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INTRODUCTION

Green turtles Chelonia mydas are circumglobally
distributed and although they are the most abundant
large herbivore in many shallow marine habitats,
they are considered globally endangered (IUCN 2004).
Numerous populations are at risk of extinction due to

a variety of anthropogenic threats (Wallace et al.
2011). Throughout Southeast Asia, regionally large
rookeries (>2000 nests yr−1) are found along the
coasts of Indonesia and Peninsular Malaysia, the
islands of eastern Malaysia (Sabah and Sarawak Tur-
tle Islands) and the Tawi-Tawi Turtle Islands in the
Philippines (Shanker & Pilcher 2003, Pilcher 2007),
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ABSTRACT: An understanding of population dynamics is needed to assess the viability of migra-
tory species. Monitoring of marine turtles at foraging grounds may detect changes in population
trends that would take decades to be seen at nesting beaches. Mixed Stock Analysis using molec-
ular markers provides a tool for estimating the origin of turtles sampled at foraging grounds. Here,
we analysed mitochondrial DNA sequences of 90 immature green turtles at 2 foraging grounds in
northwestern Sabah, Malaysia. We used data from 30 Indo-Pacific green turtle rookeries as the
baseline for tracing the origin of turtles at the 2 foraging grounds. The inferred origins of turtles at
the 2 locations were not different and indicated that the majority originated from 3 major popula-
tions in Southeast Asia, the Turtle Islands of Sarawak in northwestern Borneo (29%), the Turtle
Islands Heritage Protected Area (TIHPA) (28%) and Peninsular Malaysia (25%). Previous analy-
ses indicated a 1:4 female-biased sex ratio at the foraging grounds, and based on our results, this
largely reflects the use of unshaded beach hatcheries at some of the source rookeries for decades,
which resulted in mostly female hatchlings. This result is supported by differences in the origins
of male and female turtles. The result suggests a greater proportion of males originating from
Peninsular Malaysia and fewer males originating from Sarawak and possibly the TIHPA com-
pared to females. We discuss the implications of hatchery practices that influence sex ratios of
hatchlings and recommend future research to improve the management of marine turtles in the
region.
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with smaller rookeries (~100−500 nests yr−1) scat-
tered throughout (Pilcher 2007). Green turtle popula-
tions in Southeast Asia have long suffered severe
impacts from fisheries, legal and illegal harvests of
turtles and a large and widespread collection of eggs,
causing major declines in many populations (Limpus
et al. 2001, Shanker & Pilcher 2003, Seminoff 2004).
While the majority of these populations remain de -
pleted and continue to decline, one population in the
Turtle Islands Heritage Protected Area (TIHPA) is
showing signs of recovery as a result of long-term
conservation efforts (Basintal 2002, Sabah Parks &
Philippines Department of Environment and Natural
Resources unpubl. data). The TIHPA includes 3 is -
lands in Malaysia (Selingaan, Bakkungan Kechil and
Gulisaan) and 6 islands in Philippine waters (Boan,
Langaan, Lihiman, Great Bakkungan, Taga nak and
Baguan), and together they are the largest nesting
grounds for green turtles in Southeast Asia.

Within Southeast Asia, there is a less obvious threat
affecting green turtle populations that is difficult, but
important, to quantify. Starting as early as the 1950s
in Sarawak and the 1960s in Terengganu and Sabah
(Chan 2006), rookeries throughout Ma laysia began
relocating the majority of clutches laid and placing
them in unshaded beach hatcheries for incubation
(Leh et al. 1985, Tiwol & Cabanban 2000, San et al.
2004, Pilcher 2007). For many clutches, this meant
taking them from where they had been laid under a
dense tree canopy, thus considerably changing the
nest temperature environment of many of the relo-
cated clutches (Tiwol & Cabanban 2000, Salleh et al.
2012). Nests that experience sand temperatures above
the pivotal temperature will produce higher propor-
tions of female hatchlings because of temperature-
dependent sex determination (Mrosovsky 1980, 1994).
The relocation of eggs in Malaysia resulted in as
much as a 100% female hatchling production from
both the TIHPA (Chan 1988, Tiwol & Cabanban 2000)
and hatcheries in Peninsular Malaysia (Limpus 1993,
Ibrahim 1994), and this practice probably persisted
for several decades. Given this, potentially millions of
female hatchlings and only relatively few male hatch-
lings were released from these rookeries for a num-
ber of decades (Tiwol & Cabanban 2000, Shanker &
Pilcher 2003, Pilcher 2010).

