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A B S T R A C T

Although some associations between the leatherback turtle Dermochelys coriacea and the Gulf Stream current
have been previously suggested, no study has to date demonstrated strong affinities between leatherback
movements and this particular frontal system using thorough oceanographic data in both the horizontal and
vertical dimensions. The importance of the Gulf Stream frontal system in the selection of high residence time
(HRT) areas by the North Atlantic leatherback turtle is assessed here for the first time using state-of-the-art
ocean reanalysis products. Ten adult females from the Eastern French Guianese rookery were satellite tracked
during post-nesting migration to relate (1) their horizontal movements to physical gradients (Sea Surface
Temperature (SST), Sea Surface Height (SSH) and filaments) and biological variables (micronekton and
chlorophyll a), and (2) their diving behaviour to vertical structures within the water column (mixed layer,
thermocline, halocline and nutricline). All the turtles migrated northward towards the Gulf Stream north wall.
Although their HRT areas were geographically remote (spread between 80–30 °W and 28–45 °N), all the turtles
targeted similar habitats in terms of physical structures, i.e. strong gradients of SST, SSH and a deep mixed
layer. This close association with the Gulf Stream frontal system highlights the first substantial synchronization
ever observed in this species, as the HRTs were observed in close match with the autumn phytoplankton bloom.
Turtles remained within the enriched mixed layer at depths of 38.5 ± 7.9 m when diving in HRT areas, likely to
have an easier access to their prey and maximize therefore the energy gain. These depths were shallow in
comparison to those attained within the thermocline (82.4 ± 5.6 m) while crossing the nutrient-poor subtropical
gyre, probably to reach cooler temperatures and save energy during the transit. In a context of climate change,
anticipating the evolution of such frontal structure under the influence of global warming is crucial to ensure the
conservation of this vulnerable species.

1. Introduction

Oceanic fronts are transition areas between water masses of
contrasting properties (Belkin et al., 2002; Scales et al., 2014). These
sharp boundaries are generally characterized by physical and biological
discontinuities in terms of temperature, salinity and nutrient gradients
(Le Fèvre, 1986; Reul et al., 2014; Scales et al., 2014; Greer et al.,
2015), and occur across a variety of spatial and temporal scales, from
sub-mesoscale (1–10s km) to ocean basin scales (1000s km). Oceanic
fronts can be generated by various physical processes, ranging from the

presence of an estuary or a shelfbreak, the occurrence of locally
enhanced tidal mixing, wind-induced upwelling or convergence pat-
terns, the presence of sea ice or the western intensification of gyre
circulations (Belkin et al., 2009).

The physical processes (upwelling, mixing, stirring) generating
oceanic fronts lead to increased primary and secondary productivity
(Olson and Backus, 1985; Olson et al., 1994), enhancing in most cases
the activity at higher trophic levels via bottom-up processes (Le Fèvre,
1986; Largier, 1993; Acha et al., 2004). Frontal systems are therefore
commonly associated with a diverse range of marine vertebrates such
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as seabirds (Haney and McGillivary, 1985, van Franeker et al., 2002;
Cotté et al., 2007; De Monte et al., 2012; Scheffer et al., 2012; Thorne
and Read, 2013; Whitehead et al., 2016), pinnipeds (Bradshaw et al.,
2004; Bailleul et al., 2010; Nordstrom et al., 2013), cetaceans (Moore
et al., 2002; Etnoyer et al., 2006; Doniol Valcroze et al., 2007; Druon
et al., 2012; Murase et al., 2014) and sea turtles (Eckert et al., 2006b;
Fossette et al., 2010a; Witherington, 2002; Polovina et al., 2004;
Polovina and Howell, 2005).

The largest frontal system in the North Atlantic Ocean is associated
with the Gulf Stream, one of the World hydrodynamic oceanic currents
(Schmitz and McCartney, 1993; Lozier et al., 1995; Ducet et al., 2000).
Forming the western boundary current system of the North Atlantic
Ocean subtropical gyre, this fast current originates in the Gulf of
Mexico and intensifies along the south-east coast of the United States
before leaving the coastline to cross the Atlantic Ocean at about 40 °N.
A strong thermal boundary occurs at the intersection of the warm, salty
Gulf Stream waters and the cold and less salty waters of the Labrador
Current (Fuglister, 1963). Like in other frontal systems, some associa-
tions have been observed between the Gulf Stream and marine
megafauna (Olson et al., 1994) such as seabirds (Haney and
McGillivary, 1985; Thorne and Read, 2013), fish (Block et al., 2001,
2005; Wilson et al., 2004; Skomal et al., 2009; Potter et al., 2011) and
sea turtles (loggerhead: Witherington, 2002; leatherback: Eckert et al.,
2006b; Fossette et al., 2010a; Lutcavage, 1996; Dodge et al., 2014).

While the leatherback turtle (Dermochelys coriacea) has often been
tracked in the Atlantic Ocean (Bailey et al., 2012b; Eckert et al., 2006b;
Fossette et al., 2010b, 2010a; James et al., 2005a, 2005b; Ferraroli
et al., 2004; Hays et al., 2004; McMahon and Hays, 2006; López-
Mendilaharsu et al., 2009; Dodge et al., 2014), only a few studies have
suggested that this species may associate with the Gulf Stream frontal
system (Eckert et al., 2006b; Fossette et al., 2010a; Lutcavage, 1996).
More recently, Dodge et al. (2014) have shown a relationship between
leatherback movements and strong Sea Surface Temperature (SST)
gradients, highlighting some affinities for the Gulf Stream front, but
only for a limited number of individuals (n=2), and not in the vertical
dimension. Given that the Gulf Stream frontal system is marked by
strong SST gradients and pronounced vertical mixing, aggregating
therefore low trophic level organisms such as jellyfish (Sims and
Quayle, 1998; Greer et al., 2013; Powell and Ohman, 2015), it would
be logical to expect North Atlantic leatherback turtles to interact with
the Gulf Stream frontal system during their post-nesting migration
across the North Atlantic. We propose in this study to examine more
systematically the potential affinities of leatherback turtles with this
frontal system based on detailed 3D oceanographic data, investigating
both the geographical patterns and the vertical dive behaviour in
relation to physical and biological ocean conditions.

This study assesses the role of the Gulf Stream frontal system in the
selection of preferentially used areas by the leatherback turtle via the
satellite tracking of 10 adult females, equipped between 2014 and 2015
from the Eastern French Guianese rookery. This is one of the two major
rookeries for the leatherback turtle on the west coast of the equatorial
Atlantic (Fossette et al., 2008), showing a different genetic structura-
tion (Molfetti et al., 2013). Note that several female leatherback turtles
from the Western French Guianese population have been tracked in the
past (Fossette et al., 2010b, 2010a), but it is the first time tracks from
the Eastern rookery are documented. After identifying high residence
areas (a proxy of foraging grounds), we used a series of biological and
physical variables provided by 3D ocean reanalysis products to relate
(1) the horizontal movements of the leatherback turtles to physical
properties (SST and Sea Surface Height (SSH) gradients and filaments)
and biological variables (micronekton and chlorophyll a), and (2) their
diving behaviour to vertical structures within the water column (mixed
layer, thermocline, halocline and nutricline).

