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ABSTRACT: Home range analysis is a powerful tool for identifying priority areas for conservation,
but estimating the home range for many species is still challenging. In particular, highly mobile
species may use different areas at different times (e.g. summer or winter), so temporally biased
location data may only partially represent their home range. We investigated the temporal
patterns in habitat use of green turtles Chelonia mydas (n = 52) and loggerhead turtles Caretta
caretta (n = 20) at longer (>1 yr) and shorter (<1 yr) scales. The study was conducted in subtropical
and tropical foraging habitats along the Queensland coast of Australia between 1991 and 2015.
Each turtle was tracked by a satellite-linked tag for the effective life of the device; 3 turtles were
tracked twice. Mark−recapture studies were also conducted intermittently. Single satellite-tag
deployments confirmed site fidelity to a foraging habitat for up to 2.5 yr in green turtles and 2.7 yr
in loggerhead turtles. Further, combining satellite telemetry and mark−recapture records indicated much longer periods of foraging residency, up to 17 yr for green turtles and 23 yr for loggerhead turtles. No tracked turtles made substantial changes in their foraging range between years.
Within the long-term home range, subtropical turtles tended to shift their foraging areas seasonally. Consequently, for many turtles, the existing conservation legislation provided protection in
some seasons but not others. Our results emphasise the importance of protecting areas according
to the turtles’ use of space, with careful consideration given to identify temporal trends in their
habitat selection.
KEY WORDS: Home range · Site fidelity · Seasonal shift · Satellite telemetry · Sea turtles ·
Chelonia mydas · Caretta caretta
Resale or republication not permitted without written consent of the publisher

Conservation goals for wildlife species and their
habitats can be achieved through spatial management such as activity exclusion/restriction zones and
marine protected areas (Hooker & Gerber 2004, Pressey et al. 2007, Gaines et al. 2010, McCay & Jones
2011). These types of protection have been applied at

both large ecological scales (e.g. the Great Barrier
Reef; Fernandes et al. 2005) and smaller scales to
manage threats to particular habitat zones (e.g. Macquarie Island; Environment Australia 2001) or species of conservation concern (e.g. dugong and sea
turtles; McCook et al. 2010). For effective species
protection, it has become increasingly clear that the
spatial extent of species’ habitat use and the spatial
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extent of the management intervention, such as a
protected area, should match (Dryden et al. 2008,
Whittock et al. 2014, Cleguer et al. 2015). Designating protected areas without considering animals’ use
of space may not achieve the conservation goals for
species and their key habitats (Rojas-Bracho et al.
2006, Schofield et al. 2013b).
Home range analysis is a powerful tool to identify
priority areas for conservation, or ‘hotspots’ (e.g.
Maxwell et al. 2011, Peckham et al. 2011). Burt (1943)
defined home range as the area where an animal
normally travels in search of food during a given
period of its life. Thus, the term ‘home range’ may be
used for the entire area used during the life of the
animal, or for the areas used during a particular time
of its life (e.g. foraging or breeding): we adopted the
latter definition of home range in this study.
Reliable estimation of home ranges requires accurate location data, appropriate analytical methods and
monitoring of animals for prolonged periods (Powell
2000, Laver & Kelly 2008). Since the establishment of
the home range concept (Burt 1943), there have been
substantial advances in the tools used to collect accurate location data (Ropert-Coudert & Wilson 2005,
Rutz & Hays 2009) and to objectively quantify the
home range of animals (e.g. Benhamou 2011, Cumming & Cornélis 2012). Despite these advances, estimating home range for many species is still challenging. Highly mobile species may use different habitats
at different times of day, year or during different life
stages, so temporally biased location data may only
partially represent their habitat use. Clearly, understanding temporal variation in animal movement is
essential for defining reliable home ranges (Fieberg &
Börger 2012, Powell & Mitchell 2012).
Green turtles Chelonia mydas and loggerhead
turtles Caretta caretta are highly mobile species of
conservation concern (Seminoff 2004, Casale &
Tucker 2015), making them priority targets for research and protection. Key knowledge gaps exist for
their movements across space and time in foraging
habitat, where they spend most of their lives (Musick
& Limpus 1997, Bolten 2003, Godley et al. 2008,
Hamann et al. 2010, Hays et al. 2016). Some turtles
undertake seasonal movements between distant foraging habitats (tens to thousands of kilometres), but
such long-distance foraging movements are typically
seen in temperate waters (Morreale & Standora 2005,
Hawkes et al. 2007, González Carman et al. 2012,
Schofield et al. 2013a, N arazaki et al. 2015). Past
research has found that seasonal foraging migrations
are not common in subtropical and tropical coastal
habitats, where foraging turtles generally show fide-

