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A B S T R A C T

The financial expense of tracking solutions often impedes effective characterisation of habitat use in threatened
marine megavertebrates. Yet some of these taxa predictably aggregate at coastal breeding sites, providing
conservation opportunities. Toward a low-cost solution for tracking marine megavertebrates, we trial conven-
tional GPS data loggers against Argos satellite transmitters for assessing inter-nesting habitat use of marine
turtles. Devices were attached to green (Chelonia mydas) and loggerhead (Caretta caretta) turtles nesting at a
study site in Cyprus, where patrol teams were in place to retrieve GPS loggers from turtles returning to lay
subsequent clutches. GPS tracking revealed loggerhead turtles to predominantly use areas outside the boundaries
of an MPA proposed for the region, while both species under-used much of the MPA area. Due to high location
error, Argos data were considered unsuitable for such fine-scale assessments (all location classes except Z were
included in our analysis). However, Argos tracking showed half the loggerhead turtles sampled also nested
outside of the patrolled study area, demonstrating connectivity with other proposed MPAs. This was not ac-
counted for by GPS tracking, because females exhibiting this behaviour rarely returned to the study beach,
precluding GPS retrieval, thus, demonstrating the power of remote data access. The low-cost GPS technology
could be considered in similar cases, where recapture is likely and where funding barriers preclude the use of
Argos-relay fast-acquisition GPS technology. In combining the accuracy GPS and the continuity of Argos, the
latter provides the best solution in most scenarios, but at far greater cost.

1. Introduction

Marine megavertebrates typically disperse over large spatial scales,
across which anthropogenic threats are diverse, difficult to assess and
therefore challenging to mitigate (Block et al., 2001; Croxall et al.,
2005; Maxwell et al., 2013; Scales et al., 2014). As conservation be-
comes increasingly important to human development, animal tracking
studies have become key in establishing priority areas at sea for ad-
dressing loss of biodiversity (Anadón et al., 2011; Coll et al., 2012;
Ramos et al., 2017). To meet the demand of growing research and need,
biologging solutions for marine megavertebrates have evolved to en-
compass a broad range of species, scenarios and biological questions
(reviewed by Crossin et al., 2014 and Hays, 2014).

Prior to the inception of Argos-based satellite tracking in the 1980s,
marine megavertebrate habitat use studies were reliant on mark-

recapture methods (Godley et al., 2008). Under many circumstances
recapture of study animals is highly improbable, and their movements
may be broad, unpredictable and remote with great effort and extended
durations needed (eg. Horrocks et al., 2016). Animal tracking in the
marine realm has therefore become heavily reliant on the Argos sa-
tellite system for real time global location estimation and data retrieval
(Gredzens et al., 2014; Martínez-Miranzo et al., 2016; Reynolds et al.,
2017; Thums et al., 2017). The cost of taxon-bespoke Argos platform
transmitter terminals (PTTs) along with the associated Argos system
fees is typically $2000–6000 USD per study animal, depending on the
type of unit used and the duration of tracking. This has meant that
understanding the habitat requirements of many populations of con-
servation concern has been fiscally unachievable (Jeffers and Godley,
2016). In some cases, protected areas could have been more effective,
had tracking data been incorporated in their design (Witt et al., 2008;
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Hays et al., 2014., Mazor et al., 2016).
While their broad dispersal poses a management challenge, many

marine megavertebrate taxa aggregate to breed/nest/rear young at
predictable locations and during set seasons, often in human-populated
coastal areas, where the diversity and magnitude of anthropogenic
threats can be elevated (Barlow et al., 2002; Castillo-Géniz et al., 1998;
Haynes, 1987). At breeding sites, human effects (such as direct har-
vesting, habitat degradation) are acute because reproductive in-
dividuals and/or the process of reproduction are impacted. Conversely,
breeding aggregations present a valuable opportunity for conservation.
If priority coastal areas can be identified and human activities within
these areas managed, then reproduction can be safeguarded and, in-
deed, some populations have shown significant and sustained recovery
after cessation of decades or centuries of human pressures at breeding
sites (Staniland et al., 2011; Weber et al., 2014).

Aggregation at breeding sites may provide an opportunity for data
loggers to be deployed and subsequently retrieved, negating the re-
quirement for remote data links. For example, onboard data loggers
have been used to study incubating seabirds (Scheffer et al., 2012),
whelping seals (Jeanniard-du-Dot et al., 2017) and nesting marine
turtles (Houghton et al., 2002). Such taxa show fidelity to terrestrial
breeding sites which they visit repeatedly within seasons, allowing
adequate recapture rates for biologging studies. The reduction in size of
low-cost (approximately $75 USD), off-the-shelf GPS loggers, developed
for the more competitive human tracking market, has increased the
financial feasibility of animal tracking (e.g. when modified to track
birds: Bodey et al., 2014). Such units require extended surface time to
acquire satellite ephemerides and almanac data, so for diving marine
megavertebrates that surface only briefly to breathe, tags use fast-ac-
quisition GPS logging technology such as FastLoc® (eg. Hoskins et al.,
2015). But such tags are relatively expensive due to technology copy-
righting and the cost of calibrating and individually testing tags for
specific taxa (eg $3300 USD pers. comm Kevin Lay, Wildlife Compu-
ters). Even at discrete breeding sites where probabilities of recapture
are relatively high, a proportion of tags will be lost, as not all animals
will be recaptured. Given the expense of fast-acquisition GPS tag losses,
an Argos-relay to upload archived GPS data is thus advisable, again at
significant additional cost per study animal (eg $5000 USD pers. comm
Kevin lay, Wildlife Computers), plus monthly Argos payments.

Among diving marine megavertebrate taxa, marine turtles are an
appropriate group for tracking studies using archival data loggers, be-
cause they migrate from dispersed foraging grounds to aggregate off
discrete beaches, onto which females emerge predictably to lay mul-
tiple nests. During mating and inter-nesting periods (the period be-
tween subsequent nesting events), marine turtles usually spend many
weeks or months within habitats proximal to their nest sites, where
Marine Protected Areas (MPAs) can be established to mitigate threats
such as fisheries bycatch (Casale et al., 2017; Casale and Heppell,
2016), industrial activities such as seismic surveys (Nelms et al., 2016)
or dredging (Whittock et al., 2017), limited or prolonged pollution
events (Lauritsen et al., 2017; Wallace et al., 2017), boat strikes
(Denkinger et al., 2013), human exploitation (Stringell et al., 2015) and
human disturbance (Schofield et al., 2010; Zbinden et al., 2007). Many
of these are prevalent in the Mediterranean (Casale et al., 2018).

To delimit priority marine turtle habitat-use zones, telemetry is
often the most efficacious method. Where habitat use is being studied at
such fine scales as during inter-nesting movements, GPS-quality loca-
tion estimates have been advised (Thomson et al., 2017; Witt et al.,
2010), but, due to the short surfacing periods of marine turtles, these
have to date required Argos-relay fast-acquisition GPS devices
(Schofield et al., 2007, 2009a; Shimada et al., 2017., Thomson et al.,
2017). Considerable funding barriers (tens to hundreds of thousands of
dollars per site) therefore exist to establishing well managed MPAs off
the thousands of protected nesting beaches identified and monitored
around the world (Hamann et al., 2010).

At a monitored nesting site in northern Cyprus, where nearly all

nesting turtles are encountered by an established field team (Stokes
et al., 2014), we set out to trial and compare the utility of conventional
GPS loggers and Argos-only satellite telemetry (PTTs), in assessing the
inter-nesting habitat use of sympatric green (Chelonia mydas) and log-
gerhead turtles (Caretta caretta). Using marine turtles as a case example
for diving marine megavertebrates, our goals were to determine whe-
ther Argos-linked fast-acquisition GPS technology was necessary, or
whether either Argos PTTs or conventional GPS loggers could be used at
lower cost.

