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Abstract

Interactions with fisheries is a major threat to sea turtles. However, space-use at foraging locations remains overlooked
in many populations, preventing effective protection. We assess the space-use of 14 juvenile and 24 adult green turtles
(Chelonia mydas) satellite-tracked in 2018-2022 within a foraging site of global importance for this species, the Banc
d’Arguin in Mauritania, West Africa. Turtles exhibited a patchy distribution and used overlapping habitats irrespective
of sexes and life stages. Mean individual home range was larger (151.5+160.5 km?) than values reported in most green
turtle populations. Individuals concentrated in two main areas used year-round. Inshore/offshore movements seem to occur
within the central part of the Banc d’Arguin, with turtles moving to deeper areas during colder months. More than half
of the turtles performed within-season range shifts and switched between up to four distinct areas, with some individuals
returning to previously visited sites. Turtles mostly exploited shallow areas (4.30+3.42 m) and seemed to use dispropor-
tionally more of the areas inside the Parc National du Banc d’Arguin, than areas of similar bathymetry outside this marine
protected area. This suggests that foraging green turtles have been benefiting from the management of the Park since it
was established in 1976. However, turtles’ home range overlapped greatly with artisanal fisheries, which operate in the
central shallow waters of the Park. The present study provides valuable ecological information that can be used to inform
the planning of fisheries management zones, aiming to reduce the interactions between turtles and artisanal fisheries.
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Introduction

As anthropogenic pressures on the marine environment
increase (Sequeira et al. 2019a), it becomes ever more
important to understand the spatiotemporal distribution and
habitat use of migratory marine megafauna (Sequeira et al.
2019b). Sea turtles are one group of megafauna threatened
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by human activities at sea, particularly through negative
interactions with fishing activities (e.g., bycatch, Fuentes et
al. 2023). Given the naturally elevated mortality of hatch-
ling sea turtles, the survival of older juveniles and adults
is crucial to maintaining population stability in these long-
lived animals (Richards et al. 2024). Sea turtles spend most
of their lives in foraging areas, where individuals of differ-
ent age groups may mix (Bell et al. 2019; Catry et al. 2023).
Thus, understanding the space and habitat use of turtles at
their foraging grounds can help direct efforts to manage
threats and ultimately support their populations.
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Individual sea turtles of at least five species (loggerheads
Caretta caretta, hawkbills Eretmochelys imbricata, greens
Chelonia mydas, flatbacks Natator depressus and Kemp’s
Ridleys Lepidochelys kempii) have been shown to display
fidelity to foraging sites after long-distance migrations
from breeding sites, likely related to diet and predictability
of prey resources (see Shimada et al. 2020 and references
therein). However, habitat use and residency patterns at
foraging grounds have long been considered a knowledge
gap, with little known about the influence of age, body size,
and sex on habitat preferences (Hamann et al. 2010). For
example, green turtles display long-term residency and very
high fidelity to their foraging areas at Ningaloo reef, Aus-
tralia and Mayotte Island (Taquet et al. 2006, Pillans et al.
2022). On the contrary, green and loggerhead turtles from
Queensland, Australia, tend to shift their foraging areas sea-
sonally (Shimada et al. 2021). At some foraging sites, espe-
cially in the subtropics, sea-surface temperature (hereafter
‘SST’) has a significant effect on site fidelity (shifts to over-
lapping habitats of similar area or increase in home range
size during summer months; Shimada et al. 2016).

Foraging green turtles have been found to segregate spa-
tially according to body size in Chile (Alvarez-Varas et al.
2017), Florida (Bresette et al. 2010) and Australia (Pillans et
al. 2022), with small juveniles generally found in shallower
coastal waters. This spatial segregation appears to be driven
by habitat preferences and food requirements, as shown at
Mayotte Island (Ballorain et al. 2010), Australia (Pillans et
al. 2022) and Florida (Welsh and Mansfield 2022). Bathym-
etry in combination with the tide cycle are important drivers
of the distribution of green turtles, with individuals shown
to avoid the shallowest areas at low tide (Pillans et al. 2021).
Despite these insights, space use remains poorly understood
at many key foraging sites, notably at one of the largest for-
aging grounds for green turtles globally: the Banc d’Arguin
(hereafter ‘BA”) in Mauritania, West Africa.

Recent tracking studies have highlighted strong con-
nectivity, established by both breeding females (Patricio
et al. 2022) and males (Beal et al. 2022), between the BA
and the largest green turtle rookery in the Eastern Atlantic,
located in the Bijagds archipelago, Guinea-Bissau (Patricio
et al. 2019; Broderick and Patricio 2019). Other foraging
locations have been identified for this nesting population,
namely the Bijagos archipelago in Guinea-Bissau, the
Saloum Delta and Joal-Fadiouth in Senegal and the coastal
waters of the Tanji-Bijol islands of The Gambia, but most
of the tracked females migrated to the BA (50% on average
from 2018 to 2021; Catry et al. 2023). Additionally, Catry
et al. (2023) estimated that ca. 150,000 green turtles for-
age in the BA, including juveniles (8% of which originate
from South America; Patricio et al. 2024) and adults of both
sexes, further underlining the importance of this foraging
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area. The eastern side of the BA is included within the Parc
National du Banc d’Arguin (‘PNBA’ hereafter), the larg-
est marine protected area in West Africa. Created in 1976,
the PNBA spreads over 6,000 km? and coincides with an
internationally recognized biodiversity hotspot. Besides sea
turtles, the PNBA supports a key fish nursery (Guénette et
al. 2014; Trégarot et al. 2020) and is a major feeding area for
many local and migratory waterbird species (e.g. Oudman
et al. 2020). The area is rich in vast seagrass meadows of
three species (the intertidal Zostera noltei, and the subtidal
Cymodocea nodosa and Halodule wrightii; van Lent et al.
1991, Chefaoui et al. 2021) that are potential food sources
for green turtles (Esteban et al. 2020) and likely support
the large foraging aggregation found there. Because green
turtles are the only sea turtle species that are primarily her-
bivores as adults (Bjorndal 1997), we expect their habitat
to overlap with the distribution of seagrass meadows. Pre-
visously, green turtles from 28 rookeries in tropical and
subtropical areas (including the Pacific, Atlantic and Indian
Oceans, as well as the Mediterranean Sea) have been found
to aggregate in marine protected areas to forage (Scott et al.
2012). However, the fine-scale distribution of green turtles
in relation to the PNBA boundaries remains unexplored.

Here, we characterize the movements and habitat use
of green turtles in the BA. We satellite-tracked 38 turtles,
including juveniles and sexually mature adults of both
sexes. We describe their usage of the PNBA and investi-
gate the possible effects of environmental parameters on the
spatial distribution of turtles. Lastly, we describe seasonal
variation in the turtles’ spatial distribution and individual-
level movements.

Materials and methods
Satellite tag deployments

From 2018 to 2021, tracking devices were deployed on
green turtles at a breeding site on Poildo Island (10°52°N,
15°43°’W) in the Bijagos archipelago, Guinea Bissau, and
at foraging grounds within the PNBA, Mauritania. Twenty-
two females were tagged on the nesting beaches, after ovi-
position had begun, to minimize disturbance. Two breeding
males were captured at the Bijagds archipelago using a
pirogue and net casts, operated by Bijagos fishers. Within
the BA, 15 juveniles and two males were captured using
nets deployed from a traditional sailing boat, operated by
Imraguen fishers. Details on tag deployments are available
in Table 1 and metadata related to the tracked turtles are
presented in Tables S1 and S2 (Online Resource 1). Wildlife
Computer tags recorded Argos locations, while Lotek tags
recorded both Argos and Fast GPS locations.
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Table 1 Site, year and month of satellite-tag deployments on juvenile green turtles and adults of both sexes captured at breeding and foraging
grounds in West Africa. ‘-’ indicates that no tag was deployed for specific sexes or size class

Site Year  Month Females Males Juve- Tagtype
(n) (n) niles
(n)
Breeding site, 2018  Aug.-Nov. 7 - - SPOT-375B
Poilao Island, (99%x55%21 mm, 152 g, ®wildlife Computers, Redmond, Washing-
Guinea-Bissau ton, USA)
2020  Sep. 6 - - F6G 376 A Fast GPS
(115x64x43.5 mm, 220 g, ®Lotek, Havelock North, New Zealand)
2021  Now. 9 - - F6G 376B Fast GPS
(115x 64 x44 mm, 240 g, ®Lotek, Havelock North, New Zealand)
Jul. - 2 - F6G-376B Fast GPS
(115x 64 x44 mm, 240 g, ®Lotek, Havelock North, New Zealand)
Foraging ground, 2020  Nov. - - 3 F6G 276 F Fast GPS
Parc National du (101 x44%x32 mm, 148 g, ®Lotek, Havelock North, New Zealand)
Banc d’Arguin, 2021 Apr-May  — 2 9 F6G 276 F Fast GPS
Mauritania (101 x44%x32 mm, 148 g, ®Lotek, Havelock North, New Zealand)
Nov. - - 3 F6G 276 F Fast GPS

(101 x44x32 mm, 148 g, ®Lotek, Havelock North, New Zealand)

Before tag deployments, the curved carapace length
(‘CCL’ hereafter) of turtles was measured to the nearest
millimeter with a flexible measuring tape (Bolten 1999).
Individuals captured at foraging ground were assigned as
juvenile or adult based on their CCL, using 85 cm as a
threshold (Bresette et al. 2010). Adults were visually sexed
using tail length, since males have disproportionally longer
tails than females (Hendrickson 1958).

