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The northwestern Pacific region is an important habitat for sea turtles, hosting
five species out of seven. There is still limited information available about the sea
turtle aggregations around the Korean Peninsula, which is the northern boundary
for many sea turtle species in the western Pacific area. The present study aims to
investigate the migratory route of sea turtles visiting Jeju Island. Five species of
sea turtles were identified from by-catch and stranding data between 2013 and
2022 on Jeju Island in Korea: green (Chelonia mydas; 24 individuals), loggerhead
(Caretta caretta; 9), hawksbill (Eretmochelys imbricata; 2), olive ridley
(Lepidochelys olivacea; 2), and leatherback (Dermochelys coriacea; 1). Mixed
stock analysis using mitochondrial DNA haplotypes revealed that Jeju green
turtles primarily originate from the rookeries of the Japanese Archipelago. This
connectivity between two regions was also supported by the similar genetic
composition of loggerhead turtles. Similarly, satellite tracking data showed that
several green turtles originating from Jeju Island migrated to waters near the
Ryukyu Archipelago in Japan. Nevertheless, about 60% of the tracked green
turtles stayed near Jeju Island, with most overwintering there, indicating the long
residency in Jeju Island. This study also provides the genetic sequences of other
three species including new orphan haplotypes of hawksbill and olive ridley
turtles. Our findings suggest that Jeju Island serves as a stable foraging habitat
and provide insight into understanding the habitat range of sea turtles in the
western Pacific.
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1 Introduction

Sea turtle populations experienced a major decline worldwide in
the past due to anthropogenic activities, such as bycatch (Lewison
et al,, 2004), coastal development (Fuentes et al., 2020), and habitat
change resulting from global warming (Reece et al., 2013).
Currently, most species are classified as vulnerable, endangered,
or critically endangered (IUCN, 2017). Globally, fundamental
investigations encompassing the habitat ranges of sea turtles,
spatial and seasonal migratory patterns, and changes in
population size at habitat sites have been ongoing to design
effective conservation strategies. As a result of this effort, recent
research confirmed increasing trends in population abundance for
specific sea turtle species at nesting sites in various global
management regions (Mazaris et al., 2017). Furthermore, Mazaris
etal. (2017) demonstrated the importance of long-term monitoring
for accurately detecting abundance trends. Nonetheless, most of
these investigations to date have focused on specific regions, leaving
some areas poorly studied. To advance conservation strategies, it is
a priority to fill knowledge gaps in underrepresented sites and
develop strategies at both local and regional scales.

Genetic data, particularly genetic variation and population
structure information derived from mitochondrial DNA sequences,
have been an important foundation for the establishment of
conservation units for a range of sea turtle management
approaches including Evolutionary Significant Units (ESUs),
Distinct Population Segments (DPSs), Regional Management Units
(RMUs), and Management Units (MUs) (Komoroske et al., 2017). All
of these conservation units are premised on shared genetic variation
within a population segment, though their designations differ
spatially and temporally (USFWS and NMES, 1996; Wallace et al.,
2010). To define conservation units more precisely, the sampling of
turtle foraging grounds is required, which would allow the
connectivity between foraging aggregates and nesting populations
to be understood. The Bayesian approach, Mixed Stock Analysis
(MSA), has been employed as the primary method to identify the
major contributing rookery populations to the foraging aggregate,
based on relative genotype frequency (Pella and Masuda, 2001).

Jeju Island on the Korean Peninsula is the northern boundary
for most sea turtle species inhabiting the western Pacific region and
has been recognized as a foraging ground for green (Chelonia
mydas) and loggerhead turtles (Caretta caretta) (Jung et al,
2012b; Jang et al, 2018). To date, all five species of sea turtles
reported in the northwestern Pacific have also been observed in the
waters around the Korean Peninsula: green, loggerhead, hawksbill
(Eretmochelys imbricata), olive ridley (Lepidochelys olivacea), and
leatherback turtles (Dermochelys coriacea) (Kim et al., 2017; Kim
et al,, 2022). Satellite tracking data of green turtles suggest that the
aggregation off Jeju originates from neighboring rookeries in Japan,
Taiwan, and China (Moon et al., 2011; Jang et al,, 2018). On the
other hand, Jeju island also has suitable physical conditions for
nesting and hatchling survival, and nesting behaviors of sea turtles
were recorded in the past despite occasional events (Jung et al.,
2012a). There are substantial gaps in the understanding of the
ecology and habitat range of sea turtles around Jeju Island. To fill
the gaps, comprehensive investigations are needed into their genetic
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features and migration patterns. As of now, mitochondrial
sequences for sea turtles on the Korean Peninsula have been
officially reported for only a few individuals of hawksbill, olive
ridley, and leatherback turtles (Cho et al., 2018). In the
northwestern Pacific region, there have been few studies on these
species despite regular observations (Hamann et al.,, 2006; Chan
et al,, 2007; Nishizawa et al., 2012; Fukuoka et al., 2019; Ng and
Matsuzawa, 2021).

