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INTRODUCTION

Threatened migratory marine species present unique
and complex challenges for conservation manage-
ment. When breeding animals cross geo-political

boundaries, they may move from one country that has
effective legislative and regulatory conservation poli-
cies to one that does not (Miller 2000, Campbell et al.
2009). Threats faced by migratory species at feeding
grounds may be quite different from those faced at
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ABSTRACT: Migratory marine species present challenges for conservation because of complex
threats within their pelagic dispersal zones, including coastal foraging areas and extensive migra-
tion pathways, or at breeding grounds. To better understand the connectivity between green tur-
tle rookeries and foraging populations, we sequenced the mtDNA control region of 987 turtles
from 6 major foraging grounds on a ~2300 km longitudinal transect off eastern Australia, and used
mixed stock analysis (MSA) to estimate their natal origins. We investigated variation in natal ori-
gins within different size classes and over spatial and temporal scales and compared this to
approximately 30 yr of mark−recapture data. For adult turtles, we found that the northern Great
Barrier Reef (nGBR) genetic stock dominated in the northern feeding grounds while the southern
Great Barrier Reef (sGBR) and Coral Sea stocks dominated in the south, with a changeover of
dominating stock occurring between 14° and 20° S. However, at the 3 most northern feeding
grounds, we found an unexpected decrease (17−30%) in the proportion of nGBR turtles among
small immature turtles relative to large immatures and adults. Four possible hypotheses were
explored, with the 2 most plausible being that (1) small immature turtles from the sGBR and other
rookeries first settle in nGBR feeding grounds, but later shift to other feeding grounds as they
mature, or (2) a reduced hatching success for decades from the main nGBR rookery at Raine Island
has resulted in reduced recruitment into the nGBR feeding ground from this stock. These results
may indicate an alarming reduction in hatching success at the largest known green turtle rookery
in the world.
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breeding grounds, which increases the need to iden-
tify location-specific impacts. Migration distances of
100s to 1000s of kilometres between foraging and
breeding regions may expose animals to increased
mortality from a range of natural threats, including
fisheries bycatch, direct harvest, interaction with ship -
ping, entanglement and marine pollution. For marine
turtles in particular, nesting beaches may be altered,
or turtles and eggs harvested, or eggs destroyed by
feral predators. Coastal development may result in
sub-optimal nesting habitat, or a failure of hatchling
recruitment to the ocean due to light pollution or habi-
tat destruction (Lagueux et al. 2003, Leighton et al.
2011, Salmon et al. 2012). At feeding grounds, turtles
may be exposed to subsistence or commercial harvest,
incidental by-catch in fisheries, and to marine pollu-
tion or loss of habitat (Lutcavage et al. 1997, Limpus
2008). Additionally, climate change impacts are ex-
pected to alter habitat quality at nesting beaches and
feeding grounds in various ways (Hamann et al. 2007,
Hawkes et al. 2009, Poloczanska et al. 2009, Fuentes
et al. 2010, 2011). Biologists and managers need to
identify populations and fully understand the stock
boundaries of migratory species to effectively work
towards ensuring population survival.

Green turtles Chelonia mydas are the most abun-
dant species of marine turtle in Australia (Limpus
2008), where they nest on mainland and island
beaches. Two of the world’s large breeding popula-
tions are found along Australia’s Great Barrier Reef:
the southern Great Barrier Reef (sGBR) genetic stock
and the northern Great Barrier Reef (nGBR) genetic
stock (see Fig. 1) (Dethmers et al. 2006, Limpus
2008). Green turtles that hatch from these regions
spend several years drifting with major ocean cur-
rents (Boyle & Limpus 2008) before recruiting into
foraging areas within coastal embayments or coral
reefs at a size of 40 to 50 cm curved carapace length
(CCL) (Limpus 2008). While some marine turtles may
shift feeding ground locations as they mature
(Musick & Limpus 1997, Meylan et al. 2011), green
turtles from the 2 GBR populations show strong
fidelity to specific feeding grounds for extended peri-
ods, possibly decades (Limpus 2008). While most tur-
tles have high fidelity to their original choice of feed-
ing ground, an unquantified low level of dispersal to
other feeding grounds is expected, especially for
mid- to large-sized turtles (Limpus 2008).

One of the world’s longest running, continuously
conducted marine turtle nesting and foraging studies
has been undertaken along Queensland’s east coast.
More than 30 yr of mark−recapture data from multi-
ple feeding grounds have provided sex and age-

class-specific demographic information that demon-
strate movement patterns linking nesting beaches to
feeding grounds, or vice versa, for large numbers of
mature females undertaking breeding migrations
within the region (Limpus & Reed 1985, Limpus et al.
1992, 1994, 2003, 2005, 2009, Limpus 1993, Read et
al. 2014). To a lesser extent, adult male breeding
migrations have also been documented by these
mark−recapture studies (Limpus 1993, 2008, Limpus
et al. 2005). However, mark−recapture studies by
themselves cannot demonstrate associations of forag-
ing immature turtles with their natal areas without
decades of study. Satellite telemetry tracking can
provide information on migratory paths and addi-
tional connections between breeding and foraging
for (typically) small numbers of individuals (Kennett
et al. 2004, Richardson et al. 2013).

The use of genetic markers can hasten and
enhance our understanding of migration and stock
associations beyond that gained from traditional
mark−recapture techniques or satellite telemetry, by
simultaneously and quantitatively exploring data
from all gender and size classes. Using genetic data
for mixed stock analysis (MSA), the relative propor-
tion of genetically differentiated nesting populations
represented at a given feeding ground can be esti-
mated (Lahanas et al. 1998, Bass et al. 1998, 2006,
Bass & Witzell 2000, Luke et al. 2004, Bowen et al.
2007, Jensen et al. 2013a). Such a study is, however,
dependent on prior genetic assessment of all signifi-
cant breeding populations for the species in the
wider region. As with comprehensive mark−recap-
ture studies, these genetic studies provide valuable
information about the geographic range of the
stocks, and on the nesting populations likely to be
impacted by threats at the feeding grounds. For
example, the application of MSA revealed that by-
catch in Peruvian fisheries impacted breeding popu-
lations of loggerhead turtles which nest on beaches
in Queensland and New Caledonia, more than
12 000 km away (Boyle et al. 2009).

By sampling different size classes of green turtles
at feeding grounds it is possible to obtain answers to
questions regarding how stock composition by age
class is distributed across feeding grounds and to
what extent stock composition changes through time.
To increase our understanding of foraging green tur-
tle population dynamics along the east coast of Aus-
tralia, we undertook a detailed MSA of green turtle
aggregations at 6 major foraging grounds (see
Fig. 2). This was based on mitochondrial (mt)DNA
data, which included re-sequencing samples taken
from nesting turtles from the recognised regional
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genetic stocks (Dethmers et al. 2006) to obtain data
from a longer fragment of the control region, as well
as sequencing of new samples. Genetic results were
compared with 30 yr of mark−recapture data to
address the following 3 questions: (1) Does our cur-
rent understanding of the use of specific feeding
grounds by different breeding populations, obtained
by flipper tagging of adult females, match estimates
derived from MSA? (2) Does the stock composition of
turtles at feeding grounds vary among size classes?
(3) Is there temporal variation in the stock composi-
tion of feeding populations such that values for tur-
tles sampled in the early 1990s differ from those sam-
pled from the late 2000s?