2. Methods

2.1. Study area

In northern Cyprus, nesting of green turtles and loggerhead turtles is
sympatric; some nesting beaches are used more intensively by one
species than the other, but both species use all monitored beaches at
least occasionally. Intensive night-time monitoring and tagging has
been undertaken at Alagadi Beach (Fig. 1) since 1993. These two bays
of 1.2 and 0.8 km in length, form part of a locally designated Specially
Protected Area and boundaries have been delineated for a proposed
Natura 2000 site (European Union network of protected areas; Fuller
et al., 2009a). The Natura 2000 site management plan includes an MPA,
within which fisheries and other human pressures are to be regulated to
protect marine turtles while they are aggregating off the nesting bea-
ches (Fig. 1). To prevent disturbance of nesting females the Department
for Environmental Protection enforce closure of the Alagadi beaches
between 20:00 and 08:00 and the Society for the Protection of Turtles
(SPOT) in partnership with the Marine Turtle Research Group at Uni-
versity of Exeter, are permitted to undertake studies. An international
team of volunteers are hosted by SPOT near Alagadi beaches and beach
patrols are made at 10min intervals throughout each night to ensure
that all nesting females of both species are identified, monitored and
tagged (Broderick et al., 2002; Stokes et al., 2014). The mean annual
number of green and loggerhead turtles nesting at the study site are 74
and 35 females respectively (2013 to 2017).

2.2. Deployment method and location data handling – Argos PTT

Twenty-six female green turtles and 18 female loggerhead turtles
were tracked after nesting at Alagadi between 1998 and 2015 (for post-
nesting analysis see Stokes et al., 2015; Snape et al., 2016, Bradshaw
et al., 2017). Argos PTTs ((Platform Terminal Transmitters) for details
see online Appendix Table A1) were attached using epoxy resin ac-
cording to the method described by Godley et al. (2002). Of the tracked
females 17 green turtles and 11 loggerhead turtles laid subsequent

Fig. 1. Location of study site in the Eastern Mediterranean and proposed Natura
2000 MPAs.
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clutches prior to their post-nesting departures and hence provided
inter-nesting datasets. These sample sizes represent 23% and 31% (re-
spectively) of the mean annual nesting population of green and log-
gerhead turtles recorded at Alagadi.

For each nesting female, data were included until the turtle's final
clutch and subsequent departure from beaches in northern Cyprus.
Where movement from a previous location would have required
swimming speeds of> 5 km·h−1 (a commonly used expected threshold
for marine turtles; Witt et al., 2010; Hart et al., 2013) these data were
removed. Locations were then filtered according to the location class
(LC) error estimates assigned by Argos (LC 3:< 250m; LC 2:
250–500m; LC 1: 500–1500m; LC 0:> 1500m; LC B: unknown; LC A;
unknown; CLS, 2008), although, when compared to simultaneously
recorded Argos-relay fast-acquisition GPS locations from tracked
marine megavertebrates, these Argos LC errors have differed con-
siderably (Witt et al., 2010). LC Z (invalid; CLS, 2008) were removed.
To examine any differences between habitat use during day and night
periods, while also limiting the effect of auto-correlation on habitat
utilisation mapping, data were allocated into 12-hour tracking periods
and further processed to one location per 12-h period (Day:
07:01–19:00; Night: 19:01–07:00). Within these periods, where avail-
able, a single location (with descending preference LC 3,2,1,A, B, 0) was
used. If two or more locations of the same preferred LC remained within
a given 12-h period, the median location was used (Revuelta et al.,
2015).

2.3. Deployment method and location data handling - GPS

Based on the success of their use with seabirds (e.g. Wakefield et al.,
2013., Soanes et al., 2016; Bodey et al., 2014., Froy et al., 2015) iGotU
GT600 (Mobile Technology; GPS locations generated within minimum
35 s from cold start) GPS trackers were used to track 16 female green
turtles and 26 female loggerhead turtles during inter-nesting intervals
at Alagadi in 2013 and 2014. Various user-definable data acquisition
schedules and two housing methods were used and to conserve battery
life, devices were programmed to undergo periods of inactivity (see
online Appendix Table A2). Following a method similar to Walcott et al.
(2012), plastic platforms were fastened to turtle carapaces using epoxy
resin to enable mounting and removal of housed GPS trackers, which
were fastened with cable ties (for detailed method see online appendix
Table A2). Twenty-nine deployments were made on green turtles and
36 deployments were made on loggerhead turtles using 50 GPS
trackers, resulting in 20 inter-nesting data sets for 13 green turtles and
15 inter-nesting data sets for 13 loggerhead turtles (see online appendix
Table A3 for details of failed deployments). These sample sizes re-
present 18% and 38% (respectively) of the mean annual nesting po-
pulation of green and loggerhead turtles recorded at Alagadi.

Nesting emergence was assumed where> 1 terrestrial location was
logged in succession at a beach, indicating an extended haul out. Such
data were removed and separated from the at-sea location data, for
which one location per 12-hour period was retained (Section 2.2).

2.4. Nesting emergences outside of the monitored study beach

Some of the females tracked by PTT stayed within the coastal waters
of Cyprus, to lay further clutches on beaches other than Alagadi. The
approximate nest site was visually assigned to the nearest potential
nesting beach by monitoring the number of messages received from
transmitters (Rees et al., 2010; Tucker, 2010; Stringell et al., 2015)
while using inter-nesting interval duration as a guide to expected clutch
deposition (for green and loggerhead turtles nesting at Alagadi, re-
spectively, mean= 12.5 days, SD=1.65 and 13.4 days, SD= 1.62;
Broderick et al., 2002). Any turtles tracked by GPS that subsequently
nested at remote beaches, were not recaptured at Alagadi, thus such
data were lost. However, some animals tracked by GPS emerged to nest,
without success, at other beaches, prior to returning to nest successfully

at Alagadi, and the locations of these nesting attempts were mapped
using the resulting emergence data (Section 2.3).

2.5. Habitat utilisation mapping

A single coordinate, the midpoint of the Alagadi nest site, was used
to estimate displacement of tracked turtles according to the processed
Argos and GPS data. Data were pooled by species and by tracking
method. The Kernel Density tool (ArcGIS 10.2.2) was used to determine
habitat utilisation distributions (UDs; 25%, 50% and 75%) to view and
compare the spatial extent of turtle habitat use. We used the default
search radius setting for this package which computes the bandwidth
parameter specifically for each input dataset, using Silverman's Rule of
Thumb (Sheather, 2004). Habitat utilisation distributions and filtered
locations were mapped alongside the proposed Alagadi Natura 2000
(European Union network of protected areas; Fuller et al., 2009a) site
marine boundaries, to assess the degree of protection afforded to each
species in their respective marine zones, and to compare inter-specific
habitat use and the utility of the two tracking methods.

3. Results

3.1. Tracking data availability

3.1.1. Turtles tracked by Argos PTT
The 17 green turtles were tracked by PTT for 378 days across an

estimated 31 inter-nesting intervals, yielding 1760 locations, from
which 628 locations (one in each 12-h turtle tracking period for which
data were available) were derived for analysis (see online appendix
Table A4). Most of these 12-h locations were derived from LC's A and B
(A-B: 86.9%; 3: 3.0%; 2: 5.3%; 1:4.6%; 0: 0.2%). Across turtles, the
majority of 12-h turtle tracking periods provided one or more locations
(mean: 82%,± SD: 18; range: 36–100%) and the frequency of data-
available 12 h tracking periods was relatively consistent during inter-
nesting intervals (Fig. 2a).

The 11 loggerhead turtles were tracked by PTT for 319 days across
an estimated 25 inter-nesting intervals, yielding 493 locations, from
which 308 locations (one in each 12-hr tracking period for which data
were available) were derived for analysis (see online appendix Table
A4). Most of these 12-hr locations were derived from locations of LC A
and B (A–B: 79.3%; 3: 4.9%; 2: 7.4%; 1:4.9%; 0: 3.6%). Compared to
green turtles, fewer 12-h tracking periods provided one or more loca-
tion (39%;±25, 7–72%). The frequency of data-available 12-h
tracking periods was relatively consistent during inter-nesting intervals
with fewer 12-h tracking periods providing data than for green turtles
(Fig. 2b).