In this study, we analyzed the genetic composition of five sea
turtle species collected around Jeju Island and explored the
population connectivity to the neighboring rookeries to identify
their natal origin. Additionally, we traced migratory routes for
several green and loggerhead turtles using satellite tracking. This
comprehensive analysis based on multidisciplinary data enhances
the understanding of migration patterns in the northwestern Pacific
region; in addition, the DNA sequences obtained for hawksbill,
olive ridley, and leatherback turtles contribute to filling the
sampling gap in the northwestern Pacific allowing more informed
assumptions to be made about their movements.

2 Materials and methods

2.1 Sampling and sequencing of
genomic DNAs

A total of 38 stranded dead or bycaught sea turtles were
collected on and around Jeju Island between 2013 and 2022
(Figure 1, Table 1, Supplementary Table 1). Of these, 15 turtles (4
loggerheads, 10 greens, and 1 olive ridley) were captured alive, while
the rest were found dead. For most of dead turtles, the carcass
condition was considered as fresh or slightly decomposed (fresh
dead or early moderately decomposed state described in Reneker
et al. (2018); decomposition code 1 or 2, respectively, described in
Santos et al. (2018)). Based on the time carcass decomposition takes
to proceed (1-8 days estimated in Santos et al. (2018), we
considered these turtles to be from the same stock as the
bycaught turtles rather than having been transported from
other stocks.

Genomic DNA was extracted from the tissue or blood of 32
turtles, with a DNA sample from one satellite-tagged green turtle
tracked (Tracking ID: 53759) in a previous study (Supplementary
Table 1) (Jang et al., 2018). Six bycaught sea turtles (Tracking IDs:
718336, 710313, 710314, 710315, 724924, and 724925) were
excluded from the sequencing analysis due to absence of samples.
For the bycaught specimens, tissue samples were taken from the soft
part behind the hind flipper when a tag was placed and blood
samples were obtained from the bilateral cervical sinus, following
the protocol recommended by NMFS-SEFSC (2008). Stranded dead
specimens were stored at -80°C until fixation. All tissue samples
were preserved in 99% ethanol for transportation to the laboratory
and subsequently stored at —20°C until DNA extraction. Genomic
DNA was extracted using a QIAamp Fast DNA Tissue Kit (Qiagen,
Inc., Hilden, Germany) and a DNeasy Blood and Tissue Kit
(Qiagen, Valencia, CA, USA) for tissue and blood samples,
respectively. The mitochondrial control region was amplified
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CM, Chelonia mydas

CC, Caretta caretta

El, Eretmochelys imbricata
LO, Lepidochelys olivacea
DC, Dermochelys coriacea

cc El LO DC

Location of Jeju Island and the samples employed in the present study. (A) Map of the Korean Peninsula and the surrounding seas with an enlarged
map of Jeju Island. The colored circles represent the locations where bycaught turtles were captured, and the numbers represent the capture
locations of turtles tracked by satellite, as detailed in Table 2. (B) Sample size for each turtle species analyzed in this study. Individuals with distinct

haplotypes are differentiated by color.

using the primers LCM15382 and H950 (Abreu-Grobois et al,
2006). The PCR mixture consisted of IP-Taq PCR Master mix
(Cosmogenetech, Seoul, Korea) with 1 pl of genomic DNA, 10
pmoles of each forward and reverse primer, and distilled water
adjusted to a final volume of 20 pl. Thermocycling was conducted
under the following conditions: 5 min at 94°C for initial
denaturation; 35 cycles including 30 s at 94°C, 30 s at 55°C, and 1
min at 72°C; and 7 min at 72°C for the final extension. Raw
sequences were generated using a Big Dye Terminator V3.1 Cycle
Sequencing kit on an Applied Biosystems 3730x] DNA Analyzer
(Applied Biosystems Inc, South Korea) and modified manually
using Geneious Prime v. 2022.2. The sequence of a tracked green
turtle (ID 724927) was omitted from the subsequent analysis due to
the presence of an ambiguous site.

2.2 Molecular analysis

The mitochondrial DNA sequences varied in length depending
on the species but were at least 700 bp. The nomenclature of the
mitochondrial sequences was initially identified by comparing with
databases of NCBI GenBank using BLAST searches, and the results
were subsequently compared with published data specific to each
species. The sequence lengths for subsequent molecular analysis

TABLE 1 Information for the specimens.

were adjusted to be either long or short based on the haplotype
datasets available for each species and the specific aims of the
analysis. For both long and short fragments, the lengths were
adjusted to produce overlapping fragments after alignment using
MUSCLE v. 2.8.425 (Edgar, 2004) in Geneious Prime. Haplotype
networks were constructed based on the median-joining algorithm
using PopART v. 1.7 (Leigh and Bryant, 2015). Indel sites were not
considered in this analysis. The estimation of genetic diversity and
the exact test of population differentiation in the following analyses
were conducted using Arlequin v. 3.5 (Excoffier and Lischer, 2010).

