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Abstract
Understanding how aquatic animals select and partition resources provides relevant information about community dynamics 
that can be used to help manage conservation efforts. The critically endangered hawksbill sea turtle (Eretmochelys imbricata) 
spends an extended part of its juvenile development in coastal waters. A strong proclivity to remain resident in small areas, 
often in high density, raises questions about how juveniles partition resources including selection of habitat and spatial 
overlap among conspecifics. Using between 36 and 41 acoustic receivers in the 1.5  km2 study site, this study quantified 
day-and-night habitat selection, as well as 2D and 3D space use of 23 juvenile hawksbills within two adjacent Caribbean 
foraging grounds—Brewers Bay and Hawksbill Cove, St. Thomas, US Virgin Islands—between 2015 and 2018. We found 
that coral reef, rock, and the artificial dolosse forming an airport runway, were the most strongly selected habitats based 
on resource selection indices. Individual activity spaces in 2D and 3D were both larger during the day compared to night, 
although the same parts of the bay were used by each individual during both periods. The 3D approach also showed deeper 
space use during the day. Weekly comparisons of activity space between individuals showed limited overlap (mean 95% UD 
overlap; day: 0.15 (2D) and 0.07 (3D), night: 0.11 (2D) and 0.03 (3D)), suggesting some degree of resource partitioning or 
territoriality. Results from this study provide relevant space use information for resource management of juvenile hawksbills, 
in which many populations are facing habitat degradation and population declines.

Introduction

Resource use is one of the main ecological concepts that 
drives animal behavior in the wild. Successful resource 
exploitation ensures energetic requirements for growth, 
survival, and reproduction are met. When resources, such 
as food or habitat, are limited, interspecific or intraspecific 
competition can lead to the use of alternative resources 
(Zaret and Rand 1971; Schoener 1974). Changes in resource 

use due to competition may entail consumption of prey that 
are less energetically beneficial or more difficult to obtain 
(Langeland et al. 1991; Petrov et al. 2020). Alternatively, 
short- or long-term shifts in spatial distribution may occur to 
mitigate exclusion from preferred resources (Davoren et al. 
2003; Papastamatiou et al. 2006). These types of interactions 
are likely to have implications for ecosystem dynamics and 
can change the functional role of species in the environment 
(Finstad et al. 2011; Pringle et al. 2019).

Knowledge of resource use by threatened species is par-
ticularly imperative because it enables the identification 
of important areas to protect (e.g., nursery areas, foraging 
hotspots) and help implement effective management tools 
(Dunbar et al. 2008). Hawksbill sea turtles (Eretmochelys 
imbricata) are a circum-tropical marine reptile that has 
drastically declined globally in the past century (Meylan 
and Donnelly 1999; McClenachan et al. 2006). Indeed, this 
species is currently listed as Endangered in the U.S. Endan-
gered Species Act (https:// www. fishe ries. noaa. gov/ speci es/ 
hawks bill- turtle) and Critically Endangered on the Interna-
tional Union for the Conservation of Nature (IUCN) Red 
List (https:// www. iucnr edlist. org/ speci es/ 8005/ 12881 238). 
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Hawksbills are ecologically valuable because they act as a 
keystone species by consuming coral competitors, such as 
sponges, algae, and corallimorphs, promoting a more diverse 
reef ecosystem (Hill 1998; León and Bjorndal 2002; Rincon-
Diaz et al. 2011). This species also provides economic sup-
port to humans as a major constituent of tourism (Troëng 
and Drews 2004). Despite their acute conservation needs and 
both ecological and economic values, patterns of resource 
use, particularly at multi-year time scales, remain understud-
ied for this species.

During their juvenile period, which can last up to 20 years 
(Boulon 1994), hawksbills stay resident in coastal areas, 
often in the same general area for months to years (Hart et al. 
2013). Early studies described coral reefs and hard-bottom 
structures as key foraging habitats for juvenile hawksbills 
(Carr et al. 1966), but recent studies have also recorded 
them in other habitats, such as seagrass beds/marine veg-
etation, lagoons, sand beds, and man-made structures of 
various types (Scales et al. 2011; Gorham et al. 2014; Selby 
et al. 2019). Habitat complexity provided by natural (e.g., 
coral, rocky ledges, ledges) and artificial (e.g., underwater 
construction) structures is a main driver shaping juvenile 
hawksbill habitat use, providing suitable resting areas, pro-
tection from predators, and access to food (Rincon-Diaz 
et al. 2011; Wood et al. 2013; Selby et al. 2019). However, 
in large part, these studies lack sufficient resolution to dif-
ferentiate between habitat use and habitat selection.

Interactions between individuals, such as competition, 
have also been speculated to play a role in the distribution 
of hawksbills at local scales. For example, Blumenthal et al. 
(2009a) suggested that vertical partitioning of habitat was 
a potential mechanism to decrease conspecific competition 
and ultimately increase the carrying capacity of foraging 
areas. Competition for habitat appears to be a main com-
ponent of distribution due to its role providing access to 
protected resting sites (Rincon-Diaz et al. 2011; Wood et al. 
2017). Food availability also likely has bearing on competi-
tion/distribution, but this effect is convoluted in hawksbills. 
For example, populations have exhibited prey selectivity 
(Berube et al. 2012), prioritization of abundant prey items 
(Rincon-Diaz et al. 2011), and a mixture of both foraging 
strategies (León and Bjorndal 2002). Also, hawksbills have 
been documented feeding in unexpected habitats, such as 
seagrass pastures (Bjorndal and Bolten 2010) and mangrove 
lagoons (Gaos et al. 2012). Overall, research on competi-
tion and other intraspecific interactions, such as territoriality, 
is limited. The occurrence and role of these interactions, 
as well as their impact on population dynamics is unclear, 
likely varying throughout their distribution based on avail-
able resources. Although agonistic interactions have been 
observed in wild juvenile hawksbills (Wood et al 2017; 
Van Dam and Diez 2000), direct measures of competition 
are difficult to obtain. Explorations of spatial overlap using 

long-term and continuous monitoring provide a useful proxy 
for resource availability and possible habitat partitioning or 
territoriality due to competition.

