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ABSTRACT: The sea turtle populations of Reunion Island, a volcanic island in the western Indian
Ocean between Madagascar and Mauritius, were significantly impacted by human colonization in
the 17th century. However, after 40 yr of local and regional conservation efforts, these populations
are showing signs of recovery. This study examines spatiotemporal trends in the abundance and
distribution of green turtles Chelonia mydas and hawksbill turtles Eretmochelys imbricata along the
west coast of Reunion Island from 2008 to 2023. Data were collected through microlight aerial sur-
veys and photo-ID. The results reveal a consistent increase in turtle abundance, particularly juve-
niles, with juvenile green turtles comprising 78 %, juvenile hawksbill turtles 15%, and the remain-
ing observations based on photo-ID being adult green turtles. Size-class estimates from aerial
surveys suggest that annual fluctuations in abundance are derived largely from variations in the
number of smaller turtles, underscoring Reunion Island's role as a critical developmental habitat.
The highest concentrations of turtles were observed in fringing reef areas characterized by shallow,
gently sloping bathymetric zones. Photo-ID also revealed strong site fidelity for both species. Com-
bining aerial surveys and photo-ID —an innovative approach — this study provides life-stage-
specific abundance trends across 9% (5.5 km?) of the surveyed area (60 km?) and links distribution
patterns to food availability. Notably, in one area, a decline in green turtles correlates with the loss
of seagrass habitat. These findings advance understanding of the spatial ecology of in-water turtles
and offer valuable insights for local and regional conservation planning. They further emphasize
the role of sea turtles as indicators of coastal ecosystem health.

KEY WORDS: Eretmochelys imbricata - Chelonia mydas - Coastal distribution - Aerial survey -
Photo-identification - Reunion Island

1. INTRODUCTION

After years of oceanic development, juvenile green
turtles Chelonia mydas and hawksbill turtles Eretmo-
chelys imbricata recruit to neritic habitats to which
they exhibit high fidelity (Schofield et al. 2010, Cham-
bault et al. 2020, Siegwalt et al. 2020, Sanchez et al.
2024), and later on as adults between reproductive
cycles (Shimada et al. 2020). However, the increasing
human activities in coastal regions are placing signif-
icant pressure on sea turtle populations (Hamann et
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al. 2010, Lutcavage et al. 1997) and their coastal hab-
itats worldwide (Halpern et al. 2008). Because sea tur-
tles play multiple roles in these coastal ecosystems,
their presence is a good indicator of the overall health
of the habitat they use (Aguirre et al. 2002). There-
fore, monitoring sea turtle abundance may allow for
indirect monitoring of the global health of the hab-
itats, in addition to the human-induced pressures and
the potential impacts on these threatened species
(Aguirre & Lutz 2004, Komoroske et al. 2011). Despite
an increasing number of international conservation
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agreements strengthening the legal protection frame-
work, hawksbill turtles are listed by the International
Union for Conservation of Nature (IUCN) as globally
Critically Endangered (Mortimer & Donnelly 2008)
and green turtles globally as Endangered (Seminoff
2023), although a recent regional assessment indi-
cated that in some regions, the regional population of
green turtles is listed by the IUCN as Least Concern
(e.g. western Indian Ocean; Bourjea & Dalleau 2023).
The recently updated global conservation assess-
ment further classifies the Southwest Indian Ocean
Regional Management Units (RMUSs) for both green
and hawksbill turtles as facing low risk and low threat
levels (Wallace et al. 2025).

Reunion Island, located in the southwestern Indian
Ocean, was first described by early colonists in the
17th century as an important nesting site for green
turtles (Deschamps 1962). However, centuries of sea
turtle hunting and egg harvesting following human
colonization led to a dramatic decline in both nesting
and foraging sea turtle populations (Hughes 1974,
Frazier 1975, Bertrand et al. 1986). After a 25 yr
absence, a limited but promising return of nesting
activity was observed in 2004—2005, with the doc-
umentation of 11 green turtle nests (Ciccione & Bour-
jea 2006). To date, no hawksbill turtle nesting activity
has been observed or documented in the literature for
Reunion Island. Furthermore, juvenile green and
hawksbill turtles have been consistently observed
foraging year-round in neritic habitats along Reunion
Island's coastline (Ciccione 2001, Ballorain et al. 2010,
Chassagneux et al. 2013, Chambault et al. 2020). Aer-
ial surveys conducted between 1998 and 2008 indi-
cated an increase in in-water sea turtle aggregations
off the west coast (Jean et al. 2010a). The establish-
ment of the Kelonia Sea Turtle Observatory in 2006,
which focuses on rehabilitating injured turtles while
raising public awareness, has created a supportive
framework for protecting the local sea turtle popula-
tion. In 2007, the creation of the Reunion Natural
Marine Reserve, covering 35 km? of coastline in the
northwest of the island, has reinforced the initiative to
protect marine habitats, home to important biodiver-
sity, including sea turtles. At the same time, Reunion
Island's growing human population (+0.5% yr~! from
2009 to 2020, estimated at 871200 in 2021; INSEE
2025) continues to increase the pressure on its coastal
marine habitats. Urban development, tourism, and
maritime activities contribute to pollution and habitat
degradation, posing significant threats to these envi-
ronments (Philippe et al. 2016).

In this context, the recent shifts in the distribution
and dynamics of the local sea turtle population at

Reunion Island remain poorly understood. Having an
overview of the spatiotemporal distribution, along
with life stage and species proportions, is key to being
able to evaluate and guide conservation measures.
Furthermore, due to the strong regional connectivity
between nesting and foraging habitats in the western
Indian Ocean (Bourjea & Dalleau 2015, Niviere et al.
2024), local data on population status is essential to
assess population trends at a regional scale.

