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a b s t r a c t

Knowledge of genetics composition and growth stages of endangered green turtles, as
well as the connectivity between nesting and foraging grounds is important for effective
conservation. A total of 42 green turtles were captured at Brunei Bay with curved carapace
length ranging from 43.8 to 102.0 cm, and most sampled individuals were adults and
large juveniles. Twelve haplotypes were revealed in mitochondrial DNA control region
sequences. Most haplotypes contained identical sequences to haplotypes previously found
in rookeries in the Western Pacific, Southeast Asia, and the Indian Ocean. Haplotype and
nucleotide diversity indices of the Brunei Bay were 0.8444 ± 0.0390 and 0.009350 ±

0.004964, respectively.Mixed-stock analysis (for both uninformative and informative prior
weighting by population size) estimated the main contribution from the Southeast Asian
rookeries of the Sulu Sea (mean ≥ 45.31%), Peninsular Malaysia (mean ≥ 17.42%), and
Sarawak (mean ≥ 12.46%). Particularly, contribution from the Sulu Sea rookery was
estimated to be the highest and lower confidence intervalsweremore than zero (≥24.36%).
When estimating contributions by region rather than individual rookeries, results showed
that Brunei Bay was sourced mainly from the Southeast Asian rookeries. The results
suggest an ontogenetic shift in foraging grounds and provide conservation implications
for Southeast Asian green turtles.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Green turtles (Cheloniamydas) arewidely distributed in tropical regions, but are considered endangered globally because
of exploitation (IUCN, 2015). The green turtle is the most abundant sea turtle species in Southeast Asia, but poaching of eggs
and bycatch in fisheries are major threats to green turtle survival (Shanker and Pilcher, 2003). To prevent egg poaching,
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Fig. 1. Location of Brunei Bay and other foraging grounds (i.e., Mantanani Island and Layang Layang Island) and possible source rookeries (black circles)
in Southeast Asia.

sanctuaries were established for example at Sabah in 1984, Sarawak in 1999, and Redang Island in 2005 (Chan, 2006, 2013).
On the other hand, conservation of green turtles in the sea is difficult because of the migratory life history and wide-
range dispersal of this species (Hirth, 1997). Their long-distance migrations present complex challenges for conservation
because themigratory route often involvesmultiple countries; therefore, jurisdictions complicate legislative and regulatory
conservation policies that are effective within single nations (Campbell et al., 2009). An understanding of these migrations
and the establishment of international coordination according to thesemigrations are required for the conservation of green
turtles.

Mark-recapture is a traditional approach that provides direct evidence for the movement between two capture sites.
Tagging of sea turtles has been practiced globally, including in Southeast Asia (e.g. Pilcher, 2010). Satellite tracking is another
method that provides direct evidence of movement and information on migratory routes. Satellite tracking research in
Malaysia has shown that green turtlesmigrate from their nesting beaches at Redang Island in PeninsularMalaysia to foraging
grounds around Borneo or Bangka Island (Luschi et al., 1996; Liew et al., 2000). Although tagging and telemetry studies
provide useful information on demography, site fidelity, and migration, the available data are individual-based and biased
toward intensively surveyed locations. To understand the links between foraging grounds and nesting beaches of sea turtles
by tagging and telemetry, insights comemainly from individual adult females. Population-based inference based on genetic
information, developed as mixed-stock analysis (MSA) (Pella and Masuda, 2001; Bolker et al., 2007), has recently been used
to link genetically differentiated nesting populations to foraging grounds of sea turtles (e.g. Dutton et al., 2008; Dethmers
et al., 2010; Prosdocimi et al., 2012; Nishizawa et al., 2013; Naro-Maciel et al., 2014). In Southeast Asia, Joseph et al. (2014)
conducted MSA on carcass samples obtained in Mantanani Island to estimate the origins of illegally harvested turtles. In
addition, Jensen et al. (in press-a) have recently estimated the origins of immature green turtles foraging at Mantanani
Island and Layang Layang Island. However, there are several other foraging grounds in Southeast Asia and population-based
migration between these foraging grounds and nesting rookeries are required to be determined for better understanding of
green turtle migration in Southeast Asia.