In this study, we tracked the movements of juvenile 
hawksbills in a small Caribbean bay using a dense acoustic 
receiver array (up to 41 receivers in 1.5   km2) and trans-
mitters equipped with (and without) pressure sensors. We 
quantified diel habitat selection, 2D and 3D activity space, 
as well as spatial partitioning to investigate resource use pat-
terns and potential competitive interactions among juvenile 
hawksbills. Given the ecological effects that resource use 
patterns can play on hawksbill populations, understanding 
their space use in the context of habitat partitioning is neces-
sary for successful management of this critically endangered 
species.

Methods

Study area and benthic habitat

This study was conducted in Brewers Bay and Hawksbill 
Cove (hereafter referred to as BBHC), adjacent coastal areas 
(~ 1.5  km2) southwest of St. Thomas, US Virgin Islands 
(Fig. 1). Brewers Bay and Hawksbill Cove support juvenile 
populations of both hawksbill and green (Chelonia mydas) 
sea turtles as juvenile foraging grounds (Gehrke 2018; 
Levenson 2020). Bathymetry in BBHC typically descends 
gradually from shore to ~ 30 m, except along the runway 
of the Cyril E. King Airport, which is constructed of large 
dolosse (branching concrete blocks) and drops off quickly 
to the seafloor (Fig. 1). In addition to the artificial dolosse, 
benthic structure in the bay primarily consists of continu-
ous or patchy seagrass, sand, coral reef, and rocks. Specific 
benthic habitat within the study area was identified from 
randomized drop-camera imagery collected between 2016 
and 2017 (n = 109) with 25 m resolution following proto-
cols outlined in Smith et al. (2016) and using the CPCe 3.6 
(Coral Point Count with Excel extensions) Program. Final 
habitat designations were grouped as coral reef (> 10% cov-
erage), sand, seagrass (> 10% coverage), artificial dolosse 
(runway), and sand with scattered coral/rock (≤ 10% coral, 
rock, or other hard structures; Fig. 1a). Bathymetry data for 
BBHC (Fig. 1b) were accessed from Fredericks et al. (2015) 
and were compiled using the submerged topographic data 
(250 cm resolution) from second-generation Experimental 
Advanced Airborne Research Lidar (EAARL-B).

Receiver array and animal tagging

An acoustic receiver array consisting of Vemco (now 
named Innovasea) VR2W-69 kHz receivers (n = 36–41) 
was deployed throughout the study period between 
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February 2015 and May 2018 (Fig.  1). The area that 
receivers covered was ~ 2   km2 based on the maximum 
detection range for V13 and V16 transmitters—75% 
detection efficiency (Matley et  al. 2019). See Matley 
et al. (2019, 2020) for additional information on deploy-
ment, type of moorings used, as well as range testing 
information.

A total of 23 juvenile hawksbills were tagged between 
February 2015 and 2018 (Table 1). Eighteen of these 
transmitters encompassed pressure sensors allowing for 
depth use and 3D activity space estimation. For tagging, 
individuals were captured by hand on snorkel and taken 
back to shore for tagging and measurements (e.g., weight, 
curved carapace length). Vemco V13 or V16 (both with 
and without pressure (0–100 m; ± 1.7 m error) sensors; 
tag power: 147–153 dB; nominal delay: 45–120 secs; esti-
mated tag life: 257–3650 days; Table 1) acoustic trans-
mitters were attached to two posterior scutes via plastic 
coated wire (2.5 mm) and marine epoxy (Marine-Tex®). 
See Matley et al. (2020) for additional tagging informa-
tion. Handling and tagging of turtles were carried out 
with approval from the University of the Virgin Islands 
Animal Care and Use Committee (IRBNet ID: 1106790-
2), and following relevant guidelines described in US 

National Marine Fisheries Service protected species per-
mit #15809.

Data filtering

Acoustic receivers were downloaded three times a year 
and false detections resulting in unknown transmitter IDs 
were removed. Detections were explored to remove data 
from transmitters that may have fallen off after tagging. For 
transmitters with pressure sensors (n = 18; Table 1), stag-
nant depth measurements were used to identify dropped 
tags; alternatively, prolonged detections at the same receiver 
were also used as a proxy to remove data from dropped tags. 
Individuals with low sample sizes were removed from analy-
sis, using a minimum of 30 unique days of detections as a 
threshold to ensure that analysis of behavior from individu-
als that sparsely used the area was not incorporated. Also, 
only individuals with a daily residency index of  > 0.5 were 
analyzed to ensure space use analyses were only conducted 
on highly resident individuals in the study area.

