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Abstract

The green turtle (Chelonia mydas) is a long-livedie-ranging and endangered
marine reptile. Important green turtle rookeriesha&f northwest Pacific region include
Wangan, Lanyu, and Xiaoliugiu in Taiwan, and Iridsmand Ishigaki in Japan.140
genetic samples from nesting females in this regiere collected between 2003 and
2013. The purpose of this study was to a) providiermation on population structure, b)
determine the number of genetic populations, @sssthe potential for male-mediated
gene flow among rookeries. The results of 6 polyhar microsatellite loci were
standardized between three laboratories. Oveoaill Values of population differentiation
(Fs1:0.00634~0.06493) were very low, exhibiting a higte of gene flowNm:3.6~39.17)
among rookeries of this region, which sharply casis past studies using mtDNA. These
results were supported by a K=1 result from poportedassignment tests in the program
STRUCTURE, indicating one panmictic genetic popalaamong these 5 rookeries.
Very high differentiation at mtDNA compared to nusatellite markers suggests the
potential for male-mediated gene flow, which shdwdested directly by sequencing

MtDNA control region for this dataset.

Key words: Chelonia mydas, population structure, microsatellites, Taiwarpala

gene flow
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General Introduction

Sea turtles are reptiles (class: Reptilia) of tiiepTestudines (also known as Chelonii),
which encompasses both freshwater and marineguetewell as tortoises. The
superfamily Chelonioidea contains all seven exspeties of sea turtle, which began to
diverge from their ancestral form approximately My@A. Most species of sea turtle
share similar life history characteristics, withmevariation among species and
populations. Generally speaking however, sea tudte long-lived animals which grow
and mature slowly, occupying multiple habitats tigioout their life cycle, including
neritic, pelagic, estuarine and beach habitats (8&h2004). Sea turtles have a
circumglobal distribution and can be found in taghj sub-tropical and temperate waters
(Seminoff 2004). One key characteristic of seddgpecies is their ability to migrate
great distances, with some species even crosseandeasins from foraging grounds to
reach their rookeries of origin through a behaviknwwn as natal philopatry (Bowen et
al., 1995).

Sea turtles are an ancient and hardy group of epdeaving survived massive extinction
events as well as glaciations. However, within@erage human lifespan, many sea turtle
populations have come close to the brink of exibmctHistorical and ongoing
anthropogenic effects such as hunting for meag@andlry, increased by-catch from
expanding global fisheries, coastal and marinetabtiegradation, ingestion of plastic
waste, and entanglement in various forms of magyoikition (discarded fishing lines,
nets, etc.) has reduced population sizes to th@ pdiere many sea turtle species are at
risk of extinction (Seminoff 2004; Lewison and Cier 2007). These factors, in
combination with a late age at maturity, make fowsand difficult population recovery
(Crouse et al., 1987).



Introduction

Study Species: Green Turtle Chelonia mydas) (Linnaeus, 1758)

Taxonomy and Physical Description

The green turtleGhelonia mydas) has the following taxonomic placement:

Kingdom: Animalia
Phylum: Chordata
Class: Reptilia
Order: Testudines
Family: Cheloniidae
Genus:Chelonia

Speciesmydas

The green turtle is the largest turtle in both sind weight of the family Cheloniidae,
averaging about 120cm straight carapace lengttappbximately 68-190 kg in size at
adulthood. Next to the leatherback, the greendustthe second largest extant sea turtle
(Pritchard and Mortimer 1999). The green turtlesget common name from the colour of
its fat, which is green due to its predominantlybinerous diet of seagrass and algae.
Green turtles can be identified by the followingezral physical characteristics: smooth
oval shell, 5 vertebral scutes, 4 pairs of costates, 4 inframarginal scutes, a pair of
prefrontal scales and 4 pairs of postorbital scatethe head, as well as a serrated lower

jaw (Fig. 1), though occasionally physical mutati@an occur (Ergene et al., 2011).

Conservation Status in Taiwan

The green turtle is the only species of sea turttavn to nest in Taiwan. Major rookeries
(nesting areas) include the islands of Wangan, liaagd Xiaoliugiu, which are just off-

shore from the main island of Taiwan. Other rod®rnclude DongSha and Taiping
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islands, which are conisderably further from themmsiand of Taiwan, located in the
South China Sea (Cheng 1996; Cheng 2008; Cheng.2009

Since 1989, the green turtle has been listed a=gGat | in the Wildlife Protection Act of
the Republic of China (Taiwan), meaning it is listes an endangered species and is
protected by from being killed or harassed. ltisodisted as Endangered by the IUCN
and listed as Appendix | by the Convention on Tradéndangered species (CITES),
meaning that this species is threatened with etidincand international trade in
specimens is prohibited unless the purpose of itnpaot commercial, though CITES

permits can be granted for scientific purposes (8effn2004).

Major threats to green turtles in Taiwan includesdi harvest, egg poaching, fisheries
bycatch, sand mining and marine pollution (Cheng.e2009). Evidence has shown that
green turtles nesting in Taiwan migrate into thettaial waters of the Taiwan, Japan,
The Phillippinnes, and mainland China (Cheng €2@00). This type of multi-national
habitat use has been seen in many populationeehgurtles, and implies that one
country cannot be solely responsible for the efffeananagement of green turtle
populations. Therefore, it is critical to study ttie history, habitat use and mating
patterns of green turtle populations in order tggast potential management cooperation
between nations that share responsibility for tighly mobile endangered species
(Cheng et. al., 2008; Nishizawa et al., 2011).

Distribution, Life History and Mating System

After green turtle eggs are laid by adult femaledar the beach sand, they incubate for
approximately 50-60 days. When the juveniles emehgy will typically move
immediately to the ocean. Then, they immediatebyilbewimming rapidly through open
water. After this, it is difficult to say with argertainty what happens in every population
of green turtles, as juveniles are rarely encoexdt@r the wild. It is suggested that they
initially settle under floating mats of vegetatidaeing carried by ocean currents for an
unknown number of years (Carr and Meylan 1980, bkuand Limpus, 1997). After

3



reaching approximately 20-40cm in curved carapength, they will disperse into neritic
habitats, predominantly occupying the benthic Z@sdazs, 1982; Jensen et al., 2013).

