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Abstract

Understanding natural movement patterns and ecological roles of marine megafauna is a research priority best studied in
areas with minimal human impact. The spatial distribution patterns specifically for immature turtles at foraging grounds
have been highlighted as a research gap for effective management and conservation strategies for sea turtle populations. Cap-
ture—mark—recapture (CMR) records (n=2287) of 1672 immature green (Chelonia mydas) (n=1158) and hawksbill turtles
(Eretmochelys imbricata) (n=514) from a long-term (1981-2021) in-water CMR program at Aldabra Atoll, Seychelles,
were analyzed for 10 sites (0.35-25 km apart). Site fidelity was not correlated with either season or turtle size. Green turtles
had lower site fidelity than hawksbill turtles. Green turtles showed avoidance (i.e., opposite of fidelity) of three sites, while
hawksbill turtles displayed high fidelity to two sites. Sites displaying non-random behavior (avoidance and/or fidelity) did
not share the same benthic habitat types. Results indicate that fidelity can be detected at a fine scale with CMR, but that
further exploration into the habitat characteristics of the sites and the ecological roles of both species at the atoll is needed.

Keywords Aldabra Atoll - Capture—mark—recapture - Chelonia mydas - Eretmochelys imbricata - Immature foraging
ground - Indian Ocean

Introduction

Responsible Editor: L. Avens.

Marine megafauna substantially influence coastal ecosys-
tems, as contributors to both top-down (e.g., as predation
and herbivory; Burkholder et al. 2013; Atwood et al. 2015)
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and bottom-up (e.g., nutrient cycling; Bouchard and Bjorn-
dal 2000; Roman et al. 2014) processes. Understanding
the movement patterns and habitat use of these frequently
migratory and wide-ranging species is crucial both for
identifying their ecological roles (Hays et al. 2016) and for
improving their conservation management (Hooker et al.
2011; Hays et al. 2019), since to effectively protect a spe-
cies, we need to know where it occurs and what it needs.
Marine ecosystems are threatened globally (Halpern et al.
2015), and marine protected areas (MPAs) have been an
instrumental tool for conserving biodiversity on a large
scale (Grorud-Colvert et al. 2021). While MPAs usually do
not cover the spatial extent of a migratory species, they can
provide important protection at aggregation sites (such as for
foraging or breeding; Hooker et al. 1999; Hays et al. 2021;
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Conners et al. 2022). The movement patterns of megafauna
within protected areas offer valuable insight into their natu-
ral movements, habitat requirements and ecological roles,
which is particularly important in the context of climate
change (Gilmour et al. 2022). Most atolls are predicted
to be uninhabitable by the mid-twenty-first century from
the combination of sea level rise and wave-driven impacts
from increased storm intensity (Storlazzi et al. 2018). Also,
extreme temperatures have led to changes in coral reefs,
across ocean basins (Tebbett et al. 2023), and have led to
large seagrass bed collapses (Shark Bay, Australia; Thomson
et al. 2015). Climate change is predicted to cause marine
megafauna range shifts by affecting habitat and places of
refuge, impacting reproduction and disease, and changing
how food sources are distributed (Grose et al. 2020).

Sea turtles are long-lived, migratory megafauna with
complex life cycles, having ontogenetic shifts throughout
their lifespan and using both pelagic and coastal habitats
(Musick and Limpus 1997; Godley et al. 2008). Post-hatch-
lings spend several years in pelagic waters (Bolten 2003)
before recruiting to neritic foraging habitats (Musick and
Limpus 1997). Immature turtles can stay in the same forag-
ing grounds for decades (Chaloupka and Limpus 2005) or
move between developmental habitats (Meylan et al. 2011).
Once sexually mature, they migrate between foraging and
breeding grounds, to which they can show high fidelity
(Bowen and Karl 2007; Shimada et al. 2020). Site fidelity
is the tendency to return to/remain in the same area repeat-
edly over time. At foraging grounds, site fidelity within their
home range could enhance survival, since they are returning
to a predictable, familiar environment (Hawkes et al. 2011;
Shimada et al. 2020). Fidelity is one way to describe move-
ments and behavior at foraging grounds. Immature turtles
are known to display strong site fidelity, which has been
described at different spatial scales (Bresette et al. 1998;
Gonzalez Carman et al. 2016) but they also show nomadic
(e.g., Luschi and Casale 2014; Baldi et al. 2023) and avoid-
ance behaviors (Cardona et al. 2005; Senko et al. 2010).
Understanding spatial distribution patterns at foraging
grounds has been identified as a research priority for devel-
oping effective management and conservation strategies for
immature turtles (Wildermann et al. 2018).

Green turtles (Chelonia mydas) and hawksbill turtles
(Eretmochelys imbricata) share the same immature forag-
ing grounds in various parts of the world (e.g., Bjorndal and
Bolten 2010; Martins et al. 2020; Stokes et al. 2023; Sanchez
et al. 2023). Both species have experienced major population
declines and are on the IUCN Red List as Endangered for
green turtles and Critically Endangered for hawksbill tur-
tles (Seminoff 2004; Mortimer and Donnelly 2008). While
populations are now rebounding in many areas (Allen et al.
2010; Mazaris et al. 2017), the habitats they rely on (such as
seagrass beds) are declining globally (Waycott et al. 2009),
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leading to demographic changes in juvenile aggregations
at some foraging grounds (Long et al. 2021; Meylan et al.
2022). Within these foraging aggregations, various behav-
iors are influenced by factors such as competition (Schofield
et al. 2022), prey resources and foraging preferences (Gillis
et al. 2018), size (Pillans et al. 2021), predators (Heithaus
et al. 2007), human disturbance, and individual differences
(Chambault et al. 2020). These factors contribute to smaller-
scale movements and migrations, highlighting the intricate
dynamics of turtle behavior and their potential response to
environmental changes.

