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Lay summary

We modeled the oceanic migration of turtles nesting in the remote Ascension Island to gain
insights into the unknown mechanisms of open sea navigation. We show that a simple strategy of
maintaining a single heading for a given amount of time can account for the turtles’ postnesting
migrations directed to targets along the Brazilian coast, while for pre-breeding migrations aimed at
reaching the isolated Ascension Island, reliance on more complex, map-like systems seems

crucial.
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Introduction

During their life cycle, a variety of animals undertake prolonged migration extending over hundreds
of km to reach their reproductive sites or foraging/wintering areas (Alerstam et al. 2003). How
animals navigate during these movements has fascinated scientists for many years and has
resulted in a considerable number of studies addressing this problem. Despite this intense
scientific interest, our understanding of how migrants find their way during their long-distance
movements is still limited. A number of navigational hypotheses have been put forward in the past
(e.g. Wallraff 1991; Freake et al. 2006; Chapman et al. 2011; Guilford et al. 2011; Lohmann et al.
2008a; Endres et al. 2015), but direct evidence for any such hypothesis is still limited, challenged
further by the difficulties in studying the subject in natural conditions (Lohmann et al. 2008b;

Hussey et al. 2015; Kays et al. 2015).

The actual navigational mechanism used by a given animal migrant will largely depend on its ability
to obtain information regarding the surrounding environment. To address this point, two main
strategies have been suggested: vector and true navigation (Wallraff 1991; Able 2001; Bingman
and Cheng 2005). In the latter case, the animal relies on a variety of positional cues to develop a
sort of map, through which it can determine the direction to the final goal and adjust its headings
during migration (Kramer 1961). This constitutes a powerful navigational mechanism allowing the
animal to diagnose and correct for extensive off-route deflections so as to reach the goal from any
location, although continually following a map sense can be inefficient or even lead to failure in
strong flow conditions (Alerstam 1979; Chapman et al. 2011). When relying on a vector navigation
strategy, the migrant does not have such a complete control on its route, but follows a
spatiotemporal program providing information about the distance and direction of the target
(Berthold 1991), by keeping a certain heading for a certain amount of time it should reach its final
goal or at least the general vicinity. The key difference between the two systems is that animals
relying on vector navigation are fully subject to the effects of environmental conditions encountered
during their migratory journeys, and in particular, to winds or sea currents that may cause the

animal to drift away from its intended route (Berthold 1991; Chapman et al. 2011). Despite these
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limitations, vector navigation is considered a viable strategy to explain the navigational feats of a
number of long-distance migrants spanning from butterflies to birds, also given that it can be more
energy-efficient compared with a continuous goal navigation for migrants moving in weak or
balanced flows (McLaren et al 2014). Evidence consistent with reliance on vector navigation
derived from interpretation of empirical data on orientation responses of captive birds (Berthold
1991), of recoveries of tagged animals (Mouritsen 1998; Mouritsen et al. 2013) or of reconstructed
migratory routes (Gschweng et al. 2008; Yoda et al. 2017), with only two studies having employed
models to evaluate the feasibility of vector navigation in birds (Stoddard et al. 1983; McLaren et al.

2014).

In the marine environment, sea turtles provide well-known examples of long-distance migrations
directed to specific destinations, as their marked philopatry leads them to return to the same site to
breed typically every 2-3 years, and then to return to their individually-specific foraging grounds
(reviewed by Luschi et al. 2003; Southwood and Avens 2010). These migrations, which often are
directed to a small breeding island or an isolated foraging area in the middle of the ocean (e.g.
Girard et al. 2006; Hays et al. 2014), are particularly challenging, since marine animals move in
areas devoid of fixed reference points, and so are unable to assess the current drift they are
exposed to (Lohmann et al. 2008a; Sale and Luschi 2009; Chapman et al. 2011). While the
general features of turtle migrations are being revealed through satellite telemetry (reviewed by
Godley et al. 2008), the navigational mechanisms underlying these migratory performances are still
largely unknown. The results of specific experiments performed in the laboratory and under natural
conditions (e.g. Lohmann et al. 2004; Luschi et al. 2007), suggest that turtles may rely on a true
navigation mechanism (Kramer 1961), likely based on geomagnetic information, that would allow
most of the navigational performances known in tracked turtles, including their ability to
compensate for artificial displacements (e.g. Lohmann et al. 2004; Luschi et al. 2001; 2007; Hays
et al. 2003; Girard et al. 2006; Benhamou et al. 2011). However, it is unclear whether migrating
turtles continuously rely only on this mechanism, which may even be counterproductive in some
cases (Chapman et al. 2011). Under some conditions, for instance when heading to large targets