Estimates of mean age at maturity tend to vary éetwpopulations and the method used
to make the estimate, though recent findings frdPaeific population of green turtles (in

Hawaii) has recently estimated age at first maturéing 23 years of age (Van Houtan et
al., 2014).

Upon reaching sexual maturity, female green tustldlsmigrate from foraging grounds
to breeding every few years. The migrations betwesging and nesting grounds can
vary from hundreds to thousands of kilometers, ddpey on the population and

individual (Limpus 2007). However, the movementsdiilt male green turtles are not

well-studied overall.

A growing number of studies have suggested thagsnalay mediate gene flow between
populations by mating opportunistically betweeneaeally distinct nesting populations
(Roden et al., 2013, Nishizawa et al., 2011). Type of mating can occur in the three
major habitats utilized by adult sea turtles: mestireas, mixed foraging aggregations
and migratory routes. During the nesting seasanales and males aggregate offshore
from nesting areas. There, females can mate witleremales of the same natal origin, or
potentially with males of a geographically distarigin that have traveled in search of
mating opportunities. This “mate-seeking behaviwa$ been reported in males that have
migrated between several beaches throughout angesstason, purportedly to mate with

females residing offshore (Wright et al., 2012).

After the nesting season, females migrate to fogagreas that may have individuals of
various natal origins, known as “mixed foraging @eggtions”. These areas also provide
an opportunity for opportunistic mating betweenlés sourced from different rookeries
(Bass et al., 2006). Lastly, females undertakingrations may encounter males along
their migratory route, which may also result in ogpnistic mating and the flow of

genetic material between geographically and denpbggally distinct populations



(Bowen and Karl 2007 and Wright et al., 2012).

Sex Bias in Population Research

Since green turtles exhibit precise natal hominigpt¢ate a particular nesting area,
females will often return to the same beach toelggs. Females leave a set of large,
conspicuous tracks on the sand when ascendingca b&athey can be located and
studied by researchers with relative ease (WandCdrahg 1999). This has led to patterns
of female migration to be very well-studied, sifiemales can easily be tagged with
metal tags that contain unique ID numbers whichlmnosed in a mark-recapture method
to track their movements and return to natal beachieey can also be equipped with

satellite transmitters, which can track their hatbitse and post-nesting migrations.

In contrast, male green turtles in most populatiypgally only come ashore when they
are sick, injured or dead; with the exception ofMdaan green turtles, which exhibit
basking behaviour (Karl 1992; Whittow and Balaz82)9 Therefore, male turtles must
be located and either studied underwater or caghtwkich is fraught with difficulty.
There is a paucity of data from tag returns of ntafdes, and even less research using
satellite tracking (Luschi, et al. 2003). This dmsed differential in difficulty of data
collection has led to an overwhelming majority @earch being conducted on female
sea turtles during and after nesting, and on tféspring during incubation and directly

after their emergence from a nest.

Genetic Studies of Population Structure

Determining the genetic structure of sea turtleybaions is an important step in
determining and understanding the interactions wcaubetween green turtle
populations at a local, regional and global leishizawa et al., 2011; Roden et al.
2013). Although populations may be geographicaliyimct in terms of nesting

philopatry, green turtles can undertake both séwodtlong distance migrations between



nesting and foraging sites, which often involvesssing through international
jurisdictions (Hirth 1997). This is why determigiwhether mating is occurring
between individuals of distinct rookeries, natiamsl regions is an important step in

appropriately managing green turtle stocks (Nish&at. al., 2011; Cheng et al., 2000).

Population genetic studies of green sea turtldiginy mitochondrial DNA (mtDNA)
have supported evidence of natal philopatry fromkanaecapture tagging studies.
Mitochondrial haplotypes are inherited from a motieeher offspring, and due natal
philopatry, as well as processes such as coloaizatunder effect and genetic drift,
certain haplotypes will become fixed in a nestingudation (Karl et al., 2012). While
MtDNA studies may be useful for determining matepmalopatry and maternal
population subdivision, mtDNA data cannot reliabgtermine ongoing gene flow
between rookeries mediated by males (Karl 1992; 801092).

Microsatellites (also known as Short Tandem RepeatSTRS) are short portions of a
DNA sequence where a motif of one to six basespeated in tandem. Microsatellites
occur in very high frequency in the genome of \d@tyiany species and have extremely
high variability. These powerful nuclear markers ao-dominant and follow Mendelian
inheritence. Flanked by conserved regions of DNAners can be designed for species
to excise targeted microsatellite loci for amphfion and analysis (Selkoe and Toonen
2006) (Figure 2).

Due to their bi-parentally inherited nature, miatedlite markers have proven to be
useful in providing a more comprehensive view afeggflow (Selkoe et al., 2006).
Studies of genetic structure between green turtikeries worldwide have revealed that
many populations sharing common feeding groundsfsea@ homogeneous at nuclear
loci, although they can differ in mtDNA haplotypeduencies (Karl 1992). Researchers
have suggested that highly reduced populationtstring (low genetic differentiation) at
nuclear markers relative to mitochondrial markers be explained by male-mediated
gene flow (Karl 1992; Jensen 2004).



There is currently a paucity of information regagithe population genetic structuring of
green turtles in the Northwest Pacific region. Tamhas three island rookeries with long-
term projects established: Wangan, Lanyu and Xigal. Past studies of the post-nesting
migrations of satellite-tracked females at Wangash laanyu have provided evidence of
the Ryukyu Archipelago of Southwestern Japan bamgnportant migratory area for
green turtles (Cheng et al 2000, Wang et al, 2(Rigure 3). Studies in Japan have also
identified the Ryukyu Archipelago as a nesting fordging area for green turtles
(Nishizawa 2013). As such, the evidence suggeatdhle green turtles of Taiwan and
Southwestern Japan likely form a mixed foragingraggtion, where opportunistic
mating, and subsequent gene flow, may be occurdogiever, mtDNA evidence suggests
that strong genetic differentiation exists betw#&&angAn Island, Orchid Island, and the
nearby Japanese islands of Iriomote and Ishigakapan’s Ryukyu Archipelago, all of
which are less than 600km apart (Nishizawa eR@l1)(Figure 4). A similar, yet even
stronger pattern of differentiation was seen whamgaring mtDNA structuring between

Wangan and Lanyu (Cheng et al 2008).