Aldabra Atoll, a United Nations Educational, Scientific
and Cultural Organization (UNESCO) site in the Western
Indian Ocean, hosts substantial foraging aggregations of
immature green and hawksbill turtles (Sanchez et al. 2023).
The atoll has been protected for over 50 years and is remote,
with the closest landmasses being Madagascar, ca. 400 km
to the south, and East Africa, 700 km to the west. The atoll
is considered an important benchmark site for natural pro-
cesses because of minimal human impact. A 40-year cap-
ture—mark—recapture (CMR) monitoring program has been
collecting information on immature turtles at several sites
within Aldabra’s lagoon accumulating a long-term and large
dataset in the context of turtle CMR studies. We use this
dataset to investigate small-scale spatial movement patterns
of immature green and hawksbill turtles in Aldabra’s lagoon.
Our objectives were to determine: (i) whether turtles show
foraging site fidelity at such a small scale; (ii) whether site
fidelity is related to turtle size or season; and (iii) movement
connectivity among sites within the lagoon.

Materials and methods
Study area and field work

Aldabra Atoll comprises four main islands that surround
a protected shallow lagoon (Fig. 1). The lagoon covers
203 km? and experiences a tidal change up to 3 m (Hamylton
et al. 2018). The outside reef has steep seaward slopes (Stod-
dart et al. 1971). Due to Aldabra’s remote and inaccessible
location, it has experienced minimal human impact, and has
served as a refuge for species and subspecies with high end-
emism; it has therefore been recognized as an important site
to study ecological and evolutionary processes (UNESCO
2022). Two trade-wind seasons occur at the atoll, with a
wetter and warmer northwest monsoon season, and a drier
southeast trade-wind season (Stoddart and Mole 1977). The
atoll is uninhabited except by personnel of the research sta-
tion run by a local public trust, the Seychelles Islands Foun-
dation (SIF). A maximum of 20 staff resides at the station,
conducting monitoring and research activities and providing
research support.
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Fig.1 The ten turtle capture sites (A-J) at Aldabra Atoll, Seychelles,
for the in-water turtle capture program during 1981-2021. The Sey-
chelles are in the Western Indian Ocean, north of Madagascar (see

An in-water sea turtle CMR monitoring program was
conducted from July 1981 to March 2021, concentrating on
capturing immature turtles within the lagoon, and focusing
in the west lagoon, primarily for logistical reasons. Sam-
pling sessions were not standardized spatially or temporally,
and turtles were hand-captured either by walking at low tide
through partially exposed tidal pools of seagrass/macroal-
gal mats or at high tide by jumping from a boat onto or
next to turtles (Ehrhart and Ogren 1999). High tide captures
mostly occurred in sandy sites. A turtle was pursued until
caught or another was pursued if the first was not captured.
The location was recorded each time a turtle was captured,
and capture locations were grouped into ten capture sites,
A-J (Fig. 1). The minimum straight-line distance (between
polygon edges) between the ten capture sites at Aldabra, cal-
culated in QGIS, was ca. 0.35-25 km. Most sites, however,
were 0.4—-6 km apart (sites A-I), with only one site in the
eastern part of the lagoon (J), 22-25 km from all other sites
(Table S1). The approximate capture areas also varied in size
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inset map) and Aldabra is marked by the star, in the southern part
of the Seychelles Economic Exclusive Zone (dotted lines; Flanders
Marine Institute 2022). Map source: QGIS Development Team (2022)

(when looking at QGIS polygons) from 0.14 to 0.95 km?:
A=0.14 km* B=0.95 km? C=0.23 km* D=0.68 km?;
E=0.32 km% F=0.17 km%* G=0.73 km%* H=0.58 km?;
[=0.23 km?; J=0.22 km? (Table S1). Turtles were released
immediately after tagging for the most part in the same area
they were captured. If a more sheltered area was needed to
tag and measure the turtles, turtles were then released there.
These are reported in the results.

Curved carapace length notch to tip (CCLn-t) and mini-
mum curved carapace length (CCLmin; Bolten 1999) were
measured, and the weight of animals were measured with
a spring balance (Bolten 1999). The first time a turtle was
captured, two flipper tags were applied, one in each front
flipper (Balazs 1999). Each time a turtle was recaptured,
its tag numbers were recorded and missing tags replaced
with new ones. From the 1980s to 1995, Monel (National
Band & Tag Co. styles 681, 49) and plastic yellow roto-tags
(Dalton Supplies Ltd.) were used. From mid-1995 forward,
Inconel tags (National Band & Tag Co. style 681) were used
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on smaller turtles while larger turtles (> 15 kg before 2020
and > 10 kg after 2020) received titanium tags (Aust. ‘tur-
tle’ titanium tag/Stockbrands Co.). In cases where CCLn-t
was not recorded and CCLmin was, CCLmin was converted
using Aldabra specific equations (see Sanchez et al. 2023).
Capture rate at a site is here defined as the number of
turtles caught per site divided by the total number of capture
sessions at that site. A ‘capture session’ is defined as a visit
to a site that resulted in at least one turtle capture. If more
than one site was visited in the same day, each visit was
counted as a separate session. The monitoring program did
not record if a capture session occurred and no turtles were
captured, and it did not record the start or end time when
searching for turtles at a site. Although a session with no
captures did not happen often, it is known to have occurred
at least a handful of times in the history of the program.
Therefore, capture rate will be an underestimation of effort.
To take into account this limitation, the following analyses
are designed not to be affected by different site features.

