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While scientists have been monitoring the movements and diving behaviour
of sea turtles using Argos platform terminal transmitters for decades, the
precise navigational mechanisms used by these animals remain an open
question. Until now, active swimming motion has been derived from total
motion by subtracting surface or subsurface modelled ocean currents,
following the approximation of a quasi-two-dimensional surface layer
migration. This study, based on tracking and diving data collected from 25
late-juvenile loggerhead turtles released from Reunion Island during their
pre-reproductive migration, demonstrates the importance of considering
the subsurface presence of the animals. Using a piecewise constant heading
model, we investigate navigation strategy using daily time-at-depth distri-
butions and three-dimensional currents to calculate swimming velocity.
Our results are consistent with a map and compass strategy in which swim-
ming movements follow straight courses at a stable swimming speed
(approx. 0.5ms™"), intermittently segmented by course corrections. This
strategy, previously hypothesized for post-nesting green and hawksbill
turtles, had never been observed in juvenile loggerheads. These results con-
firm a common open-ocean navigation mechanism across ages and species
and highlight the importance of considering diving behaviour in most
studies of sea turtle spatial ecology.

1. Introduction

The ability of migratory animals to return to a specific location with pinpoint

accuracy from a great distance, sometimes after decades of absence, continues

to puzzle scientists [1]. An emblematic example is the return of sea turtles to

their birth location after decades of pelagic and neritic development, which

often involves crossing entire oceans to reach a specific beach only a few kilo-

metres wide. This general behaviour, known as natal philopatry [2], is
Electronic supplementary material is available particularly challenging in dynamic oceanic environments as drift usually
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prevents the animals from taking the most direct routes [3,4].
Understanding how evolution has shaped the navigational
mechanisms of migratory animals is key for developing
movement prediction models that can inform the spatial distri-
bution of these vulnerable species and ultimately influence
conservation policies.

Decades of scientific work have shed new light on this
remarkable feat, and numerous experiments have already
demonstrated the ability of migrating animals such as birds,
salmon, sea turtles and many other taxa, to rely on the
Earth’s magnetic field for navigation [5-10]. Although the
clear understanding of the exact navigation mechanisms
involved during the migration of these animals is still an
active research topic, its potential at providing sufficient orien-
tation cues to reach a far target has been demonstrated in many
studies [11-14]. Among the numerous proposed navigation
strategies, the most prolific is the one known as the map and
compass strategy [15]. This approach consists in locating rela-
tively to a distant target (the map) to define an approximate
heading to be followed in a straight-line manner (the com-
pass). Recent findings seem to demonstrate the potential of
this navigation strategy for sea turtles aiming at a wide conti-
nental target [16-18], or travelling toward isolated islands
[19,20] during their open-ocean migrations.

Unravelling the navigational strategy of marine animals
requires isolating the intended active movement from the
transport imposed by the environment at the location of
the individuals [21]. This requires precise knowledge of both
the position of the individual and the dynamics of the sur-
rounding fluid. However, the complexity of ocean dynamics
and our ability to accurately monitor the spatial behaviour of
sea turtles in their three-dimensional environment can lead
to significant errors in estimating their intended movement.
Recent advances in animal tracking, which allow accurate
reconstruction of three-dimensional movements of animals
[22], and improvements in physical oceanographic modelling
(e.g. [23]), are nonetheless expanding the possibilities for
understanding the navigational strategies of sea turtles.

As part of the Sea Turtles for Ocean Research and Monitor-
ing (STORM) programme [24,25], 32 late-juvenile loggerhead
turtles rescued from accidental longline bycatch at the Sea
Turtle Observatory of Reunion Island (Kelonia) were tagged
with Argos platform terminal transmitters (PTTs) equipped
with time-depth recorders (TDRs) upon release into the south-
west Indian Ocean. Of these 32 individuals, 25 migrated north,
crossing the western Indian Ocean to recruit in the neritic
habitats of the Arabian Peninsula. This migration route
has been identified as a major corridor for late-juvenile logger-
heads from the northwestern Indian Ocean, which are thought
to undertake their first reproductive migration after years
of development in the southern Indian Ocean [26,27]. As the
destination of these inexperienced first-time migrants is
roughly known, the open-ocean transects recorded during
their journey provide a unique insight into their goal-directed
navigation strategy.