3.1.2. Turtles tracked by GPS
The 13 green turtles were tracked by GPS for 254 tracking days

across 20 inter-nesting intervals, yielding 844 locations from which 120
12-hr tracking locations were used in analysis (see online appendix
Table A4). Across deployments, data were available for approximately
one quarter of 12-h tracking periods (27% ± 20; range: 9–77%). The
frequency of data-available 12-hr tracking periods was skewed, with
fewer locations toward the end of inter-nesting intervals (Fig. 2c).

The 13 loggerhead turtles were tracked by GPS for 217 tracking
days across 15 inter-nesting intervals, yielding 504 locations from
which 97 12-hr tracking locations were used in analysis (see online
appendix Table A4). Across deployments, location data were available
for 21% of 12-hr tracking periods (± SD: 19; range: 6–77%). The fre-
quency of data-positive 12-hr tracking periods was relatively skewed,
with fewer locations toward the end of inter-nesting intervals (Fig. 2d).

3.2. Nesting emergences outside the Alagadi study beaches

Of the turtles tracked by PTT, three (18%) green turtles laid one
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clutch (Fig. 3a and c) and six (56%) loggerhead turtles laid 1–3 sub-
sequent clutches (Fig. 3b and d) away from Alagadi. Only one of these
females, a loggerhead, returned to nest at Alagadi after nesting else-
where. Of the recaptured turtles tracked by GPS, one green turtle made
a nesting attempt at another sandy beach (Fig. 3g), and five loggerhead
turtle females made nesting attempts across a 20 km area of coastline
surrounding Alagadi (Fig. 3h) prior to returning to nest and recapture at
Alagadi.

3.3. Marine habitat use

When assessed by PTT (Fig. 3a and b), 25%, 50% and 75% habitat
UDs were at least an order of magnitude greater for both species than
when using GPS (Fig. 3e and f; Table 1). UDs were relatively more in-
flated for green turtles than for loggerhead turtles. The PTT derived
25% habitat UD (Fig. 3c and d) almost encompasses the entire GPS
derived dataset for green and loggerhead turtles, except for outlying
locations (Fig. 3.e and f).

Despite these differences, some species-specific inter-nesting habitat
use patterns were common among tracking methods. Green turtles
tended to remain in the close vicinity of the nesting beach while log-
gerhead turtles made both local and wide-ranging coastal movements.
Loggerhead turtles were therefore shown to occupy markedly broader
habitat UDs (Table 1, Fig.3) and displaced further (Fig.4) than green
turtles, using both methods. However, because PTTs provided data for
three green turtles using subsequent nest sites, not shown by GPS, UDs
were spread across a markedly broader coastal area (Fig. 3a). In con-
trast, UDs of green turtles tracked by GPS were almost entirely re-
stricted to the close vicinity of the nesting beach (Fig. 3e, g and i), with
very low displacement values (Fig. 4). Meanwhile, loggerhead turtles
tracked by PTT moved over a wider area than green turtles (Fig.3b),
across which over half were considered to be nesting. This habitat
connectivity was better demonstrated by PTT, with two other proposed
MPAs being used by loggerhead turtles and one by green turtles
(Fig. 3a–b). One other MPA was used by loggerhead turtles tracked by
GPS, Fig. 3f). Broad loggerhead turtle habitat use and displacement was
also indicated by loggerhead GPS tracking, although no nesting events
were detected outside Alagadi by this method (Fig.3, Fig. 4).

The median displacement of green turtles tracked by PTT and GPS
respectively was 2.3 km (inter-quartile range (IQR): 1.0–7.0, range:
0.1–89.9) and 0.6 km (IQR: 0.4–0.8, range: 0.1–5.2; Fig. 4). The median
displacement of loggerhead turtles tracked by PTT and GPS respectively
was 14.3 km (IQR: 4.7–30.9, range: 0.2–97.8) and 2.6 (IQR: 1.1–9.4,
range: 0.0–56.9; Fig.4).

Around the Alagadi nesting beaches, most GPS locations occurred
within the 30m bathymetric contour. Green turtles utilised habitats
generally shallower than 10m, with an apparent diel movement from
Alagadi's western embayment into deeper waters between 10 and 30m
by day (Fig. 3g and i). Loggerhead turtles remained largely within the
10 to 30m bathymetric contours. Eighty-nine percent of GPS derived
locations for green turtles were within the proposed Alagadi marine
Natura 2000 area, while only 30% of loggerhead locations were within
this area. Because of the low location accuracy of Argos data, no in-
ferences can be made to the bathymetric bands occupied or fine-scale
movements of either species when tracked by PTT.

4. Discussion

The study of two marine turtle species at the same location has
afforded insights regarding the utility of conventional GPS logger to
gather short-term marine megavertebrate habitat use data, at reduced
cost compared to Argos or Argos-relay fast-acquisition GPS tracking.
While clearly being relevant to the study of inter-nesting movement of
marine turtles, similar techniques could be applied to the foraging ex-
cursions of colonially breeding penguins and pinnipeds. Even at low
volumes, the high accuracy GPS data were of greater value in home
range analysis than Argos data, as to account for autocorrelation, data
are filtered to one location per unit time (typically per 24 h period)
(Griffin et al., 2013; Hart et al., 2013; Revuelta et al., 2015; Thomson
et al., 2017; Witt et al., 2010). With modifications (see Section 4.4), this
low-cost equipment could become much more relevant in the realm of
marine megavertebrate tracking.

Fig. 2. Twelve-hour tracking intervals across study turtles at large for which
data were available as a proportion of tracking intervals of turtles at large.
Green and loggerhead turtles tracked by PTT (a and b respectively) and GPS (c,
and d respectively). Data availability was temporally more consistent for PTT
tracking compared to GPS tracking, where data were skewed toward the first
days of tracking due to battery failures.
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4.1. Habitat use

General patterns of habitat use were common among the two
tracking methods with green turtles remaining relatively close to the
nesting beach and loggerhead turtles using a broader area and

dispersing to distant coastal areas (both methods), where over half were
shown to be nesting (PTT), including within other Natura 2000 areas.
Loggerheads regularly emerged onto beaches near to Alagadi (GPS)
presumably to investigate nesting opportunities. This low nest site fi-
delity was particularly highlighted when three loggerhead turtles

Fig. 3. Habitat utilisation distributions (UDs), filtered location data and schematic movements to alternative nesting sites (see legend for details) by species and
tracking method. Left and right columns show green and loggerhead turtle tracking respectively and maps in the same rows are at equal scale. Argos PTT tracking of
a) green turtles and b) loggerhead turtles, where insert boxes show the areas depicted subsequently at higher resolution for c) green turtles and for d) loggerhead
turtles. GPS tracking of e) green turtles and f) loggerhead turtles, where insert boxes show the areas depicted subsequently at higher resolution for g) green turtles by
day and h) loggerhead turtles by day and i) green turtles by night and j) loggerhead turtles by night. Thick black coastal embayments represent Alagadi nesting
beaches. Bathymetric contours are 100m in a–b, e–f and 10, 30, 50 and 100m in c–d and g–j. *labels denote female ID and estimated number of clutches laid at
distant site (see online appendix Table A4). See Snape et al. (2016) for one loggerhead turtle, tracked by PTT which laid further clutches in the Antalya region of
Turkey, not drawn here for clarity.
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tracked by PTT early in the nesting season subsequently nested in three
other countries (Snape et al., 2016). Conversely, due to their high nest
site fidelity, green turtle rookeries on Cyprus exhibit significant genetic
stock structuring (Bradshaw et al., 2018), which is supported by both
tracking methods.

