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ABSTRACT: Flatback turtles Natator depressus are endemic to Australia and Papua New Guinea’s
tropical oceans and, although the species has an extensive distribution around northern Australia,
there are few published long-term abundance trends of nesting populations. We conducted a longterm capture-mark-recapture program on nesting flatback turtles on Field Island in Kakadu
National Park, a World Heritage Area that is jointly managed by Aboriginal landowners and the
Australian Government, from 2002 to 2013 for between 12 and 20 monitoring days per year. We
used a Cormack-Jolly-Seber (CJS) model that accounted for transience and recapture heterogeneity to estimate apparent survival and recapture probability, and estimated abundance using
a Horvitz-Thompson type estimator. A total of 257 flatback turtles attempted nesting during that
period, averaging 3.68 ± 0.28 (mean ± SE) nesting attempts per night of monitoring. Annual apparent survival of nesting flatback turtles was 0.97 (95% CI = 0.94 to 0.98) and increased relative to
body size. Recapture probability averaged 0.38 (95% CI = 0.34 to 0.42) and was influenced by
inter-annual climatic variability. The size of the Field Island nesting flatback turtle population
ranged from 97 (95% CI = 87 to 106) to 183 (95% CI = 165 to 200) and there was a non-significant
trend over 12 yr of monitoring. Understanding long-term population trends of nesting marine turtles is fundamental for management and recovery of these at-risk species.
KEY WORDS: Endemic · Capture-mark-recapture · World Heritage Area · Recapture probability

INTRODUCTION
All marine turtle species are exposed to a range
of threatening processes including fisheries bycatch,
coastal development, pollution, hunting or egg
collection, pathogens and climate change (Mast et
al. 2005, Wallace et al. 2011). Monitoring long-term
trends of marine turtles is important to inform conservation status, evaluate management decisions
and track responses to management action (Campbell & McKenzie 2004, Lovett et al. 2007). There
are inherent issues with estimating abundance of
marine turtles, including wide-ranging migrations,
long lifespans and delayed sexual maturity, which
*Corresponding author: rachel.groom@nt.gov.au

