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Abstract

Background How juvenile sea turtles disperse during their first years at sea, known as the “lost years’, remains
enigmatic. The oceanic circulation is known to play a major role, but the impact of the swimming activity is poorly
understood, largely because juvenile tracking experiments rarely cover a significant fraction of the lost years' period.
In addition, errors in commonly used ocean current estimates make it difficult to properly separate, in tracking data,
the effect of the swimming activity from that of the drift velocity. In this paper, we re-analyze the largest extant track-
ing data set concerning juvenile North Pacific (NP) loggerhead turtles (Caretta caretta), attempting to more precisely
characterize their lost years swimming activity.

Methods Juvenile loggerhead trajectories are jointly analyzed with surface drifter trajectories from the Global Drifter
Program and novel operational oceanography products from the Copernicus Marine service. Combining these

data sets, we present a new method to reliably separate, at least on the large scale, the turtles swimming velocity
from the drift velocity which includes the impact of the current, the wind and the waves.

Results Results reveal that the smallest juveniles perform large seasonal north-south migrations while drift-

ing eastwards with ocean currents. As they grow larger, many individuals are observed to change behavior. While
keeping their meridional seasonal migrations, they initiate their homing journey swimming vigorously westwards
towards their natal area (Japan), against prevailing currents. The juvenile NP loggerheads’ swimming activity is thus
best described as a series of Drifting then Homing Seasonal Migrations. High interindividual synchronicity is observed
during these migrations, especially around the fall equinox when individuals start swimming southwards.

Conclusion While open-ocean dispersal of juvenile sea turtles is known to be largely governed by ocean currents,
our results demonstrate that juvenile loggerheads'dispersal in the NP is also largely shaped by their well-organized
large-scale swimming activity which involves ample seasonal migrations and vigorous homeward movements
against adverse currents. Such an active swimming strategy comes with high energy expenditure probably balanced

*Correspondence:

Philippe Gaspar

pgaspar@mercator-ocean.fr

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40462-025-00562-5&domain=pdf

Gaspar et al. Movement Ecology (2025) 13:39

Page 2 of 27

by increased foraging success. Analysis of forthcoming juvenile tracking experiments with our new data processing
method should help reveal if juveniles from other sea turtle populations or species have evolved similar swimming

strategies.
Keywords Loggerhead sea turtle, North Pacific Ocean, Juvenile pelagic phase, Active dispersal, Orientation,
Migration
Background rapidly: their modal drift time from Florida to the

Conservation of endangered species requires knowl-
edge of where individuals disperse during their differ-
ent life stages. Migration corridors and key habitats
must indeed be identified to prioritize the implemen-
tation of protection measures. This is no easy task for
sea turtles which are wide-ranging migrants display-
ing multiple ontogenetic habitat changes. In particular,
from the moment they leave their natal beach, hatch-
lings remain largely cryptic until they reappear either
as large juveniles recruiting to neritic areas, or as young
adults coming back to their natal area to reproduce for
the first time [1]. During that long period of several
years to several decades (often called the “lost years”),
juveniles disperse in the open ocean. They do so under
the combined effects of their, largely unknown, swim-
ming activity and the ocean currents. Carr [2], first
hypothesized that the role of the swimming activity
was negligible compared to that of currents. This “pas-
sive drift” hypothesis was based on the observation that
juvenile loggerhead turtles (Caretta caretta) from Flor-
ida rookeries were seen at progressively larger sizes in
areas following the clockwise water circulation around
the North Atlantic subtropical gyre, going from Florida
to the Azores, then Madeira and the Canary Islands to
finally come back to the Caribbean area with the North
Equatorial current.

Over the years, this passive drift model received sup-
port from numerous studies showing that the spatial
distribution of juvenile sea turtles, of different species
and in different ocean basins, was broadly consist-
ent with down current transport from their nesting
beaches [3-7]. But evidence also accumulated that
juvenile sea turtles are far from being totally passive
[8—11]. It became clear that, even if passive drift mod-
els are able to provide crude first-order approximations
of juveniles’ spatial dispersal patterns [12-16], they fail
to explain more detailed dispersal features. For exam-
ple, the passive drift model displays the following short-
comings when applied to juvenile Florida loggerheads:

1. Passive drift does not explain dispersal timing
between Florida and the Azores. Loggerheads born
in Florida reach the Azores archipelago typically
within 3 years [17], Passive drifters do so much more

Azores, is only 15 months [18].

2. Unlike envisioned by Carr, ocean circulation does
not usually drive passive drifters all the way around
subtropical gyres. It rather makes many of them con-
verge inside these gyres, just like plastic debris do [12,
19, 20]. A passively drifting Florida loggerhead is thus
more likely to end up circling well inside the North
Atlantic subtropical gyre than to cross the whole
North Atlantic basin and then drift back towards
Florida.

3. Passive drift can lead passive juveniles into lethally
cold waters, especially when they circulate along the
northern edge of the subtropical gyre during winter-
time [21, 22]. Strictly passive juveniles would thus
have low chances of survival.

4. Passive drift does not explain why some oceanic juve-
nile loggerheads are observed to display meridional
seasonal migrations [23, 24] or to return towards
their natal area at latitudes where they do not ben-
efit from favorable equatorial currents but rather
encounter weak or opposing currents [23, 25]

The absence of any swimming activity in the passive
drift model is clearly the cause of these shortcomings.
Different types of swimming behaviors triggered by dif-
ferent sensory stimuli have been identified in sea turtles
[20, 26] but, as of today, there is not a single sea turtle
population for which a complete juvenile swimming sce-
nario is known, and fully corrects for the shortcomings of
the passive drift model. A partial solution, however, has
been proposed for Florida loggerheads. Series of labora-
tory experiments indeed showed that hatchlings from
that nesting population have an innate “magnetic map”
in which different regional magnetic field values elicit
changes in swimming direction at different locations
around the North Atlantic subtropical gyre [21, 27-29].
Numerical experiments [22, 30] then suggested that
simulated turtles driven by realistic high-resolution sur-
face currents and weak (a few kilometers per day) swim-
ming movements magnetically oriented as observed,
were more likely than purely passive turtles to remain in
warm waters and progress along their migration pathway
around the subtropical gyre. This would largely correct
for the above-mentioned shortcomings (2) and (3) of the
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passive drift model. This magnetically-guided swimming
behavior however does not generate seasonal migrations,
induce homing movements against dominant currents or
explain why juveniles reach the Azores more slowly than
passive drifters.

Other numerical dispersal simulations, including a
swimming activity on top of passive drift, were also car-
ried out for the West Pacific and North West Atlantic
leatherback (Dermochelys coriacea) populations [31,
32]. The swimming activity was made of habitat-driven
movements motivated by the need to find food and
suitable water temperatures. Simulations showed that
habitat-driven movements generate meridional seasonal
migrations, reduce cold-induced mortality and vyield
transoceanic crossing times slower than those of passive
drifters, in agreement with juvenile’s size observations
on the eastern side of the two oceanic basins. However,
these simulations did not deal with return movements
towards nesting areas.

Altogether, these results suggest that a combination
of different swimming behaviors triggered by different
stimuli (magnetic, habitat-driven, ...) is likely needed to
correct for the inconsistencies of the passive drift model.
The “winning combination” might not be simple, nor
unique as different populations face different environ-
mental challenges and must adapt accordingly. Although
laboratory experiments and numerical simulations are
certainly useful to help formulate and test possible swim-
ming scenarios, direct observations are critically needed,
if only to confirm these scenarios.

Unfortunately, direct observations of juvenile move-
ments at sea are technically challenging and thus
rare [33, 34]. They are mostly obtained from satellite-
tracking experiments but, while large juveniles can be
tracked over a year or so, tracking durations achieved
with smaller individuals are systematically shorter (a
few weeks to a few months) [9, 35, 36], mostly due to
tags’ miniaturization and detachment issues [34, 37].
Juvenile tracking experiments are thus generally too
short to allow for the reconstruction of the swimming
activity over, at least, a significant fraction of the lost
years’ period. In addition, swimming velocities derived
from tracking data are subject to significant, but poorly
assessed, errors. Tracking indeed does not provide a
direct measure of the swimming velocity but a meas-
ure of the velocity over ground. This velocity is the sum
of two, separately unknown, velocities: the swimming
velocity and the drift velocity caused by the action of
the currents, the wind and the waves on the turtle.
Estimation of the swimming velocity thus requires
subtracting an estimate of the drift velocity from the
observed velocity over ground. As a consequence,
swimming velocity estimation is impacted by the, often
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large and poorly quantified, errors affecting drift veloc-
ity estimates which are generally derived from opera-
tional ocean models. The usual assumption that the
wind- and wave-induced components of the drift veloc-
ity are negligible compared to its current-induced com-
ponent tend to make these errors larger. Such errors
have a limited impact on adult sea turtle studies (their
swimming velocities are generally large enough to be
distinguished from model errors) but are problematic
when analyzing the weaker swimming velocities of
hatchlings and juveniles [38]. Therefore, to avoid mis-
taking model errors for a dummy swimming activity,
trajectories of juvenile sea turtles are often jointly ana-
lyzed with trajectories of nearby passive surface drifters
(oceanographic buoys) [10, 24, 39]. However, only short
trajectory segments (typically a few days long) can be
studied in this way as initially close drifter and turtle
trajectories inevitably diverge and become uncorre-
lated. This approach is thus unsuitable for investigating
the juveniles’ swimming activity over the long term.