Data analysis
Site fidelity

All analyses were performed separately for each turtle spe-
cies in R (v4.2.1; R Core Team 2021) using RStudio (v1.2.5;
Posit team 2022). Generalized linear models (GLMs) and
generalized linear mixed models (GLMMs) were fit using
R package “glmmTMB” (Brooks et al. 2017). The family
of response residuals was assessed with the “check_dis-
tribution” and “check_overdispersion” functions from the
“performance” package (Liidecke et al. 2021). Goodness-
of-fit tests on scaled residuals were evaluated through the
“DHARMa” package (Hartig 2022) by plotting function
“simulateResiduals” and with functions “testUniformity”
and “testOutliers”. Model assumptions were evaluated
through QQ plot residual tests, the within-group deviation
from uniformity, the Levene test for homogeneity of vari-
ance and dispersion tests from those functions. Each of these
evaluations have built-in significance testing. Models were
evaluated as a good fit if all tests were not significant.

Site fidelity was investigated using three approaches.
Since effort could not be incorporated into models, the three
approaches were designed to not be affected by this limita-
tion. First, we checked if turtle size affects the probability of
being captured multiple times, with the following GLMM:
glmmTMB (cbind(main, others) ~ sizegroup + (1 | site), fam-
ily =binomial(), where: main is the number of times cap-
tured in the site of most captures within each individuals’
recapture history, others is the number of times captured at
all other sites, sizegroup is larger or smaller size category,
and site is the site of most captures of the turtle, set as a
random factor to account for heterogeneity in the sites. The
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variable sizegroup was a factor with two levels (small and
large) with a cutoff of 50 cm CCLn-t. The cutoff was based
on the mean size of all captured turtles (48.0 and 47.1 cm
CCLn-t for green turtles and hawksbill turtles, respectively).
In support of the 50-cm CCLn-t threshold, growth rates cal-
culated from the same long-term dataset in a different study
found that the 10-cm size classes of 50-60 and 60-70 cm
CCLn-t size classes were the highest (Sanchez et al. 2023);
thereby, the cutoff at 50-cm kept those similar growth rates
grouped together. As no significant relationships were found
in this study between size and site fidelity (see Results), size
was not further considered.

In the second approach, site fidelity was defined in rela-
tion to a site, assessing whether turtles frequent a certain site
more than would be expected by perfect nomadism among
sites. In the latter case, the following relation is expected:

Nx _ mX
T ~ Nx’

where Nx is the number of individual turtles originally
tagged at each site (e.g., Na, Nb, Nc, etc.), T is their sum
(total number of turtles tagged at all sites), and nxX is the
number of turtles originally tagged at that site that have
been recaptured at the same site (e.g., naA, nbB, etc.). By
comparing Nx/T to nxX/Nx, we removed the effect of site-
specific capture effort. In other words, for H, (random mix),
we expected the proportion of turtles recaptured at the same
site of tagging to be equal to the overall proportion of indi-
vidual turtles tagged at that site. On the contrary, for H,
(non-random mix), we expected this proportion to be greater
than the overall proportion if turtles are showing site fidelity
(e.g., naA/Na> Na/T), or less in the case of avoidance (i.e.,
the opposite of fidelity). These terms are here used just to
describe these two opposite cases and do not necessarily
imply a specific behavior of the turtle. A Fisher’s exact test
was used to test these hypotheses.

In case of site fidelity, the turtle may settle at a certain
site by chance or because of specific site features. In the first
case, fidelity (F) to a certain site x, defined as Fx = %, is
expected to be similar in all sites (i.e., Fa=Fb=Fc...Fj),
while in the second case F is expected to differ among sites.
To assess which is the most likely case, a Fisher’s pairwise
test (with Bonferroni correction) from R package “rstatix”
(Kassambara 2023) was used.

In the third approach, site fidelity was investigated in rela-
tion to seasonality. We assessed the number of times each
individual was caught and the number of different capture
sites within its capture history (e.g., DD =1 site, FDF=2
sites). For each capture history, individuals were catego-
rized as captured only during the northwest monsoon sea-
son (NW), only the southeast trade-wind season (SE) or a
mixture of the two. For green turtles, if a turtle was recap-
tured multiple times, each subsequent recapture pair was
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considered a separate event (i.e., for capture history FDF,
recapture pairs are FD and DF). Any event without a known
capture location was excluded from this analysis. For each
capture—recapture event, we determined if both the capture
and recapture were from the same season or from differ-
ent seasons. The relationship between site fidelity events—
whether a turtle is captured and then recaptured at the same
site or not—and season was explored with GLMMs. For
green turtles, the model glmmTMB(Capture_event_fidel-
ity ~ season + (1/TurtleID), family =binomial) was used,
with site fidelity (1 =capture—recapture in the same location;
0 =capture—recapture in different locations) as the response
and season (1 = capture-recapture in the same season; 2=in
different seasons) as the predictor variable. Using propor-
tions for site and season removed the effect of site-specific
capture effort. Turtle ID was used as a random effect to
account for multiple capture—recapture events from the same
individual. For hawksbill turtles, there were fewer individu-
als and more observations than for green turtles, and the
model failed to converge. Therefore, the model was further
simplified by only including the first capture event of each
individual, instead of the whole capture history, with the fol-
lowing model: glmmTMB(Capture_event_fidelity ~ season,
family = binomial).

