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Abstract

Background: Hawksbill turtles (Eretmochelys imbricata) are Critically Endangered throughout their global range, and
concerningly little is known about this species in the Red Sea. With large-scale coastal development projects under-
way in the northern Red Sea, it is critical to understand the movement and habitat use patterns of hawksbill turtles

in this environmentally unique region, so that effective conservation strategies can be implemented. We satellite
tagged three hawksbill turtles, one 63 cm curved carapace length adult male captured near Wahlei Island, one 55 cm
turtle captured in the Gulf of Aqaba, and one 56 cm turtle suffering from a floating syndrome which was captured at
Waqgadi Island, rehabilitated, and released at Waqggadi Island. Turtles were tracked for 156, 199, and 372 days between
October 2020 and November 2021.

Results: We calculated the home ranges and core use areas of hawksbill turtles using kernel-density estimations and
found that each turtle showed high fidelity to their foraging sites. Home ranges calculated with GPS-derived loca-
tions ranged between 13.6 and 2.86 km* whereas home ranges calculated with Argos-derived locations ranged from
38.98 to 286.45 km?. GPS-derived locations also revealed a higher proportion of time spent in coral and rock habitats
compared to Argos, based on location overlap with the Allen Coral Reef Atlas. We also found that turtles were making
shallow dives, usually remaining between 0 and 5 m.

Conclusions: While the number of tracked turtles in this study was small, it represents an important contribution to
the current understanding of spatial ecology among foraging hawksbill turtles globally, and provides the first-ever
reported hawksbill turtle tracking data from the Red Sea. Our results suggest that protecting coral reef habitats and
implementing boating speed limits near reefs could be effective conservation measures for foraging hawksbill turtles
in the face of rapid coastal development.
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Background

Sea turtle populations have undergone substantial
declines in many areas of the world (e.g., [1]), with
every assessed sea turtle species considered Vulnerable,
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Endangered, or Critically Endangered [2]. These declines
have largely been associated with anthropogenic activi-
ties [1], but our ability to effectively manage sea tur-
tle populations has been hindered by the lack of data in
many regions. Recoveries of sea turtle populations have
been successful in some locations (e.g., [3]), demonstrat-
ing the value of scientific data sets for enacting effec-
tive conservation measures and reaffirming the need for
information on particularly imperiled species in data-
poor regions.
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Hawksbill turtles (Eretmochelys imbricata) are one of
the least abundant sea turtle species globally [1, 4]. Cur-
rent estimates suggest that there are fewer than 25,000
nesting females, which is a 90% decline in abundance
from the previous century [1]. This loss is largely due
to targeted hunting for the species’ ornate carapaces
[5], with mortality estimates ranging up to nine million
hawksbill turtles killed over the past 150 years to sus-
tain this trade [5]. Worldwide, the hawksbill turtle has
been classified as Critically Endangered on the Interna-
tional Union for Conservation of Nature (IUCN) Red
List of Threatened Species, though recoveries in some
areas (e.g., [6]) suggest that effective management strat-
egies could be successful if applied elsewhere. Failing to
conserve hawksbill turtles could have far-reaching eco-
logical implications, as they are an important predator
of sponges, providing an indirect benefit to reef-building
corals through top-down regulation of their competitors
[7].

Hawksbill turtles have a patchy distribution across
their circumglobal range, with semi-isolated populations
forming in loose proximity to critical breeding habi-
tats [8]. Regional management plans, accounting for the
conditions and threats faced by each rookery-group, are
critical to the conservation of this species as a whole [8].
Developing these plans requires information on local
hawksbill habitat use and movement behavior [8], mak-
ing turtle tracking via satellite telemetry a research prior-
ity. Unfortunately, tracking research on hawksbill turtles
has lagged behind other species, with only 4.3% of sea
turtle tag deployments occurring on this species [9]. In
addition, many tagging studies to date have focused on
nesting females, resulting in a lack of information on the
movement ecology of both males and immature hawks-
bill turtles [10].