In an attempt to correct for these problems, we develop
here a new swimming velocity estimation method in
which the swimming velocity estimation error is both
reduced (by including the wind and wave effects) and
better assessed (by making massive use of passive drifter
data). This new estimation method is then used to revisit
data from the exceptional juvenile loggerhead electronic
tracking experiment initiated in 1997 by the NOAA
Pacific Islands Fisheries Science Center (PIFSC) in col-
laboration with the Port of Nagoya Public Aquarium.
During over 15 years, more than 200 juvenile logger-
heads, with straight carapace lengths (SCL) ranging from
25 to 80 cm were tracked through the North Pacific (NP).
Individual tracking durations are unusually long, often
exceeding one year. The wide spatial and temporal cover-
age of this data set as well as the wide range of tracked
individuals’ sizes makes it truly outstanding, likely
appropriate to uncover a large part of the juvenile NP
loggerheads’ swimming scenario. Data from this experi-
ment were used in over 20 papers, addressing a range of
questions including pelagic habitat and movement stud-
ies [8, 11, 40—44], movements towards Baja California
neritic foraging grounds [45], diving behavior [46] and
approaches to reducing bycatch [47, 48]. However, none
of these papers presented a detailed investigation of the
tracked turtles’ swimming velocity. This is achieved here.
Our analysis reveals a previously undiscovered swim-
ming scenario including two main swimming behaviors:
an omnipresent seasonal north—south swimming activ-
ity and westward directed movements appearing, as a
function of age, at latitudes where the ocean surface cir-
culation is mostly eastwards. This second behavior likely
takes juveniles back towards their natal area.
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Methods

Swimming velocity estimation

Estimation principle

The velocity over ground, Vg = (ug,V,), of any buoyant
object, permanently or occasionally present at the sea sur-
face, is the sum of the object’s own velocity (V) plus its drift
velocity (V 4) which results from the combined forces of the
current, the wind and the waves acting upon the object:

Ve=Vs+Vy (1)

In the case of a turtle, Vs is the swimming velocity. For
a motor boat, it is the velocity induced by the action of
the propeller and for passive drifters, like oceanographic
buoys, sargassum or plastic debris, Vi = 0. Assuming
that this object is tracked (usually satellite-tracked), and
that its trajectory is known under the form of a discrete
time series of surface positions X (¢;) = [x(t;), y(t;)] regu-
larly sampled at time interval At, simple centered finite
differences can be used to obtain discrete estimates of the

velocity over ground (‘7g):

b (o A _ Kl - X @)
Vg<tz+2)— A (2)

If an estimate of the drift velocity (I7d) can be obtained
with the same time sampling, then Eq. (1) shows that the
difference between I7g and 17,1 provides an estimate of the
objects’ own velocity. This difference will be called the
drift-corrected (DC) velocity:

Vbpc = /‘}s = ‘7g - ‘7d (3)

When the impact of the wind and waves on the object’s
movement is neglected, the drift velocity reduces to the
Eulerian ocean current velocity, i.e. V4 = V. (for more
details see Sect. “Drift velocity estimation”). Therefore
Vpc can be viewed as an improved version of the cur-
rent-corrected velocity previously defined by Gaspar
et al. [49], or the heading velocity of Girard et al. [50].

Estimation error

Vpc Is obviously not a perfect estimate of the object’s
own velocity. Using the generic notation =5 + s/, where
s is the measured or estimated value of any variable s and
s/ is its error, (1) can be rewritten:

VDC:‘/}SZ‘/}g—‘/}dZVs-F(V’d—V’g) (4)

This shows that Vpc is the true object’s velocity
(the swimming velocity in the sea turtle case) plus an
error term, hereafter called the estimation noise, which
includes the estimation errors affecting the drift velocity
(V;l) and the velocity over ground (V;).
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V:g is easily quantified in the usual case where posi-
tions X (¢;) are obtained from the Argos satellite track-
ing system. Indeed, Argos positions are unbiased and
their estimation errors have standard deviations close
to 1 km in the case of sea turtles, somewhat smaller
for oceanographic buoys [51]. Resulting velocity esti-
mates are thus also unbiased and simple algebra shows
that velocities computed using (2) with Az = 1 day have
standard deviations on the order of 2 cm/s. They are
generally a bit reduced using appropriate position fil-
tering methods, e.g. [52].

Drift velocity estimation errors V,d are unfortunately
larger and more difficult to characterize. Drift velocity is
generally estimated using operational ocean model out-
puts. Its current-induced component alone (the Eule-
rian current velocity V) has basin-scale mean errors
of the order of 1 cm/s and standard deviations around
10 cm/s [53]. Larger errors are expected at the regional
scale. As discussed in the introduction, such errors
might be acceptable for adult sea turtle studies but must
be reduced and better quantified when estimating the
weaker swimming velocities of hatchlings and juveniles.

A model that provides an improved estimation of
the drift velocity, including its wind-and wave-induced
components, will be presented in Sect. “Drift velocity
estimation”. Quantification of the estimation noise can
readily be obtained using Eq. (4) with passive drifters
for which Vi = 0. In that case, (4) reduces to:

VDC:‘/}g_"}d:V;i_V:g (5)

The DC-velocity of passive drifters is thus a direct
measure of V;i — Vig' Of course, errors affecting the
DC-velocities of buoys are not strictly identical to those
affecting turtles, but regions where drifters have large
model-derived DC-velocities, undoubtedly are regions
where turtles’ swimming velocities estimated using (4)
also have large errors. More precisely, the statistical
distribution of the estimation noise (V;i — V;) is bound
to be similar for drifters and for turtles if, in both cases,
this noise is generated by the same input errors going
through the same transfer function, i.e. the same esti-
mation model. This is already the case for the V;, error
term which results from Argos positioning errors trans-
formed into velocity over ground estimation errors
using the same velocity estimation Eq. (2) for both sea
turtles and drifters. To ensure that this is also the case
for V;l, the same drift velocity estimation model will be
applied to both drifters and sea turtles (see Sect. “Drift
velocity estimation”).

The drift-corrected velocity of passive drifters being
a good proxy for the estimation noise affecting sea
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turtles’ swimming velocity estimates, maps of the mean
and standard deviation of this velocity are most helpful.
Given the high volume of oceanographic buoy trajec-
tories available from the Global Drifter Program (GDP,
https://www.aoml.noaa.gov/global-drifter-program/)
high-quality maps can easily be produced for the North
Pacific Ocean basin where our turtles are tracked.

Besides such maps, DC-trajectories, an improved ver-
sion of the current-corrected trajectories proposed by
Gaspar et al. [49], also prove to be very useful. A DC-
trajectory is defined here as the time integral of the
DC-velocity:
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Va=V.+L (8)

where V, is an estimate of the Eulerian current veloc-
ity in the water layer within which the drifter is floating,
and L is an estimate of the leeway, that is the wind- and
wave-induced velocity of the drifter relative to the Eule-
rian current [62]. Estimates of Eulerian current velocities
in different water layers are readily available from opera-
tional ocean models, e.g. [63]. Estimation of the leeway is
slightly more complex.

The leeway can be expressed as the sum of a wind-
induced velocity (V) called the windage, and a wave-

t t, R t t , (6)
ch(t)z/ VDCdtz/ (Vg—Vd)dtz/ Vsdt+/ (Vly — Vit
0

to to to

I1

This integral is defined in the (x,y) plane, not at the
Earth surface, and the initial position Xpc(%,) is (0,0).
The position at time ¢ measures the distance traveled
since ¢, under the influence of the DC-velocity, in the
zonal direction xpc(t) (positive eastwards) and in the
meridional direction ypc (¢) (positive northwards).

Equation (6) shows that the DC-trajectory of a turtle
is the sum of the trajectory generated by its swimming
velocity plus a trajectory generated by the estimation
noise. For a buoy, the DC-trajectory simply is the trajec-
tory generated by the estimation noise. If, in the same
area, turtles DC-trajectories display behaviors not
observed in buoys DC-trajectories, then these behaviors
can safely be interpreted as signs of the turtles’ swimming
activity.

In practice, simple numerical integration is used to
estimate DC-trajectories at discrete observation times:

k
Xpc(t) =Y Vpct)At (7)
i=0

DC-trajectories being often convoluted, separate analy-
ses of their zonal xpc(¢) and meridional ypc(t) compo-
nents will prove to be easier and more informative.

Drift velocity estimation

The dynamics of surface floating objects drifting under
the combined effects of currents, winds and waves are
complex and their theoretical bases are still a subject
of active research, largely motivated by the need to bet-
ter understand the drift of an ever growing number of
marine debris worldwide [54—58]. While theoretical
progress is underway, estimates of the drift velocity have
been developed for practical use in search and rescue
operations [59] and marine pollution monitoring [60, 61].
They take the generic form:

induced velocity called the Stokes drift (Vg):
L=V, +Vy )

The Stokes drift Vg is a downwave drift velocity
induced by the orbital motion that water particles expe-
rience under the influence of the surface wave field (see
[54] for details). It increases with the wave height. Vi is
maximum at the surface where it can reach 10 cm/s or
more [64]. This is far from negligible compared to Eule-
rian surface currents which mean values are close to 20
cm/s. Vg however decreases rapidly with depth. It is typ-
ically halved within the first meter of water and becomes
negligible (< <1 cm/s) at depths between 15 and 20 m
[64]. The exact rate of decrease depends on the surface
wave field composition, being larger for wind waves than
for swell [65].