Since 1998, aerial surveys have been conducted to
count sea turtles surfacing along reef drop-offs or
rocky shores from Pointe au Sel to Le Port (see Fig. 1)
(Sauvignet et al. 2000). In September 2012, the tran-
sect was extended southward to begin at St. Pierre,
ensuring coverage of the marine reserve and addi-
tional reefs outside its boundaries. Aerial surveys are
widely recognized as the most effective method for
monitoring wildlife over large areas (Caughley 1977).
They have been extensively applied in sea turtle
research (Roos et al. 2005, Fuentes et al. 2006, Lauri-
ano et al. 2014, Benson et al. 2020, Pierantonio et al.
2023), which has facilitated the measurement of spa-
tiotemporal population trends. However, these sur-
veys are limited in their ability to provide detailed
information on population structure, such as life stages,
hardshell species differentiation, or individual move-
ments. To address these gaps, a photo-identification
(photo-ID) programme — Photo-identification of Sea
Turtles on Reunion Island —was launched in 2007
(Jean et al. 2010b). The method is based on the tem-
poral stability of the scale patterns on both sides of
the head (Reisser et al. 2008, Schofield et al. 2008). By
complementing aerial surveys, this method partially
bridges the data gap, enabling finer-scale analyses of
aggregation structure (Jean et al. 2010b, Chassag-
neux et al. 2013, Dunbar et al. 2021).

In this study, we use both methods separately and in
combination to (1) analyse spatiotemporal trends in
sea turtle abundance, (2) examine species and life
stage trends in areas where the 2 methods overlap,
and (3) track individual turtle movements relative to
their most frequently observed locations. This unique
approach aims to provide a comprehensive perspec-
tive on sea turtle population structure, distribution,
and trends, providing critical insights for developing
targeted conservation strategies at the local scale.

2. MATERIALS AND METHODS

Data from aerial surveys and photo-ID were col-
lected along the west coast of Reunion Island (21°6'S,
55°30'E). The 62 km of coastline between St. Pierre
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servations were recorded from aboard
a tandem-seat microlight aircraft (Rans
S-7 Courier) with a high wing configu-
ration that allows for a side viewing
platform and the transport of 2 people
(the pilot and 1 observer). Transects
were flown at an average elevation of
200 m (SD = 40 m) and at an average
speed of 90 km h~!. The frequency of
flights (on average every 1—2 mo) de-
pended on the availability of the pilot,
the aircraft, and the occurrence of stand-
ard meteorological conditions (<7 knots
[13kmh~!]wind, <2 m swell, and <20 %
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Fig. 1. Aerial survey area along the west coast of Reunion Island, extending
from St. Pierre to Le Port. (a) Reunion Island in the western Indian Ocean, high-
lighting the south and north aerial transects. (b) Detailed subdivision of the aer-
ial strip into 25 zones (A—Y), including marine reserve boundaries, isobath con-
tours (10, 20, 40, 80, 100, 400, 600, 800 m), reef platforms, and the distribution of
photo-ID data based on current knowledge of home ranges in the region. Zones
W, T, and R are identified as areas where photo-ID distribution covers =50% of
the zone and where =10 sightings have been recorded over a 2 yr period

and Le Port (Fig. 1a) is protected from trade winds and
major weather events by important relief features and
includes all of the island's reef platforms, most of its
coral reefs, and major seagrass beds (Turner & Klaus
2005, Cuvillier et al. 2017)

2.1. Field methods
2.1.1. Aerial surveys
The CEDTM-Kelonia initiated aerial surveys in July

1998, initially targeting the coastline from Pointe au
Sel to Le Port (Sauvignet et al. 2000), hereinafter

cloud cover). An observer marked the
GPS position (handheld GPS Garmin)
of (sub-)surfacing turtles located di-
rectly below or near the aircraft. New
observers, after ground training, were
paired with experienced pilots who en-
sured an optimal flight path and as-
sisted in initial turtle spotting, to mini-
mize the effect of inexperience.

Covariates collected during the survey included a
rough visual estimate of size class (small: size < 0.5 m;
medium: 0.5 m < size < 1 m; large: size > 1 m; and NA
when size assessment was not possible), launch time,
and meteorological conditions (optimal, suitable,
average). The exact trajectory of the transects was re-
corded by GPS (1 location s7}).

2.1.2. Photo-ID

CEDTM-Kelonia initiated the photo-ID programme —
Photo-identification of Sea Turtles on Reunion Island —
on Reunion Island in 2007 (https://museesreunion.
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fr/kelonia/actualites-et-savoirs-de-kelonia/la-photo-
identification-des-tortues-marines/). This programme
identifies individuals by analysing the unique arrange-
ment of head scales, following the procedure described
in Jean et al. (2010b) and Dunbar et al. (2021). Data are
collected opportunistically mainly in highly used dive
spots by SCUBA divers participating in a citizen
science programme. As a result, sampling effort varies
across years and sites. The data submitter provides
photos or videos, site name (dive buoy/site location or
GPS position), and date. An experienced user then
converts each head profile into a code in the TORSOOI
platform (www.torsooi.org) along with information on
species, life stage, and sex (Jean et al. 2010b).

Identifying a new individual requires profiles of both
sides of the head. Profiles lacking a corresponding
match are stored as partial identifications until another
opportunistic encounter captures both head profiles,
enabling complete identification. Once completed,
the previously unlinked profiles are integrated with
the turtle's identification history in the database.