MATERIALS AND METHODS

Study site

We sampled green turtles at 6 major foraging
grounds spread across more than 2300 km of the east
coast of Queensland, Australia, sampling from Torres
Strait in the north to Moreton Bay in the south.
Approximate sample locations for rookeries included
in the analyses are provided in Fig. 1 and for feeding
grounds in Fig. 2. Torres Strait (TS) foraging ground
(centred on ~10° 10’ S, 142° 30’ E) is located between
the tip of the Cape York Peninsula and New Guinea

and contains a cluster of islands and reefs. The Torres
Strait links the Coral Sea to the Arafura Sea and is
influenced by strong tidal currents (Saint-Cast &
Condie 2006). Sampling was done at several reefs
around the western, central and inner islands of Tor-
res Strait. The southern end of Torres Strait marks
the northern boundary of the GBR Marine Park.
Clack Reef (CR) (~14° 4’ S, 144° 15’ E) is located
within the nGBR. Foraging turtles at Clack Reef were
the subjects of a long-term mark−recapture program
from 1987 to 1997 that defined population dynamics
in a nGBR reef habitat (Chaloupka et al. 2004, Lim-
pus et al. 2009). The Howicks Group (HG) (~14° 30’S,
144° 58’E) consists of 16 reefs containing large sand-
covered reef platforms with seagrass meadows and
algal turf, with active coral growth restricted to their
margins. Edgecombe Bay (EB) (~20° 6’ S, 148° 18’ E)
is a coastal embayment located in the Central section
of the GBR Marine Park. Large patches of seagrass
beds are located along the fringe of the Bay before it
rapidly drops off to depths of up to 6 m. Coral reef
habitat can be found in small areas along the eastern
and the western sections of the Bay. Shoalwater Bay
(SB) (~22° 18’ S, 150° 10’ E) is a large coastal embay-
ment also located in the Central section of the GBR
Marine Park and supports a regionally large green
turtle foraging population. Turtles residing in the Bay
have been captured repeatedly from 1986 to the
present (2015) (Chaloupka et al. 2004, Limpus et al.
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Fig. 1. Locations of 24 genetically differentiated C. mydas breeding stocks included in the MSA analysis. Black dots represent
individual rookeries and shaded circles show the breeding stocks. GoC: Gulf of Carpentaria; nGBR: northern Great Barrier 

Reef; sGBR: southern Great Barrier Reef
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2005). This large embayment contains expansive
intertidal seagrass beds, is fringed by mangroves and
has scattered coral reef associated with rocky out-
crops. Moreton Bay (MB) (~27° 21’ S 153° 21’ E) is a
large coastal embayment offshore from the cities of
Brisbane and Redland. The sampling area was con-
tained within Moreton Bay Marine Park and repre-
sents the most southern large green turtle feeding
ground in eastern Australia. Moreton Bay supports
significant seagrass and mangrove areas as well as
smaller areas of coral and rocky reefs. Turtles there
have been the subject of ongoing long-term
mark−recapture studies from 1990 to the present
(2015) (Limpus et al. 1994, Chaloupka et al. 2004).

Sample collection

To establish baseline mtDNA haplotype frequen-
cies for the nesting populations we used a total of
1715 samples from nesting females. These consisted

of 714 samples from rookeries used in Dethmers et al.
(2006) that were re-sequenced to obtain a longer
mtDNA fragment. In addition, we increased the sam-
ple size from some rookeries and included samples
from 3 new rookeries: Browse Island in Western Aus-
tralia, Cocos (Keeling) Island, and Cobourg Penin-
sula in the Northern Territory. We also used data
from the published literature for rookeries in Palau,
Yap, Northern Mariana Islands, Guam, Marshall
Islands, American Samoa, New Caledonia and
French Polynesia (Dutton et al. 2014) as well as addi-
tional samples from New Caledonia, the Chesterfield
Islands and Vanuatu (Read et al. 2015). Additional
samples from 32 nesting females collected from
Raine Island (nGBR) in 2008 were analysed to assess
whether there was temporal variability in the genetic
structure of the nGBR nesting population (Table S1 in
the Supplement at www.int-res.com/ articles/ suppl/
m543 p241 _supp.xlsx).

Feeding ground samples were collected and
grouped by different size classes: small immature (SI;
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Fig. 2. Northeastern Australia and the locations of the 6 sampled feeding grounds and the mean relative contribution of north-
ern Great Barrier Reef (nGBR), southern Great Barrier Reef and Coral Sea (sGBR/CS), and ‘Other’ stocks for each group
 sampled within the feeding grounds. Estimates are based on the mixed stock analysis using the software ‘Bayes’ and
 population size as weighted priors (Model 2). Groups are based on size categories of large immature and adult turtles
(LI&A), medium-sized immature turtles (MI) and small immature turtles (SI) and for different years of sampling (designated by
the last 2 digits of the decade). Also shown are major ocean currents that are likely to affect hatchling dispersal and juvenile 

recruitment patterns
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35−65 cm CCL), medium-sized immature (MI; 66−
86 cm CCL) and large immature and adult turtles
(LI&A; > 86 cm CCL). Contemporary samples were
collected from 2005 to 2009 and historical samples
were collected in the early 1990s. This allowed for
the assessment of genetic variation across size clas -
ses as well as across decades at some feeding areas.
In total, the genetic sample from the 6 feeding grounds
consisted of 987 individual turtles (see Table 1). All
turtles were captured by rodeo-style methods (Lim-
pus & Reed 1985) in shallow (0.3−5 m) water, with the
exception of some medium-sized immature, large
immature and adult turtles from Torres Strait col-
lected in 1990−1991. A subset of these samples (n =
67) originated from turtles sampled while being sold
at the Daru markets in Papua New Guinea, but all
these turtles were harvested from within the Torres
Strait (Kwan 1994). Samples were collected outside
the breeding season to minimise the chance that they
were non-resident turtles undertaking their breeding
migration. All live turtles were flipper-tagged, curved
carapace length (CCL, ± 1 mm) measured and a skin
sample was taken from the neck and stored in a 20%
DMSO solution saturated with NaCl.

