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Diving behaviour of hawksbill turtles during the inter-nesting interval:
Strategies to conserve energy
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Hawksbill sea turtles (Eretmochelys imbricata) nesting in Barbados were outfitted with time-depth recorders
(TDRs) with temperature sensors to investigate the form and patterns of diving behaviour during the inter-
nesting interval (INI; average 14.7 days). All females, regardless of size, surfaced infrequently during dives of
average 56 min duration, and the majority of dives (90%) were spent in the bottom phase at 15–25 m depths,
which corresponded to the depth of benthic habitat at each location. Diving activity was highest while commut-
ing to and from the nesting beach (about 1–2 days eachway), with a level of quiescence during the intermediate
period (i.e. themajority of the INI). Despite little thermal variation in seawater at this latitude (13.1°N), the length
of the INI was influenced by ambient sea water temperature. Diving behaviour was consistent with females con-
serving energy reserves built up at foraging grounds prior to arrival at the nesting beach and minimising time
spent in the water column away from safe refuge at night. The frequency of surfacing and the depths at which
females spend most of their time varies between sites even within one species and may be crucial in managing
the risks to animals temporarily residing offshore from important nesting beaches.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Limited accessibility historically posed a problem for researchers
seeking to understand the movements and behaviours of sea turtles
while at sea, and this led to fragmented data collection across much of
their life cycle (Hays et al., 2000). In recent years, improved technolo-
gies have provided researchers with new tools to allow the tracking of
horizontal movements by means of radio tags, GPS dataloggers and
satellite transmitters, collecting much needed data on foraging, inter-
nesting behaviour and migratory phases (e.g. Hays et al., 1999;
Schofield et al., 2007a; Walcott et al., 2012; Whiting et al., 2007). In ad-
dition, researchers have also been able to begin tracking larger numbers
of individuals, facilitating inferences at the population level (Hawkes
et al., 2011; Polovina et al., 2006; Schofield et al., 2013a). These data
can be greatly enhanced with the addition of dive data; dive profiles
being used to add a vertical dimension to understanding the activity
of submerged animals (e.g. Hochscheid et al., 1999; Houghton et al.,
2002). To date, logging equipment, such as time depth recorders
(TDRs) and satellite transmitters with depth recording capabilities,
have been deployed quite widely (e.g. Houghton et al., 2002; Sakamoto
et al., 1993), to collect dive data on juveniles (e.g. Blumenthal et al.,
2009; van Dam et al., 2008), and on adults at foraging grounds (e.g.

Storch, 2003), breeding grounds (e.g. Bell and Parmenter, 2008) and
while moving between the two (e.g. Godley et al., 2003; Hays et al.,
1999). Such equipment has often also been designed to collect water
temperature data, providing additional insights to understanding diving
behaviour. Accelerometers are also being increasingly employed to
provide additional data on activity levels and infer energy budgets (see
Fossette et al., 2012).

Distinctive patterns of diving in juveniles and adults have been re-
ported for several sea turtle species (Blumenthal et al., 2009; Fossette
et al., 2008, 2012; Fuller et al., 2009; Storch, 2003; Witt et al., 2010),
with dive duration and depth being correlated with size or weight
(e.g. hawksbills: Blumenthal et al., 2009; van Dam and Diez, 1997;
greens: Ballorain et al., 2011). Longer dives at night appeared to be a
consistent pattern for both juveniles and adults of several species at
foraging and breeding grounds (Bell and Parmenter, 2008; Blumenthal
et al., 2009; Hays et al., 1999, 2000; Storch et al., 2005; van Dam and
Diez, 1997). At their foraging grounds, adult females not only made
longer dives at night, but used a relatively small range in bottom
depth, during which time they were assumed to be resting, while
shorter dives made during the day, to a variety of depths and with
more depth variation within bottom phases, were interpreted to be
times when they were actively feeding (Storch et al., 2005).

Most hawksbill turtles (Eretmochelys imbricata) reside in coral reef
habitats (but see Bjorndal and Bolten, 2010; Gaos et al., 2012a), where
they forage primarily on reef-associated sponges (León and Bjorndal,
2002; Meylan, 1988). Adult females occupy resident foraging grounds
(Gaos et al., 2012a; Horrocks et al., 2001; van Dam et al., 2008) and
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every 2–3 years migrate to inter-nesting habitats near to nesting
beaches, often hundreds or even thousands of kilometres away, where
they take up residence for the breeding season (Blumenthal et al.,
2006; Godley et al., 2002; Horrocks et al., 2001; Storch, 2003; Troëng
et al., 2005). During the inter-nesting interval (INI), dives tended to be
long with only marginal differences in diel dive duration (Bell and
Parmenter, 2008; Storch, 2003), suggesting that hawksbill females
spend more time resting during the energy demanding inter-nesting
period. At higher latitudes, ambient water temperature has been
shown to influence diving behaviour as well as the length of the INI in
loggerhead and green turtles (Hays et al., 2002; Schofield et al., 2009)
and Fossette et al. (2012) used accelerometers to confirm that activity
of loggerheads to locatewarm spots decreased aswater temperature in-
creased. However, the extent to which water temperature may influ-
ence diving behaviour and reproductive biology of the more tropical
hawksbill turtle during the INI is unknown.

Previous studies of sea turtles have categorised dives into different
types, i.e. visual representations of dives on a time/depth scale, and
then associated each type with a specific activity or activities (see
Hays et al., 2000; Hochscheid et al., 1999; Houghton et al., 2002;
Minamikawa et al., 1997). Dive depths have often been shown to corre-
spond to water depth, substantiating a demersal life style of studied
species. Variation in depth during the bottom phase of dives is related
to differences in activity, as confirmed by ground-truthing (e.g. Fuller
et al., 2009; Seminoff et al., 2006; Thompson et al., 2011). Dive profiles
generated for inter-nesting females are usually populated with dives
where females remain at a fixed depth for the majority of the submer-
gence period (U-shaped dive [hereafter called U-dive] or Type 1 dive:
Minamikawa et al., 1997; Type 1a dive: Houghton et al., 2002; see
Sakamoto et al., 1993; Storch et al., 2002; Bell and Parmenter, 2008).
Bell and Parmenter (2008) suggested that such dives, exhibited by
hawksbills nesting onMilman Island Reef, could represent periods of in-
activity within reefal structures or on the sea floor. Given that the ba-
thymetry and temperature of neritic habitats near breeding grounds
can potentially influence dive behaviour (Gaos et al., 2012b; Houghton
et al., 2002), it may not be possible to generalise behaviour between lo-
cations. This highlights the need for diving data to be collected for
breeding females temporarily residing in the vicinity of important
nesting beaches, where the beaches themselves are often protected
but crucial inter-nesting habitats may not be (Schofield et al., 2007a,
2013b; Zbinden et al., 2007). The frequency of surfacing and the depths
at which females spend most of their time are important in managing
risks to these animals, e.g. boat strikes,while they are in these nearshore
habitats (Hazel et al., 2007), and can potentially be used to guide man-
agement of human activities in these important areas.