Connectivity

Since a connectivity analysis is affected by capture effort
but it cannot be accounted for in this study, the following
analysis aimed to provide qualitative information on the con-
nectivity among sites rather than quantitative estimates. To
look at patterns of connectivity between sites, a network
analysis was performed using R packages “igraph” (for net-
work analysis; Csardi and Nepusz 2006) and “ggraph” (for
network representation; Pedersen 2022). Due to the structure
of the capture program (effort unevenly spread across sites)
and being unable to account for imperfect or heterogeneous
detection (Gimenez et al. 2019), only very simple analyses
were applied. Capture events were analyzed as non-direc-
tional, and QGIS (QGIS Development Team 2022) was used
for mapping. Centroids were created for each site polygon
in QGIS. The centroids/nodes represented spatial regions
(the capture sites), the edges/links represented the movement
between sites, and loops represented a capture and recapture
at the same site. Edges were not representative of actual
paths taken by turtles but instead represent the connection
between two nodes with a straight line (distances among
sites are provided in Table S1).

Node size was proportional to the number of times a
capture event occurred at that site, including capture events
where the capture—recapture occurred at the same site
(loops). ‘Edge width’ represented the magnitude of cap-
ture events between nodes. Centrality measures of degree,

eigenvector, and betweenness, were calculated for each node
to identify more common sites or relative importance of sites
from the movement network, using the “igraph” package
(Csardi and Nepusz 2006) through functions “centr_degree”,
“centr_eigen”, and “centr_betw”. They were set as non-
directional and normalized. ‘Degree’ represents the number
of nodes a node is connected to; ‘eigenvector’ is similar to
degree but takes into account the centrality of the nodes it is
connected to, thereby giving a further indication of which
nodes have influence over the whole network. ‘Betweenness’
shows the importance of a node based on how important the
other nodes are that it is in direct contact with, thereby show-
ing which nodes influence the network flow. Node and edge
network values were visualized spatially through QGIS. R
package “ggraph” (Pedersen 2022) was used to create arc
diagrams with function “geom_edge_arc”. Self-loops were
included through function “geom_edge_loop.” It automati-
cally multiplies them by two (for the capture and recapture;
Pedersen 2022).

Benthic composition of sites

The lagoon habitat map (Hamylton et al. 2018) indicated
eight categories of habitat for the sites: bare carbonate sand,
fine silts with organic content, dense macroalgal mat on
sand, sparse macroalgae and seagrass assemblage on sand,
seagrass beds, coral patches, bedrock, and coral rubble. Ben-
thic composition was explored by spatially overlaying the
polygon representing each site onto the benthic habitat map
(Hamylton et al. 2018) to assess whether sites with fidelity
had consistent benthic habitat compositions. The proportion
area of each habitat category was calculated per site using
QGIS.

Results

A total of 1158 green turtles and 514 hawksbill turtles
(immature individuals) were tagged on Aldabra as part of
the in-water CMR program from 1981 to 2021, with 236
(20.3%) green turtles and 276 (53.7%) hawksbill turtles
recaptured at least once (Table 1). Recaptured individuals
were re-caught from one to nine times, and the number of
captures per site was 8-565 for green turtles and 4-273 for
hawksbill turtles.

The mean carapace length (CCLn-t) of captured green
turtles was 48.6 + 8.1 SD cm (range 35.4—74.5, n=163),
and hawksbill turtles 46.1 +11.0 SD cm (range 30.1—80.5,
n=146). Since 96% (n=1342) of the green turtle captures
and 97% (n="773) of the hawksbill turtle captures were
released in the same location as capture, these were not
analyzed in a separate analysis.
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Table 1 The total numbers of
captures of green turtles and

Sites Green turtles

Hawksbill turtles

hawksbill turtles overall and Total # captures

# Turtles captured more Total # captures # Turtles cap-

at each of the ten sampling than once tured more than
sites and the number of turtles once
captured more than once

A 11 - - -

B 57 160 23

C 131 4 17

D 160 17 17 3

E 9 4 -

F 200 28 5 -

G 565 97 273 66

H 235 21 69 5

I 8 - - -

J 18 - 249 57

Total 1394 168 794 156

Overall, the number of capture sessions per site ranged
from two (site I) to 154 (site G) for green turtles and two
(site E) to 87 (site G) for hawksbill turtles. Capture sessions
varied per season, with 2-39 and 1-115 sessions for green
turtles in the NW and SE seasons, respectively, and 2-29 and
2-63 for hawksbills in the NW and SE seasons, respectively
(Table S2). Our site-specific capture rate (number of turtles
caught per site divided by the total number of sessions at that
same site) was highest at site E (4.5 +2.1 SD captures/ses-
sion) followed by site F (4.26 +2.6 SD captures/session) for
green turtles, and highest for site B (3.81+3.2 SD captures/
session) followed by site G (3.14 +2.6 SD captures/session)
for hawksbill turtles (Table S3, Figs. S1, S2).

Site fidelity

Assessing site fidelity with the first approach using GLMs,
all model evaluations listed in the methods were insignificant
(p>0.05) and therefore were considered to meet all underly-
ing assumptions. Size did not affect the probability of recap-
ture for green turtles (estimate = — 0.00, std. error =0.40,
z=—0.001, p=0.99; n=168) or for hawksbill turtles (esti-
mate=—0.59, std error=0.78, z=—0.76, p=0.45; n=156).
The random effect of site indicated some variability for both
species (variance =1.92, 4.85; std. dev =1.39, 2.20, respec-
tively, for green and hawksbill turtles). Since size group
was not significant for both species, all sizes were pooled
together in the other analyses.