such as an offshore foraging area or a continental coast (Papi et al. 2000; Sale and Luschi 2009)
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they may utilize other strategies, and satellite reconstructions of oceanic postnesting migratory
routes have indeed shown that sometimes turtles do not directly head to their individually-specific
foraging sites, but follow a bi-phasal process, whereby they first quickly cross the open sea to
reach coastal or neritic waters and then make evident course corrections to reach their destination
(Hays et al. 2002; 2013; Hawkes et al. 2012). In such cases, reliance on vector navigation cannot

be excluded to account for the recorded turtle behaviour.

A possible way to study the navigation mechanisms underlying animal migrations is to take a
modeling approach. For instance, Lagrangian virtual particle tracking has allowed the generation of
relevant, although indirect, information on otherwise inaccessible processes like the passive
dispersal patterns of small non-active swimmers, such as fish larvae, small invertebrates or turtle
hatchlings (e.g. Putman et al. 2012; Casale and Mariani 2014; Baltazar-Soares et al. 2014;
Fossette et. al. 2015; Young et al. 2012; Davis et al. 2015; Scott et al. 2017). When tracking data
on individual migratory routes are available, individual-based models can be applied to infer
information on the cues used for compass orientation during migrations (Akesson and Bianco
2015; 2017), or on the navigational strategies employed by tracked migrants (e.g. Akesson et al.
2003, McLaren et al. 2014; 2016; Hays et al. 2014; Akesson and Bianco 2015; 2017; Bracis and

Muller 2017).

In the present study we extended this modeling approach to the case of animals migrating towards
a specific destination in the oceanic environment, by focusing on one of the most iconic animal
migration, that of the green turtles (Chelonia mydas) breeding at Ascension Island in the South
Atlantic Ocean (7.57° S, 14.22° W). Upon completing the nesting process, Ascension turtles
migrate to foraging sites located along the Brazilian coast, thus undertaking an amazing
postnesting migration of >2000 km in the open ocean (Carr 1975; Luschi et al. 1998; Hays et al.
2002). Oceanic migrations directed to specific sites represents a most challenging feat of migratory
navigation, not only for sea turtles (Lohmann et al. 2008b; Sale and Luschi 2009), but also for other
open-sea migrants showing fidelity to specific sites (Bonadonna et al. 2003; Bingman and Cheng

2005; Luschi 2013), such as fish (e.g. Jorgensen et al. 2010; Block et al. 2005; 2011), seabirds
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(e.g. Jouventin et al. 1994; Croxall et al. 2005; Weimerskirch et al. 2012), seals (e.g. Le Beouf et
al. 2000; Bonadonna et al. 2001; Block et al. 2011) or whales (Horton et al. 2017, Durban and
Pitman 2011). To test whether vector navigation can account for the navigational feats of
Ascension turtles, we used spatially-explicit numerical models and followed a three-step approach,
first modeling the postnesting migrations of virtual turtles migrating using a vector navigation
strategy, then evaluating which navigational strategy produces trajectories best fitting with the
actual routes previously reconstructed for tracked turtles, and finally modelling the pre-breeding
migrations of turtles migrating from Brazil to Ascension following a vector navigation strategy to

assess if this could successfully direct turtles to their remote destination.

Methods

To develop the models, we referred to information obtained from eleven female green turtles that
have been tracked by satellite in years 1997, 1998, 2001 and 2009 during their post-nesting
migrations from Ascension (Tab. 1; Fig. S1; Luschi et al. 1998; Papi et al. 2000; Hays et al. 2002;
Witt et al. 2010). Details on transmitter models, weights, attachment methods and data filtering
procedures can be found in the original papers. In brief, turtles were tracked by means of the Argos
System, and the locations obtained were subjected to a filtering process to discard erroneous data.
The resulting tracks were then interpolated with a fixed sampling period of 6 h to obtain locations
evenly spaced in time. Turtles tracked in 2009 were equipped with a Fastloc Argos-GPS
transmitter, but for our analysis only Argos locations were considered and then interpolated, so to

have data fully comparable to the other turtles.