For green turtles, mitochondrial haplotype data based on short
sequences (<400 bp) were compared with the data from nesting and
foraging aggregations in the northwestern Pacific RMU (Wallace
et al,, 2010) including the Japanese Archipelago, Taiwan and South
China region (Nishizawa et al., 2011; Nishizawa et al., 2013;
Hamabata et al.,, 2014; Ng et al.,, 2014; Nishizawa et al., 2014b;
Hamabata et al, 2015; Ng et al., 2017; Hamabata et al., 2018)
(Supplementary Table 2). The haplotypes were clustered in
accordance with the phylogenetic clade defined in Jensen et al.
(2019) and the haplotype network reconstructed in this study
(Supplementary Figure 1).

Mixed-stock analysis (MSA) was conducted to determine the
natal origin of the green turtles around Jeju Island using the
MIXSTOCK package in R via Bayesian approach (Bolker et al,

Species N: Nt2 Ng® Sample type*
Chelonia mydas 24 9 18 T. B.
Caretta caretta 9 2 8 T, B

Lepidochelys olivacea 2 0 2 T, B
Eretmochelys imbricata 2 0 2 T
Dermochelys coriacea 1 0 1 T

'N, sample size used for satellite-tracking or molecular analysis in this study.
>Nt, sample size satellite-tracked.

°Ng, sample size mitochondrial DNA sequences was generated.

4Sample type used to extract genomic DNA: T, Tissue; B, Blood.
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2003). This MSA was conducted using haplotype data from short
fragments in accordance with the available reference data. We
included potential source rookeries in the north and central
western Pacific following the method outlined by Hamabata et al.
(2018). Haplotype data for rookeries were derived from Dethmers
et al. (2006); Cheng et al. (2008); Nishizawa et al. (2011); Nishizawa
et al. (2013); Dutton et al. (2014a; 2014b); Hamabata et al. (2014);
Ng et al. (2014); Jensen et al. (2016); Gaillard et al. (2020); Song et al.
(2022), and Li et al. (2023). According to the MIXSTOCK protocol,
unique haplotypes in mixed populations were excluded, and
haplotypes found only in a single population were lumped (Pella
and Masuda, 2001). Each run consisted of the 100,000 MCMC
iterations with a burn-in period of 10,000 steps. MCMC
convergence was diagnosed using a Gelman-Rubin criterion
(Gelman et al., 1996). Haplotype frequency of green turtles
around Jeju Island was compared with nearby Japanese rookeries
by the exact test. Taking into account the genetic subdivision
patterns reported by Hamabata et al. (2014) and Nishizawa et al.
(2011) and the geographical distance, we divided the Japanese
rookeries into four separate populations: Central Ryukyus,
Ishigaki, southwestern Iriomote in Yaeyama, and Ogasawara.

The sequences from longer fragments (>700 bp) were utilized
to construct a haplotype network for Jeju green turtles and to estimate
the genetic diversity, which was compared with neighboring foraging
aggregations to improve the accuracy of the estimation based on the
greater amount of genetic variation (Supplementary Table 3).

For loggerhead turtles, we did not use MSA due to the small
sample size. Long sequences of mitochondrial fragments (>800 bp)
were used to construct a haplotype network for Jeju loggerhead turtles
and to analyze the exact test between Jeju Island and nearby nesting
aggregations in the Japanese Archipelago, which are the only reported
nesting places in the same RMU, north Pacific (Matsuzawa et al.,
2016) (Supplementary Table 4). Genetic diversity was estimated
based on both short sequences (Bowen et al., 1995; Nishizawa
et al, 2014a) and long fragments because comparable foraging
aggregations were limited to a single location (Sanriku in the
Japanese Archipelago) when using long fragments only.

For the remaining three species, mitochondrial sequences were
compared with previously reported haplotype data from the Pacific
region, given the lack of defined RMUs. For hawksbill turtles, the long
sequences (>700 bp) were compared to haplotypes from the western
Pacific (Nishizawa et al., 2010; Nishizawa et al., 2012; Nishizawa et al.,
2016; Vargas et al., 2016; Kim et al., 2020) and the eastern Pacific
(Zuiiga-Marroquin and Espinosa de los Monteros, 2017; Gaos et al.,
2018; Gaos et al., 2020) to identify the nomenclature of newly
obtained sequences and compare the regional haplotype frequency
(Supplementary Table 5). Haplotypes were distinguished according
to the phylogenetic clades in Arantes et al. (2020). Shorter sequences
(~500 bp) were used to compare the haplotypes with the prefix ‘EIJ’
reported in the northwestern Pacific.

For olive ridley turtles, the genetic sequences from Jeju were
identified based on comprehensively rearranged haplotype data
(> 600 bp) from Vilaca et al. (2022). Haplotype compositions for
specific habitats were derived from studies conducted in the western
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Pacific (Jensen et al,, 2013; Kim et al.,, 2019; Adnyana et al., 2020;
Vilaca et al., 2022) and the eastern Pacific (Duchene et al., 2012;
Pinou et al.,, 2018; Campista Leon et al., 2019; Silver-Gorges et al.,
2020; Vilaga et al., 2022; Martin-del-Campo et al., 2023)
(Supplementary Table 6). Clustering of these haplotypes followed
the divergence patterns identified in Vilaca et al. (2022).