Purpose

Due to the limitations of mtDNA in detecting onggigene flow, a study of five green
sea turtle rookeries of the northwest Pacific regising polymorphic microsatellite loci

was proposed to:

a) provide information on the population structure,
b) determine the number of genetic populations,

c) assess the potential for male-mediated genedlmang rookeries



Materials and Methods

Study Site

This project is a collaboration between NationaWBa Ocean University, Kyoto
University and the NOAA Southwest Fisheries ScigDeatre. Field work took place on
5 island rookeries (nesting sites); three in Taiaad two in southwestern Japan (Figure
4). The Taiwanese sites are as follows: Wangands(a3° 22'N, 119°30'E) is located in
the Penghu archipelago, approximately 60 km froenstbuthwest coast of Taiwan. It is
approximately 7.4kmz2 with 9 nesting beaches. La@2A1-08'N, 121°50'-60 E) is located
approximately 65 km from the southeast coast of/dai It is approximately 46 km? with
3 nesting beaches. Xiaoliugiu (22°20'N, 120°208pcated approximately 14km off the
southwest coast of Taiwan. It is approximatelyl&8 with 5 nesting beaches. The
Japanese sites are as follows: Iriomote (24°17,33@8°51'E) is located approximately
185 km from the northeast coast of Taiwan. It israpimately 289km? and has one
nesting beach. Ishigaki (24°2026'N, 124°9'20Hp¢sited approximately 300 km from

the northeast coast of Taiwan. It is approximaBa9km? and has two nesting beaches.

Sample Collection

At Taiwanese sites, nesting female green turtleg wampled on beaches at Wangan,
Lanyu and XiaoXiaoliugiu islands between July aegt®mber during nightly patrols
(Figure 4). Individual females could be identifieg their unique ID numbers, from either
coded metal tags (National Band & Tag Co.) whighiastalled on each of their hind
flippers, or passive integrated transponder (PAg¥ t(Avid Plc.), which are embedded
under the skin of the hind flippers and read wisgtanner. This way, an individual would
only be sampled once. Samples were collected igéfabetween 2004 and 2013, in
Lanyu between 2005 and 2013 and in XiaoXiaoliugtween 2011 and 2013. A small
piece of tissue (~2mm in diameter) was removed fadmnd flipper of each sampled
female using sterile hole punch. Collected tissaumpes were stored in dimethyl
sulfoxide (DMSO solution).



At Japanese sites nesting female green turtles seenpled at Ishigaki and Iriomote
islands between May and September during nightisofsa(Figure 4). Individual females
could be identified by their unique tag ID numbersing either metal tags (National
Band & Tag Co.), custom plastic tags, or PIT t&gmnples were collected in Iriomote
and Ishigaki islands between 2003 and 2010. A spiadle of tissue (approximately 5mm
in diameter) was excised from the hind flippersigsa hole punch. Collected tissue

samples were stored in 99% EtOH.

DNA Extraction

In Taiwan, DNA was extracted using the gSYNC DNArgtion Kit (GeneAid Biotech
Ltd.), following manufacturer protocol. The conaatibn of purified DNA was
quantified using a NanoDrop 2000 spectrophoton{@tieermo Fisher Scientific Inc.).
In Japan, DNA was extracted using the Blood & Tés&enomic DNA Extraction

Miniprep System (Viogene), following manufactureofocol.

Microsatellite Genotyping

In order to determine the genetic characteristiceampled green turtles, 6 microsatellite
markers previously found to be variable in greetids were utilized (Table 1). The
markers A6, B108, D1, D2 and D115 were describddution and Frey (2009), and
marker D102 was described in Roden et al. (2013).

Polymerase Chain Reaction

Microsatellite loci were amplified using polymerag®in reaction (PCR) using negative
controls (no template control), and examined facess using gel electrophoresis. In
Taiwan, the reactions were 2% following the protocol of Dutton and Frey (2009)
each reaction contained 2 mM MgCI2, 0.6 mm eachRNIT3um of each primer, 0.025



U/uL Taq DNA polymerase, and ~10 ng of template DRER was performed using a
Veriti Thermal Cycler (Applied Biosystems). PCR ddions were as follows: initial
denaturation (94 °C, 3 minutes) was followed bycg8les of denaturation (94 °C, 30
seconds), followed by annealing (55 °C, 30 secoadd)extension (72°C, 30 seconds).
The final extension was at 72 °C for 5 minutes (Du@and Frey 2009). In Taiwan,
primers were forward-labelled using coloured flsment dyes from the DS-33 dye set

(Applied Biosystems) (Table 1).

In Japan, loci were amplified using PCR with negationtrols (no template control well),
and tested using gel electrophoresis. The PCR qobteas as follows: 2pdl. PCR
reaction: 3.04L template,12.5:L AmpliTag Gold 360 Master Mix (Applied Biosystems)
and 1.0pL each primer (1@M). Primers were forward-labelled using Beckman D4
fluorescent dye (Beckman Coulter Inc.) (Table Dcilwere not multiplexed, so all

samples and loci were run in independent wells.

Allele Scoring

In Taiwan, amplification products were separateddyyillary electrophoresis on an
Applied Biosystems 3730 DNA Analyzer (Applied Biesgms). The outputs (visual
peaks corresponding to fragment sizes) were amdlygimg the GeneScan 600 LIZ
Fluorescent Size Standard (Applied Biosystems),randdata generated was imported
into GeneMapper v5.0 software. Alleles were scaned exported into Microsoft Excel
2010 (Microsoft Corp.).