The carapace of each turtle was cleaned with sandpaper
and acetone. A fiberglass cloth slightly larger than the base
of the tag was applied on the dry carapace and glued with
quick-setting epoxy (*Devcon 5 min Epoxy). A two-part
steel resin (magic metal, ®Loctite) was then modelled to fit
the base of the tag and applied on the dry fiberglass cloth to
fit the curvature of the carapace. Once the steel resin was
dry, another layer of fiberglass cloth was added on the four
lateral sides of the tag to ensure optimal adherence.

Data processing

The tracks of turtles were truncated when a gap of recording
reached one week and no meaningful data were available
after this period. The tracking data were initially filtered
by removing the Z and B location classes provided by the
Argos service, considered as error (Witt et al. 2010) and
lowest accuracy locations highly prevalent in the dataset
(Beal et al. 2022). Fast GPS locations obtained from four or
more satellites were retained in the dataset.

Unrealistic fixes with a horizontal traveling speed
>5 km h™! and a turning angle <20° were discarded (Met-
calfe et al. 2020) using the sdafilter function from the argos-
filter R package (Freitas 2012). The McConnell speed filter
(McConnell et al. 1992) was then set at 5 km h™! using the
stricter speedfilter function from the trip R package (Sumner

et al. 2009) to remove remaining implausible locations (Pat-
terson et al. 2010). Outlier locations that passed the previous
filters were discarded using the ctmm: :outlie function, based
on the deviation of locations from the core distribution (Cal-
abrese et al. 2016).

For turtles equipped at breeding grounds, the calculation
and visual inspection of the net square displacement enabled
the partition of the trips between breeding, migrating and
foraging (Singh et al. 2016). Only the locations occurring
at foraging grounds in the BA region were kept for analy-
sis. The dataset contained 14,348 locations after filtering,
including 8499 Argos locations (59%) and 5849 Fast GPS
locations of high accuracy (41%).

A Kalman filter was then fitted with the crwMLE function
from the crawl R package (Johnson et al. 2008; Johnson and
London 2018), implementing error multiplication factors
from the foiegras R package (Jonsen and Patterson 2019),
to increase estimates of positioning accuracy (Patterson et
al. 2010; Lopez et al. 2014). Locations were interpolated at
a two-hour time step, the mean time interval between two
raw consecutive locations, through the crwPredict function
from the crawl R package (Johnson et al. 2008; Johnson and
London 2018).

If a turtle shifted area and/or movement range over the
course of the foraging period (i.e. present different home
range phases characterized by a specific mean and variance
of latitude and longitude), its locations were split into seg-
ments using the segmentation function from the segclust2d
R package (Patin et al. 2019, 2020). We arbitrarily chose
one week as the shortest segment duration in order to pre-
vent over-segmentation. The optimal number of segments
was automatically assessed using the Lavielle criterium
(Lavielle 2005). If the number of segments automatically
selected did not correspond to a clear break in the penalized
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log-likelihood of the segmentation, the appropriate num-
ber of segments was assessed after visual inspection. Each
segment was visually classified as stationary (movements
restricted within a relatively small area and characterized by
high tortuosity), transit (short, directed movement between
two stationary phases) or erratic (a mix of the two afore-
mentioned categories).

Environmental parameters were extracted at each turtle
location, including the bathymetry, SST and the presence
of two seagrass species, namely C. nodosa and Z. noltei
(see Table 2 for details on dataset resolution and sources).
Although H. wrightii is also present in the BA (Chefaoui et
al. 2021) and green turtles are known to feed on this sea-
grass species in West Africa (Diaz-Abad et al. 2021), we
did not assess turtles distribution according to this species
because of a lack of detailed mapping. However, a recent
study suggests that H. wrightii and C. nodosa share the
same distribution (Chefaoui et al. 2021).

Statistical analyses

The datasets were processed and analysed with the R v. 3.6.1
software (R Core Team 2019). All descriptive statistics are
presented as means+S.D. We used the processed data to
describe population-level and monthly distribution of the
turtles. We explored the importance of the PNBA for green
turtles and investigated individual movement patterns.

Population-level distribution

The Kernel Utilization Distributions (KUDs) were com-
puted for each turtle, using the kernelUD function from
the adehabitat R package (Calenge 2006). First, we cal-
culated the canonical reference bandwidth for each turtle.
We then used the median reference bandwidth (1060 m) as
the smoothing parameter for KUD calculations (Beal et al.
2021). KUDs of 50% and 95% were used to estimate the
core areas and home ranges of turtles, respectively (e.g.
Hamilton et al. 2021). Being aware of the difference in

precision for locations obtained from Argos and Fast GPS
(Argos locations are known to be less accurate; Hays et
al. 2024), we compared KUDs obtained from both types
of devices. After rigorous data filtering, there was no bias
in KUD estimates between tags recording Argos and Fast
GPS locations (home range: 152.1+175.9 km?, core area:
21.2+16.6 km?, n=31 turtles) and tags providing Argos
locations only (home range: 149.1+64.6 km?, core area:
21.7+8.9 km?, n=7), so we pooled the two datasets for
population home range estimates. We averaged the indi-
vidual utilization distributions (UDs) to estimate the popu-
lation-level distribution for all turtles and for females, males
and juveniles, separately.

We calculated the mean bathymetry and SST values expe-
rienced by turtles over the tracking period and estimated the
amount of turtle locations overlapping with seagrass mead-
ows. We finally investigated the distribution of bathymetry
values under the locations of adult and juveniles separately.

Seasonal distribution

We assessed the turtles monthly distribution (average of
monthly individual UDs, independently from the sex and
life stage). We compared the monthly distribution of the
depth values at turtle locations and fitted a Linear Mixed
Model (LMM) using the nlme package (Pinheiro and Bates
2020) to assess whether turtles used areas with different
depths according to the time of year. We explained the
bathymetry according to the SST and the life stage of turtles
(21 adult females versus 14 juveniles, males were discarded
from this model because of limited sample size). Individual
was included as a random effect to account for correlation
between multiple observations from the same turtle and a
first-order auto-regressive (AR1) structure was incorporated
to account for temporal correlation.

Table 2 Environmental covariates used as predictors of green turtle spatial distribution within the Banc d’ Arguin, Mauritania

Variable Description Unit Spatial resolution Temporal resolution Source

Bathymetry Ocean depth m Raster obtained from a - Custom combination of a bathy-
nautical chart. Values metric map (see Fig. 1 in Aleman
for southeast shallow et al. 2014) and the ETOPOL1
unsurveyed waters were bedrock database (NOAA 2009)
obtained from ETOPO1
arc minute dataset

Sea-surface tem-  Temperature of °C 0.01x0.01° Daily JPL MUR MEaSURE:s Project

perature (SST) sea water near the 2015

surface Chin et al. (2017)

Cymodocea Presence/ - Individual shapefiles - Pottier et al. (2021)

nodosa and absence

Zostera noltei

meadows
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Importance of the Parc National Du Banc d’Arguin

We assessed the number of turtle locations falling inside the
PNBA boundaries. We calculated the mean bathymetry at
turtle locations and the PNBA mean bathymetry. Based on
the bathymetry preferences observed, we estimated the area
that appears suitable for green turtles within the PNBA. We
used the rounded maximum bathymetry value that corre-
sponded to 95% of the tracking locations as a threshold. We
further assessed the areas potentially available for turtles
within a 40 km buffer outside of the PNBA, encompass-
ing the whole BA geographical area. To determine whether
green turtles gather within the PNBA, we calculated the
percentage of the apparently available habitat, within and
outside the PNBA, overlapping with the 95% KUD for all
turtles.

Individual range shifts

We assessed patterns of individual variation and whether
turtles displayed site fidelity by investigating the number
of distinct areas they visited over the course of the forag-
ing period. We tested the possible relationship between the
number of areas visited by turtles and the recording duration
of the tracking devices. We compared the CCL of turtles and
time spent between stationary, transit and erratic phases.
We then discarded the last tracking segment (interrupted
by tag failure) for all turtles and the first segment (that may
be incomplete) for individuals captured at foraging ground.
For complete stationary segments, we assessed the duration,

50% and 95% KUDs (using 587 m -median reference band-
width of all segments- as smoothing parameter).

Results
Tracking parameters

We analysed the tracking data collected from 21 adult
females, 3 adult males and 14 juveniles, totaling 38 indi-
viduals (one male, one female and one juvenile were dis-
carded because of insufficient data). Turtles CCL ranged
from 55 to 121.5 cm (Fig. 1). Tracking duration within the
BA was 135.5 +94.8 d (range: 9.1-305.5 d) for the 22 turtles
equipped at Poildo, and 78.8 +34.7 d (range: 26.8-175.5 d)
for the 16 individuals fitted with tags within the PNBA.