This paper presents a new approach to estimate active
swimming velocity using daily time-at-depth (TAD) distri-
butions in combination with three-dimensional ocean model
output. The novel three-dimensional swimming velocity
is compared with the commonly used two-dimensional
approach in terms of normality, relative error and straightness
to evaluate the relevance of the new method. We apply a
segmentation algorithm on the swimming heading using

this new approach to investigate the hypothesis of a piecewise [ 2 |

constant heading navigation strategy. Finally, the following
questions are discussed:

(1) When is it important to choose a three-dimensional
approach for estimating swimming velocity in marine
animals?

(2) What navigational strategy do juvenile loggerhead turtles
rely on during their pre-reproductive migration?

2. Material and method

2.1. Turtles and tag deployment
2.1.1. Tag deployment

Each year, approximately 20 late-juvenile loggerhead turtles are
accidentally captured in the southwest Indian Ocean by French
longliners fishing off the coast of Reunion Island [28]. Following
a certified protocol described in [26], these injured turtles are
returned to Kelonia for rehabilitation and later release into the
ocean. Between January 2019 and April 2022, 32 of these rehabi-
litated late juveniles (average straight carapace length (SCL)=
67.6 = 6 cm) were released from a beach adjacent to the Kelonia
care centre (21.15° S, 55.28° E) as part of the STORM research
programme [24,25]. All animals were fitted with Argos PTTs
attached to their carapace, following the procedure described in
[26]. Two types of PTTs, both containing environmental sensors
and TDRs, were used: (i) the SPLASH10-344D-02 OCTAGON
manufactured by Wildlife Computers (WC, N =23) and (ii) the
K2G 376E DIVE PU manufactured by LOTEK (N =9). Tracking
and TDR data were transmitted via the Argos satellite system
and retrieved from tag manufacturers’ web portals.

2.1.2. Tracking data

Of the 32 recorded tracks (table 1 and figure 1a), 25 animals
migrated north towards the Arabian Peninsula (group North:
78%), two migrated south towards the subtropical front (group
South: 6.2%) and five tags did not last long enough for their
destination to be clearly identified (group Unknown: 15.6%).
From a similar dataset, [26] observed the same dispersion pattern
and figures, despite a higher proportion (28%) of short tracks classi-
fied as unknown (most likely due to less reliable tags available at
the time of their study). Genetic studies of other late-juvenile log-
gerheads rehabilitated at Kelonia between 2013 and 2014 showed
that 80% of the animals originated from the northwest Indian
stock [27], with Masirah Island being the main rookery [29,30].
This strongly suggests that the 25 northward migrating late-juven-
iles tracked in the present study were undertaking their first pre-
reproductive migration (first-time migrants), targeting neritic feed-
ing areas close to their natal region [31] before reaching sexual
maturity and possibly mate and reproduce. As the destination of
the first group of individuals (N =25) is roughly known, with
Masirah Island being considered as their most likely destination,
their trajectories were selected to investigate open-ocean navigation
strategies (figure 1b). Although all the tags did not transmit all
the way to the coast of the Arabian Peninsula (see pink stars
in figure 1b), all the sea turtles of this group reached at least the
coast of Somalia before transmission was lost, thus providing all
their positions during open-ocean transects. As the navigational
paradigm changes upon reaching the Somali coast (either from
open-ocean to coast-oriented navigation or from pure migratory
behaviour to foraging), movements in coastal areas (blue hatched
area in figure 1b) are not investigated in this study.