Conventional GPS tracking showed that green turtles remained
close (almost entirely within 1 km) to the nesting beach, generally using
waters< 10m deep, supporting previous dive logging studies of Hays
et al. (2002) and Fuller et al. (2009b) at this site. The latter study ob-
served diel habitat use of green turtles, with turtles using greater depths
during the day, which again supports the findings of our conventional
GPS tracking. These diel patterns may be attributed to human dis-
turbance, as the near-shore areas vacated during daylight hours, cor-
respond to those most heavily used by bathers (lead author personal
observations). Diurnal patterns could also be tied to natural behaviour
such as thermal niche selection (Schofield et al., 2009b), or foraging
behaviour, with turtles moving out to forage on sea grass beds during
the day (Christiansen et al., 2017; Gredzens et al., 2014; Fuller et al.,
2009b). Loggerhead turtles used deeper waters, between the 10 and
30m bathymetric contours, with few GPS locations occurring in wa-
ters> 50m deep and this supports the results of a dive study by
Houghton et al. (2002) at Alagadi, which found two breeding logger-
head turtles to be using waters of< 20m. Argos satellite tracking (PTT)
failed to provide such spatial detail but did show that some green turtle
females used broader areas when visiting other nest sites on Cyprus, a
feature of their behaviour which GPS tracking missed.

4.2. Critical appraisal of methods

Although the current study does not examine the accuracy of the

GPS devices used, the difference in home range size resulting from GPS
and Argos data was of the same order reported by Thomson et al.
(2017), who compared FastLoc® Argos-relay fast-acquisition GPS data
and Argos data, suggesting a GPS accuracy comparable to FastLoc®
when used in this way. Thomson et al. (2017) also compared FastLoc®
GPS and Argos tracking data when only high-quality Argos locations are
retained (LC:1, 2 and 3). During that analysis, home ranges sizes were
found to approach those derived from GPS data, but due to low data
volumes, even over extended tracking durations, habitat UDs poorly
defined spatial use. During the current study, high-quality Argos loca-
tions were few per individual or absent which is typical of Argos
tracking studies with marine turtles (Witt et al., 2010). Retaining only
these both reduced our sample size and resulted in insufficient data
volumes. The accuracy of the available Argos data was therefore
deemed not high enough to undertake detailed home range analysis.

Due to their great costs, sample sizes for marine turtle habitat use
studies are usually fiscally dependent and although more tracks are
always preferable (Godley et al., 2008; Jeffers and Godley, 2016), small
numbers of tracks are valuable to conservation plans (Mazor et al.,
2016). We therefore consider our tracking sample sizes (13 individuals
of each species; 18–38% of females nesting annually), appropriate for
advising management to protect nesting turtles according to core ha-
bitat UDs. Provided that similarly representative sample sizes can be
attained, the conventional GPS devices are useful for the description of
inter-nesting habitat use and to define localised MPAs for the protection
of turtles aggregating off important nesting beaches. However, the
trackers are less likely to detect habitat use at and around other sub-
sequently visited nest sites. As we found with PTT tracking of similar
numbers of individuals, this is because nesting attempts outside the
Alagadi study site were usually followed by post-nesting migration
without the opportunity for recapture. The strength of PTT tracking
here is its utility in determining habitat connectivity, metapopulation
structure, in estimating overall fecundity and population estimates
based on nest counts, where nesting attempts can be identified (Tucker,
2010; Weber et al., 2013).

4.3. Conservation recommendations

In 2009 and 2010 through the European Union's aid programme for
the Turkish Cypriot Community (EU regulation No. 389/2006: http://
eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=
CELEX:32006R0389&from=EN), five potential Natura 2000 sites were
identified for coastal areas of northern Cyprus (Fuller et al., 2009a,
2009c, 2009d, 2010a, 2010b). The sites were selected according to the
presence of important terrestrial biotypes, marine turtle nesting bea-
ches, Mediterranean monk seal (Monachus monachus) haul out sites and
seabird colonies (Audouins gull (Larus audouinii) and Mediterranean
shag (Phalacrocorax aristotelis desmarestii)). MPAs were allocated to
1.5 km offshore, to also protect seagrass beds (Posidonia oceanica),
which are ubiquitous around the island (Bianchi et al., 1999). The
proposed MPA management plans include no information on the ha-
bitat use of the marine megavertebrates they aim to protect, nor on any
fisheries activities. Yet they advise that fishing using set nets, which are
the mainstay of the small-scale fishing industry (Snape et al., 2018)
should not be permitted in these broad areas. The five proposed MPAs
cover over a quarter of the northern Cyprus coastline. Despite the
perceived cost of tracking marine megavertebrates, biologging studies
may have paid dividends in this case, because the current management
plans require extensive fisheries bans, potentially affecting the liveli-
hoods of hundreds of fishers and requiring huge annual budgets to
police fisheries closures across large areas. The value of marine mega-
vertebrate habitat use studies should therefore be fully considered prior
to designing such management plans, with appropriate analysis of
available tracking technologies according to the long-term economic
impacts of potential management decisions (Mazor et al., 2016;
McGowan et al., 2017).

Table 1
Area (km2) of habitat utilisation distributions for green and loggerhead turtles
assessed by PTT and GPS.

Habitat UD Green turtles Loggerhead turtles

PTT GPS PTT GPS

25% 4.5 0.1 117.1 4.0
50% 18.2 0.4 370.1 12.8
75% 90.3 0.9 1081.6 47.0

Fig. 4. Displacement (km) values of PTT and GPS locations (one location per
12-hr period). Horizontal line on boxes indicates median value, upper and
lower edges of boxes represent first and third quartiles respectively and whis-
kers represent range.
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In the current study, a major area of core loggerhead UD fell east-
ward of the proposed Alagadi MPA and large areas were not used in-
tensively by turtles. We propose that to protect the nesting turtles, the
eastern boundary should be extended eastward by 1.7 km (to longitude
33.523°) to encompass this important loggerhead area, increasing the
coverage of filtered turtle locations from 89% to 97% for green turtles
and from 30% to 50% for loggerhead turtles. Meanwhile zoning in
western areas of the MPA could permit human activities as appropriate
where there are few aggregating turtles. Further inter-nesting habitat
use studies are required to similarly address inter-nesting habitat use
and connectivity among the four other MPAs.

Given its low cost, if there are suitable questions to be answered
using conventional GPS technology alone, they can clearly be in-
vestigated with greater power for much less financial outlay, other than
the labour involved in retrieving the units, which in this case, was al-
ready in place. Conventional GPS could provide a useful tool with
which established local marine turtle conservation stakeholder groups
could directly drive tracking studies, thus, tackling a communication
gap between academic practitioners who traditionally drive such re-
search and marine managers (Jeffers and Godley, 2016). However, in
combining large GPS data volumes and remote data access, fast-ac-
quisition GPS is the best solution in scenarios where large fiscal re-
sources are available.

4.4. Recommendations for further tracking

The observed temporal skewing of GPS data was attributed to bat-
tery failure of some devices during the inter-nesting period and this
short longevity is a major limitation. However, technical modifications
could be used to overcome this. A conductivity switch could be in-
tegrated so that power-consuming satellite searches are only made
during periods at the surface, and for large study animals (e.g. for all
adult marine turtles), a larger battery size could be afforded. With a
custom-built housing and a more appropriately placed antenna, more
data could be acquired per unit time. The problem of study animals not
returning to the precise study beach or colony for data recovery, may be
overcome by integration of a UHF (Ultra High Frequency) and/or GSM
Global System for Mobile connection) link, to transmit GPS data
packages to a base station at the breeding site or via GSM networks
respectively; such devices are used with solar cells for tracking large
flighted birds (Ponchon et al., 2017) and have been used with success
for tracking loggerhead turtles (Schofield et al., 2013). These data up-
load methods may incur lower monetary costs than the Argos satellite
relay typically used to upload datasets logged onboard in marine turtle
tracking.

Given the increased longevity of Argos devices and improvements in
attachment methods, we recommend that Argos PTTs are deployed at
or as close to the first clutch as possible, to maximise the value of sa-
tellite tracking programmes. Thus, additionally allowing provision of
more accurate information on life history traits such as nest site fidelity
and clutch frequency (Rees et al., 2012; Snape et al., 2016; Tucker,
2010), both critical parameters of population ecology and a global re-
search priority for marine turtles (Rees et al., 2016).