Distribution at the population level

The turtles exploited two main foraging areas (Fig. 2). The
larger area (1303 km?), located in the southern part of the
BA, is encompassed between the north of Cap Timiris and
approximately 20.20°N. The turtles mostly concentrated
west and south of Kiji and Tidra islands, with some individ-
uals performing offshore forays, and around Arel island and
close to Teichott, though some individuals traveled between
the islands and the continent. No individual ventured in the
Baie de Saint-Jean. The second area (180 km?) is located
north 0f 20.35°N, mostly around the Arguin, Marguerite and

Fig. 1 Curved carapace lengths of
green turtles satellite-tracked at the
Banc d’Arguin foraging ground,
Mauritania, from 2018 to 2022.
Light, midtone and dark grey 6
correspond to juveniles (n = 14),
adult females (n = 21) and adult
males (n = 3), respectively

Number of satellite-tracked green turtles

50

70

90 110
Curved carapace length (cm)
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Fig. 2 Spatial distribution of green turtles satel-
lite-tracked within the Banc d’Arguin, Maurita-
nia, from 2018 to 2022. The movements of adult
males and females fitted with tracking devices
at Poildo Island breeding site, Guinea-Bissau,
are represented in red (n=22). The blue tracks
correspond to juveniles and adult males equipped
within the Parc National du Banc d’Arguin
foraging ground (n=16). The solid black line
depicts the contour of the Parc National du
Banc d’Arguin. The circled number correspond

to @ Cap Timiris, @ Kiji and Tidra islands, ® 20.51
Arel island, @ Teichott, ® Baie de Saint-Jean,
® Arguin, Marguerite and Ardent islands and @
Cap d’Arguin. ® and ® denote Arkeiss and Ten
Alloul villages
Z
<
[0}
3
= 20.01
©
-
19.51

I . 30 km

17.0

Ardent islands and at the tip of Cap d’Arguin. At this lati-
tude, no individual travelled west of ~16.6°W.

Influence of sex and life stage on distribution

Adult females, adult males and juveniles mostly concen-
trated in overlapping areas, though juveniles tended to occur
more inshore than females (Fig. 3). The mean core areas
were 23.4+16.1 and 17.6+£13.7 km? for adults (n=24)
and juveniles (n=14) respectively. The home ranges were
144.8+106.4 and 163.1+230.3 km? for adults and juve-
niles respectively. There were no significant differences
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16.8 16.6 16.4 16.2 16.0
Longitude (°W)

in the core area (U=210, P>0.2) nor home range extents
(U=191, P>0.5) between adults and juveniles. The mean
individual core area and home range, irrespective of the
life stage (n=38), were 21.3+15.3 and 151.5+160.5 km?
respectively.

Monthly spatial and bathymetry distribution

Interestingly, the monthly turtles distribution revealed that
the areas located at the tip of Agadir and west of the PNBA
are used year-round, whereas inshore/offshore movements
seem to occur within the PNBA, with turtles moving west
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Fig. 3 Estimated population-level

distribution (average of individual a
Kernel Utilization Distributions;
KUD) of green turtles satellite-
tracked from 2018 to 2022 within
the Banc d’ Arguin, Mauritania. The
purple and orange areas depict the
core areas (50% KUD) and home
ranges (95% KUD), respectively,
for (a) all tracked turtles, (b) adult
females, (c) adult males and (d)
juveniles. The solid black line
depicts the contour of the Parc
National du Banc d’Arguin and
sample sizes are indicated in the top
left corner of each panel

20.51

Latitude (°N)
S
2

19.51

$n=2ﬂ

20.54

Latitude (°N)
S
<

19.51

I 30 km \

17.0 16.5
Longitude (°W)

during the colder months (November-March; Fig. 4). The
monthly distribution of bathymetry values at turtle loca-
tions revealed that they may use shallower waters in warmer
months (2.9+2.8 m; mid-April to mid-November) and
deeper ones in colder months (5.5 +3.4 m; mid-November
to mid-April) (Fig. 5).

Sea-surface temperature and bathymetry

Turtles experienced SST values of 21.2+2.1 °C (range:
16.7-29.6 °C). No clear difference was observed between

16.0 17.0 16.5 16.0

Longitude (°W)

the bathymetry values extracted at adults and juveniles’
locations (Figure S1 in Online Resource 2) and the bimodal
distribution observed for juveniles seems to be driven by
individual variability and a smaller sample size (Figure S2
in Online Resource 2). Life stage was dropped from the
LMM during the model selection process, confirming that
life stage does not drive the bathymetric use of turtles and
leaving SST (p < 0.05) as the only explanatory variable. The
model revealed that turtles use shallower areas when SST
increases (estimate = -0.07+0.03, F=3.9, r = -1.98).
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Sea turtle distribution relative to Park borders and
seagrass beds

The mean bathymetry at turtle locations was shal-
lower (4.30+3.42 m [range: 0.01-22.98]) than the mean
bathymetry available within the PNBA (6.46+4.15 m
[range: 0-23.46]) (Mann-Whitney U test, U=143107938,
P<0.001, see Figure S3 in Online Resource 2 for histo-
grams of the range of depths available and depths used by
the turtles). The turtles mostly stayed within the park lim-
its (89.1% of locations), however, seven females and one
juvenile explored the western part of the BA, outside of the
PNBA (Figs. 2 and 3, Table S3 in Online Resource 3).

When using a 10 m threshold (95% of tracking locations
occurred in areas shallower than 10 m depth) to estimate the
habitat apparently available to turtles, these shallow areas
spread over 5098 km? within the PNBA (i.e. 80% of the
marine part of the PNBA) and 3805 km? within a 40 km
buffer outside of the Park limits. By overlapping these
apparently available habitats with the population-level 95%
KUD of turtles, we estimated that green turtles used a much
greater percentage (22.5%) of the apparently available
habitats inside the PNBA than outside the park (4.1%). The
distribution of turtles did not match closely the distribution
of seagrass beds, as only 11.08 and 8.48% of turtle loca-
tions fall into C. nodosa and Z. noltei seagrass meadows,
respectively. Considering that the estimated population-
level distribution of turtles (Fig. 3a) extent is 1483 km?,
when merging the distribution of C. nodosa and Z. noltei
meadows, this means that 83% of the population-level home
range (1233 km?) fell outside of the known seagrass distri-
bution (as estimated per Pottier et al., 2021).

Fine-scale movements and individual behavior

We identified from one to five movement phases per indi-
vidual (Table S3 in Online Resource 3), totaling 81 tracking
segments, including 71 stationary, four transit and six erratic
phases. The tracked turtles exhibited a variety of move-
ment patterns. While 14 out of 38 individuals remained
faithful to their foraging site (Fig. 6a), more than half of
the tracked turtles performed range shifts (i.e. changed area
and/or movement scale through time; Fig. 6b) and switched
between up to four distinct areas. The number of visited
areas was strongly correlated to the tag recording duration
(tho=0.75, p<0.001). Seven turtles returned to previously
visited sites (Fig. 6¢).

We did not detect any difference in the CCL of the tur-
tles that performed stationary, transit and erratic segments
(Kruskal-Wallis test, H=1.17, df=2, P> 0.05). The dura-
tion of the tracking segments significantly varied between
tracking phases (Kruskal-Wallis test, H=15.82, df=2,

@ Springer

P<0.001). Stationary segments (57 +38 days) were sig-
nificantly longer than erratic segments (26 + 18 days; Dunn
post hoc test, P <0.001), that were significantly longer than
transit segments (7 + 1 days; Dunn post hoc test, P<0.001).

The 31 complete stationary segments had a mean duration
of 53 +£29 days (median=49) and KUDs of 10.6 +8.5 and
62.6+50.4 km?, for core area and home range respectively.

We did not find significant differences between the mean
phase duration, 50% and 95% KUDs of the complete sta-
tionary segments of females that performed a switch and
females that remained faithful to their fine-scale forag-
ing habitat (did not perform a switch) (Table S4 in Online
Resource 4).

Discussion

We provide here the first assessment of the habitat use of
juvenile and adult green turtles in the BA developmental-
feeding habitat. We showed that the turtles exploiting the
central part of the BA perform seasonal movements, moving
offshore during the winter months. Furthermore, we present
the first evidence that a majority of green turtles (24 out of
38 tracked individuals) are not fine-scale residents but shift
range at the intra-seasonal scale. We also provide evidence
that they use more intensively the areas benefitting from
protection by the National Park, with 89.1% of turtle loca-
tions falling within the PNBA.

