


Genetic Stock Structure of Green Turtle (Chelonia mydas) Nesting
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Abstract: More than two decades have passed since the first studies document-
ing genetic population structure of green turtles (Chelonia mydas) were published.
Since then many more have followed and characterization of the genetic struc-
ture of green turtle rookeries now covers most of the global distribution of the
species, benefitting conservation of this threatened species worldwide. However,
important data gaps still exist across a large part of the western and central Pa-
cific Ocean (WCPO). This large area is made up of hundreds of scattered islands
and atolls of Micronesia, Melanesia, and Polynesia, most of which are remote
and difficult to access. In this study, we assessed stock structure of green turtles
throughout the WCPO using mitochondrial (mt) DNA from 805 turtles sam-
pled across 25 nesting locations. We examined whether sequencing longer frag-
ments (770 bp) of the control region increases resolution of stock structure and
used genetic analysis to evaluate level of demographic connectivity among island
nesting populations in the WCPO. We identified a total of 25 haplotypes char-
acterized by polymorphism within the 770 bp sequences, including five new vari-
ants of haplotypes that were indistinguishable with shorter 384 bp reads from
previous studies. Stock structure analysis indicated that rookeries separated by
more than 1,000 km were significantly differentiated from each other, but neigh-
boring rookeries within 500 km showed no genetic differentiation. Results pre-
sented in this paper establish that sequencing of longer fragments (770 bp) of the
control region does in some cases increase resolution and that there are at least
seven independent stocks in the region.

THE GREEN TURTLE (Chelonia mydas) is one
of the most common and widely distributed
species of marine turtles. They nest and for-
age throughout tropical and subtropical waters
around the world (Hirth 1997). Despite their
global distribution, several populations have
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been extirpated or depleted as a result of
overharvest, habitat degradation, and inci-
dental take in fisheries (National Marine
Fisheries Service and U.S. Fish and Wildlife
Service 2007), and green turtles are listed as
Threatened and Endangered globally under
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the U.S. Endangered Species Act (ESA) and
as Endangered under the IUCN Red List of
endangered species, with the exception of the
Hawaiian subpopulation, which has recently
been listed as of Least Concern (Pilcher et al.
2012). Several populations have increased in
recent years (Chaloupka et al. 2008), although
the status of many populations, particularly in
the Indian and Pacific Oceans, remains un-
clear and highlights the continued interest in
the biology and conservation of this species
(Wallace et al. 2011).

The life history of green turtles is charac-
terized by oceanic dispersal of posthatchling
turtles that are transported by ocean currents
for several years (Bolten 2003). As they ap-
proach larger body sizes they become less
susceptible to predators and eventually (after
approx. 5-10 yr) recruit into neritic feeding
habitats (Musick and Limpus 1997, Bolten
2003), where young turtles often move
through a succession of developmental habi-
tats over a period of 20 yr or more before
settling into one area upon reaching sexual
maturity (Musick and Limpus 1997, Jensen
et al. 2013; however see Limpus and Walter
1980, Limpus et al. 1994). Once turtles have
settled into feeding grounds they generally
show strong fidelity to specific areas (Lopez-
Castro etal. 2010, Senko etal. 20104, b). After
reaching sexual maturity both females and
males tend to migrate back to their natal
rookery to mate and breed (FitzSimmons
et al. 1997, Lopez-Castro et al. 2010), result-
ing in demographic isolation and significant
genetic structuring among rookeries or nest-
ing populations (Jensen et al. 2013). Nuclear
gene flow may occur if turtles from different
nesting stocks interbreed on foraging grounds
or along migration corridors (Bowen et al.
2005), but the extent to which this male-
mediated gene flow occurs is unclear (Dutton
et al. 2013, Roden et al. 2013). Maternally
inherited mitochondrial DNA (mtDNA)
markers are particularly useful for assessing
genetic population structure of regional sea
turtle rookeries, given that female natal hom-
ing defines reproductive population bound-
aries. Genetically isolated rookeries (or
Management Units [MU] [Moritz 1994]) es-
sentially represent breeding habitats with
little or no immigration by reproductive
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females from neighboring rookeries. This
means that such populations are not likely to
be recolonized in the case of population de-
cline or extinction and highlights the impor-
tance of identifying rookeries in most need of
protection (Bowen et al. 2005). Furthermore,
characterizing genetically distinct rookeries
provides a reference data set that can be used
to trace back the natal origin of turtles sam-
pled in-water (e.g., foraging grounds, migra-
tory corridors, fisheries bycatch, harvest, or
stranding) (Jensen et al. 2013). Combined,
this information can provide a more complete
picture of the geographical scale of green tur-
tle stocks that will allow for better assessments
of threats to different populations at nesting
beaches and in the marine environment, ulti-
mately allowing for improved conservation
and management of this species.