2.1.3. Diving data
In addition to tracking data, all tags also provided time-series
records of temperature and depth at a sampling rate of 5 min and
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Figure 1. (a) Satellite tracks of the 32 late-juvenile loggerhead turtles released from Reunion Island between 2019 and 2022. Tracks are grouped into three cat-
egories: North (red), South (blue) and Unknown (green) based on their last recorded position (respectively, red, blue, and green stars). (b) Tracks of the 25 animals
migrating north (group North) used in this study with their last recorded position (red stars). The blue dashed area in (a) and (b) indicates where all individuals
from group North were considered to have ended the open-ocean portion of their track. (c) Relationship between tag life duration and the average percentage of
depth measurements recovered for all 32 tracks (from table 1) classified by group (colour) and by tag manufacturer (dots for WC, crosses for LOTEK). (d) Inter-
individual time-at-depth (TAD) distribution for the open-ocean transect of group North turtles (V = 25).

a resolution of 0.05°C and 0.5 m, respectively. The performance of
these tags is evaluated in figure 1c in terms of the daily average
of recovered 5 min depth readings (Nsmin/ (12 x 24) in percentage)
as a function of the tag lifetime (in days). The average tag lifetime
is 191 (+131) days, with equivalent performance for both tag
models (192 days for WC tags and 188 days for LOTEK tags).
The percentage of recovered depth measurements has a global
mean of 42%, with a standard deviation of 20%. The mean is mark-
edly higher in WC tags (49%) than in LOTEK tags (22%) (figure 1c).

2.2. Three-dimensional oceanographic data

Current velocity V. is retrieved from the PSY4 operational oceano-
graphic model developed at Mercator Ocean International [23] and
operated in near real-time by the Copernicus Marine Environment

Monitoring Service [32]. Daily current velocity fields are provided
with 1/12° horizontal resolution (approx. 9.3 km at the equator)
over 50 vertical levels (0.49-5727 m), with spacing increasing
with depth from 1 m at the surface to 450 m at the bottom. The
model, which assimilates satellite measurements and in situ temp-
erature/salinity vertical profile measurements, is able to model the
seasonal variability (the monsoon circulation) as well as the vertical
structure of the Western Indian Ocean (WIO). At the surface and
between December to March, the northern part of the Somali cur-
rent (SC) flows southward, feeding the South Equatorial counter
current (SECC), while a strong zonal Winter monsoon current
(WMQ) flows westward (figure 2a) in agreement with [33]. From
June to September, the SC flows northwards, fed by the East
African Coastal current (EACC), while the equatorial Summer
monsoon current (SMC) flows eastwards (figure 2b). In the third
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Figure 2. West Indian Ocean current circulation captured by Mercator Ocean’s operational model PSY4. (a,b) Surface current climatology (2008—2021) in December—March
(winter monsoon) and June—September (summer monsoon). (¢,d) Associated vertical structure of the zonal (east—west) currents from the surface to 100 m depth along the
55° E meridian. Displayed currents are the SEC, South equatorial current; EACC, East African Coastal current; SECC, South equatorial counter current; SC, Somali current; WMC,
Winter monsoon current; SMC, Summer monsoon current; EC, Equatorial current; GW, Great Whirl; EAC, East Arabian current.

dimension, PSY4 is able to model the complex vertical structure of
the WIO. Figure 2c shows the zonal current inversion across 55° E
during the winter months (December—March). The WMC also pre-
sents a current inversion with currents flowing westward below 40
m at the equator and below 20 m around 5° N. During the summer
months (June-September, figure 2d), the easterly branch of the
Great Whirlpool (GW) shows a vertical inversion of its flow at
40 m depth.

Bathymetry was obtained from the General Bathymetric
Chart of the Oceans product (GEBCO) [34], a publicly available
chart of bathymetric data gridded on a 15 arc-second interval
grid (460 m at the equator).

2.3. Swimming velocity

The trajectory of sea turtles in the ocean results from a combination
of the active swimming motion and of the drift induced by the
ocean currents at the position and depth of the individual [21].
The active swimming velocity Vi at position x(t) and depth d(t)
is derived from the ground velocity V, and the current velocity
V. (equation (2.1)). Note that velocity vectors V(s g are shown in
bold to simplify the notation.

V) = Vi) — Vox(d,d®,0 2.1)

Since PSY4 provides daily averages of the current velocity
fields centred at t,,;q =12.00 UTC, hereinafter referred to as ‘//\c,
the ground displacement from which V, is derived, had to be
estimated over daily time steps. To do this, Argos locations
are interpolated at 00.00 and 12.00 UTC using the aniMotum R
package [35]. From there, the daily ground velocity \//; was esti-
mated at x(fmiq) from the distance travelled between positions
X(tmiga — 12 h) and x(tiq + 12 h).