2.2. Data analysis

2.2.1. Correspondence between aerial
and photo-ID datasets

To align the timeframes of the standardized aerial
surveys (2008—present) and the photo-ID programme
(2007—present), this study focused on a 16 yr dataset
spanning 2008 to 2023. A 2 yr window (hereinafter
referred to as 'year,') was arbitrarily chosen to pool
the data as the best compromise between temporal
resolution and sufficient sampling for robust statisti-
cal analysis.

To combine aerial and photo-ID data, we tried to de-
fine areas where both sampling efforts overlapped suf-
ficiently. To achieve this goal, the first step is to esti-
mate the distribution of aerial survey effort and the
distribution of photo-ID data on the same grid (5 m
pixel grid). Aerial survey effort is estimated by apply-
ing a Gaussian kernel density estimator (KDE) to all
sampling points from the GPS tracks using a 250 m
radius (corresponding to an estimated 50 % probability
of detecting a sea turtle at a similar altitude; Benson et
al. 2007, Lauriano et al. 2011). The area of uniform aer-
ial survey effort (hereinafter referred to as the aerial
strip, surface = 60 km?) is defined by a strip bounded
by the shoreline and a threshold of 50 sampling points
per pixel (see Fig. S1 in Supplement 1 at www.int-res.
com/articles/suppl/n056p323_supp.pdf; for all sup-
plements). To align photo-ID and aerial surveys, only

photo-ID data reported within the aerial strip are re-
tained. In order to evaluate the distribution of the
photo-ID data, it is necessary to determine the radius
associated with the photo-ID locations. In practice,
without knowing exactly where a diver photographed
a turtle, photo-ID locations correspond to a larger area
represented by the diver's exploration zone. In ad-
dition, green and hawksbill turtles in neritic habitats
are known to occupy a limited area commonly referred
to as the home range (Makowski et al. 2006, Berube et
al. 2012). Due to the difficulty in estimating the diver's
exploration zone, which can vary between sites and
divers' motivation and experience, we assumed that
each photo-ID location can be associated with individ-
ual home ranges, which are assumed to be larger than
the diver's exploration zone. Chambault et al. (2020)
demonstrated that 11 tagged juvenile green turtles on
the west coast of Reunion Island occupied a maximum
area of 0.2 km? (50% kernel area). Since juvenile green
turtles make up the majority of the Reunion Island
population (Chassagneux et al. 2013), we chose a
radius of 250 m (radius of a 0.2 km? circle) to calculate
the photo-ID distribution using a Gaussian KDE (see
red heat map in Fig. 1b).

The second step is to subdivide the aerial strip to
define zones that (1) account for more than 50 % over-
lap between the aerial strip and the photo-ID distribu-
tion grid, and (2) contain more than 10 photo-ID
reports per year, period to ensure sufficient sampling.
Following these rules, 3 zones combining both infor-
mation were defined: zones R, T, and W (see zones in
Fig. 1b and associated characteristics in Table S1 in
Supplement 2). Other zones, where photo-ID is not
combined with aerial surveys, are defined based on
variations in the geomorphology of the reef and coast-
line or following administrative boundaries where no
geomorphological changes are observed over large
areas. Based on the small home range fidelity of green
and hawkbill turtles in neritic habitats, we assumed
that the chosen subdivision of the study area allowed
sampling of independent populations.

In total, the aerial strip was divided into 25 zones
(average area = 2.4 = 1.2 km?). For each zone, the
average depth and bathymetric slope were calculated
from the isobaths retrieved from HYDRORUN (Ropert
& Lazure 2011) (see Table S1 for details).

2.2.2. Density estimated from the aerial survey
The pilot was provided only with the start and end

points and the approximate strip width, resulting in
variable transect lengths (L) across flights (Lnoin =
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50 = 9 km; Lgyy, = 35 = 5 km). To account for this var-
iability, we used linear encountered density (LED),
defined as the count divided by transect length (tur-
tles km”), rather than direct counts as an abundance
index. Distance sampling (Buckland et al. 2005), com-
monly used in aerial surveys (Benson et al. 2007,
2020, Lauriano et al. 2014), was not applicable here
due to the sinusoidal trajectory and difficulty estimat-
ing perpendicular distances without physical markers
on the aircraft, which was flown with open doors. We
also assume that availability bias (the presence of ani-
mals at the surface) is uniformly distributed and con-
stant over time (Benson et al. 2007, 2020, Lauriano et
al. 2011, Fuentes et al. 2015), and since we aim to mea-
sure trends in abundance using a consistent index,
this bias is not included.

Several environmental factors may influence sea
turtle counts: (1) solar glare, represented by hours
after sunrise (‘sunhours'); (2) seasonality, affecting turtle
surface availability and coastal presence (‘months');
and (3) weather conditions, which may differ from
forecasts despite pre-flight selection, potentially im-
pacting detection efficiency (‘conditions'). Addition-
ally, inter-observer bias may arise from multiple ob-
servers conducting surveys over 16 yr. To account for
these factors, we evaluated several linear models, in-
cluding mixed-effects models (mixedIm and ols from
the statsmodels v.0.14.1 Python library), to predict
LED regionally (north and south) and zonally (25 zones)
over time ('year,'). Model selection was performed
in 2 stages. Firstly, models incorporating combina-
tions of environmental parameters (‘sunhours’, ‘months’,
‘conditions') were compared using the Akaike infor-
mation criterion (AIC) to identify significant predictors.
Secondly, we evaluated whether including ‘observer’
as a random effect improved model fit by assessing ex-
plained variance and comparing AIC values.

To meet statistical assumptions, LED values were
log-transformed for normality, confirmed with the
Shapiro-Wilk test, and homoscedasticity was verified
using Levene's test. Linear regressions of regional
and zonal LED time series were then used to estimate
trend slopes and residual standard deviations, provid-
ing insights into temporal and spatial variability.