Characterisation of mtDNA haplotypes

DNA was extracted using a salting-out method
(Jensen et al. 2013b) and re-suspended in a low con-
centration TE buffer (0.1 mM EDTA, 10 mM Tris, pH
7.5). The primers LTEi9 (5’-AGC GAA TAA TCA
AAA GAG AAG G-3’) and H950 (5’-GTC TCG GAT
TTA GGG GTT TA-3’) (Abreu-Grobois et al. 2006)
were used to amplify an ~880 bp fragment of the
mtDNA control region. To allow comparison with
known green turtle haplotypes in the published liter-
ature, sequences were truncated to ~770 bp for all
genetic analyses. PCRs were performed in a 25 µl
volume containing 1× reaction buffer, 0.25 mM of
each deoxynucleoside triphosphate (dNTP), 10 µM of
each primer, 1.25 U of Taq polymerase and ~40 ng of
template DNA. The PCR protocol consisted of a 5 min
denaturation step (94°C) followed by 35 cycles of:
45 s at 94°C, 45 s at 52°C, and 45 s at 72°C and a final
extension step of 5 min at 72°C. PCR products were
purified using a PEG clean-up procedure (T. Glenn:
www. mcdb. lsa. umich. edu/ labs/ olsen/ files/ PCR.pdf)
and both the forward and reverse strands were
sequenced by Macrogen (Macrogen Inc., Seoul,
Korea). Our haplotypes were compared with known
green turtle haplotypes. If similar haplotypes were
not found in the initial search, a BLAST analysis was

used to run a search against the Genbank database
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). If no similar
haplotypes were identified, the sequence was identi-
fied as being unique and named accordingly. All
sequences were named according to a standardized
nomenclature for Indo-Pacific green turtles, using
the prefix CmP followed by the next sequential
 number.

To assess the genetic diversity of each group (i.e.
small immature, medium-sized immature, large
immature and adult turtles within and among feed-
ing grounds), haplotype (h) and nucleotide diversity
(π) (Nei 1987) were estimated, and an analysis of
molecular variance (AMOVA) was conducted using
Arlequin version 3.0 (Excoffier et al. 2005).

Mixed stock analysis

Baseline information for the mixed stock analysis
(MSA) was derived from the mtDNA haplotype
 frequencies of 25 genetically differentiated green
turtle breeding stocks across the Indo-Pacific (Fig. 1,
Table S1 in the Supplement). Mixed stock analyses
were conducted using a Bayesian approach to deter-
mine the origin of foraging individuals and the con-
tribution of the different Australasian rookeries to
the feeding grounds. We followed 2 commonly used
approaches; the first uses the software ‘Bayes’ (Pella
& Masuda 2001) and estimates the proportional con-
tributions of stocks to one feeding ground at a time.
The second approach puts the analysis into a meta-
population context and can include multiple feeding
grounds in one analysis, using the ‘many-to-many’
model (Bolker et al. 2007) in the software package R.
The analyses for both methods were conducted using
2 models, one model using uniform priors (Model 1)
and the other model using weighted priors (Model 2).
When using uniform priors it was assumed that each
rookery had the same likelihood of contributing indi-
viduals to the foraging aggregations. When using
weighted priors, the contributions of different rook-
eries were weighted relative to the size of the rook-
ery (mean annual number of females), under the
assumption that contribution from rookeries to forag-
ing aggregations would be proportional to rookery
size.

For each analysis of MSA, 4 independent chains
with different starting points were run with a burn-in
of 25 000 steps followed by 25 000 sampling steps.
The Gelman and Rubin shrink factor diagnostic was
calculated to determine whether all chains had con-
verged (shrink factor < 1.2) (Pella & Masuda 2001).
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MSA was conducted for each group (SI, MI and LI&A
collected in early 1990s as well as SI, MI and LI&A
collected in late 2000s) within each foraging aggre-
gation.

Migration data from mark−recapture studies

For comparison with the MSA analyses, migration
data from flipper tagging was compiled from the
Queensland Department of Environment and Her-
itage Protection’s Marine Turtle Research Database
for all feeding grounds. These data included tag
recoveries from turtles tagged at breeding areas and
recaptured at their feeding grounds or vice versa.

RESULTS

New sequence data were obtained from a 770 bp
fragment, spanning most of the mitochondrial control
region, for a total of 987 foraging turtles and 826
nesting turtles. Data from an additional 889 nesting
turtles from the western Pacific were available from
Dutton et al. (2014) and Read et al. (2015). In total
this included 107 unique haplotypes (Table S1 in
the Supplement at www.int-res-com/articles/suppl/
m543 p241 _supp. xlsx).

Identification of genetic nesting stocks

Both the pairwise FST and exact tests showed sig-
nificant differentiation between stocks for most com-
parisons, with the exception of 4 FST tests and 2 exact
tests. Non-significant results included sample loca-
tions with a small sample size (n = 14 −22) that were
separated by >1900 km. For these reasons they were
considered to be distinct breeding populations.
Using longer (770 bp) sequence data added little res-
olution to the stock structure when compared to
Dethmers et al. (2006) and identified the same man-
agement units (MU). There were 3 new rookeries
included in this study; Cocos ‘Keeling’ Island in the
Indian Ocean was identified as an independent MU,
Browse Island in Western Australia grouped with the
neighbouring Scott Reef MU, and Coburg Peninsula,
Northern Territory, represented an independent MU.
Also, recently published data from the western
Pacific identified new MUs at French Polynesia,
American Samoa, Marshall Islands, Northern Mari-
ana Islands, Yap and Palau (Dutton et al. 2014); and
Vanuatu, but the Chesterfield Islands grouped with

the Coral Sea MU (Read et al. 2015). In total, 25 inde-
pendent genetic stocks or MUs (Moritz 1994) were
identified and used in further analyses.

Haplotype diversity across the GBR feeding
grounds

A total of 72 haplotypes were identified across all
feeding grounds. The 4 most common haplotypes
were CmP47.1 (48%), CmP44.1 (20%), CmP80.1
(7%) and CmP98.1 (6%), all of which were found in
high frequency within the nGBR, Coral Sea, New
Caledonia and sGBR breeding stocks (Table S1 in the
Supplement), which encompass the stocks breeding
within the Coral Sea. Several haplotypes (n = 31)
were undescribed and had not been found in any
rookery sampled previously (orphan haplotypes).
These were found at low frequencies (0.1−0.7%) and
comprised less than 4.8% of the total sample. Within
sample groups (year, size-class), these haplotypes
made up 0 −12% of the sample (Table S1).

A large range in genetic diversity was observed,
with the lowest values found in the southern-most
feeding grounds. Along the transect from Moreton
Bay to Torres Strait, haplotype and nucleotide diver-
sity was lowest in MB and SB (h = 0.262−0.473, and
π = 0.008−0.012), increased to the north and were
high in HG, CR and TS (h = 0.601−0.876, and π =
0.014−0.025) (Table 1). Additionally, the frequency of
some haplotypes changed with latitude. Haplotype
CmP47.1 was the most common in the southernmost
feeding grounds and accounted for approximately
80% of foraging turtles at MB and SB, but decreased
to account for only 12% of haplotypes at TS (Table S1).
The most common haplotype, CmP44.1, increased in
frequency towards the northern sites and accounted
for 47% of the haplotypes in TS (Table S1).

Mixed stock analysis and mark-recapture

While the results from the many-to-many and the
Bayes analyses overlapped broadly in the 95% confi-
dence limits they did provide different results that
would lead to different conclusions. Results from the
many-to-many analysis indicated lower contributions
from the nearest rookeries and increased contribu-
tions from more distant rookeries and those with low
contributions, relative to the Bayes analysis (Table S2
in the Supplement). This same issue was reported for
a study of green turtles in the Atlantic Ocean (Bolker
et al. 2007). Furthermore, the estimates derived from
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the many-to-many analysis showed differences in
estimates derived from the weighted and uniform
priors and were not in concordance with tag return
data. For the Bayes analysis both the weighted and
uniform estimates gave similar results and estimated
contributions from large immature and adult turtles
were almost identical to those derived from tradi-
tional tag returns (Table 2).