At Kyoto University, amplification products werepszated by capillary electrophoresis
on a Beckman GenomeLab GeXP Genetic Analysis Sy@eckman Coulter Inc.). The
outputs (visual peaks corresponding to fragmems3iwere analyzed using the
GenomelLab DNA Size Standard Kit 400 (Beckman Coltie ). Raw data generated
was imported into the Fragment Analysis Module,chilis part of the Genomelab GeXP
Genetic Analysis System (Beackman Coulter Inclelas were scored and exported into
Microsoft Excel 2010 (Microsoft Corp.).
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Dataset Standardization

Although microsatellite alleles are labelled acaogdo their estimated size, when
running the same sample on different machinedgeadiee shifts can occur. Therefore, the
scoring of alleles may vary between labs (Gilllet2094; Ellis et al., 2011). In order to
prevent this type of error, internal size standamdbte form of 4 reference samples from
Lanyu were included in runs at all labs to facibtatandardization of allele sizes. Locus-
specific allele sizes, verified through multiplexsuon different machines, were provided
by the National Oceanic and Atmospheric Administra{NOAA) (Dr. Peter Dutton,
NOAA, unpublished data). Using the internal refeeesamples, the NTOU and Kyoto U
datasets were calibrated using the allele sizeggdasons of the NOAA standard by
adjusting for size shift between datasets. This yfpstandardization method has
achieved success for multinational collaboratiensalmon research projects (Ellis et al.,
2011).

Standardized data was subsequently changed intmthect format for CONVERT v1.31
software (Glaubitz 2004). CONVERT re-formats ddsffor compatibility with a

variety of population genetic software formats.

Detection of Null Alleles and Error Checking

The software Micro-Checker v.2.3.3 (van Oosterledwl., 2004) was utilized in order to
determine the presence of null alleles. Null aiedee non-amplified alleles which may
cause a false detection of a homozygous individudaich can negatively influence
interpretation of allele frequencies (van Oostettedal., 2006). This is typically caused
by mutations at a primer site (Dakin & Avise 200Bhis software was also used to test
for scoring error due to stutter. Evidence of laatiele dropout (preferential

amplification of smaller alleles (Wattier et al.9B)) was also tested using Micro-checker.

All analyses used 1000 iterations.
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Calculation of Summary Statistics

The software Arlequin v3.5.1.3 (Rousset 2014) wsesiuto calculate summary statistics
for the six microsatellite loci in this study. Bhincludes the number of alleles, expected
heterozygosity, observed heterozygosity. The soéivzervus 3.0.7 (Kalinowski et al.
2007) was used to calculate polymorphic informationtent (PIC), which is a measure

of polymorphism that describes a locus's usefulireasalysis (Botstein et al. 1980).

Arlequin was used to calculate summary statisbcstHe 5 populations in this study,

which included measures of expected and obsenteddzggosity.

Evaluation of Hardy-Weinberg Equilibrium and Linkag e Disequilibrium

The software GENEPOP v.4.2 was used to evaluatprdibility of loci and
populations conforming to Hardy-Weinberg EquilibnyHWE) using Fisher’s exact test
with Markov Chain parameters of 1000 for dememadigzanumber, 20 batches and 5000

iterations per batch.

The software ARLEQUIN v.3.5 (Excoffier and Lisct510) was used to test for linkage
disequilibrium (LD) with 1000 permutations. LD refdo the random association of
alleles between loci. Large populations exhibitiagdom mating without selection,
should have close to no LD. LD is often regardedwadence of population mixing and
selection (Smit-McBride et al. 1988).If significash¢viations from HWE and LD are
found, this suggests that non-random mating, mariatipopulation mixing, and natural

selection may be occurring in these populationsitt&foBride et al. 1988).

Determining Population Differentiation and Gene Flav

The software ARLEQUIN v.3.5 was used to measurenise population differentiation
(Fs7) and gene flowNm) values for each pair of populations (Weir and késham 1984).

Fst (also known as fixation index) measures variatioallele frequencies among

12



subpopulations, providing a measure of populatifferéntiation that ranges between 0
and 1. An krvalue of zero would imply complete panmixis, whallesubpopulations
measured have identical allele frequencies. &wBlue of 1 would imply complete
reproductive isolation, where all subpopulationsaswged are fixed for completely
different alleles. Hence, where a high level ofg#low occurs between subpopulations,
Fst values will be closer to zero. Conversely, whelanalevel of gene flow is occuring
between subpopulationssfFvalues will be closer to 1. Gene floNr() values, derived
from Fst, represent the estimated number of theoreticatantg between populations per

generation (Weir and Cockerham 1984).

Population Assignment Tests

The software STRUCTURE v2.3.4 (Pritchard et al. ®@@alush and Pritchard 2003) was
used to produce an unbiased clustering of indivglueo theoretical populations based
on their genetic composition. This software uttizemodel-based Bayesian clustering
method to infer population structure using genotgata independent of sampling
location. This program can be used to demonsthat@tesence of population structure,
identify distinct genetic populations and assigtividuals to populations. For
computation, theoretical values of K (maximum nundifegenetic populations) are
provided by the user, and individuals are assighaded on probability) to a population,
or to multiple populations if an individual's geypeé indicates admixture. In order to
estimate the true number of genetic populationsrfKhis study, 5 independent runs of K
=1 to K= 10 were performed using 500 000 Markowai@iMonte Carlo repetitions,
followed by a burn-in stage of 500 000 repetitions.

The results of STRUCTURE analysis were compileBTiRUCTURE Harvester v0.6.94
(Earl and von Holdt 2012), a web-based program whampiles STRUCTURE output

files to determine the natural log of likelihood[Br(X | K)], for each value of K. Where
(Pr) is the probability, of data (X) at each theimad number of genetic populations (K).

The most probable true value of K is one that shibvwshighest reported likelihood value,
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with increasing variance at successive values (®rikchard et al. 2000).