The daily current velocity f/\g is estimated at x(tyg) by inverse
distance weighting (IDW) interpolation of the four adjacent
tiles. V, must necessarily consider the depths at which the animal
evolves over these 24 h windows. Sea turtles are known to occupy
the upper layer of the water column when migrating through pelagic
areas [36-39]. For this reason, surface or near-surface current values
have been systematically used as a simplification to estimate swim-
ming velocity, especially when dive data or subsurface current data
were not available [8,17,20,21,40,41]. However, this approximation
can be biased when: (i) the current velocity field is not uniform
along the vertical axis in the study area, and (ii) the daily individual
time-at-depth (TAD) distributions show significant residence time
in subsurface layers.

In the context of our study, both conditions are found. The
WIOs show seasonal vertical shear at depths where the studied
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Table 2. The 30 first vertical layers of PSY4 model which define the bins d of the TAD distribution. The depth, provided in metres, defines the lower boundary [}

of each bin.

bin () 0 1 2 3 4 5 6
depth(@) 0 05 15 26 38 51 64

bin (n) 15 16 17 18 19 20 21
depth (@) 294 344 403 474 558 658 778

individuals spend at least half of their time during migration.
Figure 1d, which shows the inter-individual TAD integrated over
the open-ocean transects, shows an average time ratio of about
half /half above and below the 40 m layer, which is the maximum
depth where current inversions were found (figure 2c,d). Therefore,
the upper-layer migration approximation is questionable here and
motivates the need to consider both the TAD and the vertical struc-
ture of the ocean currents to accurately estimate the currents
encountered and consequently the swimming velocity.

To assess on the benefits of using a three-dimensional
approach relatively to a two-dimensional surface approach, two
current velocities 1//: are considered here:

(a) T/\CO = f/:(x(tmid),d = 0,tmid), which uses the upper-layer
migration approximation and applies surface currents to
calculate the swimming velocity, hereinafter referred to as ‘//;0,

() f/:[TAD] (equation (2.2)), which considers all vertical layers d(t)
visited by the animal during these 24 h windows to estimate
a more realistic encountered swimming velocity, hereinafter

referred to as V.,

Vern = 9 TAD, x V, (2.2)
n

where TAD,, is the normalized distribution of the proportion

of time per days (ranging from 0 to 1) spent at depth bin n

(table 2). It is estimated from the daily time-series of depth

records with depth bins chosen to match the 30 first

vertical layers of the PSY4 model, thus allowing for direct

correspondence between TAD,, and ‘//:

The calculation of V\cmm following equation (2.2) requires the
knowledge of all depth records, while we know from §2.1.3
that less than half of the depth records are available. Fortunately,
tag no. 28 (Ilona) has been physically recovered so that the full
time series of depth records along with high-frequency sampled
TAD histograms are available. Analysis of these data shows that
a representative daily TAD distribution can be obtained from
only 16% of the 5 min daily depth records for both tag manufac-
turers (see electronic supplementary material, S1). Using this
criterion, we were able to estimate ‘//\cmm for 81% (N =1821) of
the daily positions of the group North trajectories.

2.4. Current-corrected tracks
The open-ocean navigation rules can be difficult to unfold solely
from the Argos satellite reconstructed track (hereafter referred to
as the real track: X,) as ocean current variability masks part of the
swimming activity. Therefore, it is common to evaluate the ani-
mal’s navigation strategy by analyses of the current-corrected
track. This fictive track, calculated by integration of V., represents
the movement of the animal in a motionless ocean [21,40,41].
The calculation of the current-corrected track necessarily requires
gapless swimming velocity estimates along the trajectory. How-
ever, as shown in the previous section, ﬁ[mm contains 19% gaps
over the entire dataset. Therefore, to estimate reliable current-
corrected tracks, we discard tracks or track sections that (i) contain
gaps longer than 48 h to limit the gap length, and (ii) contain
more than 20% of gaps over the entire track to ensure sufficient
data density. Based on these restrictions (see electronic