It is now more than two decades since the
first studies documented the genetic popula-
tion structure of green turtles (Bowen et al.
1992, Lahanas et al. 1994, Encalada et al.
1996). Since then many more have followed,
and characterization of the genetic structure
of green turtle rookeries now covers most
of the global distribution of the species (Enca-
lada et al. 1996, Dethmers et al. 2006, Formia
2006, Bourjea et al. 2007; P.H.D., M.P].,
AF. EL. GH.B., P. Zirate, O. Chassin-
Noria, A. Laura Sarti-Martinez, E. Velez,
unpubl. data). However, important data gaps
still exist in some areas of the Indo-Pacific and
in particular among many of the islands in the
western and central Pacific Ocean. This large
area is made up of hundreds of scattered is-
lands and atolls, most of which are remote and
inaccessible. To date, only the French Frigate
Shoals rookery in Hawai‘l (Dutton et al. 2008;
P.H.D. et al.,, unpubl. data), five rookeries
in the eastern Pacific (P.H.D. et al., unpubl.
data), and three atoll rookeries in the Feder-
ated States of Micronesia (FSM) (Dethmers
et al. 2006) have been genetically character-
ized, whereas Australia and large parts of
Southeast Asia have been extensively sampled
(Dethmers et al. 2006). French Frigate Shoals
has an increasing population and showed
strong genetic isolation of this central North
Pacific rookery for both foraging and nesting
green turtles (Chaloupka et al. 2008, Dutton
et al. 2008). Recent analyses also show that
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the central North Pacific stock, represented
by French Frigate Shoals, is more closely re-
lated to eastern Pacific green turtle rookeries
than to those of the western Pacific (P.H.D.
et al., unpubl. data). In the western Pacific,
Dethmers et al. (2006) showed with limited
sampling of the Pacific islands that three
rookeries from the FSM were distinct from
green turtle rookeries in Australia and South-
east Asia. Moreover, they identified a strong
genetic barrier isolating Pacific rookeries
(including rookeries along the Great Barrier
Reef, the Coral Sea, and New Caledonia)
from those in Southeast Asia and the Indian
Ocean. However, their study also showed
that although these rookeries were located
more than 1,000 km from each other they did
not appear to be genetically distinct from
each other because they shared common and
widespread haplotypes identified from a 384
base pair (bp) fragment of the mtDNA con-
trol region. Since then, new primers have
been developed that target a longer 770 bp
fragment of the control region and have
uncovered additional variation, enabling im-
provements in detection of fine-scale stock
structure in hawksbills, loggerheads, and
leatherback turtles (Monzén-Argiello et al.
2010, LeRoux et al. 2012, Shamblin et al.
2012, Dutton et al. 2013). These have yet to
be applied in a comprehensive way for green
turtles.

Many of the Oceania rookeries are difficult
to get to and most populations are relatively
small (Maison et al. 2010, Trevor 2010). The
objective of the study reported here was to
assess the stock structure of green turtles
across the Pacific islands using mtDNA from
samples collected from as many nesting pop-
ulations as possible to provide important in-
formation needed to inform regional manage-
ment of green turtles. We examined whether
sequencing longer fragments (770 bp) of the
control region increases resolution of stock
structure.