inhibit direct monitoring of individuals throughout
most life stages (Heppell et al. 2000, McClenachan
et al. 2012).
The flatback turtle Natator depressus is the only
turtle species endemic to Australia, with foraging
grounds generally distributed throughout the Australian continental shelf, into Indonesian and Papua
New Guinean waters (Limpus 2007, Whittock et al.
2016). It has an extensive nesting distribution from
the Pilbara region of Western Australia, along the
Northern Territory and Queensland coast, to central
Queensland (Bustard et al. 1975, Limpus et al. 1983a,
Parmenter & Limpus 1995, Limpus 2007). In total, 5
genetic stocks of flatback turtle have been identified
© The authors 2017. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
Publisher: Inter-Research · www.int-res.com
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(Pittard 2010), and there is evidence
of restricted gene flow among some of
the Arafura Sea stock, which may be
more independent than genetic studies can currently determine (FitzSimmons & Limpus 2014). Long-term
(>10 yr) nesting studies on flatbacks
are limited to Queensland’s east coast
(Limpus et al. 1983b, 1984, 2013, Parmenter & Limpus 1995). More recently,
population monitoring of nesting flatback turtles has been established at
multiple rookeries in Western Australia (Pendoley et al. 2014). The species is currently listed as Data Deficient in the Northern Territory and
under the IUCN (2010), and vulnerable under Commonwealth, Western
Australian and Queensland legislation.
There are numerous approaches to
long-term monitoring of marine turtle
nesting populations. The simplest
approach is the use of nesting track
Fig. 1. Location of Field Island, Kakadu National Park, Australia
counts, which must be assumed to be
representative if they are to apply to
population abundance (Whiting et al. 2008, 2013).
trend in abundance of nesting females. Additionally,
The most complex is multi-state open robust-design
we examine environmental factors that influence
modeling using capture-mark-recapture data, which
apparent survival and recapture. The results of this
has provided highly reliable estimates of nesting
study will be used to inform assessments of the confemale abundance, and estimated rates of recruitservation status of this species and prioritise resourment, survival and breeding (Kendall & Bjorkland
ces for future monitoring.
2001, Dutton et al. 2005, Rivalan et al. 2005, Troëng &
Chaloupka 2007). It is often not possible to implement the robust design due to logistic and economic
MATERIALS AND METHODS
limitations (Musick & Limpus 1997, Whiting et al.
2008, Stokes et al. 2014). As a minimum requirement,
Study area
abundance studies should incorporate individual
heterogeneity and seasonality (Gerrodette 1993,
Field Island is located in the Van Diemen Gulf,
Whiting et al. 2013).
Northern Territory, Australia, approximately 172 km
In this study, we examine population dynamics of
(straight line distance) from Darwin. The unoccupied
nesting female flatback turtles at Field Island in the
island covers 4429 ha and is 3.2 km from the mainNorthern Territory using capture-mark-recapture
land within the jurisdiction of Kakadu National Park
data collected over 12 yr. The Field Island population
(KNP) World Heritage Area (Fig. 1). The region exbelongs to the Arafura genetic stock, which extends
periences a monsoonal wet−dry climate, with annual
from the Torres Strait region in far north Queensland,
average rainfall of 1571 mm falling predominately
through the Gulf of Carpentaria, to the Northern
between November and April (Jabiru Airport, Bureau
Territory−Western Australian border. Flatback turtle
of Meteorology, www.bom.gov.au/climate/averages/
rookeries are not well defined in this region, as nesttables/cw_014198.shtml). Nesting activity by flating occurs throughout. However, areas of higher
back turtles is limited to a small section of beach on
nesting density have been identified by Chatto &
Field Island, approximately 300 m on the northeast
Baker (2008) and Limpus (2007). Specifically, we
coast. An inter-tidal platform that is exposed at low
describe nesting behavior, and estimate apparent
tide bounds the nesting beach, obstructing the beach
survival and recapture probabilities and long-term
access for flatback turtles.
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Sampling
Annual monitoring of nesting flatback turtles at
Field Island commenced in 1994. We used data
from 2002 to 2013, which corresponded with more
consistent survey protocols being implemented.
Surveys occurred between late July and early September, as previous surveys of nesting activity on
Field Island indicate that although nesting can
occur throughout most of the year, this period is
when most of the nesting activity occurs (Schäuble
et al. 2006). Survey timing captured a full tidal
cycle and corresponded with evening spring high
tides (i.e. largest tidal range) to allow access to the
nesting beach. Annual sampling effort measured in
field days during the 3 mo sampling window varied
from 12 to 20 d. Nightly beach patrols were conducted 3 h either side of the high tide. Nesting turtles were measured along their curved carapace
length (CCL, cm), from the anterior point at midline
(nuchal scute) to the posterior tip at midline between the supracaudal scutes. All animals were
individually marked with standard titanium flipper
tags applied both to front right and left flippers
(Limpus 1985, 1992), and a passive integrated
transponder (PIT) tag implanted subcutaneously in
the right shoulder. PIT tags were used to overcome
problems caused by the high rates of flipper tag
loss that flatback turtles typically experience (Parmenter 2003, Schäuble et al. 2006). Flatback turtles
that had tag scars and no PIT tags comprised approximately 0.05% of the nesting animals. They
were treated as new individuals as their capture
history was unknown. Primary nesting turtles refer
to turtles tagged for the first time, and tagged turtles seen in following years are referred to as remigrant turtles.