In Southeast Asia, Brunei Bay (4°45′–5°02′N, 114°58′–115°10′E) (Fig. 1) is known to be an important nursery, foraging,
and transient ground for marine animals, including sea turtles, dugongs, and coastal cetaceans (Rajamani and Marsh, 2010;
HICOE-UMT, unpublished data). Marine ecosystems in Brunei Bay consist of mangrove forests, seagrass beds, coral reefs,
estuarine, mudflats, and continental slope (Bali, 2005; Bujang et al., 2006; Jaaman et al., 2010; Ahmad-Kamil et al., 2013),
and the seagrass bed dominated by Halophila and Halodule species (Bali, 2005; Bujang et al., 2006; Ahmad-Kamil et al.,
2013) attracts herbivorous marine animals such as green turtles. At the same time, Brunei Bay has high amounts of fish
resources. The fishing industry is ranked second in economic importance to the petroleum and hydrocarbon industry in the
area (Department of Fisheries Sabah, 2010). Because of the ecological uniqueness and economic importance, Brunei Bay is
a high-priority area for research and conservation of green turtles.

To characterize the utilization of Brunei Bay by green turtles, we exploredwhether the seagrass bed in the geographically
deeply indented Brunei Bay is utilized by green turtles originating from the proximate or distal rookeries. Previous studies
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Fig. 2. Traditional fish-catching device known as ‘kabat ’ was used to trap sea turtles at Brunei bay.

have indicated that green turtles often forage in mixed aggregations drawn from various nesting populations (Bass et al.,
2006; Dethmers et al., 2010; Nishizawa et al., 2013), whereas some foraging aggregations aremainly contributed by specific
populations (Dutton et al., 2008; Prosdocimi et al., 2012; Nishizawa et al., 2013; Naro-Maciel et al., 2014). Juvenile sea
turtles reach their foraging grounds by transportation of oceanic current in combination with their own active swimming
(Putman and Mansfield, 2015), and sea turtles in foraging grounds will return to nest at their natal regions known as natal
homing, which forms genetic differences among rookeries (Allard et al., 1994; Bowen, 1995). Therefore, knowledge on the
connectivity between green turtles in nesting and foraging grounds can be used to quantify the impact of threats. In addition,
the size class of green turtles inhabiting Brunei Bay remains unclear. Possible ontogenetic changes in foraging grounds have
been exploredbased ongreen turtles in Japan (Hayashi andNishizawa, 2015). In fact, almost all turtles captured inMantanani
Island, Malaysia, are juveniles (Pilcher, 2010; Jensen et al., in press-a); hence, the composition of size classes is important to
formulate a comprehensive management plan and policies for sea turtles in Southeast Asia.

In this study, we collected samples from green turtles foraging at Brunei Bay. The aims of this studywere to (i) determine
the size class distribution and genetic diversity of green turtles aggregating in Brunei Bay and (ii) estimate the contributions
of different breeding stocks to aggregation in Brunei Bay using MSA based on mitochondrial DNA (mtDNA) control region
sequences.

2. Materials and methods

2.1. Fieldwork and sample collection

Sampling was performed in January and March 2011 (by the Marine Fishery Resources Development and Management
Department) and in December 2013 and February 2014 (by Universiti Malaysia Terengganu). Sampling was concentrated
at large seagrass meadows along the 52 km coastline of Lawas, Sarawak. These seagrass meadows extended to the Brunei’s
district of Temburong. However, due to permit restriction, sampling was only conducted at the Malaysian bay of Brunei.