2. Materials and methods

2.1. Ethics statements

This study met the legal requirements of the country in which the work
was carried out (France), and followed all institutional guidelines. The
protocol was approved by the “Conseil National de la Protection de la
Nature” (CNPN, http://www.conservation-nature.fr/acteurs2.php?id=11),
which is under the authority of the French Ministry for ecology, sustainable
development and energy (permit Number: 2015133-0022), and acts as the
ethics committee for French Guiana. The fieldwork was carried out in strict
accordance with the recommendations of the Police Prefecture of Cayenne
(French Guiana, France), to minimize any disturbance of the animals.

2.2. Study area and tag deployment

During the 2014 and 2015 nesting seasons, 11 adult female leatherback
turtles were equipped with satellite tags on the beaches of Rémire-Montjoly
(4.53°N–52.16°W, Cayenne, French Guiana). One Argos Fastloc GPS tag
(SPLASH10-F-296A, Wildlife Computers Redmond, WA, USA) was de-
ployed in August 2014 and 10 Satellite Relay Data Loggers (SRDL, Sea
Mammal Research Unit, University of St. Andrews, Scotland) were deployed
in June 2015. These tags were attached during night-time egg laying, i.e. at
the only moment when individuals are static while ashore. Harnesses were
not used to attach the satellite tags in order to minimize hydrodynamic drag.
Prior to attachment, the tags were moulded into a resin mount to match the
shape of the central dorsal ridge, and two holes were drilled into the resin
mount for the stainless steel cable. The attachment area was disinfected with
Betadine then locally anesthetised with Lidocaïne © spray. Two <0.5 cm
diameter holes were drilled into the central dorsal ridge. The tags were then
fixed by threading a stainless steel cable through the holes in the dorsal ridge
and the resin tag mount. Stainless steel crimps were used to secure the cable
and were covered with an epoxy resin to ensure solidity, preventing the tag
from being released before the return of the turtles to the nesting site (French
Guiana) in 2–4 years.

2.3. Data collected from the tags

Both tag types recorded horizontal (Argos and/or GPS locations)
and vertical movements (diving behaviour) of the turtles, but at
different resolutions.

2.3.1. Argos Fastloc GPS tag
The single Argos Fastloc GPS tag deployed in 2014 recorded both Argos

and GPS locations (every 4-h), as well as depth data describing specific
diving parameters, namely maximum dive depths, dive durations, and in
situ temperature data, binned as 4-h period histograms. The wet/dry sensor
of the tag was used to identify the beginning and end of each dive. The
sensor entered haul-out state after 20 consecutive dry minutes, and exited
haul-out state if it remained wet for 30 s or more. Maximum depths were
collected in different bins, every 10 m from 10 to 100 m, then every 50 m
from 100 to 250 m with a depth sensor accuracy of 1% of reading.
Similarly, maximum dive durations were stored from 30 s to 1 min, then
every minute from 1 to 5 min, every five minutes from 5 to 20 min, and in
situ temperatures from 20 to 32 °C were recorded during dives with a
resolution of 1 °C, with a temperature sensor accuracy of 0.1 °C. This tag
also supplied Time At Depth (TAD), defined as the proportion of time (in
%) spent at each depth.

2.3.2. SRDL tags
One of the 10 SRDL tags deployed in 2015 did not transmit any

data, and was therefore excluded from the analysis. The other nine
SRDL tags provided Argos-based location data, as well as data about
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diving behaviour including dive depth (with a depth sensor resolution
of 0.5 m), dive duration and duration of post-dive surface intervals. The
wet/dry sensor of the tag was used to identify the beginning and end of
each dive. Dives started when the sensor was wet and below 1.5 m for
20 s, and ended when dry or above 1.5 m. The SRDL tags were
programmed to send summarized dive profiles using the compression
algorithm described by Fedak et al. (2001), with 4 depth records for
each dive (instead of 1 maximum depth per dive for the Argos Fastloc
GPS tag).

2.4. Data pre-filtering

As all tags were deployed during the nesting season, they recorded
movements and diving behaviour for both the nesting and migration
phases. Following the procedure described in Chambault et al. (2015), we
excluded the nesting phase to focus on the migration phase alone. A
Kalman filtering algorithm (Silva et al., 2014; Lopez et al., 2014) provided
by Collecte Location Satellites (CLS Toulouse, France) was applied to
estimate Argos locations. Basically, the algorithm uses a correlated random
walk model to predict the next location and its associated error based on
the previous positions and estimated error. To each Argos location was
assigned a Location Class (LC): 3, 2, 1, 0, A, B or Z. Approximately 17% of
the locations of our study were associated with an estimated error (from >
250 m to >1500 m, LC 3: 2.1%, 2: 4.3%, 1: 5.6% and 0: 5.7%), 83% had
no accuracy estimation (LC A: 20.5% and B: 61.7%), and 1% were invalid
(LC Z). The GPS locations (provided by the single tag deployed in 2014)
were associated with an accuracy <100 m (0.1% recorded). We used the
General Bathymetric Chart of the Oceans (GEBCO) database (http://www.
gebco.net/, resolution 30 arc-second, ~1 km grid) to discard any locations
on land. As described in Fossette et al. (2010a), we also discarded the Argos
locations associated with a speed of over 10 km h−1 (9% in 2014 and 10%
in 2015, Fossette et al., 2010b), as well as “type Z” (i.e. invalid Argos-based)
locations.

2.5. Current correction of tracks

Tracks were first re-sampled according to the mean daily locations
frequency obtained for both tag types: every 2 h (Argos-GPS) or 8 h
(SRDL). We then corrected the ground-related (satellite-recorded)
tracks for oceanic currents to estimate the movements of leatherbacks
according to the water masses they cross, providing a more accurate
picture of actual movement behaviour (Girard et al., 2006; Gaspar
et al., 2006). Surface current velocity fields can be computed as the
vectorial sum of geostrophic and Ekman components (Sudre et al.,
2013). The geostrophic component results from the balance between
the horizontal pressure gradient force and the Coriolis force. It was
computed from the Ssalto/Duacs maps of absolute dynamic topogra-
phy data available daily on a 1/4 ° grid (www.aviso.altimetry.fr/en/
data/products/sea-surface-height-products/global/madt-h-uv.html)
based on an updated assessment of the sum of sea level anomalies and
mean dynamic topography, both being referenced over a twenty-year
period in the Duacs 2014 version (V15.0). The Ekman component
results from the balance between friction by wind and the Coriolis
force. It was estimated from wind stress data provided daily on a 1/4°
grid by CERSAT IFREMER (Ascat daily gridded mean wind field:
http://cersat.ifremer.fr/data/products/catalogue). Both geostrophic
and Ekman components were computed using a recent model
(GEKCO product) developed by Joël Sudre and underwent a bi-linear
spatial interpolation and a linear temporal interpolation to estimate
their "meridional" (i.e. E-W) U and "zonal" (i.e S-N) V components at
every turtle's location (velocity field data and a user-friendly program
to interpolate local values at any location and time are freely available
at www.legos.obs-mip.fr/sudre). It is worth noting however that the
Ekman component becomes negligible under the mixed layer (e.g.
within the thermocline, Marshall and Plumb, 2007). We therefore
estimated the proportion P of time spent above the thermocline for

each dive of each turtle, and computed the real current velocity as:

U U P U V V P V= + . and = + .actual geostrophic Ekman actual geostrophic Ekman

The time spent above the thermocline could not be calculated for
the Argos-GPS tag deployed in 2014 due to the coarser resolution of the
diving data. For this turtle, P was estimated as a function of the
location based on the diving data provided by the 9 other tags. Finally,
the water mass-related (i.e. "motor") step lengths for each turtle were
computed as:

ΔX ΔX Δt U ΔY ΔY Δt V= – . and = – .motor track actual motor track actual

where ΔXtrack and ΔYtrack are ground-related step lengths based on
coordinates of the satellite-recorded locations (converted from long-
itude and latitude to an orthonormal metric system X and Y), and Δt is
the time of movement between a given location and the next (see
Girard et al., 2006 for details).

2.6. Residence time analysis

We inferred high residence time (HRT) phases (and therefore HRT
areas) by applying Residence Time (RT) analysis (Barraquand and
Benhamou, 2008; Benhamou and Riotte-Lambert, 2012) to the cur-
rent-corrected movements. The RT for a given location indicates the
time spent within a circle centred on this location with a given radius R.
It is therefore computed as the difference between forward and
backward first passage times at distance R from the centre, plus
possible additional backward and/or forward times spent within the
circle provided that the animal does not leave the circle for more than a
given time (set to 8 h in the present study), before returning within the
circle. The circle runs along the path in this approach, providing a more
contrasted and less noisy time series (with respect to simpler analyses
based on first passage times). As advised in Barraquand and Benhamou
(2008), we computed RT time series with a radius r ranging between 10
and 100 km to explore different scales. The low residence time (here-
after LRT) and HRT areas for the migration of each turtle were then
inferred by segmenting RT time series using Lavielle (2005) segmenta-
tion method.

2.7. Environmental data

2.7.1. Horizontal variables
We extracted a series of environmental variables from both remote

sensed data and model simulations to characterize the habitat of
leatherback turtles at their HRT areas. The variables selected were
those most likely to influence the distribution of jellyfish (Graham
et al., 2001). We extracted the surface sea water chlorophyll a
concentration at each turtle location from the Global ocean biochem-
ical analysis and forecast product (BIO 001–014) at a 0.5 ° spatial
resolution (from U.E Copernicus Marine Service Information: http://
marine.copernicus.eu/services-portfolio/access-to-products/).

As the Spatial Ecosystem And Population Dynamics Model
(SEAPODYM) predicts the spatio-temporal distribution of micronekton
(Lehodey et al., 2008, CLS Toulouse), the smallest pelagic organisms
capable of swimming against sea currents (individuals measuring from 2 to
25 cm), it was used to estimate the distribution of leatherback prey. It
includes the diet of leatherback turtles and encompasses different micro-
nekton groups, including jellyfish (Brodeur et al., 2005). Micronekton is
modelled using current and temperature data provided by the GLobal
Ocean ReanalYsis and Simulations product (GLORYS-2v1), and net
primary production and euphotic depth derived from ocean colour satellite
data (http://www.science.oregonstate.edu/ocean.productivity/) using the
Vertically Generalised Production Model (VGPM). Due to the lack of
micronekton predictions in nearshore mesopelagic and bathypelagic layers,
we estimated only the epipelagic layer using this model. To investigate
variations in the vertical accessibility of leatherback prey, we also extracted
the euphotic depth weekly on a grid of 0.25 °×0.25 °.

P. Chambault et al. Deep–Sea Research Part I 123 (2017) 35–47

37

http://www.gebco.net/
http://www.gebco.net/
http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/madt-h-uv.html
http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/madt-h-uv.html
http://cersat.ifremer.fr/data/products/catalogue
http://www.legos.obs-mip.fr/sudre
http://marine.copernicus.eu/services-portfolio/access-to-products/
http://marine.copernicus.eu/services-portfolio/access-to-products/
http://www.science.oregonstate.edu/ocean.productivity/


To assess the effect of horizontal physical gradients on the foraging
behaviour of leatherback turtles (associated with HRT areas), we
extracted at each turtle location the associated SST and SSH from
the Global sea physical analysis and forecast product (PHYS 001–
024) at a resolution of 0.08 ° (from U.E Copernicus Marine Service
Information). We then calculated the values of SST gradient (SSTgrad)
and SSH gradient (SSHgrad) at the locations of each turtle. We then
used the areas with the highest SSTgrad and SSHgrad magnitude (≥
quantile 0.95) to identify the locations of oceanic fronts. Then we
assessed the use of frontal zones by leatherback turtles based on the
distance to the closest frontal zone identified. We repeated the analysis
to determine whether the turtles directly targeted SST fronts or if they
were attracted by another oceanographic feature present at frontal
regions. This procedure used Finite-Size Lyapunov Exponents (FSLE,
D’Ovidio et al., 2004) and focused on pure transport diagnostics. The
FSLE method provides a direct measurement of local stirring by sub-
mesoscale currents, and the separation of waters coming from different
regions by the FSLE ridges makes it possible to identify water masses
with different physical properties (D’Ovidio et al., 2010; De Monte
et al., 2012). FSLE diagnostics were computed as described in Bon
et al. (2015) and the FSLE diagnostics were extracted at each turtle
location at a 0.08 ° horizontal resolution. For the SST and SSH fronts,
the distance to the closest FSLE filament with a gradient magnitude ≥
quantile 0.95 was then calculated for each turtle location.

2.7.2. Vertical variables
We assessed the habitat use of leatherback turtles in the vertical

dimension by extracting sea water temperature, sea water salinity,
mixed layer depth (MLD) and sea water chlorophyll a concentration
from Copernicus Marine Service Information. These parameters were
extracted at each dive location and for each maximum depth reached
by all turtles equipped in 2015. The use of vertical habitat by the turtle
equipped in 2014 could not be characterized due to the coarse
resolution of the diving data (only 1 maximum dive depth per location).
We extracted temperature, salinity and MLD (using Kara et al.'s
method (2000a)) data from June 2015 to April in 2016 from the
Global physical analysis and coupled system forecast product (PHY
001–015), available from Copernicus, at a 0.25 ° horizontal resolution
and depths of 0–400 m. Similarly, we extracted sea water chlorophyll a
concentration data from the BIO 001–014 product at a 0.5 ° horizontal
resolution and depths of 0–400 m. We then used these data to locate
the thermocline, halocline and nutricline depths. The seasonal thermo-
cline was defined as the layer comprised between the MLD (upper layer
of the thermocline) and the maximum MLD during the previous winter
peak below (e.g. lower layer, in February 2015 for the tags deployed in
June 2015). We also estimated the halocline and nutricline depths of
each dive location from the salinity and chlorophyll a gradients,
respectively.