The spatial locations of areas occupied by female hawksbills (i.e.
inter-nesting resident areas) nesting at Needham's Point beach, Barba-
dos, during their INIs have already been mapped and the three stages
of the INI identified (Walcott et al., 2012). In this paper, we investigated
the diving behaviour of these gravid hawksbills during the INI. The
breeding season is a time period that females spend in a relatively un-
known environment, away from familiar foraging grounds (Horrocks
et al., 2001) and where food sources may be unavailable (e.g. Hays
et al., 2002; Krueger et al., 2011). Many females will be on only their
first or second nesting season at a location where they stay for only a
few months. Furthermore, the marine environment of a breeding
ground can change significantly within a 2–3 year period due to natural
events, such as hurricanes and stormswhich are common to this region,
as well as events such as coral bleaching and anthropogenic impacts.
We predicted that females would adopt energy conserving strategies
whilematuring eggs, i.e., dives would be to the depths of preferred rest-
ing and/or refuge sites and that diving behaviour would reflect overall
lower levels of activity while in resident areas. We also predicted that
the higher and less varied water temperatures experienced by this
circumtropical species would be less likely to affect activity levels and
reproductive biology compared to more sub-tropical nesting species.

2. Materials and methods

2.1. Study site

Barbados hosts an average of 450–500 nesting hawksbills along its
south and west coasts yearly (Beggs et al., 2007), with females laying
4–5 clutches each separated by approximately two week INIs (Beggs
et al., 2007). Needham's Point (13° 04′ 41.33″ N, 59° 36′ 32.69″ W)
was used as the site for deployment and retrieval of equipment (see
Walcott et al., 2012). Located to the southwest of the island, the
1.5 km stretch of beach provides nesting habitat for N25% of the island's
nesting hawksbills annually (Beggs et al., 2007; Horrocks, 1992).

Barbados has a narrow insular shelf, with the 200 m isobath lying
2–3 km offshore (Lewis and Oxenford, 1996). This provides sea turtles
access to awide range of depths over only a short distance. Coral rubble,
fringing and patch reefs, and a bank reef extending unbroken along
much of the west and south coasts are major characteristics of the
neritic habitats of Barbados. The patch reefs range in depth from 6 to
15 m,while the crest of the bank reef ranges from 15 to 25 m, dropping
off on both sides to depths in excess of 40 m (Lewis and Oxenford,
1996). Depths between the patch reefs and the bank reef can reach as
much as 40–55 m (Lewis and Oxenford, 1996).

2.2. Equipment

VEMCO (Nova Scotia, Canada) 8-bit Minilog TDRs with temperature
sensors were used to collect dive data on study animals. TDRs had a
memory capacity of 16K RAM (allowing for 8000 temperature and
8000 depth reads per deployment). TDRs had a depth range up to
68 mwith ±2.0 m accuracy and a 0.4 m resolution, and a temperature
range of 0–40 °C with ±0.3 °C accuracy and a 0.2 °C resolution.

Two stages of the inter-nesting interval (Stages 1 and 3) consisted of
directed horizontalmovement; the travel towards the resident area and
the travel away from the resident area back to the nesting beach, each of
which was approximately 1–2 day duration. Stage 2, refers to the time
spent in the resident area (approximately 10 days; Walcott et al.,
2012). TDRs were set to record at 53 s intervals to allow the continuous
collection of dive and temperature data for approximately five days.
Using the ‘delayed start’ function provided by VEMCO, TDRs were
programmed to collect data during Period 1 — the initial five days of
the INI which included the period of travel to the inter-nesting resident
area (Stage 1) in addition to part of the time spent in the resident area
(i.e. the first part of Stage 2), Period 2 — the intermediate five days
while in the resident area (i.e. Stage 2 only), or Period 3 — the final
five days which included time spent in the resident area, as well the
time spent travelling back to the nesting beach at the end of the INI
(the last part of Stage 2 and all of Stage 3).

2.3. Study animals and deployment of TDRs

Deployments were conducted at night (18:00–04:00) during the
peaks of the 2009 and 2010 nesting seasons, after females had nested
successfully (see Walcott et al., 2012). Selection criteria, similar to
those used by Bell and Parmenter (2008), were employed to maximize
equipment retrieval. Females either on their first or second clutch of the
season were selected based on nesting data from previous seasons
(Barbados Sea Turtle Project, unpublished data) and/or the external ap-
pearance of ample neck fat (see Walcott et al., 2012). Females were
gently restrained in a wooden enclosure for measurement and to
allow TDRs to be attached to the highest part of the carapace, along
with GPS dataloggers and VHF transmitters, all pre-mounted onto a
piece of plywood. Foot patrols of the index beach using a VHF radio
receiver allowed returning females to be located and equipment to be
retrieved. Given that equipment was re-used throughout the study
period, once the TDRs were retrieved, data were downloaded and
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equipment readied for re-deployment. Full details of the attachment
procedure and retrieval process are described in Walcott et al. (2012).

2.4. Data analysis

The VEMCO Minilog PC interface V3.09 was used to download and
view dive data. However, all dive data were analysed using MultiTrace
Ver. 2012.1 (Jensen Software Systems, Germany). As noted by Hays
et al. (2000) the depth at which descents are considered a dive is some-
what arbitrary. Therefore, records of depths greater than 2 m, similar to
studies on hawksbill (Storch, 2003) and green turtles (Cheng, 2009),
were considered in this study to constitute diving. Hawksbills in Barba-
dos average 89 cm in length (CCL curved carapace length; Beggs et al.,
2007). Thus a depth of 2 m should eliminate any time spent just
below the surface and the effect of waves rolling over a turtle.

Dives were placed into five categories based on their profiles, three
of which (i.e. U, V and W-dives; Fig. 2) were based on previous studies
conducted by Minamikawa et al. (1997), Houghton et al. (2002) and
Seminoff et al. (2006). The fourth category (U^-dives) represented a
modified U-dive where the dive profile generally conformed to the U
shape with the normally ‘flat’ shape of the bottom phase being
interrupted by a depth change (Fig. 2). Dives which did not fit into
one of the above mentioned categories were referred to as X-dives
(i.e. other dive types, see Hochscheid et al., 1999; Fig. 2).