Distribution within the Banc d’Arguin

Several studies revealed a size-related spatial segregation of
green turtles at foraging sites (e.g. Chile, Alvarez-Varas et al.
2017; Australia, Pillans et al. 2022; Florida, Welsh & Mans-
field 2022). A very large overlap in the spatial distribution of
adults and juveniles occurred in the BA, with a tendency for
juveniles to be found more inshore. However, this tendency
may result from juveniles having been captured within the
PNBA —not at the most offshore sites — and remaining faith-
ful to their foraging habitat, while adults were often tagged
at the breeding site and hence suffered from no such bias.
We did not detect any differences in core areca and home
range sizes between adult and juveniles, in contrary to what
have been found for green turtles in Ningaloo reef, Australia
(Pillans et al. 2022). Studies documenting size-related seg-
regation and habitat extent often include smaller juveniles
than the ones in our study (e.g. Pillans et al. 2022, Welsh and
Mansfield 2022). We lack movement data on the smallest
size classes (i.e. juveniles with CCL <55 cm), even though
they correspond to a large fraction of the population pres-
ent within this developmental-feeding habitat (Catry et al.
2023).
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Sex does not seem to drive the distribution of the tracked
adult turtles in the study area but we chose not to compare
their home range sizes because of low sample size for males
(3 males versus 21 adult females). A previous study con-
ducted on green turtles in Mexico did not find an effect of
sex on the home range size, but sample size for males was
as low as in the present study (Seminoff et al. 2002). As
reduced sample size does not enable strong inferences at
the population level (Sequeira et al. 2019b; Shimada et al.
2021) we recommend future work to concentrate on the dis-
tribution and home range size of adult males.

Interestingly, some areas of the BA were used year-round,
whereas turtles within the central part of the PNBA seem to
move offshore during the colder winter months. This obser-
vation is amply corroborated by the testimonies received
during conversations with the local Imraguen fishermen
and a similar pattern has been observed at a larger spatial
scale for green turtles in the Mediterranean Sea (Godley
et al. 2002). These turtles may have stopped feeding and
moved to different areas during the colder winter months, as
cold water temperatures can lead to a decrease in seagrass
production (Burkholz et al. 2019) and to a reduction of the
metabolic rates and food intake in sea turtles (e.g. Godley et
al. 2002). Our results further reveal that the tracked turtles
used deeper waters in winter. Seasonal movements have
been observed in green turtles in Australia, but are non-sys-
tematic and depend on study sites (Shimada et al. 2016) and
individuals (Christiansen et al. 2016).

Use of seagrass meadows and vulnerability to
climate change

The tracked turtles exploited all known Z. noltei and C.
nodosa meadows (Pottier et al. 2021), except the entrance
of the Baie de Saint Jean, the coastline portion encompassed
between Arkeiss and Ten Alloul and the contour of Tidra
island. These seagrass patches may be poorly accessible to
sea turtles because of coastal shallow depths combined with
the tide cycle. The tide has been shown to influence the dis-
tribution of green turtles in Mexico and Australia (Brooks
et al. 2009; Pillans et al. 2021), with turtles avoiding the
shallowest areas at low tide. Imraguen fishermen report that
turtles in the BA gather in deeper navigation channels at
low tide, a behavior also observed in Australia (Pillans et
al. 2021).

Interestingly, 83% of the population-level distribution of
turtles fell outside of the estimated distribution of seagrass
meadows (Pottier et al. 2021), suggesting that, potentially,
the distribution of seagrass meadows is highly underesti-
mated within the BA. We acknowledge that the seagrass
distribution datasets currently available within the PNBA
(Pottier et al. 2021) and higher estimate at the larger BA
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scale (Chefaoui et al. 2021) rely on punctual in situ sam-
pling and detections from satellite imageries that are still
estimates and whose temporal coverage may not match the
turtle tracking data. The extent of seagrass meadows was
highly stable between 2003 and 2018 within the PNBA,
despite variation in distribution (Pottier et al. 2021). This
spatial variation is negligible compared to the extent of tur-
tle movements, suggesting that this food source remained
available for turtles over the last decades.

Satellite-tracked animals, including sea turtles, can be
used as platforms to improve the mapping of seagrass mead-
ows (Hays et al. 2018; Esteban et al. 2018; Gallagher et al.
2022). Camera tags have been deployed in a range of spe-
cies, including sea turtles (e.g. Heaslip et al. 2012; Thom-
son & Heithaus 2014), to assess the fine-scale behavior of
tracked individuals and identify their food sources (e.g.
Yoshino et al. 2020; Tackaberry et al. 2020). The enhanced
understanding of seagrasses distribution provided by ani-
mal-borne devices would be invaluable to interpret turtles
tracking data.

A second non-exclusive hypothesis explaining the mis-
match between turtle and seagrass distributions is that green
turtles may exploit alternative food sources in the BA,
including algae and invertebrates, as it has been shown in
other populations (Lemons et al. 2011; Shimada et al. 2014;
Sampson et al. 2018) and in juveniles from the same breed-
ing population exploiting the Bijagds archipelago foraging
ground (Diaz-Abad et al. 2021; Madeira et al. 2022). Recent
work highlighted a relationship between SST and the level
of omnivory of green turtles (Esteban et al. 2020) and the
SST encountered by the tracked turtles in the BA suggests
that they could present a mixed diet.

SST has been shown to increase at fast rate off Mauritania
over the past three decades (Sweijd and Smit 2020) and is
predicted to pursue a steep increase over the current century
(Chefaoui et al. 2021). Species occurring at the limit of their
range are supposed to be particularly vulnerable to environ-
mental changes (Fraser et al. 2014) and Mauritanian waters
are the Southern distribution limit of the temperate Z. noltei
and C. nodosa and the Northern range limit of the tropical
H. wrightii. A changing climate may drive a regime shift
in the BA seagrass ecosystems (Chefaoui et al. 2021) and
ultimately influence the distribution and energy budget of
turtles through the availability and quality of food sources.

Individual movement patterns

The mean individual core area calculated for green turtles in
the BA (21.3+15.3 km?, n=38 including 24 adults and 14
juveniles) is very similar to what has been found for juve-
nile green turtles in Florida (mean=22.5 km? n=35, Hart
and Fujisaki 2010) but approximately 9 times larger than
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the mean core area reported for adult green turtles in the
Western Indian Ocean (Hays et al. 2024). The mean indi-
vidual home range found in this study (151.5 + 160.5 km?) is
much larger than the values reported in other studies, being
approximately five (Siegwalt et al. 2020), 10 (Seminoff
et al. 2002; Hays et al. 2024) and 30 times larger (Pillans
et al. 2022). Comparisons among studies should be made
with caution because of varying tracking devices (home
range estimates tend to be higher for Argos tracking than
for Fastloc GPS tracking; Hays et al. 2024), location accu-
racy (Dujon et al. 2014), home range calculation methods
(see Hart and Fujisaki 2010 for an example of home range
estimates using Kernel Density Estimator and Minimum
Convex Polygon), size of the tracked turtles (e.g. Pillans et
al. 2022) and foraging habitats specificities (e.g. turtles may
exploit overlapping or distinct foraging and resting sites;
Makowski et al. 2006; Ballorain et al. 2013). Furthermore,
the size of the estimated habitat can vary a lot depending
on whether the turtle is faithful to its fine-scale foraging
habitat or switches between distinct areas. However, our
results suggest that even in stationary phases, green turtles
foraging in the BA have a larger habitat than overall home
ranges reported elsewhere, suggesting that the comparison
with other studies is conservative. To the best of our knowl-
edge, the largest home range values reported in green turtles
at foraging grounds have been attributed to turtles moving
between isolated food patches (e.g. Whiting and Miller
1998) or commuting between distinct foraging and resting
sites (e.g. Seminoff et al. 2002).

Green turtles shuttle between distinct feeding and resting
areas at Mayotte Island (Ballorain et al. 2013), while turtles
from Palm Beach, Florida, mostly exploit overlapping for-
aging and shelter sites (Makowski et al. 2006). It is unclear
whether green turtles commute to distinct resting sites in
the BA, however we did not notice regular movements
suggesting such behavior. Turtles cannot perform assisted
resting (i.e. under a rock, e.g. Reisser et al. 2013) within
the shallow sandy-muddy BA. Green turtles probably bask
or stay immediately below the surface to rest (Spotila and
Standora 1985) and large individuals may not inspire fully
to reach neutral buoyancy at depths regularly used in the
BA (generally < 10 m, Hays et al. 2000). They hence would
not need to move to specific resting sites. The deployment
of time-depth recorders along with accelerometers will help
assessing the behavioral states of turtles, including resting
phases and feeding events (see Hounslow et al. 2022 for an
example in flatback turtles).

Interestingly, we highlighted that more than half of
the tracked turtles exploited several areas within the BA.
Despite most studies report that green turtles display fidelity
to a single fine-scale foraging area as shown in Ningaloo,
Australia (Seminoff et al. 2002; Pillans et al. 2022), turtles

exploiting several areas have been reported in Mexico,
where a minority of the tracked green turtles exploited up
to three activity centers (Seminoff et al. 2002). Seasonal
changes in movement patterns have been highlighted in
three out of eight green turtles tracked in the Chagos Archi-
pelago (Christiansen et al. 2016). Research conducted on
other sea turtle species revealed that seasonal movements
between distant foraging areas are observed more com-
monly in temperate than in tropical and subtropical waters
(Shimada et al. 2016). While some of the tracked turtles
moved between distinct areas in the BA, the shifts in habitat
of some other turtles corresponded to changes in localized
fidelity between overlapping areas, or to a contraction or
expansion of habitat over time. Such patterns have also been
observed in green turtles in Queensland, Australia (Shimada
et al. 2016).