Several studies have stressed the importance of
shading hatcheries to control nest temperatures
(Standora & Spotilla 1985, van de Merwe et al. 2005,
2006), but partial shading only started in the late
1990s at rookeries in Southeast Asia. Since 1999, the
main hatcheries in Peninsular Malaysia have been
shading 70 to 100% of the hatchery, resulting in

more males being produced (van de Merwe et al.
2005). The Turtle Islands National Park in Sabah,
Malaysia, shaded ~50% of the nests in hatcheries in
the mid-1990s. However, the long-term release of
predominantly female hatchlings is likely to have
substantial impacts on population trends as the adult
populations become increasingly female biased
(Limpus et al. 2001).

While the higher breeding frequency of males (rel-
ative to females) may counteract female-biased sex
ratios (Wright et al. 2012), there is concern that
highly skewed sex ratios will eventually impact
clutch fertility as males become a limited resource
(Witt et al. 2010, Fuentes et al. 2011). This is particu-
larly true when considering predictions of further
female bias to hatchling recruitment caused by in -
creasing temperatures in the future (Fuentes et al.
2010). While little is known about the degree of
female bias a population can sustain, it has been sug-
gested that concerns should be raised if male:female
(M:F) sex ratios of hatchlings across all nesting
beaches for a particular stock approach 1M:4F (i.e.
80% females) (Poloczanska et al. 2009). Depending
on the population, green turtles do not reach sexual
maturity until 20 to 50 yr after hatching (Chaloupka
et al. 2004, Van Houtan et al. 2014). Therefore, the
effects of increased sand temperature on hatchling
sex ratios, whether from hatchery practices or cli-
mate change (Fuentes et al. 2010, Wallace et al.
2011), would not be detected at nesting beaches until
decades later. Demographic research at foraging
grounds is needed to monitor the recruitment of
hatchling cohorts through time and better under-
stand the impact of biased hatchling sex ratios. For
example, in the Mediterranean, necropsy analyses of
juvenile loggerhead turtles killed as bycatch in fish-
eries showed an overall sex ratio of approximately
1:1 (Casale et al. 2006), despite a female bias in
hatchlings at many rookeries within the Mediterran-
ean (e.g. Godley et al. 2001a,b, Fuller et al. 2013). It is
hypothesised that at least some of the juvenile male
turtles in the sample may have entered Mediterran-
ean feeding grounds from rookeries in the Atlantic
Ocean (Casale et al. 2006).

Several long-term studies using mark−recapture
techniques on marine turtles at foraging grounds
have shown the value of providing detailed sex- and
size class-specific demographic information (Limpus
& Chaloupka 1997, Chaloupka & Limpus 2001, 2002,
Pilcher 2010), though little of this research has been
done in Southeast Asia. In a recent foraging ground
study in Malaysia, Pilcher (2010) found that the shal-
low waters surrounding the Mantanani Islands
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(45 nautical miles northwest of Kota Kinabalu, Bor-
neo) served as a developmental habitat for immature
green turtles, with turtles recruiting at around 38 cm
in curved carapace length (CCL), which would be
around 5 to 10 yr old (Zug et al. 2002). Turtles larger
than 62 cm CCL were generally absent from these
areas, thus suggesting a residence period for imma-
ture turtles of 6 to 7 yr based on recruitment sizes and
local growth rates (Pilcher 2010), which were similar
to those of green turtles on the Great Barrier Reef
(Chaloupka et al. 2004). Importantly, laparoscopic
examinations similar to those performed by Miller &
Limpus (2003) showed that this foraging aggregation
had a highly female-biased sex ratio of 80% female,
indicating a possible link with the biased sex ratios of
hatchlings previously incubated at hatcheries in the
region (e.g. Tiwol & Cabanban 2000) as well as natu-
ral sex bias observed at some beaches. It is not
known, however, what proportion of the turtles at
these foraging grounds originated from the different
populations within the region.