5. Conclusion

Argos tracking, is clearly of great relevance in tracking animals over
larger spatial scales, addressing habitat connectivity and identifying
migration routes, but has limited value for assessing habitat use of
species using relatively small areas such as in coastal MPAs. By pro-
viding both high resolution data and information on habitat con-
nectivity, Argos-relay fast-acquisition GPS tags provide the best overall
solution in most tracking scenarios where sufficient funds are available.
Where funding barriers exist, the fact that conventional GPS devices can
provide high-quality at-sea data for marine turtles is useful and shows
their utility for informing MPA planning, where diving marine

megavertebrates can be reliably recaptured after periods of weeks at
sea.

Acknowledgements

PhD student Robin Snape has been supported by the MAVA
Foundation, People's Trust for Endangered Species, British Chelonia
Group and United States Agency for International Development.
Additional financial support was received from BP Egypt, Apache,
Natural Environment Research Council (NERC), Erwin Warth
Foundation, Kuzey Kıbrıs Turkcell, Ektam Kıbrıs, SEATURTLE.org,
MEDASSET, Darwin Initiative, the British High Commission in Cyprus,
Karşıyaka Turtle Watch and British Residents Society of North Cyprus.
The authors thank the volunteers who assisted with fieldwork as part of
the Marine Turtle Conservation Project, a collaboration between the
Marine Turtle Research Group, The Society for the Protection of Turtles
in North Cyprus (SPOT) and the North Cyprus Department of
Environmental Protection. We thank the latter department for their
continued permission and support. Marine turtle identification graphics
were modified from artwork by Tom McFarland, originally published
by Eckert et al. (1999). The manuscript was improved by two anon-
ymous reviewers and the Editor.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.biocon.2018.09.029.

References

Anadón, D.J., D'Agrosa, C., Gondor, A., Gerber, L.R., 2011. Quantifying the spatial
ecology of wide-ranging marine species in the Gulf of California: implications for
marine conservation planning. PLoS One 6, e28400.

Barlow, K.E., Boyd, I.L., Croxall, J.P., Reid, K., Staniland, I.J., Brierley, A.S., 2002. Are
penguins and seals in competition for Antarctic krill at South Georgia? Mar. Biol. 140,
205–213.

Bianchi, T.S., Argyrou, M., Chippett, H.F., 1999. Contribution of vascular-plant carbon to
surface sediments across the coastal margin of Cyprus (eastern Mediterranean). Org.
Geochem. 30, 287–297.

Block, B.A., Dewar, H., Blackwell, S.B., Williams, T.D., Prince, E.D., Farwell, C.J.,
Boustany, A., Teo, S.L.H., Seitz, A., Walli, A., Fudge, D., 2001. Migratory movements,
depth preferences, and thermal biology of Atlantic bluefin tuna. Science 293,
1310–1315.

Bodey, T.W., Jessopp, M.J., Votier, S.C., Gerritsen, H.D., Cleasby, I.R., Hamer, K.C.,
Patrick, S.C., Wakefield, E.D., Bearhop, S., 2014. Seabird movement reveals the
ecological footprint of fishing vessels. Curr. Biol. 24, R514–R515.

Bradshaw, P.J., Broderick, A.C., Carreras, C., Inger, R., Fuller, W., Snape, R.T.E., Stokes,
K.L., Godley, B.J., 2017. Satellite tracking and stable isotope analysis highlight dif-
ferential recruitment among foraging areas in green turtles. Mar. Ecol. Prog. Ser. 582,
201–214.

Bradshaw, P.J., Broderick, A.C., Carreras, C., Fuller, W., Snape, R.T.E., Wright, L.I.,
Godley, B.J., 2018. Defining conservation units with enhanced molecular tools to
reveal fine scale structuring among Mediterranean green turtle rookeries. Biol.
Conserv. 222, 253–260.

Broderick, A.C., Glen, F., Godley, B.J., Hays, G.C., 2002. Estimating the number of green
and loggerhead turtles nesting annually in the Mediterranean. Oryx 36, 227–235.

Casale, P., Heppell, S.S., 2016. How much sea turtle bycatch is too much? A stationary age
distribution model for simulating population abundance and potential biological
removal in the Mediterranean. Endanger. Species Res. 29, 239–254.

Casale, P., Abitsi, G., Aboro, M.P., Agamboue, P.D., Agbode, L., Allela, N.L., Angueko, D.,
Nguema, J.N.B.B., Boussamba, F., Cardiec, F., Chartrain, E., Ciofi, C., Emane, Y.A.,
Fay, J.M., Godley, B.J., Oliwiwina, C.K.K., Lewembe, J.D., Leyoko, D., Asseko, G.M.,
M'adzaba, P.M., Beh, J.H.M., Natali, C., Nyama-Mouketou, C., Nzegoue, J.,
Ogandagas, C., Parnell, R.J., Rerambyath, G.A., Gnandji, M.S., Sounguet, G.P.,
Tiwari, M., Verhage, B., Vilela, R., White, L., Witt, M.J., Formia, A., 2017. A first
estimate of sea turtle bycatch in the industrial trawling fishery of Gabon. Biodivers.
Conserv. 26, 2421–2433.

Casale, P., Broderick, A.C., Camiñas, J.A., Cardona, L., Carreras, C., Demetropoulos, A.,
Fuller, W.J., Godley, B.J., Hochscheid, S., Kaska, Y., Lazar, B., Margaritoulis, D.,
Panagopoulou, A., Rees, A.F., Tomás, J., Türkozan, 2018. Mediterranean sea turtles:
current knowledge and priorities for conservation and research. Endanger. Species
Res. 36, 229–267.

Castillo-Géniz, J.L., Márquez-Farias, J.F., Rodriguez de la Cruz, M.C., Cortés, E., Cid Del
Prado, A., 1998. The Mexican artisanal shark fishery in the Gulf of Mexico: towards a
regulated fishery. Mar. Freshw. Res. 49, 611–620.

Christiansen, F., Esteban, N., Mortimer, J.A., Dujon, A.M., Hays, G.C., 2017. Diel and

R.T.E. Snape et al. Biological Conservation 227 (2018) 301–309

307

https://doi.org/10.1016/j.biocon.2018.09.029
https://doi.org/10.1016/j.biocon.2018.09.029
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0005
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0005
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0005
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0010
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0010
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0010
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0015
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0015
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0015
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0020
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0020
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0020
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0020
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0025
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0025
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0025
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0030
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0030
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0030
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0030
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0035
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0035
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0035
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0035
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0045
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0045
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0050
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0050
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0050
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0055
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0055
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0055
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0055
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0055
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0055
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0055
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0055
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0060
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0060
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0060
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0060
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0060
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0065
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0065
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0065
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0070


seasonal patterns in activity and home range size of green turtles on their foraging
grounds revealed by extended Fastloc-GPS tracking. Mar. Biol. 164, 1–11.

CLS, 2008. Argos Users Manual. http://www.argos-system.org/documents/userarea/
rgos_manual_en.pdf.

Coll, M., Piroddi, C., Albouy, C., Ben Rais Lasram, F., Cheung, W.W.L., Christensen, V.,
Karpouzi, V.S., Guilhaumon, F., Mouillot, D., Paleczny, M., Palomares, M.L.,
Steenbeek, J., Trujillo, P., Watson, R., Pauly, D., 2012. The Mediterranean Sea under
siege: spatial overlap between marine biodiversity, cumulative threats and marine
reserves. Glob. Ecol. Biogeogr. 21, 465–480.

Crossin, G.T., Cooke, S.J., Goldbogen, J.A., Phillips, R.A., 2014. Tracking fitness in marine
vertebrates: current knowledge and opportunities for future research. Mar. Ecol.
Prog. Ser. 496, 1–17.

Croxall, J.P., Silk, J.R.D., Phillips, R.A., Afanasyev, V., Briggs, D.R., 2005. Global cir-
cumnavigations: tracking year-round ranges of nonbreeding albatrosses. Science 307,
249–250.