Fig. 1  Study site in Brewers Bay and Hawksbill Cove (BBHC), St. 
Thomas, US Virgin Islands. Acoustic receiver locations are denoted 
by black (Brewers Bay) and white (Hawksbill Cove) points and the 

study site is illustrated showing (a)  habitat types within a 200  m 
buffer around each receiver and (b) bottom depth within the bay
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Data analysis

2D and 3D activity space estimates

Day-and-night activity spaces in 2D were quantified using 
kernel density estimates (KDEs). Prior to KDE estimation, 
data were filtered to remove detections when individu-
als were at the surface or in transit towards/away from it. 
This was done to assist with positioning (see below) and 
because we were interested in space use when at the bottom 
of the water column since previous research (e.g., Storch 
et al. 2005; Blumenthal et al. 2009b; Matley et al. 2020) 
indicated that juvenile hawksbills in BBHC forage and rest 
along the seafloor. This process could only be completed for 
individuals tagged with depth sensors (18/23) by removing 
detections that occurred shortly before and after a surface 
detection. We considered a surface detection as any depth 
shallower than 1 m. We then removed detections 45 s before 

and 45 s after a surface detection to avoid incorporating 
movements associated with surfacing. There was limited 
support for hawksbills resting or foraging shallower than 
1 m in BBHC, but to ensure we did not remove detections 
when individuals were using very shallow areas, if a turtle 
was detected < 1 m consecutively for more than 5 min, these 
detections were kept.

The remaining detections (and non-sensor detection data) 
were converted to centers of activity (COAs; Simpfendorfer 
et al. 2002) by averaging the location of detections during 
30-s intervals. This step was used to avoid pseudo-repli-
cation affiliated with multiple receivers detecting singular 
transmissions (minimum tag interval duration was 30 secs) 
and to help improve the resolution of positioning (Simpfen-
dorfer et al. 2002). To better match the animal’s position to 
the benthic habitat for individuals with depth sensors, a final 
filtering step was then taken to identify and remove remain-
ing positions that were above the seafloor. This included 

Table 1  Summary of hawksbill sea turtle tagging and detection his-
tory. Residency index (RI) was calculated as the number of unique 
days each individual was detected (i.e., days detected) relative to the 

total number of days between the first and last detection (i.e., possible 
days detected) of the individual

The superscript ‘P’ in the ‘ID’ column indicated transmitters that had pressure/depth sensors. Two individuals (noted with an asterisk) were not 
analyzed because they were not resident within the study area (they are not included in mean values). IDs 24683, 24684, 24685, 12499, 15783, 
15784, and 15785 were tagged with V16 transmitters whereas the rest were tagged with V13 transmitters

ID Curved cara-
pace length 
(cm)

Release date Last detected Days detected Possi-
ble days 
detected

RI Day Night
No. of detections No. of detections

45147 29.0 2016–07–30 2017–08–01 368 368 1.00 165,615 116,230
1263P 43.9 2017–07–23 2018–05–24 306 306 1.00 84,698 28,985
1264P 35.5 2017–07–23 2018–05–24 306 306 1.00 94,842 10,463
1262P 36.0 2017–07–30 2018–05–23 298 298 1.00 53,832 7785
15785P 53.2 2017–08–06 2018–05–24 292 292 1.00 150,402 147,055
2959P 48.8 2016–07–17 2017–04-05 263 263 1.00 63,770 8613
2962P 47.0 2016–07–17 2017–04–05 263 263 1.00 84,490 5813
1261P 32.0 2017–07–30 2018–02–19 205 205 1.00 94,496 12,373
1259P 40.5 2017–08–05 2018–02–25 205 205 1.00 82,771 32,366
1257P 44.5 2017–08–13 2018–03–05 205 205 1.00 180,692 62,612
1260P 42.2 2017–08–19 2018–03–11 205 205 1.00 46,479 21,148
2960P 40.6 2016–07–23 2016–12–01 132 132 1.00 47,929 5717
15784P 52.8 2018–02–04 2018–05-23 109 109 1.00 34,729 6761
15783P 29.0 2018–02–10 2018–05–25 105 105 1.00 118,508 93,207
2958P 36.0 2016–07–23 2016–08–29 38 38 1.00 3342 251
12499P 48.3 2015–04–08 2017–12–27 987 995 0.99 111,359 3566
24685 65.0 2015–05–16 2017–08–15 811 823 0.99 343,522 229,777
1258P 40.0 2017–08–05 2018–02–25 202 205 0.99 46,930 2775
24683 45.0 2015–02–21 2016–09–09 554 567 0.98 49,566 8448
10651P 27.4 2015–02–21 2016–02–12 331 357 0.93 7454 441
24455 28.1 2015–02–21 2017–10–26 864 979 0.88 17,764 4280
24684* 47.5 2015–02–22 2015–05–12 31 80 0.39 1196 58
2961P* 44.1 2016–07–16 2016–08–11 5 27 0.19 708 174
Mean (± SD) 40.6 ± 2.1 336 ± 56 344 ± 59 0.99 ± 0.01 89,675 ± 16,549 38,508 ± 13,125
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removing 30-s COAs when the mean depth value was > 1 m 
shallower than the surrounding bathymetry within a 200 m 
radius (i.e., maximum expected detection range). While 
there is inevitably some error associated with distinguishing 
when individuals are on the bottom or in the water column 
(e.g., identifying a mid-water detection as a bottom detection 
due to a missed surface interval), it was likely minimal due 
to the filtering steps discussed above and because surface 
intervals were commonly detected (Matley et al. 2020).