lity to more restricted geographic areas for many
years (Musick & Limpus 1997, Limpus 2009, Hart &
Fujisaki 2010). Yet the site fidelity observed in those
studies does not preclude potential finer-scale seasonal movements by turtles foraging in warmer
subtropical and tropical waters. Detection of such
movements was generally beyond the technical limitation of the previous tracking methods (i.e. mark−
recapture, radio/sonic telemetry, Argos satellite telemetry). Addressing this knowledge gap requires
long-term, high-resolution tracking data. The newer
Fastloc GPS (FGPS) tags, introduced in 2002 (Wildtrack Telemetry System), are capable of obtaining
high-quality location data from marine animals with
full-time global coverage (Rutz & Hays 2009, Hazen
et al. 2012, Dujon et al. 2014), spanning from seasons
to a few years (e.g. Shimada et al. 2016).
The primary objective of this study was to investigate the temporal variation in habitat use by green
turtles and loggerhead turtles that forage along shallow coastal waters in Queensland, Australia. Both
species are listed as threatened under Australian
legislation (Environment Protection and Biodiversity Conservation Act 1999) due to past and current
anthropogenic threats, and require comprehensive
conservation efforts (Limpus 2009). We examined the
temporal variation in home range size and site
fidelity at longer (>1 yr) and shorter (<1 yr) scales for
both species in order to find evidence for long-term
site fidelity and also to investigate possible seasonal
variation in habitat use.
Additionally, we wanted to explore the effects of
extreme weather events on home range size and site
fidelity of the turtles. During the present study (late
2010 to early 2011), the strongest La Niña events in
40 yr occurred in the South Pacific Ocean, and resulted in heavy rainfall and the tropical cyclones
Tasha, Anthony, and Yasi hitting the north-eastern
Australian coast. These events caused major flooding
(Bureau of Meteorology 2012) and significant destruction of seagrass meadows (Devlin et al. 2012,
McKenzie et al. 2012). In the months following the series of extreme weather events, sea turtle strandings
along the Queensland coast were around 5 times
greater than annual totals collected since 2000 (Meager & Limpus 2012). We hypothesised that sea turtles
would respond to the weather events by extending
their home ranges in search of food, and would consequently show lowered site fidelity compared to
times without the extreme weather events. We tested
this hypothesis by comparing the estimated home
range size and site fidelity between months with and
without influence of the extreme weather events.
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MATERIALS AND METHODS
Field work
Data were collected from 52 green turtles and
20 loggerhead turtles in subtropical and tropical sites
along north-eastern Australia (Fig. 1 and see
Table S1 in the Supplement at www.int-res.com/
articles/suppl/m562p163_supp.pdf). Turtles (n = 66)
were captured using the rodeo method (Limpus
1978) at their foraging habitats in Moreton Bay,
Sandy Strait, Port Curtis, Shoalwater Bay and Torres
Strait (Fig. 1). Six loggerhead turtles were captured
after successfully nesting at Mon Repos beach
(Fig. 1). In all cases, turtles were taken to research
bases on land or research vessels at sea to collect biological data and deploy satellite-linked tags. Study
turtles were female and male adults as identified by
gonad examination using laparoscopy, curved carapace length (CCL), combination of CCL and the tail
length from carapace, or nesting activity (Limpus &
Limpus 2003, Limpus et al. 2005). The body size (i.e.
CCL) ranged from 85.6 to 121.2 cm (median =
105.7 cm) for green turtles and 85.5 to 100.7 cm
(median = 94.9 cm) for loggerhead turtles (Table 1).
Each turtle was tracked at least once with a highly
accurate Argos-linked FGPS tag between 2008 and
2014. Three loggerhead turtles were tracked twice: a
male (T53800) that was first tracked with a platform
terminal transmitter (PTT) in 1998−1999 and a second time with an FGPS tag in 2010−2012; a female
(T14914) that was first tracked with a PTT in 1996−
1997 and a second time with an FGPS tag in 2011−

Fig. 1. Study sites in Queensland (QLD), Australia. MB:
Moreton Bay, SS: Sandy Strait, PC: Port Curtis, SB: Shoalwater Bay, TS: Torres Strait

2012; and a female (T93038) that was first tracked in
2010 and second time in 2012 with FGPS tags on both
occasions. N o green turtle was tracked more than
once. FGPS tags were set to acquire a GPS fix at
intervals ranging from 15 min to 1 h. We mounted a

Table 1. Summary of study turtles, tracking data obtained from Argos-linked FGPS tags and the overall home range sizes
(95% utilisation distributions, UDs) estimated using the entire sequence of fixes available for each turtle. See Fig. 1 for study
sites. F: female, M: male, CCL: curved carapace length. Data are presented as the median with minimum and maximum values
in parentheses
Site
Chelonia mydas
MB
SS
PC
SB
TS
Caretta caretta
MB

Tracking days

No. of fixes

95% UD (km2)

Sex

N

CCL (cm)

F
M
F
M
F
M
F
M
F
M

16
2
6
0
10
8
6
0
4
0

110.5 (101.6−119.9)
95.1 (94.0−96.1)
108.3 (106.1−121.2)
−
105.7 (89.0−116.6)
96.0 (85.6−104.3)
98.9 (95.5−104.5)
−
103.8 (98.0−118.0)
−

156 (22−350)
119 (107−132)
301 (179−564)
−
98 (55−241)
165 (66−240)
334 (140−778)
−
114 (45−202)
−

977 (112−2131)
1294 (849−1740)
1466 (712−2678)
−
324 (130−723)
647 (417−1378)
1049 (225−14295)
−
604 (239−854)
−

42.5 (5.6−80.4)
82.5 (70.3−94.8)
61.8 (7.7−126.5)
−
24.9 (3.6−121.7)
17.9 (9.5−61.8)
7.2 (2.8−25.1)
−
46.7 (5.1−166.3)
−

F
M

11
9

95.2 (85.5−100.1)
94.4 (87.9−100.7)

230 (56−999)
196 (59−906)

802 (362−1824)
747 (246−1004)

23.9 (10.3−47.2)
24.0 (15.0−350.6)
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satellite-linked tag on the carapace of each turtle
using epoxy glue and fibreglass. Each turtle was
tracked after release until transmission ceased.
Mark−recapture studies were also conducted intermittently before, between and after the telemetry
studies.

Data acquisition and preparation
Argos-linked FGPS devices provided both FGPS
and Argos fixes. PTTs provided Argos fixes only. For
tracks obtained with Argos-linked FGPS devices (n =
72), we merged FGPS fixes (> 3 GPS satellites and
residual error value < 30) with high-quality Argos
fixes (Location Classes 3, 2, 1). For tracks obtained
with PTTs (n = 3), we used only high-quality Argos
fixes. Data preparation and analyses were conducted
using R software (R Core Team 2016).
Prior to analysis, satellite telemetry data were thoroughly screened by water depth, spatial and temporal duplicates and the data-driven filter as described
by Shimada et al. (2012, 2016) using the R package
SDLfilter (Shimada 2016). The water depth at each
fix was estimated using bathymetry models (Daniell
2008, Beaman 2010) and tidal data provided by the
Australian Bureau of Meteorology and Queensland
Department of Transport and Main Roads. The datadriven filter improves the accuracy of satellitederived data by removing fixes with high error; estimated mean error for filtered FGPS fixes is less than
50 m (Shimada et al. 2012).
The turtles captured in their foraging habitats were
relocated between 0.2 and 28.1 km away from their
capture point and subsequently tracked back to the
area of capture (Shimada et al. 2016). The nesting
loggerhead turtles were released on the same beach
where they were captured, and tracked to their foraging habitats. We excluded fixes acquired prior to
turtles’ arrival at their foraging habitats (see Shimada
et al. 2016). Our tracking data did not suggest any
breeding activities adjacent to the described foraging
habitats (i.e. no consecutive FGPS fixes at a fixed
interval on a beach or at sea during the breeding
season), confirming that the tracks used in the
subsequent analyses represent only their foraging
behaviour.