Days were divided into diurnal (06:00–17:59) and nocturnal
(18:00–05:59) periods to investigate diel patterns in dive behaviour.
Activity levels were approximated by reviewing the Coefficient of Vari-
ation of the depth during the bottomphase (i.e. portion of dive between
the descent and ascent inflection points). The CV is a statistical measure
of the dispersion around the mean; a larger CV indicates greater varia-
tion in the depth of the bottom phase of a dive and vice versa, thus a
high CV serves as a proxy for greater activity (Blumenthal et al., 2009).
Where data failed testing for normality and no significant difference
was seen after data transformations, non-parametric test statistics
were calculated using SPSS 11.0 for Windows. Correlation analysis
was used to investigate relationships between turtle body size (cm
CCL) and various dive parameters i.e., dive duration, bottom time
(total time in bottom phase), maximum dive depth (deepest point
recorded during a dive), mean bottom depth (average depth in the bot-
tom phase) and CV, to determine whether diving capabilities of adult
hawksbills were limited by size, as has been found with juveniles.
Dive parameters were compared between Stages 1, 2 and 3 of the INI.
Given the sampling interval of 53 s, surface intervals (SIs) (the length
of time the animal was at the surface) were placed into the following
categories: SI 1 (≤1 min), SI 2 (N1 min, ≤2 min), SI 3 (N2 min,
≤3 min) up to SI 7 (N6 min).

Means and standard deviations were provided to allow for direct
comparison with previous studies, even if data were analysed with
non-parametric tests.

3. Results

Of the 15 study animals equippedwith TDRs during the two nesting
seasons (turtles T09–T23), thirteen were re-sighted allowing for equip-
ment retrieval (see Table 1). Study animals (n = 13) ranged in size
(CCL) from 85 to 100 cm with the majority (91.7%, n = 12) being
above 90 cm (Table 1). All animals provided dive data from Stage 2
(i.e., while in the resident area), five provided data from Stage 1 and
four from Stage 3 (Table 1). Details on transition points between stages
are provided inWalcott et al. (2012). The data collection period for tur-
tle T22 spanned two INIs, providing data from Stage 3 in the first INI and
Stages 1 and 2 in the second INI (Table 1). A total of 1540 dives were
recorded over a total of 1471.1 h.

None of the dive parameters recorded (i.e. dive duration, bottom
time, bottom depth, CV and maximum depth) were correlated with
size (CCL) across the limited size range of our adult female study

animals (Spearman rank correlation, p N 0.05 in all cases). Overall
means (i.e. across all three Stages) for dive parameters are provided in
Table 2. The majority of dives lasted longer than 56.1 min (54%, n =
1540), had bottom times comprising N90.4% of the dive time (76.3%,
n = 1495) and a CV throughout the bottom phase b4.4% (76.9%, n =
1495). In most dives recorded (N90%), females dived to the deepest
point of the dive at first descent or soon thereafter. Over 70% of surface
intervals observed were of duration SI 1, with 21.3% being SI 2 and only
8.6% SI 3 or longer, i.e., more than 2 min, but equal to or less than 3 min.

The majority of dives (about 65%) across all three Stages were to
depths of less than 25 m (Fig. 1). Dividing the data into depth bins cor-
responding to habitat types most likely encountered along individual
travel paths or while in the resident areas (i.e. b15 m: patch reefs, 15–
25 m: crest of bank reef, 25–40 m: sides of bank reef, N40 m: non-
living coral habitats), the most frequently utilised depth ranges were
15–25 m (42.3%) and 25–40 m (28.6%), while the N40 m depth was
the least utilised (5.8% of dives; Fig. 1). With increasing depth, the CV
throughout the bottomphase halved from 6.7 to 3.1%, and dive duration
doubled; increasing from 38.7 to 72.2 min (Fig. 1). There was a positive
correlation of dive duration with bottom depth (Pearson correlation
rs = 0.51, N = 1540, p b 0.05) and a negative correlation of CV with
bottom depth (Pearson correlation rs = −0.35, N = 1495, p b 0.05).

3.1. Dive types

U and U^-dives were the most frequent dive types utilised by study
animals, accounting for 87.5% (73.7 and 13.8% respectively) of all dives,
while V-dives accounted for only 2.9% (Table 3). Dive duration was sig-
nificantly longer for U and U^-dives and shortest for V-dives (Kruskal–
Wallis, p b 0.05; Table 3). There was no bottom phase for V-dives,
with females abruptly reversing direction and ascending, while during
a U-dive a female dived to a depth, and remained at that depth through-
out the bottom phase of the dive until returning to the surface. The
mean percentage of dive time spent in the bottom phase of a dive was
lower for W and X-dives than U and U^-dives (Table 3), suggesting
that more time was spent in the water column ascending and/or de-
scending during these dive types. W and X-dives also had the highest

Table 1
ID, curved carapace length, inter-nesting interval length and stage for which diving data
were collected for each study animal.

Year I.D. CCL (cm) INI (day) Stage

2009 T09 93.0 16 1, 2
T10 92.8 15 2
T11 93.7 14 2
T12 93.1 15 1, 2
T13 90.2 17 1, 2
T14 90.8 16 2
T15 90.6 15 2, 3
T16 92.5 13 2, 3

2010 T17 85.0 15 1, 2
T18 93.1 14 2
T19 100.0 15 2, 3
T21 92.0 13 2
T22 – 13 1, 2, 3

Table 2
Summary of overall diving performance and water temperature.

Dive parameter Mean (SD) Range N

Duration (min) 56.1 (23.4) 1.8–121.9 1540
Bottom time (%) 90.4 (10.9) 7.1–98.1 1495
Bottom depth (m) 23.1 (10.1) 2.1–64.3 1495
CV (%) 4.4 (7.8) 0.1–96.4 1495
Bottom temperature (°C) 28.8 (0.7) 26.3–30.3 1495

N.B. V shaped dives (n = 45) did not have a bottomphase, thus leading to a reduction inN
for some of the dive parameters. Bottom time refers to the percentage of the dive spent in
the bottom phase (i.e. portion of dive between the descent and ascent inflection points).
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CV in the bottom phase (Table 3), indicative of greater activity, while U
and U^-dives had significantly lower CV in their bottomphases (1.8 and
7.2% respectively; Kruskal–Wallis, p b 0.05; Table 3). The mean maxi-
mum dive depth reached during V-dives (8.9 m) was significantly
shallower than the other four dive types which ranged from 23.7 to
30.6 m (Kruskal–Wallis, p b 0.05; Table 3). Regardless of dive type
and their respective dive variables (dive duration, bottom time, bottom
depth, CV and maximum depth), surface intervals of ≤1 min (category
SI 1) predominated.

3.2. Diving behaviour during the three stages of the inter-nesting interval

Dive parameters differed significantly among the three stages
(Kruskal–Wallis, p b 0.05 in all cases; Table 4). Non-parametric Tukey-
type multiple comparisons (Dunn, 1964) indicated dive duration was
significantly longer and CV was significantly lower when females were
in their resident areas (i.e. Stage 2; Table 4). A diel difference was also
detected in dive duration, with increased dive duration at night
(Wilcoxon Signed Ranks Test, p b 0.05). Maximum depth and mean
bottom depths were significantly shallower during Stage 1 than Stages
2 and 3, and the percentage of time spent in the bottom phase of dives
differed among all stages with Stage 2 showing the longest and Stage
1 the shortest bottom times (Table 4). For all three Stages, themean bot-
tomdepths utilised coincidedwith the depth range at which the crest of
the bank reef occurred (i.e. 15–25 m; see Walcott et al., 2012), while
the surface intervals between dives were all of duration one minute or
less (SI 1). Three of the 1539 surface intervals that were unusually

Fig. 1.Meandive parameters (from top down: bottom temperature, dive duration and CV)
for bottom depths (habitat defined) utilised.