Data analysis
Survival and recapture probabilities
To estimate apparent survival and recapture rates,
we used the Cormack-Jolly-Seber (CJS) model (Lebreton et al. 1992) in the program MARK v8.0 (White
& Burnham 1999). Apparent survival (Φ) is defined as
the probability that a marked animal in the study
population at occasion i survives until occasion i + 1
(i.e. between trapping occasions), while acknowledging that unobserved emigration from the trapping
grid is possible (Pollock et al. 1990). Recapture (p) is
defined as the probability that a marked animal in
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the study population at occasion i is captured during
occasion i + 1. Model assumptions include (1) that all
animals have independent fates; (2) that every
marked animal has an equal probability of recapture
and survival; (3) that no tags are lost; and (4) that if
temporary emigration is present, it is random (Pollock et al. 1990).
Nesting turtles exhibit 2 traits that potentially violate the assumption of equal probability of survival
and recapture for the CJS model: transience and
adult females skipping breeding seasons (Chaloupka
& Limpus 2001). Transients are individuals not resident in the sampling area (M2) but in transit across
the area, and were captured on only 1 sampling
occasion. They do not have equal survival or recapture probability to resident individuals (Cormack
1993, Pradel et al. 1997). To test these assumptions,
we used goodness of fit tests in the program U-CARE
(Choquet et al. 2005) using the full-time dependent
model for survival and recapture probabilities. There
was evidence of transience and trap-dependence
(TD) in the capture-mark-recapture data for flatback
turtles at Field Island (U-CARE Global TEST: transient
statistic = 2.61, p = 0.008; trap-dependence statistic =
11.44, p > 0.001). The positive trap-dependence statistic indicates that turtles exhibited ‘trap-shyness’,
which supports the observed inter-nesting behavior
of female turtles (Chaloupka & Limpus 2002, Kendall
2004, Prince & Chaloupka 2012, Pfaller et al. 2013).
To account for these violations, we estimated apparent survival of transients separately using a timesince-marking approach (Chaloupka & Limpus 2002).
We modeled trap-dependence for recapture probability using an individual covariate to indicate if a
marked turtle had nested in the previous year (Choquet et al. 2009, Limpus et al. 2013) and random
effects models to account for individual heterogeneity (Gimenez & Choquet 2010).
To examine variation in apparent survival and recapture probability, we formulated an a priori candidate set of models following the approached described in Lebreton et al. (1992). We used body size,
represented by mean CCL of an individual across all
years, as an individual covariate to model its effect on
apparent survival of nesting flatback turtles.
To examine variation in recapture probability, we
modeled the effects of 2 environmental factors that
have been shown to influence recapture of marine
turtles: annual rainfall and inter-annual climatic variability. The probability of a female nesting in a given
year is determined by nutrition (Bjorndal 1985), environmental/climatic factors, and migration distance
between foraging grounds and nesting beaches
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(Limpus & Nicholls 2000, Solow et al. 2002, Troëng &
Chaloupka 2007). Re-migration intervals for nesting
marine turtles are also influenced by environmental
conditions and climate cycles affecting foraging
grounds (Carr & Carr 1970, Hays 2000, Limpus &
Nicholls 2000, Solow et al. 2002). Environmental
conditions that lead to poorer quality foraging habitats can potentially lower female fecundity and subsequently decrease recruitment (Kwan 1994, Hawkes et al. 2014). We used annual rainfall (‘Rain’; see
Table 1) for 12 mo prior to the annual surveys from 11
weather stations on the Northern Territory coast
(http://www.bom.gov.au/climate/dwo/IDCJDW0800.
shtml).
Australia’s climate is driven in part by the El NiñoSouthern Oscillation (ENSO), which varies the climate
system on average every 4 to 7 yr. Limpus & Nicholls
(1988) observed a correlation between numbers of
breeding turtles and ENSO effects, suggesting that
major fluctuations in ENSO may determine the proportion of females able to acquire the fat reserves
necessary for entering the vitellogenic phase of nesting preparation. Climatic variables likely to influence
the nutritional pathway of turtles were not identified
by Limpus & Nicholls (1988); however, increases in
net ocean primary productivity are pronounced in
tropical regions where ENSO impacts on upwelling
and nutrient availability are greatest (Behrenfeld et
al. 2001). Similarly, large-scale inter-annual climatic
variability is shown to affect reproductive frequency
of marine turtles (Solow et al. 2002, Saba et al. 2007,
Chaloupka et al. 2008). We used a 1 yr average of the
multivariate ENSO index (MEI), which is calculated
from sea-level pressure, zonal and meridional wind,
sea surface temperature, surface air temperature,
and total cloudiness fraction of the sky, all observed
over the tropical Pacific (Stenseth et al. 2003, Wolter
& Timlin 2011).