Foraging green turtles were captured (n = 42) by installing a net known as a kabat. A kabat is a traditional fish-catching
device used by the local Malay-Brunei fishermen. It is normally installed during the highest and lowest tides of each month.
It is a long net (approximately 1–2 km) installed to cover a bay area during the highest high tide (normally at night), and by
the nextmorning during the lowest tide, the net is checked for any trapped turtles (Fig. 2). The curved carapace length (CCL),
curved carapace width (CCW), and body weight of captured turtles were measured in this study. All captured turtles were
double tagged at their front flippers with Inconel tags (style 681; National Band and Tag Co., Newport, KY, USA) bearing the
Sarawak code MYS. Following Sterling et al. (2013), individuals with a CCL of <65.0 cm were classified as small juveniles,
subadults had a CCL of 65.0 to 84.9 cm, and adults had a CCL of >85.0 cm. Blood samples were withdrawn from the dorsal
cervical sinus (Dutton, 1996) and preserved in lysis buffer (100 mM Tris-HCL, 100 mM EDTA, 10 mM NaCl, 1% SDS; pH 8.0)
at a 1:10 ratio of blood to buffer (Dutton, 1996). Turtles were released immediately after the measurement and sampling.
Sampling of sea turtles comply the ethical guidelines and conducted under the permits NCCD.907.4.4 [Jld. 9]—67 and Export
Permit No. 15017 to transport the blood samples to Universiti Malaysia Terengganu.

2.2. Laboratory procedures

Genetic analyses were conducted at the Universiti Malaysia Terengganu and MFRDMD Genetics Laboratory, Kuala
Terengganu. Genomic DNA was extracted using the CTAB protocol (Bruford et al., 1992). A segment of the mitochondrial
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control region of approximately 770 bpwas amplified from the extracted DNA using primers LCM15382 and H950g (Abreu-
Grobois et al., 2006). Polymerase chain reaction (PCR) amplification was performed using Eppendorf Mastercycler DNA
Engine Thermal Cycler PCR. Template DNAs were amplified in a 50-µl total reaction volume containing 25 to 50 ng turtle
genomicDNA, 1U/50µl Taq polymerase (Vivantis Technologies,Malaysia), 10mMTris–HCl buffer, 2.5mMMgCl2, 0.125mM
deoxynucleotide triphosphates (dNTPs), and 0.2 µM of each primer. Cycling parameters consisted of initial denaturing at
94 °C for 3min followed by 30 cycles of 30-s denaturation at 94 °C, annealing at 55 °C for 30 s, and extension at 72 °C for 60 s,
followed by a final elongation step at 72 °C for 3 min. Following PCR, all amplified samples were verified for the targeted
band size by 1% agarose gel electrophoresis. The PCR products were sent to First BASE and Repfon Glamor (Kuala Lumpur,
Malaysia) for purification and sequencing for both strands.

The sequences were read and checked using ABI Sequence Scanner v1.0. Multiple sequence alignments were performed
using Clustal Omega Software (Sievers et al., 2011). Haplotypes were identified by performing a search against a
collated database of known green turtle haplotypes. The Southwest Fisheries Science Center, NOAA Fisheries Service
(https://swfsc.noaa.gov), was referred to for the Pacific and Indian Ocean green turtle mtDNA sequences. The GenBank
database (National Center for Biotechnology Information, USA: NCBI website http://www.ncbi.nlm.nih.gov) was also
searched for control region sequences for comparison.

2.3. Molecular and mixed-stock analysis

Nucleotide diversity (π ) and haplotype diversity (h) were estimated using ARLEQUIN v3.5 (Excoffier and Lischer, 2010).
To estimate nucleotide diversity, we used the Tamura–Neimodel of nucleotide substitutions,whichwas designed for control
region sequences (Tamura and Nei, 1993). Based on the exact test (50,000 steps in a Markov chain with a 10,000-step
dememorization) using ARLEQUIN, haplotype frequency was compared with samples from Malaysian foraging grounds at
Mantanani Island and Layang Layang Island (Jensen et al., in press-a).

The relative contribution of nesting source populations to Brunei Bay foraging aggregation was estimated based on
Bayesian MSA using BAYES (Pella and Masuda, 2001). The source populations included 23 genetically separated rookeries
in the regions of Southeast Asia, Australia, Micronesia, and Melanesia as revealed by Dutton et al. (2014), Jensen et al.
(in press-b) (including reanalysis of samples of Dethmers et al., 2006), and Read et al. (2015). Dutton et al. (2014) reported
haplotypes from rookeries in Polynesia (i.e. American Samoa and French Polynesia), but these rookeries were excluded
from the analysis because of no shared haplotypes with Brunei Bay foraging aggregation. In the analyses, regional group
estimation implemented in BAYES was performed based on the classification of source populations into four regions:
Southeast Asia, Southwestern Pacific, Micronesia, and Eastern Indian Ocean. Taiwanese (Cheng et al., 2008) and Japanese
rookeries (Nishizawa et al., 2011, 2013) were other candidate rookeries. However, because the haplotype compositions of
these rookeries were investigated based on shorter sequences and analysis including these rookeries estimated only small
contributions to the Brunei Bay foraging aggregation (means <0.5%; see the Supplementary Online Materials, see Appendix
A), these rookeries were excluded from the final analysis.