Daily ocean current data were obtained for the migratory period of each female from the Global
Hybrid Coordinate Ocean Model (hycom.org), with a spatial resolution of 1/12° (approx. 8 km). This
model merges remote-sensing data (satellite altimetry and sea surface temperature data) and in
situ measurements (e.g. drifters) to derive both a reanalysis and a forecast of global ocean
currents (Fossette et al. 2012) and is widely used for studies of sea turtle spatial behaviour (e.g.

Putman and Mansfield 2015; Briscoe et al. 2016). Since migrating green turtles travel in the upper
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layers of the water column (Hays et al. 2001), the most superficial layer depth of 0-2 m was
selected from the model. In the area considered, currents are generally weak in the latitudinal band

5-10°S (Brown 1990), becoming stronger in the region north of 5°S.

A preliminary analysis was carried out to estimate the water-related speed of each turtle using
ARGOS data on movements and HYCOM current values. This was undertaken according to the
procedures developed by Gaspar et al. (2006) and Galli et al. (2012): the turtle velocity vector
deriving from its active swimming was derived by subtracting the current velocity vector
encountered along the migratory route from the ground-based velocity obtained from the tracking
data at each location. The results of this analysis (Fig. S2, S3), showed that turtles mostly migrated
in a generally weak current field, with their swimming velocities always being much higher than
currents (overall mean current speeds over the turtle courses: 0.8+0.5 km-h™" vs. mean active
swimming speed 2.6+0.7 km-h”"; n=11; Table 1). As a consequence, their ground-based
movements were therefore quite representative of the turtle’s active swimming for most part of their
route, and it was only when approaching the Brazilian coast that they encountered somewhat

stronger currents (see examples in Fig. S4).

The navigational models were developed in R (R Development Core Team, 2017) creating a
custom function simulating the migration of a virtual turtle leaving from a defined starting point at
Ascension or in Brazil and then moving by keeping one single heading during the whole migration
(see also Painter and Hillen 2015). In all cases, and positions of modeled turtles were updated
every six hours (4 virtual fixes/day). No attempt was made to introduce compass errors in the
model, given that no information on the accuracy of sea turtle compasses is available (Lohmann et

al. 2008D).

Phase 1: modeling postnesting migrations from Ascension Island to Brazil

Modeled turtles moved from the same starting point (14.414°W, 7.919°S; the main nesting beach
at Ascension) for 40 days (mean migration length of previously tracked turtles), at a travel speed
corresponding to the minimum value of the mean active swimming speeds recorded in the different

turtles (2.2 km-h™). Simulations were run twice a month (starting on day 1 and 15) between March
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and July (likely temporal window of departure; Godley et al. 2002) and repeated for 13 years (from
1997 to 2009), to account for variability in ocean conditions. For each starting date, 9 different
westward headings were tested, ranging from 250° to 290°, in 5° increments, for a total of 1170
simulations.

A simulation was considered successful if it ended up in a target area (up to 50 km offshore along
the Brazilian coast from 5°S to 15°S; Fig. S1). This area included the foraging sites of all previously
tracked turtles and the landfall points where turtles first reached the coast, that are in areas where
green turtles are known to aggregate when foraging (Carr 1975; Proietti et al. 2009; Gonzales-

Carman et al. 2016).

Phase 2: comparing modeled vs. actual routes

Individual-based models were employed to assess which navigational strategy produced
simulations best representing the routes reconstructed for the 11 turtles tracked by satellite.
Models were run with parameters specific for each individual: starting point, day/year of departure,

migration length (days), travel speed (mean of the estimated swimming speeds).

Migration using a vector navigation strategy was simulated with modeled turtles moving from
Ascension Island keeping a single heading for the total migration length. Four possible headings
were tested: the beeline angle between the turtle starting point and landfall (simulations V.LF), and
the three best migration headings revealed by the previous analysis (simulations V.270°, V.275°
and V.280°). In four cases, the heading used for V.LF simulations was 270° (Table 1), and the
simulation V.270 was therefore not run. Furthermore we modeled a true navigation strategy, in
which modeled turtles were assumed to adjust their movement direction every 24 hours in order to
reach their final goal (Painter and Hillen 2015), which was constituted by the first landfall along the
Brazilian coast (simulations true.LF) and by the final foraging grounds (simulations true.FG). This
last simulation could only be performed for the six turtles in which the foraging grounds had been
identified thanks to a prolonged tracking duration (Table 1). To facilitate comparison with simulated

tracks the real turtle tracks were interpolated with a time interval of 6 hours.