Definition of home range and site fidelity
For each turtle, we used location data obtained
from Argos-linked FGPS tags to estimate utilisation

distributions (UDs) in 3 ways. Overall UD was estimated using the entire sequence of fixes available;
yearly UDs were estimated using subsets of fixes
grouped by a duration of 12 mo since the initial fix;
and monthly UDs were estimated using subsets of
fixes grouped by each calendar month.
Home range was defined as the areas containing
95% of a UD. That is, for each turtle, we estimated
home range at 3 different time scales; overall home
range using overall UD, yearly home ranges using
yearly UDs and monthly home ranges using monthly
UDs. Overall home range was only used to estimate
the area used by each turtle during the entire tracking period. Yearly home range was used to visually
compare habitat areas across years to look for evidence of long-term site fidelity. High-quality Argos
fixes and mark−recapture locations were also used
for the analysis with yearly home range. Monthly
home range was used to estimate the home range
size for each turtle in each calendar month, and also
to examine seasonal effects on home range size.
As an index for site fidelity, we calculated mean
integrated squared error (MISE) between pairs of
monthly UDs for each turtle. MISE measures the difference between 2 UDs as:
MISE =

1 n
∑ [ƒ1(x i , y i ) – ƒ2(x i , y i )]2
n i =1

(1)

where n is the number of grid points, x and y are the
longitude and latitude at each grid point, ƒ1(xi , yi ) and
ƒ2 (xi , yi ) are the estimated density at the i th grid point
of 2 UDs estimated from different months. A smaller
MISE indicates more similarity between UDs.
We estimated UDs using movement-based kernel
density estimators (MKDEs) based on a biased random bridge (Benhamou & Cornélis 2010, Benhamou
2011). Since the MKDE is designed for auto-correlated movement data (Benhamou & Cornélis 2010,
Benhamou 2011), we did not standardise temporal
intervals between successive fixes prior to UD estimation. To avoid bias in kernel-based estimates
resulting from small sample sizes, monthly UDs were
only estimated for months when ≥50 fixes were available (Seaman et al. 1999, Blundell et al. 2001). We
treated high tide lines as a boundary for UD estimation because foraging sea turtles rarely ascend to
beaches above high tide lines within our study sites.
As expressed in Eq. (1), MISE values are dependent
on area size and number of grid points. Therefore,
size of the areas analysed and grid resolution must be
kept consistent throughout any UD estimation so that
MISE values are comparable. We estimated each UD
with a grid resolution of 50 m over a fixed area of
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calendar month can also represent seasonal change, we did not use both SST
and calendar month as covariates in the
same model because they were highly
correlated, with variance inflation factors > 3 (Zuur et al. 2010).
To test the effects of the extreme
weather events on monthly home range
size, we associated each monthly home
range with the timing of the extreme
weather events. The months where
extreme weather events occurred (October 2010 to January 2011) and the folFig. 2. Time frame in relation to the series of extreme weather events that lowing 12 mo were regarded as ‘affected
occurred in Moreton Bay (shaded in grey). Solid line encloses the ‘affected months’ (Fig. 2). We considered this time
months’ when the extreme weather events occurred, as well as the following
12 mo. Dotted lines enclose the ‘normal months’ before and after the ‘affected frame to be the period during which turtles may have been affected by degradamonths’. F–M: February to May; J–S: June to September; O–J: October to
January. Rainfall data source: Bureau of Meteorology Station No. 40224
tion of food sources, because seagrass
meadows were observed to start recovering within 12 mo following the extreme weather
13 000 km2, which was large enough to enclose fixes
events (Rasheed et al. 2014), and similar rates of
of every turtle at each study site. The R package aderecovery were also observed in many species of seahabitatHR (Calenge 2006, 2015) was used to estimate
grass under an experimental environment (Rasheed
the UDs and to obtain home range size for each turtle
2004). The months before and after the ‘affected
(see Table S2 in the Supplement for the parameters
months’ (before October 2010 and after January
used).
2012) were regarded as ‘normal months’ (Fig. 2).
We grouped the MISE values into 2 categories to
test the effect of extreme weather on site fidelity. The
Factors potentially affecting home range size and
first group comprised MISE values between 2 ‘normal
site fidelity
months’. The second group contained MISE values
measured either between a ‘normal month’ and an ‘afWe examined effects of seasons and the extreme
fected month’ or between 2 ‘affected months’ (Fig. 2).
weather events on monthly home range size and site
The first group represents the range of shifts in
fidelity indices (i.e. MISE). We also included site and
habitat by turtles which occurred during the ‘normal
sex as covariates to account for their potential effects,
months’, and the second group represents the degrees
given geographical variation in home range size in
of shifts in habitat during the ‘affected months’ or bedifferent study sites (e.g. Hart & Fujisaki 2010) and
tween ‘normal months’ and ‘affected months’.
sexual variation in movements at a breeding site
However, the dataset was unbalanced in terms of
(Hays et al. 2001). However, our study only investiweather, species, sex and sites. Only female green
gated the movements of non-breeding turtles in their
turtles in Moreton Bay, male green turtles in Port
foraging habitats.
Curtis and loggerhead turtles of both sexes in MoreWe used changes in sea surface temperature (SST)
ton Bay were tracked during the ‘affected months’.
as a surrogate variable for seasonal change since
Female green turtles were tracked at 5 sites but male
water temperature is mainly dependent on season.
green turtles were tracked only in Moreton Bay and
To test the effects of SST on monthly home range
Port Curtis. Both female and male loggerhead turtles
size, we estimated monthly SSTs by averaging the
were tracked only in Moreton Bay (Table 1).
daily SST values for each month. To test the effect of
We therefore used 5 different data subsets to invesSST on site fidelity, we calculated absolute differtigate different questions about monthly home range
ences in monthly SST (ΔSST) between any pairs of
size and site fidelity. The effects of weather were
months for which MISE values were estimated. Daily
examined for female green turtles in Moreton Bay
SST was extracted from the NOAA High Resolution
(Subset 1) and male green turtles in Port Curtis (SubSST (0.25° resolution) database provided by the
set 2). The effect of site was only examined for female
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from
green turtles, which were tracked at 5 different sites
their website (www.esrl.noaa.gov/psd/). Although
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(Subset 3). We also examined the effects of sex for
green turtles tracked in Moreton Bay and Port Curtis
(Subset 4). Finally, the last data subset only used loggerhead turtles in Moreton Bay to examine the effects of sex and weather (Subset 5). The effect of SST
was tested in all data subsets. We also tested the
effect of sample size (i.e. number of fixes) on monthly
home range size in all data subsets.
Finally, seasonal habitat shifts were examined in
detail. We first extracted a data subset for which the
first month of paired monthly UDs was in summer
(i.e. December to February) so that shifts in habitats
could be examined for a particular season. For example, if a pair of monthly UDs was estimated first in
December 2010 (summer) and second in June 2011
(winter), the MISE value of the pair represents the
difference in habitat area between summer and winter. We chose this data subset because, for both green
and loggerhead turtles, temporal range (i.e. number
of months apart between paired monthly UDs) was
wider in this category than in the data subsets for
which the first month of paired monthly UDs was in
autumn, winter or spring.