Given a higher concordance between the mark−
recapture estimates of adult turtles (Table 2) and the
Bayes analyses with weighted priors (Model 2), we
used the Bayes results for drawing conclusions. With
the possibility that many rookeries may have con-
tributed small numbers of turtles to the feeding areas
and the uncertainty around estimating such low con-
tributions, we grouped rookeries with <5% esti-
mated mean contribution into the category ‘other’.
Furthermore, given a high genetic similarity
between the sGBR and Coral Sea MUs the MSA
could not reliably distinguish between contributions
from these 2 MUs. To avoid incorrect conclusions, the
estimates from these 2 MUs were combined into a
regional contribution from sGBR/ CS and are dis-
cussed as such. Overall, the MSA suggested that the
majority of foraging turtles from all 6 feeding
grounds most likely originated from the nGBR, the
sGBR or the Coral Sea stocks (Table 2, Fig. 2). The
MSA was run for all age classes and sampling peri-
ods individually to determine whether the stock con-
tributions differ among the evaluated groupings as
presented for each feeding ground.

Torres Strait

Estimates from the Bayes Model 2 showed similar
contributions from the nGBR stock of LI&A turtles
sampled in the early 1990s (91% nGBR, [95%] CI =
76−99%), and those sampled from the late 2000s
(87% nGBR, CI = 72−99%) (Table 2, Fig. 2). The esti-
mates for SI turtles collected in 2005−2008 showed a
lower contribution from the nGBR stock (61% nGBR,
CI = 49−75%) in comparison to both groups of LI&A
within Torres Strait as well as SI turtles collected in
1992. Although the sample size (n = 16) for SI turtles
collected in 1992 was small, all 16 individuals had
haplotypes found in the nGBR breeding stock. To test
if the difference in contribution from nGBR between
SI turtles from 1992 (93%) and SI turtles from
2005−2009 (61%) was simply the effect of small sam-
ple size, we resampled n = 16 individuals (5000 repli-
cates) from the SI 2005− 2009 haplotype distribution
and recalculated the contribution from the nGBR
stock for each iteration. The results from most itera-
tions (mean = 60.18% nGBR, CI = 38.18−81.62%)
were identical to the SI 2005−2009 data, with <0.08%
of iterations resulting in a nGBR contribution >90%.
This strongly suggests that the difference between SI
turtles from 1992 and SI turtles from 2005−2009 was
unlikely the effect of small sample size (data avail-
able upon request).

Among all TS samples there was a low contribution
from the combined sGBR/CS grouping (0−7%
sGBR/CS) and from ‘other’ stocks (< 7% other)
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Feeding ground                    Age class             Year                       n            H                         h                                     π

Torres Strait (TS)                      LI&A           1990–1993                 99           14            0.6050 ± 0.0551            0.01355 ± 0.0069
                                                  LI&A           2005−2009                 58           17            0.7774 ± 0.0515          0.01688 ± 0.00855
                                                     SI                   1992                      16            4             0.5167 ± 0.1324          0.00888 ± 0.00494
                                                     SI              2005−2009                 90           21            0.8762 ± 0.0232          0.0253 ± 0.01251

Clack Reef (CR)                       LI&A           1989−1991                 45           15            0.8687 ± 0.0332            0.02061 ± 0.0104
                                                     SI                   1991                      22            7             0.7879 ± 0.0557          0.02147 ± 0.01109
                                                    MI              1990−1991                 24            8             0.8225 ± 0.0502          0.02083 ± 0.01072

Howicks Group (HG)              LI&A           2007−2008                 76           16            0.8256 ± 0.0264          0.02121 ± 0.01059
                                                     SI              2007−2008                 85           18            0.8104 ± 0.0346            0.02336 ± 0.0116

Edgecombe Bay (EB)               LI&A                 2009                      85            9             0.4807 ± 0.0615          0.01409 ± 0.00717
                                                     SI                   2008                      84            7             0.3523 ± 0.0634          0.01219 ± 0.00626

Shoalwater Bay (SB)                LI&A           1991−1994                 90            7             0.2624 ± 0.0592          0.00824 ± 0.00437
                                                    MI              1989−1995                 44           11            0.4725 ± 0.0935          0.01155 ± 0.00602
                                                     SI              1989–1995                 44            6             0.3277 ± 0.0889            0.00965 ± 0.0051

Moreton Bay (MB)                     MI              1991−1994                 42            8             0.3844 ± 0.0954          0.00739 ± 0.00401
                                                     SI              1991−1994                 83            9             0.3453 ± 0.0668          0.01183 ± 0.00609

Table 1. Sample size (n), number of haplotypes (H), estimates (± SD) of haplotype (h) and nucleotide diversity (π) for 6 Chelonia
mydas feeding grounds along the east coast of Australia. Groups are based on size categories of large immature and adult
 turtles (LI&A), medium-sized immature turtles (MI) and small immature turtles (SI) and for different years of sampling
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except SI turtles sampled in 2005−2009. Estimates for
that sample indicated that the combined sGBR/CS
stocks contributed 16% (CI = 6−27%) and the contri-
bution from ‘other’ stocks combined was 23% (CI =
12−34%). Most of the ‘other’ contribution was esti-
mated to have come from the Gulf of Carpentaria
(GoC) (12%) (see Table S2 in the Supplement).
Mark−recapture data from 352 adult turtles resident
at TS indicated a predominance (91%) of nGBR tur-
tles, with small (6%) contributions from the sGBR
and CS MUs, similar to the MSA results for LI&A. A
low frequency (3%) of tag returns from ‘other’ stocks
came from the North West Shelf, Western Australia
(n = 1), Piai Island, Raja Ambat, West Papua
province, Indonesia (n = 1), and Western New Cale-
donia (n = 2). However, we note that fewer turtles
have been tagged outside the Great Barrier Reef
region and this will bias downwards the representa-
tion of those stocks in the tag return data. Although
thousands of nesting females and mating males have
been flipper tagged at Bountiful Island in the south-

ern Gulf of Carpentaria (GoC MU), none have been
reported as captured within Torres Strait or eastern
Australia.