Page 9 of 35

oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Behavioral Ecology

The difference between the various simulations and the actual routes was assessed by calculating
two values: i) the difference in date of arrival in an individually-specific target area (extending 100
km N and S from the turtle’s landfall and 50 km offshore); ii) a measure of Route Diversity (RD)
expressed as the mean distance (in km) between corresponding fixes of simulated and real routes.
To compute the first variable, three categories were defined: 1) simulations arriving the same day
as the turtle (best ones), 2) those arriving 2-9 days later or earlier, and 3) those not arriving at the
target (worst ones). To calculate RD, the distance between corresponding fixes of simulated and

real routes, was calculated throughout the modeled migration.

We used R and the package Ime4 (Bates et al. 2015) to model RD per type of simulated
navigational strategies using a Gaussian linear mixed model (LMM) with a logarithmic link function.

Turtle ID was included as random factor to account for repeated measures of the same individual.

Phase 3: Modeling pre-nesting migrations from Brazil to Ascension Island

Finally, we also investigated the feasibility of a vector navigation during pre-breeding migrations by
modeling trajectories from Brazil to Ascension Island. No tracking data are yet available for this
migration, so general information derived from the geography of the migration area was used to set
the simulation parameters: travelling headings ranged from 80° to 100° in 5° increments, 10
starting points were selected in Brazil inside the target area used in step 1, and the migration
duration was set to 80 days. All simulations had the same travel speed (2.2 km-h™"; as for phase 1
simulations), and were run starting twice a month, on day 1 and 15 from October to February
between 1996 and 2009, resulting in 7000 simulations in total. These specific months were chosen
on the basis of the presence of nesting turtles at Ascension Island (mostly from December to June;
Godley et al. 2001), and considering that each female remains at the island for at least 2 months to
lay successive egg clutches. A simulation was considered successful if it reached a final target
constituted by an area of 20 km around Ascension Island plus a sector extending for 100 km
towards NW (see Fig. 6). This irregular target was identified based on the outcomes of previous

displacement experiments (Luschi et al. 2001; Hays et al. 2003) showing that turtles displaced
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from Ascension preferentially returned to the island only from the Northwest, likely employing wind-

borne cues transported in that direction from the SE-blowing trade winds).

Results

Phase 1: modeling postnesting migrations from Ascension Island to Brazil

The results showed that modeled turtles consistently reached Brazil relying on a vector navigation
when keeping a heading between 270° and 280° (Fig.1). Simulations with headings 270° or 275°
mostly reached the target area (Fig. S1), while simulations with heading 280° failed in some cases.
In these cases modeled turtles followed quite straight routes and were able to reach the target
moving in a generally weak current field (see also Brown 1990), being deviated by stronger
Northward currents only when getting close to the Brazilian coast. Unsuccessful simulations failed
to reach the target because they ended up too far north or encountered head currents that
prevented them completing the migration in 40 days. No differences among different starting dates

were evident in the rate of success of simulations with successful headings (Fig. 1).

Phase 2: comparing modeled vs. actual routes

As shown in Fig. 2, the results were quite variable among individuals. In some cases (turtles 15119
and 66770) none of the strategies produced routes similar to the turtle route, while in other cases
the routes derived from one or more of the simulated strategies fitted largely (turtles 25476 and
94593) or partially (turtles 15122 and 67769) with the real routes. It is worth noting that when
modeled turtles following a vector strategy arrived close to the Brazilian coast at latitudes between
6° and 12°S, their routes always displayed a final northward curved segment (Fig. 2a, 2c, 2e, 2f,

2h), deriving from the action of strong currents just before reaching the coast.

To quantitatively compare the outcome of the different strategies, we first considered the arrival
dates in target areas. As expected, true navigation strategies produced simulations that mostly

reached the target, but they often did so some days earlier or later than the real turtle (Fig. 3).
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Among the alternative vector strategies, V.LF produced the best results while V.280 simulations

did not reach the target area in 10 cases out of 11.

These results were partly mirrored when considering Route Diversity (RD) values. The routes
deriving from V.LF strategy turned out to have a small median RDs, comparable to those of the
true navigation strategy heading to landfall (true.LF) (Fig. 4). Conversely, the values of the true
navigation strategy heading towards the turtle’s foraging ground (true.FG) generated much worse
results. The linear mixed model revealed significant differences among the strategies, with all three
vector (V.270°, V.275° and V.280°), and the true.FG strategies being significantly different from the
V.LF one (Fig. 4; Table S1). Conversely, true.LF simulations were not significantly different from

those with the V.LF vector strategy.