Effective conservation management of marine
 turtle populations requires knowledge of the com -
ponent rookeries that comprise regional breeding
populations and the extent to which each of these
populations contributes turtles to key foraging
grounds in the region. Such information allows as -
sessments of the overall level of risk faced by a pop-
ulation from threats at both nesting beaches and
foraging grounds (Reece et al. 2006). For example,
linking populations that may be affected by various
anthropogenic activities, such as fisheries or subsis-
tence harvest, hundreds or even thousands of kilo-
metres away from foraging grounds (Bowen et al.
1995, Laurent et al. 1998, Boyle et al. 2009, Jensen
et al. 2013a) will better inform conservation policy.
Such insights have been gained from genetic stud-
ies using analyses of mitochondrial DNA (mtDNA)
haplotype frequencies to define breeding popula-
tions (stocks) and mixed stock analysis (MSA) of tur-
tles at foraging grounds to estimate the stock contri-
butions. The number of studies using MSA has
increased in the last decade, and these analyses are
now an integral part of most marine turtle foraging
ground studies (Jensen et al. 2013b).

In this study, we use mtDNA sequencing tech-
niques to study immature green turtles at the Man-
tanani foraging site studied by Pilcher (2010) and
some additional samples at a second site near Layang
Layang Island, also off the northwestern coast of Bor-
neo, Malaysia, to assess the natal origin of turtles
using these foraging grounds. This study uses MSA
to determine the origins of foraging male and female

juvenile green sea turtles to consider possible links
with rookeries thought to have strongly female-biased
offspring production in the recent past, including
rookeries with a long tradition of relocating nests into
unshaded hatcheries.

MATERIALS AND METHODS

Study site and sample collection

The 2 study sites at Mantanani (6° 71’ N, 116° 35’ E)
and Layang Layang Island (7° 40’ N, 113° 82’ E) are
located off the northwestern coast of Borneo in Sa -
bah, Malaysia, and are separated from each other by
approximately 290 km (Fig. 1). The foraging ground
at Mantanani is approximately 25 km offshore of
Sabah and straddles the main Sarawak migratory
pathway used by green turtles and other marine
organisms (Bali et al. 2000). In contrast, the foraging
ground at Layang Layang lies approximately 280 km
offshore and straddles several migratory routes for
breeding green turtles (Liew et al. 1995, Chan & Liew
2001, Cheng 2002, World Wildlife Fund for Nature
Indochina & N. Pilcher unpubl. data). Turtles were
sampled around Mantanani (n = 94) in December
2006; January, April and October 2007; January, Sep-
tember and December 2008; and February 2009.
These included 75 turtles reported on in Pilcher
(2010). Sampling at La yang Layang (n = 12) was car-
ried out only in October 2006. Immature green turtles
were caught by rodeo-style capture in shallow water
(Limpus & Reed 1985). All captured turtles were
 flipper tagged, weighed and measured for CCL
(±0.1 cm), and a skin biopsy was taken and stored in
a 20% DMSO solution saturated with sodium chlo-
ride. Gender was determined for all first-time cap-
tures using lapa roscopy procedures (Miller & Limpus
2003). Turtles were returned to the sea within 1 to 2 h
of capture.

Characterisation of mtDNA haplotypes

DNA was extracted using the salting out method
as described in Jensen et al. (2013a). DNA was re -
suspended in LTE buffer (0.1 mM EDTA, 10 mM
Tris, pH 7.5) and visualised for quality and quantity
using 1% agarose gels. We amplified an ~800 bp
fragment of the mtDNA control region using primers
LTEi9 and H950 (Abreu-Grobois et al. 2006). PCRs
were performed in 25 µl reactions containing 1×
reaction buffer, 1.5 mM MgCl2, 0.25 mM of each
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dNTP, 10 µM of each primer, 1.25 U of Taq poly-
merase and ~40 ng of template DNA. The PCR pro-
tocol consisted of a 5 min denaturing step (94°C) fol-
lowed by 35 cycles of 45 s at 94°C (denaturing), 45 s
at 52°C (annealing) and 45 s at 72°C (extension) and
a final extension step of 5 min at 72°C. PCR products
were purified using a polyethylene glycol cleanup
procedure (Sambrook et al. 1989), and nucleotide
sequences were de termined for both strands of the
PCR amplification products at the Macrogen (Korea)
sequencing facility.