Fig. 2.A)Generalised dive profile ofU, V andW-dives. B) Example of thefivedive categories exhibited by study animals (adapted fromSeminoff et al. (2006)). C) Section of actual dive data
from T12 showing dive profiles while 1 — moving away from the nesting beach after nesting and 2 — once the resident area is reached.

Table 3
Dive characteristics, presented as mean (SD), for each dive type (n = 1540).

Dive type: U U^ V W X

Frequency (%) 73.7 13.8 2.9 3.4 6.2
Durationa (min) 60.7 (20.0) 58.0 (23.0) 5.5 (3.8) 28.8 (13.8) 36.2 (22.9)
Max. deptha (m) 23.7 (10.1) 30.6 (12.4) 9.0 (10.4) 29.0 (15.9) 26.0 (16.0)
Bottom depth (m) 23.0 (9.8) 25.9 (9.6) n/a 20.5 (11.0) 19.1 (12.1)
Bottom time (%)
CVa (%)

92.8 (5.7)
1.8 (1.9)

88.5 (11.8)
7.2 (5.4)

n/a
n/a

77.3 (17.1)
22.0 (12.8)

73.8 (24.0)
19.4 (16.5)

a Dive characteristics which differed significantly (Kruskal–Wallis, P b 0.05).
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long (13, 19 and 20 min in duration) occurred during Stage 3, and may
have been associated with searching for the nesting beach or for an
emergence spot on the beach.

U-dives predominated throughout each of the three stages, butwere
utilisedmuchmore frequently during Stage 2,where they accounted for
80.9% of all recorded dives (Fig. 3). U-dives during Stage 1 were signifi-
cantly shorter, utilised shallower bottom depths and had a relatively
high CV in the bottom phase when compared to those of Stages 2 and
3 (Kruskal–Wallis, p b 0.05; Table 5). In Stage 2, the mean bottom
depths during U-dives utilised by different females ranged widely,
from 15.5 to 39.1 m. By contrast to U-dives, V, W and X-dives occurred
at low frequencies, particularly during Stage 2 (Fig. 3). Stages 1 and 3,
the horizontal travelling phases of the INI, were therefore characterised
by more variable forms of dives than Stage 2 when the females were in
their resident areas.

3.3. Thermal influences on diving behaviour while in the resident areas

Being ectothermic animals, water temperature may also be a factor
influencing diving activity and reproductive biology of the study
animals. Temperature data (diurnal temperatures taken at depths of
5–30 m with a temperature probe) collected annually on selected
reefs on the south coast of the island during themonths of the breeding
season over the years 2007–2012 averaged 28.5 ± 0.4 °C (R. Suckoo,
pers. comm., Coastal ZoneManagementUnit, Government of Barbados),
suggesting little variation in sea water temperature, but temperatures
experienced by females, as recorded by TDRs, were typically warmer
at shallower depths (Spearman rank correlation rs = −0.40, N =
1495, p b 0.05; Fig. 1). Females experienced little diurnal variation in
bottom temperatures during U-dives in Stage 2 (day time mean:
28.7 ± 0.7 °C , N = 526; night time mean: 28.9 ± 0.6 °C, N = 497)
and no significant difference was observed in the CV between day
and night periods for study animals (Wilcoxon Signed Ranks Test,
p N 0.05). However, despite the small range in temperature recorded,
the overall length of the INI was negatively correlated with water tem-
perature (Spearman rank correlation rs = −0.68, N = 13, p b 0.05;
Table 1).

4. Discussion

Sea turtles spendmost of their lives under the ocean's surface where
they are adapted tomove efficiently. Theminimal time spent at the sur-
face by study animals, regardless of dive depth and level of activity, re-
inforces the point that these animals are surfacers rather than divers
(Kooyman, 1989). While use of surface waters provides easy access
for gaseous exchange, it is further from food sources, most of which
are benthic for adult hawksbills (Houghton et al., 2003; Meylan, 1988;
Stimmelmayr et al., 2010; van Dam and Diez, 1997). Efficiency of verti-
cal movement in the water column by sea turtles moving between the
air and their benthic habitats is therefore crucial, particularly for inter-
nesting females who are using energy to prepare clutches of eggs
(Fossette et al., 2012; Wallace et al., 2005).

Sea turtles have been shown to rest at themaximum depth atwhich
they can still attain close to neutral buoyancy (e.g. 17–20 m in adult
green turtles; Hays et al., 2004), and may not rest at shallower depths
because they cannot inspire enough air to maximize diving efficiency.
Whether inter-nesting females select resting depths tomaximize diving
efficiency or to utilise suitable benthic habitat or some combination is
still unclear. In our study themeandive depths of females tended to cor-
respond to the varying depths of the crest of the bank reef, across both
the travelling and resident stages of the INI. Although the size range of
our study animals was relatively small, the mean bottom depths they
utilised ranged from 16.3 to 37.2 m. It was expected that the range in
bottom depths of resting dives would have been smaller had the attain-
ment of neutral buoyancy been the only consideration, although the
buoyancy of females likely changes both within each inter-nesting in-
terval as eggs are matured and laid, as well as over the course of the
nesting season as body fat is lost (Santos et al., 2010). Despite this, our
study animals returned to the same depths in the same resident areas
after each nesting emergence (see Walcott et al., 2012). This suggests
that, at least during Stage 2, females are likely utilising depths at
which preferred habitats are found; habitats which may provide
assisted resting sites that allow females the opportunity to rest at
depthswhichmay be outside of the range over which neutral buoyancy
could be achieved with a lung full of air.

The reef system may also be used in orientation, and perhaps be-
cause it offers refuge from predators, as females cyclically commute be-
tween inter-nesting habitats and the nesting beach. This result
contrasted with studies on other turtle species in non-reefal habitats
that have reported the use of shallow subsurface dives while actively
travelling to and from inter-nesting sites (Hochscheid et al., 1999;
Houghton et al., 2002). The reef crest is structurally and biologically
complex; its greater rugosity compared to the reef slope not only pro-
vides ledges and overhangs for rest and possibly refuge (Walcott et al.,
2012), but more opportunities for biological interactions such as
cleaning stations (Sazima et al., 2004) as well as other interactions,
both intra and inter-specific, that are rarely documented (see Heithaus
et al., 2002; Schofield et al., 2006). At the same time, the energy expen-
diture required for repeat visits to the surface for gaseous exchange is
minimised, as distance travelled is shortest from the crest as compared
to the rest of the reef, and preferred resting ledges for which females
may compete can be quickly relocated (see Walcott et al., 2012). The

Table 4
Dive characteristics, presented as mean (SD), for each stage of the inter-nesting interval
(n = 1540).