Implication for conservation

The BA is thought to host the largest green turtle foraging
aggregation in the eastern Atlantic (of the order of 150,000
individuals; Catry et al. 2023) and is hence invaluable for
this species. Despite the fact that seven females and one
juvenile performed westward excursions outside of the
PNBA, the locations of most tracked turtles fell within the
Park. Furthermore, the overlap between turtle home range
and shallow waters (< 10 m; representing potentially suit-
able habitat) in the BA was 5.5 greater inside the PNBA than
outside. This suggests that turtles preferentially use areas
that are protected (characterized by a limited fishing effort,
by sailing boats only) and that they may have been benefit-
ing from the management of this protected area since it was
established in 1976.

The Mauritanian waters are also a known foraging area
for loggerhead turtles (off the 500 m isobath, south of
the PNBA; Hawkes et al. 2006) from one of the world’s
largest nesting aggregations in Cape Verde (Laloé et al.
2019), which emphasizes their importance for sea turtles
worldwide.

The tracked turtles exploited very shallow sites, even if
deeper areas were available. This pattern is consistent with
a previous study tracking four individuals in the same area
(Godley et al. 2010) and has been observed in other green
turtle populations (Gulf of California, Mexico, Seminoff et
al. 2002; Queensland, Australia, Hazel et al. 2009; Mayo-
tte Island, Ballorain et al. 2013). The habitat of the tracked
turtles highly overlaps with artisanal fisheries in the central
shallow waters of the Park (Trégarot et al. 2020) and it is
known that some by-catch still occurs within the PNBA. A
restriction of net casts in this area, if sustainable for local
communities, would highly reduce ongoing interactions
between turtles and artisanal fisheries. The present study
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provides valuable ecological information that can be used
to inform the planning of a fisheries zoning within the Park.

Though our study highlights the distribution of green tur-
tles in relation to bathymetry, SST and seagrass meadows,
we acknowledge that other factors including predation risk
(Heithaus et al. 2007), currents and tide cycle (Brooks et
al. 2009; Pillans et al. 2021) may drive the movements of
turtles. Future work should investigate the effect of these
parameters, as well as possible diel patterns in turtle behav-
ior (Taquet et al. 2006; Ballorain et al. 2013; Enstipp et al.
2016; Christiansen et al. 2016), to further inform effective
conservation strategies.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00227-0
24-04558-4.

Acknowledgements We are thankful to all the agents of the Parc
National du Banc d’Arguin and the Imraguen fishermen for the invalu-
able role in field activities in the Banc d’ Arguin. We additionally thank
all people involved in the deployment of satellite tags in Guinea-
Bissau, namely the collaborators from the local Bijagds communities,
IBAP (Instituto da Biodiversidade e das Areas Protegidas Dr. Alfredo
Simdo da Silva — IBAP) MPA wardens and IBAP technicians. We
thank all fieldworkers who contributed to tags deployment from 2018
to 2021. We are grateful to Aurea Pottier who kindly shared the sea-
grass shapefiles within the PNBA. We thank Pr Graeme Hays and one
anonymous reviewer for their constructive comments that contributed
to substantially improve the manuscript.

Author contributions Paulo Catry, Ana Rita Patricio, Ebaye Sidina,
Cheibani Senhoury and Aissa Regalla acquired fundings to enable
this study. Ebaye Sidina, Cheibani Senhoury, Nahi El'bar and Aissa
Regalla permitted fieldwork and provided logistical support. Paulo
Catry and Ana Rita Patricio designed data collection and provided the
dataset. Paulo Catry, Ana Rita Patricio, Julie Mestre and Nahi El'bar
collected the data. Julie Mestre and Paulo Catry conceived the study.
Julie Mestre analysed the data with substantial contribution from Mar-
tin Beal. Julie Mestre led the writing of the manuscript with significant
input from Paulo Catry and Ana Rita Patricio. All authors contributed
to the paper review, read and approved the final manuscript.

Funding Open access funding provided by FCT|FCCN (b-on). This
study was funded by: the Regional Partnership for Coastal and Ma-
rine Conservation (PRCM) and the Fondation Hans Wilsdorf through
the project “Survies des Tortues Marines”; the MAVA Foundation
through the project “Consolidation of sea turtle conservation at the
Bijagos Archipelago, Guinea-Bissau”; the “La Caixa” Foundation (ID
100010434) through a fellowship awarded to ARP under the project
“TurtleResC — sea turtle resilience to climate change impacts” (LCF/
BQ/PR20/11770003); and the Fundagdo para a Ciéncia e a Tecnologia,
Portugal, through a grant (UIDB/04292/2020 and UIDP/04292/2020)
awarded to MARE, the project LA/P/0069/2020 granted to the Asso-
ciate Laboratory ARNET and the grant UIDB/00329/2020 with DOI
https://doi.org/10.54499/UIDB/00329/2020 awarded to Centro de
Ecologia, Evolugéo e Alteragdes Ambientais.

Data availability The tracking datasets analysed during the cur-
rent study can be requested from the authors on Movebank (www.
movebank.org) under the study names ‘Chelonia mydas_bijagos_
females_2018’, ‘Chelonia mydas_bijagos_females_2020’,

@ Springer

‘Chelonia mydas_bijagos_females 2021, ‘Chelonia mydas_bijagos
males 2021’ and ‘Chelonia_mydas Banc Arguin 2020 2021°.

Declarations

Compliance with ethical standards Research permits and logistic sup-
port were provided by the Parc National du Banc d’Arguin (PNBA) in
Mauritania and by the Instituto da Biodiversidade e das Areas Protegi-
das, Dr. Alfredo Siméo da Silva (IBAP) in Guinea-Bissau. The proto-
cols were approved by the ethical committee of the Orgio Responsavel
pelo Bem-Estar Animal of Ispa - Instituto Universitario, Lisbon, Portu-
gal (ORBEA-Ispa), which ensures the compliance of ethical standards
and animal welfare rules. Field protocols were carefully performed
by trained personnel following recommended guidelines to minimize
disturbance to turtles (National Marine Fisheries Service Southeast
Fisheries Center 2008) and handling time was reduced to the strictly
necessary.

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

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.o
rg/licenses/by/4.0/.

References

Aleman N, Certain R, Barusseau JP, Courp T, Dia A (2014) Post-gla-
cial filling of a semi-enclosed basin: The Arguin Basin (Maurita-
nia). Mar Geol 349:126—-135. doi: 10.1016/j.margeo0.2013.12.011

Alvarez-Varas R, Contardo J, Heidemeyer M, Forero-Rozo L, Brito B,
Cortés V, Brain MJ, Pereira S, Vianna JA (2017) Ecology, health
and genetic characterization of the southernmost green turtle
(Chelonia mydas) aggregation in the Eastern Pacific: implications
for local conservation strategies. Lat Am J Aquat Res 45:540—
554. doi: 10.3856/vol45-issue3-fulltext-4

Ballorain K, Ciccione S, Bourjea J, Grizel H, Enstipp M, Georges J-Y
(2010) Habitat use of a multispecific seagrass meadow by green
turtles Chelonia mydas at Mayotte Island. Mar Biol 157:2581—
2590. https://doi.org/10.1007/s00227-010-1520-7

Ballorain K, Bourjea J, Ciccione S, Kato A, Hanuise N, Enstipp M,
Fossette S, Georges J-Y (2013) Seasonal diving behaviour and
feeding rhythms of green turtles at Mayotte Island. Mar Ecol Prog
Ser 483:289-302. doi: 10.3354/meps10301

Beal M, Catry P, Regalla A, Barbosa C, Pires AJ, Mestre J, Senhoury
C, Sidina E, Patricio AR (2022) Satellite tracking reveals sex-
specific migration distance in green turtles (Chelonia mydas).
Biol Lett 18:20220325. doi: 10.1098/rsb1.2022.0325

Beal M, Oppel S, Handley J, Pearmain EJ, Morera-Pujol V, Carneiro
APB, Davies TE, Phillips RA, Taylor PR, Miller MGR, Franco
AMA, Catry I, Patricio AR, Regalla A, Staniland I, Boyd C, Catry
P, Dias MP (2021) track2ZKBA: An R package for identifying


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00227-010-1520-7
https://doi.org/10.1007/s00227-024-04558-4
https://doi.org/10.1007/s00227-024-04558-4
https://doi.org/10.54499/UIDB/00329/2020
http://www.movebank.org
http://www.movebank.org

Marine Biology (2025) 172:1

Page 15 of 17 1

important sites for biodiversity from tracking data. Methods Ecol
Evol 12:2372-2378. doi: 10.1111/2041-210X.13713

Bell IP, Meager J, van de Merwe JP, Madden Hof CA (2019) Green
turtle (Chelonia mydas) population demographics at three
chemically distinct foraging areas in the northern Great Bar-
rier Reef. Sci Total Environ 652:1040-1050. doi: 10.1016/j.
scitotenv.2018.10.150

Bjorndal KA (1997) Foraging ecology and nutrition of sea turtles. In:
Lutz PL, Musick JA (eds) The biology of sea turtles, Volume I,
CRC Press. London, pp 199-231, doi: 10.1201/9780203737088

Bolten AB (1999) Techniques for Measuring Sea Turtles. In: Eckert,
K.L., Bjorndal, K.A., Abreu-Grobois, F.A. and Donnelly, M.,
Eds., Research and Management Techniques for the Conserva-
tion of Sea Turtles, [IUCN/Species Survival Commission Marine
Turtles Specialist Group. Washington DC, pp 110-114

Bresette M, Witherington B, Herren R, Bagley D, Gorham J, Traxler S,
Crady C, Hardy R (2010) Size-class partitioning and herding in a
foraging group of green turtles Chelonia mydas. Endanger Spe-
cies Res 9:105-116. https://doi.org/10.3354/esr00245

Broderick A, Patricio AR (2019) Chelonia mydas (South Atlantic sub-
population), Green Turtle THE IUCN RED LIST OF THREAT-
ENED SPECIES™.