Windage V', is the velocity induced by the wind drag
on the emerged part of the drifting object. It depends on
the shape, size and buoyancy of the drifter and increases
with the wind speed. The windage is generally decom-
posed into a downwind and a crosswind component. The
crosswind component is small, and usually neglected,
in close to radially symmetric objects [62] like oceano-
graphic buoys [66] and in low floating material like sar-
gassum or small marine debris [67, 68]. It also proves to
be negligible for surface floating sea-turtle carcasses [69].
In that case, the windage vector is aligned with the wind
speed vector.

While the windage and Stokes drift are different effects,
they are generally modelled together because, for most
practical purposes, only their sum (the leeway) mat-
ters and because they are extremely correlated. Indeed,
the downwave direction of the Stokes drift is generally
close to the downwind direction of the windage and
the Stokes drift increases with the windage as the wave
height increases with the wind speed. The leeway is thus
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commonly estimated as a fraction of the wind speed, typ-

ically the order of 1% of /W710, the wind speed measured
at 10 m. However, operational oceanography centers
recently made available estimates of the surface Stokes

drift 17sm [70] and it was showed [71] that simulated tra-
jectories of surface drifting buoys are of similar quality

when modeling the leeway as a fraction of either W 1o or
‘7sto. For reasons that will be explained later, we select to
estimate the leeway as a function of ‘7sto so that the drift
velocity of both oceanographic drifters and sea turtles
will be modeled under the simple form:

‘7d = ‘70 + y‘/}sto (10)

To close this model, we only have to determine the
value of the y parameter and choose the ocean model
layer from which V. must be extracted.

The case of surface buoys R

For surface buoys, the obvious choice for V is the cur-
rent velocity within the upper model layer (Vo). Further-
more, optimal estimation of y can be directly achieved
from observations. Indeed, since Vi =0, the velocity
over ground is the drift velocity so that an estimate of the
leeway is readily obtained under the form:

L=Vy—V (11)

The value of y that provides the best least-square fit to
this observed leeway is then simply obtained from the
2-D regression:

-~

Vg_ ?cozy‘/}sm"'ﬂ"‘e (12)

where p is the intercept and e the regression residual.

The case of sea turtles

The impact of the leeway on sea turtle dispersal is rarely
mentioned (for exceptions, see [44, 72]). It has, so far,
always been neglected in sea turtle movement analy-
ses [10, 49, 50] and in simulations of juvenile sea turtles
dispersal [12, 15, 31, 73]. Neglecting the leeway may be
acceptable for individuals that spend little time at or close
to the surface as they are rarely subject to windage and
mostly experience a reduced or negligible Stokes drift.
This is not the case for juvenile loggerheads that spend
a large fraction of their time at the sea surface or within
the first few meters of water [9, 23, 74]. More precisely,
dive data from several individuals included in the track-
ing data set used here reveals that these juveniles spend
about 20% of their time at the surface or within the first
meter of water, more than 85% of their time above 15 m
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and over 95% of their time above 20 m [46]. Their drift
velocity thus clearly has a leeway component which
will be modeled using (10). The choice to parameterize
the leeway as a fraction of ‘A/sto rather than /\’(710 is justi-
fied here as dive data show that our tracked individuals
are almost always under the influence of the Stokes drift
while windage only affects them for about 20% of their
time.

Final closure of the sea turtle’s version of the drift
velocity model (10), requires that we estimate the value
of y for juvenile loggerheads and choose the ocean model

layer from which V. is extracted. In theory, the layer
selection must continuously follow the diving depth of
the tracked individual [75]. In our case, dive data show
[46] that they are almost permanently within 20 m from
the surface, that is generally within the upper oceanic
mixed layer where turbulence maintains Eulerian cur-
rent velocities close to their surface value. We will thus

assume 175 = l7cn. Estimation of y will then be performed
using regression (12), just like we did for surface buoys.
For sea turtles however, the velocity over ground is no
longer strictly equal to the drift velocity but includes the
swimming velocity. Part of the swimming velocity could
thus be absorbed in the parameterized leeway if Vy is

correlated with ‘7sto. A causal correlation can hardly be
envisioned but an empirical correlation is always possi-
ble, especially in small data sets. This is not the case here
as the sea turtle tracking data set we will use is unusually
large (over 80,000 velocity measurements) and covers a
wide range of swimming activities. Regression results will
confirm that the y estimate for sea turtles is consistent
with the known physics of the Stokes drift and the esti-
mate obtained for surface buoys.

Sea turtle data

Tracking data

This paper exploits the trajectories of 232 juvenile logger-
heads released and satellite-tracked in the North Pacific
Ocean under the NOAA PIFSC Marine Turtle Research
Program between 1997 and 2013 (Fig. 1a). This includes
the 231 trajectories previously described and analysed
by Briscoe et al. [43] plus one 22-month long trajectory
omitted from that analysis. This trajectory belongs to a
turtle captive-reared in Japan and released in 2005 with
a straight carapace length (SCL) of 31.1 cm. This entire
data set will be referred to as the NP Loggerhead Track-
ing (NPLT) data set.

Most tracked turtles (n =198) were hatched and reared
in the Port of Nagoya Public Aquarium. The others were
incidentally captured (n =34). Reared individuals were
released between 2003 and 2011 either in the West-
ern North Pacific (WNP) off the Japanese coast in the
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Fig. 1 Trajectories of all juvenile loggerhead turtles in the NPLT data set. Small triangles indicate turtles'release positions. a All turtles (n =232), b
raised turtles released off Japan (n =124), ¢ raised turtles released in the CNP (n =74) and d wild turtles released near capture positions (n =34). The

color along each trajectory evolves as a function of the time since release

Kuroshio current (n =124) (Fig. 1b) or near the Interna-
tional Date Line, in the Central North Pacific (CNP) (n
=74) (Fig. 1c). Individuals from these two groups will
be referred to as the WNP and CNP turtles respectively.
Captured individuals (n =34) were released between

1997 and 2003 and will be referred to as the wild turtles.
Their release positions are broadly dispersed, mostly in
the central and eastern North Pacific basin. A single indi-
vidual was released close to the Japanese coast (Fig. 1d).
All turtles were equipped with Argos-linked transmitters.
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Their raw locations were filtered and resampled at regu-
lar 24-h intervals (12:00 UTC every day) using the Bayes-
ian State Space Switching Model of Jonsen et al. [52] as
described by Briscoe et al. [43]. A total of 86,105 daily
positions were obtained in this way, indicating a mean
individual tracking duration slightly above one year
(range: 4 to 1434 days) The mean tracking duration of
wild turtles (156 days) is shorter than that of captive-
reared turtles (408 days), likely because of a higher post-
release mortality [76].

Size and growth

A main goal of this paper is to examine how the swim-
ming behavior evolves with size. Tracked turtles have
sizes ranging from 24.4 to 83 SCL at the time of release
[43]. Significant growth is expected during the tracking
period, especially in the youngest individuals tracked
for several years. Therefore, to keep up with sizes during
the complete tracking period, we assume that the SCL of
each individual follows a classical von Bertalanffy growth
curve starting from L,, its value measured on £y, the date
of release:

L(t) = Log — [Loo — Lo]e K1) (13)

where L(t) is the SCL at any time ¢t > ¢
L the asymptotic length and K the growth coefficient.
Conservative values of these growth parameters (Lo
=100.06 cm and K = 0.066/year) are taken from the Ram-
irez et al. [77] global synthesis of loggerhead growth data.
The size of every tracked individual is then estimated on
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a daily basis and this information is added to daily posi-
tion records. The histogram of the estimated sizes is
shown in Fig. 2, separating the WNP, CNP and wild tur-
tle groups. The peak of the SCL distribution is close to
40 cm. Individuals smaller than this size are exclusively
captive-reared turtles (WNP and CNP). Large individuals
(SCL >50 cm) are exclusively WNP or wild turtles. The
maximum estimated individual SCL increase over the
tracking period is 14.6 cm (mean =4 2.8 cm).

Surface buoy data

Trajectories of surface buoys from the Global Drifter
Program, processed and made available by the Coperni-
cus Marine Service (CMEMS, https://marine.copernicus.
eu/access-data) are used here. These buoys are designed
to follow Eulerian currents at a nominal depth of 15 m
with minimum perturbation from the windage and
Stokes drift. They consist of a small spherical surface float
(diameter ~ 35 cm) attached to a drogue centered at 15-m
depth, but the drogue attachment sometimes breaks.
When this happens, the surface float starts following
the current within the first meter of water and becomes
clearly influenced by windage and Stokes drift. This
change in the drift behavior is systematically detected
[78, 79] so that all buoy positions in the CMEMS data
base come with a “drogue status flag” indicating whether
they belong to a drogued or undrogued float. Only data
from undrogued buoys will be used here since, like juve-
nile loggerheads (but unlike drogued buoys), their drift

== WILD
== \WNP
=mm CNP

Aldi. .
5 50 55 60 65 70 7

5 80 85

SCL (cm)

Fig. 2 Histogram of estimated individual sizes at each recorded daily position for wild (black), WNP (red) and CNP (blue) turtles
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velocities have a leeway component whose estimation
error we aim to quantify.