Statistical methods
We used generalised additive mixed models
(GAMMs) to investigate factors that affected monthly
home range sizes and site fidelity indices. Five different data subsets were used to test the effects of
weather, site, sex, monthly SST or ΔSST and sample
size. We tested for interaction effects between site and
monthly SST or ΔSST when the data subset included
turtles from multiple study sites. Since multiple UDs
were estimated for each turtle (i.e. monthly UDs), we
treated each turtle as a random effect to allow for
within-turtle correlations. We verified that there was
no issue with collinearity among covariates: variance
inflation factors were all < 3 (Zuur et al. 2010). We also
used GAMMs to examine seasonal shifts in habitat by
modelling MISE as a function of the number of
months since summer. For clarity, fixed components of
each model are specified in the Results. Fixed variables that were allowed to have a nonlinear effect are
indicated as ‘f (variable)’. The GAMMs used an identity link with a Gaussian distribution error structure
(Wood 2011). The optimal amount of smoothing was
determined with the cross-validation process (Wood
2006). Wald tests were performed to examine the effect of each explanatory variable tested in the
GAMMs. We used the R package mgcv to fit GAMMs
and to perform the Wald tests (Wood 2016).

RESULTS
General properties of tracking data, home range
and site fidelity
Tracking durations with Argos-linked FGPS tags
ranged from 22 to 778 d (median = 158 d) for 52 green
turtles, and from 56 to 999 d (median = 221 d) for 20
loggerhead turtles (Table 1). The estimated overall
home range size of green turtles was highly variable,
ranging from 2.8 to 166.3 km2 with a median of
31.3 km2 (Table 1). The variation in overall home
range size was also large in loggerhead turtles, ranging from 10.3 to 350.6 km2 with a median of 24.0 km2
(Table 1).
Tracking duration in months, measured between
the first and last month for which monthly home
range was estimated, ranged from 1 to 26 mo (median = 5 mo) for green turtles and 2 to 30 mo (median
= 4 mo) for loggerhead turtles. It is important to note
that monthly home range was not estimated for every
month during each tracking period due to a lack of
fixes in some months (i.e. n < 50). Consequently,
monthly home range was estimated for up to 26 different months (median = 4 mo) for each green turtle
and up to 10 different months (median = 4 mo) for
each loggerhead turtle. Monthly home range size
ranged from 0.7 to 174.3 km2 (median = 12.5 km2) for
green turtles, and from 1.7 to 424.7 km2 (median =
15.8 km2) for loggerhead turtles (Table 2). Variation
in monthly home range size within each individual
ranged from < 0.1 to 152.7 km2 (median = 3.9 km2) for
green turtles and from < 0.1 to 400.2 km2 (median =
8.9 km2) for loggerhead turtles.
Monthly SST ranged from 18.2 to 30.4°C (median =
23.4°C) at 5 study sites when green turtles were
tracked, and from 19.2 to 27.3°C (median = 23.0°C) in
Moreton Bay when loggerhead turtles were tracked
(Table 2). Using data associated with green turtles,
we modelled ΔSST as a function of study sites in a
generalised linear model (GLM) using log link with
Gamma distribution. The likelihood ratio test, performed using the R package lmtest (Zeileis &
Hothorn 2002), indicated a significant effect of study
sites on ΔSST (χ2 = 45.16, df = 2, p < 0.0001). ΔSST
was significantly smaller in Port Curtis and Torres
Strait than in other sites (Fig. 3).
In total, 11 turtles were tracked for >1 yr: 5 female
green turtles, 5 female loggerhead turtles and 1 male
loggerhead turtle. In particular, > 2 yr of tracking
were achieved using a single satellite-tag deployment on 3 turtles: a female green turtle in Shoalwater
Bay for 2.1 yr (Fig. 4a), a female loggerhead turtle in
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Table 2. Summary statistics associated with monthly utilisation distributions (UDs) of the study turtles. See Fig. 1 for study
sites. F: female, M: male, SST: sea surface temperature. Data are presented as the median with minimum and maximum values
in parentheses. Monthly 95% UD area for a turtle was estimated only for a month when ≥50 location fixes were acquired
Site
Chelonia mydas
MB
SS
PC
SB
TS
Caretta caretta
MB

Sex

No. fixes mo−1

95% UD (km2 mo−1)

SST (°C mo−1)

ΔSST (°C between months)

F
M
F
M
F
M
F
M
F
M

101 (2−471)
283 (43−462)
122 (1−333)
−
51 (1−294)
105 (6−412)
176 (1−700)
−
79 (5−289)
−

24.8 (1.8−97.7)
39.2 (16.6−98.8)
19.6 (0.7−127.2)
−
10.3 (2.5−67.2)
12.7 (3.5−50.3)
4.9 (1.1−23.0)
−
5.5 (3.5−174.3)
−