MATERIALS AND METHODS
Sampling

A total of 805 samples was collected from
25 different green turtle nesting locations
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across the western and central Pacific Ocean
(Figure 1; see also Table 1). Samples con-
sisted of tissue from dead hatchlings and skin
biopsies collected from nesting turtles and
stored in vials in 70% ethanol or a saturated
salt solution (Dutton 1996). All samples were
archived (—20°C) and analyzed at the Marine
Turtle Genetics Laboratory at the National
Marine Fisheries Service (NMFS) South-
west Fisheries Science Center in La Jolla,
California. Samples were collected by re-
gional partners led by the Secretariat of
the Pacific Regional Environment Pro-
gramme (SPREP) in collaboration with Na-
tional Oceanic and Atmospheric Administra-
tion (NOAA)-NMES from regional rookeries
(see Table 1) across Micronesia (including
the Republic of Palau, the Republic of the
Marshall Islands [RMI], FSM [Yap State]),
and the Mariana Islands (including Guam
and the Commonwealth of the Northern
Mariana Islands [CNMI]), Melanesia (repre-
sented by New Caledonia), and Polynesia
(including French Polynesia and American
Samoa) (Figure 1).

Laboratory Analysis

Genomic DNA was isolated from samples
of tissue using one of the following standard
extraction techniques: phenol/chloroform
(Sambrook et al. 1989), sodium chloride
(Miller et al. 1988), a modified DNEasy Qia-
gen extraction kit (Qiagen, Valencia, Califor-
nia), or a Corbett CAS-1200 extraction robot
(Corbett Robotics, San Francisco, Califor-
nia), following standard laboratory protocols
(Dutton et al. 2008). Primers LCM15382
and H950g were used to amplify an ~889 bp
fragment at the 5" end of the control region
of the mitochondrial genome using poly-
merase chain reaction (PCR) methodology
(Abreu-Grobois et al. 2006, Dutton et al.
2007). A 25 ul PCR reaction was used with
the following composition: 18 pl purified
H>O0, 2.5 pl of 10X Mg buffer, 1.5 ul DNTPs,
0.75 pl of each primer, 0.5 ul of Taq poly-
merase, and 1 pl (20-50 ng) of template
DNA. PCR reactions were run with the fol-
lowing profile: initial DNA denaturation at
94°C for 2 min, followed by 36 cycles of
(1) DNA denaturation at 94°C for 50 sec,



454 PACIFIC SCIENCE - October 2014
100°E 120°E 160°E 180° 160°W 140°W
T L ) L T L T
*| Northern Mariana Islands
z
=1 ’ A
* Jp——— -
\1 . R T e = HAWAII
!
CNMI / [~ ’ -
f 4 — S~ N
g -‘__‘ f"UllthI . ) ) ;./ \\
- 1 ’ ! hY
Guam,7 Palau MICRONESIA )/ *
wo 200 Km d , N
T~ e .
% e TN L remee
g i ﬂ_‘g“":}”‘"“ k‘}-&\ \<: .
S MELANESIA AN -~ French Polynesia
Marshall Islands ' - . T v
. @ <% Amerlcan Samoa L A
/
, " \New Caiedoma .
o ’ =2 " < Jemo  [IWUSTRALIA S e
= L Wotl iepa f - .. g R
2 s .h‘D\!.A S, - Ailuk 7
TRy T s
Wot;e ’ s
e Ubl 'T& 4 ‘%37 -
loelap vy ; ="
he T
P - - -
o| |0 100200km " * =T
afF | — . _--""0 1,000 2,000 Km
R A I T

Freure 1. Locations of sampled green turtle rookeries in

(2) annealing of primers at 52°C for 50 sec,
and (3) extension of primers at 72°C for
1 min, concluding with a final extension of
primers at 72°C for 5 min. Negative controls
were included in each PCR reaction to detect
contamination. PCR products were purified
by combining 5 pl of product with 2 pl of an
Exonuclease I and Shrimp Alkaline Phospha-
tase solution. PCR products were cycle se-
quenced in both directions using a 12 pl reac-
tion consisting of a 1:1 buffered version of
the ABI Big Dye Terminator v 3.1. Labeled
extension products were purified using an
ethanol precipitation process. Products were
analyzed with an Applied Biosystems model
3130 automated DNA sequencer (Applied
Biosystems, Foster City, California). All se-
quences were trimmed to ~770 bp for further
analyses because this region contains high-
quality sequence and no variation was found
outside the 770 bp.

the Pacific islands regions.