Clack Reef

Contribution estimates from the nGBR stock at CR
were also high for LI&A (69% nGBR, [95%] CI =
51−86%), albeit lower than that for TS. Estimated
contributions from the combined sGBR/CS (23%
sGBR/CS, CI = 8−39%) and ‘other’ rookeries (9%
other, CI = 0−20%) were higher than for LI&A
observed at TS. Due to the small sample size of SI (n
= 22) and MI (n = 24) turtles from CR, these samples
were combined into an estimate for small-medium
immature turtles (SI+MI). Turtles from this grouping
showed a lower contribution from the nGBR stock
(52% nGBR, CI = 35−70%) relative to LI&A. Con-
versely, a greater contribution from the SI+MI turtles
coming from sGBR/CS (42% sGBR/CS, CI =
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FG Stage Year n nGBR sGBR/CS Other
Mean % (95% CI) Mean % (95% CI) Mean % (95% CI)

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

TS A Flipper tag 397 90 90 8 8 2 2
LI&A 1990−1993 98 88 (76−97) 91 (76−99) 5 (0−15) 4 (0−14) 7 (2−14) 5 (1−12)
LI&A 2005−2009 58 85 (71−98) 87 (72−99) 8 (0−23) 7 (0−22) 7 (1−18) 6 (0−18)

SI 1992 16 89 (71−99) 93 (76−100) 1 (0−5) 0 (0−3) 10 (1−29) 7 (1−24)
SI 2005−2009 90 61 (48−72) 61 (49−75) 16 (6−27) 16 (6−27) 23 (12−34) 23 (12−34)

CR A Flipper tag 135 65 65 23 23 12 12
LI&A 1990−1991 46 66 (50−82) 69 (51−86) 23 (9−38) 23 (8−39) 11 (3−23) 9 (0−20)
SI+MI 1990−1991 46 50 (34−68) 52 (35−71) 41 (24−59) 42 (23−60) 9 (1−21) 6 (0−16)

HG A Flipper tag na na n na n na na
LI&A 2007−2008 76 67 (53−78) 67 (54−80) 29 (16−42) 28 (15−41) 6 (1−13) 5 (1−12)

SI 2007−2008 85 46 (34−58) 47 (35−59) 47 (35−59) 48 (35−60) 7 (2−14) 5 (1−13)

EB A Flipper tag 61 2 2 95 95 2 2
LI&A 2007−2008 85 5 (0−12) 5 (0−12) 87 (76−95) 88 (77−95) 9 (2−20) 7 (1−18)

SI 2007−2008 84 0 (0−1) 0 (0−1) 94 (85−99) 95 (87−99) 6 (1−15) 5 (0−13)

SB A Flipper tag 243 1 1 96 96 3 3
LI&A 1992−1994 90 0 (0−2) 1 (0−4) 96 (89−99) 96 (90−99) 4 (0−11) 3 (0−9)
MI 1989−1995 44 4 (0−13) 4 (0−14) 83 (68−94) 84 (69−95) 13 (3−28) 12 (2−26)
SI 1989−1995 44 0 (0−4%) 1 (0−8) 88 (75−97) 89 (76−98) 12 (3−25) 9 (1−23)

MB A Flipper tag 196 2 2 93 93 5 5
MI 1991−1994 42 0 (0−1) 0 (0−3) 94 (83−99) 95 (85−99) 6 (0−17) 4 (0−15)
SI 1991−1994 83 0 (0−1) 0 (0−3) 85 (74−93) 85 (74−93) 15 (7−26) 15 (7−25)

Table 2. Results (mean % ± 95% confidence intervals in parentheses) from the Bayesian mixed stock analysis (MSA) (Pella &
Masuda 2001) for 6 green turtle feeding grounds (FG)—TS: Torres Strait; CR: Clack Reef; HG: Howicks Group; EB: Edge-
combe Bay; SB: Shoalwater Bay and MB: Moreton Bay. Each FG analysis is divided into large immature and adult turtles
(LI&A), medium-sized immature turtles (MI), and small immature turtles (SI) if sampled; year collected (year) and sample size
(n). MSA was calculated using 17 regional breeding stocks as possible sources, but for simplicity only the 2 main contributors
are listed—nGBR: northern Great Barrier Reef; sGBR/CS: southern Great Barrier Reef and Coral Sea combined. The com-
bined contributions of the remaining 14 stocks are compiled into the ‘Other’ category. Model 1 = uniform priors; Model 2 = 

source-size weighted priors
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23−60%) and ‘other’ stocks (6% other, CI = 0−16%)
relative to aLI&Adults from the same origins. The
estimated stock contribution (65% nGBR, 23%
sGBR/CS, 12% other) derived from mark−recapture
data of 42 adult females matched that from the MSA
for LI&A turtles. Tag returns from the ‘other’ stocks
came from Papua New Guinea, New Caledonia, the
Solomon Islands and the Marshall Islands.

The Howicks Group

Estimated stock contributions for the HG foraging
aggregation were similar to those of CR. The esti-
mates suggest that approximately twice as many
LI&A turtles originate from the nGBR stock in com-
parison to the combined sGBR/CS grouping, with a
small contribution from stocks outside the GBR (67%
nGBR, [95%] CI = 54 −80%; 28% sGBR/CS, CI =
15−41%; and 6% other, CI = 1−12%). Similar to the
more northern feeding grounds, the estimated stock
contribution from the nGBR among SI turtles was
smaller (47%, CI = 35−59%) than from the sGBR/CS
(48% sGBR/CS, CI = 35−60%). Again, only small
contributions from ‘other’ stocks (5% other, CI =
1−13%) were indicated for SI turtles.

Edgecombe Bay

MSA estimates for EB indicated the main contribu-
tion shifted to the combined sGBR/CS grouping for
both LI&A (88% sGBR/CS, [95%] CI = 77−95%) and
SI turtles (95% sGBR/CS, CI = 87−99%). A very low
contribution from the nGBR stock was indicated for
SI turtles (0.0% nGBR, CI = 0−1%) in comparison to
a slightly higher estimate for LI&A (5% nGBR, CI =
0−12%). A low contribution from ‘other’ stocks was
estimated for both LI&A (7% other, CI = 1−18%) and
SI turtles (5% other, CI = 0−13%).

Shoalwater Bay

For SB, the MSA indicated that the foraging aggre-
gation was dominated by turtles from the combined
sGBR/CS grouping for LI&A (96% sGBR/CS, [95%]
CI = 90−99%), MI (84% sGBR/CS, CI = 69−95%) and
SI turtles (89% sGBR/CS, CI = 76 − 98%). Estimated
contributions from the nGBR stock were small for all
size classes (<4%). Contributions from ‘other’ stocks
were also small for LI&A (<3% other, CI = 0−9%), but
somewhat higher for MI (12% nGBR, CI 2−26%) and

SI turtles (9% nGBR, CI = 1−23%). Mark−recapture
data from 166 adult turtles indicated that most were
from the sGBR/CS stocks (96%), with only small con-
tributions from the nGBR stock (1%) and from the
Coral Sea and New Caledonia (3%). One immature
turtle from the eastern Pacific green turtle MUs,
which are morphologically (and genetically) distinct,
has been recorded foraging on seagrass in Shoalwa-
ter Bay (Limpus et al. 2005), representing a minimal
dispersal of 12 900 km from the closest probable
 nesting beach in the Galapagos Islands, Ecuador.