For leatherback turtles, the genetic sequences from Jeju were
identified based on both short sequences of 496 bp (Dutton et al.,
1999) and long sequences of 763 bp (Yoshikawa et al., 2016; Cho et
al., 2018). Haplotype compositions for specific habitats based on a
sequence length of 496 bp were derived from studies conducted in
the western Pacific (Dutton et al., 2007; Yoshikawa et al., 2016) and
the eastern Pacific (Dutton et al., 1999) (Supplementary Table 7).
Haplotype data from long fragments (>700 bp) were not used for
the comparison because several haplotype sequences available in
GenBank remain unpublished.

2.3 Satellite tracking

Ten green and two loggerhead turtles were tracked by satellite
after being bycaught in pound nets (Table 2), which allowed the
turtles to breathe by providing open access to the sea surface (Jang
etal., 2018). Following standard legal requirements, the turtles were
reported to the marine police of Jeju and visually inspected for
potential injury or diseases. Based on the opinion of a veterinarian
and the animal rescue institute involved, satellite tracking was only
conducted on individuals without health problems. The straight
carapace length (SCL) and straight carapace width (SCW) were
measured to the nearest 0.1 cm. An Inconel tag provided by the
Marine Biodiversity Institute of Korea was attached to the flipper
for future identification. An Iridium satellite transmitter (SeaTrkr-
4370 or 4375, Telonics, Mesa, AZ, United States) was deployed
using polyester resin and glass fiber. The weight of the satellite
transmitter (190-210 g) was estimated to not exceed 5% of the body
weight of the turtles. Although the actual weights of the turtles were
unknown, this estimate was based on a SCL of at least 45 cm and
good body condition, indicating sufficient body weight.

Once the resin had hardened, the turtles were released at a
location close to their point of capture (Figure 1; Table 2). The
iridium satellite transmitter used Quick Fix Pseudoranging (QFP)
to transmit GPS positions with a 25 m error range at 1 to 4 hour
intervals to the orbiting IRIDIUM satellite system (Jim et al., 2022).
The transmitters employed a two-way system to confirm whether
the data had been successfully received, with the data automatically
retransmitted in order to resolve problems with the original
transmission. Both successful and resolved QFP data were plotted
on a Google map using the “geoscatter” function in the Matlab
program. Data that were not correctly transmitted (labeled
“unresolved” and “resolved (uncertain)”) and any two consecutive
points where the speed required to cover the distance between them
exceeded 5 km/h were excluded from the analysis (Luschi et al,
1998). Satellite tracking was terminated when the transmitter did
not send signals for more than three months.
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TABLE 2 Information on satellite-tracked loggerhead and green turtles.

10.3389/fmars.2024.1281897

Size (cm)? Capture information Tracking information
sl
TrackiD | Species SCL | SCW  Location Date Lat. Lon. Release date Duration®  Distance
(CEVA)] (km)
718336 cc 64.0 50.0 1 2019.624  33°30° | 126°54’ 2020.9.11 64 1868
724923 cc 78.2 60.9 2 2021617 33°13 | 126°19’ 2021.8.26 437 9512
710313 cM 67.7 55.6 3 2019722 33°13 | 12628 2019.8.27 154 2247
710314 cM 84.3 69.7 1 2019928  33°30° | 126°54 2019.11.1 174 22
710315 cM 49.9 40.6 3 20209.17  33°13 | 126°28 2020.9.17 481 376
718338 M 50.6 440 3 20209.24 | 33°13 12628 2020.9.24 587 398
718339 cM 64.5 54.9 3 2020928  33°13 | 12628 2020.9.28 352 239
724924 cM 73.0 60.0 1 2021.11.8  33°30° | 126°54’ 2021.11.9 84 891
724925 cM 68.0 55.0 1 2021.11.8  33°30° | 126°54’ 2021.11.9 67 2041
724926 M 61.1 492 1 2022427 33°30° | 126°54° 2022.4.27 > 344 482
724927 cM 78.8 59.3 3 202252 33°13  126°54° 2022.5.2 > 339* 31

!Species: CM, Chelonia mydas (green); CC, Caretta caretta (loggerhead).
2Size: SCL, straight carapace length; SCW, straight carapace width.
*Duration of tracking = *, tracking still in progress.

3 Results

A total of 38 turtles, including green, loggerhead, hawksbill,
olive ridley and leatherback, were obtained around Jeju Island on
the Korean Peninsula. Of the 38 turtles, green turtles were the most
frequently encountered (N=24, 61.5%), followed by loggerhead
turtles (N = 9, 23.1%) (Figure 1, Table 2). The satellite-tracked
green and loggerhead turtles were captured around southwestern or
eastern side of Jeju Island (Figure 1, Tables 1, 2). Other bycaught sea
turtles were captured on the northwestern side (loggerhead) and on
the northeastern side (olive ridley) (Figure 1). Mitochondrial
sequences longer than 700 bp were obtained from 31 sea
turtles (Table 1).