We therefore extracted, from the CMEMS data base,
the trajectories of all undrogued GDP drifters circulat-
ing in the NP basin [20-55°N; 120°E-110°W] between
01/01/1997 and 31/12/2013 (Fig. 3a). This largely covers
the NPLT tracking area and period. GDP drifter positions
are provided at regular 6-h intervals but only one position
per day (at 12:00 UTC) was retained so that the temporal
sampling of the buoy and turtle trajectories is identical.
The so-obtained NP buoy data set contains nearly half a
million daily positions, representing the trajectories of
1695 undrogued drifters tracked for a mean period of 310
days (range: 2 to 3109 days) within the selected area and
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period. Note that they end up concentrating in the great
garbage patch area (Fig. 3a).

Out of this complete NP data set, we extracted a WNP
and a CNP subset. The first one contains the trajectories
of all buoys passing along Japan, in the area [30—40°N;
140-150°E] (Fig. 3b) where most WNP turtles were
released (n =107). The others (n =17) were released fur-
ther south but were then rapidly entrained into this area
by the Kuroshio current. The second subset contains the
trajectories of all buoys passing through the area [30-
35°N; 175—-180°E] where all CNP turtles were released
(Fig. 3c). Each trajectory in these subsets begins when a
drifter enters the selected area and stops when it exits the
NP basin, or when the final date of 31/12/2013 is reached.

160°W 120°W

160°W

120°E 140°E 160°E 180° 140°W 120°W
0.0 0.5 1.0 15 2.5 3.0 35 4.0

Time since entering selected area (years)

Fig. 3 Trajectories of undrogued GDP surface buoys tracked in the NP Ocean between 1997 and 2013. a All buoys (n = 1695), b buoys passing
off Japan through the area delineated by a white square (n =269) and ¢ buoys passing in the CNP through the area delineated by a white square (n
=138). The color along each trajectory evolves as a function of the time since entering the selected area
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The WNP buoys subset contains 269 trajectories with a
mean duration of 402 days (range: 2 to 2061 days). The
CNP buoys subset includes 138 trajectories with a mean
duration of 447 days (range: 6 to 1702 days).

Ocean and wave model data

As for the buoy data, we extracted surface Eulerian cur-
rent and Stokes drift data from the CMEMS data base.
The selected data cover the same NP area [20-55°N;
120°E-110°W] for the period 1997 to 2013. Eulerian sur-

face current vectors V., are outputs of the eddy-resolving
GLORYS12 reanalysis of the World Ocean circulation
performed with the NEMO model [63]. Daily averaged
(00:00 to 24:00 UTC) currents are provided on a regular
1/12° horizontal grid. Data from the first model layer (0
to 1 m depth) are used. R

Surface Stokes drift vectors Vg, are a product of the
WAVERYS reanalysis of the global wave field performed
with the MFWAM model [70] which takes into account
the effect of the GLORYS12 currents on the wave field.
Three-hourly mean Stokes drift vectors are provided
on a regular 1/5° horizontal grid. We averaged them to
obtain daily mean (0:00 to 24:00 UTC) Stokes drift vec-
tors which temporal sampling matches that of the Eule-
rian currents. Maps of the Eulerian surface currents and
Stokes drift averaged over 5° X 5° boxes during the whole
period 1997 to 2013 are shown in Fig. 4.
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Matching tracking and current data

The Eulerian currents and Stokes drift being available as
daily mean values, they must be matched with velocities
over ground computed over the same 24-h period, that is
the movement of buoys or turtles, between 0:00 UTC and
24:00 UTC. To do so, buoy and turtle positions at 0:00
UTC were estimated by linear interpolation between the
two adjacent positions at 12:00 UTC. The daily mean veloc-
ity over ground was then computed using (2) and recorded
together with the daily positions at 12:00 UTC. Estimates
of the daily mean Eulerian current and Stokes drift at that
position were then obtained by bilinear interpolation in
space of the gridded modeled data of the day.

This data processing procedure finally yields two simi-
larly processed data sets containing for the first one 86,105
records of turtle positions and speeds and, for the second
one, 485,574 records of surface buoy positions and speeds.
Each record contains:

[Individual ID, group ID, SCL (turtle only), date, position
at 12:00 UTC, Vg, Veo, Vstol

The group ID indicates whether a turtle belongs to the
WNP, CNP or wild group and whether a buoy belongs to
the WNP or CNP subset.

Results

Drift velocity estimates

Regression (12) performed with the complete NP buoy and
NPLT data sets yields the following estimates of the drift
velocities:
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Fig. 4 Maps of a Eulerian surface currents from the GLORYS12 reanalysis and b surface Stokes drift from the WAVERYS reanalysis. Data are averaged
over 5° x 5° boxes during the period 01/01/1997 to 31/12/2013. The area shaded in blue delineates the area with the highest density of recorded

turtle positions (97% of all turtle positions are found inside this area)
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For surface buoys : I7d = l7c,, + 0.8817st0 (14a)

For sea turtles : I7d = l7co + 0.28‘7st0 (14b)

For buoys, a value of y close to, but slightly below, one
is in line with expectations for small surface floats drift-
ing within the first 20 or 30 cm of water: their minimal
windage is not sufficient to compensate for the rapid
decrease with depth of the Stokes drift. For sea turtles,
a value of y significantly smaller than for surface drift-
ers was also expected as juvenile loggerheads only spend
a fraction (~ 20%) of their time under the influence of
windage and dive mostly between 1 and 15 m [46], that
is in a range of depths where the Stokes drift is much
weaker than at the surface. The norm of the mean leeway

correction [|0.28 ‘A/st,,ll along the loggerhead trajectories is
only 2.4 +1.4 cm/s, an order of magnitude smaller than
the main current-induced drift component (21.2 +20.9
cm/s). Such a small correction could be neglected in
short-term studies but must be considered when dealing
with long trajectories as a 1 cm/s mean error on the drift
velocity can shift a DC- trajectory by more than 300 km
over a year.

It is especially interesting to measure the accuracy
gain obtained when adding the leeway correction to

Page 11 of 27

drift velocity estimates. To this aim, we computed the
DC-velocities of all NP surface buoys assuming either
‘A/d = 17co or ‘7d = IA/w +0.88 IA/st,,. The mean and stand-
ard deviation of these DC-velocities, binned into regular
5° x5° boxes are displayed in Fig. 5. When the leeway
correction is omitted (‘7d = I7C,,), mean DC-velocities
commonly reach or exceed 5 cm/s and display a clear
clockwise pattern, resembling that of the Stokes drift
(see Fig. 4b). Adding a leeway correction (Fig. 5b) largely
eliminates this error pattern and reduces drift estimation
errors. The reduction of the mean drift velocity estima-
tion error, and of its standard deviation, is most visible in
the central and eastern Pacific. Mean errors, and stand-
ard deviations are also somewhat reduced in the western
Pacific but remain relatively large, especially in the Kuro-
shio area near the Japanese coast. This was expected as,
in this dynamically active area, occasional misposition-
ing of mesoscale features and insufficiently resolved sub-
mesoscale activity can induce large errors in modeled
Eulerian current velocities which cannot be corrected for
by the Stokes drift.

Surface buoys DC-trajectories

DC-trajectories were computed for all surface buoys and
tracked turtles using drift velocity estimates (14a) and
(14b), respectively. The zonal and meridional components
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Fig. 5 Maps of surface buoys’mean DC-velocities assuming a Vd = Vm orb Vd = Vm + OASBVsmA Mean DC-velocity vectors and standard
deviations of their norm are computed over 5° x5° areas. The background color in each area is a function of the standard deviation
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Fig. 6 Zonal and meridional components [xpc (t), ypc (t)] of DC-trajectories of WNP buoys (a, b) and CNP buoys (¢, d). In each figure, the solid black
line is the ensemble-mean distance Xpc (t) or ¥p(t) and the dotted lines are this mean *one standard deviation. These lines are discontinued

when the number of trajectories drops below 20

[xpc(t), ypc(t)] of the DC-trajectories of all WNP and
CNP surface buoys are shown in Fig. 6. They are plotted
over a maximum period of 1434 days which corresponds
to the longest sea turtle tracking period. Both zonal and
meridional DC-trajectories feature similar erratic move-
ments generating a crudely conic dispersal pattern with
small, but non-zero, mean displacements [Xpc (¢), ¥p ()]
(solid black line) and standard deviations (dotted black
lines) increasing with time. No conspicuous organized
movements are visible. The mean zonal DC-displacement
xpc(t) of both WNP and CNP buoys is slightly west-
wards reaching between 376 km (for CNP buoys) and 615
km (for WNP buoys) after 800 tracking days, indicative of
a mean westward DC-velocity between 0.5 and 0.9 cm/s.
This is consistent with the magnitude and direction of the
mean drift velocity estimation errors displayed in Fig. 5b.
The mean meridional DC-displacement is smaller, close
to 300 km after 800 days, for both WNP and CNP buoys,
also in agreement with Fig. 5b which shows that the
meridional component of the drift velocity estimation
error is generally smaller than the zonal component.

The DC-trajectories of the WNP buoys disperse more
rapidly than those of the CNP buoys, both in the zonal
and meridional direction. This is especially noticeable at
the beginning of the DC-trajectories. One hundred days

after release, the standard deviation of [xpc (£), ypc(2)] is
[421 km, 361 km] for WNP buoys but only [219 km, 202
km] for CNP buoys. This is consistent with the observa-
tion that the standard deviation of the drift velocity esti-
mation error is maximum close to Japan and steadily
decreases as one moves towards CNP (Fig. 5b).