Moreton Bay

The MB foraging aggregation was estimated to be
mostly of turtles from the combined sGBR/CS group-
ing for MI turtles (95% sGBR/CS, [95%] CI =
85−99%) with very small contributions from the
nGBR stock (0% nGBR, CI = 0−3%) and ‘other’
stocks (< 4%). Most SI turtles originated from the
sGBR/CS stock (85% sGBR/CS, CI = 74−93%) with
very small contributions from the nGBR stock (0%
nGBR, CI = 0−3%). However, a larger proportion of
SI turtles originated from ‘other’ stocks (15% other,
CI = 7−25%). Most of the turtles from the ‘other’
stocks were estimated to have come from New Cale-
donia (14% other, CI 6−24%) (see Table S1 in the
Supplement). Mark−recapture data from 117 adult
turtles resident at MB indicated a large contribution
(94%) from the sGBR/CS stocks and small contribu-
tions from the nGBR stock (2%) and New Caledonia
and Vanuatu (4%, combined). There have been
recaptures in MB of 2 immature green turtles that
were originally tagged as head-started immature tur-
tles in French Polynesia (French Polynesia MU) and
multiple captures of immature eastern Pacific green
turtles (based on morphology) foraging within More-
ton Bay (C.J.L. unpubl. data). Neither of these 2
genetic stocks, which breed at very great distances
away, were identified within the genetic analysis of
the Moreton Bay turtles.

DISCUSSION

Our extensive MSA of haplotype diversity of green
turtles at feeding grounds along a 2300 km transect
of the east Australian coast showed that 2 GBR nest-
ing stocks were the predominant contributors and
that their proportional contribution varied with lati-
tude and among size classes. These findings have
direct conservation implications. Previous mixed
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stock aMSA) estimates for marine turtle populations
have resulted in large uncertainty (Bowen & Karl
2007) which, without possibility of validation using
independent information, have largely precluded de -
tailed comparisons of stock contributions among dif-
ferent feeding grounds. In contrast, this study pro-
vided a unique opportunity to compare MSA and tag
return data based on more than 30 yr of marine turtle
research in eastern Australia (Limpus 2008) in order
to evaluate veracity in estimations. Generally, MSA
results, in congruence with the mark−recapture data,
support a model in which the foraging aggregations
are predominantly composed of individuals from the
nGBR stock and a combined grouping of the sGBR
and the CS stocks. The Bayes MSA Model 2
(weighted priors) analysis suggests small (1−14%)
contributions from New Caledonia, GoC, PNG,
 Vanuatu, Western Australia, and Palau and the
mark−recapture data specify rare contributions from
Western Australia, New Caledonia, GoC, PNG, Van-
uatu, the Marshal Islands, French Polynesia and east-
ern Pacific breeding sites. MSA depends on the rela-
tive distinctiveness of the haplotype frequencies
present within the stocks and the extent to which all
possible contributing stocks have been included in
the analysis. In the case of the GBR stocks, large fre-
quency differences between the nGBR and sGBR/CS
stocks as well as the inclusion of samples from most
of the major rookeries in the region have helped
reduce the confidence intervals of results. Mark−
recapture studies provide evidence for direct links
between individual turtles and specific nesting
beaches, but rarely provide an accurate estimate of
the proportion of all contributing stocks at specific
feeding grounds, especially in remote regions with
limited monitoring. When used together and includ-
ing information spanning many decades, tagging
and genetic studies in eastern Australia provide a
validation for the accuracy of genetic stock assess-
ment in foraging area studies and in our case helped
select the analysis (Bayes or many-to-many) that had
a greater congruence with tagging studies.

Dispersal and ocean currents

Understanding the connectivity among genetically
distinct breeding stocks and various regional feeding
areas, and the processes driving this is important for
effective management of any threatened species.
With varying anthropogenic impacts to foraging pop-
ulations in different regions it is vital to estimate
which stocks may be impacted and to what extent.

Affecting the distribution of turtles across feeding
grounds in this study are the ocean current systems
that interact with the GBR (Brinkman et al. 2002).
The Southern Equatorial Current (SEC) brings water
westwards across the South Pacific to the Coral Sea
where it splits into 3 jets that feed into the GBR at dif-
ferent latitudes. The centrally located North Caledo-
nia Jet then divides as it approaches the outer Great
Barrier Reef shelf at between 14° and 20°S latitude,
(i.e. between HG and EB) and turns into the East
Australian Current (EAC) running south and the
North Queensland Current running north (Fig. 2).

The extent to which these major currents influence
post-hatchling dispersal in eastern Australia depends
on the specific rookery location, as local current pat-
terns are dependent upon the bathymetry of nearby
reef systems, winds and tides, which vary locally
(Brinkman et al. 2002, Lambrechts et al. 2008,
Hamann et al. 2011). Small post-hatchling green tur-
tles emerging from rookeries in the sGBR would be
carried southward with the flow of the EAC, then
eastwards as the EAC turns away from the Australian
coast off southeastern Australia. Eventually, post-
hatchlings would be carried northward into the
warm water eddies within the Coral and Tasman
Seas and back into the GBR via the SEC. This sce-
nario is supported by stranding records in southern
Queensland and northern New South Wales for size
classes up to 10 cm CCL, that are no more than a few
months old (Boyle 2006, Boyle et al. 2009). However,
there is a paucity of data regarding the oceanic
pelagic distribution of size ranges between 10 to
~45 cm CCL, the size at which small immature turtles
recruit back into eastern Australian coastal feeding
grounds (Limpus et al. 1994, 2005) when they are
expected to be 5 to 10 yr of age (Limpus 2008). The
prevalence of sGBR adult female green turtles within
eastern Australian foraging areas to as far north as at
least 16°S (Limpus et al. 2003) suggests that sGBR
and Coral Sea post-hatchlings can disperse into the
gyre of the North Queensland Current, perhaps
when the SEC bifurcation is further north, where
they establish residency at feeding grounds. Post-
hatchlings emerging from nGBR rookeries and any
post-hatchlings carried north with the division of the
SEC would be affected by water circulation within
the Coral Sea Gyre and Gulf of Papua. The surface
currents and eddies affecting the nGBR, Torres Strait
and Gulf of Papua region are complex and vary both
spatially and temporally (Andrews & Clegg 1989,
Wolanski et al. 2013). Post-hatchlings in this region
may travel into the Torres Strait, remain within the
gyre in the Gulf of Papua,  enter the Solomon Sea, or
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be directed southwards into the EAC (Boyle 2006,
Boyle et al. 2009). Such variation in current-mediated
transport was observed for species of prawn, which
travel from the Gulf of Papua, into the Coral Sea
Gyre and then either south into the GBR, or west into
Torres Strait (Dennis et al. 2001). Tag return data
from nGBR nesting turtles at their feeding grounds,
and MSA results indicate that the most likely routes
for post-hatchlings are circulation in the Coral Sea
Gyre, to enter Torres Strait and the Arafura Sea, or
exiting into the Solomon Sea, or travelling south
along the nGBR until they recruit back into coastal
foraging areas (Limpus 2008, Limpus et al. 2009,
Dethmers et al. 2010).