23.6 (19.3−27.1)
21.1 (19.7−22.6)
22.4 (18.2−27.4)
−
23.4 (19.6−27.0)
21.8 (19.6−27.6)
23.2 (19.9−28.0)
−
28.2 (25.6−30.4)
−

2.5 (0.2−6.5)
1.4 (0.6−2.9)
3.1 (< 0.1−9.2)
−
1.2 (0.1−3.8)
2.2 (0.1−7.2)
2.7 (< 0.1−8.2)
−
1.4 (0.5−4.5)
−

F
M

35 (1−490)
37 (1−428)

11.8 (1.7−45.8)
24.5 (4.8−424.7)

24.6 (19.2−27.3)
21.8 (20.2−26.4)

1.8 (0.1−6.8)
2.2 (< 0.1−6.2)

Moreton Bay for 2.7 yr (Fig. 4e) and a male loggerhead turtle in Moreton Bay for 2.5 yr (Fig. 4i). Each of
the 11 turtles used overlapping home ranges repeatedly over multiple years (Fig. 4). Yearly home ranges
of only 9 turtles are presented in Fig. 4 because second-year home ranges could not be estimated for 2 of
the female green turtles due to an insufficient number of location fixes (i.e. < 5 fixes) during the second
year of tracking.
Further, over 3 yr of foraging residency was inferred for 5 green turtles (up to 17 yr) and for 12 loggerhead turtles (up to 23 yr) using the combination of

satellite telemetry (up to 2 deployments per turtle)
and intermittent mark−recapture records (Fig. 4,
Table S1). N either the satellite telemetry data nor
mark−recapture records indicated shifts in foraging
habitat by each turtle across years.

Monthly home range size
We asked 4 different questions related to monthly
home range size using 5 subsets of the tracking data.
(1) We tested the effect of the extreme weather
events on monthly home range size of female green
turtles in Moreton Bay (Subset 1) and male green turtles in Port Curtis (Subset 2) in separate models. The
model is:
Monthly home range size ~ Weather + ƒ(SST)
+ Sample size
Neither weather, SST nor sample size was associated with variation in the monthly home range size
(Table 3: Subset 1, 2). Based on these results, subsequent analyses used green turtle data regardless of
association with the extreme weather events.
(2) We examined the geographical effects on
monthly home range size of female green turtles
tracked at 5 different study sites (Subset 3). The
model is:

Fig. 3. Absolute difference in sea surface temperature
(ΔSST) between any pairs of utilisation distributions (UDs)
estimated for green turtles Chelonia mydas at 5 different
study sites (see Fig. 1). Dots are generalised linear model fits
with error bars denoting 95% confidence intervals

Monthly home range size ~ Site + ƒ(SST):Site
+ Sample size
The sample size did not have a perceptible effect
on the monthly home range size of the female green
turtles. Site did affect monthly home range size
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Fig. 4. Yearly home ranges (coloured polygons), high-quality Argos fixes (black dots) and capture locations (yellow squares)
for green turtles Chelonia mydas and loggerhead turtles Caretta caretta which were tracked for more than 1 yr. Sample size
(number of locations) is presented in brackets within the legend. Female green turtles: (a) K55740 in Shoalwater Bay, (b)
QA23117 in Sandy Strait and (c) QA23188 in Sandy Strait; female loggerhead turtles in Moreton Bay: (d) QA13932, (e) T14914,
(f) T23158, (g) T29282 and (h) T93038; and a male loggerhead turtle (i) T53800 in Moreton Bay

(Table 3: Subset 3). Female green turtles in Shoalwater Bay had significantly smaller monthly home
ranges than those at other sites (Fig. 5). SST was only
associated with the monthly home range size of the
turtles in Sandy Strait (Table 3: Subset 3): the turtles

used larger areas in warmer water, indicating a seasonal change in home range size (Fig. 6b). At the other
study sites, home range size was consistent throughout the range of SST recorded during our tracking
study (Fig. 6a,c,d,e). Thus, only turtles in Sandy Strait
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Table 3. Factors affecting monthly home range size (mHR) of green turtles Chelonia mydas and loggerhead turtles Caretta caretta. See Fig. 1 for
study sites. F: female, M: male, SST: sea surface temperature. All data
subsets include location fixes acquired during ‘affected months’ and ‘normal months’ (weather; see Fig. 2). Individual turtles were treated as random effects. ƒ(SST) indicates that SST was allowed to have a nonlinear
effect in the generalised additive mixed models. The effective degrees of
freedom are provided for SST to indicate the amount of smoothing used.
N is the number of fixes used for mHR estimation (i.e. sample size)

Species

Data subsets
Site

Sex

Fixed
effects

df

F

p

Subset 1
Chelonia mydas

MB

F

Weather
ƒ(SST)
N

1
1
1

0.31
1.53
0.01

0.578
0.22
0.937

Subset 2
Chelonia mydas

PC

M

Weather
ƒ(SST)
N

1
1
1

0.15
3.27
3.44

0.698
0.08
0.073

Subset 3
Chelonia mydas

All

F

Site
ƒ(SST):MB
ƒ(SST):SS
ƒ(SST):PC
ƒ(SST):SB
ƒ(SST):TS
N

4
5.62
1
1.82
2.36 11.03
1
1.12
1
0.02
1
0
1
0.11

< 0.001
0.178
< 0.001
0.291
0.876
0.998
0.745

Subset 4
Chelonia mydas

Subset 5
Caretta caretta

MB, PC F, M

MB

F, M

Sex
Site
ƒ(SST):MB
ƒ(SST):PC
N

1
1
1
1
1

0.83
8.07
3.36
0.01
0.04

0.365
0.005
0.069
0.92
0.837

Weather
Sex
ƒ(SST)
N

1
1
1
1

0.46
1.88
0.57
2.9

0.5
0.174
0.093
0.454
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were used to model the monthly home
range size as a function of calendar month
using GAMM. The model is:
Monthly home range size ~ ƒ(Calendar
month)
Month of year had a significant effect
on the monthly home range size of the
turtles in Sandy Strait (F = 6.94, edf = 2.95,
p < 0.001), i.e. smaller during winter and
larger during summer (Fig. 7).
(3) The sexual differences in monthly
home range size of green turtles were
tested for turtles in Moreton Bay and Port
Curtis (Subset 4). The model is:
Monthly home range size ~ Sex + Site
+ ƒ( SST):Site + Sample size
N either sex nor sample size had an
effect on the monthly home range size
(Table 3: Subset 4). Site had a significant
effect, but SST was not associated with
the monthly home ranges of the turtles
in Moreton Bay and Port Curtis.
(4) Lastly we tested the effects of the
extreme weather events, sex and SST on
monthly home range size of loggerhead
turtles in Moreton Bay (Subset 5). The
model is:
Monthly home range size ~ Weather +
Sex + ƒ(SST) + Sample size
N either weather, sex, SST nor sample
size had significant effects on monthly
home range size of the loggerhead turtles
(Table 3: Subset 5).