MSAswere conducted for both uninformative Dirichlet prior to assuming the same size of all populations and informative
prior weighting by the population size (based on Jensen et al., in press-b). We performed four Markov Chain Monte Carlo
(MCMC) chains, and each chain was started with 95% of the mixed sample initially contributed by each region of source
populations. In the analysis with informative prior, four chains were added and eight chains in total were performed for
achieving convergence. Each chain contained 50,000 samples, and the first 25,000 samples were discarded as burn-in. The
convergence of MCMC sampling was assessed using the Gelman–Rubin shrink factor (Gelman and Rubin, 1992), which
indicates a lack of convergence if the value is greater than 1.2.

3. Results

3.1. Captured turtles and size distributions

In total, 42 green turtles were caught with a CCL ranging from 43.8 to 102.0 cm (Fig. 3) and a CCW ranging from 40.5
to 93.0 cm. Weight could not be measured in 11 turtles, but ranged from 12 to 145 kg in 31 turtles. Most turtles caught at
Brunei Bay were adults (59.5%), followed by subadults (28.5%) and juveniles (12.0%). Details of samples were listed in the
Supplementary Online Materials (see Appendix A).

3.2. Haplotype composition

Twelve haplotypes were detected from the 42 samples of green turtles collected from Brunei Bay foraging ground
(Table 1). All haplotype sequences have already been registered to the NOAA or GenBank database. The most common
haplotypes at Brunei Bay were CmP57.1 (33.3%), followed by CmP49.1 (16.7%) and CmP87.1 (14.3%) All other haplotypes
were relatively rare (<7% each). Ten haplotypes were previously observed in the Southeast Asian rookeries (i.e. CmP20.1,
CmP82.1, CmP49.1, CmP49.3, CmP87.1, CmP40.1, CmP91.1, CmP57.1, CmP57.2, and CmP104.1) (Jensen et al., in press-b),
and some of themwere also observed in Southwestern Pacific rookeries (i.e. CmP20.1, CmP49.1, and CmP91.1) (Jensen et al.,

https://swfsc.noaa.gov
http://www.ncbi.nlm.nih.gov
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Fig. 3. Distribution of curved carapace length of sampled individuals.

Table 1
Summary of haplotypes detected from Brunei Bay foraging aggregation.

Haplotype GenBank accession no. Number of individuals

CmP20.1 AB819806 3
CmP40.1 KF311750 2
CmP49.1 AB819808 7
CmP49.3 KJ502572 2
CmP57.1 KJ502588 14
CmP57.2 KJ502567 1
CmP75.1 KJ502574 1
CmP82.1 KJ502584 1
CmP87.1 KJ502589 6
CmP91.1 KF311762 2
CmP104.1 KJ502569 2
CmP154.1 KM923922 1

in press-b; Read et al., 2015), Micronesian rookeries (i.e. CmP20.1, CmP49.1, and CmP91.1) (Dutton et al., 2014), Eastern
Indian Ocean rookeries (i.e. CmP20.1, CmP49.1, CmP40.1, and CmP91.1) (Jensen et al., in press-b), and rookeries in Ryukyus,
Japan (i.e. CmP20.1 and CmP49.1) (Hamabata et al., 2014). Two haplotypes of CmP75.1 and CmP154.1 have not previously
found in nesting rookeries, but CmP75.1 contained the identical sequence to CmP75 (IND3) haplotype based on the shorter
∼380-bp region that was observed in the Indian Ocean (Formia et al., 2006). The haplotype and nucleotide diversity indices
of Brunei Bay were h = 0.8444 ± 0.0390 and π = 0.009350 ± 0.004964, respectively.