2.2.3. Size class estimated from the aerial survey

Thereported size class covariate is highly dependent
on both elevation and observer. Elevation varies mostly
from flight to flight (SD = 40 m) and only slightly
within a flight (F-statistic = 398, p < 0.05). The ob-
server, who has no clear visual size reference in the

ocean, also classifies individuals relatively from one to
another. We therefore regrouped the categories ‘small’
and 'medium' into a larger category called 'small’
(Nsman), which was more likely to represent juveniles
(straight carapace length [SCL] < 1 m) to be compared
to 'large’ individuals (Njage) Which was more likely to
represent adults (SCL > 1 m). The ratio between these
2 categories, hereinafter referred to as R;, was pre-
dicted using a mixed linear model with ‘elevation’ and
'year,' as fixed effects and 'observer' as a random ef-
fect (see Eq. 1). A prediction was made for each region
(north and south), checking that the assumptions of
residual normality and homoscedasticity were valid:

N, small

Ri=—""—"7""—-—+7//¥—#—+
s Nsmall + Nlarge

~year; + elevation + (1 | observer)

(1)

Rswas predicted for an elevation of 200 m correspond-
ing to the average altitude above the water surface.

2.2.4. Species, life stage, and site fidelity estimated
from photo-ID

Regional (north/south) or zonal statistics were cal-
culated using all distinguishable individuals. The
maximum number of identifiable individuals included
those with both profiles recorded, along with those
reported only with the right profile. Individuals re-
ported only with the left profile were excluded, as it
cannot be determined whether isolated left and right
profiles belong to the same animal. Identified individ-
uals were classified into 4 categories: ‘Juvenile_ Cm',
‘Adult_Cm', 'Juvenile_Fi', and 'Adult_Ei', represent-
ing juvenile and adult green turtles and juvenile and
adult hawksbill turtles, respectively. Juveniles were
distinguished from adults using a combination of crit-
eria, including visible sexual dimorphism, size estima-
tion informed by environmental context, or prior knowl-
edge of the individual (in the case of adults). If doubt
remained, the life stage was recorded as 'NA'. Catego-
rical proportions in zones R, T, and W, where aerial
and photo-ID overlapped, were indexed to the LED
variation estimated by the aerial survey for the corre-
sponding years and zones. Overall statistics were eval-
uated based on all identified individuals throughout
the study area. Site fidelity was estimated for all identi-
fied individuals reported at least 5 times over a mini-
mum period of 2 yr. The approach was to measure, for
each individual, the distance to the site where each in-
dividual was most frequently observed. Site fidelity
was quantified by considering the 95% percentile in-
terval of all distances to the primary observation site.
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3. RESULTS
3.1. Survey summary

Between 2008 and 2023, a total of 154 aerial surveys
were conducted, with 8 excluded due to GPS failure.
Of the remaining surveys, 146 covered the north re-
gion, accumulating 80 h of flight time and a total dis-
tance of 7340 km, while 92 surveys covered the south
region, accumulating 35 h and 3232 km. Across all
surveys, observers recorded 8128 sea turtle sightings.
Over the same area and period, 2248 green and
hawksbill turtle sightings were reported through the
photo-ID programme. This resulted in 418 positive
identifications (with both profiles), 76 partial identifi-
cations with only the left profile, and 79 with only the
right profile. Combining the confirmed identifications
with single right-profile cases where the life stage was
specified, the maximum number of distinct individuals
identified was 497. Most of these individuals (472;
94 %) were identified within the north region.

3.2. Abundance model selection

Using AIC, the most parsimonious model for pre-
dicting LED incorporates weather conditions as the
sole influential environmental variable (Table 1, Eq. 2):

log(LED +1) ~ Year, + Conditions 2)

This model demonstrated a significant positive ef-
fect of 'optimal’ weather conditions on LED for both
regions. Specifically, ‘optimal’ weather increased LED

Table 1. The 9 tested models and their AAIC values relative to the first model,
based on n = 3 environmental variables fitted over the north and south re-
gions. The first 7 models (log(LED +1) ~ Year, + env,) are linear models
created by combining the environmental variables to identify the most sig-
nificant predictors. The eighth model (log(LED +1) ~ Year, + Condition +
(1] observer)) incorporates a random effect into the best linear model to eval-
uate the impact of interobserver variability. LED: linear encountered den-
sity; year,: 2 yr window. See Section 2.2.2 for definitions of the environmental

by 0.13 turtles km™! (p < 0.01) in the north and
0.22 turtleskm™! (p <0.001) in the south, compared to
‘average' conditions. Other variables, such as ‘months’
and ‘sunhours’, did not improve model performance
and were therefore excluded.

Including ‘observer' as a random effect in the best-
fitting linear model (Eq. 2) increased the AIC by more
than 25 for both regions (Table 1) and contributed
minimal (0.06 in the north) or no additional explained
variance (in the south; see detailed results in Supple-
ment 3). These results suggest that the inclusion of
‘observer' does not improve model performance for
predicting LED over time. LED predictions for all re-
gions and zones were therefore made using the model
depicted in Eq. (2) with ‘conditions’ set to ‘optimal.’
Following the guidelines of Harrison et al. (2018), all
regional and zonal models were evaluated for the
normality of residuals using the Shapiro-Wilk test
(p>0.05) and for homoscedasticity using the Breusch-
Pagan test (p > 0.05).