2.8. Diving behaviour analysis

An indication of dive shape was obtained through the Time of
Allocation at Depth (TAD) index, calculated by using the four inflection
points of the summarized profiles provided by SRDL tags deployed in
2015. We used Fedak et al.’s method (2001) to calculate the TAD and
thus estimate the type of activity the turtles displayed during the dives.
Exploratory dives commonly corresponded to V-shaped dives with
0.5 ≤ TAD < 0.75, and foraging activity at the bottom of the dive
corresponded to U-shaped dives with 0.75 ≤ TAD<1. We fixed the
average rate of change of depth at 1.4 m s−1, as values above this speed
are considered biologically unreliable.

3. Results

3.1. Migratory routes and high residence time (HRT) areas

The tracked turtles measured (mean ± SD) 160 ± 8.1 cm in curved
carapace length, 116 ± 6.4 cm in curved carapace width and 206 ±
13.7 cm in circumference. We obtained 655 ± 429 (mean ± SD) loca-
tions per turtle, for a tracking duration ranging from 99 (#149680) to
281 days (#149688, Table 1). The total distance travelled varied from
4957 km (#149680) to 12746 km (#149689, mean ± SD: 8577 ±
2842 km). The actual daily speed (corrected for oceanic currents)
ranged from 39.2 ± 21.2 to 70.8 ± 34.6 km d−1 (#149688 vs.
#149689, respectively, mean ± SD: 49.1 ± 9.8 km d−1). The average
elapsed time to reach the HRT areas (putative foraging grounds) was
85 ± 17 d (mean ± SD; range: 65–115 d, #149680 vs. #149684,
respectively).

The 10 females tracked in this study left French Guiana between
late June and late August, and occupied HRT areas between August
and November. They headed in various directions towards mid-latitude
areas, i.e. south-eastern US continental shelf, Newfoundland-Labrador,
the Azores or even pelagic waters in the North Atlantic (Fig. 1a). The
areas that were identified as putative foraging grounds based on a HRT
were spread between 30–45 °N, and were located either in neritic or
pelagic zones. Three turtles used a coastal HRT area located off the
shores of the south-eastern US shelf (#149680, #149682 and
#149689). Another (#149687) remained in the neritic HRT area of
Newfoundland-Labrador, at the mouth of the Saint Lawrence River,
and the six remaining turtles spent most of their time in pelagic waters.
The running circle providing the best contrast in terms of residence
time series analysis had a radius of 80 km. The largest HRT percentage
was observed from October (n=10) to December (n=8) (Fig. 1b).

3.2. Associations with biological features

The initial part of the migration within the core of the North
Atlantic subtropical gyre corresponded to low RT (hereafter ‘transit

Table 1
Summary of the horizontal post-nesting movements of the 10 leatherback turtles tracked. Speed values are Mean ± SD. PTT refers to the turtle's ID, Nloc to the number of locations, HRT
to high residence time.

Ptt Tag type Start date End date Nloc Tracking duration Distance Daily speed Duration to HRT areas
(d) (km) (km d−1) (d)

131347 SPLASH10-F 28/08/2014 25/01/2015 1798 150 6794 44.9 ± 29.0 92
149680 SRDL 30/07/2015 06/11/2015 297 99 4957 49.6 ± 25.9 65
149681 SRDL 06/07/2015 12/12/2015 479 159 7122 44.5 ± 21.4 92
149682 SRDL 18/07/2015 03/02/2016 579 200 8080 40.8 ± 34.0 111
149683 SRDL 16/07/2015 12/11/2015 357 119 5093 42.4 ± 19.6 79
149684 SRDL 08/07/2015 07/12/2015 454 152 7093 46.3 ± 22.8 115
149685 SRDL 14/07/2015 21/02/2016 665 222 11640 52.2 ± 27.1 73
149687 SRDL 26/06/2015 26/12/2015 547 183 11181 60.8 ± 24.8 66
149688 SRDL 08/07/2015 14/04/2016 844 281 11066 39.2 ± 21.2 87
149689 SRDL 24/06/2015 20/12/2015 537 179 12746 70.8 ± 34.6 75
Mean ± SD 655 ± 429 174 ± 52 8577 ± 2842 49.1 ± 9.8 85 ± 17
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phase’) for all females in scantily productive waters containing low
levels of micronekton biomass and chlorophyll a concentration
(Figs. 2a and 2d). When all the transit phases were taken into account,
the micronekton biomass was significantly lower than that found in
HRT areas (mean ± SE: 0.56 ± 0.04 vs. 1.31 ± 0.25 g m−2, respectively,
Wilcoxon test, V=35, p < 0.05, Fig. 3a). Similarly, the chlorophyll a
concentration was significantly lower at locations where the turtles
transited (mean ± SE: 0.18 ± 0.04 vs. 0.53 ± 0.13 mg m−3, respectively,
Wilcoxon test, V=28, p < 0.05, Fig. 3b).

Locations at higher latitudes ( > 30 °N) correspond to areas where the
turtles spent most of their migration time, and highly productive waters for
both the micronekton biomass and the chlorophyll a were recorded
(Figs. 2b, 2e and 5b). However, most of the leatherback turtles headed
southward on leaving these mid-latitude feeding grounds, remaining in
waters of expected high chlorophyll a concentration (Fig. 2f) rather than
high micronekton biomass (Fig. 2c). The euphotic depth was significantly
shallower in HRT areas (mean±SE: 77.9 ±3.3 vs. 55.5 ±4.8 m; Wilcoxon
test, V =36, p<0.005) – see Figs. 3c, 2g, 2h, 2i. Waters of shallower
euphotic depth were associated with higher latitudes ( > 30 °N), where the
turtles were assumed to feed intensively (Fig. 2h).

3.3. Associations with physical discontinuities

Our turtles experienced warm waters (~30 °C) when crossing the core
of the North Atlantic subtropical gyre (see Fig. 4a). After reaching HRT
areas at higher latitudes in November, they remained in cooler waters
ranging mainly between 15 and 23 °C (Fig. 4b). At the beginning of winter
(January), the cold waters coming from the Labrador Current extended
further south and the four remaining turtles tracked at this period tended to
follow the 20 °C isotherm southward (Fig. 4c). The SSH and SST were
significantly lower when the turtles occupied HRT areas (mean±SE: 9.4 ±
2.8 vs. −14.1 ±3.4 cm; Wilcoxon test, V=55, p<0.005, Figs. 3g, 4d, 4e, 4f,
and mean±SE: 25.7 ±0.5 vs. 20.5 ±1.2 °C; Wilcoxon test, V=55, p<
0.005, Fig. 3h, respectively).