STRUCTURE Harvester was also utilized to create SCRURE data files which are
compatible with the software CLUMPP v1.1.2 (Rosegland Jakobsson 2007).
CLUMPP is used to permute the cluster output data STRUCTURE (which is

divided into independent runs) so that they mafzhsiclosely as possible. CLUMPP
output files are then imported into the softwar& DRUCT v1.1 (Rosenberg 2004). This
program visualizes the genetic clusters identiigdSTRUCTURE in coloured plot
format. These plots can be used to further intéaerns of genetic population
structure by visualizing the probability of eachiwidual belonging to a number of
theoretical genetic populations (K), which are esginted by separate colours. If there is
a high level of genetic structuring between popare, vertical clustering is visualized.
If there is a high level of gene flow between papioins, there will be no definitive
assignment of individuals to particular clustees firoportionate relationships exist to all

tested population clusters among individuals) (Rbseg 2004).

Assessment of Potential for Male-Mediated Gene Flow

Available Fst data from mtDNA and microsatellites from Chengle{2008) and
Nishizawa et al. (2011) were compiled into a tdblprovide a rough assessment of
potential for male-mediated gene flow, in ordedétermine suitability of analysis at

MtDNA control region.

Results

Sample Collection

The total number of samples collected for analysis 140. The sample sizes (n) ranged
from as low as 8 individuals (Xiaoliugiu) to as myaas 49 individuals (Ishigaki) (Table

2). The average number of samples per site was128719 SE).
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DNA Extraction & Polymerase Chain Reaction

DNA extraction was successful for all tissue sampRCR amplification experienced
variation in success (Table 3). Most loci had &R amplification success rate of
over 95%. Locus A6 had the highest amplificatioocgss (99.3%), while locus D115
had the lowest (91.4%). The overall PCR amplifmatsuccess rate for this study was
96.53% (+2.78 SE). No individuals were removed framalysis due to failure of

amplification at a locus.

Dataset Standardization

The reference samples run at the Kyoto Universitptatory largely conformed to the
locus-specific reference alleles provided by theA¥Qand were easily standardized.
However, comparing the allele sizes of referenogpdas run in in Taiwan, there was
evidence of locus-specific shifts of between 0.fabd 3.20 bp in size between loci.
Prior to calibration, allele sizes for samples iufiaiwan were higher at all loci and
reference samples. Among reference samples andlociss A6 exhibited a 1.01 bp
shift (+0.33 SE), Locus B108 exhibited a 2.39 bift $0.06 SE), Locus D1 exhibited a
2.27 bp shift (x0.04 SE), Locus D2 exhibited al23shift (+0.07 SE), Locus D102
exhibited a 3.2 bp shift (+/-0.17 SE), and Locud B&xhibited a 0.67 bp shift (+0.36
SE). The majority of allele sizes were calibratgddzus and successfully fitted to allele
designations, and conformed to separation by singiesizes (e.g. 4bp for
tetranucleotide loci). At locus D115, one indivitltram Lanyu and one from Ishigaki
could not be scored using the allele designatiarestd an allele size that was squarely

between two repeats. They were subsequently renfomedthe analysis at this locus.

Null Alleles and Error Checking

Results from MICRO-CHECKER did not indicate anydance of null alleles throughout
the data set. When testing for errors, two simpégeasize input errors were detected.

After correction, no scoring errors due to stuttere detected, nor was there any
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evidence of large allele dropout in any population.

Summary Statistics, Tests for Hardy-Weinberg and Linkage Disequilibrium

Summary statistics for loci are listed on Tablédcus D115 had the highest number of
alleles (21) and the highest PIC (0.907). LocusDi&d the lowest number of alleles (5)
and the lowest PIC. The mean number of alleles aWéwci was 12.167 (£5.981 SE).
The mean PIC over all loci was 0.757 (+0.212 SHsé€ved heterozygosity values
ranged from 0.391 (Locus D102) to 0.914 (Locus Ad)h a mean value of 0.689
(x0.215 SE) over all loci. Expected heterozygosajues ranged from 0.380 (Locus
D102) to 0.917 (Locus D115), with a mean value.@80 (£0.2 SE) over all loci. Half of
the six loci used in this study conformed to HWE.QB, D1 and D2), while the others
did not (p<0.05).

Summary statistics by population are listed on @&blThe lowest observed
heterozygosity was in Xiaoliugiu at 0.577 (x0.299) Swvhile the highest was in Iriomote
at 0.779 (x0.224 SE). The lowest expected hetewsitigs were in Xiaoliugiu, Lanyu,
and Ishigaki at 0.742 (£0.120, 0.244 and 0.173r8&pectively). Xiaoliugiu had the
lowest average number of alleles over all loci.&804+1.64 SE). Ishigaki had the highest
average number of alleles over all loci (10.00 843&). Only one population was in

HWE (20% of total sampling sites), while the renmagnpopulations were not (p<0.05).

Significant linkage disequilibrium (p<0.05) was eeted at all loci (Table 6). A6 and D2
showed the most significant linkage, exhibitindbge with 100% of other loci. Loci
B108 and D102 exhibited significant linkage wit8@f other loci. Locus D1 and Locus
D115 exhibited the least amount of linkage, witngicant linkage with 60% of other

loci.
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Population Differentiation and Gene Flow

Among all sampling sites, the meagralue was 0.03985 (+0.01673 SE) (Table 7).
The highest amount of differentiation was seen betwiriomote and Xiaoliugiu gr =
0.06493, p<0.05). The lowest amount of differemdiaivas seen between Iriomote and
Ishigaki (Fs7=0.00634, p=0.06029), followed by Lanyu and Xiaqiiu(Fst= 0.02407, p=
0.10553). The lowest amount of significant diffdration was seen between Iriomote
and Lanyu (Et=0.03391, p<0.05).

Estimated gene flonNm) was highest between Iriomote and Ishigaki (39.17
migrants/generation) (Table 7). The lowest levajefe flow was between Iriomote and

Xiaoliugiu (3.60 migrants/generation).