Site fidelity

Fig. 5. Geographical differences in monthly home range size
(mHR) of adult female green turtles Chelonia mydas in
northeastern Australia. See Fig. 1 for study sites. Dots are
generalised additive mixed model fits with error bars denoting 95% confidence intervals

We also investigated 4 different questions related to
site fidelity using 5 subsets of tracking data. The following analyses did not include the sample size (i.e.
number of fixes) as a covariate since monthly home
range size was not affected by sample size (Table 3).
(5) We first examined the effect of the extreme
weather events on site fidelity for female green turtles in Moreton Bay (Subset 1) and male green turtles
in Port Curtis (Subset 2). The model is:
MISE ~ Weather + ƒ(ΔSST)
The extreme weather events did not have an effect
at those 2 study sites (Table 4: Subsets 1, 2). ΔSST
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Fig. 6. Effects of sea surface temperature (SST) on monthly home range size (mHR) of adult green turtle Chelonia mydas (a) females and males in Moreton Bay, (b) females in Sandy Strait, (c) females and males in Port Curtis, (d) females in Shoalwater
Bay and (e) females in Torres Strait; and of adult loggerhead turtles Caretta caretta (f) females and males in Moreton Bay. Dots
are monthly home range sizes (log scale) for each observation, corrected for individual turtle variation. Generalised additive
mixed model fit (solid line) and 95% confidence interval (grey band) are presented for the Sandy Strait data for which the
relationship is significant (see Table 3: Subset 3)

was only associated with site fidelity for female green
turtles in Moreton Bay (Table 4: Subset 1) but not for
male green turtles in Port Curtis (Table 4: Subset 2).
Based on these results, the following analyses used
green turtle data regardless of the association with
the extreme weather events.
(6) We tested the effect of study site on site fidelity
for female green turtles (Subset 3). The model is:
MISE ~ Site + ƒ(ΔSST):Site
Study site had no effects on site fidelity, but ΔSST
had significant effects on site fidelity for female
green turtles in Moreton Bay, Sandy Strait and Shoalwater Bay: the effects were not significant in Port
Curtis and Torres Strait (Table 4: Subset 3).
(7) We tested for sex-based differences in site fidelity for green turtles tracked in Moreton Bay and
Port Curtis (Subset 4). The model is:
MISE ~ Sex + Site + ƒ(ΔSST):Site
N either sex nor study site had an effect on site
fidelity (Table 4: Subset 4). ΔSST was significantly
related to site fidelity in green turtles in Moreton Bay

Fig. 7. Estimated home range size (mHR) of adult female
green turtles Chelonia mydas in Sandy Strait in each month
of year. Solid line is a generalised additive mixed model fit
with the grey band denoting a 95% confidence interval.
Dots are monthly home range sizes (log scale) for each observation, corrected for individual turtle variation
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Table 4. Environmental and biological factors affecting site fidelity
(indexed by the mean integrated squared error, MISE) of green turtles
Chelonia mydas and loggerhead turtles Caretta caretta. See Fig. 1 for
study sites. F: female, M: male, SST: sea surface temperature. All data
subsets include location fixes acquired during ‘affected months’ and ‘normal months’ (weather; see Fig. 2). ƒ(ΔSST) indicates that ΔSST was
allowed to have a nonlinear effect in the generalised additive mixed
models. The effective degrees of freedom are provided for SST to
indicate the amount of smoothing used

Species

Data subsets
Site

Sex

Fixed
effects

df

F

Subset 1
Chelonia mydas

MB

F

Weather
ƒ(ΔSST)

1
1

1.77
4.33

Subset 2
Chelonia mydas

PC

M

Weather
ƒ(ΔSST)

1
1

0.89
0.36

Subset 3
Chelonia mydas

All

F

MSite
ƒ(ΔSST):MB
ƒ(ΔSST):SS
ƒ(ΔSST):PC
ƒ(ΔSST):SB
ƒ(ΔSST):TS

4
1
1
1
1
1

0.42
6.46
37.04
0.08
111.5
1

Sex
Site
ƒ(ΔSST):MB
ƒ(ΔSST):PC

1
1
1
1

0.26
0.02
5.83
0.89

Weather
Sex
ƒ(ΔSST)

1
1
1

1.05
0.92
24.45

Subset 4
Chelonia mydas

Subset 5
Caretta caretta

MB, PC F, M

MB

F, M

but the effect was not significant in Port Curtis
(Table 4: Subset 4).
(8) Lastly we examined the effects of the extreme
weather events, sex and ΔSST on site fidelity of loggerhead turtles in Moreton Bay (Subset 5). The model is:
MISE ~ Weather + Sex + ƒ(SST)
As seen in green turtles, ΔSST had a significant effect, but neither weather nor sex was associated with
site fidelity for loggerhead turtles (Table 4: Subset 5).
There were linear relationships between MISE
(log scale) and ΔSST for turtles in Moreton Bay,
Sandy Strait and Shoalwater Bay (Fig. 8a,b,d,f),
demonstrating differential habitat use associated
with different SST values. Since SST is strongly
affected by seasons, we investigated in detail how
the shifts in habitat were related to seasons. More
specifically, for each turtle, we examined temporal
shifts in monthly UDs relative to summer months.
The model is:
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MISE ~ ƒ(Number of months since summer)