The second approach, of assessing whether turtles fre-
quent a certain site more than would be expected by ran-
dom selection, suggested that for green turtles, three (C, G,
H) of the ten capture sites had a lower ratio of recaptures
than the overall ratio (Table 2), indicating avoidance. When
comparing these three sites with each other, they had dif-
ferent proportions of recaptures (p <0.001) suggesting that
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settling probability differs by site, with significant differ-
ences between C-G (n=649, p <0.001) and G-H (n=737,
p <0.01). For hawksbills, two (G, J) of the ten capture sites
had higher proportions than the overall proportion (Table 2),
indicating site fidelity. However, their proportions of recap-
tures did not differ from each other, suggesting that turtles
settle there by chance.

The third approach, looking at the effect of season on site
fidelity, indicated that individuals tended to be recaptured at
only one site for both green turtles and hawksbill turtles. No
individual capture history included more than three sites. For
green turtles, 45% of the individuals had capture histories
within the SE season and 45% had capture histories within
both seasons. Hawksbill turtles were similar for the SE and
both seasons (40% and 56%, respectively). Both species had
high proportions of recaptures at one site (65% for green tur-
tles, 90% for hawksbill turtles; Fig. S3, Table S4). Addition-
ally, 68% and 65% of the green turtle and hawksbill turtle
capture sessions, respectively, were in the SE.

When determining whether capture-recapture events
occurred in the same season or not, for green turtles, same/
different season was significant (GLMM, n=236; esti-
mate = — 0.80, std. error=0.35, z=-2.31, p=0.02). This
suggests that the season in which the capture-recapture
occurs has a significant effect on the likelihood of being
recaptured in the same location. The negative coefficient for
season (—0.80) implies that turtles are less likely to be recap-
tured in the same location in different seasons (n==87 events)
compared to the same season (n =149 events: southeast sea-
son= 121, northwest season =28). The random effect of Tur-
tleID accounted for some of the variability (variance =0.84,
std. dev=0.91; n=168). For hawksbill turtles, when using
the original capture-recapture event of each individual, the
same/different season of capture-recapture did not affect the
capture event fidelity (GLM, n=148; estimate =0.01, std.
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Table 2 Number of turtles

. Species Site Total origi- Site Site ratio  Overall Site vs overall Non-random
;ﬁ;‘;i?ﬁf{:&i’s tii:;iﬁ?ﬁlf nally tagged  recaptures (nxX/Nx) ratio ratio, p-value @ix (fidel-
the same site it was originally @) (reX) W) y)?
captured at (nxX) and the site Green turtles A 11 0 0 0.01 1.0 -

2?% é);ei:tr}allll ratios used to look B 5 0 0 0.04 027 3
C 126 3 0.02 0.11 <0.01 Negative
D 130 7 0.05 0.11 0.07 -
E 6 0 0 0.01 1.0 -
F 164 15 0.09 0.14 0.14 -
G 443 77 0.17 0.38 <0.001 Negative
H 203 14 0.07 0.17 <0.001 Negative
1 5 0 0 0.00 1.0 -
J 18 0 0 0.01 1.0 -
Hawksbill turtles A 0 - - - -
B 127 21 0.18 0.23 0.13 -
Cc 15 0.07 0.03 0.39 -
D 14 2 0.14 0.03 0.08 -
E 4 0 0.01 1.0 -
F 5 0 0 0.01 1.0 -
G 147 63 0.43 0.29 0.03 Fidelity
H 63 3 0.05 0.12 0.13 -
I 0 - - - -
J 138 56 0.41 0.26 0.03 Fidelity

A non-random mix is indicated if the site ratio is different from the overall ratio (p <0.05; Fisher’s exact
test), with fidelity considered if site ratio>overall ratio and avoidance (i.e., opposite of fidelity) if site
ratio < overall ratio. Cells in bold indicate significant fidelity results. T is the total number of individuals
caught that have a site recorded (7=1158 green turtles, 514 hawksbill turtles)

error=0.65, z=0.01, p=0.99). For both species, all model
evaluations were insignificant (p > 0.05) and therefore were
considered to meet the underlying assumptions.

Connectivity

Capture—-recapture events at the same site (e.g., AA, BB,
CC, etc.) were most common for site G for green turtles and
sites G and J for hawksbill turtles (Fig. 2; Tables S5 and S6).
Green turtles had the highest ‘degree’ of centrality at site G
(score =8), followed by sites D and F (score 6), which was
reinforced by the highest ‘eigenvector’ centrality scores at
sites G (1), D (0.87), and F (0.81). These results suggest
sites G, D, and F had the most influence over the network
in terms of events. For ‘betweenness’ centrality (the highest
influence on the network for captures), site H had the highest
score (11) followed by G (1.5; Table S7).

Hawksbill turtles had the highest ‘degree’ centrality at
site B (score =6) followed by G (score=5), and ‘eigenvec-
tor’ scores were highest in B (1.0) followed by G (0.88) and
H (0.72). In combination, these suggest that sites B and G
had the most influence over the network for capture events.
‘Betweenness’ centrality was highest for site B (score 5.5)
followed by J (1.0; Table S7).

Site benthic composition

The recapture sites varied in their habitat composition,
including six to eight benthic categories of the lagoon habi-
tat map (Fig. 3). Only sites B and J had the category ‘coral
rubble’ (0.2% and 6.5%, respectively).

Discussion

Within the context of a foraging area with minimal human
impacts, we examined site fidelity of two sympatric sea tur-
tle species at a fine scale (most sites <6 km apart, and one
site 22-26 km from the others). Low site fidelity might have
indicated that the scale examined was too small relative to
the mobility of these species; however, we found both sig-
nificant site fidelity and avoidance at this scale.