Statistical Analysis

Sequences were analyzed using the program
SeqScape v2.5 (Applied Biosystems, Foster
City, California). Each sequence was reviewed
manually for uncalled and miscalled bases,
and all variable positions were confirmed by
comparing sequences from the forward and
reverse strands. We assigned haplotypes by
comparing aligned sequences against a local
reference library of published and unpub-
lished green turtle haplotype sequences using
Geneious Pro 5.6.3 (Drummond et al. 2011)
as well as searching the database on GenBank
(http://www.ncbi.nlm.nih.gov). We standard-
ized nomenclature of haplotypes based on
these 770 bp alignments, assigning the CmP
prefix to numerically sequential names based
on the original 384 bp alignments (Dutton
et al. 2008; P.H.D., unpubl. data) with a se-
quential numeric suffix to indicate a variant
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resulting from polymorphism in the addi-
tional 384 bp region flanking both sides of the
old shorter sequence. All unique sequences
were then aligned with the CLUSTALW al-
gorithm implemented in Geneious Pro 5.6.3
(Drummond et al. 2011). The alignment
of each mtDNA segment was checked and
edited by eye separately.

Haplotype (h) and nucleotide (n) diversity
were calculated for each rookery using Arle-
quin v 3.5.1.2 (Excoffier and Lischer 2010).
Haplotype diversity was estimated based on
Nei (1987), and nucleotide diversity was cal-
culated assuming the model of Tamura and
Nei (1993). We tested for population struc-
ture by conducting analysis of molecular vari-
ance (AMOVA) (Excoffier et al. 1992), pair-
wise Fst comparisons, and pairwise exact tests
of population differentiation with the soft-
ware Arlequin v 3.5.1.2 (Excoffier and Lischer
2010), using a probability level of P <.05 to
infer significance.

A first round of pairwise comparisons
tested individual rookeries within regions
(rookeries located within 500 km of each
other) to determine if these could be consid-
ered single or multiple genetic stocks. In cases
when sample sizes were inadequate (<10),
samples from neighboring rookeries were
pooled if these were located within 500 km
of each other. Thereafter followed a second
set of pairwise comparisons between all iden-
tified genetic stocks. Significance values for
AMOVA were obtained from 10,000 per-
mutations. In the AMOVA, rookeries were
grouped by their identified management units
(MU) (stocks [Moritz et al. 1994]) as well as
into MUs located within the three regions
Micronesia, Melanesia, and Polynesia. Both
conventional Fsr and sequence-based ®gr
distance measures were used to calculate
within- and among-population diversity. Ex-
act tests of population differentiation were
conducted with 100,000 permutations and
10,000 dememorization steps (Raymond and
Rousset 1995).

RESULTS

We identified a total of 25 haplotypes charac-
terized by polymorphism within the 770 bp
mtDNA control region sequences from 805
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green turtles (GenBank accession numbers
AB819806, AB819808 [T. Hamabata, unpubl.
data], and KF311744-KF311766 [this study]).
Haplotypes were defined by 55 substitu-
tions (54 transitions and 1 transversion). In
total there were 72 polymorphic sites, in-
cluding a 1 bp, a 3 bp, a 4 bp, and a 10 bp
indel. Estimates of nucleotide diversity (7)
ranged from 0.0003 (French Polynesia) to
0.0207 (New Caledonia) (Table 1). The num-
ber of observed haplotypes per population
ranged from 11 for Ulithi Atoll in the FSM
(largest sample size) to only two in French
Polynesia and the Mariana Islands (small
sample sizes). We identified new variants of
haplotypes previously defined by the shorter
384 bp sequences based on polymorphism
found with the longer 770 bp sequences.
This included CmP20 (corresponding to
A3, GenBank Accession AY955218, in Deth-
mers et al. [2006]) and CmP65 (corre-
sponding to CmPo2, GenBank Accession
EF555565, in Taquet [2007]). CmP20, which
is a common and widespread haplotype
throughout the region, further differentiated
into four haplotypes based on variation out-
side the shorter 384 bp reading frame, and
CmP65 into two different haplotypes based
on the longer sequences (Supplemental Table
S1, available online from www.BioOne.org).
Two of the new CmP20 haplotypes (CmP20.3
and CmP20.4) were found only in FSM,
and one (CmP20.2) only in FSM and Palau
(Table 1).