Phase 3: modeling pre-nesting migrations from Brazil to Ascension Island

The outcomes of the pre-nesting simulations were quite different from those of phase 1, and their
success was highly dependent on the heading considered. Simulated routes with heading 95° or
100° (Fig. S5) resulted in a very low success rate in all the starting dates considered; simulations
with 90° heading were slightly better, but with different outcomes depending on the starting
location, with a percentage of success that rarely reached 50%. A strong effect of currents was
generally noticed, especially for the northernmost starting points, likely deriving from the time of the
year and areas considered in these simulations. These simulations often entered a strong current
field north of 5°S, and were then either drifted North or even prevented from reaching the longitude
of the island. For instance, modeled turtles leaving from 5°S in January, often ended up in the
dynamic current field north of the Brazilian bulge, and their single-heading routes sometimes
displayed curved or circuitous segments (Fig. S6). On the other hand, the simulations starting from
lower latitudes were subjected to lesser current drift, which was however sufficient in most cases to

cause them to miss the target, likely because of its small size.

The simulations with more Northerly headings were more successful (Fig. 5). For simulations with
80° heading, the percentage of success was highly dependent on the starting point. Only when

starting from latitudes 9.1° and 9.5°, the modeled turtles reached the area around Ascension Island
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in >40% of cases with peaks of >70% success for several combinations of starting points and
dates (Fig. 5a). The best outcomes were those of simulations with an 85° heading (Fig. 5b, 6) for
which a larger range of starting points and dates produced routes reaching the final goal, even if

the mean percentage of success was below 55% for all latitudes.

Discussion

Vector navigation has been proposed as a feasible navigational strategy for several long-distance
migrants (Stoddard et al. 1983; Berthold 1991; Mouritsen 1998; Mouritsen et al. 2013, Gschweng
et al. 2008; McLaren et al. 2014; Yoda et al. 2017). This hypothesis has been mostly put forward
for the movements of juvenile or inexperienced individuals in terrestrial environments but has never
been considered for the many cases of migrations taking place in the ocean. The present findings
contribute to fill this gap showing that vector navigation is a viable strategy also to account for long-
distance migrations taking place in the open sea and directed to a specific site. Our phase 1
results showed that Ascension turtles can reach Brazil within the expected time frame (40 d) by
relying on a simple vector mechanism. The models of phase 2 further confirmed this pattern for the
specific cases of the 11 migrating turtles considered. The outcome of phase 1 simulations may not
be surprising, given that modeled turtles aimed at a wide target constituted by a large stretch of the
Brazilian coast (Fig. S1). However, the effects of current drift during a prolonged oceanic migration
has never been previously evaluated in detail and may indeed be substantial during travels of
several weeks, inducing large off-route deflections and leading turtles to miss even a wide target.
Indeed, our simulations have revealed how reliance on vector navigation leads to successful
migrations only within a limited range of westward headings (270°-280°), while otherwise the
turtles drift away from the target or are delayed in reaching it. This shows that current drift may
have a significant effect on the ability to reach even a large target. Finally, it is interesting to note
that the success rate of reaching Brazil was not dependent on the starting date: this may be
advantageous for turtles leaving Ascension as they would not need to change their heading

depending on their departure date.
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This conclusion was supported by phase 2 simulations, as the real turtle routes were best
simulated by a vector navigation with a heading corresponding to the beeline to the landfall site
(V.LF strategy). This heading was therefore different in the various turtles (Table 1). The other
headings we tested in phase 2 simulations, that were identical in different turtles, produced
modeled tracks less similar to the actual routes, even if these headings were the best ones
identified in phase 1. The best vector navigation heading may, thus differ in different individuals,
which is a reasonable possibility. Since we do not know exactly how the heading to be followed is
chosen in different individuals, we cannot exclude that some turtles may head in a direction
different from the safest ones (i.e. towards West in our case), which would then lead to apparently
inefficient routes, for instance encompassing open sea legs longer than needed or pointing away
from the final destination. In birds and butterflies, vector navigation is proposed to involve following
endogenous, genetically determined headings (Berthold 1991; Mouritsen et al. 2013), but it is
unclear whether this may happen in turtles as well, given the complexity of their life cycles (Musick
and Limpus 1997; Hays et al., 2010; Scott et al. 2014). The turtles we tracked, though, had
performed the migration a number of times, and may then have developed a preferred migratory
route to follow, likely resulting in a further increase in variations in migratory headings, as well as in
landfall sites (see also below), depending on previous individual experiences. In birds, inter-
individual variability in routes are often proposed to result from the first migrations, e.g. among

raptors (Sergio et al. 2014) or seabirds (Guilford et al. 2011).