Clustal W was used to align all sequences as
 im plemented in Geneious Pro 6.0.4 (Drummond et
al. 2009). Haplotypes were identified by running a
search against a collated database of known green
turtle haplotypes. If no matching haplotypes were
found, the BLAST procedure was used to search
the GenBank database (http://blast. ncbi. nlm. nih. gov/
Blast .cgi). Again, if no matching haplotypes were
found, the sequence was identified as being unique
and given a new haplotype name following the stan-
dard nomenclature for Indo-Pacific green turtles
using the prefix CmP followed by the next available
sequential number (P. Dutton pers. comm.). Follow-
ing haplotype identification, a chi-square test was
performed to determine if there were significant dif-
ferences in haplotype frequencies between the 2 for-
aging grounds, between different years and between
males and females.

Mixed stock analysis

The potential source baseline information for the
MSA was assembled using mtDNA haplotype fre-
quencies of 30 genetically differentiated green turtle
breeding stocks identified across the Indo-Pacific
(Dethmers et al. 2006, Cheng et al. 2008, Nishizawa
et al. 2013, Dutton et al. 2014, Hamabata et al. 2014,
Jensen et al. 2016). The inclusion of all 30 rookeries
meant cropping sequences to 384 bp, which is the
longest sequence used at some rookeries (e.g. rook-
eries in Taiwan and Japan). Results from this initial
analysis ruled out possible contributions from distant
rookeries for which only shorter sequence data were
available (mean = 0% and upper 95% CI < 5; data
not shown). This allowed us to perform a second
analysis using only data from 25 rookeries that were
most likely to contribute to the foraging grounds and
for which longer 770 bp sequences were available
(Table S1 in the Supplement at www. int-res. com/
articles/ suppl/ n031 p191 _ supp. xlsx).

A Bayesian approach using the program BAYES
(Pella & Masuda 2001) was used to estimate the con-
tribution of the baseline rookeries to the foraging
grounds studied. This analysis was run using both
uniform and weighted priors. In the analysis using
uniform priors (Model 2), each of the rookeries was
equally likely to contribute individuals to the forag-
ing aggregations. For the weighted prior analysis
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Fig. 1. Locations of the 7 most proximate genetic stocks for Chelonia mydas used as part of the 30 baseline sources for deter-
mining the origin of turtles at the 2 foraging sites studied off Mantanani and Layang Layang islands, Malaysia. Black dots rep-
resent individual rookeries, and gray  circles group rookeries together into single stocks that are genetically undifferentiated. 

TIHPA: Turtle Islands Heritage Protected Area

http://www.int-res.com/articles/suppl/n031p191_supp.xlsx
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(Model 1), the potential contributions of different
rookeries to the foraging aggregations were weighted
relative to the size of the rookery. Thus, when the
program could not distinguish between 2 genetically
similar rookeries, the larger rookery was assumed to
contribute more individuals to the foraging aggrega-
tion. We ran the MSA 3 times for each model, includ-
ing (1) all samples combined, (2) all females from the
2 foraging areas, and (3) all males for the 2 foraging
areas. Ten chains of 50 000 Markov chain Monte Carlo
steps were run, each with different starting points. A
burn-in of 25 000 runs was used before calculating
the posterior distribution. The Gelman and Rubin
shrink factor diagnostic was computed to test that all
chains had converged (Pella & Masuda 2001).

RESULTS

A total of 106 juvenile green turtle samples were
obtained from the foraging grounds in Malaysia.
Samples from Mantanani Island included 23 females
and 3 males from 2006, 24 females and 9 males from
2007, 11 females and 3 males from 2008 and 17 fe -
males and 4 males from 2009. An additional 12 sam-
ples were obtained from Layang Layang Island (9
females and 3 males) in 2006. The sex ratio for all tur-
tles caught was biased, but the difference in sex
ratios was not significantly different at the 2 sites (p =
0.71, n = 106, Fisher exact test) and ranged from
1M:3F (n = 12) at Layang Layang Island to 1M:4F (n =
94) at Mantanani.