3.3. Size-class model

For both size-class models (north and south), the as-
sumptions of normality in residuals and homoscedas-
ticity were met (see Supplement 4 for model fitting re-
sults). In both models, the variance attributed to the
random effect (‘observer') exceeded the residual vari-
ance, highlighting the critical role of accounting for
interobserver variability in size-class ratio (Ry) estima-
tions. Moreover, excluding the random effect (‘ob-
server') caused the residuals to violate the normality
assumption. Therefore, interobserver
variability was explicitly accounted for
by including ‘observer' as a random ef-
fect to estimate R, (see Eq. 1). There was
a small but statistically significant posi-
tive effect of 'elevation' on R for the
southern model. Specifically, for each
unit increase in altitude, R, increases by

variables
0.001, meaning that for every 100 m dif-
Environmental predictors n Random AAIC ference in altitude, the proportion of
(env,) effect North  South ‘small’ increases by 0.1 (10 % more indi-
viduals classified as ‘small'). This effect
months + sunhours + conditions 3 X 0.00 0.00 was not observed along the north region.
months + sunhours 2 X —0.07 4.89
months + conditions 2 X —4.25 —2.21
sunhours + conditions 2 X —8.56 —3.96
sunhours 1 X —5.66 3.12 3.4. Trends in abundance
months 1 X —4.17 5.86
;Ondmons (1) i _}‘11‘21; _ggg Sea turtle abundance increased over
conditions 1 observer 28.11 25.92 time in both the north and south regions,
with regression slopes of 0.12 turtles
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km~! year, ! (R? = 0.73) for the north,
and 0.05 turtles km™! year,”! (R? = 254(@) —— North (Slope=0.12; R2=0.73) [ %0
0.43) for the south (Fig. 2a). The ob- = —s— South (Slope=0.05; R2=0.43) L 10
served trends and variability in bothre- £ 201 . "
gions were primarily driven by fluctu- o o L / | o 2
ations in the abundance of 'small’ 5 o) P _/'/ X.\. ® %
individuals (Fig. 2b). The correlation 2., = =3 . ’ L oo @
between regional abundance and the § = :/% e / \./' <
abundance of ‘small' individuals was 8 0.5 E - 10
very high (Pearson's r(north) = 0.99, |—|
Pearson's r(south) = 0.92, p < 0.001). In 0.0 - 0
cggtrast, the abundance of ‘l'arge’ in- =8 S (b)
dividuals was more stable, with lower = 504 == Large North
residual standard deviations (SD resid- e~ Cl95
uals(large; north) = 0.05 turtles km™!; ; —-—  Small South
SD residuals(large; south) = 0.02 tur- € Ll | P Large South i
tleskm™!), and showed modest positive t; Cl95 i | /./‘/
trends in both regions (slope(large; G [ — = et %
north) = 0.03 turtles km™! year, ' and & s o = Wi |
slope(large; south) = 0.03 turtles km ™! 0 051 — o __—_'____. ........ S g ,__:_’___,,,:-:
year,”!). During the common period an S e pmmm e = == e
(2012—2023), the percentage of 'small’ L
turtles was similar in both regions: 76 = Q,@O" 5‘9"\ 5]9'{5 :\9'@ 99'<\ :19'9 5\9“:\ 519'\?’
(SD) 5.8% in the south and 75 = 1.9% P O I 4
in the north. year,

Fig. 3a shows that the highest
average abundance of sea turtles is
concentrated in zones A—C and G—
H in the south, and P—W in the
north. Significant differences in aver-
age abundance were observed across
different coastal geomorphologies
(Kruskal-Wallis, H = 11.4, p < 0.05),
with notably higher abundance in
fringing reef zones. Spearman rank correlation an-
alysis revealed a negative correlation between mean
turtle abundance and both mean depth (rspearman =
—0.55, p < 0.05) and mean depth slope (rspearman =
—0.64, p < 0.005), indicating that turtles pref-
erentially inhabit shallow, gently sloping areas.
The upward trend in abundance was largely driven
by the zones with the highest turtle concentrations
(A—C, G—H, M, and P—W). Both variability and
trends were localized to these zones, with no zone
showing a negative trend over the study period
(Fig. 3b). Additionally, a marginally significant
trend toward higher density was observed in areas
inside the marine reserve compared to those out-
side (U = 94, Mann-Whitney, p = 0.07). Two zones
appear particularly dynamic: zone B in the south
(SD residuals(B) = 0.64 turtles km™!) and zone R
in the north (SD residuals(R) = 0.53 turtles km™})
(Fig. 3c).

values (dotted

Fig. 2. (a) Regional trends in linear encountered density (LED) (red and blue
dots; left axis) in the north (2008—2023) and south region (2012—2023), includ-
ing 95% confidence intervals and linear regression lines with slopes and R?

lines). Aerial survey effort is shown as vertical bars (right axis),

representing the number of surveys conducted within 2 yr intervals ('year,').
(b) Regional trends in LED for 'small’ and 'large’ size classes across the north

and south, with 95% confidence intervals

3.5. Trends in species and life stage

Based on the 497 individuals identified by photo-ID
between 2008 and 2023, the west coast of Reunion
Island shows an overall proportion of 77.8% juvenile
green, 7.4% adult green, 14.4% juvenile hawksbill,
and 0.4 % adult hawksbill turtles. This proportion has
varied over the years, with a minimum percentage of
hawksbill turtles of 7.4 % identified in 2010—2011 and
a maximum of 26% in 2016—2017, all of which were
juveniles.