Description of Genetic Stocks

REPUBLIC OF THE MARSHALL ISLANDS
(rm1): The 128 samples from RMI were col-
lected from nine different atolls across the 29
atolls and five islands that make up the RMI
(Figure 1). The sample sizes from each of the
nine locations varied greatly from 1 to 63 (see
Table 1). To combine the Marshall Islands
samples we first tested for any significant ge-
netic structure across locations that had large
enough sample sizes. Three sites were chosen:
Jemo (n=26), Ailuk (n=17), and Erikub
(n=63). Jemo and Ailuk are located approx.
50 km from each other, Jemo and Erikub ap-
prox. 120 km, and Ailuk and Erikub approx.
130 km from each other. The exact test for
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population differentiation showed no genetic
difference between the three rookeries. How-
ever, the pairwise Fsr result showed sig-
nificant differentiation between Erikub and
Jemo (Fsr = 0.048, P < .05), but all other com-
parisons remained nonsignificant (data not
shown). This is likely due to the haplotype
CmP32.1 being found in 17% of samples
from Erikub and in only one other individual
in Ailuk. Nevertheless, because of the non-
significant results from the exact test for all
comparisons, the much larger sample size for
Erikub, and the relatively short distance be-
tween those rookeries, they were all pooled
for further analysis. Combined, the RMI was
dominated by haplotype CmP20.1 (71%),
which is common and widespread throughout
Micronesia.

FsM (ULITHI ATOLL, YAP STATE): Ulithi
Atoll, in Yap State, is the largest green turtle
rookery in the FSM and also had the largest
sample size (n = 538). Samples were collected
from two beaches located less than 30 km
from each other (Figure 1).

REPUBLIC OF PALAU: Samples from Palau
(n =36) were all collected from Helen Island
and were mainly represented by haplotype
CmP20.1 (81%). Haplotype CmP20.2 was
represented in 17% of the samples. The rook-
ery also exhibited haplotype CmP40.1 (2%),
which is unique to this rookery (Table 1).

MARIANA ISLANDS (GUAM AND CNMI):
The 22 samples from Guam were collected
from a number of locations across the island.
Samples were collected at Andersen Air Force
Base (n=4), Carlos Beach (n =1), Cocos Is-
land (z=35), Ipan beach (z=6), Jinapsan
(n=1), Ritidian refuge (z=3), Sea Plane
beach (z=1), and Urunao beach (z =1). Be-
cause all those locations are found within
50 km of each other and all Guam samples
had the same haplotype (CmP20.1), they were
pooled for further analysis. Likewise, samples
from the CNMI were collected across Tinian
(n=6), Saipan (n=19), and Rota (n=1) and
also were nearly fixed for CmP20.1 with the
exception of one individual at Tinian with
haplotype CmP49.1 (Table 1). Samples from
these two neighboring territories were
grouped together for further analysis.

AMERICAN saMoa: The samples from
American Samoa were collected across four
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locations that had both low sample sizes (7 =
1-11) and were a great distance from each
other (160-500 km) (see Tuato‘o-Bartley
et al. 1993). However, these were pooled to
represent American Samoa because these sites
shared haplotypes (see Table 1).

NEW CALEDONIA: The three sample loca-
tions in New Caledonia were all within 30 km
of each other and pooled for the analysis. This
stock was not characterized by a single haplo-
type but rather by a high number of haplo-
types found at low to intermediate frequency
(3%-34%) none of which is shared with any
of the other island rookeries in this study
(Table 1).

FRENCH POLYNESIA:  Samples from
French Polynesia were all collected from
Mopelia (7 = 9) and were characterized by the
haplotypes CmP65.1 (89%) and CmP56.1
(11%) (Table 1).