Population Assignment Tests

From the software STRUCTURE, the highest meanikajthood value, L(K), with the
least amount of variance was K=1, where K is th&imam number of genetic

populations in the data set (Figure 5)

Based on visual analysis of the graphical outpafCLUMPP, (using STRUCTURE
output data) the most likely K value is K=1. At K= distinct vertical clustering is seen
between populations, and individual probabiliti€snembership to any theoretical K
appears relatively even across populations. Witheiasing K values, the same pattern
Is seen, with approximately equal probabilitiesrafst individuals belonging to any

given number of populations (Figure 6)

Assessment of Potential for Male-Mediated Gene Flow

The comparison indicated that pairwise comparisdrisrvalues from mtDNA and 6
microsatellite loci invariably displayed much higlutfferentiation at mtDNA, exceeding
differentiation at microsatellite loci by at least order of magnitude in each pairwise
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comparison, with the exception of Ishigaki andraie, which were two orders of

magnitude higher at mtDNA control region (Table 8).

Discussion

Genetic Structure among Rookeries of the NorthwedRacific Region

Most of the populations in this study revealed Mexy (Fst = <0.05) genetic structuring
through pairwise comparisons between rookerieg-atajority of which were
represented by statistically significant valuesf (Table 7). This indicates a very low
level of population structuring (Wright et al., B)7Recently, Roden et al. (2013) studied
the genetic structure of regional green turtlelstarross the Pacific basin. The authors
utilized 8 polymorphic microsatellite loci (includj the six used in this study) and 20
single nucleotide polymorphisms (SNPs), which wesed to analyze differentiation and
gene flow among five rookeries throughout the Rabiésin. They reported moderate
levels of differentiation (&> 0.1) for the majority of comparisons throughthg Pacific,
implying low gene flow among regions. One suggestiom this study was to include
additional key Pacific rookeries to provide greatederstanding of connectivity between
nesting and foraging aggregations, in order tongeftock boundaries. The low level of
inter-rookery differentiation seen in this studygasts that breeding interactions are
occurring among rookeries of this region. The rssof this study have shown that the
majority of pairwise comparisons of genetic diffsiation within a regional scale are
lower than reported values than between regions. i$ttoncordant with a global study
of green turtles that were genotyped at 4 polymiarphicrosatellite loci by Roberts et al.
(2004), which also provided evidence of higherrns. intraoceanic population
subdivision. A similar pattern was seen in Karakt(1992) in a global study of green

turtle population structure using restriction fragrlength polymorphisms (RFLPS).

Genetic differentiation between Lanyu and Wangarery low (Fst= 0.03),
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contradicting a previous study by Cheng et al. @&ing mtDNA, which discovered
very high differentiation (F5= 0.673) between the island rookeries of Lanyu and
Wangan, which lie on opposite sides of the maanidlof Taiwan. In that study, there
were zero shared mtDNA haplotypes between the dwkaries, suggesting that these
rookeries are genetically distinct, and that noegigow occurs between them. This
appeared to support their behavioural charactesistis the results of tagging studies had
not shown evidence of any movement of nesting fesbétween the two islands.
However, the results of this study indicate thasthtwo populations have very low
differentiation (5t=0.04181), with an estimated gene floMn{) of 5.73
migrants/generation. Discovering this previouslgetected gene flow is largely due to
the biparental inheritance of nuclear markers, aodiradictory to the findings of Cheng

et al. (2008), indicates that breeding interactiocsur between these two rookeries.

Following a similar pattern, a study by Nishizawale (2011) discovered very high

levels of differentiation between Lanyu and Irioe@fs1=0.4901) as well as with

Ishigaki (Fs1=0.7529) using mtDNA. A similar pattern was seetwleen Wangan and
Iriomote (Fst = 0.1681) as well as with Ishigakiff=0.4381) in the same study. Post-
nesting migrations of satellite-tracked femalelésrfrom Wangan and Lanyu have
provided evidence of the Ryukyu Archipelago of $egstern Japan (including Iriomote
and Ishigaki) being an important foraging and ntignaarea for turtles of these two
Taiwanese rookeries (Cheng et al 2000, Wang @04#). Studies in Japan have also
identified the Ryukyu Archipelago as a nesting tordging area for green turtles
(Nishizawa 2013). This information can imply tiattles from rookeries of this area
likely form a mixed-foraging aggregation. Due te thpportunistic mating behaviour of
male turtles, it is likely that male-mediated gdlioev occurs along foraging aggregations
as well as migration routes, as has been predictether areas (Karl 1992). Evidence
from this study appears to support the claim ofegiaw occurs, as differentiation
between Lanyu and Iriomote is very lows{E0.0339), with a similar value for Ishigaki
(Fst=0.03968) with migration rates of 7.12 and 6.05namgs per generation, respectively.
A very similar pattern of very low differentiatiomas seen between Wangan and Iriomote
(Fst=0.03946) as well as Ishigakidf=0.03937), with gene flowNm) rates of 6.09 and
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6.27, respectively. These similarities in gene fladues for Wangan and Lanyu and the
Ryukyu islands are quite surprising, considerirgg thgreater proportion of satellite-
tagged females frequent the waters around Ryukiiereas satellite-tagged females
from Wangan typically either disperse further nedst, toward the Kyushu archipelago,
or southwest through the East China Sea (Chend808, Wang et al, 2014).

Moderate differentiation occurs between Xiaoliugnd Iriomote (Er=0.06493) as well
as Ishigaki (Er=0.05164), with gene flonwNm) rates of 3.60 and 4.59
migrants/generation, respectively. This suggestsléss gene flow occurs between
Xiaoliugiu compared to the other Taiwanese roolsedehistorically low nesting
population size may play a factor in limited numb&mdividuals for dispersal; however
this is purely speculation, as historical data rega nesting at this rookery simply does

not exist.

The rookeries of Iriomote and Ryukyu exhibited vittie genetic differentiation in a
pairwise comparison of population differentiatidia«(= 0.00634), with a very high rate
of gene flow Nm=39.17 migrants/generation). However, thg Value is not statistically
significant from zero (Table 7), so these resuitsudd be interpreted with caution.
Though the value itself is an order of magnitudedoin population structure, when
compared to comparisons both within and repregbethighest level of gene flow in this

study.