A total of 90 juvenile green turtle samples were
successfully amplified by PCR (Table 1). From these,
16 haplotypes were identified from the 770 bp mtDNA
control region fragment, of which 4 (CmP 49.5,
CmP154.1, CmP215.1 and CmP187.1) were pre -
viously undescribed (GenBank ID KM923921,
KM923922, KM923923, KM923924). These were each
found in only 1 to 3 individuals and together com-
prised 10% of all sampled individuals. Although these
4 orphan haplotypes were found in a larger pro -
portion of male (22%) than female (6%) samples, the
difference was not significant (p = 0.058, n = 90,
Fisher exact test). The most common haplotypes
were CmP49.1, CmP87.1, CmP57.1 and CmP91.1,
which were observed in 11 to 22% of the total sample
(Table 1).

There was no evidence for temporal variation in
haplotype composition between turtles sampled in
different years at Mantanani (2006 versus 2007 [χ2 =
15.03, p = 0.30], 2006 versus 2008 [χ2 = 13.71, p =
0.24] or 2007 versus 2008 [χ2 = 15.09, p = 0.23]) or
between Layang Layang (2006) and Mantanani in
different years (2006 [χ2 = 6.69, p = 0.75], 2007 [χ2 =
13.87, p = 0.30] and 2008 [χ2 = 8.97, p = 0.53]). When
sampling years were combined, the 2 foraging areas
continued to display genetic homogeneity (χ2 =
14.13, p = 0.516). Additionally, there was no signifi-
cant difference in haplotype frequencies between
males and females based on samples combined from
both foraging areas (χ2 = 17.81, p = 0.21), although
this was based on a small sample size for male turtles
(n = 19).

195

                                                                                                                                                                Orphan haplotype

                                  Total

Mantanani total           78     4        4        2       19       3       11       4        1       13       7        0        3        2        3        1        1
2006                             26     0        1        0       10       0        4        0        0        5        4        0        1        0        0        1        0
2007                             33     3        2        1        5        0        6        4        1        6        2        0        1        0        2        0        0
2008                             10     1        1        0        2        1        1        0        0        1        0        0        1        2        0        0        0
2009                             9       0        0        1        2        2        0        0        0        1        1        0        0        0        1        0        1

Layang Layang total   12     1        1        0        1        0        1        1        0        2        3        1        0        1        0        0        0
2007                             12     1        1        0        1        0        1        1        0        2        3        1        0        1        0        0        0

Mantanani and Layang Layang combined
Male                           19     0        1        0        4        0        2        1        0        3        2        1        1        1        2        0        1
Female                        71     5        4        2       16       3       10       4        1       12       8        0        2        2        1        1        0

Table 1. Frequencies of 16 mitochondrial DNA D-loop haplotypes (770 bp) found in juvenile Chelonia mydas foraging near
Mantanani and Layang Layang islands, Malaysia. Data are shown by sampling year and sex across the 2 foraging areas. 

Shaded columns show orphan haplotypes not found at any rookery to date
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Mixed stock analysis

The overall MSA using uniform priors (Model 2)
indicated that several stocks were potential con-
tributors to the foraging grounds (having upper
95% CIs larger than zero), but only 5 stocks had
estimated mean contributions >5% (Table S1 in
the Supplement). Nonetheless, the CIs for all esti-
mates were large, and the lower 2.5% CI included
zero in most cases. This likely reflects the presence
of a number of haplotypes in the region that are
broadly distributed among rookeries that also oc -
cur at high frequencies. Thus, although this gener-
ates some uncertainty surrounding individual source
contribution estimates, the results are robust in
showing that most (>80%) of the juvenile turtles
originate from genetic stocks previously identified
as the Sarawak Management Unit (MU), the Pe n -
in sular Malaysia MU and the Sulu Sea MU, which
includes the TIHPA (Dethmers et al. 2006). Overall,
the MSA results from both the uniform and the
weighted prior analyses showed similar results,
with only minor differences (Table S1). However,
the unweighted MSA estimates for contributions
from the southeastern Sabah MU (i.e. Sipadan)
were disproportionally large relative to those from
the TIHPA, given the very small population size of
the southeastern Sabah MU in comparison to that
of the TIHPA population. When rookery size was