dence intervals for Ni were then derived by first calculating the standard error of Ni as follows:
SE(Ni ) = {(n/pi )2[var(pi )/(pi )2]}0.5
where var(pi ) is the variance of the recapture probability in the ith year. Then, 95% confidence intervals of Ni were calculated as Ni ± 1.96 × SE(Ni). We
evaluated trends in nesting flatback turtle abundance
using variance-weighted linear regression models
(Chaloupka & Limpus 2001) in the program R (R Core
Team 2012). We used a first-order moving average
error to account for temporal correlation in abundance from one year to the next. The response variable was the log-transformed Horvitz-Thompson
estimator for each year and an independent parameter,
year, was fitted using generalized least squares
(GLS) by restricted maximum likelihood estimation
(RMLE).

Model selection and goodness of fit
Model selection was based on Akaike’s information criterion, corrected for small sample size (AICc ;
Burnham & Anderson 2002). The likelihood of each
model, relative to others in the candidate set, was
estimated with AICc weights (w; Burnham & Anderson 2002) and models were ranked according to
this measure. Finally, we performed a goodness-of-fit
test on a partially saturated model (no individual covariates), using the median ĉ procedure available in
MARK (Cooch & White 2007) to calculate a variance
inflation factor ĉ. Tests were conducted using a partially saturated global CJS model because goodnessof-fit tests are not available for models containing
individual covariates.

RESULTS
Nesting population abundance and trend
We used the Horvitz-Thompson type estimator
(Chaloupka & Limpus 2001, Bjorndal et al. 2005) to
estimate annual abundance of nesting flatback turtles at Field Island, in which Ni = (ni /pi ), where Ni is
the number of turtles in the sampling population, ni is
the number of turtles captured in the ith year and pi
is the recapture probability in the ith year. Values of
pi were derived using variance-components analysis
(Gould & Nichols 1998) in MARK v8.0 of the topranked CJS model described above to separate process and sampling error. Approximate 95% confi-

A total of 257 individual flatback turtles were recorded nesting on Field Island from 2002 to 2013
(Fig. 2). Of these, 160 (62%) were re-captured at
least once and primary nesting season turtles represented almost 38% of all tagged turtles at Field
Island. For the 12 yr monitoring period, the highest
number of attempted nesting events by an individual
turtle was 7. Approximately 7% of all turtles were
observed to nest in consecutive years. During the
annual surveys, there was an average of 3.68 ± 0.28
(mean ± SE) nesting turtles per night (over n = 220
nights). The CCL of the nesting animals ranged from
72 to 96.50 cm, with an average of 86.30 ± 0.26 cm.

Groom et al.: Abundance and survival of nesting flatback turtles

207

Fig. 2. Frequency of individual nesting flatback turtle encounters at Field Island, Kakadu National Park, from 2002 to 2013

Apparent survival and recapture probabilities
Apparent survival of nesting flatback turtles at
Field Island was related to body size, with the
top-ranked model containing the parameter CCL
(Table 1). Inspection of the beta coefficients showed
a significant positive relationship between CCL and
apparent survival for nesting animals (β = 0.51, 95%
CI = 0.16 to 0.87). For an average-sized (86.30 cm)
nesting female at Field Island, the annual apparent
survival probability was 0.97 (95% CI = 0.94 to
0.98). Recapture probability was influenced by interannual climatic variation, with models containing
MEI and rainfall in the previous 12 mo ranked first

Fig. 3. Predicted relationship between recapture probability
of nesting flatback turtles at Field Island and (a) the multivariate ENSO Index (MEI) and (b) annual rainfall, based on
the 2 top-ranked CJS models. Dashed lines represent 95% CIs