3.1 Genetic composition of the Jeju
sea turtles

3.1.1 Green turtle

We acquired mitochondrial DNA sequences with lengths of
706-864 bp from 18 individuals. After alignment, the 706 bp
sequences corresponded to five distinct haplotypes previously
identified in the western Pacific and were separated into three
clades (Figure 2A, 3A, Supplementary Table 1). Clade VII with
haplotypes CmP39.1 (8 individuals) and CmP213.1 (1 individual),
was the most common, followed by Clade VIII with CmP50.1 (6
individuals) and CmP57.2 (1 individual) and Clade III with
haplotype CmP54.1 (2 individuals) (Figure 2A). The satellite-
tracked individuals with ID 718338, 718339, and 724926 were
identified as haplotypes CmP50.1, CmP213.1, and CmP39.1,
respectively. Both the haplotype (h) and nucleotide (7) diversity
in Jeju (h = 0.7124, = 0.0217) was higher than that of the foraging
aggregations around the main islands of Japan but lower than that
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of the foraging aggregations around the Ryukyu Archipelago and
around the South China region (Supplementary Table 8). MSA
revealed that the rookeries in Japan were the primary contributors
to the foraging aggregation around Jeju, accounting for 89.57%
[95% confidence interval (CI): 72.02-99.01%)]. In contrast, other
rookeries, including the populations of Hong Kong and Taiwan,
which are in close vicinity, exhibited a low contribution level of less
than 1% (Figure 4, Supplementary Table 9). The exact test revealed
significant population differentiation between the Jeju aggregate
and rookeries in the Yaeyama Islands situated in the southernmost
part of Ryukyu Archipelago (Table 3).

3.1.2 Loggerhead turtle

We obtained mitochondrial DNA sequences with lengths of
894-896 bp from eight individuals. After alignment, the 808 bp
sequences corresponded to three distinct haplotypes identical to
those reported for the northwestern Pacific (Figure 2B,
Supplementary Table 1): CcP2.1 (75%), CcP2.3 (12.5%), and
CcP1.1 (12.5%). One satellite-tracked specimen (ID. 724923) had
the haplotype CcP2.1. Given the shorter fragment (350 bp)
previously employed by Bowen et al. (1995), the genetic
composition was simplified to include only two haplotypes,
Haplotype A and Haplotype B (Figures 3B, C, Supplementary
Table 4). The genetic diversity in Jeju was lower than that of the
foraging aggregations in the north Pacific region (Supplementary
Table 10). The exact test found statistically non-significant
population differentiation between the Jeju aggregates and
rookeries in the Japanese Archipelago (Supplementary Table 11).

3.1.3 Hawksbill turtle

From the two hawksbill turtle specimens, we identified two
haplotypes with a length of 892 bp with five of polymorphic sites,
which clustered into clade Indo-Pacific I (Figure 2C). Based on long
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D  Lepidochelys olivacea

East Pacific
Indian-West Pacific

FIGURE 2

Median-joining networks of Jeju turtles. Haplotypes are colored by clade or clustering, following the approaches of Jensen et al. (2019) for green
turtles (A), Bowen et al. (1995) for loggerhead turtles (B), Arantes et al. (2020) for hawksbill turtles (C), and Vilaga et al. (2022) for olive ridley turtles.
(D) The black dots represent a hypothetical haplotype. The hatch marks represent a single nucleotide mutation, and mutations of more than 5 bp are
represented as a number. (A, B) represents the haplotype network among sequences obtained in this study. (A) Green turtles (706 bp). (B)
Loggerhead turtles (808 bp). (C, D) represents haplotype networks among previously reported sequences from Pacific region and newly obtained
sequences from this study for hawksbill and olive ridley turtles. Haplotype colored green denotes that have been found on the Korean Peninsula to
date, white font denotes that was identified in the our study, and the red star denote novel haplotypes. (C) Hawksbill turtles (728 bp and 512 bp).
Two different sequence lengths were used in accordance with comparable data. (D) Olive ridley turtles (642 bp).

sequence alignment (718-719 bp), one sequence was identical to the by three transitions. The novel haplotype was assigned the name
haplotype EiIP08 within the Indo-Pacific I clade (Figures 2C, 3D, E, ~ ‘EilP140” according to the standardized nomenclature from
Supplementary Table 1). The other was identified as a previously  previous studies and was deposited in GenBank (accession ID:
unreported orphan haplotype that diverged from haplotype EilP33 ~ OR400415). A comparison based on a shorter sequence alignment
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FIGURE 3