accounted for through the weighted prior (Model 1),
the estimated contribution from the southeastern
Sabah MU decreased relative to that from the
TIHPA (Table S1). For this reason, the results from
Model 1 (using population priors) are presented in
the ‘Discussion’. When running the MSA by gen-
der, the estimated mean contributions from the
Turtle Islands of Sarawak and the TIHPA were less
for males (2 and 21%, re spectively) than for fe -
males (25 and 30%, respectively), with larger con-
tributions from Peninsular Malaysia for males
(62%) versus females (30%) as well as other rook-
eries (Fig. 2). These results, however, need to be
taken with caution, as the estimates were sur-
rounded by large CIs and were thus not signifi-
cantly different.

DISCUSSION

Genetic analyses of green turtle aggregations at
the 2 Malaysian foraging grounds showed these to
be genetically undifferentiated and that the sites
are used by turtles from multiple regional rookeries.
The majority of turtles appear to originate from 3
large regional rookeries at Sarawak in northwestern
Borneo (29%), the TIHPA off the northeastern coast
of Borneo (28%) and the eastern coast of Peninsular
Malaysia (25%). Small contributions were also esti-

mated from Aru (8%), Indonesia, as
well as potential contributions from
Ashmore Reef, North West Cape and
northern Great Barrier Reef (nGBR)
populations in Australia. The 5 turtles
with haplotype CmP19.1 are likely to
originate from an unknown or un -
sampled rookery. A shorter 384 bp
fragment of this haplotype (CmP19)
has been found in turtles nesting in
Taiwan but at a very low frequency
(4%) (Cheng et al. 2008), but given
that the most frequent haplotype
(CmP18 = 65%) found in Taiwanese
rookeries was not found among the
Malaysian foraging assemblage, the
Taiwanese rookeries remain an un -
likely source. An individual with a
haplotype (CmP98.1) only found to
date at nGBR rookeries provided an
unanticipated, novel insight of poten-
tial long-distance contributions. It may
indicate that a small proportion of
turtles have originated from nesting
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Fig. 2. Contributions from regional green turtle genetic stocks to foraging ag-
gregations around Mantanani and Layang Layang islands, Malaysia, for all
turtles combined (white) as well as females (light gray) and males (dark gray)
separately. Error bars show the 95% CI. TIHPA: Turtle Islands Heritage Pro-
tected Area; nGBR: northern Great Barrier Reef; PNG: Papua New Guinea
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beaches more than 3800 km to the southeast. Simi-
lar long-distance migrations have been observed in
a few green turtles flipper tagged while nesting in
the nGBR that were found using foraging grounds
in eastern Indonesia 2770 km from their nesting
beach (Limpus et al. 2003). This suggests that
oceanic currents might carry migrating post-hatch-
lings north and westwards from the nGBR into
waters of the Banda and Celebes seas and that
some eventually take up residence there, resulting
in concomitant long-distant migrations by adults to
natal breeding regions.

Being able to assess population structure and
demographic parameters across all age classes and
both sexes is important for accurate population
assessments. The green turtles sampled at the 2 for-
aging grounds were all immature turtles that pre-
sumably use these areas as developmental habitat,
given the lack of adult turtles observed at the forag-
ing area. While a few adult turtles have been ob -
served in the deeper water surrounding Mantanani,
data suggest this foraging area is little used by larger
turtles (Pilcher 2010). It is not uncommon for green
turtles to select developmental habitats that are only
used by immature turtles. In the Bahamas, green tur-
tles recruit into juvenile developmental habitats and
stay for several years. When they reach approxi-
mately 65 cm CCL, they shift to other foraging
grounds throughout the Caribbean (Bjorndal et al.
2003). This contrasts with many foraging grounds on
the Great Barrier Reef, where both immature and
adult turtles are found foraging on the same reef
(Limpus & Reed 1985, Jensen et al. 2016). Addition-
ally, several individuals have transitioned from juve-
nile through to adult stages at the same location
(Limpus & Chaloupka 1997). It is unknown where
green turtles foraging in northwestern Sabah go
once they reach ~60 cm CCL, but they likely take up
residence in nearby foraging habitats suitable for
adult turtles, possibly to the north along the Balabac
Straits between Borneo and the Philippines, a known
hotspot for adult foraging green turtles (e.g. Pilcher
2012).