A final positioning step was applied to transmitters 
with depth sensors to relocate COAs based on depth sen-
sor values relative to the surrounding bathymetry since 
juvenile hawksbills were primarily using bottom/benthic 
habitat. Specifically, each COA’s location was readjusted 
to a random location within a 200 m radius—the maximum 
expected detection range, where the bathymetry was within 
1 m of the mean depth value for that COA. We chose to use 
a random location near the COA as opposed to the nearest 
location because COAs are not necessarily as accurate as 
other methods (Espinoza et al. 2011; Baktoft et al. 2017) and 
exploratory investigations showed there were spatial biases 
when nearest locations were used; for example, detections 
were placed perpendicular to shore in a linear arrangement 
from receivers. Furthermore, we decided to use a random 
location instead of a distribution of possible locations for 
each COA to reduce processing time, but also because our 
sample sizes were large enough that we deemed evident pat-
terns would be apparent.

A random subset of 5,000 COAs was used for 2D and 3D 
KDE calculations for each individual and day (8:00–17:00)/
night (20:00–5:00) period. If there were fewer than 5000 
observations for an individual per period, all COAs were 
used. For 2D activity space, the ‘kernelUD’ function in 
the adehabitatHR (Calenge 2006) R package was used to 
delineate 50% and 95% utilization distributions (UDs) with 
10 m grid sizes based on a smoothing parameter (h) of 75 
to incorporate additional buffering for positioning error. 
The smoothing parameter was selected based on successive 
visual trials testing different values (e.g. values that were 
too high overestimated receiver detection ranges and over-
lapped too much with land and within the detection range of 
adjacent ‘unused’ receivers; values too low underestimated 
detection ranges and resulted in highly disjointed polygons) 
as suggested by Calenge (2006). Three-dimensional KDEs 
were also explored using the random subset of COAs and 
affiliated mean depth values. The ‘kde’ function in the ks 
(Duong 2019) R package was used to estimate 50% and 95% 
UD volumes following Simpfendorfer et al. (2012). Three-
dimensional UDs were plotted by inputting KDE output into 
the fishtrack3d (Aspillaga et al. 2020) R package to create 
3D UD meshes and topographic plots for each individual 
and diel period. Differences between day and night 2D and 
3D UDs were tested among individuals with paired t-tests.

Activity space partitioning

Overlap of 50% and 95% UDs was explored between diel 
periods (for each individual) and among individuals (for 
each diel period) to explore resource partitioning. The 
degree of diel space overlap (DSO) between two diel periods 
was calculated as follows:

where OA is the UD overlap area (or volume—3D) 
between diel period a and b for each individual, and A is the 
UD area (or volume—3D) for each diel period. The output 
is a proportion of overlap that takes into account the size of 
UDs from both periods and their joint amount of overlap 
(Jackson 2020). When there is no overlap between UDs the 
DSO is 0 and for complete overlap (in both size and area), 
the DSO is 1. Overlap among individuals was similarly 
calculated; however, they were compared at a weekly level 
to ensure pairs of individuals were present during specific 
periods. Only if both individuals were present for at least 
50 COAs were then included for that week. Each weekly 
overlap (when possible) for the individual pairings was then 
averaged to provide an overall shared overlap proportion for 
that pairing.

Habitat selection

Habitat selection of hawksbills within the study area was 
determined using benthic habitat maps in conjunction with 
detection data. Specifically, the Chesson selectivity index 
(α; Chesson 1978) was used to quantify the proportion of 
the different habitats used by each individual relative to the 
area of each habitat in the study area, following:

where Hi is the proportion of positions within habitat 
type i and pi is the proportion habitat i available. An index 
value > 1/(number of category levels) represents positive 
selection and < 1/(number of category levels) represents 
negative selection or avoidance. Positions used in Hi were 
based on the habitat designation at 100 randomly selected 
coordinates within each individual’s 50% UD (core habitat 
use area) for both day and night periods. Available habitat 
encompassed the cumulative area formed by a 200 m buffer 
around each receiver within the study area (Fig. 1a). Rela-
tive depth selectivity was also calculated for each individual 
(with depth sensor) and time period in the same manner 
using the bottom depth of 100 random 50% UD coordinates 
relative to the area of three bottom-depth categories (< 10, 

DSOa+b =
OAa+b

(

Aa + Ab

)

− OAa+b

�i =

�

Hi∕pi
�

∑
�

Hi∕pi
�
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10–20,  ≥ 20 m) in the study area. Therefore, the Ches-
son index cut-offs between positive and negative selec-
tion for habitat type and depth were ɑ = 0.20 and ɑ = 0.33, 
respectively.

To provide a comparative view between juvenile hawks-
bill behavior in St. Thomas (this study) and St. Croix (Selby 
et al. 2019), USVI, an additional approach was used to 
explore habitat and depth selectivity for individuals tagged 
with depth sensors, following methods described in Selby 
et al. (2019). This method employed a resource selection 
function binary model approach comparing the animal 
locations (coded as ‘1’) with randomly selected locations 
in the study area (coded as ‘0’). For each individual and 
diel period, we selected 100 random bathymetry-adjusted 
COAs to represent animal or ‘presence’ locations. An addi-
tional 100 random coordinates within the study area were 
also selected to represent the random or ‘absence’ locations. 
The random allocation of pseudo-absences in areas that are 
not dissimilar to occurrences can bias spatial distribution 
model output (Senay et al. 2013; Chambault et al. 2021). 
To help ensure absence locations reflected true absences 
(i.e., environmentally dissimilar from presence locations), 
absence locations were restricted to areas within the study 
area that fell outside a 50 m buffer of presence locations.