No significant differences between Brunei Bay foraging aggregation and foraging aggregations at Mantanani
Island/Layang Layang Island (Jensen et al., in press-a)was shown by exact test (P = 0.379). In fact, all haplotypes observed in
Brunei Bay except CmP75.1were observed inMantanani Island/Layang Layang Island and both contained CmP57.1, CmP87.1,
and CmP49.1 in high proportion (27 of 42 samples in Brunei Bay and 47 of 90 samples in Mantanani Island/Layang Layang
Island; Jensen et al., in press-a).

3.3. Mixed stock analysis

The estimated contributions from 23 rookeries and their 4 regional groups are summarized in Tables 2 and 3.
The Gelman–Rubin shrink factors were ≤1.10, indicative of successful convergences. The estimated means and 95%
confidence intervals (CIs) indicated relatively high values of Sulu Sea (with uninformative prior: mean = 45.31%,
95% CI = 24.36%–64.32%; with informative prior: mean = 48.88%, 95% CI = 30.54%–67.64%), Peninsular Malaysia
(with uninformative prior: mean = 17.42%, 95% CI = 0.0%–41.56%; with informative prior: mean = 29.67%, 95%
CI = 0.00%–60.40%), and Sarawak (with uninformative prior: mean = 19.13%, 95% CI = 0.00%–37.98%; with informative
prior:mean = 12.46%, 95%CI = 0.00%–46.72%) (Table 2). Particularly, contribution from the Sulu Sea rookerywas estimated
to be the highest and lower 95% CIs were more than zero (≥24.36%) in both analyses with uninformative and informative
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Table 2
Estimated contributions (%) from 23 rookeries to the Brunei Bay foraging aggregation.

Region Rookery Uninformative prior Informative prior
Mean 2.50% Median 97.50% Mean 2.50% Median 97.50%

Southeast Asia
Peninsular Malaysiaa 17.42 0.00 16.60 41.56 29.67 0.00 33.44 60.40
Sarawak, west Borneoa 19.13 0.00 18.63 37.98 12.46 0.00 0.00 46.72
Sulu Seaa 45.31 24.36 45.64 64.32 48.88 30.54 48.82 67.64
Berau Island, east Borneoa 1.84 0.00 0.00 16.56 3.26 0.00 0.00 24.44
Southeast Sabah, northeast Borneoa 5.04 0.00 0.00 36.64 0.81 0.00 0.00 8.38

Southwestern Pacific
Northern Great Barrier Reefa 0.11 0.00 0.00 1.27 0.31 0.00 0.01 2.78
Coral Sea/Chesterfieldsa,b 0.11 0.00 0.00 1.25 0.04 0.00 0.00 0.27
Southern Great Barrier Reefa 0.11 0.00 0.00 1.22 0.08 0.00 0.00 0.97
western New Caledoniaa,b,c 0.11 0.00 0.00 1.21 0.03 0.00 0.00 0.12
northern New Guineaa 1.61 0.00 0.00 12.26 1.03 0.00 0.00 11.20
Vanuatub 0.83 0.00 0.00 8.62 0.05 0.00 0.00 0.00

Micronesia
Yapa,c 0.42 0.00 0.00 5.37 0.15 0.00 0.00 1.17
Marshall Islandsc 0.82 0.00 0.00 8.59 0.19 0.00 0.00 2.56
Palauc 1.07 0.00 0.00 9.90 0.21 0.00 0.00 3.05
Guam/CNMIc 1.82 0.00 0.00 12.32 0.03 0.00 0.00 0.00

Eastern Indian Ocean
Arua 0.90 0.00 0.00 8.28 0.21 0.00 0.00 2.95
Gulf of Carpentariaa 0.16 0.00 0.00 1.93 0.14 0.00 0.00 1.54
Ashmore Reefa 1.34 0.00 0.00 14.00 0.57 0.00 0.00 9.78
Scott Reef/Browsea 0.28 0.00 0.00 3.32 0.01 0.00 0.00 0.00
West Javaa 0.82 0.00 0.00 9.41 0.04 0.00 0.00 0.00
North West Shelfa 0.12 0.00 0.00 1.37 1.82 0.01 1.01 8.08
Cobourg Peninsulaa 0.17 0.00 0.00 1.97 0.00 0.00 0.00 0.00
Cocos Keeling Islanda 0.46 0.00 0.00 5.64 0.01 0.00 0.00 0.00

a Jensen et al. (in press-b);.
b Read et al. (2015);.
c Dutton et al. (2014).