It is noteworthy that another strategy representing the turtle routes well was true navigation
towards landfall (true.LF), which once again seems to stress an importance of the landfall site, that
may indeed be meaningful for migrating turtles. Turtles may, after breeding, return to the same site
from where they departed several months previously. However, most tracked turtles did not stop at
that site once reaching the coast, but continued moving along the coastline up to hundreds of km,
to reach their final destination, with only one turtle (ID 15122; Fig. 2f) having her foraging site in the
same area where she made landfall. It seems therefore doubtful that tracked turtles aimed at
reaching that specific landfall site at the end of the open-ocean migration. A similar tendency to

avoid stopping at the first location along a coast after an open-sea crossing, has been shown for
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other turtles during postnesting migrations (e.g. Cheng 2000; Hays et al. 2002; 2014, Snape et al.

2016).

The second kind of true-navigation strategy we simulated was certainly more meaningful since it
assumed that turtles would head towards their specific foraging grounds, to which they have been
shown to demonstrate site fidelity (Limpus et al. 1992; Read et al. 2014, Shimada et al. 2014,
Broderick et al. 2007; Shimada et al. 2016). The actual degree of individual fidelity to foraging
grounds in green turtles is not fully assessed: the available information derives from repeated
recoveries of tagged turtles (Meylan 1982; Limpus et al. 1992; Read et al. 2014) and from tracking
of repeated migrations of the same individual (Broderick et al. 2007; Shimada et al. 2016) and, as
such, only shows fidelity over a limited time span (a few years maximum). The individual turtles’
routes were generally poorly represented by true.FG simulations, as could be expected by
considering that most turtles did not head towards their final destination, but made landfall quite far
from it (see above). Such a biphasal migratory strategy has been shown for other green turtle

populations (e.g. Cheng 2000; Broderick et al. 2007; Hays et al. 2013; 2014).

Overall, the degree of similarity between simulated and real routes in phase 2 simulations was
often quite low (Fig. 2), in line however with similar studies comparing actual vs. simulated routes
(Hays et al. 2013, Mc Laren et al. 2014, 2016). A number of factors may have contributed to these
discrepancies. For instance, we ran the simplest model possible and so we made no effort to
include any variation in the turtle swimming speed during the trip nor any steering inaccuracy, also
given the lack of information on the accuracy of turtle compasses (Lohmann et al. 2008b). More
importantly, modeled currents may not have been accurately estimated, given the limits in the
spatial and temporal resolution of the present ocean circulation models (e.g. Putman et al. 2016;
Cardona and Hays 2018), so that the currents used for our models may have thus differed from
those actually experienced by the tracked turtles. Such inaccuracies in modeled currents will have
affected our other simulations at a much lesser extent, since in those cases we aimed at modeling
the effects on turtle migrations of the average currents occurring in a given period/area, and

reliable information is provided by circulation models in this respect (Fossette et al. 2012). A weak
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correspondence between modeled and real routes could have also been obtained if real turtles
would have been able to detect the currents flow they were moving in, thus compensating for the
induced drift (Chapman et al. 2011). We consider this possibility quite unlikely, since most studies
on the subject have shown that turtles are unable to perceive current drift during open ocean
navigation (discussed in Galli et al. 2012; see also Kobayashi et al. 2014; Putman et al. 2015), and

the evidence in other marine animals is very limited (Horton et al. 2011).