Haplotype frequency for foraging aggregations and rookeries for five sea turtle species in RMUs. Pie diagrams outlined with black lines represent
rookery populations. Color of pie in (A=G) corresponds to the scheme used in Figure 2. (A) Green turtles in the northwestern Pacific. The region
colored green denotes the Ryukyu Island of Japan. (B, C) Loggerhead turtles in the north Pacific. (D, E) Hawksbill aggregates in the Pacific. (F, G)
Olive ridley turtles in the Pacific. (H, ) Leatherback turtles in Pacific. Designation of haplotypes follows the approach by Dutton et al. (1999). BC, Baja
California; CA, Central America; CB, Chiba; cOK, central western Okinawajima; CR, Costa Rica; eGoC, eastern Gulf of Carpentaria; EM, East Malaysia;
GN, Ginoza; IB, Ise Bay; IS, Ishigakijima; JP, Japan; KM, Kumano-nada; KR, Korea; KT, Kanto; KUY, Kakeromajima-Ukejima-Yorojima; LY, Lanyu; NM,
Nomaike; MN, Minabe; MR, Muroto; MX, Mexico; MZ, Miyazaki; nAM, northwestern Amami Oshima; nOK, northern Okinawajima; NP, North Pacific;
NQ, North Queensland; NT, Northern Territory; OE, Okinoerabujima; OG, Ogasawara; OT, Oita; PM, Peninsula Malaysia; PNG, Papua New Guinea;
PP, Papua; SA, South America; sIR, southwestern Iriomote; SK, Shikoku; SL, Solomon Islands; SR, Sanriku; SR, Sanriku; SZ, Shizuoka; WA, Wan-an;
WA, Western Australia; wGoC, western GoC; YK, Yakushima; YR, Yoronjima; YY, Yaeyama; ZM, Zamamijima.
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FIGURE 4

Mixed stock analysis (MSA) of green turtles from western Pacific
rookeries contributing to the Jeju foraging ground. CG, CNMI/
Guam; eBR, eastern BR; HK, Hong Kong; JP, Japan; MC, Micronesia;
MS, Marshall; nBR, northeast Borneo; nPNG, northern Papua New
Guinea; PL, Palau; SS, Sulu Sea; TW, Taiwan; wBR, western BR; XS,
Xisha Island in China.

(512-513 bp) revealed a consistent pattern of sequence
divergence (Figure 2C).

3.1.4 Olive ridley turtle

In the two olive ridley turtles, we identified two distinct
haplotypes (874 bp) with eight polymorphic sites, which clustered
with haplotypes from Indian-West Pacific (Figures 2D, 3F, G).
Based on sequence alignment with reference data (642-650 bp), two
sequences were identified as previously unreported orphan
haplotypes that diverged from Lol and Loll within the Indian-
West Pacific clade, respectively (Figure 2D). These new sequences
were assigned names ‘Lol07" and ‘Lol08 in line with NOAA’s
nomenclature and were deposited in GenBank (accession ID:
OR400416 and OR400417).

3.1.5 Leatherback turtle

The mitochondrial sequence of the one specimen was
classified as haplotype Dc9.1 for the long fragment (890 bp), and
Haplotype I for the shorter fragment (496 bp) (Figures 3H, I,
Supplementary Table 1).

10.3389/fmars.2024.1281897

3.2 Tracking migratory pathways

Of the 12 satellite tagged sea turtles, 11 were tracked
successfully, including nine green turtles and two loggerhead
turtles (Table 2). The green turtles had an SCL of 66.43 + 11.59
cm (mean + SD) with a range of 49.9-84.3 cm, while the loggerhead
turtles had an SCL of 64.0 cm and 78.2 cm. The average number of
days over which the turtles were tracked was 288.09 + 182.06.

Of the nine green turtles, three moved away from the release site
on Jeju Island (Figure 5A, Table 2). The turtle with ID 710313
followed a dispersal route slightly distinct from the other two for 154
days. It stayed around Jeju Island initially post-release, then moved
north along the western coast to the south of the Korean Peninsula,
setting there during October and November 2019. In December, it
headed southward, passing the eastern coast of Jeju Island, and
arrived northeast of Fukue Island in the Japanese Archipelago. The
other two turtles, ID 724924 and 724925, moved south for a month
after released in November 2021. However, the final detected
locations were distinct. The turtle with ID 724924 reached the
Amami Oshima in Japanese Archipelago, while the turtle with ID
724925 moved further southward along the western side of Amami
Oshima and Okinawa Island in the Japanese Archipelago. It then
turned northwest towards China from at Kume Island, and its signal
was eventually lost.

Six green turtles remained in the vicinity of the site where they
were released, and these were tracked for longer (174 to 587 days, or
still in progress) than the three turtles that migrated away (Figure 5B,
Table 2). The turtle with ID 718338, which was tracked for the longest
period, 587 days (excluding individuals currently being tracked),
spent at least two winters around Jeju Island.

As shown in Figure 5C and Table 2, the loggerhead turtle with
ID 718336 moved to the west of Jeju Island post-release and roamed
for 64 days. The other loggerhead with ID 724923 (identified as
CcP2.1) roamed within a broader area in southern region of the
island. This turtle journeyed the longest distance of the tagged
turtles, heading southward until October 2021. In November, it
turned eastward to the southern region of Fukue Island, then shifted
back westward. Subsequently, this individual proceeded southward
and then remained within the geographical area spanning 29.32°N
to 32.32°N and 125.38°E to 127.14°E until the signal was finally lost
in September 2022.