The 2 foraging aggregations studied here, located
290 km apart, did not differ in the sex ratio of juve-
nile turtles or in haplotype frequencies. If the
Sarawak and TIHPA rookeries are indeed 2 of the
main sources of recruitment into these foraging
aggregations, and they have been producing almost
entirely female hatchlings as has been suggested,
then the observed higher female than male contri-
bution from these populations would be consistent
with expectations of highly female-biased hatchling

production at the Sabah and Philippine turtle
islands, not only at hatcheries but also in nests left
in situ at some beaches (Trono 1991). For the rook-
eries in Sarawak, it has been estimated that hatch-
ery-raised hatchlings were also highly female biased
(80−96% females) in comparison to nests left in situ
(San et al. 2004). While unshaded hatchery practices
at several rookeries in Peninsular Malaysia were
also thought to produce mainly female hatchlings
from 1961 to 1993 (Limpus 1993, Ibrahim 1994), the
shading of hatcheries in 1999 reduced nest temper-
atures enough to produce more males (van de
Merwe et al. 2005). One study from the hatchery in
Ma’Daerah in Peninsular Malaysia even indicated a
male-biased hatchling production averaging 72%
males (van de Merwe et al. 2005). In addition, natu-
ral sex ratios from the largest rookery in Peninsular
Malaysia, Pulau Redang, were female biased in
open parts of the beach (85.4% females) but were
almost equal for nests laid in the shaded part of the
beach (52.9% females) (Palaniappan et al. 2000).
Considering that studies from Peninsular Malaysia
have shown that 60% of green turtles have a prefer-
ence for nesting under trees (Salleh et al. 2012), this
suggests that at least some key rookeries along the
eastern coast of Peninsular Malaysia are producing
males. The greater proportion of male than female
juvenile  turtles at our study sites originating from
Peninsular Malaysia supports these expectations,
although our results are based on a sample size of
only 19 males.

Furthermore, the observation that there may be a
higher proportion of males with orphan haplotypes
(21%) relative to females (6%) suggests that male
turtles may have originated from as-yet-unsampled
rookeries. However, further sampling is needed to
test this hypothesis. Also, the turtle with haplotype
CmP98.1, which has only been found in the nGBR
rookeries, was a male turtle. These results are similar
to scenarios for juvenile loggerheads in the Mediter-
ranean, where mixed foraging aggregations were
comprised of females mostly originating from local
rookeries, while males are hypothesised to mostly
originate from more distant male-producing rook-
eries outside the Mediterranean (Casale et al. 2006).

Female bias in juvenile green turtle aggregations is
not uncommon and has been reported from across
the globe. Highly female-biased sex ratios similar to
our study have been reported from San Diego Bay,
USA (1M:3.5F) (Allen et al. 2015) and Clack Reef,
Australia (1M:4.2F) (Limpus et al. 2009). Moderately
female-biased populations of ~1M:2F were observed
at Moreton Bay (Limpus et al. 1994) and Shoalwater
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Bay (Limpus et al. 2005), Australia, as well as in New
Zealand (Godoy et al. 2016) and Qatar (Pilcher et al.
2015), while equal sex ratios have been reported in
Hawaii (Wibbels et al. 1993). However, the recruit-
ment patterns of juvenile green turtle are often com-
plex, and the sex ratios at mixed foraging aggrega-
tions are the result of sex ratios produced at multiple
rookeries over several years.