Table 1. Summary of CJS model selection results for nesting flatback
turtles, Field Island, Kakadu National Park, Australia. K is the number of
parameters. AICc is Akaike’s Information Criterion, corrected for small
sample size. ΔAICc shows the difference between the model AICc and the
lowest AICc out of the set of models. AICc weights (wi ) are the relative likelihood of model i (normalized to sum to 1). ‘.’ refers to the null model; Time
refers to the time-dependent model. The bigger the delta, the smaller the
weight, and the less plausible model i. Model likelihood is level of support
compared to the top-ranked model. See ‘Materials and methods’ for
description of model parameters
Model name

K

AICc

ΔAICc

wi

Model
likelihood

Φ (M2 ./CCL) p(TD + MEI)
Φ (M2 ./CCL) p(TD + Rain)
Φ (M2 ./CCL) p(TD)
Φ (M2 ./CCL) p(TD + Time)
Φ (M2 ./.) p(TD + Rain)
Φ (M2 ./.) p(TD)
Φ (M2 ./.) p(TD + Time)
Φ (M2 ./.) p(Time)
Φ (M2 ./CCL) p(Time)

6
6
5
15
5
4
14
12
14

1664.11
1665.06
1669.66
1670.16
1670.24
1674.81
1674.83
1848.16
1849.92

0.00
0.95
5.55
6.04
6.13
10.69
10.72
184.04
185.81

0.56
0.35
0.03
0.03
0.03
0.00
0.00
0.00
0.00

1.00
0.62
0.06
0.05
0.05
0.00
0.00
0.00
0.00

and second within the candidate set
(Table 1). Inspection of the beta coefficients showed a significant positive relationship with MEI (β = 0.25, 95% CI =
0.07 to 0.42) and a significant negative
relationship with total rainfall over the
previous 12 mo (β = −0.17, 95% CI =
−0.30 to −0.04) (Fig. 3). The mean probability of recapture was 0.38 ± 0.02 for
nesting animals that had not nested in
the previous year.