Sea turtles DC-trajectories

The zonal and meridional components of loggerheads’
DC-trajectories (Fig. 7) clearly differ from those of pas-
sive drifters thereby demonstrating that these trajectories
are not exclusively generated by drift velocity estimation
errors but also contain a detectable swimming velocity
signal.

Zonal component

The difference is clearest in the zonal component of wild
turtles’ DC-trajectories (Fig. 7e). In all but one of these
trajectories, wild turtles display consistently westwards
movements during most of their tracking period, the
longest one reaching 10,000 km in 597 days. Estimated
zonal DC-velocities are largely negative with a mean
close to —14 cm/s, that is more than 10 times the mean
drift velocity estimation error derived from drifter’s
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Fig. 7 Same as Fig. 6 but for of WNP (a, b), CNP (¢, d) and wild turtles (e, f)

DC-trajectories. Such large negative values can only standard deviation of xpc(¢) reaches 747 km for WNP
be due to a strong westward swimming activity which  turtles and 415 km for CNP turtles, almost double that
allows most wild turtles to move westwards over ground  of surface buoys. Later in the tracking period, markedly
(Fig. 1d) despite the prevailing currents and Stokes drift ~ westwards DC-trajectory segments, similar to those of
that push them eastwards (Fig. 4). wild turtles, appear in a number of WNP and CNP tur-
Initially, the zonal DC-trajectories of the WNP and tles. As a consequence, mean zonal DC-displacement
CNP turtles (Fig. 7a, ¢) are more like those of surface  Xpc(t) become more and more negative. This suggests
buoys: they disperse both eastwards and westwards with  that after a period of erratic, nearly zero-mean, zonal
no preferred direction and, accordingly, small mean displacements some turtles change behavior and start
movements. Dispersal however increases more rapidly = swimming consistently westwards until the end of their
with time than is the case with passive drifters suggesting  tracking period, just like most wild turtles do from the
that some random swimming activity, possibly linked to  beginning of their tracking period.
foraging, is present. One hundred days after release, the
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Meridional component
At first glance, the dispersal patterns in meridional DC-
trajectories of all turtle groups (Fig. 7b,d,f) are more
puzzling but one quickly realizes that large periodic oscil-
lations are present, most visibly in CNP turtles (Fig. 7d).
These oscillations reveal the presence of large seasonal
migrations, but they are difficult to detect in figures
where the origin of the y-axis is the individually-variable
release date. Large synchronous seasonal DC-movements
become far more visible in all turtle groups in Fig. 8,
where the origin of the y-axis is selected to be January 1st
of the year of release.

Such large seasonal oscillations (with amplitudes
approaching 1000 km) are clearly absent from passive
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drifters’ DC-trajectories. They can thus only be explained
by a marked meridional swimming activity. This seasonal
swimming activity had previously been detected in sub-
samples of the NPLT data set [8, 40] in which juvenile
loggerheads were observed to move northwards dur-
ing spring and summer and southwards during fall and
winter. In doing so, they follow the seasonal meridional
movements of the NP Transition Zone Chlorophyll Front
(TZCEF), a favorable developmental habitat characterized
by surface water temperatures around 18 °C and Chloro-
phyll-a concentrations around 0.2 mg/m? [41, 42, 80, 81].

Large-scale long-term swimming activities in sea turtles
Visual inspection reveals clear large-scale differences
between turtles and buoys DC-trajectories. These differ-
ences are indicative of active seasonal meridional move-
ments with amplitudes reaching 1000 km and consistent
westwards movements over several months and hun-
dreds or thousands of kilometers These zonal and merid-
ional movements are further investigated below.

Zonal swimming activity

Long, markedly westwards, trajectory segments are vis-
ible in the zonal DC-trajectories of most wild turtles and
some WNP/CNP turtles (Figs. 7 a,c,e). They are associ-
ated with steady, largely negative, zonal DC-velocities
which persist until the end of these trajectories. In the lat-
itude range where they take place (between 30 and 45°N),
these westward swimming movements progressively lead
juveniles back towards Japan, their natal island. These
segments will accordingly be called homing segments
(denoted H segments). The term “homing” is used here
in a broad sense, to refer to movements undertaken to
reach a known, spatially, restricted area [82]. True natal
homing is not envisioned as the tracked individuals are
generally too small to have reached sexual maturity and
precisely target their natal area. Westbound turtles more
likely broadly target the Japanese waters where late stage
juveniles, are known to recruit [83]. As none of the west-
bound turtles reaches Japan before its tag stops transmit-
ting (all are more than 800 km east of Japan when this
happens), one could also hypothesize that, instead of the
Japanese coastline, juveniles target the rich pelagic forag-
ing grounds found in the western Pacific, in particular
in the Kuroshio Extension Bifurcation Region (KEBR)
[40]. They might do so to refuel before moving eastwards
again through the poorer waters of the Eastern Pacific
basin [43]. However, to be targeted, the position of these
foraging areas must be known. This likely is the case for
wild and WNP turtles that previously crossed these areas
after leaving Japan but certainly not for the turtles that
were directly released in the CNP. This knowledge would
thus need to be innate. While this cannot be excluded,
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the principle of parsimony leads us to adopt the simpler
assumption that individuals (broadly) target Japan, an
area they sure all know.

Outside of these H segments, the turtles’ zonal DC-
trajectories essentially look like those of passive drift-
ers. They have no clearly preferred directions and are
characterized by weak, positive or negative, mean zonal
DC-velocities. Such segments will thus be called drift-
ing segments (denoted D segments). This name does not
imply that tracked individuals are purely passive within D
segments. In fact, they are most probably active as zonal
dispersal increases faster during D segments than it does
in passive drifter trajectories. This suggests that random
movements, often indicative of foraging activities, con-
tribute to increased diffusivity along such segments.

The next step is to progress from visual to automatic
identification of the D and H segments. This amounts to
automatically detecting when tracked individuals switch
from having a close-to-zero zonal mean DC-velocity (D
segment) to a markedly negative one (H segment). The
method used to perform this type of segmentation, or
breakpoint detection, is fully described in Additional File
1. This method systematically identifies 2 segments in any
trajectory and then classifies them as D, H or U (unrelia-
ble) segments. A segment with a mean zonal DC-velocity
upc < —6.5 cm/s is classified H. A segment with #pc >
—6.5 cm/s is classified D. Too short and/or inhomogene-
ous segments are classified as unreliable and discarded
from further analysis. This concerns segments shorter
than 90 days and those in which the standard deviation
of upc exceeds 0.25 m/s. Most discarded segments (22
complete trajectories and 146 segments) are short. Ana-
lyzing only segments or trajectories longer than 90 days
is appropriate here as we only seek to identify long-last-
ing swimming behaviors, typically at seasonal or longer
time scales. Only 22 segments are discarded for being
inhomogeneous. Unsurprisingly, they are all located near
the Japanese coast where DC-velocities have a large esti-
mation noise. Altogether, discarded segments only repre-
sent 12% of the NPLT data set. The remaining 88%, that
is 75,461 daily positions and velocity records, belong to
either D (70%) or H segments (18%). Some of the sub-
sequent data analyses will be separately carried out on

Table 1 Final trajectory classification
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Fig.9 Segmented zonal DC-trajectories xp¢ (t) of the a WNP, b CNP
and ¢ wild turtles. DH breakpoints appear as small triangles, HD
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all panels, the dotted black straight line has a slope corresponding
to the threshold value upc = —6,5 cm/s

Trajectory classification n Comment

Unreliable (U, discarded) 43 Trajectories <90 days (n =22) or with 2 U segments
(n=21)

Drifting only (D) 138 2 Dsegments (n=28)or 1 D+1Usegment (n=110)

Homing only (H) 17 2 Hsegments (n=1) or TH+1 U segment (n =16)

Drifting then Homing (DH) 30 1 Dthen 1 H segment

Homing then Drifting (HD) 4

1 Hthen 1 D segment
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either the ensemble of valid D segments (the D data set)
or the ensemble of valid H segments (the H data set). In
terms of trajectories, the final result of the segmentation/
classification process is detailed in Table 1 and displayed
in Fig. 9.

While drifting only is the main diagnosed swimming
behavior (n =138), 30 turtles are diagnosed to switch
from a drifting to a homing behavior (DH-trajectories)
and 17 only display a homing behavior. Figure 9 shows
that the automatic segmentation/classification algorithm
does very well in detecting changes in the swimming
behavior. It accurately identifies all long westwards hom-
ing segments that had been visually detected in Fig. 7 and
places their beginning (breakpoint) at visually convinc-
ing positions. The mean duration of these H segments is
close to one year (361 days) and the longest one is nearly
3 years long (1071 days). Their straightness is remarkable.
It denotes a steady westward swimming activity that lasts
until the track stops, consistent with the idea that, within
these segments, turtles aim for a target west of their
position.