During the first and final parts of the migration, corresponding to
the low RT phases, the turtles crossed waters associated with low
horizontal gradients (SST and SSH fronts), as illustrated in Figs. 6a, 6c,
6d and 6f. They crossed waters associated with low FSLE (Figs. 6g and
6i). In contrast, they remained close to stronger SSH and SST gradients
while occupying HRT areas at mid-latitudes (Figs. 6b and 6e). The SST

gradient was up to three times higher when on HRT areas (mean ± SE:
0.01 ± 0.002 vs. 0.03 ± 0.006 °C km−1, Wilcoxon test, V=1, p < 0.01) -
see Figs. 6a, 6b and 6c. The SSH gradient was up to twice as high when
the turtles occupied HRT areas (mean ± SE: 0.14 ± 0.01 vs. 0.25 ±
0.05 cm km−1, Wilcoxon test, V=1, p < 0.05) - see Figs. 6d, 6e and 6f.
The distance to the SST front was significantly shorter when the turtles
were in HRT areas than when they were on low RT areas (mean ± SE:
379 ± 32 vs. 37 ± 7.5 km; Wilcoxon test, V=55, p < 0.005) – see Figs. 3d
and 5c. Similarly, the distance to the SSH front was significantly
shorter when the turtles were in HRT areas (mean ± SE: 474 ± 44 vs.
86 ± 22 km, Wilcoxon test, V=55, p < 0.005) – see Figs. 3e and 5d).
However, the FSLE was not significantly higher when the turtles
occupied HRT areas (mean ± SE: 0.13 ± 0.02 vs. 0.21 ± 0.05 days−1,
Wilcoxon test, V=4, p=0.1094) - see Figs. 6g, 6h and 6i. The distance to
the FSLE (filaments) was significantly shorter when the turtles were in
HRT areas (mean ± SE: 253 ± 34 vs. 64 ± 22 km; Wilcoxon test, V=54,
p < 0.005) – see Figs. 3f and 5e.

3.4. Diving behaviour and vertical structures

3.4.1. Turtle maximum depth and dive duration
The Argos-GPS tag recorded 4539 depths and 4614 dive durations.

Among the 720 summarized dives transmitted (the tags have not
recorded the dives continuously) by the 9 SRDL, on average 80 ± 33
dives per individual were transmitted (range: 41–137 dives per turtle,
#149680 vs. 149688). Over the 10 tags, 27% of the dives were less than
10 m deep (Fig. 7a). Maximum dive depths were significantly different
between individuals (Kruskal-Wallis rank sum test, χ2=49, p < 0.001).
The turtles dove significantly deeper when occupying low RT areas
(mean ± SE: 82.4 ± 5.6 vs. 38.5 ± 7.9 m, Wilcoxon test, V=55, p <
0.005) – see Fig. 7a. Dive durations varied from 0.5 to 85 min, with
26% of the dives lasting less than 10 min, and 31% between 20 and
45 min (Fig. 7b). Dive durations differed significantly between indivi-
duals (Kruskal-Wallis rank sum test, χ2=57, p < 0.001). The turtles
performed longer dives when in low RT areas (mean ± SE: 27.0 ± 1.3
vs. 14.3 ± 2.4 min, Wilcoxon test, V=54, p < 0.005) – see Fig. 7b.

3.4.2. Surface interval and TAD
Among the 720 dives recorded by the SRDL tags, 76% of the surface

intervals lasted less than 5 min (mean±SE: 13.1±2.4 min). Surface

Fig. 1. (a) Proportion of residence time (RT in %) calculated along the 10 leatherback tracks in 2014 (n=1) and 2015 (n=9) and (b) box plots of RT (in %) according to the months of
tracking. The RT (initially expressed in days) was converted into a percentage based on the maximum value obtained for each individual to obtain a comparable scale across individuals.
(b) The locations associated with the highest values in (a) were considered to be potential foraging areas. FGY indicates the departure point and tagging site located in French Guiana.
The numbers in (b) refer to the sample size of each box plot (i.e. the number of turtles; note that only one turtle was still tracked in March and April).
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intervals recorded by the 9 SRDL tags differed significantly between
individuals (Kruskal-Wallis rank sum test, χ2=68, p<0.001) but did not
differ significantly according to the type of behaviour (mean±SE: 12.9 ±
2.6 vs. 11.3 ±2.6 min, Wilcoxon test, V=18, p=0.6523). The Time of
Allocation at Depth (TAD) varied from 0.25 to 0.92 and was on average
( ± SE) 0.59±0.004. With a TAD below 0.5, 11% of the 720 dives recorded
by the SRDL tags could not be assigned to a U or V dive shape, whereas
85% corresponded to V-shaped dives and 4% to U-shaped dives.

3.4.3. SST and temperature at turtle maximum depth
The values for SST and temperature at the maximum recorded depth of

each turtle decreased over the tracking period, with the highest values
recorded during the first month of tracking in June (mean±SE: 28.1 ±0.3
and 27.6±0.1 °C, SST and temperature at maximum dive depth respec-
tively) and the lowest in November (mean±SE: 21.1±3.1 and 20.7±
3.1 °C) – see Fig. 8. The difference between SST and temperature at
maximum depth varied between 0 to 6.2 °C, and was at its highest in July
(mean±SE: 3.6 ±1.4 °C) and lowest in February (0.09±0.1 °C). This

smaller difference between SST and temperature at maximum depth
coincides with the strong deepening of the mixed layer from October to
February (Fig. 8).

3.4.4. Mixed layer depth and thermocline
The deepness of the mixed layer at turtles’ locations increased substan-

tially between August and November (mean±SE: 31.6±10.7 vs.
96.1+49.7 m) – see Figs. 8 and 9. The lower limit of the thermocline also
deepened from June (9.4 m, n=2) to November (mean±SE: 260.3±
121.7 m, n=8), then became slightly shallower (February mean±SE:
175.5±43.3 m, n=3). The turtles remained above it while occupying HRT
areas (from October). Before reaching HRT areas (June to October), the
turtles dived mainly below the mixed layer (Fig. 9). Afterwards, they
performed shallower dives from October to February, remaining within the
mixed layer (Fig. 9).