Table 3
Estimated contributions (%) from 5 groups of rookeries to the Brunei Bay foraging aggregation.

Region of rookeries Uninformative prior Informative prior
Mean 2.50% Median 97.50% Mean 2.50% Median 97.50%

Southeast Asia 88.74 72.45 89.83 98.96 95.08 81.01 96.97 99.93
Southwestern Pacific 2.87 0.00 0.77 14.80 1.53 0.00 0.10 12.01
Micronesia 4.14 0.00 2.83 15.22 0.58 0.00 0.00 8.17
Eastern Indian Ocean 4.25 0.00 1.79 20.44 2.80 0.01 1.39 14.53

priors (Table 2). On the other hand, analysis with informative prior indicated contribution from the North West Shelf of
western Australia (lower 95% CI > 0.00%) that was not estimated in the analysis with uninformative prior (Table 2).
The regional group estimations were indicative of a contribution to Brunei Bay mainly from Southeast Asian rookeries
(with uninformative prior: mean = 88.74%, 95% CI = 72.45%–98.96%; with informative prior: mean = 95.08%, 95%
CI = 81.01%–99.93%) (Table 3), confirming the estimated contributions from individual rookeries.

4. Discussion

The size distribution of the sampled individuals indicated that the Brunei Bay foraging ground was utilized by relatively
large green turtle juveniles or even adults (CCL ≥ 65 cm), although the sampling method may have biased the size
distribution of sampled individuals. Considering that green turtles recruit to foraging ground atMantanani Island inMalaysia
at 38 cm CCL (Pilcher, 2010) and to neritic foraging grounds in other regions at about a 20- to 35-cm carapace length (e.g.
Colman et al., 2015; Hayashi and Nishizawa, 2015), and assuming no rapid decrease in hatchling and small juvenile survival
probability, green turtles do not recruit to Brunei Bay foraging ground for the first time in their lives, but instead shift from
other foraging grounds to the Brunei Bay foraging ground. Ontogenetic shifts of neritic foraging grounds were also indicated
by Hayashi and Nishizawa (2015). Juvenile sea turtles may use some foraging grounds as their temporary sites where they
settle after the oceanic development phase and move on to more productive foraging grounds (Pilcher, 2010).

In fact, genetic composition and estimated origins of the Brunei Bay foraging aggregation showed similarity with those of
Mantanani Island/Layang Layang Island foraging aggregations (Jensen et al., in press-a), although Mantanani Island/Layang
Layang Island foraging aggregation was dominated by juveniles with CCL < 65 cm (Pilcher, 2010; Jensen et al., in press-
a). Both foraging aggregations were characterized by a dominance of CmP57.1, CmP49.1, and CmP87.1 haplotypes, and
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main contributors were from the Southeast Asian rookeries of the Sulu Sea, Peninsular Malaysia, and Sarawak. The results
indicated that Mantanani Island and Layang Layang Island are candidate foraging grounds utilized by green turtles born in
Southeast Asian rookeries before they shift to the Brunei Bay foraging ground. Jensen et al. (in press-a) suggested the Balabac
Straits between Borneo and Philippines as possible foraging grounds of adults and large juvenile green turtles, but this
study confirmed that Brunei Bay attracts Southeast Asian adults and large juvenile turtles with the abundance of seagrasses
found in Brunei Bay (Bujang et al., 2006; Ahmad-Kamil et al., 2013). Interestingly, in three female green turtles tracked from
Redang Island nesting beach in Peninsular Malaysia, one reached the Brunei coast in Borneo and one reached the Balabac
Straits (Luschi et al., 1996). This suggested the link between the Peninsular Malaysia rookeries and the Brunei Bay foraging
aggregation, and that both Brunei Bay and Balabac Straits are utilized by adult green turtles.