Denkinger, J., Parra, M., Muñoz, J.P., Carrasco, C., Murillo, J.C., Espinosa, E., Rubianes,
F., Koch, V., 2013. Are boat strikes a threat to sea turtles in the Galapagos marine
reserve? Ocean Coast. Manag. 80, 29–35.

Eckert, K.L., Bjorndal, K.A., Abreu-Grobois, F.A., Donnelly, M., 1999. Research and
Management Techniques for the Conservation of Sea Turtles. IUCN/SSC Marine
Turtle Specialist Group, Washington DC, USA.

Froy, H., Lewis, S., Catry, P., Bishop, C.M., Forster, I.P., Fukuda, A., Higuchi, H., Phalan,
B., Xavier, J.V., Nussey, D.H., Phillips, R.A., 2015. Age-related variation in foraging
behaviour in the wandering albatross at South Georgia: no evidence for senescence.
PLoS One 10, e0116415.

Fuller, W.J., Seffer, O., Özden, Ö., Karabulut, D., Sefferova, V., Stritih, J., Kara, C., 2009a.
Management plan for Alagadi SEPA. In: Project Europe Aid/125695/C/SER/CY/7,
Technical Assistance for Management and Protection of Potential Natura 2000 Sites
in the Northern Part of Cyprus, Nicosia.

Fuller, W.J., Broderick, A.C., Hooker, S.K., Witt, M.J., Godley, B.J., 2009b. Insights into
habitat utilization by green turtles (Chelonia mydas) during the inter-nesting period
using animal-borne digital cameras. Mar. Technol. Soc. J. 43, 1–9.

Fuller, W.J., Yalinca, G.K., Seffer, J., Sefferova, V., Özden, Ö., Hessenberg, C., Kara, C.,
2009c. Management plan for Akdeniz SEPA. In: Project Europe Aid/125695/C/SER/
CY/7, Technical Assistance for Management and Protection of Potential Natura 2000
Sites in the Northern Part of Cyprus, Nicosia.

Fuller, W.J., Seffer, J., Çiçek, B.A., Özden, Ö., Eroğlu, G., Kara, C., Sefferova, V., Doğan,
O., 2009d. Management plan for Karpaz SEPA. In: Project Europe Aid/125695/C/
SER/CY/7, Technical Assistance for Management and Protection of Potential Natura
2000 Sites in the Northern Part of Cyprus, Nicosia.

Fuller, W.J., Seffer, J., Çiçek, B.A., Özden, Ö., Eroğlu, G., Kara, C., Doğan, O., 2010a.
Management plan for south Karpaz beaches. In: Project Europe aid/125695/C/SER/
CY/7, Technical Assistance for Management and Protection of Potential Natura 2000
Sites in the Northern Part of Cyprus, Nicosia.

Fuller, W.J., Seffer, J., Sefferova, V., Özden, Ö., Doğan, O., Kara, C., 2010b. Nicosia.
management plan for Tatlisu SEPA. Project Europe aid/125695/C/SER/CY/7. In:
Technical Assistance for Management and Protection of Potential Natura 2000 Sites
in the Northern Part of Cyprus, pp. 53.

Godley, B.J., Richardson, S., Broderick, A.C., Coyne, M.S., Glen, F., Hays, G.C., 2002.
Long-term satellite telemetry of the movements and habitat utilisation by green
turtles in the Mediterranean. Ecography 25, 352–362.

Godley, B.J., Blumenthal, J.M., Broderick, A.C., Coyne, M.S., Godfrey, M., Hawkes, L.,
Witt, M., 2008. Satellite tracking of sea turtles: where have we been and where do we
go next? Endanger. Species Res. 4, 3–22.

Gredzens, C., Marsh, H., Fuentes, M.M.P.B., Limpus, C.J., Shimada, T., Hamann, M., 2014.
Satellite tracking of sympatric marine megafauna can inform the biological basis for
species co-management. PLoS One 9, e98944.

Griffin, D.B., Murphy, S.R., Frick, M.G., Broderick, A.C., Coker, J.W., Coyne, M.S., Dodd,
M.G., Godfrey, M.H., Godley, B.J., Hawkes, L.A., Murphy, T.M., Williams, K.L., Witt,
M.J., 2013. Foraging habitats and migration corridors utilized by a recovering sub-
population of adult female loggerhead sea turtles: implications for conservation. Mar.
Biol. 160, 3071–3086.

Hamann, M., Godfrey, M., Seminoff, J., Arthur, K., Barata, P., Bjorndal, K., Bolten, A.,
Broderick, A.C., Campbell, L., Carreras, C., Casale, P., Chaloupka, M., Chan, S.,
Coyne, M., Crowder, L., Diez, C., Dutton, P., Epperly, S., FitzSimmons, N., Formia, A.,
Girondot, M., Hays, G., Cheng, I., Kaska, Y., Lewison, R., Mortimer, J., Nichols, W.,
Reina, R., Shanker, K., Spotila, J., Tomás, J., Wallace, B., Work, T., Zbinden, J.,
Godley, B., 2010. Global research priorities for sea turtles: informing management
and conservation in the 21st century. Endanger. Species Res. 11, 245–269.

Hart, K.M., Zawada, D.G., Fujisaki, I., Lidz, B.H., 2013. Habitat use of breeding green
turtles Chelonia mydas tagged in Dry Tortugas National Park: making use of local and
regional MPAs. Biol. Conserv. 161, 142–154.

Haynes, A.M., 1987. Human exploitation of seabirds in Jamaica. Biol. Conserv. 41,
99–124.

Hays, G.C., 2014. Charismatic marine mega-fauna: some recent discoveries and future
challenges. J. Exp. Mar. Biol. Ecol. 450, 1–5.

Hays, G.C., Glen, F., Broderick, A.C., Godley, B.J., Metcalfe, J.D., 2002. Behavioural
plasticity in a large marine herbivore: contrasting patterns of depth utilisation be-
tween two green turtle (Chelonia mydas) populations. Mar. Biol. 141, 985–990.

Hays, G.C., Mortimer, J.A., Ierodiaconou, D., Esteban, N., 2014. Use of long-distance
migration patterns of an endangered species to inform conservation planning for the
world's largest marine protected area. Conserv. Biol. 28, 1636–1644.

Horrocks, J.A., Stapleton, S., Guada, H., Lloyd, C., Harris, E., Fastigi, M., Berkel, J.,
Stewart, K., Gumbs, J., Eckert, K.L., 2016. International movements of adult female
leatherback turtles in the Caribbean: results from tag recovery data (2002−2013).
Endanger. Species Res. 29, 279–287.

Hoskins, A.J., Costa, D.P., Arnould, J.P.Y., 2015. Utilisation of intensive foraging zones by
female Australian fur seals. PLoS One 10, e117997.

Houghton, J., Broderick, A.C., Godley, B.J., Metcalfe, J., Hays, G.C., 2002. Diving be-
haviour during the internesting interval for loggerhead turtles Caretta caretta nesting
in Cyprus. Mar. Ecol. Prog. Ser. 227, 63–70.

Jeanniard-Du-Dot, T., Trites, A.W., Arnould, J.P.Y., Guinet, C., 2017. Reproductive suc-
cess is energetically linked to foraging efficiency in Antarctic fur seals. PLoS One 12,
e174001.

Jeffers, V.F., Godley, B.J., 2016. Satellite tracking in sea turtles: how do we find our way
to the conservation dividends? Biol. Conserv. 199, 172–184.

Lauritsen, A.M., Dixon, P.M., Cacela, D., Brost, B., Hardy, R., MacPherson, S.L., Meylan,
A., Wallace, B.P., Witherington, B., 2017. Impact of the deepwater horizon oil spill on
loggerhead turtle Caretta caretta nest densities in northwest Florida. Endanger.
Species Res. 33, 83–93.

Martínez-Miranzo, B., Banda, E., Gardiazábal, A., Ferreiro, E., Aguirre, J.I., 2016.
Differential spatial use and spatial fidelity by breeders in Bonelli's Eagle (Aquila
fasciata). J. Ornithol. 157, 971–979.