Population Assignment Tests

Evidence for high levels of gene flow across ajpyations was also derived from
Bayesian clustering analyses using the softwarel8TRJRE (Figure 5). Analysis of
log-likelihood probability of the data revealed thize true number of genetic populations

is K=1, which is supported by significantly low#FandNm values across all populations.

The compiled results from CLUMPP and DISTRUCT oufg@iso supports this pattern of

high admixture, as no distinct vertical cluster{imglicating population structure) is seen
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between populations at K=2, and individual prokiabd of membership to any
theoretical genetic population appears to be rahtieven across all populations
sampled (Figure 6). The same pattern is seen wigevaue of K is increased, with
individuals exhibiting approximately equal prob#&iek of belonging to any given

number of populations.

This finding is supported by the analysis of popaladifferentiation and gene flow, as
mating events occurring between rookeries resolt®nly in low values of genetic
divergence, but also the low individual assignmgobabilities seen in the results from
analysis using STRUCTURE.

Potential for Male-Mediated Gene Flow

A moderate level of male-mediated gene flow is sasgl to occur when the breeding
populations of genetically distinct rookeries oagrht feeding grounds or during
migrations, regardless of whether males migratethtal regions for breeding or not
(Karl et al., 1992). Studies have suggested tlgitlyireduced population structuring

(low genetic differentiation) at nuclear markerstige to mitochondrial markers can be
explained by male-mediated gene flow, i.e. Indigidumating between rookeries that are
distinct according to mtDNA haplotype frequencikar( et al., 1992, FitzSimmons et al.,
1997; Roberts et al., 2004; Roden et al., 2013).

Normally, levels of differentiation at nDNA and n{[A should be compared directly, but
are currently not yet available for this datasetwdver, data from this study, and
available krvalues from mtDNA from Cheng et al. (2008) and Walva et al. (2011)
were compiled to provide a rough assessment ohpatéor male-mediated gene flow
(Table 8). The comparison indicated thgt\Falues among all comparisons were higher
among mtDNA, by at least an order of magnitudeaaheairwise comparison. While
this is not an exact test by any means, this treawdlants further investigation by

sequencing samples in this dataset at the mtDNA&aaegion.
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Data Considerations

Sample Size

When utilizing microsatellite loci, it is importatd gain an accurate estimate of allele
frequencies and diversity in order to determineytajon structuring. While large
sample sizes are certainly ideal for any researeitern studying endangered species it is
often difficult to obtain large sample sizes du¢ht® inherent difficulty in locating
individuals as a result of low population sizeglensities. Hale et al. (2012) noted that
detecting all of the alleles present within a pagioh is less useful than obtaining an
accurate estimate of allele frequencies and dityessnce very rare alleles are not
particularly informative when assessing geneti@dsity or population structure. So the
goal should not necessarily be to determine albtiedes in a population, but rather the
most representative set. The answer to what exadtomm sample size necessary for
analysis of microsatellite data sets varies, howelae et al.(2012) used a similar
number of loci (between 5-9) to model optimal saargke (accuracy vs. cost), providing
evidence that there is little benefit to samplingrenthan 25-30 individuals per
population in studies such as this one. Of the $ammpled populations, only three
conformed to this minimum sample size: Lanyu (ns#48)mote (n=26) and Ishigaki
(n=49). The explanation for a reduced sample sie&Xiaoliugiu is simple; there have
not been enough nesting females present to samghe iyears since sample collection
began (2011). The explanation for reduced sampéeisiWWangan is the result of a
partner on this project failing to provide resditsm remaining samples for incorporation

into our analyses.

Conclusions and Recommendations

Results of analysis for population structure atiérasatellite loci polymorphic for green
sea turtles have revealed extremely low populatarcture across 5 rookeries of the
northwest Pacific region. The results strongly casttpast findings which implied that
Wangan and Lanyu are distinct genetic populatiand,exhibit no gene flow, while
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providing evidence to support the existence of dglave among all 5 rookeries.

Population assignment tests using Bayesian clastsupported these findings by
assigning all 5 rookeries analyzed in this studg 8ingle genetic population. Assessment
of the potential for male-mediated gene flow bytcasting mtDNA data from past
studies, and nDNAdrvalues from this study suggests that male-medigéee flow

could possibly be occurring among these populatidohs result is expected, considering
the migratory patterns of nesting turtles at Wanayaeh Lanyu, the general patterns of
habitat use by green turtles of this region, as agethe opportunistic mating behaviour

of male green turtles seen in other populationddvmode.

Future recommendations include the incorporatiotiadh from 57 samples taken from
Wangan which had not yet arrive from a projectmaxtFurthermore, direct comparison
of mtDNA control region at all of the samples copldvide a robust test of the existence
of male-mediated gene flow among rookeries. AlatglBte tracking of male turtles at all
rookeries in this study could provide an elemerground-truthing for the results of
these analyses, as currently, we know very littleus the movements and interactions of

male green turtles the northwest Pacific region.

These are green turtle populations of high conservavalue, and representing nesting
populations at the northern limit of their speciasge in the western Pacific. With the
implication that the rookeries in this study regmsa single breeding population, sea
turtle stock management should incorporate a nmaltienal approach that represents the
international movements and interactions of thestaegered reptiles, in order to ensure

the future of this critical population.
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Figures

4 pairs of costal scutes

4 postorbital
scales
5 vertebral scutes

Pair of prefrontal scales

Figure 1— Green turtle external morphology (modified frontéhard and Mortimer
1999).
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Primer 7 repeats

e [TT 273747576171
—P.
8 repeats L)
emmp [1[2[]3]4[5]6]7]18]
<=
9 repeats
em=p [T 2] 3[Aa]5]6]78]9]
<=
10 repeats
— [ATZFET 3T AT ST el T 519 [0
<
11 repeats _
> [T T2 3T4a[S[e6[ 785 Ji0[11]
. _/ <
_"\vl"_

Target region
(short tandem repeat)

112 3
+ 2-nucletotide repeat unit : (CA)(CA)(CA)==+-
* 3 -nucletotide repeat unit : (GCC)(GCC)(GCC) ==--
* 4 -nucletotiderepeat unit: (AATG)(AATG)(AATG) * ="
* 5 -nucletotide repeat unit: (AGAAA)(AGAAA) ***+

Figure 2 - Simplified diagram of a microsatellite (STR) regigmimer locations and
repeat characteristics (from Hashiyada 2011).
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Figure 5- Mean log-likelihood values (xSD) for five repliearuns of 500,000 iterations
for each value of K (max # of populations) from STRTURE software.