The reasonwhy small juveniles do not utilize Brunei Bay is still unclear, but a possible reason is a surface oceanic current.
Southward flow from Peninsular Malaysia and anticlockwise flow in the South China Sea indicated by Lagrangian drifter
buoy data (Nishizawa et al., 2016) suggest that it is difficult for hatchlings born in rookeries at Peninsular Malaysia and Sulu
Sea to reach Brunei Bay by passive drifting. Large juveniles and adults may arrive at Brunei Bay by active swimming.

The utilization of Brunei Bay foraging ground mainly by green turtles born in the Southeast Asian rookeries, relatively
proximate to this foraging ground, was confirmed by the regional group estimations. This is in contrast to the estimations
in southern Japanese foraging aggregations contributed from Japanese rookeries and Micronesian rookeries (Nishizawa
et al., 2013; Hayashi and Nishizawa, 2015) and in Australian foraging aggregations contributed from Eastern Indian Ocean
rookeries (Dethmers et al., 2010). The foraging ground of Brunei Bay is utilized by different source populations from those
in the northwestern Pacific and northern Australia, and green turtles born in Southeast Asia are suggested to utilize foraging
grounds in Southeast Asia.

In addition to main contribution from Southeast Asian rookeries, estimations with informative prior weighted by
population size indicated that contribution from the North West Shelf of Western Australia was small but its lower 95%
CI was more than 0.00%. Because only CmP49.1 was shared with Brunei Bay foraging aggregation and the North West Shelf
rookery, the result is considered to be derived from largest population size of North West Shelf. Validity of this estimation
depends on the assumption that contribution to the foraging aggregation is proportional to the population size of rookeries,
and conclusion for the estimate from the North West Shelf rookery needs to be interpreted with caution.

By using haplotypes based on longer ∼770-bp regions than ∼380-bp regions in previous studies (Dethmers et al., 2006,
2010; Cheng et al., 2008; Nishizawa et al., 2011, 2013), MSA in this study achieved higher resolution. MSA based on short
regions indicated that 95% CIs of all nesting rookeries, except for the NorthWest Shelf weighted by population size, included
zero (Supplementary Online Materials, see Appendix A), but MSA based on longer regions confirmed the contribution from
the Sulu Sea rookerywith lower 95% CIsmore than zero (≥24.36%). This is attributed to the fact that longer regions identified
CmP49.3 haplotype that is specific to the Sulu Sea and the Southeast Sabah rookeries and that could not be identified based
on the shorter regions from CmP49.1 widely observed in the other rookeries.

Despite estimated contribution with high resolution, two haplotypes not previously found in nesting rookeries indicate
the existence of unidentified rookeries or under-sampling in some rookeries. The presence of CmP75.1 that contains the
identical sequence to CmP75 (IND3) based on ∼380-bp regions observed in the western Indian Pacific rookery (Formia
et al., 2006) may indicate a contribution from the western Indian Ocean rookeries. Analyzing longer ∼770-bp sequences of
more samples from rookeries will increase our understanding of green turtle foraging aggregations in Southeast Asia.

5. Conclusions

This study increases our understanding of the conservation of green turtles in Southeast Asia. Brunei Bay is confirmed to
be an important foraging ground for large juveniles and adults that nest in Southeast Asian rookeries, and an ontogenetic
shift in foraging grounds is supported by the difference in size class distribution but similarity in haplotype composition and
estimated origins between Brunei Bay and Mantanani Island/Layang-Layang Island foraging aggregations. Because green
turtles born in Southeast Asia are suggested to utilize foraging grounds in Southeast Asia, conservation efforts in Southeast
Asia are required for protection of regional populations. Conversely, considering that the green turtle is a member of the
unique marine ecosystem of Brunei Bay, conservation of Southeast Asian rookeries of the green turtle may be important
for the Brunei Bay ecosystem. Even within Southeast Asia, international or interstate collaboration will be required because
Brunei Bay and assumed migratory routes are shared between Brunei Darussalam and the east Malaysian States of Sabah,
Sarawak, and Federal Territory of Labuan.
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