Maxwell, S.M., Hazen, E.L., Bograd, S.J., Halpern, B.S., Breed, G.A., Nickel, B., Teutschel,
N.M., Crowder, L.B., Benson, S., Dutton, P.H., Bailey, H., Kappes, M.A., Kuhn, C.E.,
Weise, M.J., Mate, B., Shaffer, S.A., Hassrick, J.L., Henry, R.W., Irvine, L., McDonald,
B.I., Robinson, P.W., Block, B.A., Costa, D.P., 2013. Cumulative human impacts on
marine predators. Nat. Commun. 4, 2688.

Mazor, T., Beger, M., McGowan, J., Possingham, H.P., Kark, S., 2016. The value of mi-
gration information for conservation prioritization of sea turtles in the
Mediterranean. Glob. Ecol. Biogeogr. 25, 540–552.

McGowan, J., Beger, M., Lewison, R.L., Harcourt, R., Campbell, H., Priest, M., Dwyer,
R.G., Lin, H., Lentini, P., Dudgeon, C., McMahon, C., Watts, M., Possingham, H.P.,
2017. Integrating research using animal-borne telemetry with the needs of con-
servation management. J. Appl. Ecol. 54, 423–429.

Nelms, S.E., Piniak, W.E.D., Weir, C.R., Godley, B.J., 2016. Seismic surveys and marine
turtles: an underestimated global threat? Biol. Conserv. 193, 49–65.

Ponchon, A., Aulert, C., Le Guillou, G., Gallien, F., Péron, C., Grémillet, D., 2017. Spatial
overlaps of foraging and resting areas of black-legged kittiwakes breeding in the
English Channel with existing marine protected areas. Mar. Biol. 164, 1–14.

Ramos, R., Carlile, N., Madeiros, J., Ramírez, I., Paiva, V.H., Dinis, H.A., Zino, F., Biscoito,
M., Leal, R.G., Bugoni, L., Jodice, P.G.R., Ryan, P.G., González-Solis, J., 2017. It is the
time for oceanic seabirds: tracking year-round distribution of gadfly petrels across the
Atlantic Ocean. Divers. Distrib. 23, 794–805.

Rees, A.F., Al Saady, S., Broderick, A.C., Coyne, M.S., Papathanasopoulou, N., Godley,
B.J., 2010. Behavioural polymorphism in one of the world's largest populations of
loggerhead sea turtles Caretta caretta. Mar. Ecol. Prog. Ser. 418, 201–212.

Rees, A., Al-Kiyumi, A., Broderick, A.C., Papathanasopoulou, N., Godley, B.J., 2012.
Conservation related insights into the behaviour of the olive Ridley sea turtle
Lepidochelys olivacea nesting in Oman. Mar. Ecol. Prog. Ser. 450, 195–205.

Rees, A.F., Alfaro-Shigueto, J., Barata, P.C.R., Bjorndal, K.A., Bolten, A.B., Bourjea, J.,
Broderick, A.C., Campbell, L.M., Cardona, L., Carreras, C., Casale, P., Ceriani, S.A.,
Dutton, P.H., Eguchi, T., Formia, A., Fuentes, M.M.P.B., Fuller, W.J., Girondot, M.,
Godfrey, M.H., Hamann, M., Hart, K.M., Hays, G.C., Hochscheid, S., Kaska, Y.,
Jensen, M.P., Mangel, J.C., Mortimer, J.A., Naro-Maciel, E., Ng, C.K.Y., Nichols, W.J.,
Phillott, A.D., Reina, R.D., Revuelta, O., Schofield, G., Seminoff, J.A., Shanker, K.,
Tomas, J., van de Merwe, J.P., Van Houtan, K.S., Vander Zanden, H.B., Wallace, B.P.,
Wedemeyer-Strombel, K.R., Work, T.M., Godley, B.J., 2016. Review: are we working
towards global research priorities for management and conservation of sea turtles?
Endanger. Species Res. 31, 337–382.

Revuelta, O., Hawkes, L., León, Y.M., Godley, B.J., Raga, J.A., Tomás, J., 2015. Evaluating
the importance of marine protected areas for the conservation of hawksbill turtles
Eretmochelys imbricata nesting in the Dominican Republic. Endanger. Species Res. 27,
169–180.

Reynolds, S.D., Norman, B.M., Beger, M., Franklin, C.E., Dwyer, R.G., 2017. Movement,
distribution and marine reserve use by an endangered migratory giant. Divers.
Distrib. 23, 1268–1279.

Scales, K.L., Miller, P.I., Hawkes, L.A., Ingram, S.N., Sims, D.W., Votier, S.C., 2014. On the
front line: frontal zones as priority at-sea conservation areas for mobile marine ver-
tebrates. J. Appl. Ecol. 51, 1575–1583.

Scheffer, A., Bost, C.A., Trathan, P.N., 2012. Frontal zones, temperature gradient and
depth characterize the foraging habitat of king penguins at South Georgia. Mar. Ecol.
Prog. Ser. 465, 281–297.

Schofield, G., Bishop, C.M., MacLean, G., Brown, P., Baker, M., Katselidis, K.A.,
Dimopoulos, P., Pantis, J.D., Hays, G.C., 2007. Novel GPS tracking of sea turtles as a
tool for conservation management. J. Exp. Mar. Biol. Ecol. 347, 58–68.

Schofield, G., Lilley, M., Bishop, C., Brown, P., Katselidis, K., Dimopoulos, P., Pantis, J.,
Hays, G., 2009a. Conservation hotspots: implications of intense spatial area use by
breeding male and female loggerheads at the Mediterranean's largest rookery.
Endanger. Species Res. 10, 191–202.

Schofield, G., Bishop, C.M., Katselidis, K.A., Dimopoulos, P., Pantis, J.D., Hays, G.C.,
2009b. Microhabitat selection by sea turtles in a dynamic thermal marine environ-
ment. J. Anim. Ecol. 78, 14–21.

Schofield, G., Hobson, V.J., Lilley, M.K.S., Katselidis, K.A., Bishop, C.M., Brown, P., Hays,
G.C., 2010. Inter-annual variability in the home range of breeding turtles: implica-
tions for current and future conservation management. Biol. Conserv. 143, 722–730.

Schofield, G., Dimadi, A., Fossette, S., Katselidis, A., Koutsoubas, D., Lilley, M.K.S., Pantis,
J.D., Karagouni, A.D., Hays, G.C., 2013. Satellite tracking large numbers of in-
dividuals to infer population level dispersal and core areas for the protection of an
endangered species. Divers. Distrib. 19, 834–844.

Sheather, S.J., 2004. Density estimation. Stat. Sci. 19, 588–597.
Shimada, T., Limpus, C., Jones, R., Hamann, M., 2017. Aligning habitat use with

R.T.E. Snape et al. Biological Conservation 227 (2018) 301–309

308

http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0070
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0070
http://www.argos-system.org/documents/userarea/rgos_manual_en.pdf
http://www.argos-system.org/documents/userarea/rgos_manual_en.pdf
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0080
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0080
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0080
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0080
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0080
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0085
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0085
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0085
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0090
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0090
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0090
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0095
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0095
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0095
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf9000
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf9000
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf9000
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0100
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0100
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0100
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0100
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0105
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0105
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0105
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0105
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0110
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0110
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0110
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0115
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0115
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0115
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0115
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0120
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0120
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0120
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0120
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0125
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0125
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0125
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0125
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0130
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0130
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0130
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0130
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0135
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0135
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0135
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0140
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0140
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0140
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0145
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0145
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0145
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0150
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0150
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0150
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0150
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0150
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0155
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0155
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0155
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0155
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0155
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0155
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0155
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0160
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0160
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0160
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0165
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0165
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0170
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0170
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0175
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0175
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0175
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0180
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0180
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0180
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0185
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0185
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0185
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0185
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0190
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0190
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0195
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0195
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0195
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0200
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0200
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0200
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0205
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0205
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0210
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0210
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0210
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0210
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0215
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0215
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0215
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0220
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0220
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0220
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0220
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0220
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0225
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0225
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0225
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0230
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0230
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0230
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0230
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0235
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0235
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0240
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0240
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0240
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0245
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0245
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0245
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0245
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0250
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0250
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0250
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0255
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0255
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0255
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0260
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0260
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0260
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0260
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0260
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0260
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0260
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0260
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0260
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0260
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0265
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0265
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0265
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0265
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0270
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0270
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0270
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0275
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0275
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0275
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0280
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0280
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0280
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0285
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0285
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0285
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0290
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0290
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0290
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0290
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0295
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0295
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0295
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0300
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0300
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0300
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0305
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0305
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0305
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0305
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0310
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0315


management zoning to reduce vessel strike of sea turtles. Ocean Coast. Manag. 142,
163–172.