Stage 1 Stage 2 Stage 3

Surfacing frequency (hr−1) 2.1 1.0 1.3
Duration (min) 29.7 (20.4) 60.0a (21.2) 45.2 (25.8)
Bottom time (%) 78.3a (17.6) 92.3a (7.5) 82.7a (19.2)
Max. depth (m) 20.4a (13.4) 24.6 (11.1) 26.6 (14.2)
Bottom depth (m) 18.3a (10.9) 23.5 (9.7) 23.6 (11.8)
CV (%) 10.5 (11.2) 3.1a (4.9) 11.0 (15.6)
a Significantly different dive characteristics determined using non-parametric Tukey-

type multiple comparisons (Dunn, 1964).
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Fig. 3. Variation in dive types among the three stages of the inter-nesting interval.

Table 5
Dive characteristics, presented as mean (SD), for U dives across the three stages of the
inter-nesting interval.

Stage 1 Stage 2 Stage 3

Frequency (%) 41.0 80.9 40.3
Duration (min) 33.2a (21.8) 62.0 (18.9) 62.4 (20.9)
Bottom depth (m) 18.2a (10.8) 23.1 (9.6) 26.5 (11.5)
CV (%) 4.1a (4.7) 1.7 (1.5) 1.9 (1.7)
a Significantly different dive characteristics determined using non-parametric Tukey-

type multiple comparisons (Dunn, 1964).
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minimal use of depths greater than 40 m (Fig. 1), i.e., depths where the
abundance of sponges tends to increase while that of live corals de-
creases (Bellairs Research Institute, 1984), supports the suggestion
that inter-nesting females do not dive to depths where they could po-
tentially forage. Given that Barbados has previously been reported as a
suboptimal adult foraging habitat (Krueger et al., 2011), a strategy of
energy conservation over energy utilisation would not be surprising,
as has been documented at suboptimal sites in more temperate loca-
tions (Fossette et al., 2012; Schofield et al., 2009).

Apart from differences in energy expenditure associated with diving
to different depths, diving and surfacing also differ in energetic expendi-
ture, perhaps explaining why females in this study dived to the deepest
point early in each dive. In order to overcome the positive buoyancy fol-
lowing gaseous exchange at the surface (Minamikawa et al., 1997), on
their initial descent turtles use powerful flipper strokes (Van Dam and
Diez, 1997) with high flipper beat frequency and amplitude (Hays
et al., 2007). Indeed hawksbills, loggerheads, greens and leatherbacks
have all been reported to exhibit greater vertical velocities upon descent
than on ascent (Eckert, 2002; Hochscheid et al., 1999; Houghton et al.,
2002; van Dam and Diez, 1997), with ascents utilising very little swim-
ming and more buoyancy control using lung gases. van Dam and Diez
(1997) also partly attributed the slower ascent as a means of carefully
surveying the surface zone for potential hazards and predators.

Dive durations were on average longer than 50 min, supporting the
observation that hawksbills, at least during the INI,make some of the lon-
gest routine dives of all sea turtles (see also Starbird et al., 1999; Gaos
et al., 2012b). The predominance of short surface intervals (i.e. SI 1:
b1 min) seen in this study has also been reported for hawksbills nesting
at Buck Island, where a median surface interval of 1.2 min was exhibited
(Storch, 2003). By contrast, other species have been reported to spend
considerable amounts of time at the surface (e.g. Hochscheid et al.,
2010; Standora et al., 1984). Regardless of previous or subsequent dive
type, time of day, or Stage of the INI, short intervals at the surface were
most prevalent for Barbados hawksbills (see also Starbird et al., 1999)
suggesting that time at the water surface during the breeding season
functioned primarily for gaseous exchange, rather than thermoregulation
or the control of ecto-parasites or infections that have been suggested for
other species (see Hochscheid et al., 2010). Given that the study animals
were tagged on theirfirst or secondnesting emergence, the lack of time at
the surface also supports the generally accepted view that mating (much
time of which is believed to occur at the surface) does not tend to occur
after the first batch of eggs is laid (Miller, 1997; Schofield et al., 2013b).

The shorter dive durations recorded during Stage 1 when females
were travelling away from the nesting beach indicated that females
were surfacing more frequently while swimming against the westerly
currents towards their resident areas (see Walcott et al., 2012),
suggesting that dive duration decreased with increased metabolic
rates (see also Hays et al., 2000). The high frequency of short, shallow
V-dives while travelling both away from and towards the nesting
beach suggests that these dives may be used for brief underwater
surveys of benthic habitats and orientation (Fossette et al., 2008;
Hochscheid et al., 1999; Thompson et al., 2011). W and X-dives were
also most prevalent during the travelling phases; their short dive dura-
tions, decreased bottom time and significantly increased levels of CV in
the bottom phase clearly indicated high activity levels. Seminoff et al.
(2006) has already associated W-dives with exploratory behaviour of
benthic habitats. X-dives similarlymay function as exploratory, orienta-
tion and navigational dives, which have been influenced or interrupted
by other random factors (e.g. boat traffic, conspecific interactions,
weather conditions inter alia) leading to the dive profile differing from
previously recognised dive types.

Overall, the most commonly recorded dives were U-dives (73.7% of
all dives). This type of dive is frequently utilised at breeding grounds
and has been reported to function either solely or partially for resting
(e.g. Fossette et al., 2012; Fuller et al., 2009; Hays et al., 2000;
Hochscheid et al., 1999; Houghton et al., 2002, 2008; Minamikawa

et al., 1997; Seminoff et al., 2006; Starbird et al., 1999; Storch et al.,
1999, 2002; Thompson et al., 2011). The long duration, large percentage
of dive time spent in the bottomphase, and the relatively small CVwhile
in the bottom phase, particularly during Stage 2 of the INI, all suggested
that the hawksbills in this study also reduced activity and established a
level of quiescence, as observed at the temperate breeding area of
Zakynthos (Fossette et al., 2012). Apart from resting, U-dives have also
been linked to benthic activities such as foraging and horizontal move-
ments (Fuller et al., 2009; Hochscheid et al., 1999; Seminoff et al., 2006;
Thompson et al., 2011), and the modified U-dives (i.e. U^-dives) of this
study could possibly indicate periods of horizontal movement. Second
in frequency only to U-dives, the relatively long dive duration and
high percentage in bottom time of U^-dives (though lower in both pa-
rameters than U-dives) supports an overall low activity level. However,
the increase inmeanCV in the bottomphasewhen compared to U-dives
suggested a higher activity level than U-dives. U^-dives therefore possi-
bly function as exploratory and orientation dives along the bottom, thus
explaining their relatively high frequencieswhile travelling to and away
from the nesting beach. At this time, females may be searching for pre-
viously used resident areas or looking for new or better resident areas.
An alternative explanation is that U^-dives represented resting dives
that were interrupted, either by other turtles (e.g. males looking to
mate, females contesting suitable resting ledges and overhangs) or
even humans (e.g. SCUBA divers), causing the animal to relocate before
resuming resting (see Schofield et al., 2007b).