Overall Genetic Structure (AMOVA)

The second round of pairwise analysis in-
cluded the seven genetic stocks defined in the
first round of comparisons: (1) RMI; (2) Ulithi
Atoll, Yap State, FSM; (3) Helen Island,
Palau; (4) CNMI and Guam; (5) New Caledo-
nia; (6) American Samoa; and (7) Mopelia,
French Polynesia. Both conventional Fsr and
exact tests indicated highly significant differ-
entiation between all stocks (Table 2), identi-
fying at least seven independent stocks (MUs)
across the region. When grouping the rook-
eries into the three broad Pacific regions
(Micronesia, Melanesia, and Polynesia), the
AMOVA hierarchical analysis showed that
most of the variation in haplotype frequencies
could be attributed to variance among groups
when using sequence-based measures (Dsr:
77.24%, P < .05), followed by variation within
stocks (®st: 18.71%, P < .005), and finally by
variation among stocks within groups (®sr:

4.05%, P < .005) (Table 3).

DISCUSSION

The genetic analysis of green turtle rookeries
presented here fills an important informa-
tion gap in the coverage of green turtle stock
structure in the Indo-Pacific. A previous study
included three locations in FSM and reported
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TABLE 2
Pairwise Comparisons of the Seven Genetic Stocks
Marshall Ulithi, Guam/ Am. New French
Location Tests Is. Yap Palau CNMI Samoa  Caledonia Polynesia
Marshall Is. >3,000 km >4,300km >2,700 km >2,800 km >2,900 km >4,800 km
Ulithi, Yap = Fsr . >1,200 km  >600km  >5,900 km >4,000 km >7,800 km
Exacttest  **
Palau Fsr 0.0656* . km >1,800 km  >6,500 km 4,200 km  >8,500 km
Exacttest  ** *
Guam/ Fsr 0.1259** 0.1743*  0.1316** >5,500 km >4,000 km >7,500 km
CNMI Exacttest  ** > >
Am. Samoa  Fsr 0.4599** 0.3716*  0.6064**  0.8403** 0-500 km >2,800 km >1,500 km
Exacttest  ** * * *
New Fsr 0.4021** 0.2631** 0.4272** 0.6210** 0.2991** >4,500 km
Caledonia Exacttest — ** o bl ** **
French Fsr 0.5824** 0.4398** 0.6891** 0.9252** 0.5343* 0.3876**
Polynesia Exacttest ** i > > o i

Note: Fsr values (conventional haplotype frequencies) and results for the exact test are shown below the diagonal. P values are shown
as <.05 (*) and <.005 (**). Approximate shortest distance between the stocks is shown above the diagonal. Gray areas show the overall

distance between sampling locations within each stock.

TABLE 3

Results from Analysis of Molecular Variance (AMOVA) for Green Turtle Nesting Sites across the Western Pacific
Ocean Using Both Conventional Haplotype Frequency Fsr and Sequence-Based ®sr with Tamura and Nei Distance

Measure
Dgr Conventional
Variance % of % of
Groups Component” Variance F-Statistics” Variance F-Statistics”
1. Micronesia AG 77.24% Fer: 0.7724* 27.63% Fer: 0.2763%
2. Melanesia AP/WG 4.05% Fsc: 0.1779* 8.83% Fye: 0.1220%
3. Polynesia Wp 18.71% Fyr: 0.8129** 63.54% Fsr: 0.3646**

“ AG is the among-groups component variance; AP/WG is the among-populations/within-group component of variance; WP is the

within-population component of variance.

" Significance of permutation test (10,000 permutations) is shown for P < .05 (*) and P <.005 (**).

no significant differentiation between Elato,
Ngulu, and Ulithi Atolls, suggesting some
genetic exchange between regional rookeries
(Dethmers et al. 2006) but strong genetic par-
titioning from other green turtle rookeries in
Southeast Asia and Australia. However, that
study was limited to low sample sizes (2 =9,
15, and 25) for the FSM rookeries and shorter
384 bp fragment of the mtDNA control re-
gion. Here we have provided a more detailed
view of the geographic distribution of genetic
variation that builds on previous work and re-

veals significant structuring among the green
turtle populations across the western and
central Pacific using new sample sites, larger
sample sizes, and longer mtDNA fragments.