36



K=2

K=4

o = & &

s
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represents a sampled rookery, and each sub-colepnesents individuals and their
probability of belonging to a theoretical populati@olour). Labels are: LQ= Xiaoliugiu,
LY = LanYu, WA= WangAn, IR= Iriomote and 1S= Ishiga
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Tables

Table 1—- Summary of the six microsatellite loci from Darttand Frey (2009) and Roden

et al. (2013) that were utilized in this experiment

Locus Primer sequence Repeat Fluourescent Expected Genbank
motif Dye used Size range accession
(Taiwan/Japan) (bp) number
A6F AGTGCAATAACCATCCTTAC GA5 ROX /D4 115-135 EU668882
AC
AG6R GGGCTGAATAGAGCTACAGA
C
B108F GCCATTCTTCTTTCATTCCT CAA; HEX /D4 181-193 EU668884
B108R GTTTCTAGCATTACTCACCTG
TCTTAGC
D1F CAGGCTGATTATGCTTTGTT  TAGA14 ROX / D4 204-264 EU668888
D1R GTTTCTAAGGGAAACTGATT
CTCTGG
D2F AGTCCCCACTACTCATACCC TAGA1 HEX /D4 283-328 EU668889
D2Rt GTTTCTTTTGTGTTACTTCGG
TGTTTC
D102F TCATGGATCTTAAAAGCACA TAGAg FAM / D4 154-166 EU668898
G
D102R TTTCTGGACATCAGGAGAGT
AT
D115F AACTGCTACTGGTCATTCTTC TAGA;; TAMRA/ D4 147-213 EU668893
A
D115R GTTTCTGCTGCCTCTTCTAAA

AGGAG
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Table 2— Number of samples collected from nesting fer@aleydas in Taiwan (TW)
and southwestern Japan (JP), where n = sample size.

Sampling Site n

Xiaoliugiu (TW) 8

Wangan (TW) 14
Lanyu (TW) 43
Iriomote (JP) 26
Ishigaki (JP) 49

Table 3— Amplification success at 6 polymorphic microsiételoci for 140C. mydas
samples.

Locus Amplification
success (%)

A6 99.3
B108 97.1
D1 96.4
D1 96.4
D102 98.6
D115 91.4
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Table 4— Summary statistics at 6 microsatellite loci based40C. mydasin the
northwest Pacific region where n=the number otsessfully amplified samples per
locus, k= number of alleles per locus, Ho = obsgiveterozygosity, He = expected
heterozygosity, PIC = polymorphic information cartteand HWE = conformity to
Hardy-Weinberg Equilibrium.

Locus n k Ho He PIC HWE
A6 139 10 0.914 0.862 0.844  Yes
B108 136 7 0.478 0.788 0.756 No
D1 135 14  0.666 0.858 0.841 No
D2 135 16  0.815 0.876 0.860 No
D102 138 5 0.391 0.380 0.336  Yes
D115 128 21 0.867 0.917 0.907 Yes

Table 5— Summary statistics for 5 populationg®imydas in the northwest Pacific
analyzed at 6 microsatellite loci, where n= sangjte, Ho= observed heterozygosity,
He= expected heterozygosity, k= mean allelic ricsrend HWE = conformity to Hardy-
Weinberg Equilibrium. Standard error () is in kats.

Population n Ho He k HWE

Xiaoliugiu 8  0.577 0.742 4.50 Yes
(0.299) (0.120) (1.64)

Lanyu 1 0.597 0.742 9.00 No
4 (0.295) (0.244) (3.85)

Wangan 4 0.600 0.756 6.50 No
3 (0.385) (0.197) (2.74)

[riomote 2 0.779 0.772 8.83 No
6 (0.224) (0.207) (3.25)

Ishigaki 4  0.765 0.742  10.00 No
9 (0.138) (0.173) (4.60)

40



Table 6 - Results of tests for linkage disequilibrium frémequin v3.5.1.3. An “xX”
denotes significant (p<0.05) linkage between loci.

Locus A6 B108 D1 D2 D102 D11

5
A6 -
B108 X -
D1 X X -
D2 X X X -
D102 X X X -
D115 X X X -

Table 7 —Genetic differentiation (&~in bold, above) and number of migrants per
generationm — in italics, below) ofC. mydas among five sampled nesting populations
at 6 microsatellite loci.

Xiaoliugiu Lanyu Wangan Iriomote

Xiaoliugiu
Lanyu 0.02407

10.14
Wangan 0.05828* 0.04181*

4.04 5.73
I[riomote 0.06493* 0.03391* 0.03946*

3.60 7.12 6.09
Ishigaki 0.05165* 0.03968* 0.03837* 0.00634

4.59 6.05 6.27 39.17
*p =<0.05
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Table 8 — Comparison of FST values for 6 microsatellita Bnd mtDNA control region
at 4C. mydasrookeries in the northwest Pacific region to aspesential for male-

mediated gene flow. Format: (microsatellite FSTTDMA FST) Values irbold indicate
significant FST values.

Lanyu Wangan I[riomote

Lanyu

Wangan 0.0418/0.679

Iiomote  0.033¢/0.4901®® 0.0395 / 0.1681®

Ishigaki 0.0397 / 0.752%® 0.0384 /0.438¥" 0.00634 0.157¢®

@_ Source: (Cheng et al., 2008)
®) _ Source: (Nishizawa et al., 2011)
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