Active dives are characterised by greater movements, shorter dura-
tions and greater depth variation in the bottom phase (Cheng, 2009;
Starbird et al., 1999; Witt et al., 2010). Overall means for surfacing
frequency, dive duration and CV in the bottom phase in our study (1.1
per hr, 56.1 ± 23.4 min, 4.4 ± 7.8%) would therefore suggest that ani-
mals maintained a relatively low level of diving activity while in the
inter-nesting habitat at this rookery, as has been observed at other rook-
eries (see Fossette et al., 2012). The verticalmovements exhibited by fe-
males in this study therefore supported previous findings derived from
the spatial tracking of horizontal movements using GPS dataloggers of
the study animals (Walcott et al., 2012). Together, the two datasets sup-
port a lack of foraging activity throughout the nesting season, and a re-
liance on fat reserves built up while at foraging grounds (see Hays et al.,
2000, 2002; Santos et al., 2010; van Dam et al., 2008). The lack of diel
variation in bottom depths utilised and CV during the bottom phase
would suggest that activity levels during the day and night periods
were equally low (see Hochscheid et al., 1999; Storch, 2003). However,
dive duration and the time spent in the bottom phase of the dive in-
creased at night in our study. Such behaviours may represent a strategy
to minimise time spent in the water column and away from safe refuge
(Blumenthal et al., 2009), with the lower visibility and increased risk of
predation, particularly by tiger and bull sharks, at night.

The small variation in mean water temperatures in the Caribbean
Sea around Barbados during the breeding season, as compared to
more temperate locations (see Schofield et al., 2009) suggested that
there was less potential for behavioural thermoregulation. However,
even the relatively small temperature range (i.e. 4 °C) experienced by
study animals may still have influenced diving behaviour exhibited
due to changes inmetabolic rates. Green turtleswere shown to increase
their oxygen consumption rate (proxy for metabolic rate) when resting
by 52% due to an increase in temperature of 4.1 °C fromwinter to sum-
mer (Enstipp et al., 2011). The fact that the length of the INI was shorter
at warmer water temperatures for females in our study, even though
there is only a slight variation in temperature range around Barbados'
latitude (13.1°N), suggested that ambient water temperatures may
still play an influential role in female reproductive biology (see also
Sato et al., 1998). Loggerheads nesting at higher latitudes around
Zakynthos, Greece, experienced temperatures ranging between 13 and
26 °C and were found to actively select areas of warm water (Fossette
et al., 2012; Schofield et al., 2009). Since water temperature decreased
with depth in Barbados, shallower habitats on the reef that provided
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optimal overhangs and ledges for buoyancy control and refuge, may
also have been preferred for the opportunities for thermoregulation
they provided.

Finally, diving behaviour exhibited by hawksbills at the Barbados
rookery not only differed in some important respects from that of
other species during their inter-nesting intervals (e.g. Hays et al.,
2002; Minamikawa et al., 1997; Schofield et al., 2009), but also from
that of hawksbills at other rookeries (see Bell and Parmenter, 2008;
Gaos et al., 2012b; Starbird et al., 1999; Storch et al., 2002). Given this,
behavioural and ecological data may need to be collected at a rookery
level to better understand habitat use by endangered sea turtle popula-
tions and implement conservation andmanagement strategies thatwill
adequately protect reproductive females between nesting emergences.

Acknowledgements

This study would not have been possible without the funding re-
ceived from Marine Turtle Conservation Fund (United States Fish and
Wildlife Service), the Tourism Development Corporation and the Uni-
versity of the West Indies (Office of Research & Postgraduate Research
Award Fund). We thank especially Jochim Lage (Jensen Software),
Darren Browne and volunteers (BSTP), Professor Hazel Oxenford, Dr.
Henri Valles, Caroline Gooding, Shelly-Ann Cox and Dale Benskin
(UWI). Work was conducted under permits from the Fisheries Division
of the Ministry of Agriculture and Rural Development. [RH]

References

Ballorain, K., Bourjea, J., Ciccione, S., Kato, A., Hanuise, N., Grizel, H., Enstipp, M., Fossette,
S., Georges, J., 2011. 5 seasonal diving behaviour and feeding rhythm of green turtles
at Mayotte Island. Ecologie trophique de la tortue verte Chelonia mydas dans les
herbiers marins et algueraies du sud-ouest de l'océan Indien. 97.

Beggs, J.A., Horrocks, J.A., Krueger, B.H., 2007. Increase in hawksbill sea turtle Eretmochelys
imbricata nesting in Barbados, West Indies. Endanger. Species Res. 3, 159–168.

Bell, I.P., Parmenter, J.C., 2008. The diving behavior of inter-nesting hawksbill turtles,
Eretmochelys imbricata (Linnaeus 1766), onMilman IslandReef, Queensland,Australia.
Herpetol. Conserv. Biol. 3, 254.

Bellairs Research Institute, 1984. Marine studies component of the south and west coast
sewage project. Technical Memorandum No.13.Government of Barbados (144 pp.).

Bjorndal, K.A., Bolten, A.B., 2010. Hawksbill sea turtles in seagrass pastures: success in a
peripheral habitat. Mar. Biol. 157, 135–145.

Blumenthal, J.M., Solomon, J.L., Bell, C.D., Austin, T.J., et al., 2006. Satellite tracking high-
lights the need for international cooperation inmarine turtlemanagement. Endanger.
Species Res. 2, 51–61.

Blumenthal, J.M., Austin, T.J., Bothwell, J.B., Broderick, A.C., Ebanks-Petrie, G., Olynik, J.R.,
Orr, M.F., Solomon, J.L., Witt, M.J., Godley, B.J., 2009. Diving behavior and movements
of juvenile hawksbill turtles Eretmochelys imbricata on a Caribbean coral reef. Coral
Reefs 28, 55–65.

Cheng, I., 2009. Changes in diving behaviour during the inter-nesting period by green tur-
tles. J. Exp. Mar. Biol. Ecol. 381, 18–24.

Dunn, O.J., 1964. Multiple comparisons using rank sums. Technometrics 6, 241–252.
Eckert, S., 2002. Swim speed and movement patterns of gravid leatherback sea turtles

(Dermochelys coriacea) at St Croix, US Virgin Islands. J. Exp. Biol. 205, 3689–3697.
Enstipp, M.R., Ciccione, S., Gineste, B., Milbergue, M., Ballorain, K., Ropert-Coudert, Y.,

Kato, A., Plot, V., Georges, J.Y., 2011. Energy expenditure of freely swimming adult
green turtles (Chelonia mydas) and its link with body acceleration. J. Exp. Biol. 214,
4010–4020.