Habitat modeling

A generalized linear mixed model (GLMM; binomial dis-
tribution) tested the significance of the covariates habitat 
type, depth, and diel period influencing presence/absence in 
the study area for the resource selection function approach. 
The ‘glmer’ function in the lme4 (Bates et al. 2015) R pack-
age was used for the GLMM with animal ID as a random 
variable. Several candidate models were run with the lowest 
Akaike’ information criterion (corrected for finite sample 
sizes; AICc; Burnham and Anderson 2002) selected as the 
best model. Collinearity among covariates was tested using 
variance inflation factors (VIF; car R package—Fox and 
Weisberg 2019); only VIFs < 3 (representing no collinearity) 
were included in candidate models. Predictive plots were 
created from the best model using the ‘predict’ function in 
lme4 with 95% confidence intervals created from 100 boot-
strap iterations using the ‘bootMer’ function. Due to the 
binary nature of the data, the null probability of actively 
selecting specific habitats or depths was 0.5 (see Selby et al. 
(2019) for more information).

Results

2D and 3D activity space estimates

Two out of the 23 tagged juvenile hawksbills were not 
included in analyses due to low residency in the study 
area (Table 1). The remaining individuals used specific 
areas within BBHC and not its entirety (Fig.  2). For 
example, individuals either remained primarily in the 
northern portion of the bay, in the central portion of the 
bay and along the northern shore of the runway, or along 
the western and southern sides of the runway (Fig. 2). 
The mean (± SE) number of detections among indi-
viduals was 89,675 ± 16,549 (day) and 38,508 ± 13,125 
(night), number of days detected was 336 (± 56), and 
daily residency was 0.99 (± 0.01) (Table 1). The 2D UDs 
during the day (mean ± SE 50%—0.090 ± 0.009   km2, 
95%—0.392 ± 0.035  km2) were significantly larger than 
at night (mean ± SE: 50%—0.053 ± 0.006   km2, 95%—
0.235 ± 0.026  km2) for both 50% (paired one-tailed t test: 
T1,20 = 4.94, p < 0.001) and 95% UDs (paired one-tailed t 
test: T1,20 = 6.53, p < 0.001) (Fig. 3a).

The 17 individuals analyzed with pressure-enabled 
sensors showed more variation in-depth use and stayed 
deeper during the day (mean ± SE: 8.8 ± 0.1  m) com-
pared to night (mean ± SE: 7.3 ± 0.1 m) periods (LMM 
F1,128294 = 6979.8, p < 0.001; Fig. 3b). Three-dimensional 
UDs were correlated with 2D estimates (Pearson’s cor-
relation p value < 0.01). The 3D UDs during the day 
(mean ± SE 50% UD: 2.39e-4 ± 3.34e-5  km3, 95% UD: 
1.83e-3 ± 2.94e-4  km3) were significantly larger than at 
night (mean ± SE 50% UD: 4.23e-5 ± 8.39e-6  km3, 95% 
UD: 4.11e-4 ± 8.45e-5   km3) for both 50% (paired one-
tailed t test: T1,15 = 7.08, p < 0.001) and 95% UDs (paired 
one-tailed t test: T1,15 = 5.38, p < 0.001). These differences, 
including deeper habitat use, were visible when comparing 
3D activity spaces of individuals between day and night 
(Fig. 4; Fig. S1).

Activity space partitioning

There was a relatively high amount of 2D overlap between 
day and night periods for each individual (Fig. 2). In sev-
eral instances (e.g., IDs: 1261, 15,785, 1258, 1259), the 
UD areas at night were almost completely within the area 
used during the day (Fig. 2). Two-dimensional activity 
space overlap between day and night periods ranged from 
0 to 0.68 (mean: 0.33) and 0.32 to 0.83 (mean: 0.52) for 
50% and 95% UDs, respectively (Fig. 5). Three-dimen-
sional activity space showed less overlap between day and 
night periods and ranged from 0 to 0.42 (mean: 0.12) and 
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0.01 to 0.45 (mean: 0.19) for 50% and 95% UDs, respec-
tively (Fig. 5).

Weekly 95% UD 2D activity space overlap among indi-
viduals that were present within the study area during the 
same weekly periods had an overall mean of 0.17 (Fig. 
S2a) during the day, and 0.13 (Fig. S2b) during the night. 
Weekly 95% UD 3D activity space overlap among indi-
viduals was limited with an overall mean of 0.07 (Fig. 
S2c) during the day and 0.03 (Fig. S2d) during the night.