More surprisingly, the automatic segmentation/classifi-
cation algorithm also detects 4 trajectories in which tur-
tles (all CNP turtles) switch from a homing to a drifting
behavior (HD trajectories). These switches had not been
visually detected but are now singled out in Fig. 9b. The
interpretation of these trajectories will be discussed later
(see Sect."Homing at what size?").
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Meridional swimming activity
Large periodic movements, indicative of north-south
seasonal migrations, are visible in Fig. 8 but their ampli-
tudes and phases are largely blurred by estimation noise,
especially in the case WNP turtles (Fig. 8b). The sea-
sonal signal present in each trajectory can however be
easily extracted from the background noise by fitting a
sine curve of annual period to each meridional DC-tra-
jectory. This is done using the SciPy curve_fit tool [84].
The amplitude and phase of the fitted sine curve are bet-
ter estimated when the trajectory extends over, at least,
one signal period (one year in this case). The NPLT data
set includes 92 trajectories longer than a year. For these
trajectories, the estimated phases (expressed as the date
of the year when the sine curve reaches its maximum)
have a circular mean corresponding to September 21.
The mean amplitude of the fitted sine curves is 440 km,
corresponding to a migration distance of 880 km (twice
the amplitude). Migration distances below 500 km are
observed in only 7 trajectories out of 92 and the smallest
migration distance is 260 km. This simple analysis shows
that juvenile NP loggerheads commonly perform very
long-distance seasonal migrations phased in such a way
that their northernmost positions are reached around the
fall equinox.

A more detailed discrete description of the seasonal
evolution of meridional swimming velocities can be
obtained sorting all meridional DC-velocity estimates in
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Fig. 10 Mean meridional DC-velocities of loggerhead turtles as a function of date and latitude. Means are computed in [1° latitude X 7 days] boxes
using all NPLT data. Only means based on more than 50 velocity data are shown
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the NPLT dataset as a function of the date and latitude
and then computing mean values in [1° latitude X7 day]
boxes (Fig. 10). The seasonal variability is clear: veloci-
ties are largely positive (northward) during spring and
summer and negative during fall and winter. Their syn-
chronicity is best marked in September when meridi-
onal velocities in nearly all latitude bands simultaneously
change sign between week 37 and 38, confirming that the
southward migration is initiated near the fall equinox and
happens nearly synchronously, in individuals located at
different latitudes. The springtime meridional velocity
reversal is less clear-cut. It can appear as soon as Febru-
ary in individuals south of 30°N and later (until May) in
individual north of 34 to 35°N.
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Interactions between zonal and meridional swimming
activities

Both meridional migrations and zonal homing move-
ments require considerable amounts of energy. One
might thus expect homing juveniles to reduce the
energy expended in meridional movements, that is to
reduce the amplitude of their seasonal migrations when
they need to invest more energy in zonal movements.
To check this assertion, we sorted out as a function of
date the meridional DC-velocities in both the D and H
data set. A mean velocity was then computed for each
day of the year. Finally, these mean meridional DC-
velocities were numerically integrated with time, from
January 1st to December 31, to produce the annual
mean meridional DC-trajectory of either drifting or
homing turtles. Contrary to our expectations, these 2
DC-trajectories display seasonal cycles of comparable
magnitude, with meridional migration distances of 967
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Fig. 11 a Annual mean meridional DC-trajectories for drifting (blue) and homing (red) turtles; Seasonal mean DC-velocity vectors (m/s) for b
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km for homing turtles and 1032 km for drifting turtles
(Fig. 11a). As a consequence, the total (zonal + meridi-
onal) swimming speed, and thus the turtles’ energy
expense, appears to be systematically larger when hom-
ing than when drifting. This is clearly visible in Fig. 11b,
¢ which show that the seasonal mean DC-velocity vec-
tors computed using the H data set are, at least, twice
as large as those derived from the D data set.

The circumstances of homing

Is homing triggered seasonally?

The transition from a drifting to a homing behavior (DH
breakpoint) is observed in 30 trajectories (Table 1). These
events are more frequent during spring and rare during
fall (Fig. 12). The hypothesis that their distribution is uni-
form over the year can clearly be rejected (Rayleigh test,
p< 0.01). One reason for initiating homing during spring
might be that, during that season, turtles are close to
their southmost position, typically near 30°N, a latitude
band where currents and Stokes drift are eastward but
weaker than around 40°N (Fig. 4), the area where turtles
are found during fall. It would then make sense to initi-
ate westward movements when opposing currents are the
weakest and avoid doing so when they are the strongest.
More observations and further work are clearly needed
to confirm or refute this hypothesis.

Homing at what size?
The precise mechanisms triggering the homing behav-
jor in juvenile sea turtles are largely unknown but, like

=]
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in other migrant species, evolution likely selected, and
genetically encoded, one or several mechanisms that
trigger that behavior at a time individuals have reached
the developmental stage needed to undertake a long,
energy consuming, homing journey [85]. Size being a
good indicator of development, one expects homing to
be triggered within a limited range of sizes correspond-
ing to this developmental stage. This is indeed the case:
90%, that is 27 out of the 30 DH breakpoints, occur in
juveniles with an SCL between 35 and 45 cm while only
53% of the NPLT data set falls within this size class.
More precisely, the probability that homing occurred
before a specified SCL, denoted Fy(SCL), can be esti-
mated using the complete set of valid segments, instead
of breakpoints only. To achieve this, let us first define:

o [Swmin» Smax] the range of SCL values for which
F (SCL) will be estimated,

+ [So, S1] the range of SCL values within which an indi-
vidual is observed during a valid single segment or
complete valid trajectory,

o Sy, the size (So < S, < S1) at which a DH breakpoint
(if any) occurs in a trajectory,

+ Bthe “behavioral state” (or swimming activity); it can

» o«

be either “drifting”;, “homing” or “unknown”

Let us then assume that transition from a drift-
ing to a homing behavior occurs only once during the
pelagic juvenile phase. The 4 detected occurrences
of HD breakpoints suggest that this single transition

w
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Fig. 12 Annual distribution of the 30 DH breakpoints
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hypothesis is not always verified, but since HD break-
points are infrequent compared to DH ones, it can be
accepted to produce a first, probably gross, estimate
of Fy (SCL). The 4 HD-trajectories being excluded ,B
can be inferred as follows using all valid trajectories or
trajectory segments displaying a unique D (n =138) or
H (n =17) behavior and all DH-trajectories (n =30):

i. For an individual only tracked drifting: B is drifting
in [Syin, S1] and unknown in [S1, Syax]
ii. For an individual only tracked homing: B is
unknown in [Syi4, So] and homing in [So, Syax]
ili. For an individual tracked drifting than homing (DH
trajectories): B is drifting in [Syin, Sp] and homing
in [Sp, Simax]-

Then for any SCL value between S,,;, andS,,,y, all valid
segments/trajectories can be inspected to determine ny
and np, the number of them in which a homing or a drift-
ing behavior is diagnosed for that SCL value. The esti-
mated probability that homing occurred before SCL is
then:

Fy(SCL) = ny /(ng + np) (16)

The resulting estimate is shown in Fig. 13. It confirms
that the homing behavior is very unusual at SCLs <35
cm. It indicates that about 50% the juveniles initiate hom-
ing before reaching the size of 42 cm and 80% of them
before reaching an SCL of 50 cm. Above that size, the
estimation accuracy is likely limited by the relatively
small number of valid trajectories obtained for large
individuals.

We should finally remember that Fig. 13 was obtained
using all valid trajectories and segments of the NPLT
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Fig. 13 Estimated probability that homing occurred before a given
SCL: Fy(SCL). This probability is estimated for SCLs between Sy, = 25
cm and Spax = 85 ¢cm, with an SCL step of 1 cm
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data set, except for the 4 trajectories in which transi-
tion from a homing to a drifting behavior was observed.
Occurrence of such a behavior is obviously rare. It might
happen when the body condition of individuals swim-
ming against adverse currents deteriorates, leading them
to interrupt homing to adopt a less energy-consuming
swimming behavior, possibly before later resuming their
westward journey. Similar events of aborted migrations
are observed in birds encountering adverse environ-
mental conditions [86, 87]. It might be the type of event
we observe here. Indeed, the 4 turtles displaying a HD-
trajectory were all small at the time of release (32.3 cm
<SCL <34.5 cm), a size range within which homing is
unusual (Fig. 13). However, they were probably in excel-
lent body condition as they had just left the aquarium
where they had been captive-reared. Their high energy
stores might thus have prompted them to initiate hom-
ing early in their development cycle. Released in the wild
and immediately swimming westwards against the cur-
rents, their body condition could deteriorate, finally lead-
ing them to adopt a less active behavior, better adapted
to their size and energy intake at sea. Note however that
their “less active” behavior still involves well-marked
meridional migrations over distances around 1000 km,
maintained throughout their whole tracking period.

Homing trajectories: a subtle balance between westward
swimming and eastward drift
In the latitude range (~ 30 to 45°N) where homing occurs
(Fig. 14a) ocean circulation is clearly eastward (Fig. 4).
Mean zonal drift velocities are relatively small (around
4 cm/s) in the Eastern Pacific but steadily increase
going west, reaching 8 cm/s near the dateline, and over
11 cm/s near the Japanese coastline (Fig. 14b). Homing
turtles swim in the opposite direction with westwards
velocities typically between —9 and —13 cm/s, becom-
ing more negative with size. They reach —15 cm/s only in
the few tracked individuals with SCL >55 cm (Fig. 14c).
With such swimming speeds, homing individuals of all
sizes can easily progress against the weak adverse cur-
rents found in the easternmost part of the tracking area.
Their trajectories are rather straight and clearly west-
wards (Fig. 14a). Further west, eastward currents become
stronger, reaching speeds comparable, but opposite in
sign, to those of homing turtles. As a result, turtles’ zonal
velocities over ground become small, often oscillating
between positive and negative values. This generates
the very convoluted homing trajectories observed in the
Western Pacific (Fig. 14a), displaying both eastward and
westward movements.