The simulations of the pre-reproductive migrations were not as successful as those of phase 1,
even when a target larger than the actual size of the island was considered on the basis of the
outcomes of previous experiments (see Methods above). Evidently, the impact of current drift
during long oceanic migrations makes it too difficult to reach a remote target in the ocean only
relying on a vector navigation strategy. The main reason leading to the low success rate of
modeled routes can be attributed to a combination of the small size of the target and of the
presence of currents flowing west or southwestward and thus against the general movement
direction. Unfortunately, no turtles have been tracked migrating to Ascension Island, and therefore
there are no data to compare with the simulated trajectories. Based on the outcomes of the
simulation, however, it is difficult to imagine that turtles may find Ascension only by keeping a
single heading with no means to compensate or correct for drift. In these conditions, hypothesizing
a reliance on some kind of true navigation seems inescapable, although the precision of such
navigation may not necessarily be high, since regional and local cues may be used for the final
approach (e.g. Akesson et al. 2003). At present, no turtle migrating to an isolated oceanic breeding
site has ever been tracked, but useful hints can be deduced from the relatively few cases in which
turtles have been tracked while migrating to foraging grounds located offshore or at oceanic
islands (Papi et al. 1995; Hawkes et al. 2012; Hays et al. 2014; Parker et al. 2015; Balazs et al.
2017). While in some cases tracked turtles pinpointed their target with fair accuracy, sometimes
they followed non-directed or looping courses, apparently revealing difficulties in locating the
target, in line with the findings of displacement experiments with turtles nesting on oceanic islands

(Luschi et al. 2001; 2007; Hays et al. 2003; Girard et al. 2006; Benhamou et al. 2011).
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In conclusion, the present results allow us to depict an overall picture of the navigational strategies
employed by Ascension turtles during their oceanic migrations (Akesson et al. 2003). For the post-
breeding migration, reliance on a vector navigation strategy is sufficient to reach the wide target
constituted by the Brazilian coast, with turtles first aiming at reaching a site along the coast that
may not necessarily be the final goal represented by the individual foraging site. The migratory
direction chosen for this leg, which may differ between individuals, is not always the one leading to
the final destination nor are the turtles determining the shortest and quickest route to reach the
continental coast. The poor performances of simulations directed towards the individual foraging
sites indicate that Ascension turtles do not need to rely on true navigation towards the final target
during the postnesting migrations, although our results cannot exclude the turtle reliance on a
strategy of true navigation towards the landfall site during the postnesting migration. This strategy
will not necessarily lead to more a efficient or direct migratory routes than when following a
vectorial navigation, as it is known that a partial drift compensation, that involves keeping an
heading away from the goal direction and thus a non-continuous redirection to a goal, constitutes
the most advantageous strategy in some conditions (e.g. predictable flows, see Chapman et al.
2011 for an extensive discussion). However, partial compensation has never been shown to be
employed by marine navigators (e.g. Girard et al. 2006; Hays et al. 2013; see also Chapman et al.
2011). By contrast, the outcomes of phase 3 simulations clearly show how such a simple vector
strategy is not sufficient to guide the pre-breeding migrations aimed at finding the small remote
island. In this most challenging situation, turtles will likely have to switch to other, more powerful
mechanisms such as long-range maps (Wallraff 1991; Lohmann et al. 2008a) to arrive at least in
the vicinity of the remote island, where regional and local cues may then be needed to pinpoint

their final target (Hays et al. 2003; Akesson et al. 2003).

Under such scenario, the navigation system of Ascension turtles would therefore represent a
further example of a coexistence of different navigational mechanisms in the same animal, that are
used in different migrations or segments of the migratory journey to accomplish different orientation
tasks (Bingman and Cheng 2005; Lohmann et al. 2008b). Our conclusions have far-reaching

implications for our understanding of animal navigation in the ocean, as they highlight how even
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following the simple strategy of keeping a constant course for a given amount of time may allow an
ocean-dwelling migrant to safely reach its destination, at least when there is an initial wide target to
reach. Reliance on a vectorial navigation strategy should therefore be taken into account when

considering other cases of long distance migrations and fidelity to specific locations that have been

shown in a variety of marine animals (Block et al. 2011; Luschi 2013).
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1  Table 1. Summary data of tracked turtles. The asterisks show the turtles for which the foraging

2 ground was identified.

oNOYTULT D WN =

Year of Starting date Duration of Mean active Beeline
Turtle ID
tracking of migration migration (days) speed (km-h'1) heading (°)
6611 1997 12 May 36 25 270
6614 1997 22 June 40 24 273
4394* 1998 02 June 40 2.3 262
4395 1998 29 June 31 29 270
15119* 2001 13 June 33 2.5 268
15122* 2001 12 June 45 25 270
21914* 2001 10 July 37 2.3 279
25476 2002 24 April 37 2.7 266
94593 2009 06 July 41 238 254
67769* 2009 05 May 32 2.8 270
67770* 2009 06 May 36 2.6 268
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1

2

3 1  Figure legends

4

Z 2 Fig.1 Heat map for postnesting simulations. Colours of different cells represent the percentage of
; 3 routes successfully reaching the Brazilian target area for each starting date in the 13 years

?0 4 considered (actual values are shown in each cell).