The Red Sea is generally understudied compared to
other ocean basins [11, 12]. Five of the seven extant tur-
tle species are at least occasional visitors to the basin,
but only hawksbill and green turtles (Chelonia mydas)
are known to nest along the Red Sea coast [11, 13]. Most
Red Sea turtle research has focused on green turtles, with
little information currently available on the population
abundance, movement patterns, or key foraging loca-
tions of hawksbill turtles [11, 14]. To date, there have
been no studies on the genetic composition of Red Sea
hawksbill turtles, though the green turtle rookery in the
Saudi Arabian Red Sea presents a significantly differ-
ent genetic structure than the nearby Arabian (Persian)
Gulf and northwestern Indian Ocean populations [15].
Because hawksbill turtles generally have shorter migra-
tions compared to green turtles [16], Red Sea hawksbill
turtles may also be genetically isolated from the global
population due to the semi-enclosed nature of the Red
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Sea basin and the highly philopatric nature of the species.
It also remains unclear whether hawksbill turtles within
the Red Sea exhibit similar patterns of space and habitat
use to that of the species elsewhere, particularly consid-
ering the unique environmental conditions present in the
Red Sea [17].

Anthropogenic pressures on hawksbill turtles may
increase in the Saudi Arabian Red Sea as part of the
country’s economic diversification plan, which includes
greater numbers of tourists and coastal developments
[18]. In particular, two large developments (known locally
as “giga-projects”) are currently being constructed. For
example, NEOM is proposed to span 450 km of the
northern Red Sea and Gulf of Aqaba coastlines, and
includes plans for a 170 km linear city (The Line), a
manufacturing hub (Oxagon), and a mountain resort
(Trojena) [18]. In addition, The Red Sea Project (TRSP)
plans to develop an airport, 50 hotels, and 1,000 residen-
tial properties on more than 20 islands between the cit-
ies of Umlyj and Al Wajh as well as 6 inland sites [18].
Both giga-projects are committed to high environmen-
tal standards and the protection of endangered species
within their boundaries. Identifying and protecting key
hawksbill foraging habitats along the Saudi Red Sea coast
is thus vital to conserving this species in the face of rapid
regional development.

In this study, we assessed the home range and corre-
sponding benthic habitats based on the Allen Coral Atlas
[19], as well as the depth of dives for three hawksbill tur-
tles in the northern Red Sea. We assessed movement pat-
terns and residency behavior of hawksbill turtles in the
Red Sea, and discuss how these may relate to conserva-
tion challenges arising from development projects in the
region.

Methods

Hawksbill turtles were opportunistically captured in the
Red Sea between October 2020 and April 2021. Two
turtles were hand captured in NEOM waters, while
free-diving as part of dedicated manta-tow surveys. The
turtles were fitted with SPLASH10 FastLoc tags (Wildlife
Computers, Redmond, WA, USA), and released at the
site of capture (Fig. 1). A third turtle was found at TRSP
struggling at the surface with a buoyancy disorder. It was
transferred to the Fakieh Aquarium, rehabilitated, then
released at the site of capture (Fig. 1) with an Argos posi-
tioning SPOT5 tag (also produced by Wildlife Comput-
ers). Both the SPLASH10 and SPOTS5 tags transmit lower
resolution Argos-derived geopositioning data when at
the surface (error radius 250-1500+ m [20]), and the
SPLASHI0 tag also collects FastLoc GPS-derived loca-
tions (error radius <100 m, [20]). Fastloc technology
allows locations to be recorded when the tags are at the
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surface for mere milliseconds, providing high-resolution
locations for animals that surface briefly [20]. SPLASH10
tags also recorded time at depth (TAD) data. Following
recommendations from the manufacturer, depth bins
were programmed with upper limits of 0, 5, 10, 30, 50, 60,
70, and 80 m.

The tagging procedure was similar in all cases. After
capture, each animal’s carapace was cleared of algae and
other epibiota. Satellite transmitters were attached to
the second vertebral scute of the carapace using a two-
part epoxy (HILTI, www.hilti.sa). After the epoxy had
dried, both the satellite tag and the epoxy were coated in
marine anti-fouling paint (Hempels, www.hempels.com).
The curved carapace length and width (CCL and CCW,
respectively) were measured. Sex determination was
attempted by assessing secondary sex characteristics (tail
length >20 cm plastron-to-cloaca in males) but this was
only successful for one turtle. The other two turtles might
have been juveniles based on their CCL, but we are una-
ble to definitively determine their state of maturity. Each
turtle was also equipped with two individually numbered
titanium flipper tags (Stockbrand, Perth, Australia), one
on the trailing edge of each front flipper.