Stock Structure across the Western and
Central Pacific

"The analysis of 805 samples from the 25 rook-
eries identified at least seven MUs across the
study area. These sampled rookeries repre-
sent either localized areas with high nesting
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density (e.g., Ulithi Atoll, FSM) or clusters of
islands and atolls covering a large area with
scattered low-density nesting (e.g., the Mar-
shall Islands). Data from the Marshall Islands
were affected by various sample sizes due to
the scattered nature of the nesting habitat
(samples were collected across nine nesting
beaches). However, our results indicate that
groups of nesting beaches that are isolated
from more distant rookeries by >500 km can
be considered genetically distinct MUs. Al-
though notideal, combining the samples from
nearby nesting beaches can be justified when
rookeries are within 500 km and the sample
size is too low for a statistical test. Tagging
studies from the Great Barrier Reef showed
some inter- and intranesting movement with-
in scales of 300 km (Limpus et al. 2009). In
our study all rookeries separated by more
than 1,000 km were significantly differenti-
ated from each other, whereas neighboring
rookeries within 500 km showed no genetic
differentiation. We found moderate (but sig-
nificant) genetic structure within Micronesian
MUs (Fsr < 0.2), but differentiation was much
higher between rookeries in Micronesia and
those in Melanesia and Polynesia. When
looking at the overall distribution of genetic
variation, the AMOVA showed strong parti-
tioning of genetic variation among the three
different regions (Micronesia, Melanesia, and
Polynesia) when using sequence-based ®sr,
with 77.24% of the genetic variation distrib-
uted among the three regions. This pattern is
likely driven by strong isolation of the New
Caledonia rookery in Melanesia, which shares
no haplotypes with any other rookery in this
study. However, a comparison (using the
shorter 384 bp) with samples from the Great
Barrier Reef and the Coral Sea (Dethmers
et al. 2006) showed that the New Caledonia
stock shares four of eight haplotypes with
turtles nesting along the Great Barrier Reef
and the Coral Sea, although New Caledonia
was distinct (Dethmers et al. 2006). These
patterns of genetic connectivity and isolation
are undoubtedly shaped by regional oceano-
graphic currents that act as barriers to dis-
persal and have led to isolation of Coral Sea
populations (see Dethmers et al. 2006). There
are several nesting populations that were
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absent from our study, including those in the
Cook Islands, Vanuatu, Solomon Islands, and
Papua New Guinea. Additional sampling
from French Polynesia nesting sites may also
reveal further fine-scale structure, and longer
770 bp sequence data are needed for the
northeastern Australian rookeries so that a
comprehensive regional analysis can be com-
pleted.

On a broader scale, there is high genetic
differentiation between rookeries in the west-
ern Pacific and those in the eastern Pacific
(including the Hawaiian Islands), indicating a
strong biogeographic barrier across the Pa-
cific Ocean when it comes to dispersal of nest-
ing females, because no haplotypes are shared
between the eastern and the western Pacific
(Dutton et al. 2008; P.H.D. et al., unpubl.
data). Similarly, there is a strong barrier to
dispersal of female lineage between the Pa-
cific island rookeries (including those nesting
on the Great Barrier Reef) and those nesting
in Southeast Asia (Dethmers et al. 2006). The
extent to which biogeography over evolu-
tionary timescales has shaped the current ob-
served patterns of genetic variation is the sub-
ject of a broader phylogeographic analysis
currently under way (M.P.]., N. Fitzsimmons,
J. Bourjea, T. Hamabata, J. Reece, P.H.D,,
unpubl. data).