3.4.5. Nutricline and halocline
Turtle maximum dive depth was positively correlated to the vertical

Fig. 2. Maps of the weekly averaged micronekton biomass predicted from SEAPODYM (a, b, c), the chlorophyll a concentration extracted from Copernicus (d, e, f) and the euphotic
depth (g, h, i) predicted by SEAPODYM during three phases: the crossing of the North Atlantic gyre (a, d, g: low RT, n=10), the high RT period at mid-latitudes (b, e, h, n=10) and after
leaving the high RT areas (c, f, i, n=3). The black dots correspond to the locations of the leatherback turtles tracked from French Guiana for the corresponding week and the red square to
the migration starting point. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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chlorophyll a gradient magnitude (nutricline depth derived from model
forecast, Spearman correlation test: R2=0.34, p < 0.001) and to the
depth at which chlorophyll a concentration is maximum (Spearman
correlation test: R2=0.41, p < 0.001). However, the maximum dive
depth reached by the leatherback was not correlated to the magnitude
of the vertical salinity gradient (halocline depth derived from model
forecast, Spearman correlation test: R2=−0.015, p=0.682).

4. Discussion

The use of satellite tracking together with a set of environmental
variables (from remote sensing data and model simulations) in this
study allowed us to shed light on the role played by the Gulf Stream
frontal system in the selection of areas eliciting high residence times
(HRT) by the North Atlantic leatherback turtle.

4.1. Migration across the North Atlantic basin

The movement and diving behaviours of the leatherback turtle have
been comprehensively investigated on an international scale over the
past decade, with particular attention paid to their migration cycle
across the Atlantic Ocean (Bailey et al., 2012b; Eckert et al., 2006b;
Fossette et al., 2010b, 2010a; James et al., 2005a, 2005b; Ferraroli
et al., 2004; Hays et al., 2004; McMahon and Hays, 2006; López-
Mendilaharsu et al., 2009; Dodge et al., 2014). Although numerous
studies have been conducted in populations from western French
Guiana (Fossette et al., 2008, 2010b, 2010a), the present study is the
first to investigate the movements and diving behaviour of individuals

from the Eastern population. Despite the genetic differences between
the two French Guianese populations (Molfetti et al., 2013), the eastern
and western individuals showed similar movement patterns. Indeed,
like adult females from the Western population (see Fossette et al.,
2010b, 2010a; Ferraroli et al., 2004), our tracked individuals migrated
northward to reach relatively higher latitudes ( > 30 °N) where they
tended to display movement behaviour leading to a local increase in
residence time during autumn and winter, in either coastal or pelagic
habitats. The HRT spent in some particular areas at mid-latitudes
indicate that these areas may correspond to foraging grounds. The
importance of these potential foraging grounds for this species is
reinforced by previous studies that have already reported same hot-
spots for the leatherback in Florida, Nova Scotia and the Azores (Eckert
et al., 2006b; Fossette et al., 2010a, 2010b; Ferraroli et al., 2004;
James et al., 2006; Hamelin et al., 2014). After occupying HRT areas at
mid-latitudes, the two turtles that transmitted data for the longest
tracking durations headed back southward. While in high RT areas,
these two individuals have experienced low SST reaching up to 12 °C.
Despite these occasional SST encountered, for most of our tracked
turtles, the thermal barrier seemed to occur between the 15–20 °C SST
isotherm while foraging, with 77% of the turtles remaining in warmer
water than 15 °C. These findings are in accordance with the 15 °C
thermal tolerance suggested by McMahon and Hays (2006) for this
species. Indeed, despite their endothermic capacity (James and
Mrosovsky, 2004), it has been suggested that temperature thresholds
might limit the amount of time the leatherback turtles can spend in
some cold water areas (Witt et al., 2007). The relatively short tag life (6
± 2 months) was however a drawback for this study, which would
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Fig. 3. Box plots of micronekton biomass (a), chlorophyll a concentration (b), euphotic depth (c), distance to the closest SST front (d), distance to the closest SSH front (e), distance to
the closest FSLE filament (f), SSH (g) and SST (h) for both modes (low RT in white and high RT in dark grey). The stars in each plot indicate the significant differences between the two
modes for each variable.
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require a period of 2–4 years to track the entire remigration cycle
across the North Atlantic Basin. There is thus a clear need for further
tag deployment to identify the different habitats targeted by this species
during post-nesting migration.

4.2. Associations with biological variables

In this study, the leatherback turtles travelled at high speed when
crossing the nutrient-poor North Atlantic subtropical gyre, reflecting a
transit behaviour. This area is considered as an ‘ocean desert’ (Tomczak and
Godfrey, 2013), due to its scant primary productivity (0.50 mg C m−2 d−1,
Marañón et al., 2000). In contrast, the turtles spent more time and
concentrated searching in HRT areas in the colder waters of upwelling
and mid-latitude regions (Marañón et al., 2000), where primary productiv-
ity can reach up to 1000 mg Cm−2 d−1. There is a lack of documentation
concerning the spatial distribution of jellyfish (Houghton et al., 2006), but
primary production or chlorophyll a concentration were evidenced to be
good proxies for leatherback prey availability (Fossette et al., 2010a; Dodge
et al., 2014). The probability to forage was shown to increase with
chlorophyll a concentration (up to 2.5 mg m−3) for the Western Pacific
(Bailey et al., 2012b) and the North Atlantic populations (Dodge et al.,
2014). Similar results were found in our study, where values of chlorophyll
a on assumed foraging grounds (corresponding to HRT areas) reached
concentrations up to three times higher than those recorded in transit areas
(0.18±0.04 vs. 0.53±0.13 mg m−3, respectively). Furthermore, a clear
match was observed between the high chlorophyll a concentrations and the
HRTs, evidencing a remarkable synchronization of this species with areas of
high productivity in the North Atlantic. However, as chlorophyll a
concentrations come from forecasting ocean models (Copernicus database),
we can observed some discrepancies, such as the subtropical gyres of the
North Atlantic that are predicted slightly too oligotrophic, or the over-
estimation of the chlorophyll a in the tropical band. Such differences may
lead to misinterpretation of tracking data when looking at fine-scale

movements (1–10 s of km). But the purpose of our study was to look at
mesoscale patterns (10–100 km) and consider relative chlorophyll a values
(and not absolute values) to fit the accuracy of our tracking data, making
the output of Copernicus model adequate and reliable.

As mentioned by Fossette et al. (2010b), a more reliable picture of
jellyfish distribution may be obtained by looking at a higher trophic
level than chlorophyll a (Strömberg et al., 2009). In this context,
SEAPODYM recently appeared as a promising model to provide
estimations of the spatio-temporal distribution of micronekton, in-
cluding cephalopods, crustaceans, fishes and jellyfish (Lehodey et al.,
2010). We therefore hypothesized that the micronekton biomass
provided by this model would match locations of foraging leatherbacks
better than chlorophyll a. Although the presence of chlorophyll a
seemed to better match the occurrence of HRT areas, levels of
micronekton at these locations were more than twice higher than those
found in low RT areas (0.55 ± 0.04 vs. 1.31 ± 0.25 g m−2). SEAPODYM
predictions were based on the maturation time of pelagic organisms,
i.e. 1–2 months for zooplankton and 10 months for micronekton (both
at 15 °C; Conchon, unpublished data), but the maturation time of
jellyfish is shorter than 10 months. This may explain why the
concentration of micronekton biomass was not at its highest in HRT
areas at mid-latitudes. A further study including the zooplankton
output updated from SEAPODYM may nevertheless provide a better
explanation for the habitat selection by leatherbacks.