Site fidelity and connectivity
In the Aldabra lagoon, most individuals of both species were
recaptured at sites different from their original capture loca-

tions. Site fidelity was observed at two sites for hawksbill
turtles and three sites for green turtles; however, the two
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A 0 25 5km
IS E—

Fig.2 a, ¢ Capture-recapture event movement network for spatial
representation and b, d arc diagram to show capture-recapture in the
same location (loops) of a, b green turtle and ¢, d hawksbill turtle
events at the different capture sites (sites A-J) over the long-term
dataset from Jul 1981 to Mar 2021. Node strength is represented by

50 1

254

Benthic composition (%)

B CDETFGH I J
Site

Fig.3 Percent of the habitat categories (see Hamylton et al. 2018)
found at each site (B-J). Site A was not covered in the habitat map
and is therefore not included here. Along the top, white (+) for

species behaved differently. Green turtles showed an avoid-
ance and hawksbills a significant site fidelity. Other studies
assessing fine-scale movements using CMR mostly recap-
ture turtles at the same sites (although they use different
scales to define sites). In Bermuda, for example, nearly 90%
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the node size, based on the number of times a turtle was captured
in that site. Edges are non-directional and weighted based on cap-
ture event frequency. Capture effort and size of capture site were not
included in the analysis

dense macroalgal mat on sand

sparse macroalgae & seagrass assemblage on sand
seagrass beds

coral patches

bedrock

coral rubble

hawksbill turtles and black (+) for green turtles indicate the sites
with the highest degree centrality scores. However, capture effort and
size of capture site were not factored into the centrality scores

of juvenile green turtle recaptures were at the same site as
original capture, and turtles that switched sites traveled from
nearly 0.2 km to over 2.0 km to their next site (Meylan et al.
2022). A 9-year study in Martinique, with ten capture sites
0.4—40 km apart, found a ca. 90% probability of recapturing
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a juvenile green turtle in original capture site (Siegwalt
et al. 2020). The data from our study suggest there may be
less fidelity at Aldabra or home ranges are larger, leading to
lower rates of recapture.

Spatial movements of juvenile green and hawksbill tur-
tles have been explored through active (Van Dam and Diez
1998) and passive acoustic telemetry (Selby et al. 2019; Pil-
lans et al. 2021) and satellite tracking (Wood et al. 2017;
Chambault et al. 2020). Comparing results from these stud-
ies is challenging because of differences between regions,
sites, sample sizes, study design, and analyses, but they do
provide insight to the species. Home ranges for immature
green turtles and hawksbill turtles have been estimated to
be on average <3 km? at sites in the Atlantic and Carib-
bean (Makowski et al. 2006; Chevis et al. 2017; Griffin
et al. 2020; Matley et al. 2021). Within these home ranges,
high-use areas can vary in size (Florida; Makowski et al.
2006) with larger space use (> 16 km?) presumably due to
food resources being widely distributed (Gulf of California;
Seminoff et al. 2002). For hawksbills, studies in the Car-
ibbean have shown home ranges to range from 0.07-2 km
for immature hawksbill turtles (Van Dam and Diez 1998;
Blumenthal et al. 2009). Highly variable individual move-
ments have been observed with some turtles using a single
site and others using multiple sites, with no clear pattern
(Chevis et al. 2017).

We predicted that green turtles’ avoidance behavior at
three sites in the west lagoon was likely due to site features,
but this does not seem to have been the case. Two sites (C
and H) had similar proportions of sand, macroalgae, and
seagrass, with differences in coral patch coverage (20%
and < 1% for C and H, respectively), while site G was quite
different, comprised predominantly of sand. This seems to
suggest that green turtles were avoiding these sites for a
reason other than the benthic habitat composition. Predation
risk, availability of resting sites, turtle size, competition, and
prey availability can influence movement (further discussed
below). Additionally, C and H are areas where opportunistic
dugong sightings have been recorded (Appoo et al. 2019).
Green turtle avoidance at these sites may reduce competition
with dugongs for similar foraging resources, since dugongs
mostly rely on seagrasses or algae (when seagrass is scarce)
(Marsh et al. 1982; Wirsing et al. 2022). Although these
additional factors were not possible to analyze with the CMR
data, they point the way for future investigations at the atoll.
Conversely, hawksbill turtles had strong site fidelity to two
sites (G, J), suggesting that settling (indicated by show-
ing strong site fidelity/high site recaptures), at these sites
which may happen by chance or by factors not accounted
for here. Of all the sites, sites G (west lagoon) and J (east
lagoon) differed the most in terms of their benthic habitat
composition, with site G dominated by sand, while J was
mainly seagrass and coral, suggesting that these sites are

used for different purposes. At Lighthouse Reef Atoll in
Belize, which also has a shallow, protected lagoon, habi-
tat type and location (forereef vs. lagoon) correlated with
juvenile hawksbill turtle abundance, with fewer hawksbills
captured in the lagoon. The lagoon was probably a transit
area between foraging sites (Scales et al. 2011). It is pos-
sible this is also the case for the Aldabra hawksbill turtles.
Benthic complexity, such as coral and ledges, is known to be
important for hawksbill habitat use (Witt et al. 2010; Selby
et al. 2019), but hawksbills also occur in seagrass beds and
sandy areas (Bjorndal and Bolten 2010; Selby et al. 2019),
and utilize mangrove estuaries and shallow rocky reefs near
mangroves as foraging grounds (Gaos et al. 2012; Martinez-
Estevez et al. 2021). Habitat availability and use needs to be
more closely assessed to understand how both species are
using these sites.