923 1097

7 8 9 10 1 12 13 14
7.9 9.6 14 13.5 158 185 21.6 25.2

1307 1558 1861 2225 2660  318.1

supplementary material, S2 for details): India (no. 6), Tom (no. 8),
Mona (no. 15), Jacqueline (no. 19), Margot (no. 23) and Oriane
(no. 24) are discarded. Petit Toussaint (no. 7), Davina (no. 12),
and Tiago (no. 25) are truncated to remove gaps longer than 48 h
that occur at the beginning or end of their open-ocean transect.
These restrictions ensure that enough valid data are available to
estimate the swimming velocity in the remaining gaps (98 out of
1684 daily positions) by linear interpolation between adjacent cur-
rent velocity. Note that these constraints apply only to when the
current-corrected track is investigated (§3.3), when the need for con-
tinuity is not required, the total of 1821 valid daily positions is used.

In the present study, the swimming velocity vectors are used
with their polar coordinates (||V(#)|],6(t)), where ||[V(#)|| is the vel-
ocity norm in m s7! hereafter referred to as the speed, and 6(t) is
the direction of movement with respect to the north, hereafter
referred to as the heading. The tracks corresponding to the
velocities studied: Vs, Vs,, V, are denoted respectively by
Xirapy Xo, Xy

2.5. Course correction breakpoints
To investigate the navigation strategy of sea turtles in the
open ocean, we assess whether turtles sequentially follow differ-
ent headings, i.e. whether trajectories are well approximated by a
sequence of nearly straight legs. This is done by applying a stan-
dard breakpoint detection algorithm to the heading time series
Orrap)(t). For any time series, breakpoint detection consists of
finding the optimal segmentation by minimizing a cost function
[42,43]. The cost function (which can be considered as a measure
of the homogeneity of each segment) is here chosen as a
non-parametric kernel-based detection model with a Gaussian
kernel (cf. [44,45]). The binary segmentation algorithm available
in the rupture python package [46] is used to search for the
breakpoints. The complexity of finding the optimal number of
breakpoints lies in minimizing the total cost function using a
limited number of breakpoints. To that end, we follow the
approach of [47], revised by [48], to detect only clear course
changes and to minimize the number of false positives. We
plot the total cost (Cost) for a set of change points (Nbkps) and
select the ‘elbow’ point where — dCost/dNbkps is maximal, indi-
cating optimal segmentation. This method effectively detects
consistent heading changes with minimal breakpoints (see
results in figure 5 and electronic supplementary material, S3,
figure S3.1, table S3). The main limitation of this approach is
the inability to select the no change point as the best solution.
To evaluate the performance of the segmentation, the root
mean square error (RMSE) is calculated for each segment.
Residual errors in the current correction or changes in behaviour
along the way may prevent the model from finding a constant
heading, resulting in high RMSE for these segments. Monsinjon
et al. [49] using a hidden Markov model (HMM) on a similar data-
set (1 =12 common tracks) showed that approximately 23% of the
daily position could be associated with a ‘foraging’ state. By com-
paring the proportion of daily positions marked as ‘foraging’
within each segment with the RMSE, we estimated that a
threshold of 30° of RMSE was an acceptable compromise to
remove segments (6 out of 47) where the large heading variability
indicated foraging rather than directed swimming (see electronic
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Figure 3. (a) Tracks that cross the 5° S parallel between December and March (N =9) atop the norm of the current speed climatology (2008-2021) difference
between 30 m of depth and the surface during the same period. Regions (A) and (B), respectively, define regions of strong and weak vertical shear. (b) the average
relative error (€) of Vo wrt. Vs as a function of latitude bounded by the interval [mean — s.d.; mean + s.d.].

supplementary material, S3, figure S3.2). Note that breakpoints
adjacent to an invalid segment are retained in the statistics, as
they represent a change in global heading, even if the nature of
the invalid segment is not fully understood.