Raw Argos and GPS-derived locations were manually
filtered to remove locations on land. There were no “haul-
out” events recorded which suggests that these were not
nesting events, but were erroneous locations. Argos posi-
tions with location class Z (indicating an invalid loca-
tion) were removed, retaining location classes 3, 2, 1, 0,
A, and B (following [21-23]). GPS-derived positions with
residual error value greater than 35 were also removed
(following [21-23]). The Douglas filter was then applied
to the data in Movebank (www.movebank.org) [24]. The
hybrid filter was selected, which combines the “maximum
redundant distance” filter and “distance angle rate” filter
to remove unrealistic locations resulting in swimming
speeds >5 km/h or turning angles >12.5° (following
[22, 23]). The home range of each turtle was calculated
with the kernel density estimation in R Studio version
2021.09.0+351 [25] using the AdehabitatHR package
[26]. The smoothing parameter (/ref) was used to gener-
ate 95% and 50% utilization distributions (UD) for each
turtle using the bivariate normal mode. The 95% and 50%
UDs were then mapped on ArcGIS Pro v.2.6.0. For tur-
tles Eil and Ei2, which had both FastLoc and Argos data,
home ranges were calculated separately for each data set.
For turtle Ei3, only Argos locations were used, because its
tag type did not have FastLoc capabilities.

To determine the habitat type within the home ranges
and core areas of each turtle, we used the Allen Coral
Atlas (allencoralatlas.org, [18]) benthic cover types in
ArcGIS Pro. The Allen Coral Atlas maps benthic habitats
in the world’s shallow coral reefs from remotely sensed
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imagery at a resolution of 5 m [18]. Benthic cover types
(i.e., coral/algae, microalgal mats, seagrass, rock, rubble,
sand) were characterized from remotely sensed imagery
only in waters shallower than 10 m; therefore, we used an
additional benthic cover type of ‘depth >10 m! We cross-
tabulated areas of benthic cover types within each turtle’s
50% and 95% UD from Argos and GPS-derived locations
and then converted the areas into the respective propor-
tions. Finally, the average time spent at various depth
bins for the entire tracking duration was plotted for the
two turtles equipped with FastLoc tags.

Results

Three hawksbill turtles were satellite tagged, including an
adult male (63 cm curved carapace length (CCL), labelled
Eil) and two turtles of unknown sex (55 and 56 cm CCL,
labelled Ei2 and Ei3, respectively) (Table 1). Tag deploy-
ments lasted 156, 199, and 371 days, yielding a total of
2,826 transmissions from both Argos and GPS-derived
locations prior to filtering. The FastLoc GPS and Argos
location data were simultaneously active throughout the
time periods shown in Table 1. Of the 1,960 Argos trans-
missions, 99% were location class A or B. After all filter-
ing, 1,520 locations were available for analysis from the
three turtles. Based on Argos data, turtle Eil had a core
area (50% UD) of 17.89 km? and a home range (95%) of
203.94 km? (Fig. 2a), whereas Ei2 had a smaller core area
of 3.77 km? and a home range area of 38.97 km? (Fig. 2b).
Finally, Ei3 (the rehabilitated turtle) had the largest core
area of 24.52 km? and a home range area of 286.45 km?
(Fig. 2c). The vast majority (97.8%) of GPS-derived trans-
missions had residuals <24. After filtering, 838 Fastloc
GPS-derived locations were available to be included in
analyses. From these GPS-derived locations, Eil (male
turtle tagged off of Wahlei Island in the northern Red
Sea) had a tracking duration of 371 days, with a core
area (50% UD) of 2.86 km? and a home range area (95%
UD) of 13.64 km? (Fig. 2d). In comparison, Ei2 (the turtle
tagged in the Gulf of Aqaba) had a tracking duration of
156 days, with a much smaller core area of 0.16 km? and
a home range area of 0.80 km? (Fig. 2e). Turtles Eil and
Ei2 showed more than a tenfold difference in home range
and core use estimations between GPS-derived locations
compared to Argos-derived (Fig. 2).