Haplotype distribution in the sampled green turtle
feeding grounds suggests both the importance of the
SEC, EAC and local wind-driven currents in distrib-
uting post-hatchling green turtles to feeding grounds
along these currents, and is also consistent with the
occurrence of long-distance migrations between
other areas. The southern-most feeding grounds are
stocked almost exclusively by turtles from the sGBR
and Coral Sea MUs, which is consistent with migra-
tion pathways within the SEC and EAC. However, a
small proportion of immature turtles found in GBR
feeding grounds originate from New Caledonia
rather than from the GBR, as is also seen in tag recov-
eries of adults. Additionally, numerous tag recoveries
have been made of green turtles that nest in the
sGBR but reside at feeding grounds in New Caledo-
nia (Limpus 2008, Read et al. 2014) and small num-
bers of sGBR turtles reside in feeding grounds in Fiji
>3000 km distant and outside of the Coral Sea Gyre.
Turtles foraging in the nGBR were more genetically
diverse and had a greater number of haplotypes orig-
inating from more distant rookeries. This is corrobo-
rated by mark−recapture data from turtles that were
tagged while foraging at Clack Reef, and subse-
quently captured at breeding sites from the Coral
Sea, New Caledonia, Vanuatu, Solomon Islands and
Marshall Islands; with 13 of 46 tag recoveries located
1300−3800 km from Clack Reef (Limpus 2008, Lim-
pus et al. 2009). These various observations suggest
that selection of feeding grounds for green turtles in
the region is complex. As they develop, post-hatch-
lings are thought to drift within circulating currents
while maintaining geomagnetic awareness that facil-
itates swimming activity to orient them within spe-
cific gyres (Lohmann et al. 2012). The extent to which
selection of feeding grounds is additionally deter-
mined by individual growth rates that influence the
timing of feeding ground selection, seasonal varia-
tion in current patterns, and variation in orientation

behaviour remains to be understood. While most tur-
tles at feeding grounds had haplotypes that were also
identified at rookeries, the number of orphan haplo-
types indicates that there are still gaps in the genetic
coverage of source populations or that sample sizes
from some rookeries are too small. Further sampling
of green turtle breeding populations throughout the
central and western Pacific is necessary to determine
the origin of turtles with orphan haplotypes and to
understand their migratory behaviour.

Age class variation

At the most northern feeding ground in Torres
Strait, differences in haplotype profiles between
recently sampled small immature (SI) turtles and all
sampled large immatures and adults resulted in a
major difference in the estimated stock contributions
for these groups. The results suggest that over the
last decade or so, fewer small immature turtles are
reaching this site from the nGBR stock and higher
proportions are coming from the sGBR and ‘other’
stocks. This trend is apparent in the 4 most northern
feeding grounds, including Edgecombe Bay for
which the MSA indicated a predominance of turtles
from the sGBR/CS stocks. Point estimates of contri-
butions from the nGBR stock dropped from 91% in
large immatures and adults to 61% in small imma-
ture turtles in the Torres Strait, from 69 to 52% at
Clack Reef, 67 to 47% in the Howicks Group and
from 5% in large immatures and adults to 0% in
small immature turtles in Edgecombe Bay. In most
cases this was countered by increases from both the
sGBR stock and from ‘other’ stocks, though the esti-
mated contribution of ‘other’ stocks was too small to
show any shifts in the Howicks Group and Edge-
combe Bay samples. In contrast, the opposite result
was observed at the Shoalwater Bay feeding ground,
with a drop in contribution from the sGBR stock from
96% in large immatures and adults to 89% and 84%
in small immature and medium-sized immature (MI)
turtles, respectively, and an increase in contributions
from ‘other’ stocks. At the most southern large feed-
ing ground in Moreton Bay, the only comparison that
could be made was between the mark−recapture
data from adults and the MSA for medium-sized
immature and small immature turtles. Here there
was little indication of any differences between tag-
ging data and MSA data for medium-sized immature
turtles, but for small immature turtles there was a
drop in contribution from the sGBR (95% MI to 85%
SI) and an increase in turtles coming from New Cale-
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donia. These patterns in the stock composition of for-
aging turtle age classes likely resulted from several
causes and 4 possible hypotheses are explored
below. These are: (1) a shift in haplotype frequencies
in the nGBR and sGBR/CS rookeries over time; (2)
small immature turtles tend to shift feeding grounds
as they mature; (3) a recent population increase in
the sGBR, CS or ‘other’ stocks; and (4) reduced
hatching success from the main nGBR rookery.

Hypothesis (1). The temporal sampling from the
Torres Strait feeding ground suggests that a shift in
haplotype frequencies for the nGBR rookeries could
have occurred over time. Initial sampling was con-
ducted in the early 1990s and breeding stock haplo-
type profiles could have changed over that time
period. However, the lack of difference in haplotype
frequencies of turtles nesting on Raine Island (nGBR)
in 1992 and 2008 suggests temporal stability in the
haplotype frequencies of the nesting population.

Hypothesis (2). Have small immature turtles
shifted feeding grounds as they mature? If habitat
shift during developmental migrations are a behav-
iour of some green turtles using the GBR, then results
from the MSA of immature and adult turtles would
need to be consistent with a model in which imma-
ture green turtles from several regional stocks recruit
into shallow areas along the east coast of Australia.
As they mature, a measurable proportion of the tur-
tles originating from distant rookeries would shift
feeding grounds and become residents at feeding
grounds closer to their natal rookery. In some areas
foraging habitats used by small immature turtles are
geographically separated from those of adult turtles,
and immature turtles may shift through a number of
different feeding grounds as they mature (Lutcavage
& Musick 1985, Musick & Limpus 1997, Pilcher 2010,
Meylan et al. 2011). These shifts between foraging
areas are likely driven by food abundance, food qual-
ity and/or population density (Bjorndal et al. 2000) or
selective pressures to reduce the energetic costs of
breeding migrations if turtles shift to areas closer to
their natal region. In the Atlantic Ocean genetic data
have shown that immature loggerhead turtles will
recruit into benthic foraging habitats closer to their
natal rookeries (Bowen et al. 2004).

However, in the Great Barrier Reef, immature and
adult foraging habitats of green turtles overlap or
coincide within feeding grounds and there is little
evidence of developmental migrations (Limpus &
Reed 1985, Limpus et al. 1992). The mark−recapture
data indicate that developmental migration of imma-
ture green turtles moving through multiple foraging
areas as they mature is uncommon (Limpus & Walter

1980, Limpus et al. 1994, 2005, Limpus & Chaloupka
1997, Chaloupka et al. 2004). Since foraging ground
tagging studies began in 1974 there have been less
than 30 tag recoveries of immature green turtles
making long distance changes in their foraging
grounds (unpubl. data of the EHP Turtle Research
data base). The potential for turtles changing feeding
grounds as they mature exists but may occur at num-
bers too low to allow identification in mark−recap-
ture studies, especially for turtles that shift to remote
feeding grounds where there is little if any sampling
effort. For example, the MSA estimates that 12% of
small immature turtles sampled in the 2000s in Tor-
res Strait originate from the Gulf of Carpentaria
(GoC), but for large immature and adult turtles the
contribution from the GoC is close to zero.