4.3. Associations with physical discontinuities

The Eastern French Guianese leatherback turtles we tracked tended
to display HRT behaviour mainly along physical discontinuities at mid-
latitudes ( > 30 °N), probably because such interfaces correspond to
nutrient-rich waters where jellyfish aggregate (Sims and Quayle, 1998;
Greer et al., 2013; Powell and Ohman, 2015). At the northern edge of
the Gulf Stream, its warm waters meet the cold Labrador Current
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Fig. 4. Maps of the weekly averaged SST (a, b, c) and SSH (d, e, f) derived from Copernicus during three phases: the crossing of the North Atlantic gyre (a, d: low RT, n=10), the high RT
period at mid-latitudes (b, e, n=10) and after leaving the high RT areas (c, f, n=3). Three SST contours were superimposed: 15 °C, 20 °C and 25 °C, and the SSH contour (0 cm) refers to
the location of the Gulf Stream front. The black dots correspond to the locations of the leatherback turtles tracked from French Guiana for the corresponding week and the red square to
the migration starting point. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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waters, creating a sharp temperature gradient in an area referred as the
Gulf Stream north wall (GSNW, Sanchez-Franks et al., 2015). The
shelf-slope front (SSF), a front located off the northeast coast of the
United States and Canada, separates colder, less saline continental
shelf waters from warmer and more saline slope waters (Bisagni et al.,
2009), where most of our turtles (60%) displayed HRT behaviour.
However, the HRT areas of three turtles were located on the shelf
waters south of North Carolina-United States, in the South Atlantic
Bight, where they used the lower branch of the Gulf Stream, char-
acterized by much less extreme temperature gradients. Our results
highlighted a surprising synchronization and aggregation of all the
leatherback turtles between these two fronts before migrating back
south.

HRT areas tended to occur preferentially along the SST and SSH
gradients, as well as along the FSLE filaments. The identification of these
frontal zones enabled us to delineate the frontal boundaries of the GSNW
and the SSF. The strong association with these physical discontinuities was
confirmed by the shorter distance to the closest front (SST gradient, SSH
gradient and FSLE filament) while in HRT areas compared to transit
periods. Several studies have already described the tendency for some sea
turtles species (loggerhead and leatherback) to associate with frontal
structures in the Pacific with the Kuroshio Current (Polovina et al., 2004,
2006; Polovina and Howell, 2005; Scales et al., 2015), or in Atlantic Ocean
with the Gulf Stream (Eckert et al., 2006b; Fossette et al., 2010a; Lutcavage,
1996; Witherington, 2002). But to date, only one study has demonstrated
such affinities between the leatherback movements and the Gulf Stream

frontal system using oceanographic data (Dodge et al., 2014), but such
findings were limited to the horizontal dimension and true for a limited
number of individuals (n=2). The associations with filaments at the sub-
mesoscale in our study (identified via FSLE), in agreement with findings in
previous studies conducted on penguins (Lowther et al., 2014; Bon et al.,
2015; Whitehead et al., 2016) and seals (Nordstrom et al., 2013; Lowther
et al., 2014), confirms the importance of frontal areas in the aggregation of
prey.

Regions of high FSLE and strong SSH and SST gradients may all
provide complementary data facilitating the interpretation of animal
tracking (De Monte et al., 2012). Strong SSH gradients correspond to
high kinetic energy and high FSLE to confluence/frontal regions, while
a strong SST gradient corresponds to frontal regions marked by
temperature difference, where upwelling/downwelling can occur.
These three diagnostics can diverge in regions of intermediate or weak
kinetic energy, where a confluence is the result of the interaction of
multiple mesoscale features and of their temporal evolution and in
which high SST gradients only occur at certain confluences (D’Ovidio
et al., 2013). However, these diagnostics may be strongly correlated in
highly energetic and contrasted regions where gradient intensification
by the mesoscale currents arises on relative short time scales (i.e. days),
and coincide with the occurrence of strong temperature gradients. This
is the case for the branch of the Gulf Stream targeted by the turtles in
our study, and may explain why the associations with frontal areas are
similar in terms of SST gradients, FSLE, and SSH contours.

4.4. Affinities for vertical structures

The leatherback turtles we tracked performed shallower dives while
in HRT areas (38.5 ± 7.9 m) than during transit (82.4 ± 5.6 m). This is
in accordance with the behaviour of individuals of the Western French
Guianese population (53.6 ± 33.1 vs. 81.8 ± 56.2 m, Fossette et al.,
2010a). This behaviour should enable them to get an easier access to
prey, which is assumed to concentrate in the upper layer (Hays et al.,
2008). The analysis of residence time data showed that the tracked
females started to display HRT behaviour during early autumn
(October), when the phytoplankton bloom begins along the GSNW
(Friedland et al., 2016) and the phytoplankton net growth rate
increases in the subarctic Atlantic waters located further north ( > 40
°N, Behrenfeld, 2010). We equipped our turtles at the nesting peak in
June to obtain a reliable picture of the population trend. Despite the
low light conditions in the North Atlantic during autumn and winter,
the deep winter mixing of the upper layer favours the phytoplankton
bloom formation via biomass accumulation (Behrenfeld, 2010). During
low stratification months (October-May) in the South Atlantic Bight,
where three turtles spent most of their time, the winds and small
temperature differences between nutrient-rich water intrusions and the
overlaying cold waters bring subsurface nutrient intrusions to the
upper layers, as well as cold air outbreaks, favouring the frequent
vertical redistribution of chlorophyll a and therefore avoiding nutrient
depletion in this region (Martins and Pelegrí, 2006).