Trends in species and life stage LED, estimated
using a combination of aerial surveys and photo-ID
data for zones R (Passe de 1'Hermitage), T (St Gilles),
and W (Cap La Houssaye), reveal that variations in
abundance are primarily driven by fluctuations in the
population of juvenile green turtles, which dominate
all 3 zones (Fig. 4). The number of juvenile green tur-
tles increased between 2008 and 2014, peaked between
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Fig. 3. (a) Zonal average linear encountered density (LED; turtles km™!), (b) regression slope (turtles km™! year, '), and (c) stand-
ard deviation of residuals (turtles km™!) for the time series of LED estimates obtained using the linear model. Spatiotemporal
values of abundance are detailed in Supplement 5. year,: 2 yr window

2014 and 2017, and then declined in all 3 zones. While
in Cap La Houssaye (Zone W) and St Gilles (Zone T),
the number of juvenile green turtles rebounded above
its maximum level in 2022—2023, it remained low
(~1.6 turtles km™!) in Passe de 1'Hermitage (Zone R).
The highest level of adult green turtles is found at
Passe de 1I'Hermitage (R), where the count has been
stable at 0.2 turtles km~! since 2008. At St Gilles
(Zone T), the presence of adult green turtles increased
from 0 in 2008—2009 to 0.5 turtles km~! in 2022—2023
(+0.015 turtles km~!; R? = 0.76). Only a limited number
of adult green turtles (average = 0.02 = 0.02 turtles
km~!) occupy Cap La Houssaye (W). Hawksbill tur-
tles in the 3 zones is mainly represented by juveniles;
only 1 adult was sighted in Cap La Houssaye (W)
between 2012 and 2015. In Cap La Houssaye, the
number of juveniles has been stable since 2008 (aver-

age = 0.11 = 0.04 turtles km™!). In St Gilles and Passe
de I'Hermitage, the number of juvenile hawksbill tur-
tles, which was absent in 2008, is slowly increasing
(+0.007 turtles km~!, R? = 0.76 in St Gilles; and
+0.014 turtles km~!, R? = 0.85 in Passe de I'Hermitage).

3.6. Site fidelity

Between 2008 and 2023, 105 individuals (86 juvenile
greens, 7 adult greens, and 11 juvenile hawksbills)
were sighted more than 5 times over at least 2 yr as
part of the photo-ID programme. Of these, 64 individ-
uals were monitored for at least 5 yr, 8 for 10 yr, and
2 adult greens for the entire study period (16 yr). Over
the 105 individuals tracked during the 16 yr pro-
gramme, the average time between the first and last
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distances to the primary observation site. Each dot represents a report submitted through the photo-ID programme
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sighting was 4.8 = 2.2 yr for juvenile hawksbills, 5.9 =
2.8 yr for juvenile greens, and 8.6 + 1.6 yr for adult
greens. The distribution of distances from each indi-
vidual's primary observation site was highly skewed
toward 0, with 78% of re-sightings occurring at the
site where the individual was most frequently ob-
served (Fig. 5). The 95th percentile of the distance
distribution was 1.15 km from the primary observa-
tion site (1.11 km for green turtles and 1.58 km for
hawksbill turtles).

4. DISCUSSION

This study offers a comprehensive overview of the
trends in sea turtle distribution off the west coast of
Reunion Island. Two survey methods were employed,
both independently and in combination: aerial sur-
veys, which deliver a broad perspective on spatiotem-
poral distribution (LED), and photo-ID, which pro-
vides detailed insights into population structure (life
stage, species) and site fidelity.

4.1. Method strengths and limitations

The aerial survey designed in Reunion Island does
not allow to provide an absolute estimate of abun-
dance, asit is usually done over larger areas using dis-
tance sampling methods (Buckland et al. 20195).
Instead, it aimed to provide an indication of trend and
distribution through a consistent index. Unlike other
studies using the 'zigzag' pattern, the area surveyed
here is relatively small (60 km? versus more than
1000 km? in studies using zigzag pattern; Strindberg
& Buckland 2004, Alves et al. 2013, 2016), which pre-
vents us from following an invariant transect pattern
here. Therefore, we adjust for inter-flight variability
by using LED, which is the number of sighted turtles
divided by the length of the transect, as an index of
abundance. In addition, due to the difficulty in asses-
sing the exact position of spotted turtles (wider uni-
lateral field of view during curves vs. narrower bilat-
eral field of view during straight legs), we evaluated
LED by regions (north, south), and 25 zones.

To ensure the most reliable abundance index, we
identified and addressed potential sources of bias.
Observer efficiency bias is typically mitigated in aer-
ial surveys using a double-count technique (Davis et
al. 2022). However, in our case, the constraints of the
microlight aircraft made it impossible to include an
additional observer. Instead, observer variability was
tested as a random effect in the model. As this did not

improve model performance, it was excluded from
the LED prediction. While this potential source of
bias was challenging to evaluate, it appeared to have
minimal influence on sea turtle counts. In contrast,
observer variability significantly affected the estima-
tion of size-class ratios and was therefore incorpo-
rated into the size-class ratio estimation model.
Future advancements may enable the use of cameras
or UAVs to standardize individual detections and size
estimations independently of observers, as has been
successfully demonstrated over a smaller area in the
Chagos Archipelago (Stokes et al. 2023).

Other sources of potential environmental bias were
evaluated, including sun glare, seasonality, and mete-
orological conditions. Sun glare did not appear to
affect turtle counts, aligning with findings by Benson
et al. (2007). This may be attributed to the fact that
most surveys were conducted within a restricted time
window shortly after sunrise (1—3 h). Seasonal tem-
perature variations that influence sea turtle surface
time (Lauriano et al. 2011, Roberts et al. 2022) could
potentially induce higher detectability during winter
months. However, no such pattern was observed in
this study. This lack of variation may be due to the rel-
atively small range of water temperatures in the coas-
tal waters of Reunion Island (23—28°C; Conand et al.
2008), which likely does not induce significant vari-
ability in sea turtle surfacing behaviour. Regardless,
seasonality does not impact the assessment of long-
term trends in this study, as the analysis is based on
2 yr intervals. The final potential source of bias eval-
uated was meteorological conditions, which signifi-
cantly influence sea turtle detectability by affecting
sea surface roughness and, consequently, subsurface
visibility (Luchinin 2016). Based on our findings, we
strongly recommend incorporating meteorological
conditions into abundance estimates in similar
studies to enhance accuracy.