TABLE 3 Exact test (p values) of population differentiation between green turtles (C. mydas) in Jeju foraging ground and Japanese rookeries.

. Central . Southwestern

Rookeries Ishigakijima .
Ryukyus Iriomote

Jeju
Central Ryukyus 0.0342
Ishigaki 0.0000* 0.0000*
Southwestern Iriomote 0.0002* 0.0000* 0.0002*
Ogasawara 0.0656 0.0000* 0.0000* 0.0000*

*Statistically significant after sequential Bonferroni corrections.
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FIGURE 5

Migration pathways tracked by satellite. Each line represents an
individual with a corresponding Track ID. The duration of tracking (in
days) is represented alongside each ID. (A) Green turtles moving
away from Jeju Island. (B) Green turtles remaining near Jeju Island.
(C) Loggerhead turtles moving away from Jeju Island. Geobasemap
from Earthstar Geographics Copyright: © 2022b MathWorks, Inc.
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4 Discussion

Here, we discussed comprehensively the genetic connectivity
between the Jeju foraging aggregates of five sea turtle species in Jeju
Island and adjacent rookeries. Green and loggerhead turtles
exhibited a high connectivity with rookeries in Japan. The satellite
tracking data revealed migratory patterns southward for a few green
turtles. On the other hand, about 60% of the green turtles (6 out of
9) remained in the vicinity of Jeju Island, with five of them staying
for an extended period more than 300 days. Furthermore, the
relatively high level of genetic diversity of Jeju green turtles
indicates that Jeju Island serves as a stable foraging habitat.

4.1 Connectivity with
neighboring rookeries

The MSA for green turtles revealed that the main natal population
of the Jeju aggregate originated from the Japanese populations among
the rookeries in the western Pacific. The presence of widely observed
haplotypes (CmP39, CmP50, and CmP54) from rookeries in the
Japanese Archipelago (Nishizawa et al., 2011; Nishizawa et al., 2013;
Hamabata et al., 2014) supports the genetic connectivity between the
Jeju aggregation and the Japanese rookeries. In contrast with the initial
expectation, contribution from populations in China and Taiwan to the
Jeju aggregation were not supported. The exact test indicated a stronger
connection with the rookeries in Central Ryukyus and Ogasawara
among Japanese rookeries. This connectivity was supported by satellite
tracking data of several turtles. Three of nine turtles exhibited dispersal
to the southern islands of Japanese Archipelago. Considering their
genetic stock and life stage as subadults (<80 cm in accordance with
Phillips et al.,, 2021), the migratory pathways are likely associated with
the behavior returning to their natal origins. It is also interpreted as the
traveling of subadults to adult habitats for foraging or breeding
(Pelletier et al., 2003; Chambault et al., 2018; Doherty et al., 2020).

The connectivity with Japanese rookeries, particularly with
Ryukyu Archipelago, was also implied from the genetic
composition of loggerhead turtles. Nesting sites in the north
Pacific are predominantly located in the Japanese main islands
and Ryukyu Archipelago (Iwamoto et al.,, 1985; Hatase et al., 2002a;
Watanabe et al., 2011; Matsuzawa et al., 2016), with additional site
in China’s Xisha Archipelago (Chan et al., 2007). The detection of
Haplotype A in the Jeju aggregate, a haplotype previously identified
exclusively in Ryukyu Archipelago, suggests that the Ryukyu
rookeries are candidates for its natal origins. However, the
satellite tracking data was inconclusive regarding the genetic
connectivity between Jeju Island and nesting sites in the Japanese
Archipelago. The migration to the neritic zone of the East China Sea
has previously been observed from Taiwan (Kobayashi et al., 2011)
and the Japanese Archipelago (Hatase et al., 2002b; Hatase et al,,
2007; Saito et al., 2015). Therefore, we provide evidence that the
loggerhead turtles visiting Jeju Island are also utilizing the East
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China Sea as feeding habitats, but further discussion is limited due
to the small sample size and the loss of tracking signals before the
turtles reached land.