All three turtles had different habitat uses, with coral
and rock being the most common habitats based off Fast-
Loc data, whereas sand and rock were more prevalent
with the Argos data (Additional file 1: Fig. S2). Seagrass
and microalgal mats were consistently the least common
habitat type used. Of the two turtles fitted with depth
sensors, the adult male turtle Eil spent on average only
23.6% of its time in waters deeper than 5 m, and turtle Ei2
spent only 6.12% of its time deeper than 5 m (Additional
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Fig. 1 Release locations of tagged hawksbill turtles (Eretmochelys imbricata) (green dots Ei1, Ei2, and Ei3), in the Saudi Arabian Red Sea. The dashed
lines refer to the areas of ongoing coastal development giga-projects. The purple polygon refers to NEOM borders, and the red polygon refers to
The Red Sea Project (TRSP) borders; these projects aim to attract visitors through eco-friendly luxury hotels and residential areas on islands and

file 1: Fig. S2). The deepest recorded dive was from Eil at
80 m, whereas Ei2 had a maximum depth of 30 m (Addi-
tional file 1: Fig. S2).

Discussion

This study presents the first published data on the move-
ment patterns, home range size, and habitat use of for-
aging hawksbill turtles in the Red Sea. All three tracked
turtles maintained localized home ranges, though their
habitat selection within those ranges was varied, particu-
larly within their respective core use areas. Despite the
small sample size, the data presented here provide the
first insight into hawksbill turtle habitat use in the Red
Sea and represents an important step toward improved
local management of key foraging habitats.

Restricted movement patterns have been commonly
reported from foraging hawksbill turtles tracked in other
areas [27-30]. The animals tracked in the present study
exhibited similar restricted movements (Additional file 1:
Table S1). The Red Sea hawksbill turtles exhibited simi-
larly sized home range and core use areas as from other

regions, with some smaller and some larger (Additional
file 1: Table S1) [27-30]. Home ranges may simply reflect
the physical constraints where each animal resides. For
instance, the reef habitat in Aqaba is often restricted to
a narrow (a few 10 s of meters) band of fringing reef that
rapidly drops off into deep waters exceeding 100 m. On
the other hand, the northern Red Sea increases in depth
more gradually, potentially providing increased forag-
ing habitat over wider vertical and horizontal ranges.
The smaller home range used by the hawksbill tracked
in the Gulf of Aqaba corresponded to a smaller verti-
cal range (0-30 m) than its counterpart in the northern
Red Sea (0—80 m). This difference in diving depths may
be explained by the differences in size and potentially
sex of the turtles [31]. Nonetheless, both tracked hawks-
bill turtles spent most of their time in waters shallower
than 5 m (Additional file 1: Fig. S2). While turtles made
predominantly shallow dives, habitat analysis revealed
that the most common category associated with loca-
tions was “>10 m depth” While this suggests that turtles
may spend time in the top 5 m of the water column over
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Fig. 2 Home range (95% utilization distribution, teal) and core use areas (50% utilization distribution, white) of hawksbill turtles (Eretmochelys
imbricata) tagged in the northern Red Sea and Gulf of Agaba. The first row (panels a, b, and ¢) includes areas calculated using Argos-derived
locations, and the second row includes areas calculated using FastLoc GPS-derived locations. The small white rings show the locations of each
transmission. Panel d is a close-up view of the area indicated by the yellow rectangle inset in panel a; panel e is a close-up view of the area
indicated by the yellow rectangle in panel b. Panel f shows the regional context for the specific areas of focus (indicated in red) for the three tagged

Home range: 286.45 km?*
Core use: 24.52 km?

Earthstar Geographidé,

deeper habitats, this pattern may result from a mismatch
between location accuracy and the habitat data set reso-
lution, or the Allen Coral Atlas not having high enough
accuracy in this region.

Extended use of surface or near-surface waters could
make animals vulnerable to boat strikes, a major source
of mortality in sea turtles, especially in locations with
high amounts of tourism or boat use (e.g., [24]). Cur-
rently, the main threat of boat strikes is for the turtles
migrating through deeper waters. The Red Sea is rela-
tively narrow with a high number of shipping vessels,
exasperating the risk of collision [33]. The developing
tourism industry may increase the number of boats vis-
iting reefs for recreational use, which could increase the
risk of collision at these foraging sites. Conservation
managers working for the relevant giga-projects should
consider implementing coastal boating speed limits to
minimize this threat. While the differences in bathymetry
and habitat distribution between the Gulf of Aqaba and

the northern Red Sea could explain corresponding dif-
ferences in the home range sizes between tagged turtles,
more data are required to draw broad, population-level
conclusions. More tracking studies on foraging hawks-
bill turtles in the Red Sea are clearly needed to generate
actionable information for the effective conservation of
local populations and the key foraging grounds on which
they depend.