Due to the citizen science nature of the photo-ID
programme, data are unevenly distributed in space
and time, making it impossible to assess common pop-
ulation dynamics metrics such as recruitment, survival,
population size, and others using capture—mark—
recapture models (Kendall et al. 2019, Hudgins et al.
2023). However, while conclusions must be drawn with
caution, the large number of observations collected
over the 16 yr of the programme (n = 2248) provides
considerable insight into turtle aggregation structures.
Species and life stage proportions, although skewed
towards a limited number of dive sites close to the
coast and mainly in the north region, are well corre-
lated with zones of high sea-turtle abundance from
Trois-Bassins to Cap La Houssaye. This supports the
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idea that these local observations cover a significant
proportion of the northern aggregation and confirms
the substantial contribution of this programme. Efforts
should be made to advertise the photo-ID programme
to other areas of high abundance that are currently
poorly sampled, mostly in the south, in zones such as
around Etang-Salé and St. Pierre.

Several studies have assessed sea turtle distribution
and trends using aerial surveys (Roos et al. 2005, Lau-
riano et al. 2011, Fuentes et al. 2015, Benson et al.
2020, Pierantonio et al. 2023) or population structure
from photo-ID programmes (Kendall et al. 2019,
Hudgins et al. 2023). However, these 2 data sources
have never been combined before. Given their funda-
mentally different nature, several precautions were
necessary to ensure reliable integration. In this study,
we applied 2 criteria: (1) at least 50% overlap in the
spatial distributions of sampling effort over the entire
study period, and (2) a minimum of 10 photo-ID
reports per 2 yr period. It is worth noting that this rel-
atively low threshold was met only twice in St. Gilles,
while the average number of reports per 2 yr period
was much higher: 69 in Passe de 'Hermitage, 44 in St.
Gilles, and 132 in Cap La Houssaye. These strict crite-
ria limited the combination of aerial and photo-ID
data to 3 zones—the most abundant, the 7th most
abundant, and the 13th most abundant—covering a
total area of 5.5 km?, or 9% of the surveyed area. Nev-
ertheless, potential biases remain. Because photo-ID
programmes are typically conducted near dive sites
located along the coast or within the 10—30 m isobath
zone, they are less likely to capture individuals occu-
pying deeper habitats, which often include larger
individuals (Blumenthal et al. 2009). This limitation
can bias population estimates from photo-ID pro-
grammes toward juveniles. In addition, estimating
size class from an elevation of approximately 200 m
will result in a greater chance of missing small indi-
viduals relative to larger individuals, potentially
skewing size-class estimates from aerial surveys
toward larger individuals. These biases are consistent
with the observed size-class proportions: 76 % small
to 24 % large in aerial surveys, compared to 92% juve-
niles to 8 % adults in photo-ID data. It is likely that the
most realistic proportion of juveniles to adults lies
somewhere in between these estimates.

4.2. Dynamics and structure of turtle distribution
This study demonstrates a slow but significant

increase in sea turtle abundance along the west
coast of Reunion Island between 2008 and 2023, with

an estimated growth rate of 0.12 turtles km ™! year, !

in the north region—equivalent to 1 additional turtle
km™! every 20 yr. Jean et al. (2010a) also observed an
increase in abundance in the north region between
1998 and 2008. Although the protocols and abun-
dance indices from these 2 periods are not directly
comparable, their results collectively suggest that sea
turtle abundance in the north region has steadily
increased over the past 25 yr. Zones of high abun-
dance are consistent between the 2 studies, with most
turtles located between Trois-Bassins and Cap La
Houssaye in the north. Our study revealed 2 ad-
ditional hotspots in the south near Etang Salé and
St. Pierre. Preliminary findings suggest that sea turtle
densities may be increasing more rapidly within the
marine reserve than outside it.

The inclusion of size class as a covariate in our ana-
lysis did not reveal spatial differences in turtle size
between the north and south. Both aerial surveys and
photo-ID data indicate that juvenile green and hawks-
bill turtles dominate the west coast of Reunion Island.
This observation aligns with the findings of Chassag-
neux et al. (2013), who reported that 75% of green tur-
tles and 78% of hawksbill turtles observed around
Reunion Island were juveniles. These results re-
inforce the idea that Reunion Island primarily serves
as a developmental habitat (Meylan et al. 2011).

Inter-annual variations in abundance appear to be
driven primarily by changes in the number of juve-
niles, reflecting the transient nature of their presence
in the neritic feeding grounds around Reunion Island.
Juvenile turtles are typically resighted for shorter du-
rations (5.0 = 2.3 yr) than adults (8.6 = 1.6 y1), despite
exhibiting high site fidelity (95% observed within
1.1 km of their initial sighting). These findings suggest
that juvenile turtles reside in these coastal waters for
several years before relocating, likely transitioning
through a sequence of developmental habitats before
reaching maturity (Carr et al. 1978, Meylan et al.
2011). Several habitat shifts during the immature life
stage have been documented through satellite track-
ing (Hart et al. 2012, Hays et al. 2021) and opportun-
istic recapture data (Whiting et al. 2010, von Brandis
etal. 2017), further supporting this hypothesis.