Connectivity between sites was explored using cap-
ture—recapture events (not individuals) with a network
analysis. We could not account for capture effort in the con-
nectivity analysis; therefore, our results provide qualitative
information on the connectivity among sites. Size of capture
sites was also not included in the analysis, which may also
affect recapture of individuals. The sites of highest impor-
tance for immature green turtles were G, D, and F, and for
immature hawksbill turtles, sites B, G, and J (Fig. 2). The
shared importance of site G was also seen in site fidelity
among individuals. Additionally, all green turtle capture
events occurred in the west of the lagoon, while hawksbill
turtles showed connectivity between the west and east sides
of the lagoon. High fidelity and wider connectivity within
the lagoon was also found for hawksbill turtles at Lighthouse
Reef Atoll in Belize (Chevis et al. 2017). The connectiv-
ity of both species between the sites also shows their over-
lap in habitat use. Niche partitioning has been seen where
green and hawksbill turtles co-occur, via foraging in differ-
ent microhabitats (Martins et al. 2020). A decrease in food
quantity or quality can result in a lower site fidelity due to an
increased foraging effort (Meylan et al. 2022), and turtles in
urbanized coastal areas with pollution and habitat loss may
consume their less preferred prey compared to when in pro-
tected environments with less human impact and a greater
diversity of prey (Santos et al. 2011; Martins et al. 2020).
As Aldabra has been protected for decades and experiences
minimal human impact, direct anthropogenic disturbance
is unlikely to have reduced availability of prey items, but
increases in the size of the foraging aggregations in response
to conservation efforts in the region might result in competi-
tion for prey items and/or changes in the turtle aggregation
composition. Over-grazing by recovering foraging green tur-
tle aggregations has been documented in places such as Lak-
shadweep, India, and Bermuda, USA (Gangal et al. 2021;
Meylan et al. 2022). Similarly, models of recovering whale
populations indicate that reduced krill biomass caused by
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climate change will lead to competition for food and result
in population declines (Tulloch et al. 2019). Also, in Great
Britain, gray seals are possibly contributing to harbor seal
population declines in areas of overlap through prey com-
petition (Wilson and Hammond 2019).

Movement patterns vary in other regions, similar to
our findings at Aldabra. In Belize, juvenile hawksbill tur-
tle movements followed three patterns: ‘residents’ spent
60-100% of their time at a single location; ‘sequential
residents’ spent several weeks/months at a site (with small
exploratory movements) before moving to a different one for
weeks/months (i.e., showing strong site fidelity); and ‘tran-
sients’ did not stay at any site for an extended period (Chevis
et al. 2017). Green turtles off the coast of Brazil (juveniles
and adults) showed three similar patterns, with turtles forag-
ing on macroalgae having larger ranges (Godley et al. 2003).

The fact that movements within the west lagoon were
recorded for both species plus transits of hawksbill turtles
across the lagoon may be explained either by high numbers
of untagged turtles resulting in low recapture rates, or turtle
movements that are influenced by environmental factors we
have not studied. For example, diel movements have been
found to influence juvenile turtle movements (Makowski
et al. 2006; Hart et al. 2016; Selby et al. 2019; Matley et al.
2020). At St. Croix, in the United States Virgin Islands,
green turtles were found using both lagoon and reef habitat
at night (Griffin et al. 2020), while in the nearby Culebra
and Culebrita islands, Puerto Rico, green turtles mostly
remained within the lagoon at night (Griffin et al. 2019).
Both locations are in MPAs. In the Cayman Islands, turtles
used the lagoon during the day and moved to the outside reef
at night (Blumenthal et al. 2010). Chambault et al. (2020)
investigated diel patterns and daily movement drivers for
juvenile green turtles in five sites in the southwest Indian
Ocean and found strong inter-individual and inter-site dif-
ferences. At Europa, which has a semi-enclosed lagoon, like
Aldabra, most tracked turtles remained in the mangroves,
and had the same high-use areas regardless of day or night
(Chambault et al. 2020). Strong tidal areas may not have the
same diurnal-nocturnal turtle movements as seen in areas
without strong tides, with turtles using the tides to access
habitats (Senko et al. 2010). This may be a likely scenario
for Aldabra turtles.

Turtle size has been shown to affect turtle distribution at
other locations. In the atoll-like system of the Dry Tortugas,
FL, larger green turtles rested at night in deeper water while
smaller turtles rested in shallow water < 1 m deep (Hart et al.
2016). Likewise, larger turtles used deeper, open waters,
and smaller immature turtles used shallow protected bays
in the Florida Keys and Guinea Bissau (Welsh and Mansfield
2022; Madeira et al. 2022). In north-western Australia, there
was spatial segregation between foraging juvenile, sub-adult
and adult green turtles’ life stages: larger turtles were found
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in areas of the lagoon that were more open and smaller tur-
tles were closer to the shoreline. The shift from shoreline
to further offshore within the lagoon increased the range of
area used and capture habitats as turtles matured (Pillans
et al. 2022). In our study, we found no relationship between
turtle size and probability of being recaptured.

Season can also affect distribution. For green turtles at
Aldabra, we recaptured a higher proportion of turtles in the
same location when the initial capture event occurred during
the same season. As Aldabra is tropical, seasonal migrations
seen in temperate latitudes (e.g., Williard et al. 2017) are not
expected. A possible explanation for our results for green
turtles may be sampling or site bias. The northwest season is
calmer with clearer water, making it easier to pursue turtles
further from land. The southeast season is windier and the
water more turbid; turtles are pursued closer to land and in
more sheltered areas. Potential bias could be reduced by
recording more information during capture sessions, includ-
ing recording the number of turtles seen for each species and
if no turtles were captured during a session at a site.