Habitat selection

There was strong inter-individual variability in habitat pref-
erence in both day and night periods (Fig. 6a). Neverthe-
less, artificial dolosse (mean CI ± SE 0.31 ± 0.07), coral 
reef (0.27 ± 0.05), and sand (marginally; 0.21 ± 0.03) were 
overall positively selected during the day, whereas coral reef 
(mean CI ± SE 0.36 ± 0.05) was important during the night 
for the majority of individuals (Fig. 6a). Waters 10–20 m 

Fig. 2  Activity space of hawks-
bills derived from a maximum 
random subset of 5000 COAs 
showing overlap between day 
(red) and night (blue) periods 
for each individual, as well 
as distribution and possible 
territoriality among individu-
als throughout the study area. 
50% and 95% UDs are denoted 
by darker and lighter shading, 
respectively, within day and 
night periods. Note: following 
data filtering, ID 2958 did not 
have sufficient detections at 
night to be included
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deep were overall positively selected during the day (mean 
CI ± SE 0.42 ± 0.04) and night (0.28 ± 0.06; Fig. 6b), while 

shallower depths (i.e., < 10 m) were mainly selected during 
night (mean CI ± SE: 0.58 ± 0.08). Waters deeper than 20 m 

Fig. 3  Day-and-night periods for 2D activity space depicting (a) 50% 
and 95% UDs (black points represent areas for each individual) and 
(b) depth use. For boxplots, the distal end of whiskers represent the 
smallest and largest values no further than 1.5 times the inter-quar-

tile range, the hinges (i.e., ends of boxes) represent the 25th and 75th 
percentiles, and the inner horizontal line represents the median. The 
asterisks in (a) and (b) indicate significant differences between day 
and night activity space and depth estimates (see results)

Fig. 4  Three-dimensional activity space (50% UDs—darker shad-
ing; 95% UDs—lighter shading) of hawksbills during day and night 
derived from a maximum random subset of 5000 COAs for a sub-

set of individuals tagged with depth sensors. 50% and 95% UDs are 
denoted by darker and lighter shading, respectively, within day and 
night periods. Plots can be visualized alternatively in Fig. S1
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were generally avoided by all individuals throughout both 
diel periods (Fig. 6b). Habitat-specific selection patterns 
relative to depth were also demonstrated in the binomial 
GLMM approach using only bathymetry-adjusted positions 
(i.e., animals without depth sensors were not included). 
The best candidate model describing selection included 
all explanatory variables, as well as interactions between 
depth and habitat type, and depth and diel period (Table 2). 
Sand and seagrass habitat were rarely selected for in water 
deeper than 5 m, and both were mainly avoided during the 
day at all depths (Fig. 7). Positive selection for coral reef and 
sand with scattered coral and rock occurred at depths shal-
lower than 10 m throughout diel periods, while the artificial 
dolosse were regularly selected during the day up to 20 m 
deep (Fig. 7). There was considerable overlap in selection 
patterns between day and night periods for most habitats; 
however, artificial dolosse were consistently selected during 
the day compared to night at all depths (Fig. 7).  

Discussion

Activity space sizes

Larger activity spaces during day compared to night related 
to periods of activity and resting, respectively (Hart et al. 
2012; Wood et al. 2017). These periods are also associ-
ated with differences in dive duration in which longer dives 
occur at night due to fewer metabolic demands when inac-
tive (Matley et al. 2020). It is typically incongruous to com-
pare estimates of activity space between studies because 

of disparities between sample sizes, patterns of residency, 
receiver array configurations, and calculation techniques; 
however, our findings fall in line with the majority of stud-
ies that report relatively small areas of space use by imma-
ture hawksbills (Chevis et al. 2017; Wood et al. 2017) and 
other tropical species such as green sea turtles (Chambault 
et al. 2020; Griffin et al. 2020). For example, using acous-
tic telemetry, Carrión-Cortez et al. (2013) reported that the 
mean 95% UD (KDE) of immature hawksbills in Costa Rica 
was ~ 0.67  km2. Although larger space use areas have been 
noted in juvenile hawksbills (e.g., Nivière et al. 2018), the 
high residency and consistent detections in the array fur-
ther supports local movements. Therefore, until maturity 
(~ 67 cm CCL; Meylan et al. 2011), in which hawksbills 
transition from inhabiting these localized coastal areas to 
wider ranging oceanic movements (Meylan 1999), it is evi-
dent that BBHC is an important location that provides access 
to resources and safety during a critical and extensive period 
of hawksbill development.

Diel activity space overlap within individuals

The relatively high overlap in 2D activity spaces between 
day and night periods for each individual (e.g., 63 and 100% 
of individuals had DSO > 0.30 for 50 and 95% UDs, respec-
tively) suggests that common areas are used within BBHC 
by each individual for foraging and resting. However, higher-
resolution tracking (e.g., Espinoza et al. 2011) is required 
to pinpoint exact locations of these behaviors. Nevertheless, 
the smaller activity spaces at night indicate that specific and 
fewer locations are used for resting. Exploratory analyses 

Fig. 5  Overlap of 50% and 95% UDs between day and night periods among individual hawksbills for 2D (pink) and 3D (red) activity spaces. 
Vertical dashed lines represent the mean overlap value for each overlap type and UD level
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Fig. 6  Chesson selectivity 
index of hawksbills for the five 
main habitats sampled within 
Brewers Bay and Hawksbill 
Cove (a) and the three depth 
range categories. Index values 
are provided for each individual 
(black circles) and summarized 
by boxplots for day (red) and 
night (blue) periods. Horizon-
tal dashed lines represent the 
Chesson index cut-off between 
positive selection and avoid-
ance for each specific habitat or 
depth category. The distal end 
of boxplot whiskers represent 
the smallest and largest values 
no further than 1.5 times the 
inter-quartile range, the hinges 
(i.e., ends of boxes) represent 
the 25th and 75th percentiles, 
and the inner horizontal line 
represents the median

Table 2  Summary output 
of candidate models from 
generalized mixed effects 
models (with individual 
ID selected as random 
effect) examining the binary 
resource selection function of 
bathymetry-adjusted data points 
relative to habitat, diel period, 
and bottom depth

