Future work should include designing targeted assays for the
most informative variants identified in this study and sequencing
additional individuals and haplotypes (CmP32, CmP61, and
CmP77) from both Yap in the Federated States of Micronesia,
and the Republic of Marshall Islands, as well as any foraging or
bycatch individuals with CmP20.1 haplotype (Jensen et al., 2025;
Horne et al,, 2023). Additionally, haplotype CmP65 found in both
American Samoa and French Polynesia, could help to further
improve MSA studies if the mitogenomes were included.

Interestingly, while CmP20.1 showed increased resolution, the
CmP22.1 haplotype exhibited minimal variation. Nearly 90% of
individuals from American Samoa and the Marshall Islands shared
the same MG haplotype, despite being separated by over 2,800 km.
This lack of variation suggests either a recent colonization event, or
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shared common ancestry (Jensen et al., 2013; Shamblin et al., 2014).
Future work should include assessing the distribution of this
haplotype at more distant rookeries, perhaps as an informative
variant for broader scale studies.

Conservation benefits

Our findings have direct conservation implications, reinforcing
the need for targeted protection efforts that consider both large and
small nesting populations. Smaller rookeries, despite their lower
nesting numbers, may contain unique genetic diversity that is
essential for species resilience.

Incorporating mitogenome data into MSA is particularly
relevant for fisheries management and bycatch mitigation. The
collapsed MG baseline consistently outperformed both the CR
baseline and the CM baseline, providing the most reliable
estimates for mixed foraging grounds. This improved accuracy
allows for more effective management strategies, including
enhanced genetic monitoring to refine stock identification,
bycatch reduction initiatives informed by improved stock
distribution data, special protection measures that safeguard
critical habitats, adaptive management strategies tailored to
region-specific threats and community engagement efforts in
foraging areas where multiple stocks intermingle.

Previous studies using MSA with mtDNA, such as those by
Dethmers et al. (2006) and Piovano et al. (2019), have highlighted
the significant contributions of various nesting populations to
foraging sites in the western Pacific. However, Jensen et al.
(2025), caution that weak genetic differentiation between MUs
may skew MSA results. Re-analyzing existing MSA datasets with
mitogenomic markers that include CR haplotypes like CmP20.1,
could enhance our understanding of stock composition and
individual movements, ultimately leading to better informed
conservation strategies to mitigate threats like incidental capture
and habitat loss in these critical areas.

Distinguishing between the small rookeries of Guam and CNMI
will significantly improve conservation efforts, especially regarding
foraging behaviors and habitat protection. Understanding whether
turtles foraging around Guam are local residents or migrating from
other areas is crucial. This can inform MU scale risk assessments
and subsequent prioritization of conservation strategies directed at
these foraging habitats (Seminoff et al., 2015; Wallace et al., 2023).
Additionally, long term monitoring of movements and foraging
patterns with refined genetic tools that we describe can help assess
the impacts of environmental changes, human activities, or climate
change on these populations.
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