Implications for Management and Conservation

Studies using both satellite telemetry and flip-
per tagging have shown that green turtles
nesting in these regions may migrate to sev-
eral distant foraging areas. For example, green
turtles satellite tagged while nesting at Gielop
and Ulithi Atoll (FSM) migrated to areas such
as Malaysia, the Philippines, and Japan (Ko-
linski 1995). Most turtles tagged at Rose Atoll
in American Samoa migrated to foraging
areas in Fiji (Craig et al. 2004). Two females
tagged in Guam went to the Philippines and
Japan (see Maison et al. 2010). From RMI
turtles went to Bikini Atoll, the Philippines,
and Kiribati (Kabua et al. 2012), and turtles
tagged at Scilly Atoll in French Polynesia
have been recorded in Tonga, New Caledo-
nia, Vanuatu, the Cook Islands, and Fiji
(Balazs et al. 1995). Also, a small proportion
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of adult female turtles foraging along the
Great Barrier Reef nest in New Caledonia
(Limpus et al. 2009). These studies highlight
the long distance traveled by some turtles be-
tween nesting and foraging areas and shows
that turtles from one MU will migrate to a
number of different foraging areas, resulting
in foraging populations of mixed stock origin.
This overlap of MUs at foraging areas pre-
sents a challenge to delineating the geo-
graphic boundaries of MUs. Furthermore,
although adequate for characterizing female
reproductive boundaries linked to nesting
stocks, exclusive use of mtDNA markers may
overlook the role that male-mediated gene
flow may have in demographic structuring.
Results from a study using a comprehensive
set of nuclear Single Nucleotide Polymor-
phism (SNP) and microsatellite markers
found significant structure among Pacific
green turtle rookeries that was consistent with
mtDNA  results and suggest that male-
mediated gene flow is not as extensive as pre-
viously believed (Roden et al. 2013). A similar
analysis with these nuclear markers is needed
to determine whether the fine-scale structur-
ing exists among the maternally distinct west-
ern and central Pacific MUs we identified.
The extent of connectivity between nest-
ing populations and different feeding habitats
determines the geographical scale of conser-
vation efforts directed at individual MUs.
Knowing the proportion of turtles belonging
to different MUs at foraging areas is impor-
tant to conducting meaningful threat assess-
ments of marine turtle populations. The data
presented here provide a much-needed base-
line that can be used as a reference of po-
tential source nesting stocks for determining
stock origin of turtles at foraging areas or
caught in fisheries (Bolker et al. 2007). Many
of the Pacific island green turtle nesting pop-
ulations are thought to be depleted, and in
some places, such as Fiji, nesting is rare, yet
harvest of animals captured in local waters,
presumably from other MUs, is widespread
(Jit 2007). Other local management applica-
tions include impact assessment required for
certain development projects, such as harbor
construction in Pago Pago, American Samoa,
where green turtles forage. In addition our re-
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sults can enable assignment of stock origin
of animals caught in pelagic fisheries, such as
the American Samoa-based longline fishery,
which interacts with juvenile green turtles.

Within the rookeries studied here sea
turtles are managed by a variety of national
and international laws and therefore pro-
tected to various degrees. Some territories
fall under the jurisdiction of the United States
(e.g., American Samoa, Guam, and the North-
ern Mariana Islands) and protect turtles under
the ESA. Others have local regulations in
place to manage green turtle populations such
as the FSM, Marshall Islands, Palau, New
Caledonia, and French Polynesia. Overall the
amount of nesting data for the majority of the
region is scarce. Although some countries
have established monitoring of nesting
beaches (e.g., Yap State, FSM), most have
only limited and fragmented information. In
many of the Pacific islands indigenous and
subsistence harvest is permitted, but harvest
levels and the impact on local and regional
populations are unknown. Our results will
now enable stock-specific threats assessments
to be carried out for the western and central
Pacific using mtDNA. Additional work using
a comprehensive array of informative nuclear
markers will be required to further improve
understanding of the demographic connectiv-
ity among nesting populations (Lowe and Al-
lendorf 2010, Roden et al. 2013). Genetic
stock assessment of sea turtle populations at
both nesting and foraging habitats is impor-
tant for a better understanding of the long-
term implications of management or mis-
management of those populations, and it may
have broader conservation implications if ap-
propriately used.
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Supplemental TABLE S1. Sequences from 770 bp of the mtDNA Control Region Haplotypes Detected among Western Pacific Populations of Green Turtles (Chelonia mydas). Shaded Area Marks the Previously Sequenced "Short" 384 bp Region. (¢)

Have the Same Base as CmP20.1, and (-) Are Insertions or Deletions. Genbank Accession Numbers Are Indicated.
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