Interestingly, the genetic connectivity between Jeju foraging
aggregates and central area of the western Pacific was also detected.
The haplotype CmP57.2 found in the Jeju green turtles has not been
reported in Japanese rookeries previously but was observed in the Sulu
Sea and in northeastern and eastern Borneo rookeries (Jensen et al.,
2016). The genetic sequences from hawksbill, olive ridley, and
leatherback turtles of Jeju aggregates supported the connectivity. The
haplotype EilP08 has been observed exclusively in the western Pacific,
particularly from rookeries in northern Australia (Vargas et al., 2016).
This connection was further substantiated by the novel orphan
haplotype EilP140. It diverged from the haplotype EilP33, which is
typically observed in rookeries around northern Australia and the
Solomon Islands (Vargas et al, 2016; Gaos et al., 2018; Gaos et al,
2020). Additionally, haplotype EilP53 (EIJ11) detected previously in a
turtle stranded on Jeju Island (Kim et al,, 2020) has been identified in
rookeries in Malaysia (Nishizawa et al., 2016; Vargas et al., 2016). For
olive ridley turtles, haplotype Lo, from which Lo108 diverged, has been
observed in rookeries in Malaysia, Indonesia, and northern Australia
(Jensen et al.,, 2013; Vilaca et al, 2022). For leatherback turtles,
Haplotype I is one of haplotypes observed only in the western Pacific
region (Dutton et al.,, 1999) and this sequence is also widely identified in
stranded turtles from Korean Peninsula (Cho et al., 2018) and Japanese
Archipelago (Yoshikawa et al., 2016). In the western Pacific, rookeries
of leatherback turtles distributed only in the central and southern areas
(Wallace et al,, 2010), leading to conclusion that the leatherback turtles
visited Jeju Island likely migrated from these areas. Nesting leatherback
turtles exhibit diverse seasonal migratory pathways (Benson et al,
2011). These genetic compositions of Jeju foraging turtles suggests
the migration from Southeast Asia or northern Australia. Nevertheless,
we cannot entirely exclude the possibility of migration from other
nesting sites due to the small sample size in the present study and the
lack of sequence data for rookeries in the northwestern Pacific.

Meanwhile, two haplotypes of olive ridley turtles from Jeju
Island were distinguishable from the haplotypes Lo46/Lo68
reported in the East Sea of Korea (also known as the Sea of
Japan), which are associated with rookeries in the eastern Pacific
(Kim et al., 2019) (Figure 2). To date, the olive ridley rookeries have
not been reported in the northwestern Pacific. Only individuals
stranded or found in bycatch have been reported (Chan et al., 2007;
Fukuoka et al., 2019; Kim et al., 2021) and the northwestern Pacific
has been assumed to be a seasonal foraging area (Fukuoka et al.,
2019). A genetic composition consisting of distinct clades not only
provokes curiosity about the migratory pathways for olive ridley
turtles in the Pacific but also highlights the need for more expansion
of genetic data from more locations in the northwestern Pacific.

4.2 Role of the Jeju Island as a habitat for
sea turtles

High fidelity (up to 500 days) to the foraging grounds was
evidenced based on the satellite tracks of six green turtles. This
result is consistent with previous studies (Moon et al., 2011; Jang
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et al, 2018), and stomach contents analysis confirm that green
turtles feed in the local waters (Kim et al., 2021). Interestingly, three
of the resident turtles had the same genetic sequences (CmP39.1
CmP213.1, and CmP50.1) with those found in Japanese rookeries.
These combined satellite tracking and molecular data suggest that
green turtles originating from Japanese rookeries might utilize Jeju
Island as a long-term habitat. This habitat range for sea turtles
underscores the importance of international cooperation in the
efforts to protect the endangered species.

Our satellite tracking results also raised another intriguing
possibility for green turtles. In the Okinawa foraging aggregations,
green turtles within 50-70 cm SCL are less observed, suggesting the
existence of alternative developmental habitats in that stage
(Hamabata et al., 2015; Hayashi and Nishizawa, 2015; Hamabata
et al,, 2018). In fact, ontogenetic shift of foraging grounds in green
turtles has been previously evidenced through isotope ratio
(Shimada et al., 2014). The prevalence of Jeju green turtles within
50-70 cm SCL range (6 out of the 9 tracked individuals) indicates
movement between foraging grounds and that Jeju Island is utilized
as a developmental feeding ground by green turtles within this size
range. Despite the relatively small sample size of our study, size
distribution for green turtles (<70 cm for 7 out of 8 individuals)
reported by Jang et al. (2018) further supports this hypothesis.

5 Conclusion

In this study, we revealed the genetic composition of five sea turtle
species found in Jeju Island, with a particular focus on the genetic stock
of the green turtles. The combination of satellite tracking data and
genetic data allowed to infer the nesting population and migratory
routes of green and loggerhead turtles. The long-term presence of
multiple individuals off the coast of Jeju Island emphasized the
importance of Jeju Island as a developmental habitat for sea turtle
conservation. The mitochondrial DNA sequences for hawksbill, olive
ridley, and leatherback turtles analyzed in the present study suggests a
connection between the Jeju aggregates and more distant rookeries in
the Southeast Asia and northern Australia. However, it remains
difficult to definitively identify source populations due to the small
sample size and the lack of reference data for neighboring rookeries in
the northwestern Pacific. Relatively little is understood about the
migratory patterns of hawksbill, olive ridley, and leatherback turtles,
especially in the northwestern Pacific. The genetic sequences presented
in this study provide an essential basis for delineating conversation
units at a more refined scale and bridging existing sampling gaps. The
information gathered in this study also highlights the need for further
research to fully understand the ecology of sea turtles.
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