Fossette, S.G., Handrich, Y., Le Maho, Y., Georges, J., 2008. Dive and beak movement pat-
terns in leatherback turtles Dermochelys coriacea during inter-nesting intervals in
French Guiana. J. Anim. Ecol. 77, 236–246.

Fossette, S., Schofield, G., Lille, M.K.S., Gleiss, A.C., Hays, G.C., 2012. Acceleration data re-
veal the energy management strategy of a marine ectotherm during reproduction.
Funct. Ecol. 26, 324–333.

Fuller, W.J., Broderick, A.C., Hooker, S.K., Witt, M.J., Godley, B.J., 2009. 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.

Gaos, A.R., Lewison, R.L., Wallace, B.P., Yañez, I.L., Liles, M.J., Nichols, W.J., Baquero, A.,
Hasbún, C.R., Vasquez, M., Urteaga, J., Seminoff, J.A., 2012a. Spatial ecology of critically
endangered hawksbill turtles Eretmochelys imbricata: implications for management
and conservation. Mar. Ecol. Prog. Ser. 450, 181–194.

Gaos, A.R., Lewison, R.R., Wallace, B.P., Yanez, I.L., Liles, M.J., Baquero, A., Seminoff, J.A.,
2012b. Dive behaviour of adult hawksbills (Eretmochelys imbricata, Linnaeus 1766)
in the eastern Pacific Ocean highlights shallow depth use by the species. J. Exp.
Mar. Biol. Ecol. 432–433, 171–178.

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., Broderick, A.C., Glen, F., Hays, G.C., 2003. Post-nesting movements and sub-
mergence patterns of loggerhead marine turtles in the Mediterranean assessed by
satellite tracking. J. Exp. Mar. Biol. Ecol. 287, 119–134.

Hawkes, L.A., Witt, M.J., Broderick, A.C., Coker, J.W., Coyne, M.S., Dodd, M., Frick, M.G.,
Godfrey, M.H., Griffin, D.B., Murphy, S.R., Murphy, T.M., Williams, K.L., Godley, B.J.,
2011. Home on the range: spatial ecology of loggerhead turtles in Atlantic waters
of the USA. Divers. Distrib. 17, 624–640.

Hays, G.C., Luschi, P., Papi, F., del Seppia, C., Marsh, R., 1999. Changes in behaviour during
the inter-nesting period and post-nesting migration for Ascension Island green tur-
tles. Mar. Ecol. Prog. Ser. 189, 263–273.

Hays, G.C., Adams, C.R., Broderick, A.C., Godley, B.J., Lucas, D.J., Metcalfe, J.D., Prior, A.A., 2000.
The diving behaviour of green turtles at Ascension Island. Anim. Behav. 59, 577–586.

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 between two
green turtle (Chelonia mydas) populations. Mar. Biol. 141, 985–990.

Hays, G.C., Metcalfe, J.D., Warne, A.W., 2004. The implications of lung-regulated buoyancy
control for dive depth and dive duration. Ecology 85, 1137–1145.

Hays, G.C., Marshall, G.J., Seminoff, J.A., 2007. Flipper beat frequency and amplitude
changes in diving green turtles. Mar. Biol. 150, 1003–1009.

Hazel, J., Lawler, I.R., Marsh, H., Robson, S., 2007. Vessel speed increases collision risk for
the green turtle Chelonia mydas. Endanger. Species Res. 3, 105–113.

Heithaus, M.R., McLash, J.L., Frid, A., Dill, L.M., Marshall, G.J., 2002. Novel insights into
green sea turtle behaviour using animal-borne video cameras. J. Mar. Biol. Assoc.
UK 82, 1049–1050.

Hochscheid, S., Godley, B.J., Broderick, A.C., Wilson, R.P., 1999. Reptilian diving: highly vari-
able dive patterns in thegreen turtle Cheloniamydas. Mar. Ecol. Prog. Ser. 185, 101–112.

Hochscheid, S., Bentivegna, F., Hamza, A., Hays, G.C., 2010. When surfacers do not dive:
multiple significance of extended surface times in marine turtles. J. Exp. Biol. 213,
1328–1337.

Horrocks, J.A., 1992. WIDECAST sea turtle recovery action plan for Barbados. In: Eckert,
K.L. (Ed.), CEP Technical Report No.12 UNEP Caribbean Environment Programme
Kingston Jamaica (61 pp.).

Horrocks, J.A., Vermeer, L.A., Krueger, B.H., Coyne, M., Schroeder, B.A., Balazs, G.H., 2001.
Migration routes and destination characteristics of post-nesting hawksbill turtles sat-
ellite tracked from Barbados, West Indies. Chelonian Conserv. Biol. 4, 107–114.

Houghton, J.D.R., Broderick, A.C., Godley, B.J., Metcalfe, J.D., Hays, G.C., 2002. Diving behav-
iour during the inter-nesting interval for loggerhead turtles nesting in Cyprus. Mar.
Ecol. Prog. Ser. 227, 63–70.

Houghton, J.D.R., Callow, M.J., Hays, G.C., 2003. Habitat utilization by juvenile hawksbill
turtles (Eretmochelys imbricata, Linnaeus, 1766). J. Nat. Hist. 37, 1269–1280.

Houghton, J.D.R., Cedras, A., Myers, A.E., Liebsch, N., Metcalfe, J.D., Mortimer, J.A., Hays,
G.C., 2008. Measuring the state of consciousness in a free-living diving sea turtle.
J. Exp. Mar. Biol. Ecol. 356, 115–120.

Kooyman, G.L., 1989. Diverse Divers: Physiology and Behaviour. Springer-Verlag, Berlin,
Germany.

Krueger, B.H., Chaloupka, M.Y., Leighton, P.A., Dunn, J.A., Horrocks, J.A., 2011. Somatic
growth rates for a hawksbill population in coral reef habitat around Barbados. Mar.
Ecol. Prog. Ser. 432, 269–276.

León, Y.M., Bjorndal, K.A., 2002. Selective feeding in the hawksbill turtle, an important
predator in coral reef ecosystems. Mar. Ecol. Prog. Ser. 245, 249–258.

Lewis, J.B., Oxenford, H.A., 1996. A field guide to the coral reefs of Barbados. Department
of Biology, McGill University, Montreal (46 pp.).

Meylan, A., 1988. Spongivory in hawksbill turtles: a diet of glass. Science 239, 393–395.
Miller, J.D., 1997. Reproduction in sea turtles. In: Lutz, P.L., Musick, J.A. (Eds.), In The

Biology of Sea Turtles. CRC Press, Boca Raton, FL, pp. 51–82.
Minamikawa, S., Naito, Y., Uchida, I., 1997. Buoyancy control and diving behaviour of the

loggerhead turtle, Caretta caretta. J. Ethol. 15, 109–118.
Polovina, J.J., Uchida, I., Balazs, G., Howell, E.A., Parker, D., Dutton, P., 2006. The Kuroshio

extension bifurcation region: a pelagic hotspot for juvenile loggerhead sea turtles.
Deep-Sea Res. II 53, 326–339.