For this analysis, we pooled the data for
each species regardless of weather, site
and sex, as those parameters did not
have perceptible effects on MISE values
(Table 4). However, we did not include
data for green turtles in Port Curtis and
Torres Strait due to their lack of relationp
ship between MISE and ΔSST (Table 4:
Subsets 2, 3 and 4).
A total of 167 pairs of monthly UDs were
0.185
in the category of ‘shifts since summer
0.038
months’ for green turtles. The maximum
time difference between each pair of
0.349
monthly UDs was 20 mo. Green turtles
0.55
shifted their habitats between the summer
months and the following winter months
0.797
0.011
during the first year of tracking, but in the
< 0.001
summer of the second year of tracking,
0.78
they shifted back to the habitats which
< 0.001
they had used during the previous sum0.318
mer months (Fig. 9a). As the time moved
away from the summer months in the sec0.61
0.904
ond year, the green turtles again shifted
0.016
away from the summer habitat (Fig. 9a).
0.346
For loggerhead turtles, a total of 34 pairs
of
monthly UDs were in the category of
0.306
‘shifts
since summer months’. The maxi0.337
< 0.001
mum time difference between each pair of
monthly UDs was 29 mo. Similar to green
turtles, loggerhead turtles showed a seasonal shift in habitat between the summer
months and the following winter months in the first
and third year of tracking (Fig. 9b).
Plots of summer and winter home range polygons
(Fig. 10) are consistent with the seasonal patterns
that were identified by the analyses with MISE. Both
species remained in shallow coastal areas throughout a year, but a summer−winter habitat shift was
evident for turtles at our 3 sub-tropical sites: Moreton
Bay, Sandy Strait and Shoalwater Bay (Fig. 10).
There was no apparent movement that resembles an
escape from cold water during winter, such as migration to waters at lower latitudes or to deeper off-shore
waters where temperature would be higher.
The seasonal shifts in habitat resulted in variation
of protection given to turtles in eastern Moreton
Bay, where regulation protects sea turtles from boat
strikes (i.e. ‘Go Slow Zones’). For example, a female
green turtle mostly used habitat within the Go Slow
Zones during winter but extended its habitat outside
of the protected zones during summer (Fig. 10a). In
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Fig. 8. Effects of sea surface temperature (SST) on site fidelity for adult green turtle Chelonia mydas (a) females and males in
Moreton Bay, (b) females in Sandy Strait, (c) females and males in Port Curtis, (d) females in Shoalwater Bay and (e) females in
Torres Strait; and for adult loggerhead turtle Caretta caretta (f) females and males in Moreton Bay. Mean integrated squared
error (MISE) values (indices of site fidelity) represent the differences between each combination of utilisation distributions
(UDs; a smaller MISE value indicates similar home ranges). ΔSST is the absolute difference in SST between each combination
of UDs. Dots are MISE values (log scale) for each observation, corrected for individual turtle variation. Generalised additive
mixed model fits (solid line) and 95% confidence intervals (grey band) are presented for data for which the relationship is
significant (see Table 4)

the case of a male loggerhead turtle, the summer
habitat was mostly inside the Go Slow Zones, but its
winter habitat spread extensively over non-protected
areas (Fig. 10d).

DISCUSSION
We demonstrated that spatio-temporal home range
analysis can reveal important movement patterns of
threatened sea turtles. Our results represent the first
evidence of seasonal variation in habitat use by adult
green and loggerhead turtles in subtropical coastal
foraging habitat in the southern hemisphere. We also
provided further evidence of long-term fidelity to a
foraging habitat and geographical variation in home
range size for those populations.
Using satellite-derived location data, site fidelity
for more than 1 yr was clearly demonstrated by green
and loggerhead turtles in various foraging areas
along the Queensland coast of Australia. Further,

from the combination of satellite telemetry and
mark−recapture records we inferred extended foraging residency, up to 17 yr by green turtles and up
to 23 yr by loggerhead turtles. These are among the
longest periods of fidelity to particular foraging habitats reported in sea turtles. Limpus & Limpus (2003)
recorded loggerhead females maintaining foraging
residency on a single small coral reef for up to 23 yr,
following their recruitment from oceanic pelagic dispersal to benthic foraging on these reefs and continuing across multiple foraging periods between successive adult breeding migrations. Having long-term
site fidelity may increase sea turtles’ biological and
reproductive fitness by ensuring reliable access to
good foraging and resting areas. It may also reduce
the impacts of predation by knowing where predators are most likely found and where they can be
evaded.
Within each long-term habitat, our study turtles
were observed to seasonally shift their main habitat
at our 3 subtropical sites (Moreton Bay, Sandy Strait
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Fig. 9. Chronological shift in foraging habitat from summer months (a) by adult green turtles Chelonia mydas in Moreton Bay
(green), Sandy Strait (red) and Shoalwater Bay (blue); and (b) by adult loggerhead turtles Caretta caretta in Moreton Bay
(black). Mean integrated squared error (MISE) values (indices of site fidelity) represent the differences between each combination of utilisation distributions (UDs; a smaller MISE value indicates similar home ranges). Solid lines are generalised
additive mixed model fits with grey bands denoting 95% confidence intervals. Dots are MISE values (log scale) for each observation, corrected for individual turtle variation