Brooks LB, Harvey JT, Nichols WJ (2009) Tidal movements of East
Pacific green turtle Chelonia mydas at a foraging area in Baja
California Sur, México. Mar Ecol Prog Ser 386:263-274. doi:
10.3354/meps08061

Burkholz C, Duarte CM, Garcias-Bonet N (2019) Thermal dependence
of seagrass ecosystem metabolism in the Red Sea. Mar Ecol Prog
Ser 614:79-90. doi: 10.3354/meps12912

Calabrese JM, Fleming CH, Gurarie E (2016) ctmm: an r pack-
age for analyzing animal relocation data as a continuous-time
stochastic process. Methods Ecol Evol 7:1124-1132. doi:
10.1111/2041-210X.12559

Calenge C (2006) The package “adehabitat” for the R software: A tool
for the analysis of space and habitat use by animals. Ecol Model
197:516-519. doi: 10.1016/j.ecolmodel.2006.03.017

Catry P, Senhoury C, Sidina E, El Bar N, Bilal AS, Ventura F, Godley
BJ, Pires AJ, Regalla A, Patricio AR (2023) Satellite tracking and
field assessment highlight major foraging site for green turtles in
the Banc d’Arguin, Mauritania. Biol Conserv 277:109823. doi:
10.1016/j.biocon.2022.109823

Chefaoui RM, Duarte CM, Tavares Al, Frade DG, Sidi Cheikh MA,
Abdoull BaM, Serrao EA (2021) Predicted regime shift in the sea-
grass ecosystem of the Gulf of Arguin driven by climate change.
Glob Ecol Conserv 32:¢01890. doi: 10.1016/j.gecco.2021.e01890

Chin TM, Vazquez-Cuervo J, Armstrong EM (2017) A multi-scale high-
resolution analysis of global sea surface temperature. Remote
Sens Environ 200:154-169. doi: 10.1016/j.rse.2017.07.029

Christiansen F, Esteban N, Mortimer J, Dujon A, Hays G (2016) Diel
and seasonal patterns in activity and home range size of green
turtles on their foraging grounds revealed by extended Fastloc-
GPS tracking. Mar Biol. doi: 10.1007/s00227-016-3048-y

R Core Team (2019) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. https://www.R-project.org/.

Diaz-Abad L, Bacco-Mannina N, Madeira FM, Neiva J, Aires T, Serrao
EA, Regalla A, Patricio AR, Frade PR (2021) eDNA metabarcod-
ing for diet analyses of green sea turtles (Chelonia mydas). Mar
Biol 169:18. doi: 10.1007/s00227-021-04002-x

Dujon AM, Lindstrom RT, Hays GC (2014) The accuracy of Fastloc-
GPS locations and implications for animal tracking. Methods
Ecol Evol 5:1162-1169. doi: 10.1111/2041-210X.12286

Enstipp MR, Ballorain K, Ciccione S, Narazaki T, Sato K, Georges J-Y
(2016) Energy expenditure of adult green turtles (Chelonia mydas)
at their foraging grounds and during simulated oceanic migration.
Funct Ecol 30:1810-1825. doi: 10.1111/1365-2435.12667

Esteban N, Unsworth RKF, Gourlay JBQ, Hays GC (2018) The dis-
covery of deep-water seagrass meadows in a pristine Indian
Ocean wilderness revealed by tracking green turtles. Mar Pollut
Bull 134:99-105. doi: 10.1016/j.marpolbul.2018.03.018

Esteban N, Mortimer JA, Stokes HJ, Laloé J-O, Unsworth RKF,
Hays GC (2020) A global review of green turtle diet: sea surface
temperature as a potential driver of omnivory levels. Mar Biol
167:183. doi: 10.1007/s00227-020-03786-8

Fraser MW, Kendrick GA, Statton J, Hovey RK, Zavala-Perez A,
Walker DI (2014) Extreme climate events lower resilience of
foundation seagrass at edge of biogeographical range. J Ecol
102:1528-1536. doi: 10.1111/1365-2745.12300

Freitas C (2012) argosfilter: Argos locations filter. R package version
0.63. https://CRAN.R-project.org/package=argosfilter.

Gallagher AJ, Brownscombe JW, Alsudairy NA, Casagrande AB, Fu
C, Harding L, Harris SD, Hammerschlag N, Howe W, Huertas
AD, Kattan S, Kough AS, Musgrove A, Payne NL, Phillips A,
Shea BD, Shipley ON, Sumaila UR, Hossain MS, Duarte CM
(2022) Tiger sharks support the characterization of the world’s
largest seagrass ecosystem. Nat Commun 13:6328. doi: 10.1038/
541467-022-33926-1

Godley BJ, Barbosa C, Bruford M, Broderick AC, Catry P, Coyne MS,
Formia A, Hays GC, Witt MJ (2010) Unravelling migratory con-
nectivity in marine turtles using multiple methods. J Appl Ecol
47:769-778. doi: 10.1111/.1365-2664.2010.01817.x

Godley B, Richardson S, Broderick A, Coyne M, Glen F, Hays G
(2002) Long-term satellite telemetry of the movements and habi-
tat utilisation by green turtles in the Mediterranean. Ecography
25:352-362. doi: 10.1034/j.1600-0587.2002.250312.x

Guénette S, Meissa B, Gascuel D (2014) Assessing the Contribution
of Marine Protected Areas to the Trophic Functioning of Ecosys-
tems: A Model for the Banc d’Arguin and the Mauritanian Shelf.
PLOS ONE 9:¢94742. doi: 10.1371/journal.pone.0094742

Hamann M, Godfrey M, Seminoff J, Arthur K, Barata P, Bjorndal
K, Bolten A, Broderick A, Campbell L, Carreras C, Casale P,
Chaloupka M, Chan S, Coyne M, Crowder L, Diez C, Dutton
P, Epperly S, FitzSimmons N, Formia A, Girondot M, Hays G,
Cheng I, Kaska Y, Lewison R, Mortimer J, Nichols W, Reina R,
Shanker K, Spotila J, Tomas J, Wallace B, Work T, Zbinden J,
Godley B (2010) Global research priorities for sea turtles: inform-
ing management and conservation in the 21st century. Endanger
Species Res 11:245-269. doi: 10.3354/esr00279

Hamilton RJ, Desbiens A, Pita J, Brown CJ, Vuto S, Atu W, James R,
Waldie P, Limpus C (2021) Satellite tracking improves conserva-
tion outcomes for nesting hawksbill turtles in Solomon Islands.
Biol Conserv 261:109240. doi: 10.1016/j.biocon.2021.109240

Hart KM, Fujisaki I (2010) Satellite tracking reveals habitat use by
juvenile green sea turtles Chelonia mydas in the Everglades,
Florida, USA. Endanger Species Res 11:221-232. doi: 10.3354/
esr00284

Hawkes LA, Broderick AC, Coyne MS, Godfrey MH, Lopez-Jurado
L-F, Lopez-Suarez P, Merino SE, Varo-Cruz N, Godley BJ (2006)
Phenotypically linked dichotomy in sea turtle foraging requires
multiple conservation approaches. Curr Biol 16:990-995. doi:
10.1016/j.cub.2006.03.063

Hays GC, Rattray A, Shimada T, Esteban N (2024) Individual varia-
tion in home-range across an ocean basin and links to habi-
tat quality and management. J Appl Ecol 61:658—668. doi:
10.1111/1365-2664.14599

Hays GC, Adams CR, Broderick AC, Godley BJ, Lucas DJ, Met-
calfe JD, Prior AA (2000) The diving behaviour of green turtles
at Ascension Island. Anim Behav 59:577-586. doi: 10.1006/
anbe.1999.1326

Hays GC, Alcoverro T, Christianen MJA, Duarte CM, Hamann M,
Macreadie PI, Marsh HD, Rasheed MA, Thums M, Unsworth
RKF, York PH, Esteban N (2018) New tools to identify the

@ Springer


https://doi.org/10.3354/esr00245

1 Page 16 of 17

Marine Biology (2025) 172:1

location of seagrass meadows: marine grazers as habitat indica-
tors. Front Mar Sci. doi: 10.3389/fmars.2018.00009