Our results showed more than a tenfold difference in
the home range and core area estimations when using
GPS-derived locations compared to the Argos-derived
locations (see also [27]). While home range estimations
from both data types indicated highly constrained forag-
ing grounds when compared to the available habitat, the
difference in area estimation had a pronounced effect
on finer-scale analyses, such as the benthic habitat clas-
sification (see Additional file 1: Fig. S1). Benthic habi-
tat use based on FastLoc data indicated that turtles are
using rock and reef habitats (Additional file 1: Fig. S1),
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thus, these ecosystems should be protected in the face of
upcoming coastal developments. Specifically, conserva-
tion managers should avoid introducing pollutants into
the water, avoid sedimentation, and create regulations for
tourism to decrease the impact on the marine ecosystem.
Though FastLoc technology is more costly compared to
Argos, it provides higher resolution location data, allow-
ing managers to refine spatial protections to truly critical
habitats [27, 34]. In the absence of other data, Argos loca-
tions can still be used, but managers should understand
that the home ranges derived from these data are likely
an overestimation.

Telemetry is a crucial tool for quickly understanding
the horizontal and vertical space-use of marine mega-
fauna. Hawksbill turtles spend most of their time for-
aging on coral reef ecosystems [27], yet most tracking
studies on sea turtles to date have focused on the migra-
tory behavior of nesting females [10]. The Red Sea has
an estimated 4,000 km of coral reefs along the shoreline
[35], which could be suitable habitats for hawksbill tur-
tles. More research efforts are needed to identify “hot-
spots” used by the species. Hawksbill turtle sightings are
commonly reported by recreational divers and boaters
throughout the Red Sea. However, at present, there is
only one systematic study that includes in-water obser-
vations of hawksbill turtles in the Red Sea, which found
a high number of turtles in the same area, where turtle
Ei2 was tagged [36]. While the number of tracked turtles
in this study was small, it still represents an important
contribution to the current understanding of spatial ecol-
ogy among foraging hawksbill turtles globally and pro-
vides the first ever reported hawksbill turtle tracking data
from the Red Sea (Additional file 1: Table S1). More tag-
ging studies are needed to add to the preliminary findings
presented here and guide the implementation of effective
spatial management for hawksbill turtles in the Red Sea
and throughout this Critically Endangered species’ cir-
cumglobal range.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540317-022-00314-x.

Additional file 1: Figure S1. Comparison of benthic categories (>10

m depth, coral/algae, microalgal mats, rock, rubble, sand, and seagrass;
indicated by color in the legend) that each of three tagged hawksbill
turtles (Eretmochelys imbricata) (individuals numbered as Ei1, Ei2, and
Ei3) used in their core use areas (50% utilization distribution) and their
home ranges (95% utilization distribution). Panels a—c show results using
Argos-derived locations, and panels d and e show results using FastLoc
GPS-derived locations. Figure S2. Proportion of time Eil, the adult male
hawksbill (Eretmochelys imbricata) tagged near Wahlei island, and Ei2, the
hawksbill tagged in the Gulf of Agaba, spent in shallow (<5m) and deep
(>5m) depths (panel a). The comparison of benthic habitat use (coral/
algae, rock, rubble, and sand) by Ei1 and Ei2 (panel b). For panels a and b,
the center lines denote the median, the boxes contain the inner quartiles
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of the sampled values, the whiskers extend to the most extreme data
point which is within 1.5 times above the 75" percentile or below the 25™
percentile, and the black dots are outliers that are >1.5 times the inter-
quartile range above the 75" percentile and below the 25th percentile.
The proportion of time Ei1 and Ei2 spent at each depth bin (surface, 0-5,
5-10, 10-30, 30-50, 50-60, and 70-80 m) is shown in panel c. Table S1.
Estimated foraging core use area (utilization distribution 50%) and home
range (95% utilization distribution) of hawksbill turtles. The studly site,
name of turtle, sensor type (FastLoc or Argos), number of days of satellite
tag deployment, sex (M = male, F = Female, and U = unknown), and
turtle’s life stage if noted in the paper.
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