Hypothesis (3). In support of the hypothesis that
there has been a recent population increase in the
sGBR, CS or ‘other’ stocks, long-term monitoring at
Heron Island has demonstrated that the sGBR breed-
ing population has been increasing over at least the
past 4 decades (Chaloupka et al. 2008), in part due to
increased hatchling production across the same
period. This population was affected by an extensive
commercial harvest at multiple nesting beaches for
turtle soup from the later 1800s to 1950, as well as a
commercial harvest from the Moreton Bay feeding
ground which ceased in 1950 (Daley et al. 2008, Lim-
pus 1980, 2008, Limpus et al. 1994). Recovery by the
sGBR population was detected in the increasing size
of the population foraging in coral reef habitats of
the southern GBR during the 1980s and 1990s
(Chaloupka & Limpus 2001) that has continued
through at least 2003 at an annual rate of 3.8%
(Chaloupka et al. 2008).

If this is what is driving the observed haplotype fre-
quency shifts between adult and immature turtles in
the northern feeding grounds, then an increase in the
sGBR stock contribution among immature turtles
should be linked to an overall reduction in the rela-
tive frequency of all other stocks (assuming these are
not increasing as well). However, there is also an
increase in the proportion of immature turtles origi-
nating from rookeries outside the GBR. No monitor-
ing data are available on the Coral Sea stock to indi-
cate any changes in population size. Within the
central-western Pacific Ocean region, there have
been active community projects to reduce the take of
turtles and eggs within the Regional Marine Turtle
Conservation Programme of the South Pacific Re -
gional Environmental Programme. There is a paucity
of census data from the significant green turtle nest-
ing populations from French Polynesia to New Cale-
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donia. As a consequence, an increase in the fre-
quency of the turtles originating from rookeries out-
side the GBR detected in the present study cannot be
linked to known increases in the nesting populations
within the South Pacific island nations. Additionally,
the estimated annual 3.8% increase in the sGBR pop-
ulation (Chaloupka et al. 2008) would not be enough
to produce the observed increase in contribution
from this stock in small immature turtles at the
nGBR feeding grounds. This suggests that an in -
crease in population size of the sGBR stock is not the
major driver of the observed changes in haplotype
frequencies.

Hypothesis (4). There have been concerns over
severely reduced hatching success on Raine Island
that might have been taking place over recent
decades (Limpus et al. 2003, Limpus 2008). It has
been speculated that changes to the beach profile
resulting in inundation of nests due to a reduction in
the height of sand above the water table, and in a rel-
atively higher water table following heavy rain, in
addition to higher tides and storm surges, may all
contribute to this problem (Dawson & Smithers 2010),
although the specific cause has not yet been identi-
fied. Since 1996, tidal inundation and rainfall flood-
ing over much of the nesting habitat has been a reg-
ular event at the higher tidal levels, causing a very
low percentage of nests on Raine Island to produce
hatchlings (Limpus et al. 2003). Given that juvenile
green turtles recruit to foraging areas at around 5 to
10 yr old, ~15 yr of low hatchling production seen at
Raine Island should now be evident in juvenile
cohorts. This strongly supports the patterns observed
in the MSA analyses of the GBR feeding grounds and
could explain much of the reduction in recruitment of
nGBR small immature turtles at the nGBR feeding
grounds.

Conservation implications

The Great Barrier Reef supports some of the largest
nesting and foraging populations of green turtles in
the world (Chaloupka et al. 2008, Limpus 2008).
Managing impacts to marine turtles at foraging
grounds is carried out by several state and federal
agencies, community groups and inter-government
co-management strategies (e.g. Grayson et al. 2010,
Weiss et al. 2012). Green turtles are regarded as cul-
tural keystone species and reductions in turtle num-
bers in northern Australia as a result of low hatchling
production at Raine Island will impact indigenous
people. In the last 10 years there has been a con-

certed effort to develop indigenous community
driven management in areas where there are ongo-
ing traditional harvests. In Torres Strait, 14 commu-
nity-based plans for marine turtle and dugong man-
agement are in place that function within an evolving
social framework (Weiss et al. 2012). In addition,
within the GBR Marine Park (GBRMP) there are
 currently 7 (as of October 2014) indigenous coastal
communities that have developed traditional use of
marine resources agreements (TUMRAs) with state
and federal agencies. Collectively these agreements
serve to manage resource use, including turtle man-
agement, within the GBRMP (Havemann et al. 2005).

Successful management of risks to marine turtles
requires understanding the extent to which turtles
from specific feeding grounds, or those exposed to
specific risks, are connected to regional rookeries
(Hamann et al. 2010). Importantly, anthropogenic
impacts at feeding grounds can now be proportion-
ally attributed to the relevant nesting population to
help determine cumulative impacts on each stock.
These data are now being incorporated into popula-
tion models for use by communities and management
agencies. Our study, which was conducted with the
help of indigenous community groups in many of the
study sites, demonstrates that using both conven-
tional mark−recapture programs and MSA together
is a useful management tool for migratory species
that present challenges for managers due to spatial
and temporal complexity.

The decreased proportion of nGBR individuals
among the small immature turtles when compared to
the large immature and adult turtle component is
likely the result of multiple causes, including a
reduced hatching success at the Raine Island rook-
ery. These are complex interactions and at present
there are insufficient data to rate the relative im -
portance of these processes. If developmental migra-
tions are occurring within the green turtle stocks
that use the GBR feeding grounds, then there is
a need to increase research efforts at foraging
grounds throughout the region to better understand
this phenomenon. If reduced hatching success at
Raine Island is the main force driving the observed
pattern, more research is urgently needed to quan-
tify hatching success from the island and recruitment
of juvenile turtles into the nGBR foraging areas;
doing this will allow more targeted mitigation ac -
tions. In this case, importantly, the genetic data pro-
vide a 20 to 30 yr window into the future in which the
nBGR adult population may experience a severe de -
cline. Such implied future changes in the proportions
of females nesting in both the sGBR and nGBR cou-
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pled with changes to proportions of these stocks at
foraging areas would influence the effect of anthro-
pogenic mortality on regional rookeries in the near
future. Reductions in the proportion of nGBR turtles
at nGBR feeding grounds is concomitant with in -
creases in the relative frequencies of sGBR and other
rookeries at those feeding grounds. Without mitiga-
tion of the issues at Raine Island these trends are
likely to continue. Consequently the mortality of tur-
tles at the northern feeding grounds, such as through
direct harvest, would begin to impact more on the
sGBR and other stocks. As such, impacts on both
nGBR and sGBR rookeries could be expected to
increase during the next 20+ yr. At present, the nGBR
stock has signs of being in decline (Limpus et al.
2003), while the sGBR stock shows signs of in -
creasing (Chaloupka 2002), emphasising the need for
prioritised long-term stock- specific management
strategies and continuation of population monitoring
at both foraging and nesting sites. The combined
strength of data derived from mark−recapture stud-
ies, demographic studies to determine life history
parameters, genetic studies to determine stock com-
position and satellite telemetry to determine migra-
tory patterns provides the needed information for
making informed population assessments necessary
for guiding sustainable management of marine turtles.
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