The optimal model based on the lowest AICc value is in bold text

Model No Model Structure AICc ∆AICc

8 Presence/Absence ~ Diel period*Depth + Habitat*Depth 6052.0 0.0
7 Presence/Absence ~ Diel period + Habitat*Depth 6088.1 36.1
6 Presence/Absence ~ Diel period*Depth + Habitat 6179.5 127.5
2 Presence/Absence ~ Depth + Habitat 6206.2 154.2
5 Presence/Absence ~ Diel period + Depth + Habitat 6208.0 156.0
3 Presence/Absence ~ Diel period + Depth 6873.9 821.9
4 Presence/Absence ~ Diel period + Habitat 7794.3 1742.3
1 Presence/Absence ~ (1|ID) 9153.5 3101.5
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showed that individuals often return to the same forag-
ing and resting locations each day cycling back and forth 
between diel periods. Therefore, returning to known loca-
tions that facilitate efficient foraging, resting, and protection 
from predators such as sharks, is likely commonplace. Other 
studies typically support the use of smaller areas at night 
compared with day by juvenile hawksbills (Chevis et al. 
2017, Selby et. al. 2019) and greens (Chambault et al. 2020).

Visualization of 3D space use provided a valuable 
perspective for exploring vertical space use not possible 
with only horizontal locations. For example, Aspillaga 
et al. (2019) showed how activity spaces differed between 
spawning and non-spawning seasons in the common den-
tex (Dentex dentex) using a 3D approach but not for 2D—a 
potentially misleading result had 3D not been explored. In 
addition to differences in the size of 2D and 3D activity 
spaces, diel disparities appear to be driven primarily by 
the shallower depth used at night. This finding differs from 
many studies where juveniles dive deeper during the night 
(Makowski et al. 2006; Blumenthal et al. 2009b; Witt et al. 
2010). It is typically more energetically efficient for sea 
turtles to rest in deeper waters (Minamikawa et al. 2000); 
however, access to resources (e.g., for resting, protection, 
or foraging) is also a major factor driving diel depth use 

patterns (Chambault et al. 2020). A possible reason for shal-
lower depth use at night is that rugose habitat such as the 
artificial dolosse provide suitable assisted resting locations 
to help with buoyancy control when lungs are fully inflated 
(Houghton et al. 2003). Resting in rugose habitats, even if 
relatively shallow, may also reduce predation risk by pro-
viding shelter or refuge locations (Makowski et al. 2006). 
Ultimately, 2D activity space estimates remain biased by 
only providing a partial view of behavior and fail to incor-
porate the entire water column—highlighting the value of 
3D approaches.

Diel activity space overlap between individuals

Hawksbills often used areas (and volumes) with limited 
spatial overlap between other individuals. Whether this 
was driven by resource partitioning or adequate resources 
available at scales smaller than the study area is not known. 
Although some individuals exhibited high levels of overlap 
(e.g., six and seven unique ID pairings with mean DSO > 0.5 
(2D 95% UD) during day and night, respectively), they did 
not include multiple combinations of the same individu-
als and no size-related effects were apparent (Matley pers. 
obs.). This spatial partitioning spread out evenly from the 

Fig. 7  Probability of detection of hawksbills across depth in the five 
main habitats sampled within Brewers Bay and Hawksbill Cove for 
day (red) and night (blue) periods. Predictions for each habitat are 
based on the best generalized mixed effects model examining the 
binary resource selection function of bathymetry-adjusted data points 

relative to habitat, diel period, and bottom depth. Shaded areas indi-
cate 95% confidence intervals around the maximum likelihood pre-
diction and horizontal dashed lines represent the positive selection 
cut-off across the range of depths
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NW portion of the bay, Black Point, to the SE corner of 
the runway is suggestive of territoriality. In our observa-
tions over the course of several years, very rarely were two 
hawksbills seen together, but two juvenile hawksbills were 
observed fighting (vertically attached plastron to plastron), 
presumably for space or food, within the runway habitat. 
Competitive interactions have also been observed in wild 
juvenile hawksbills (van Dam and Diez 2000; Blumenthal 
et al. 2009b; Wood et al. 2017), as well as other species of 
sea turtles (Schofield et al. 2007; Griffin et al. 2020). Inter-
individual variability and the ability to adapt to contrasting 
habitat types, as reported in juvenile greens in the South-
West Indian Ocean (Chambault et al. 2020), likely also 
helps to buffer against competition or resource limitation. 
Finer-scale tracking or additional methods, such as observa-
tions via SCUBA or underwater video, would help elucidate 
interactions between individuals in specific areas to provide 
improved perspectives of social hierarchies and aggres-
sive behavior among juveniles. Based on mark-recapture 
estimates, our sampling size was approximately 1/3 of the 
population in BBHC (Jobsis pers. obs.); therefore, overlap 
among hawksbills may have been underestimated despite our 
representative sampling approach (i.e., specific areas were 
not targeted). Still, we believe our findings provide a valu-
able preliminary outlook of how juveniles exploit space and 
resources, suggestive of at least mild territoriality in an area 
of relatively high turtle density.