For the valid segments (RMSE <30°) the RMSE and the
straightness index (S) for Xirap;, Xo and X, are calculated. The
objective is to evaluate and quantify the benefits of (i) correcting
from surface currents (from X, to Xo) and of (ii) applying the
TAD methodology (from Xjrap) to Xy) to uncover the piecewise
constant heading navigation strategy. As both the RMSE and the
straightness index depend on the segment size, it is convenient
here to make pairwise comparisons between the same segments.

3. Results
3.1. Impact of the current vertical shear

To assess the impact of the variation in vertical current shear
on the swimming velocity vector, the tracks of the juvenile
loggerheads crossing oceanic areas of both low and high
vertical current shear are examined. In the Indian Ocean, the
WMC, which is active from December to March, presents an
important vertical current shear (see zonal current inversion
at 5° N in figure 2c). Figure 3a shows the nine tracks (nos.
4,79,10,13,16,17,20,21) that enter the WMC influence zone
(above the 5° S parallel) during its period of activity. Therefore,
these tracks cross both a region of high (region A) and of low
(region B) vertical current shear during equivalent periods of
the year. Figure 3b shows the impact of crossing these two
regions on the relative error e (equation (3.1)).
HVS[ - VSo H

&= ﬁ/ﬂi (3.1)

S[TAD] | |

Inregion A, the average relative error € is wellabove 10% (€ =
0.1), ranging from 0.5+0.6 to 1.2 +1.3 while its value remains
within the 10% limit in region B. These calculations expose
that, in this case, approximating encountered currents with f/\m
is only acceptable below the 10° S parallel where vertical current
shear is low. Above this line, the subsurface presence of the
animal must be considered for swimming velocity calculations.

3.2. Removal of unrealistic swimming speed

Overall, using the TAD to calculate the swimming speed
narrows the distribution of the norm around an average of
049 ms™" compared with 0.53 ms™" when only surface cur-
rents are considered (figure 4 and table 3). ‘//\Smm
60% of the unrealistic daily swimming speed above 0.8 ms™~
in agreement with [50] who measured the swimming speed
of similarly sized juvenile loggerheads (SCL approx. 60-
80 cm). The remaining extreme values are probably due to
residual model errors at the surface and in the subsurface
layers, where the limited number of available observations
reduces the benefit of data assimilation. Nevertheless, these
results support the idea that these juvenile loggerheads migrate
at a stable horizontal swimming speed, close to approximately
0.5ms™", which is better estimated using V:[TAD], a swimming
speed that accounts for TAD and vertical current shear.

can remove
1

3.3. Piecewise constant heading swimming

The trajectories of the 19 individuals studied totalled 76 848 km
and 1684 days in the open ocean. Of these, 66 584 km (87%) is
accurately modelled (RMSE <30°) by a piecewise constant
heading model (table 4). For 13 of the 19 tracks, the entire
open-ocean part of the trajectory was successfully approxi-
mated with only one or two breakpoints, revealing a
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navigation strategy based on long, clearly directed, swimming
bouts with only a small number of heading correction events
(figure 5 and electronic supplementary material, S3, table S3).

A total of 28 breakpoints were detected, giving an average
distance of 2928 km between two breakpoints. Two of the
breakpoints occur in shallow water (bathymetryless than
200m), the rest occur in the deeper water. Furthermore,
figure 5 shows that only one out of four trajectory segments
over shallow water (green segments in figure 5h,ik,q) was
detected to have a course change (Cassandre no. 10),
suggesting that heading changes are not systematically trig-
gered by encounters with bathymetry features. Heading
changes (A6) between successive valid segments (1 =17) can
be positive or negative (range: —54° to 70°) with a mean close
to zero (= 0.3°) and a standard deviation of 42°. Such moderate
heading changes occurring after nearly 3000 km long, relatively
straight, trajectory segments reveal that juvenile loggerheads
already have well-established navigational abilities and a
clear navigation strategy at the time when they tackle their
return trip towards their natal area.