Hazel J, Lawler IR, Hamann M (2009) Diving at the shallow end:
Green turtle behaviour in near-shore foraging habitat. J] Exp Mar
Biol Ecol 371:84-92. doi: 10.1016/j.jembe.2009.01.007

Heaslip SG, Iverson SJ, Bowen WD, James MC (2012) Jellyfish sup-
port high energy intake of leatherback sea turtles (Dermochelys
coriacea): video evidence from animal-borne cameras. PLOS
ONE 7:€33259. doi: 10.1371/journal.pone.0033259

Heithaus MR, Frid A, Wirsing AJ, Dill LM, Fourqurean JW, Burk-
holder D, Thomson J, Bejder L (2007) State-dependent risk-tak-
ing by green sea turtles mediates top-down effects of tiger shark
intimidation in a marine ecosystem. J Anim Ecol 76:837-844.
doi: 10.1111/j.1365-2656.2007.01260.x

Hendrickson JR (1958) The green turtle Chelonia mydas in Malaya
and Sarawak. Proc Zool Soc Lond 130:455-535. doi: 10.1111/
j-1096-3642.1958.tb00583.x

Hounslow JL, Fossette S, Byrnes EE, Whiting SD, Lambourne RN,
Armstrong NJ, Tucker AD, Richardson AR, Gleiss AC (2022)
Multivariate analysis of biologging data reveals the environmen-
tal determinants of diving behaviour in a marine reptile. R Soc
Open Sci 9:211860. doi: 10.1098/rs0s.211860

Johnson DS, London JM (2018) crawl: an R package for fitting contin-
uous-time correlated random walk models to animal movement
data. Zenedo. https://doi.org/10.5281/zenodo.596464.

Johnson DS, London JM, Lea M-A, Durban JW (2008) Continuous-
time correlated random walk model for animal telemetry data.
Ecology 89:1208-1215. doi: 10.1890/07-1032.1

Jonsen ID, Patterson TA (2019) foieGras: Fit continuous-time state-
space and latent variable models for quality control of Argos
satellite (and other) telemetry data and for estimating movement
behaviour. R package. https://cran.r-project.org/package=foieGr
as.

JPL MUR MEaSUREs Project (2015) GHRSST Level 4 MUR
Global Foundation Sea Surface Temperature Analysis. Ver. 4.1.
PO.DAAC, CA, USA. Dataset accessed [2022-11-10] at https://d
01.0rg/10.5067/GHGMR-4FJ04.

Lalog J-O, Cozens J, Renom B, Taxonera A, Hays GC (2019) Conser-
vation importance of previously undescribed abundance trends:
increase in loggerhead turtle numbers nesting on an Atlantic
island. Oryx 54:315-322. doi: 10.1017/S0030605318001497

Lavielle M (2005) Using penalized contrasts for the change-
point problem. Signal Process 85:1501-1510. doi: 10.1016/j.
sigpro.2005.01.012

Lemons G, Lewison R, Komoroske L, Gaos A, Lai C-T, Dutton P, Egu-
chi T, LeRoux R, Seminoff JA (2011) Trophic ecology of green
sea turtles in a highly urbanized bay: Insights from stable iso-
topes and mixing models. J Exp Mar Biol Ecol 405:25-32. doi:
10.1016/j.jembe.2011.05.012

Lopez R, Malardé J-P, Royer F, Gaspar P (2014) Improving Argos
Doppler Location Using Multiple-Model Kalman Filtering.
IEEE Trans Geosci Remote Sens 52:4744-4755. doi: 10.1109/
TGRS.2013.2284293

Madeira FM, Rebelo R, Catry P, Neiva J, Barbosa C, Regalla A, Patri-
cio AR (2022) Fine-scale foraging segregation in a green turtle
(Chelonia mydas) feeding ground in the Bijagos archipelago,
Guinea Bissau. Front Mar Sci. doi: 10.3389/fmars.2022.984219

Makowski C, Seminoff JA, Salmon M (2006) Home range and habi-
tat use of juvenile Atlantic green turtles (Chelonia mydas L.) on
shallow reef habitats in Palm Beach, Florida, USA. Mar Biol
148:1167-1179. doi: 10.1007/s00227-005-0150-y

McConnell BJ, Chambers C, Fedak MA (1992) Foraging ecology of
southern elephant seals in relation to the bathymetry and pro-
ductivity of the Southern Ocean. Antarct Sci 4:393-398. doi:
10.1017/S0954102092000580

@ Springer

Metcalfe K, Bréheret N, Bal G, Chauvet E, Doherty PD, Formia A,
Girard A, Mavoungou J-G, Parnell RJ, Pikesley SK, Godley BJ
(2020) Tracking foraging green turtles in the Republic of the
Congo: insights into spatial ecology from a data poor region.
Oryx 54:299-306. doi: 10.1017/S0030605319000309

National Marine Fisheries Service Southeast Fisheries Center (2008)
Sea Turtle Research Techniques Manual.

NOAA National Geophysical Data Center (2009) ETOPOI1 1 Arc-
Minute Global Relief Model. NOAA National Centers for Envi-
ronmental Information. Accessed [2022_03_18]. https://www.nc
ei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.
ngdc.mgg.dem:316.

Oudman T, Schekkerman H, Kidee A, Roomen MV, Camara M, Smit
C, Horn JT, Piersma T, El-Hacen E-HM (2020) Changes in the
waterbird community of the Parc National du Banc d’Arguin,
Mauritania, 1980-2017. Bird Conserv Int 30:618-633. doi:
10.1017/S0959270919000431

Patin R, Etienne M-P, Lebarbier E, Benhamou S (2019) segclust2d:
Bivariate Segmentation/Clustering Methods and Tools. R package
version 0.2.0. https://CRAN.R-project.org/package=segclust2d.

Patin R, Etienne M-P, Lebarbier E, Chamaillé-Jammes S, Benhamou
S (2020) Identifying stationary phases in multivariate time series
for highlighting behavioural modes and home range settlements.
J Anim Ecol 89:44-56. doi: 10.1111/1365-2656.13105

Patricio AR, Coveney SA, Barbanti A, Barbosa C, Broderick AC,
ElBar N, Godley BJ, Hancock JM, Regalla A, Senhoury C, Sid-
ina E, Thoisy B de, Tilley D, Weber S, Catry P (2024) Atlantic
connectivity of a major green sea turtle Chelonia mydas foraging
aggregation at the Banc d'Arguin, Mauritania. Endanger Species
Res 54:365-382. doi: 10.3354/esr01345

Patricio AR, Beal M, Barbosa C, Diouck D, Godley BJ, Madeira FM,
Regalla A, Traoré MS, Senhoury C, Sidina E, Catry P (2022)
Green turtles highlight connectivity across a regional marine pro-
tected area network in West Africa. Front Mar Sci. doi: 10.3389/
fmars.2022.812144

Patricio AR, Varela MR, Barbosa C, Broderick AC, Catry P, Hawkes
LA, Regalla A, Godley BJ (2019) Climate change resilience of
a globally important sea turtle nesting population. Glob Change
Biol 25:522-535. doi: 10.1111/gcb.14520

Patterson TA, McConnell BJ, Fedak MA, Bravington MV, Hindell MA
(2010) Using GPS data to evaluate the accuracy of state—space
methods for correction of Argos satellite telemetry error. Ecology
91:273-285. doi: 10.1890/08-1480.1

Pillans RD, Fry GC, Haywood MDE, Rochester W, Limpus CJ, Pat-
terson T, Babcock RC (2021) Residency, home range and tidal
habitat use of Green Turtles (Chelonia mydas) in Port Curtis,
Australia. Mar Biol 168:88. doi: 10.1007/s00227-021-03898-9

Pillans RD, Whiting SD, Tucker AD, Vanderklift MA (2022) Fine-
scale movement and habitat use of juvenile, subadult, and adult
green turtles (Chelonia mydas) in a foraging ground at Ningaloo
Reef, Australia. Aquat Conserv Mar Freshw Ecosyst 32:1323—
1340. doi: 10.1002/aqc.3832

Pinheiro J, Bates D (2020) Linear and Nonlinear Mixed Effects Mod-
els. R Package Version 3:1-89.

Pottier A, Catry T, Trégarot E, Maréchal J-P, Fayad V, David G, Sidi
Cheikh M, Failler P (2021) Mapping coastal marine ecosystems
of the National Park of Banc d’Arguin (PNBA) in Mauritania
using Sentinel-2 imagery. Int J Appl Earth Obs Geoinformation
102:102419. doi: 10.1016/j.jag.2021.102419

Reisser J, Proietti M, Sazima I, Kinas P, Horta P, Secchi E (2013) Feed-
ing ecology of the green turtle (Chelonia mydas) at rocky reefs in
western South Atlantic. Mar Biol 160:3169—-3179. doi: 10.1007/
500227-013-2304-7

Richards S, Cvitanovic C, Dunlop M, Fossette S, Thomas L, Tucker
A, Van Putten E, Whiting A, Whiting S, Hobday A (2024) Iden-
tifying impactful sea turtle conservation strategies: a mismatch


https://doi.org/10.5281/zenodo.596464.
https://doi.org/10.5067/GHGMR-4FJ04.
https://doi.org/10.5067/GHGMR-4FJ04.