Habitat selection

Both selectivity methods used different approaches to 
explore habitat selection in BBHC but provided similar 
results. The positive selection for habitats, such as artifi-
cial dolosse (day) and coral reef (day/night), matched well 
between the two methods, not to mention the clear pattern 
of deeper habitats being avoided. There were some dif-
ferences also; for example, sand with scattered coral and 
rock and sand (at night) was more important in the binary 
RSF method. Such differences are not surprising given 
the disparities between approaches, particularly that only 
bathymetry-adjusted data were used in the RSF method. As a 
result, the Chesson approach was not limited to bathymetry-
adjusted positions for five out of 23 individuals which may 
have resulted in less reliable positioning estimates. Since 
the RSF method used only bathymetry-adjusted data, it was 
likely more proficient at co-locating detections with habitat, 
particularly in areas where bathymetry is variable (e.g., the 
runway). Ultimately, a higher-resolution array is required or 
other method (e.g., high-resolution GPS tracking; Christian-
sen et al. 2017) to fully comment on the minor differences 
between approaches, as well as their overall effectiveness; 
thus, for this study, we have focused on broad trends in habi-
tat selection.

Shallow (< 20 m) habitats with high rugosity (coral reef, 
artificial dolosse, rock) were overall positively selected for. 
These findings are similar to those of juvenile hawksbills in 
nearby St. Croix, US Virgin Islands, where high-rugosity 
reef habitat was preferred (Selby et al. 2019). Reef habi-
tats are typically rich in potential food items of hawksbills, 
which primarily consist of sponges, algae, tunicates, coral-
limorphs, and zoanthids (León and Bjorndal 2002; Rincon-
Diaz et al. 2011; Carrión-Cortez et al. 2013; Cruz et al. 
2016). The use of mainly coral reefs at night indicates that 
the structure provided is also sought for protection or cam-
ouflage from predators, shelter from the environment, or to 
assist in resting behavior (Blumenthal et al. 2009a; Wood 
et al. 2017). The artificial dolosse are a unique structure in 
BBHC that provide steep and highly rugose habitat that is 
readily used by those hawksbills living nearby, particularly 
during the day. During snorkel surveys, hawksbills were 
commonly observed resting on the surface or within the 
matrix of the tetrapodal structures. The sites of refuge pro-
vided by the dolosse are abundant and algal production upon 
their surface may support part or all of the diet of turtles 
using this area. However, there may be trade-offs of higher-
energy food (e.g., reef-associated food and sponges) that 
occur more readily at the main opening of the bay. Future 
work on diet selection among individuals utilizing different 
habitats or areas in the bay, as well as the use of 3D acceler-
ometers, would be an important step forward from an ener-
getics perspective. Despite, low-rugosity sandy habitat being 
demonstrated as a relatively common habitat of immature 
hawksbills (Blumenthal et al. 2009b; Carrión-Cortez et al. 
2013; Selby et al. 2019), in this study (and others), sand may 
have been marginally selected due to its consistent proximity 
to coral reefs (e.g., error associated with detection range) or 
as an artifact of movement between different habitats.

There was a high amount of individual variation that was 
relevant to habitat preferences of hawksbills. While some 
habitats stood out as particularly important overall (e.g., 
artificial dolosse—day, coral reef—day/night), each habitat 
showed positive selection values by at least a few individu-
als. The use of distinct locations within BBHC appeared to 
be the main attribute of this individual variation, potentially 
driven by territorial behavior or available resting locations. 
Inevitably turtles that remained in the northern portion of 
the bay resulted in having negative selection values for the 
runway because that habitat only existed in the southern por-
tion of the study area.

Conclusion

Determining how hawksbills select resources, such as 
space and habitat, is relevant to evaluating and imple-
menting appropriate conservation strategies. As a criti-
cally endangered species, there is significant impetus to 
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understand the interactions among conspecifics and with 
the environment to inform management agencies of spe-
cific risks. This applies particularly to areas such as BBHC 
that support their development during potentially decadal 
periods. If food becomes limited within BBHC, for exam-
ple, due to habitat degradation, the small and consistent 
areas used by individuals may need to be expanded to find 
food or refuge sites. Similar behavior has been observed in 
BBHC after Hurricanes Irma and Maria (September 2017) 
caused wide-spread damage on St. Thomas, in which sev-
eral hawksbills left their traditional home sites during and 
for a short period (~ week) after the hurricanes (Matley 
et al. 2019). These individuals used larger areas likely in 
response to habitat destruction or reductions in food avail-
ability—the consequences (energetic, stress, competitive, 
etc.) unfortunately are unknown.

The high reliance of juvenile hawksbills on habitat that 
provides access to food and protection reinforces similar 
findings from other studies and supports that habitat protec-
tion is instrumental for conservation efforts (Hamann et al. 
2010; Rees et al. 2016). Like juvenile greens (Chambault 
et al. 2020), hawksbills show spatial resilience to seasonal 
(Matley et al. 2020) and extreme (Matley et al. 2019) envi-
ronmental fluctuations in BBHC; however, the chronic 
physiological impacts may still be detrimental. Furthermore, 
with ongoing climate change trends in the Western Carib-
bean, such as ocean warming and increased coral disease 
(Harvell et al. 2004; Smith et al. 2016), leading to loss of 
preferred habitat (e.g., coral reefs; Alvarez-Filip et al. 2009; 
Smith et al. 2013; Hughes et al. 2018) and food sources 
(e.g., sponges; Edmunds et al. 2020; Gochfeld et al. 2020), 
resource use patterns will likely change if a critical point is 
reached. Therefore, gaining current knowledge of localized 
and long-term habitat and space use trends is important as a 
baseline to track and adapt to future changes in resource use.
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