The average straightness index over the identified segments
for Xirapj is 0.95, not significantly higher than for the same seg-
ments of the surface current-corrected track (Xo; 0.93; t-test, p =
0.07) but significantly higher for the real track (X,; 0.83; t-test,
p <0.001) (see table 4). The same observation is made for the
average RMSE with 18.6°, 22.0° (t-test; p=0.08), 33.1° (t-test;
p<0.001) respectively for Xirapy, Xo, X This confirms the
potential of the current correction (Xirap) relatively to X) to
uncover these constant heading navigation segments. However,
the benefit of using the three-dimensional over the two-dimen-
sional approach is not evident from the statistical analyses here.

Looking more specifically at the nine tracks that crossed the
WMC, where a significant vertical shear can be found (nos.
4,79,10,13,16, 17,20,21, see §3.1), the 5% statistical significance
is now reached with S =0.94 and RMSE = 18.9° using the TAD
and S=0.91 (t-test; p <0.05) and RMSE = 24.0° (t-test; p < 0.05)
using surface currents. This result supports the need to consider
dive profiles to calculate the swimming velocity in oceanic
regions where vertical shear is important.

4. Discussion

In the marine environment, it is crucial to retrieve the best
possible encountered current velocity for the calculation of a
realistic active swimming velocity. The present study shows
that neglecting the subsurface presence of a marine animal
can lead to a mis-estimation of the active motion and can con-
sequently lead to a misinterpretation of the navigational skills
and strategy.

4.1. When is it important to choose a three-
dimensional approach for estimating swimming
velocity of sea turtles?

The three-dimensional approach is required if the animal
spends a significant amount of time in subsurface layers of
the ocean where the current field differs significantly from
the surface. Assessing whether such conditions exist can be
difficult and requires knowledge of both the vertical structure
of the region under study and the time-at-depth distribution
of the population. Although recent improvements in both
oceanic modelling [32,51,52] and biologging [53,54] are tend-
ing to open up this avenue, the two-dimensional approach is
still convenient in some cases (computational cost, tag price,
no TDRs data, old dataset, etc). In order to assess the validity
of the two-dimensional approximation in the region studied,
it is necessary to consider the maximum vertical shear likely
to be encountered at depths where the animal spends a sig-
nificant amount of time. For example, in the [-10° 10°]
equatorial band, an equatorial undercurrent flows eastward
perennially in the Atlantic and Pacific [55] and seasonally
in the Indian Ocean [56], causing vertical current shear
between the upper and lower oceanic layers. Sea turtles
occupy predominantly equatorial areas (60% of nesting sites
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Figure 5. Real tracks X, (black) and corresponding corrected tracks Xzap; (yellow) atop the GEBCO bathymetry for the 19 selected individuals. Red stars (hexagons)
indicate open-ocean breakpoints and green stars (hexagons) shallow water breakpoints on the current-corrected track Xprap; (real track X,). The red dashed lines are
the constant heading segments where RMSE < 30°. Green segments are shallow water transects (bathymetry less than 200 m). Note that the corrected-track
(yellow) is a fictious trajectory that only serves as visual proxy for the open-ocean navigation strategy, features of interest such as coastline or shallow water
encounters are detected at matching positions on the real track.

are in the [-10° 10°] band [57]. Although diving behaviour influence their spatial distribution at different stages of their
and water column use during pelagic migrations differ life cycle. In regions where the EUC is strong, considering
between species [58], the EUC and other deep currents the surface current as the sole drifting force will have two
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major effects: (i) it will artificially increase the swimming
speed, and (ii) it will erroneously push the heading to the
east, leading to difficulties in interpreting turtle’s naviga-
tional strategy. This study argues that in certain regions of
the world, measuring the TAD of marine animals is essential
to properly analyse their navigational mechanisms.