Dugongs and green turtles rely on similar prey; therefore,
competition between them has been investigated (reviewed
in Wirsing et al. 2022). In the Torres Strait and Shoalwater
Bay (Australia), there was a wide spatial overlap between the
two species with a difference between their core use areas
(Gredzens et al. 2014). Studies have suggested that the two
species partition resources by foraging at different water
depths (e.g., Chilvers et al. 2004; Hazel et al. 2009). It has
also been suggested that turtles minimize competition with
dugongs by adjusting their diet (André et al. 2005), since in
places where both turtles and dugongs occur, turtles have
been found to include ctenophores, jellyfish, sponges and/or
macroalgae (Heithaus et al. 2002; André et al. 2005). When
both species are consuming seagrasses, their differences in
foraging strategies may also reduce competition (Wirsing
et al. 2022). To understand the dynamics between dugongs
and green turtles in the Aldabra lagoon, further investiga-
tions into foraging ecology of both species would need to
be conducted.

Finally, predation and social interactions influence animal
movement. For example, green turtles show altered habitat
choice with increased tiger shark predation risk (Heithaus
et al. 2007). Tiger sharks (Galeocerdo curvier) are common
around Aldabra (Stevens 1984, SIF unpubl.) and are known
to prey on green turtles there (Frazier 1971). Although very
little is known about tiger shark distribution and movement
around the atoll, the spatio-temporal distribution of the two
turtle species could be affected by such predators.

Limitations and recommendations

Our study uses a simple approach to investigate fine-scale
site fidelity with CMR, by evaluating site-specific ratios
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compared to overall, expected ratios for each site. We com-
bine those results with other methods (network analysis,
GLM/GLMMs) to maximize the information content from
this long-term dataset. CMR is a low-cost method which
can provide long-term views on site fidelity and connectiv-
ity, which can otherwise be difficult to obtain (Godley et al.
2003) and has contributed valuable long-term information
on turtle ecology (e.g., Meylan et al. 2022). The disadvan-
tages of CMR include not knowing extent of occupancy and
movement paths in between captures and extracting informa-
tion from low recapture rates. Low recapture rates, common
in other CMR studies (e.g., Long et al. 2021), could be due
to turtles having large home ranges with multiple foraging
areas, being transient to the area, or having tagged too few
turtles to produce a meaningful recapture rate. Low recap-
ture rates can also be species-specific: immature green tur-
tles are more abundant at Aldabra than immature hawksbills,
but they swim faster than hawksbills, making green turtles
more difficult to capture.

Although we attempted to standardize the data, the num-
ber of captures will still be affected by capture effort, but
unfortunately sessions with no captures were not recorded.
Sampling sessions where no turtles were caught are known
to have occurred in the history of the program, and although
it is thought to be a small number, there is no way of calcu-
lating the number of sessions that ended in zero captures. In
the future, and for other similar programs, GPS coordinates
and searching effort should be recorded for every session
(including sessions with no captures) to improve information
on spatial use and density. Since GPS coordinates were not
available, capture site areas were conservatively estimated,
likely over-estimating the size of the capture areas. Sites
ranged in size from 0.14 to 0.95 km?. When looking at cap-
ture site size and network importance for green turtles, sites
G, D, and F had the highest ‘degree’ centrality scores. G
(0.73 km*) and D (0.68 km?) had two of the largest estimated
capture areas, while F (0.17 km?) had one of the smallest
capture areas. For hawksbill turtles, sites B and H had the
highest ‘degree’ centrality scores: B had the largest area of
all the sites (0.95 km?), while H (0.58 km?) was near the
middle. While results of analyses indicated that even the
smaller sites were important, it is possible that sites cover-
ing larger areas could have a bias on a turtle being recap-
tured. Capture effort at the different sites will also have a
bias on recaptures. The connectivity analysis would have
been affected by capture effort and possibly by the size of
the capture areas, therefore it aimed to provide qualitative
information on the connectivity among sites.

Small-scale studies on the spatial ecology of turtles could
be strengthened, in conjunction with CMR programs, with
more precise but shorter-term methods such as acoustic
(Chevis et al. 2017; Griffin et al. 2020) or satellite tracking
(Shimada et al. 2020; Siegwalt et al. 2020) to define core

foraging areas and spatial movement. These methods would
work well in the enclosed lagoon of Aldabra and would sub-
stantially improve the quality of the information from such
studies.

Conclusions

Our fine-scale analysis of immature turtle recaptures in a
relatively undisturbed environment has provided insight into
their distribution and site fidelity at Aldabra. Both green
turtles and hawksbill turtles use the same sites; however,
we show opposing site-fidelity behavior in the two species:
avoidance for green turtles and high site fidelity for hawks-
bill turtles. Such findings have implications for the scale of
conservation measures and can inform human use, e.g., areas
where tourism could be increased or should be avoided.

With Aldabra’s turtle population increasing (Pritchard
et al. 2022), resources may eventually become limited (e.g.,
through increased competition or habitat degradation; see
Meylan et al. 2022). The current high site fidelity of hawks-
bill turtles at a few sites at Aldabra suggests that these turtles
do not have to move far to find food. Increasing foraging
efforts could, however, lead to reduced site fidelity. Aldabra
is an exemplary location to study how turtles respond to
increasing turtle populations and climate change. Follow-on
research to improve our understanding of sea turtle ecology
and habitat use at Aldabra could include fine-scale investiga-
tion of resource partitioning and the impact of environmen-
tal factors, such as tides, on their movement and behavior
through methods such as acoustic or satellite telemetry (e.g.,
Selby et al. 2019; Chambault et al. 2020), and/or accelera-
tion data loggers (Hart et al. 2016). Our findings provide a
better understanding of the ecology and habitat use of imma-
ture sea turtles. This will help to guide conservation efforts
at different geographic scales, and provide insight into how
turtles might adapt to environmental change.
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