Sakamoto, W., Sato, K., Tanaka, H., Naito, Y., 1993. Diving patterns and swimming envi-
ronment of two loggerhead turtles during inter-nesting. Nippon Suisan Gakkaishi
59, 1129–1137.

Santos, A.J.B., Freire, E.M.X., Bellini, C., Corso, G., 2010. Body mass and the energy budget of
gravid hawksbill turtles (Eretmochelys imbricata) during the nesting season. J. Herpetol.
44, 352–359.

Sato, K., et al., 1998. Internesting intervals for loggerhead turtles, Caretta caretta, and green
turtles, Chelonia mydas are affected by temperature. Can. J. Zool. 76, 1651–1662.

Sazima, I., Grossman, A., Sazima, C., 2004. Hawksbill turtles visit moustached barbers:
cleaning symbiosis between Eretmochelys imbricata and the shrimp Stenopus hispidus.
Biota Neotrop. 4, 1–6.

Schofield, G., Katselidis, K.A., Pantis, J.D., Dimopoulos, P., Hays, G.C., 2006. Behaviour anal-
ysis of the loggerhead sea turtle (Caretta caretta) from direct in-water observation.
Endanger. Species Res. 2, 71–79.

Schofield, G., Bishop, C.M., MacLeon, G., Brown, P., et al., 2007a. Novel GPS tracking of sea
turtles as a tool for conservation management. J. Exp. Mar. Biol. Ecol. 347, 58–68.

Schofield, G., Katselidis, K.A., Pantis, J.D., Dimopoulos, P., Hays, G.C., 2007b. Female–female
aggression: structure of interaction and outcome in loggerhead sea turtles. Mar. Ecol.
Prog. Ser. 336, 267–274.

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

Schofield, G., Dimadi, A., Fossette, S., Katselidis, K.A., Koutsoubas, D., Lilley, M.K.S.,
Luckman, A., Pantis, J.D., Karagouni, A.D., Hays, G.C., 2013a. Satellite tracking large
numbers of individuals to infer population level dispersal and core areas for the pro-
tection of an endangered species. Divers. Distrib. 1–11.

177J. Walcott et al. / Journal of Experimental Marine Biology and Ecology 448 (2013) 171–178



Author's personal copy

Schofield, G., Scott, R., Dimadi, A., Fossette, S., Katselidis, K.A., Koutsoubas, D., Hays, G.C.,
2013b. Evidence-based marine protected area planning for a highly mobile endan-
gered marine vertebrate. Biol. Conserv. 161, 101–109.

Seminoff, J.A., Jones, T.T., Marshall, G.J., 2006. Underwater behaviour of green turtles mon-
itored with video-time-depth recorders: what's missing from dive profiles? Mar.
Ecol. Prog. Ser. 322, 269–280.

Standora, E.A., Spotila, J.R., Keinath, J.A., Shoop, C.R., 1984. Body temperatures, diving
cycles, and movement of a subadult leatherback turtle, Dermochelys coriacea.
Herpetologica 40, 169–176.

Starbird, C.H., Hills-Starr, Z., Harvey, J.T., Eckert, S.A., 1999. Inter-nesting movements
and behavior of hawksbill turtles (Eretmochelys imbricata) around Buck Island Reef
National Monument, St. Croix, U.S. Virgin Islands. Chelonian Conserv Biol 3, 237–243.

Stimmelmayr, R., Latchman, V., Sullivan, M., 2010. In-water observations of hawksbill
(Eretmochelys imbricata) and green (Cheloniamydas) turtles in St. Kitts, Lesser Antilles.
Mar. Turt. Newsl. 127, 17–19.

Storch, S., 2003. The behaviour of immature and female hawksbill turtles (Eretmochelys
imbricata) at sea. (PhD dissertation) University of Kiel, Germany.

Storch, S., Hillis-Starr, Z.M., Wilson, P.R., 1999. Turtles in the reef: a closer look at the ac-
tivities of hawksbill turtles in a Caribbean inter-nesting habitat. Proceedings of the
Nineteenth Annual Symposium on Sea Turtle Biology and Conservation. U.S. Depart-
ment of Commerce. NOAA Technical Memorandum. NMFS-SEFSC, 443, pp. 32–35.

Storch, S., Hills-Starr, Z.M., Wilson, R.P., 2002. Things to do, places to be: inter-nesting
diving behaviour of Caribbean hawksbill turtles elucidated through archival tags.
NOAA Technical Memorandum. NMFS-SEFSC, 477 34–36.

Storch, S., Wilson, R.P., Hillis-Starr, Z.M., Adelung, D., 2005. Cold-blooded divers:
temperature-dependent dive performance in the wild hawksbill turtle Eretmochelys
imbricata. Mar. Ecol. Prog. Ser. 293, 263–271.

Thompson, J.A., Heithaus, M.R., Dill, L.M., 2011. Informing the interpretation of dive pro-
files using animal-borne video: a marine turtle case study. JEMBE 410, 12–20.

Troëng, S., Dutton, P.H., Evans, D., 2005. Migration of hawksbill turtles Eretmochelys
imbricata from Tortuguero, Costa Rica. Ecography 28, 394–402.

van Dam, R.P., Diez, C.E., 1997. Diving behavior of immature hawksbill turtles
(Eretmochelys imbricata) in a Caribbean reef habitat. Coral Reefs 16, 133–138.

van Dam, R.P., Diez, C.E., Balazs, G.H., Colón, L.A.C., McMillan, W.O., Schroeder, B., 2008.
Sex-specific migration patterns of hawksbill turtles from Mona Island, Puerto Rico.
Endanger. Species Res. 4, 85–94.

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., Williams, C.L., Paladino, F.V., Morreale, S.J., Lindstrom, R.T., Spotila, J.R., 2005.
Bioenergetics and diving activity of inter-nesting leatherback turtles Dermochelys
coriacea at ParqueNacionalMarino Las Baulas, Costa Rica. J. Exp. Biol. 208, 3873–3884.

Whiting, S.D., Long, J.L., Coyne, M., 2007. Migration routes and foraging behaviour of olive
ridley turtles Lepidochelys olivacea in Northern Australia. Endanger. Species Res. 3, 1–9.

Witt, M.J., McGowan, A., Blumenthal, J.M., Broderick, A.C., Gore, S., Wheatley, D., White, J.,
Godley, B.J., 2010. Inferring vertical and horizontal movements of juvenile marine
turtles from time-depth recorders. Aquat. Biol. 8, 169–177.

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

178 J. Walcott et al. / Journal of Experimental Marine Biology and Ecology 448 (2013) 171–178