Being able to determine the sex of turtles at feed-
ing grounds and link turtles to regional rookeries is
important to improve our understanding of popula-
tion dynamics. In addition, a better knowledge of the
variability of sex ratios at regional rookeries (Fuller et
al. 2013), whether natural or artificial, is needed to
fully understand the patterns observed at the 2 forag-
ing areas. Also, an increased sample size (>60 indi-
viduals) for both males and females is needed to pro-
vide more robust analyses. Nonetheless, given the
high female bias and the MSA estimate that the
majority of turtles at the 2 foraging grounds likely
originate from the main hatcheries at Sarawak and
the TIHPA, it is clear that the problem of sex-biased
hatchling production, whether natural or artificial,
needs to be addressed.

Use of temperature probes at rookeries throughout
the area can be used to gauge sex ratios of hatchlings
based on an estimated pivotal temperature of 29.4 ±
0.6°C for green turtles in eastern Peninsular Ma lay -
sia (Whittier et al. 2003). Use of hatcheries through-
out the region remains an important conservation
action to protect against egg poaching, flooding, pre-
dation (such as by varanid lizards) and destruction by
root invasion (Salleh et al. 2012), and this can be used
to advantage to adjust sex ratios into the future. In
recent years, shading of hatcheries has become com-
mon practice at most rookeries, and it will be impor-
tant to continue monitoring changes to the sex ratio
and the composition of juvenile turtles at these feed-
ing grounds.

When interpreting the results of MSA, considera-
tion must be given to whether all rookeries in the
region have been genetically characterized or if the
sample size from any given rookery may be too small
to give an accurate representation of haplotype fre-
quencies, especially of rare haplotypes. These short-
comings apply to this study as evidenced by the
 proportion of samples (10%) with haplotypes not
identified at any rookery. Although the baseline sam-
ple covers the majority of the main nesting popula-
tions in the region, there are gaps in the coverage,
especially from the region north of Borneo. Many
small to medium rookeries have been recorded for
areas including Vietnam (Hamann et al. 2006), Tai-

wan (Cheng et al. 2009) and China (Shizheng & Shi
2009), but genetic data are only available for Taiwan
(Cheng et al. 2009). Recent satellite tagging studies
indicate that the northwestern Sabah adult foraging
grounds are composed of turtles coming from numer-
ous rookeries for which there are no genetic data
including northwestern Sabah, South China Sea,
Vietnam (N. J. Pilcher pers. obs.), and Terengganu
(van de Merwe et al. 2009). A more comprehensive
genetic sampling of rookeries is needed for the region
and should be a priority for future work. Further-
more, widely shared haplotypes at dominant frequen-
cies may reduce the power of the MSA. This is ob -
served in locations with haplotype CmP49.1, which
is common and widespread in Southeast Asia, as
well as haplotypes CmP57.2, CmP40.1 and CmP91.1
(Jen sen et al. 2016). These shared haplotypes are
contributors to the large uncertainty surrounding
the estimates for these populations. Whole mito gen -
ome se quencing and microsatellites found in the
mtDNA control region have added resolution to
green turtle rookeries in both the Mediterranean and
the Car ibbean (Shamblin et al. 2012, Tikochinski et
al. 2012) and may offer a better way to distinguish
common and shared haplotypes in Southeast Asia in
the future.

Insights provided by this study emphasise the need
for long-term management plans that address histor-
ical impacts as well as contemporary ones and the
importance of foraging ground studies to investigate
the viability of turtle populations. There is a need for
management practices to adapt so they reflect the
biological requirements of the turtles themselves,
particularly as these relate to temperature. In hatch-
ery operations, factors such as nest depth and shad-
ing can be manipulated to influence nest tempera-
ture and thereby hatchling sex (van de Merwe et al.
2005, 2006). Effective conservation action at nesting
beaches is extremely important for marine turtle con-
servation and recovery, as is the protection of turtles
and habitat at regional foraging areas, and what
 happens in one area may directly impact the other.
Understanding the factors that drive the foraging
ground demographic structure and composition al -
lows for a forward-looking model to predict trends.
This research provides initial data towards a better
understanding of connectivity between nesting and
foraging habitats for green turtles in Southeast Asia.
It also highlights the strengths of combining genetic
data to estimate the origin of turtles at foraging
grounds with information on the specimens’ sex and
the limitations that need to be addressed in future
work.
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