11

g 5  Fig.2 Simulated trajectories with different strategies and actual routes of the 11 tracked turtles

1‘5‘ 6 (black dashed line). The target area around each turtle’s landfall (LF) is represented by the red
16 7 area. In the 6 cases where the location of the foraging ground (FG) of the tracked turtle was

17

18 8 assessed, the foraging ground target area (green area) is also shown. Various vector navigation
19

20 9 strategies were modelled, each with a different heading: V.LF = heading corresponding to the

21

22 10 beeline angle between the starting point and landfall; V.270° = heading 270°; V.275° = heading
23

24 11 275% V.280° = heading 280°. Two true navigation strategy were modelled: true.LF = navigation
25

26 12 towards the turtle’s landfall location; true.FG = navigation towards the turtle’s foraging ground

27

28 13 location.

29

30

31 14  Fig.3 Arrival dates for the different navigational strategies in relation to the arrival date of the real
32

33 15 turtle. The white cells represent the cases where foraging ground location is unknown.

34

35

36 16  Fig.4 Route diversity values for each simulated navigational strategy. Higher values indicate lower
37

38 17  similarity between real and modelled routes. Asterisks indicate significance level of the comparison
39

40 18  between each strategy and V.LF one (***: P<0.001; *: P<0.05; ns: P>0.05). Red dots show mean
41 |

4 19  values.

43

jg 20  Fig.5 Heat maps for simulations of pre-breeding migrations with an heading of a) 80° and b) 85°.
j? 21 Other explanations as in Fig.1.

48

49 22  Fig.6 Examples of modelled pre-breeding simulations with heading 85° starting on the same day
50

51 23 (1 January 2005) from different locations (top panel) and from the same location (7.5°S) in different
52

53 24  dates (lower panel).

54

55

56 25

57

58

59
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Fig.1 Heat map for postnesting simulations. Colours of different cells represent the percentage of routes
successfully reaching the Brazilian target area for each starting date in the 13 years considered (actual

values are shown in each cell).
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oNOYTULT D WN =

10°S

ID 6611 ﬁ ID 6614
12 40°W 30°W 20°W

ID 67769 * ID 67770

_____ Turtle route

= — V.LF simulation

40 3 T — —_ V.270° simulation

41 p; 1 — V.275° simulation
/ L — V.280° simulation

42 P — true.LF simulation

43 = ID 94593 true.FG simulation

Fig.2 Simulated trajectories with different strategies and actual routes of the 11 tracked turtles (black

46 dashed line). The target area around each turtle’s landfall (LF) is represented by the red area. In the 6 cases

47 where the location of the foraging ground (FG) of the tracked turtle was assessed, the foraging ground

48 target area (green area) is also shown. Various vector navigation strategies were modelled, each with a

49 different heading: V.LF = heading corresponding to the beeline angle between the starting point and

50 landfall; V.270° = heading 270°; V.275° = heading 275°; V.280° = heading 280°. Two true navigation

strategy were modelled: true.LF = navigation towards the turtle’s landfall location; true.FG = navigation
towards the turtle’s foraging ground location.
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Fig.3 Arrival dates for the different navigational strategies in relation to the arrival date of the real turtle.

The white cells represent the cases where foraging ground location is unknown.
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oNOYTULT D WN =

9 600

Tedede

400 *

J
Route diversity (km)
[

ns

22 2001 .

26 ‘

V.LF V.270° V.275° V.280° true.LF true.FG

30 Navigational strategy simulated

32 Fig.4 Route diversity values for each simulated navigational strategy. Higher values indicate lower similarity
33 between real and modelled routes. Asterisks indicate significance level of the comparison between each
34 strategy and V.LF one (***: P<0.001; *: P<0.05; ns: P>0.05). Red dots show mean values.
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Fig.5 Heat maps for simulations of pre-breeding migrations with an heading of a) 80° and b) 85°. Other
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30 Fig.6 Examples of modelled pre-breeding simulations with heading 85° starting on the same day (1 January
31 2005) from different locations (top panel) and from the same location (7.5°S) in different dates (lower
32 panel).

297x210mm (299 x 299 DPI)