4.2. On what navigational mechanisms do juvenile
loggerhead sea turtles rely during their pre-
reproductive migration?

The visual comparison of the corrected (Xirap)) and real tracks
(Xy) (figure 5), as well as the result of the time-series heading
segmentation shows that the removal of ocean currents tends
to reveal piecewise straight-line swimming movements. It
demonstrates the ability of these late-juvenile loggerheads
to maintain a relatively constant heading over several hun-
dred kilometres in the open ocean, probably relying on the
sun and the magnetic field [44,59]. This ability, known as
compass orientation, is only achievable by individuals with
a true sense of compass [60] and has been documented as a
plausible navigation strategy for several sea turtle species
that target large continental areas [17,18,61]. This strategy
appears compatible with the tracks of several individuals
(figure 5ik,q,r), that were able to reach the vicinity of the
Omani or Somali coasts with limited course correction
along the way (Nbkps=1; |A61 <20°). For other individuals
(figure 5d,ijn,0p,s), clear course corrections (lA8| >40°)
are detected en route either in the open ocean (red hexagons)
or in shallow water (green hexagons). Regardless of whether
course corrections were evident, it is likely that map infor-
mation was used by all turtles, otherwise they would not
have been able to set appropriate compass headings for the
target region. These results are consistent with previous find-
ings suggesting map and compass orientation in juvenile and
adult sea turtles [11,19,62].

This work also tends to confirm that sea turtles do not
achieve real-time compensation of the ocean current, but
instead make intermittent course corrections, as the current
correction removes part of the current variability by straight-
ening the track. This can be clearly observed for tracks that
include an encounter with an eddy (figure 5a,i,0); the straigh-
tening of the track when the current correction is applied
indicates that individuals did not change course while
being pushed back by these eddies. One possibility is that
these individuals have only a coarse map sense [20] and are
unable to make fine track corrections to counteract short-
scale ocean currents. Another hypothesis is that, in order to
limit energy expenditure during oceanic migrations, they do
not attempt to counteract ocean currents as long as it does
not prevent them from reaching their destination [63].
This idea is consistent with the stable swimming (mean =
048 ms™', s.d. =18 ms™"') speed during migration observed
in this study.

In essence, our results support the idea of a map and com-
pass navigation strategy for these juveniles in the open ocean,
moving in a straight line and at a stable swimming speed,
with intermittent course corrections along the way. This navi-
gation strategy, which has been proposed for post-nesting
green [19] or hawkbill [20] turtles, also appears to apply to
juvenile loggerheads, outlining an inter-age and inter-specific
navigation strategy for marine turtles.

4.3. Limitations

As presented here, the consideration of the TAD adds value to
the estimation of the active motion, but this consideration
depends on the accuracy of the modelled subsurface
dynamics. Even though we know that the increasing number
of subsurface observing systems (ARGO, Drifters, Glides,
Moorings, Animal-born) has significantly improved our abil-
ity to model subsurface dynamics in recent years, there are
still important uncertainties [64,65]. Furthermore, the oper-
ational forecast system PSY4 of Mercator Ocean, chosen here
for its high resolution (1/12°) and its ability to provide data
corresponding to the period of the tracks (until September
2022), does not offer the accuracy of a reanalysis model such
as GLORYS12 (available until May 2021 at the time of the
study) [32]. Other influences not modelled by either PSY4 or
GLORYS12, such as Stokes drift, which is important in subtro-
pical gyres, and tidal effects, which are important in coastal
regions, would provide improvements in the retrieval of the
active movement of marine animals. In terms of segmentation,
the detection of breakpoints would benefit from combining
the approach of [49] with the time series of heading segmenta-
tion using the common velocity field presented here to better
assert the nature of each detected segment.

4.4. Perspectives

Here, the third dimension has been explored to provide
better insight on the two-dimensional movement. In further
studies, exploring the diving behaviour associated with this
two-dimensional movement offers exciting perspectives to
provide better understanding of sea turtle ecology during
migrations. What is the diving routine of sea turtles during
migrations? A regularity on the daily diving routine has been
suggested here by making possible the reconstruction of a
representative time-at-depth from 16% of time-series data (see
electronic supplementary material, S1). How does this potential
diving routine change upon encountering shallow waters? Is
there a shallow water shift that is species-specific? Are the
detected change points in the trajectory associated with tran-
sitions in the diving behaviour? It is clear that exploring the
third dimension through the improvement of the animal-born
technologies opens a new path to the understanding of sea
turtle ecology as well as for other marine animals.
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for the protection of sea turtles and were directly purchased from
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Data accessibility. The raw Argos locations, the daily interpolated files
and the diving series are provided for the 32 investigated trajectories
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