Such trajectories are naturally associated with long
residence times in the WNP. A typical example is
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Fig. 14 a Map of the homing segments of the 30 DH trajectories with their initial breakpoint positions (small circles), in red for WNP turtles, blue
for CNP turtles and black for wild turtles. The dotted black line delineates the area with the highest density of recorded turtle positions (97%

of all turtle positions in the NPLT data set are found inside this area); b Mean zonal drift velocities as a function of longitude computed with Eq.
(14b) using modeled surface currents and Stokes drift data averaged in 10° longitude boxes between 30 and 45°N; ¢ Mean zonal DC-velocities

as a function of size for homing turtles, based on all zonal DC-velocities in the H dataset

provided with the trajectory of a medium-sized juve-
nile (SCL =39.1 cm) released off Japan in July 2010
(Fig. 15). This turtle was first observed drifting for
244 days from 143°E to 174°E, the longitude at which
it initiated homing at an estimated SCL =41,7 cm.
It was then tracked for another 549 days until its tag
stopped working at 165.3°E, less than 10° west of the
position where it started homing. The homing seg-
ment of its trajectory over ground (Fig. 15a) is very
tortuous with periods during which the turtle alter-
nately gains or loses ground against opposing currents.
Large seasonal north—south movements are also vis-
ible on top of smaller-scale oscillations and loops typi-
cally induced by oceanic mesoscale features. On the
contrary, its zonal DC-trajectory (Fig. 15b) is rather
straight throughout the whole homing phase, revealing
that the turtle constantly maintains a fairly stable west-
ward swimming activity despite the large variability of
the encountered currents. As in this example, most tur-
tles diagnosed to be homing manage to make headway
despite opposite currents and are closer to Japan at the
end of their homing segment than at the beginning, but
this is not always the case. The worst case is that of a
WNP turtle which lost (i.e. moved eastward) over 20°
in longitude during its observed 2-year-long homing

segment. This turtle had the westernmost diagnosed
breakpoint (157.7°E) in the whole NPLT data set and
initiated homing at a rather small size (SCL =36 cm).
Being small (and thus a weaker swimmer) and west of
the dateline are two conditions that clearly make the
homing journey most difficult.

Discussion
Drifting then homing seasonal migrations (DHSM)
Analysis of DC-trajectories reveals that juvenile NP
loggerhead turtles display two types of large-scale,
long-term swimming movements: seasonal meridional
migrations and westward homing movements. Sea-
sonal movements are present in individuals of all sizes
while homing movements gradually appear as individu-
als grow. Before their onset, juveniles have no significant
zonal swimming activity and appear to drift zonally with
the prevailing eastward currents while undertaking large
north—south seasonal migrations. This period of drifting
seasonal migrations, ends when juveniles initiate hom-
ing. They then perform homing seasonal migrations as
they maintain large meridional seasonal migrations but
with an added westward swimming component.

This sequence of drifting then homing seasonal migra-
tions (DHSM) constitutes the basic swimming scenario
that governs juvenile loggerheads dispersal in the North
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Fig.15 a D (blue) and H (red) segments of the trajectory over ground
of a turtle released off Japan in July 2010. The small white triangle
shows the position of the breakpoint detected in this trajectory. Small
dots along the trajectories are turtle positions every 10 days. b Zonal
components of this turtle’s trajectory over ground (solid black line),
drift trajectory (f;o Uqdt, blue dotted line), and DC-trajectory (red solid
line). The horizontal black line at t= 244 days corresponds to the date
of the breakpoint

Pacific. It likely unfolds over time as follows. Hatchlings
leaving their natal beach in Japan are first entrained
north-eastwards, along the Japanese coast, by the Kuro-
shio current. Within a few months, they progressively
veer east, following the Kuroshio that detaches from
the coast around 35°N [88], and initiate their crossing
of the North Pacific basin. If drifting purely passively,
they could reach latitudes between 40 and 45°N during
their first winter at sea [12] where they might suffer cold-
induced mortality if they encounter water temperatures
well below 10 °C [89]. The mortality rate should however
be relatively low. Indeed, sea surface temperatures (SST)
from the GLORYS12 reanalysis [63], extracted along the
trajectories of the surface buoys that passed off Japan
during the hatching season (mid-July to mid-October),
show that only 16% of these buoys encounter sea surface
temperatures below 10 °C during the following winter.
If small juveniles already swim southwards during their
first fall at sea, the risk should even be smaller.

During subsequent years, juveniles will progress
across the NP basin, drifting eastwards with the
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Kuroshio extension current and then the North Pacific
current. Cold-stunning after the first winter at sea
is less likely as seasonal migrations lead individuals
southwards, well inside the gyre, from the beginning
of the fall till the end of the winter. After several years
of eastward drift and seasonal migrations, juveniles
will finally approach Northern California and enter the
California Current System (CCS). It will entrain them
southwards towards Baja California Peninsula (BCP)
and its rich neritic foraging grounds where over 40,000
juvenile or sub-adult loggerheads are observed to for-
age all year round [90]. Juvenile loggerheads having
reached BCP are observed to reside there for several
years, switching from a pelagic to a neritic foraging
strategy [91].

Reaching the BCP foraging grounds is not guaran-
teed, however. Recent work suggest that crossing of the
cold California Current System might only be possible
through an occasional corridor of anomalously warm
waters [45]. In addition, during their crossing of the NP,
many juveniles might become large enough to initiate
homing. They would thus return towards Japan before
reaching California. The smallest individuals reach-
ing BCP have SCLs close to 30 cm but most individu-
als arrive at sizes between 40 and 65 cm SCL [91, 92].
Within this range of sizes, our results suggest that 40 to
100% of the juveniles have already initiated their hom-
ing journey (Fig. 13). This means that homing could be
initiated by individuals close to reaching BCP but it
might also occur at more westerly positions in individ-
uals that drifted more slowly or grew faster.

Individuals initiating homing before reaching BCP
are expected to return towards Japan following trajec-
tories similar to those observed in the NPLT data set,
that is swimming westwards against the dominant cur-
rents and migrating seasonally. This will be relatively
easy for the largest, most powerful, individuals but
more difficult for the smaller ones.

The story is a bit different for juveniles reaching BCP
as their residence time in this area can reach up to 20
or more years [91]. This represents a different, but well-
known, development strategy in which individuals take
advantage of remote neritic feeding areas before mov-
ing back to their natal area. These individuals will thus
be larger and more powerful swimmers when initiat-
ing their homeward journey. A fraction of the large
wild turtles of the NPLT data set likely are individuals
that resided in BCP before being captured, tagged, and
released on their way back to Japan. Their westwards
swimming velocities are among the fastest (~ 15 cm/s)
observed in the NPLT data set but their trajectories are
similar to those of homing WNP or CNP individuals
suggesting that the same way back is used by all homing
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juveniles whether having reached BCP or not. This way
back is against the dominant eastwards current. None
of the observed individuals seeks to reach the Pacific
North Equatorial current that flows westwards at much
lower latitudes. Interestingly, a larger sub-adult directly
tracked from BCP displayed the same behavior, return-
ing directly to Japan [93] against the current.

Alongside this description of the likely dispersal sce-
nario of juvenile NP loggerheads, two points are worth
noting:

i. Fig. 3b shows that the minimum time needed for
WNP buoys to cross the whole Pacific Ocean is
about 2.5 to 3 years while the smallest individuals
reaching BCP have an SCL close to 30 cm, thus an
age close to 4.5 years according to the Ramirez et al.
[77] growth curve, using L, = 4.2 cm, the mean size
of hatchlings in the NP loggerhead population [94].
This is additional evidence that passive drift times
are generally too short to explain the time taken by
juvenile sea turtles to cross oceanic basins.

iil. Most juveniles reaching BCP have an SCL >40 cm
[91, 92], a size at which our results suggest that
about 40% of the individuals have already initiated
homing and will thus never make it to BCP. The
percentage of individuals initiating homing before
reaching BCP should thus be much larger among
our tracked reared individuals. WNP turtles,
released off Japan with an SCL >25 cm, have vir-
tually no chance of reaching BCP before initiating
homing. CNP turtles released at sizes close to that
of the smallest wild individuals reaching BCP, are
also less likely than wild turtles to reach BCP. This
certainly contributes explaining why, in the NPLT
data set, only 2 of the 198 captive-reared turtles
reach the BCP area, and these are CNP turtles.

Supporting the cost of swimming

The DHSM dispersal scenario is a very active one.
Achieving a 900-km migration over a 6-month period
requires a mean meridional swimming velocity close
to 6 cm/s. The swimming velocity of homing individu-
als includes an additional westward component which
ranges from 9 cm/s in the smallest individuals up to 15
cm/s in the largest ones (Fig. 14c). The total swimming
velocity of homing individuals is thus easily twice as large
as the velocity of drifting individuals, as already observed
in Fig. 11 b,c. As the energy expended per second to
maintain a velocity is proportional to the cube of that
velocity (e.g. [95]), doubling the velocity multiplies by 8
the rate of energy expended for moving. Juveniles thus
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have to support much larger energy expenditures when
homing than when drifting.