As our turtles performed mostly shallow dives while in HRT areas
at mid-latitudes, the depths they reached during this period were
mainly within the mixed layer. In the North Atlantic, the deepest mixed
layer occurs between January and May during deep water formation at
~40 °N (Kara et al., 2003). The mixed layer started deepening in
October at locations further south (30–40 °N) where the turtles
aggregated, coinciding with the period when the turtles started
performing shallower dives. The turtles remained within this mixed
layer while in HRT areas over the winter period (n=4 in January to n=1
in April). A similar behaviour was observed by Fossette et al. (2010a)
for the Eastern French Guianese leatherback turtles, and could be
performed to get an easier access to their prey by maximizing energy
gain while foraging. Reaching shallower depths while in HRT areas
may also reflect the distribution of jellyfish, which is known to be more
abundant in the upper layer in cold waters (Longhurst et al., 1995).
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This deep mixed layer, associated with high nutrient biomass, may
therefore explain the remarkable aggregation of leatherback turtles at
higher latitudes during autumn and winter. Although the deepest
mixed layer commonly occurs during winter, it occurs during the
austral autumn in the southern hemisphere in the Western Australia
and coincides with high values of chlorophyll a (Rousseaux et al.,
2012), thus enabling the replenishment of the surface waters via
vertical mixing. The turtles in our study remained within the mixed
layer while in HRT areas (i.e. above the upper limit of the thermocline)
and dove below it while in other areas, and did not show any particular
association with the thermocline or any other strong vertical gradient
area (halocline or nutricline), contrary to findings in previous studies
conducted on fur seals (Nordstrom et al., 2013), Atlantic olive ridleys
(Chambault et al., 2016) and Atlantic leatherback turtles (Bailey et al.,
2012a; Hamelin et al., 2014). This difference may be explained by the
methodology used to calculate the vertical gradients: the thermocline is
commonly defined based on the temperature gradient magnitude

(Bailey et al., 2012a), but this approach can be biased by incomplete
temperature profiles (over the continental shelf) or insufficient depths
reached by the individuals. To avoid a possibly biased identification of
the thermocline depth, we decided to use the MLD provided by
Copernicus as the upper limit, and the deepest mixed layer during
the previous winter peak for the lower limit. In contrast, Hamelin et al.
(2014) used in situ temperatures provided by CTD tags to determine
the thermocline, which probably resulted in less errors and a better
resolution than when using the outputs from ocean forecasts such as
Copernicus.

In the North Atlantic, the breakdown of the seasonal thermocline
under the effects of storms and winds during autumn leads to deep
mixed layer that generates a quasi-uniform layer of temperature
(isothermal layer) throughout the water column, with relatively homo-
geneous values between the upper layer of the thermocline and the
surface (Lentz et al., 2003). Unlike the cooler SST encountered when
performing HRT behaviour (20.0 ± 3.9 °C, range: 15.9–26.3 °C), the

Fig. 6. Maps of the weekly averaged SST gradient (a, b, c), SSH gradient (d, e, f) and FSLE (g, h, i) during three phases: the crossing of the North Atlantic gyre (a, d, g: low RT, n=10), the
high RT period at mid-latitudes (b, e, h, n=10) and after leaving the high RT areas (c, f, i, n=3). The oceanic frontal zones were associated with the highest values of the three gradients.
The black dots correspond to the locations of the leatherback turtles tracked from French Guiana for the corresponding week and the red square to the migration starting point. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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turtles experienced warm SST during their transit across the subtro-
pical gyre (28.1 ± 1.8 °C, range: 20.9–30.9 °C). Besides the SST differ-
ence between the two movement modes, there was also a significant
temperature difference of up to 4.2 °C between the surface and the
maximum dive depth within the gyre. While crossing the gyre, the
females therefore experienced shallow mixed layer and warm tempera-
tures. As Fossette et al. (2010a) found for the western French Guianese
population, our eastern French Guianese turtles performed deep dives
(104 ± 80.7 m) in this nutrient-poor area (Marañón et al., 2000;
Strömberg et al., 2009), which may indicate that they targeted cooler
temperatures in deeper layers to save energy during the transit phase of
their migration. The selection by these turtles of HRT areas located at
mid-latitudes suggests a preference for cool waters (mean temperature
at maximum depth: 19.1 ± 4.9 °C), as observed in leatherbacks from
the East Pacific population (Bailey et al., 2012b). The long post-dive
surface intervals (13.1 ± 2.4 min) observed in our study reinforce the
hypothesis that some individuals may swim at the surface to process
and eat large prey items in the Northwest Atlantic (James and
Mrosovsky, 2004). The deployment of 3D-acceleration data loggers
together with cameras should make it possible to identify prey catch
attempts during the dives, and therefore relate this activity to leather-
back diving behaviour. Despite the relatively low number of dives
recorded by the 9 SRDL tags (n=720), the 4614 dives collected by the
Argos-GPS tag provide complementary dive data to support the first
evidence of the use of the mixed layer by the adult female leatherback
turtles during post-nesting migration across the North Atlantic. While
in high RT areas, the shallower diving behaviour of the turtles (within
the first 55 m) was already evidenced by a previous study (Fossette
et al., 2010b), which therefore reinforces the observed pattern of the
turtles remaining mainly within the deep mixed layer. In a lesser
extent, the low number of dives recorded could however prevent from
observing some occasional deep dives performed below the mixed
layer. To cope with this limitation, some additional SRDL tags
programmed to collect several daily profiles need to be further
deployed. The deployment of additional tags over longer periods (at
least one year) is required to collect complementary data on both the
horizontal and vertical movements, since leatherback behaviour shows
inter-annual variability.

5. Conclusion

The present study is the first to document the post-nesting migration
movements of the Eastern French Guianese population of leatherback
turtles. Our findings highlight the crucial role of the Gulf Stream front in the
selection of potential foraging habitats by this species. The use of innovative
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Fig. 7. Histograms of the maximum dive depth (a) and the dive duration (b) for the 10 tags deployed in 2014 (n=1) and 2015 (n=9) and for both modes (low RT in grey vs. high RT in
black).

Fig. 8. Monthly mean ( ± SE) of SST (filled dots), in situ temperature at the turtle
maximum dive depth (empty dots) and mixed layer depth (triangles) extracted for the 9
SRDL tags and from Copernicus database. The vertical dotted line refers to the beginning
of the high RT period for the majority of the turtles. The numbers refer to the sample size
of each box plot (i.e. the number of turtles).

Fig. 9. Monthly mean ( ± SE) of turtle maximum dive depth (filled dots), lower limit of
the thermocline (empty dots) and mixed layer depth (triangles) extracted for the 9 SRDL
tags. The lower limit of the thermocline and the mixed layer depth were extracted from
the Copernicus database. The vertical dotted line refers to the beginning of the high RT
period for the majority of the turtles. The numbers refer to the sample size of each box
plot (i.e. the number of turtles).
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and 3D ocean models for estimating SSH, temperature, salinity, chlorophyll
a, FSLE (computed from satellite-derived currents), and micronekton
biomass (from SEAPODYM) enabled us to investigate the link between
leatherback movements and frontal structures in both the horizontal and
vertical dimensions. Although the high residence time areas of the turtles
were geographically remote (spread between 80–30 °W and 28–45 °N),
these probable foraging grounds were all found in close proximity to the
Gulf Stream frontal zone, a highly dynamic and productive physical
discontinuity separating the warm and salty waters of the Gulf Stream
from the cold and less-saline waters of the Labrador Current. As seen in
other oceanic fronts, this extensive area is known to enhance primary
production and thus aggregate low trophic level organisms such as jellyfish,
which is the main food resource for leatherback turtles. In a context of
climate change, anticipating the evolution of such frontal structure under
the influence of global warming is crucial to ensure the conservation of this
vulnerable species.
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