Fig. 10. Summer (red polygons) and winter (blue polygons) home range of a female green turtle Chelonia
mydas in (a) Moreton Bay,
(b) Sandy Strait and (c)
Shoalwater Bay; and of a
male loggerhead turtle Caretta caretta in (d) Moreton
Bay. Water depth zones at
mean sea level are shown
by grey gradient: > 0−25 m
(light grey), > 25−50 m
(grey) and > 50 m (dark
grey). Green hatched polygons denote the ‘Go Slow
Zones’ for turtles and dugongs in Moreton Bay
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and Shoalwater Bay). The seasonal shifts made by
green turtles in Sandy Strait were due to habitat
expansion during the summer months and contraction during the winter. Yet, for the turtles in Moreton
Bay and Shoalwater Bay, the shifts in habitat were
not necessarily related to changes in home range
size; rather, these shifts indicated changes in localised fidelity resulting from shifts to overlapping
habitat of similar area during different seasons
(Figs. 6a,d & 8a,d). Similarly, a seasonal shift in habitat commonly occurs in sea turtles living in temperate
waters, where turtles move according to changes in
water temperature, resulting in tens to thousands of
kilometres of foraging migration (e.g. Chelonia mydas: Godley et al. 2002, González Carman et al. 2016;
Caretta caretta: Morreale & Standora 2005, Schofield
et al. 2013a, Narazaki et al. 2015; Lepidochelys kempii: Morreale & Standora 2005). Although the seasonal movements seen in our study turtles are not as
extreme as those detected in temperate waters, the
behaviour could be related to local-scale variation of
water temperature as seen in female loggerhead turtles during inter-nesting periods (Schofield et al.
2009), and does not preclude potential thermoregulatory effects. Testing this hypothesis requires concurrent data of turtle movements and water temperature
at high resolution (e.g. hourly SST at 50 m grid resolution to match the expected temporal and spatial
resolutions of FGPS data).
The small-scale seasonal movements we found
could also be driven by spatial shifts of the turtles’
food sources. Seagrass is the main diet for green turtles whilst loggerhead turtles mostly feed on benthic
invertebrates at our study sites (Garnett et al. 1985,
Limpus et al. 2001, 2005, Arthur et al. 2008b). Green
turtles may have simply followed any shifts in the
spatial distribution and abundance of seagrass, which
is known to be affected by various environmental and
geographical factors (Rasheed & Unsworth 2011).
Loggerhead turtles in Moreton Bay forage on benthic
invertebrates, which are often found in seagrass
meadows (Limpus et al. 2001). It may be expected that
the home range of loggerhead turtles changed in concert with seasonal distributions of seagrass and associated invertebrate prey species. Temporal blooms of
gelatinous plankton at our study sites (Arthur et al.
2008a) could also have contributed to the observed
shifts in habitat, as some loggerhead and green turtles
are known to consume planktonic invertebrates at our
study sites (Limpus et al. 2001, Arthur et al. 2007).
Comparison of home range (for areas or fidelity)
can be challenging when data from varying tracking
durations and seasons are used. For example, a sea-

sonal shift in habitat was not detected in turtles from
Port Curtis although the climate there is similar to our
other subtropical sites (Moreton Bay, Sandy Strait
and Shoalwater Bay). That is likely because the
turtles in Port Curtis were not tracked across periods
with major seasonal changes (e.g. summer to winter),
and consequently changes in SST across the tracking
periods were significantly smaller in Port Curtis than
other subtropical sites (Fig. 3). The same explanation
may apply for failure to detect seasonal shifts in
habitat by turtles in Torres Strait. However, since
Torres Strait is nearer to the equator (approximately
9−10° S), it is also likely that seasonal effects were
trivial in Torres Strait. Clearly, long-term tracking
data are essential for robust home range studies, as
aforementioned hypotheses could be verified through
satellite telemetry data across periods including both
summer and winter. Other studies using different
species or simulations have also documented the
issue with tracking duration when estimating home
range size (Swihart & Slade 1997, Börger et al. 2006).
Therefore, we emphasise that tracking duration and
season should always be accounted for when comparing multiple home ranges or data across studies to
avoid misleading statistical inferences. This precaution would be highly relevant to most studies using
satellite telemetry because the transmission can unexpectedly cease for many reasons (Hays et al. 2007),
resulting in shortened tracking durations.
Geographical variations in home range size were
evident in the present study and others (Hart &
Fujisaki 2010, Schofield et al. 2010, Gredzens et al.
2014). Home range size may be determined by distribution and abundance of food sources, and therefore
is highly dependent on the unique environmental
and biological factors present at each site. While climate may be another determinant for home range
size, we did not find any evidence that latitude
affected the home range size in subtropical and tropical habitats (Fig. 5). Nevertheless, this is potentially
an important indication for research and management to be examined at local scales.
We did not find any evidence that the extreme
weather events affected home range size or site
fidelity of sea turtles at 2 of our study sites (eastern
Moreton Bay and eastern Port Curtis), despite an
increase of stranded turtles along the Queensland
coast during 2011 (Meager & Limpus 2012). Similarly, the same extreme weather events did not
appear to affect habitat use by herbivorous dugongs
Dugong dugon in Moreton Bay (Sobtzick et al. 2012).
Although the extreme weather events resulted in a
release of large amounts of sediments into the bay,
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the flood plumes did not spread onto the seagrass
meadows of our study area in eastern Moreton Bay
(Yu et al. 2014). This is largely because a portion of
the strong eastern Australian Current streams into
the bay, pushing the turbid water away from eastern
Moreton Bay (Milford & Church 1977, Yu et al. 2014).
Unlike eastern Moreton Bay, the flood plumes
reached our turtle tracking site in Port Curtis. However, we speculate that much of the flood plume may
have migrated quickly by currents through the adjacent passage linking to the outside of the bay. Testing this hypothesis requires high-resolution current
data and satellite imagery. Nonetheless, these potential geographical advantages underline the high conservation value of eastern Moreton Bay and eastern
Port Curtis as foraging habitats for many wildlife species including sea turtles and dugongs.
Long-term fidelity to a foraging habitat is a strong
behavioural feature of many sea turtle species (e.g.
Chelonia mydas: Chaloupka et al. 2004, Shimada et
al. 2014, this study; Caretta caretta: Limpus & Limpus
2001, 2003, Thomson et al. 2012, this study; Eretmochelys imbricata: Limpus 1992), which may persist
for decades even after human-induced displacement
(Shimada et al. 2016). Ideally, the home range of sea
turtles should be estimated using year-round tracking data, as highlighted by the seasonal movements
within the long-term foraging habitats. These characteristics of sea turtle behaviour warrant careful
consideration by conservation managers when planning or revising designated conservation areas such
as marine protected areas or restricted area zones
(e.g. Go Slow Zones, Fig. 10a,d) to protect threatened
species or their foraging habitat from increasing
human activities. Given that food resources and
other environmental variables are expected to vary
among seasons, this guidance could be applicable to
research and conservation of various species in marine and terrestrial habitats globally.
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