Nesting population abundance
and trend
The estimated abundance of nesting
flatback turtles at Field Island varied
over time and ranged from 97 (95% CI =
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research is required to understand
the relationship between inter-annual
climatic variability and flatback turtle
nesting and foraging behavior, particularly in light of anticipated effects
from climate change. Telemetry tagging studies on Arafura flatback turtles are limited and do not indicate
areas of preferential foraging to date,
but highlight the extensive use of the
waters around northern Australian
and neighboring jurisdictions.
Annual apparent survival probability for the Field Island flatback was
high (0.97) and comparable to the stable east and west coast flatback subpopulations, which have an average
of 0.94 (95% CI = 0.91 to 0.95) (Limpus et al. 2013), and Barrow Island
Fig. 4. Annual estimates of abundance (Ni) for nesting flatback turtles at Field
(Western Australia) with a predicted
Island, Kakadu National Park. Error bars represent 95% CIs and the dashed
line represents mean abundance
annual survival of 0.92 (ChevronAustralia 2015). An exception to this
is the Peak Island sub-population on
87 to 106) in 2007 to 183 (95% CI = 165 to 200) in
the east coast, which has a survival probability of
2010 (Fig. 4). There was no significant trend detected
0.84 and is suspected to be declining, with no cause
from 2003 to 2013 for Field Island nesting flatback
attributed to date (Limpus et al. 2013). The high apturtles (year slope estimate = −0.02 ± 0.03, t = −0 79,
parent survival of the Field Island flatback turtles
p = 0.45).
suggests that the nesting population is not being
impacted by threatening processes that effect adult
survival, such as ghost nets.
DISCUSSION
The results suggest the Field Island flatback nesting population is smaller when compared with other
The results from this study show that the Field
Australian rookeries. Annual abundance estimates
Island flatback turtle nesting population is relatively
ranged from 97 (95% CI = 84 to 110) to 168 (95% CI =
small and stable. Apparent survival was high and
134 to 202). Although not directly comparable, nestincreased with increasing body size. Moreover, flating populations determined across a whole season at
back turtle nesting behavior appears to respond to
other rookeries are much larger. Barrow Island =
environmental cues, with inter-annual climatic vari1986 (95% CI = 1807 to 2164), Mundabullangana =
ability influencing the recapture probability.
1849 (95% CI = 1413 to 2286) (Chaloupka et al. 2012)
The recapture probability of nesting Field Island
and Peak Island = 642 (95% CI not available) (Limflatback turtles was influenced by inter-annual clipus et al. 2013). Another metric for comparison is the
matic variability, represented by MEI and annual
mean nightly nesters. For Field Island, the average
rainfall in our models. Positive MEI values were cornumber of nesting turtles per night was 3.68 ± 0.28
related with higher recapture probability, suggesting
and ranged from 0 to 21 nesters per night. This is relthat productivity at flatback foraging grounds changes
atively low when compared with Cape Domett, with
in response to El Niño/La Niña events. In northern
an average of 73.70 nesting turtles per night (SD =
Australia, this equates to lower rainfall, higher tem74.80) ranging from 7 to 290 per night (Whiting et al.
peratures and fewer tropical cyclones (Kuleshov et
2008) and Crab Island, Queensland, with a nightly
al. 2008). Most climatic effects on flatback turtles, as
nester range of 6 to 235 flatbacks (Limpus et al.
mid-level trophic feeders (diet primarily comprising
1983b, Limpus 1993). Other nesting rookeries in the
soft-bodied invertebrates), will be indirect as these
Northern Territory from the Arafura flatback turtle
effects function through changes in ocean productivsubpopulation include West Island, Bare Sand Island
ity (Doney et al. 2012, Sydeman et al. 2015). Further
and Greenhill Island, and all have similar mean nest-
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ing per night estimates to Field Island, with less than
10 turtles nesting each night over a nesting season,
extending at least 9 mo of the year (Limpus et al.
1983b, Hope & Smit 1998, Whiting & Guinea 2003,
Limpus 2007). However, northern Australian flatback
nesting beaches are known to have protracted nesting seasons compared with southern beaches, which
limits in their comparison (Whiting et al. 2013).
The apparently stable population at Field Island is
likely subject to various threats, but these are generally unquantified in the Northern Territory. Turtle
populations in Australia are vulnerable to a range of
impacts such as coastal infrastructure and development, climate-related impacts, ingestion of and entanglement in marine debris, animal predation, indigenous use and habitat degradation, which are also
likely to affect the Arafura flatback turtle subpopulation to varying degrees (Commonwealth of Australia
2003). Low-level mortality from ghost nets is recorded within the range of the Arafura flatback subpopulation (Mackarous & Griffiths 2016); however, the
relative significance of this mortality to other threats
is unknown. The Northern Prawn Fishery (NPF)
operates across the region that overlaps with habitat
of the Arafura flatback turtle subpopulation. It was
considered to be one of the greatest sources of flatback turtle mortality prior to the introduction of turtle
exclusion devices in 2000 (Brewer et al. 2006). Riskas
et al. (2016) report that flatback turtle interactions
(not mortality per se) remain high, with 91.67% recorded in the NPF but little mortality recorded (NPF
species interaction reports). Pelagic gillnets in the
Northern Territory were also recorded to interact
with flatback turtles, likely in greater numbers than
indicated due to a lack of identification in this fishery
(Riskas et al. 2016).
These results highlight the importance of longterm studies of marine turtles, and improve our
understanding of the poorly known flatback turtle
Arafura Sea genetic stock. In context with perceived
threatening processes (e.g. ghost net entanglement,
fisheries interactions, habitat loss, egg predation),
these results will contribute to the prioritization of
conservation and management actions for marine
turtles in the Northern Territory, as well as the flatback conservation status assessment at a national
and international level (i.e. IUCN), where it is currently listed as Data Deficient.
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