The low proportion of adults as well as the slow in-
crease in juveniles over time on the west coast of
Reunion Island could be explained by the isolated
location of Reunion Island in relation to the main
nesting areas of hawksbill and green turtles in the
southwest Indian Ocean (Mortimer et al. 2020, Van
De Geer et al. 2022). Additionally, regional currents
place Reunion Island at the periphery of neonate dis-
persal corridors (Jensen et al. 2020, Le Gouvello et al.
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2024). The majority of observed adults are foraging
individuals, as the island's nesting activity is limited
(Ciccione & Bourjea 2006), thus reducing the propor-
tion of adults compared to sites that support both
nesting and foraging. In terms of species composition,
the average green-to-hawksbill ratio over the 16 yr
study period was approximately 85:15 along the west
coast. This relatively low presence of hawksbill turtles
can be attributed to 2 factors: (1) the smaller regional
population of hawksbill turtles compared to green
turtles, with green turtles producing approximately
10 times more egg clutches than hawksbills (Mor-
timer et al. 2020), and (2) the greater distance of major
hawksbill nesting sites from Reunion Island com-
pared to the closer proximity of green turtle nesting
sites (Van De Geer et al. 2022).

The spatial distribution of sea turtles along the
coast of Reunion Island shows that they favour fring-
ing reef zones with shallow and low bathymetric
slope. This could be related to the fact that green tur-
tles, predominant in Reunion Island, have been
shown to feed mainly on red algae (in particular Car-
popeltis spp., Amansia spp., and Ptilophora biserrata),
according to stomach content analyses (Ciccione
2001). Red algae are found at shallow depths of 10—
30 m. This could explain why St. Leu, an important
fringing reef zone with a steep bathymetric slope, has
a low abundance of sea turtles compared to other
fringing reef zones on the west coast. Another inter-
esting result from the combination of aerial surveys
and photo-ID is that the highest density of hawksbill
turtles is found at Passe de 1'Hermitage, which con-
nects the outer reef slope to the largest reef flat of
Reunion Island. In addition to shelter, the reef flat
provides food resources that may explain some of the
variability in abundance observed at Passe de 1'Her-
mitage. The spatial extent of Corallimorphidae (Rho-
dactis rhodostoma and Gyractis sesere), on which
hawksbills feed (Leén & Bjorndal 2002, Von Brandis et
al. 2014), has increased significantly (Broudic et al.
2024), in line with the positive trend in the abundance
of juvenile hawksbills. In parallel, the seagrass beds at
I'Hermitage, which are uniquely composed of Syrin-
godium isoetifolium, have a highly variable cover and
have seen a steep decline since 2017, with a complete
disappearance by 2020 (Ifrecor 2021). This food
source for green turtles (Cuvillier et al. 2017, Mulo-
chau et al. 2021) is consistent with the observed
trends of juvenile green turtles, which increased until
2017 before sharply decreasing. Food type and avail-
ability and population structure seems then to be
linked, confirming the potential of sea turtles as indi-
cators of habitat health and attractiveness.

4.3. Conservation implications and future research

The increase in the number of in-water sea turtles
on the west coast of Reunion Island between 2008 and
2023, and even since 1998, if we consider the results of
Jean et al. (2010a) (in the north region), is a promising
sign for sea turtle conservation. Locally, this positive
trend can be attributed in part to the establishment of
the Kelonia Care Centre, which has successfully
treated 124 turtles since 2005, while also raising pub-
lic awareness. Over the past decade (2013—2023),
Kelonia has hosted more than 1.5 million visitors,
further emphasizing its role in conservation efforts.
Additionally, the creation of the Marine Protected
Area in 2007 has contributed to the protection of the
most important sea turtle habitats.

Regionally, the updated status of the green turtle
from Vulnerable to Least Concern in the western In-
dian Ocean (Bourjea & Dalleau 2023) is consistent
with the observed local trend on Reunion Island. For
hawksbill turtles, the most recent regional assessment
of conservation status (Hamann et al. 2022) observed
positive signs of recovery in the Seychelles and
Chagos Archipelagos, which account for 97% of the
region's nesting hawksbill population (Mortimer et al.
2020, Van De Geer et al. 2022). This aligns with the
trends observed in 2 of the 3 zones examined in this
study. However, due to Reunion Island's isolation
from major nesting sites, it remains unclear whether
the observed increases are driven by regional popula-
tion growth or the attractiveness of local habitats. It is
likely that the trends on Reunion Island reflect the pe-
ripheral signal of a broader regional recovery. Similar
connections have been established elsewhere, such as
the strong link between foraging loggerhead turtle
populations in the Azores and nesting trends in Florida
(Vandeperre et al. 2019). While further investigation is
needed, the steady recruitment of juveniles on Reun-
ion Island is consistent with trends reported at most
nesting sites across the region (Hamann et al. 2022).

Despite these encouraging signs, continued conser-
vation efforts are essential, as anthropogenic threats
remain significant and are increasing. Between 2000
and 2023, 72 boat strikes were recorded in Reunion Is-
land's coastal waters, with a survival rate of only 10%.
Alarmingly, the frequency of collisions has risen from
an average of 2 per year (2000—2017) to 6 per year
(2008—2023). Coral reef habitats, critical to sea turtles,
have also suffered a 50% loss in coral cover over the
past 40 yr due to water pollution and climate change
(Broudic et al. 2024).

In this context, resuming and maintaining local aer-
ial monitoring efforts is crucial for tracking long-term
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trends in abundance and distribution of these vulner-
able species. Moreover, our study demonstrates the
significant contribution of citizen science photo-ID
programmes on Reunion Island, which provide essen-
tial data to inform and support sea turtle conservation
efforts.
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