In reality, large, fast swimming, individuals will be
found in the western Pacific, the largest/oldest ones
finally reaching the Japanese waters. The most difficult
part of their westward progression takes place west of
the date line where adverse eastward currents are the
strongest (Fig. 14b). Individuals tracked in this area are
generally able to make headway against these currents,
albeit very slowly and along very tortuous trajectories
(Figs. 144, 15). The western Pacific, and the KEBR area in
particular, is a highly energetic but also very productive
area [40]. Its high productivity most probably is a criti-
cal factor making homing possible as abundant refuelling
opportunities are made available in a zone where indi-
viduals must maintain high velocities and thus sustain
high energy costs. Foraging activities and long residence
times detected in the KEBR [40, 43] must be placed in
that context. They should not be interpreted as a sign
that juvenile loggerheads simply are long term residents,
foraging in this rich area, but rather transiting individu-
als that struggle to cross the KEBR against strong adverse
currents while foraging to support the cost of their high
swimming activity.

Underlying navigation mechanisms

Large-scale seasonal migrations are widespread across
taxonomical groups and different navigational toolkits
likely guiding them have been identified [96]. However,
the drifting and then the homing seasonal migrations of
the juvenile NP loggerhead turtles, both maintained over
several years, are unusual. The navigational tools and
strategies enabling such migrations still have to be pre-
cisely identified. This is far beyond the scope of this paper
but some of our results provide preliminary clues.

During their initial drifting phase, individuals swim
alternately north and south depending on the season
(Fig. 11b). This behavior could be enabled by the use of
one of the simplest and most widespread orientation
technique among all taxa, the so-called clock-and-com-
pass method [96, 97]. It relies on an inherited migra-
tory direction that individuals follow using a celestial or
magnetic compass during an innate period of time. This
period is controlled by a circannual clock triggering the
start/stop of the migration legs [98, 99]. To make use of
that technique, juvenile loggerheads must possess an
innate migration direction, a compass and an endog-
enous circannual clock. Assuming that NP loggerheads
inherit a single (North—South) migration direction seems
reasonable as North Atlantic loggerheads are known to
inherit an even more complex set of location-depend-
ent swimming directions [28]. Like birds [100], logger-
heads are also known to possess an inclination compass
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[101] which is well adapted to guide their North—South
migrations.

In the original formulation of the clock-and-compass
mechanism, the circannual clock is endogenous but avian
migration studies have shown that exogenous time-keep-
ing cues also often play a major role in migration timing
[102]. Whether or not sea turtles possess an endogenous
circannual clock can be debated but, in any case, turtles
have access to external cues allowing them to remain syn-
chronized with seasons. The most obvious one is the day
length which is known to be used, at least for circadian
time keeping, in green turtles [103]. In temperate areas,
water temperature also constitutes a clear seasonal indi-
cator. These cues could certainly be used to trigger rever-
sals of the migration direction. As discussed earlier, our
results show that the fall reversal of the migration direc-
tion is highly synchronous in juvenile NP loggerheads: it
happens between week 37 and 38 (that is a few days from
the equinox) in most individuals, then located at latitudes
between 37 and 44°N (Fig. 10). Such a strict timing might
be the result of a strong evolutionary pressure pushing
individuals to start swimming southwards at the begin-
ning of the fall before water temperatures start decreas-
ing too rapidly. The fact that the fall migration is initiated
almost simultaneously in individuals located several
degrees of latitude apart suggest that the cue trigger-
ing the reversal of the migration direction is little or not
dependent on the latitude. This is the case for day length
at the time of the equinox, but not for water temperature
or Earth magnetic field values. The day length is thus a
most likely cue triggering NP loggerheads’ southward fall
migration.

The onset of the spring migration does not seem to
be under the same pressure as mean meridional veloc-
ity reversals are observed to occur over a longer period,
mostly between mid-February and the mid-May. Instead
of initiating their northwards spring migration at (or
near) a fixed date, turtles could benefit from follow-
ing a more flexible schedule governed by environmental
cues, food abundance in particular. A number of studies
have indeed shown that NP juvenile loggerheads appear
to track the TZCEF, a basin-wide chlorophyll front that
serves as a proxy for the concentration of their prey [41,
80, 81]. This front represents the boundary between the
low chlorophyll subtropical gyre and the high chloro-
phyll subarctic gyre. It moves seasonally from the south
of the NP Transition Zone in the winter to the north of it
in the summer [81]. Habitat models that use a proxy for
the TZCF together with sea surface temperature largely
capture the seasonal meridional movement of logger-
heads [41, 42]. It might thus very well be that NP logger-
head seasonal migrations are shaped by a combination
of habitat-driven movements and movements driven by
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a compass and a clock largely relying on the photoper-
iod. Habitat-driven movements might dominate during
spring and summer when feeding is a priority while com-
pass-driven movements should become more important
during fall/winter when southward movements are man-
datory to ensure critical water temperatures are avoided.
A similar navigation scheme was previously suggested
by Kobayashi et al. [41], who argued that a magnetic
compass could serve as the general guide for large scale
migrations while local environmental cues would be used
to constrain small-scale movements allowing appropriate
use of local resources.

Homing requires different, probably more elaborate,
navigations strategies than those used for seasonal migra-
tions. Homing can typically be achieved using either
route-based or map-based navigation [104]. Route-based
navigation is achieved on the basis of information per-
ceived during the outward journey from the known goal
to the location where homing is initiated. This type of
navigation can be excluded here as none of the homing
CNP turtles previously performed the outward journey.
Map-based navigation is much more likely. It requires
turtles to assess the direction of their natal area relative
to their position and then head in that direction (grossly
west in this case). They do so in an unexpected and rather
complex manner as, for probably several years, they
maintain a steady westward component in their swim-
ming velocity vector while still performing large-scale
meridional migrations. To the best of our knowledge,
similar pluriannual “oscillating” homing migrations have
not been observed in other animals. The navigation strat-
egy used to achieve this fascinating homeward journey
remains to be figured out but probably still relies on a
magnetic compass and a clock that keeps the same migra-
tion timing as the one used during drifting migrations.

Conclusion
A novel method using sea turtle and passive drifter track-
ing data together with operational ocean model outputs
has been proposed here to reliably separate, at least on
the large scale, the turtles’ swimming velocity from the
drift velocity, the latest being generated not only by oce-
anic currents but also by the windage and Stokes drift.
This method has been applied to the exceptionally
dense NPLT data set to identify and study the swim-
ming activity of juvenile NP loggerheads during most
of their oceanic phase. Results reveal that the smallest
tracked individuals have no significant large-scale zonal
swimming activity. They mostly drift zonally with the
prevailing eastward currents while undertaking large
(~ 1000 km) north—south seasonal migrations. These
migrations take them well inside the NP subtropical gyre
during each fall and winter, thereby largely avoiding the
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risk of cold-stunning and the risk of straying out of the
gyre. This period of drifting seasonal migrations, ends
when juveniles initiate homing, most of them at sizes
between 35 and 45 cm SCL. They then start swimming
westwards towards Japanese waters against the prevailing
eastward currents. They do so while maintaining large
meridional seasonal migrations. This very active return
journey progressively requires more and more energy as
westward-moving individuals become bigger and faster
swimmers, progressively encountering stronger eastward
currents when they re-enter the western Pacific basin.
This very dynamic ocean basin, is richer than the Eastern
Pacific, thereby opportunely providing better foraging
opportunities.

It thus appears that rather than minimizing their
energy expenditure by adopting a mostly passive migra-
tion strategy, juvenile NP loggerheads have evolved the
very active DHSM swimming strategy that shapes their
spatial dispersal in such a way that high energy expendi-
ture can timely be offset by matching energy intake. The
initial zonal drifting phase is the least active part of this
swimming scenario during which seasonal migrations
towards northern summer foraging grounds likely ensure
reliable food intake, at least on an annual basis. The more
active homing phase is facilitated by increased produc-
tivity in the western NP which provides more abundant
foraging opportunities in areas where energy needs are
greatest.

The NPLT data set, and the DHSM swimming scenario
it reveals, cover a large fraction of the juvenile NP logger-
head oceanic dispersal phase, but not all of it. The NPLT
data set is too scarce east of 130°W to allow a detailed
understanding of how many juvenile loggerheads reach
Baja California. This is the objective of the ongoing
STRETCH project (https://www.loggerheadstretch.org/)
which will provide unique information complementing
the data analysed here. NPLT data are also lacking to
adequately cover the very first months at sea of juvenile
loggerheads. Tracking of very small loggerheads is now
possible [9, 34] and, when achieved, will tell us (among
others) if juveniles have already initiated seasonal migra-
tions at the time of their first winter at sea.

Finally, given the variability of the physiological and
environmental constraints acting on different sea tur-
tle species and populations in different ocean basins, we
should expect that sea turtles have evolved a wide range
of juvenile swimming scenarios shaping their oceanic
dispersal phase. The main cues triggering or enabling
the different phases of these scenarios should also vary
between the different populations and ocean basins. For
example, the day length likely is less informative and the
water temperature less critical in equatorial areas than at
mid-latitudes. In any case, our novel approach to separate
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the turtles’ swimming velocity from the drift velocity
should prove useful to uncover more of these swimming
scenarios. To achieve that goal, new long-term tracking
experiments involving juvenile sea turtles are critically
needed.

Abbreviations

BCP Baja California Peninsula

CNP Central North Pacific

DC Drift-corrected (velocities, trajectories)
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DHSM  Drifting then homing seasonal migrations

KEBR Kuroshio extension bifurcation region

NP North Pacific

NPLT North Pacific loggerhead tracking (data set)
SCL Straight carapace length

TZCF Transition zone chlorophyll front

WNP Western North Pacific
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