Marine Biology (2025) 172:1

Page 17 of 17 1

between most influential and most readily manageable life-stages.
Endanger Species Res 54:15-27. doi: 10.3354/esr01326

Sampson L, Giraldo A, Payan LF, Amorocho DF, Ramos MA, Semi-
noff JA (2018) Trophic ecology of green turtle Chelonia mydas
juveniles in the Colombian Pacific. ] Mar Biol Assoc U K
98:1817-1829. doi: 10.1017/S0025315417001400

Scott R, Hodgson DJ, Witt MJ, Coyne MS, Adnyana W, Blumenthal
IM, Broderick AC, Canbolat AF, Catry P, Ciccione S, Delcroix E,
Hitipeuw C, Luschi P, Pet-Soede L, Pendoley K, Richardson PB,
Rees AF, Godley BJ (2012) Global analysis of satellite tracking
data shows that adult green turtles are significantly aggregated in
Marine Protected Areas. Glob Ecol Biogeogr 21:1053—-1061. doi:
10.1111/j.1466-8238.2011.00757.x

Seminoff J, Resendiz A, Nichols W (2002) Home range of green turtles
Chelonia mydas at a coastal foraging area in the Gulf of Cali-
fornia, Mexico. Mar Ecol Prog Ser 242:253-265. doi: 10.3354/
meps242253

Sequeira AMM, Hays GC, Sims DW, Eguiluz VM, Rodriguez JP, Heu-
pel MR, Harcourt R, Calich H, Queiroz N, Costa DP, Fernan-
dez-Gracia J, Ferreira LC, Goldsworthy SD, Hindell MA, Lea
M-A, Meekan MG, Pagano AM, Shaffer SA, Reisser J, Thums M,
Weise M, Duarte CM (2019a) Overhauling ocean spatial planning
to improve marine megafauna conservation. Front Mar Sci. doi:
10.3389/fmars.2019.00639

Sequeira AMM, Heupel MR, Lea M-A, Eguiluz VM, Duarte CM,
Meekan MG, Thums M, Calich HJ, Carmichael RH, Costa DP,
Ferreira LC, Fernandéz-Gracia J, Harcourt R, Harrison A-L, Jon-
sen I, McMahon CR, Sims DW, Wilson RP, Hays GC (2019b)
The importance of sample size in marine megafauna tagging
studies. Ecol Appl 29:¢01947. doi: 10.1002/eap.1947

Shimada T, Aoki S, Kameda K, Hazel J, Reich K, Kamezaki N (2014)
Site fidelity, ontogenetic shift and diet composition of green tur-
tles Chelonia mydas in Japan inferred from stable isotope analy-
sis. Endanger Species Res 25:151-164. doi: 10.3354/esr00616

Shimada T, Jones R, Limpus C, Groom R, Hamann M (2016) Long-
term and seasonal patterns of sea turtle home ranges in warm
coastal foraging habitats: implications for conservation. Mar Ecol
Prog Ser 562:163—179. doi: 10.3354/meps11972

Shimada T, Limpus CJ, Hamann M, Bell I, Esteban N, Groom R, Hays
GC (2020) Fidelity to foraging sites after long migrations. J Anim
Ecol 89:1008-1016. doi: 10.1111/1365-2656.13157

Shimada T, Duarte CM, Al-Suwailem AM, Tanabe LK, Meekan MG
(2021) Satellite tracking reveals nesting patterns, site fidelity, and
potential impacts of warming on major green turtle rookeries in
the Red Sea. Front Mar Sci. doi: 10.3389/fmars.2021.633814

Siegwalt F, Benhamou S, Girondot M, Jeantet L, Martin J, Bonola M,
Lelong P, Grand C, Chambault P, Benhalilou A, Murgale C, Mail-
let T, Andreani L, Campistron G, Jacaria F, Hielard G, Arqué A,
Etienne D, Gresser J, Régis S, Lecerf N, Frouin C, Lefebvre F,
Aubert N, Vedie F, Barnerias C, Thieulle L, Guimera C, Bouaziz
M, Pinson A, Flora F, George F, Eggenspieler J, Woignier T, All-
enou J-P, Louis-Jean L, Chanteur B, Béranger C, Crillon J, Bra-
dor A, Habold C, Le Maho Y, Robin J-P, Chevallier D (2020)
High fidelity of sea turtles to their foraging grounds revealed by
satellite tracking and capture-mark-recapture: New insights for
the establishment of key marine conservation areas. Biol Conserv
250:108742. doi: 10.1016/j.biocon.2020.108742

Singh NJ, Allen AM, Ericsson G (2016) Quantifying Migration
Behaviour Using Net Squared Displacement Approach: Clari-
fications and Caveats. PLOS ONE 11:¢0149594. doi: 10.1371/
journal.pone.0149594

Spotila JR, Standora EA (1985) Environmental Constraints on the
Thermal Energetics of Sea Turtles. Copeia 1985:694—702. doi:
10.2307/1444763

Sumner MD, Wotherspoon SJ, Hindell MA (2009) Bayesian Esti-
mation of Animal Movement from Archival and Satellite Tags.
PLOS ONE 4:¢7324. doi: 10.1371/journal.pone.0007324

Sweijd NA, Smit AJ (2020) Trends in sea surface temperature and
chlorophyll-a in the seven African Large Marine Ecosystems.
Environ Dev 36:100585. doi: 10.1016/j.envdev.2020.100585

Tackaberry JE, Cade DE, Goldbogen JA, Wiley DN, Friedlaender AS,
Stimpert AK (2020) From a calf’s perspective: humpback whale
nursing behavior on two US feeding grounds. PeerJ 8:¢8538. doi:
10.7717/peerj.8538

Taquet C, Taquet M, Dempster T, Soria M, Ciccione S, ROOS D,
Dagorn L (2006) Foraging of the green sea turtle Chelonia mydas
on seagrass beds at Mayotte Island (Indian Ocean), determined
by acoustic transmitters. Mar Ecol Prog Ser 0171-8630 Inter-Res
2006 Vol 306 P 295-302. doi: 10.3354/meps306295

Thomson JA, Heithaus MR (2014) Animal-borne video reveals sea-
sonal activity patterns of green sea turtles and the importance of
accounting for capture stress in short-term biologging. J Exp Mar
Biol Ecol 450:15-20. doi: 10.1016/j.jembe.2013.10.020

Trégarot E, Meissa B, Gascuel D, Sarr O, El Valy Y, Wagne OH, Kane
EA, Bal AC, Haidallah MS, Fall AD, Dia AD, Failler P (2020)
The role of marine protected areas in sustaining fisheries: The
case of the National Park of Banc d’Arguin, Mauritania. Aquac
Fish 5:253-264. doi: 10.1016/j.aa£.2020.08.004

van Lent F, Nienhuis PH, Verschuure JM (1991) Production and bio-
mass of the seagrasses Zostera noltii Hornem. and Cymodecea
nodosa (Ucria) Aschers. at the Banc d’Arguin (Mauritania, NW
Africa): a preliminary approach. Aquat Bot 41:353-367. doi:
10.1016/0304-3770(91)90053-8

Welsh RC, Mansfield KL (2022) Intraspecific spatial segregation on a
green turtle foraging ground in the Florida Keys, USA. Mar Biol
169:22. doi: 10.1007/s00227-021-04012-9

Whiting SD, Miller JD (1998) Short Term Foraging Ranges of Adult
Green Turtles (Chelonia mydas). J Herpetol 32:330-337. https://
doi.org/10.2307/1565446

Witt MJ, Akesson S, Broderick AC, Coyne MS, Ellick J, Formia
A, Hays GC, Luschi P, Stroud S, Godley BJ (2010) Assessing
accuracy and utility of satellite-tracking data using Argos-linked
Fastloc-GPS. Br J Anim Behav 80:571-581. doi: 10.1016/j.
anbehav.2010.05.022

Yoshino K, Takahashi A, Adachi T, Costa DP, Robinson PW, Peter-
son SH, Hiickstéddt LA, Holser RR, Naito Y (2020) Acceleration-
triggered animal-borne videos show a dominance of fish in the
diet of female northern elephant seals. J Exp Biol. doi: 10.1242/
jeb.212936

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.2307/1565446
https://doi.org/10.2307/1565446

	﻿Movement patterns of green turtles at a key foraging site: the Banc d’Arguin, Mauritania
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Satellite tag deployments
	﻿Data processing
	﻿Statistical analyses
	﻿Population-level distribution
	﻿Seasonal distribution
	﻿Importance of the Parc National Du Banc d’Arguin
	﻿Individual range shifts


	﻿Results
	﻿Tracking parameters
	﻿Distribution at the population level
	﻿Influence of sex and life stage on distribution
	﻿Monthly spatial and bathymetry distribution
	﻿Sea-surface temperature and bathymetry
	﻿Sea turtle distribution relative to Park borders and seagrass beds
	﻿Fine-scale movements and individual behavior

	﻿Discussion
	﻿Distribution within the Banc d’Arguin
	﻿Use of seagrass meadows and vulnerability to climate change
	﻿Individual movement patterns
	﻿Implication for conservation

	﻿References