Snape, R.T.E., Broderick, A.C., Çiçek, B.A., Fuller, W.J., Glen, F., Stokes, K., Godley, B.J.,
2016. Shelf life: neritic habitat use of a turtle population highly threatened by fish-
eries. Divers. Distrib. 22, 797–807.

Snape, R.T.E., Broderick, A.C., Çiçek, B.A., Fuller, W.J., Tregenza, N., Witt, M.J., Godley,
B.J., 2018. Conflict between dolphins and a data-scarce fishery of the European
Union. Hum. Ecol. 46, 423–433.

Soanes, L.M., Bright, J.A., Angel, L.P., Arnould, J.P.Y., Bolton, M., Berlincourt, M.,
Lascelles, B., Owen, E., Simon-Bouhet, B., Green, J.A., 2016. Defining marine im-
portant bird areas: testing the foraging radius approach. Biol. Conserv. 196, 69–79.

Staniland, I.J., Morton, A., Robinson, S.L., Malone, D., Forcada, J., 2011. Foraging be-
haviour in two Antarctic fur seal colonies with differing population recoveries. Mar.
Ecol. Prog. Ser. 434, 183–196.

Stokes, K.L., Fuller, W.J., Glen, F., Godley, B.J., Hodgson, D.J., Rhodes, K.A., Snape,
R.T.E., Broderick, A.C., 2014. Detecting green shoots of recovery: the importance of
long-term individual-based monitoring of marine turtles. Anim. Conserv. 17,
593–602.

Stokes, K.L., Broderick, A.C., Canbolat, A.F., Candan, O., Fuller, W.J., Glen, F., Levy, Y.,
Rees, A.F., Rilov, G., Snape, R.T.E., Stott, I., Tchernov, D., Godley, B.J., 2015.
Migratory corridors and foraging hotspots: critical habitats identified for
Mediterranean green turtles. Divers. Distrib. 21, 665–674.

Stringell, T.B., Clerveaux, W.V., Godley, B.J., Phillips, Q., Ranger, S., Richardson, P.B.,
Sanghera, A., Broderick, A.C., 2015. Protecting the breeders: research informs leg-
islative change in a marine turtle fishery. Biodivers. Conserv. 24, 1775–1796.

Thomson, J.A., Börger, L., Christianen, M.J.A., Esteban, N., Laloë, J.O., Hays, G.C., 2017.
Implications of location accuracy and data volume for home range estimation and
fine-scale movement analysis: comparing Argos and Fastloc-GPS tracking data. Mar.
Biol. 164, 1–9.

Thums, M., Waayers, D., Huang, Z., Pattiaratchi, C., Bernus, J., Meekan, M., 2017.
Environmental predictors of foraging and transit behaviour in flatback turtles Natator
depressus. Endanger. Species Res. 32, 333–349.

Tucker, A.D., 2010. Nest site fidelity and clutch frequency of loggerhead turtles are better
elucidated by satellite telemetry than by nocturnal tagging efforts: implications for
stock estimation. J. Exp. Mar. Biol. Ecol. 383, 48–55.

Wakefield, E.D., Bodey, T,.W., Bearhop, S., Blackburn, J., Colhoun, K., Davies, R., Dwyer,
R,.G., Green, J.A., Gremillet, D., Jackson, A.L., Jessopp, M.J., Kane, A., Langston,
R.H.W., Lescroel, A., Murray, S., Le Nuz, M., Patrick, S.C., Peron, C., Soanes, L.M.,
Wanless, S., Votier, S.C., Hamer, K.C., 2013. Space partitioning without territoriality
in gannets. Science 341, 68–70.

Walcott, J., Eckert, S., Horrocks, J.A., 2012. Tracking hawksbill sea turtles (Eretmochelys
imbricata) during inter-nesting intervals around Barbados. Mar. Biol. 159, 927–938.

Wallace, B.P., Brosnan, T., McLamb, D., Rowles, T., Ruder, E., Schroeder, B., Schwacke,
L., Stacy, B., Sullivan, L., Takeshita, R., Wehner, D., 2017. Effects of the deepwater
horizon oil spill on protected marine species. Endanger. Species Res. 33, 1–7.

Weber, N., Weber, S.B., Godley, B.J., Ellick, J., Witt, M., Broderick, A.C., 2013. Telemetry
as a tool for improving estimates of marine turtle abundance. Biol. Conserv. 167,
90–96.

Weber, S.B., Weber, N., Ellick, J., Avery, A., Frauenstein, R., Godley, B.J., Sim, J.,
Williams, N., Broderick, A.C., 2014. Recovery of the South Atlantic's largest green
turtle nesting population. Biodivers. Conserv. 23, 3005–3018.

Whittock, P.A., Pendoley, K.L., Larsen, R., Hamann, M., 2017. Effects of a dredging op-
eration on the movement and dive behaviour of marine turtles during breeding. Biol.
Conserv. 206, 190–200.

Witt, M.J., Broderick, A.C., Coyne, M.S., Formia, A., Ngouessono, S., Parnell, R.J.,
Sounget, G.P., Godley, B.J., 2008. Satellite tracking highlights difficulties in the de-
sign of effective protected areas for leatherback turtles during the internesting period.
Oryx 42, 296–300.

Witt, M.J., Åkesson, S., Broderick, A.C., Coyne, M.S., Ellick, J., Formia, A., Hays, G.C.,
Luschi, P., Stroud, S., Godley, B.J., 2010. Assessing accuracy and utility of satellite-
tracking data using Argos-linked Fastloc-GPS. Anim. Behav. 80, 571–581.

Zbinden, J.A., Aebischer, A., Margaritoulis, D., Arlettaz, R., 2007. Insights into the
management of sea turtle internesting area through satellite telemetry. Biol. Conserv.
137, 157–162.

R.T.E. Snape et al. Biological Conservation 227 (2018) 301–309

309

http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0315
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0315
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0320
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0320
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0320
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0325
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0325
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0325
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0330
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0330
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0330
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0335
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0335
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0335
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0340
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0340
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0340
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0340
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0345
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0345
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0345
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0345
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0350
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0350
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0350
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0355
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0355
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0355
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0355
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0360
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0360
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0360
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0365
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0365
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0365
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0370
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0370
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0370
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0370
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0370
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0375
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0375
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0380
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0380
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0380
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0385
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0385
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0385
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0390
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0390
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0390
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0395
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0395
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0395
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0400
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0400
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0400
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0400
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0405
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0405
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0405
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0410
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0410
http://refhub.elsevier.com/S0006-3207(18)30599-8/rf0410

	Off-the-shelf GPS technology to inform marine protected areas for marine turtles
	Introduction
	Methods
	Study area
	Deployment method and location data handling – Argos PTT
	Deployment method and location data handling - GPS
	Nesting emergences outside of the monitored study beach
	Habitat utilisation mapping

	Results
	Tracking data availability
	Turtles tracked by Argos PTT
	Turtles tracked by GPS

	Nesting emergences outside the Alagadi study beaches
	Marine habitat use

	Discussion
	Habitat use
	Critical appraisal of methods
	Conservation recommendations
	Recommendations for further tracking

	Conclusion
	Acknowledgements
	Supplementary material
	References




