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Island, The Bahamas
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In light of global declines of upper-level marine predators, such as the great
hammerhead, (Sphyrna mokarran) a thorough understanding of their behavioral
ecology is needed for designing effective management strategies to preserve
their key role in maintaining ecosystem functioning, stability, and resilience.
Within the northwestern Atlantic, great hammerheads display regional
connectivity between the U.S. East Coast and the western edge of The
Bahamas, but despite the suggested importance of the Bahamian shark
sanctuary towards regional population recovery strategies, relatively few data
exist from other areas of The Bahamas. This study used fisheries-independent
drumline captures, satellite telemetry, and bulk stable isotope analysis to advance
our understanding of the residency, space use, and trophic role of great
hammerheads in Andros, the largest island in The Bahamas. We examined
movement behaviors and thermal range within the Bahamian Exclusive
Economic Zone, and constructed Bayesian mixing models based on carbon,
nitrogen, and sulfur isotope ratios to estimate the importance of prey species in
the diet of great hammerheads. Our data revealed year-round residency of
Andros-caught great hammerheads in Bahamian waters with site-fidelity to and
high use of habitats along the reef-drop off and flats of Andros. Great
hammerheads predominantly fed on barracuda and small-bodied
elasmobranchs in Andros connecting food webs from the pelagic zone to the
shoreline. This study expands our knowledge of the ecology of great
hammerheads in the northwestern Atlantic and shows that, despite their
highly-mobile nature, some individuals reside in the Bahamas year round.
These findings suggest the Bahamian shark sanctuary could be more than just
a seasonal refuge for this species as previously proposed, and merit further
research to assess the conservation value of the sanctuary towards regional
rebuilding goals for greathammerheads.
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1 Introduction

The great hammerhead (Sphyrna mokarran) is a large-bodied
shark primarily found in coastal-pelagic waters across its
circumtropical range (Ebert et al., 2021). The species uses deep
waters, coral reefs, and shallow coastlines and is considered highly
mobile, with long-distance return migrations of 1500 to 3000 km
documented in the south Pacific and northwestern Atlantic (NWA),
respectively (Guttridge et al., 2017; Lubitz et al., 2023). Adult great
hammerheads are apex predators, mainly feeding on rays and other
sharks (Cliff, 1995; Chapman and Gruber, 2002; Mourier et al.,
2013; Raoult et al,, 2019) and likely play a key ecological role in
ecosystem maintenance, stability, and function (Roft et al., 2016).
Like other large coastal sharks, great hammerheads have
conservative life history traits, including slow growth, late
maturation [7-10 years], biennial reproduction, and a long
gestation period [~11 months] with low fecundity ([average litter
size 15]; Piercy et al., 2010; Harry et al., 2011; Miller et al., 2014;
SEDAR, 2024). They are the largest species in the hammerhead
family, Sphyrnidae, reaching a maximum of 6.1m in length with a
distinctive tall, sickle-shaped dorsal fin (Compagno, 1984). Their
fins are highly valued in the shark fin trade, and they are a target or
bycatch species in multiple fisheries around the world (Cardenosa
etal., 2018). As a result, dramatic population declines have occurred
in many regions, and these have contributed to the species being
assessed as globally critically endangered on IUCN Red List (Rigby
et al., 2019; Sherley et al., 2020) and listed on Appendix II of the
Convention on the Conservation of Migratory Species of Wild
Animals (CMS, 2019). Global population reduction was recently
estimated at >80% over the last 3 generations (Sherley et al., 2020)
and genomic analysis of great hammerheads revealed low genetic
variation and inbreeding (Stanhope et al.,, 2023). As such,
understanding the distribution and movement patterns of great
hammerheads is important for improving conservation and
management efforts in order to assess current and future risk.

Our knowledge of great hammerheads’ movement ecology has
expanded considerably across the last decade with studies
documenting philopatric behavior, namely site fidelity to discrete
reefs, atolls, and shallow coastlines (Guttridge et al., 2017; Heim et
al., 2021a; Boube et al, 2023; Casselberry et al., 2024). In the
Tuamotu archipelago of French Polynesia, 32 individuals
returned to the same atoll for up to 12 years between the first and
last sighting, with limited movements to other atolls in the region
(Boube et al,, 2023). Great hammerheads tracked in the Great
Barrier Reef Marine Park in Australia showed comparatively small
home ranges, hypothesized to be a result of the area’s productive
coastal habitats and year-round availability of batoid prey (Lubitz
etal,, 2023). Similarly, great hammerheads monitored in the Florida
Keys (FL, U.S.A.) exhibited “stopover” behavior, in response to
predictable, seasonal spawning aggregations of Atlantic tarpon
(Megalops atlanticus) and permit (Trachinotus falcatus) (Lowerre-
Barbieri et al., 2021; Griffin et al., 2022; Casselberry et al., 2024).
However, this behavior was preceded or followed by sharks
transiting through migratory corridors at reef tracts and
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seamounts along the U.S. East Coast or Gulf of Mexico (GOM),
highlighting their transiting nature in some regions (Lowerre-
Barbieri et al., 2021). Taken together these findings highlight the
complexity and variability of great hammerheads’ movement
behavior across their range and long-term monitoring of
individuals tagged in diverse habitats and regions.

Among the most well studied populations of great hammerheads,
movement data from the NWA shows connectivity between the
western Bahamas and U.S. East Coast (Graham et al., 2016;
Guttridge et al, 2017, 2022) suggesting that the species should be
managed as one stock across the U.S. Atlantic, GOM, and nearby
waters (SEDAR, 2024). However, information from the Bahamas is
limited to select tagging sites, predominantly Bimini, the most western
island in the Bahamas archipelago, which lies <100 km from Florida
and is separated by the Gulf Stream (Graham et al., 2016; Guttridge
etal,, 2017). Adult great hammerheads of both sexes overwinter in the
Bimini Islands, with some having been recorded for 10 consecutive
years (Guttridge et al,, 2017; Heim et al,, 2024). Pregnant females
migrated from Bimini to South Carolina (U.S.A.), and north of Tampa
(FL, U.S.A.), in late spring, providing evidence of regional connectivity
and likely parturition off the U.S. East Coast and GOM (Heim et al.,
2021b; Guttridge et al., 2022). Indeed, juveniles or young-of-the-year
great hammerheads have been documented in Florida (Hueter and
Tyminski, 2007; Macdonald et al., 2021; SEDAR, 2024) and South
Carolina (Barker et al., 2017), as well as other locations across the
GOM (McCandless et al, 2002). Comparatively, there is limited
information available on great hammerheads during the summer
months in the Bahamas. One female and one male were detected on
acoustic receivers sporadically throughout the wet season (May-
October) in Bimini (van Zinnicq Bergmann et al., 2022; Heim et al,
2024), however dedicated great hammerhead shark dive operations
close during this time due to the general absence of great
hammerheads from the local tourism-related feeding site (Heim et
al,, 2021a, 2024). It is unknown whether great hammerheads’ seeming
absence from Bimini’s waters in the wet season is representative of the
rest of the Bahamas, or if there are island-specific differences in
behavior among great hammerheads. All sharks are protected by the
Bahamas shark sanctuary (Haas et al.,, 2017), thus understanding great
hammerheads” propensity to leave the Bahamas is consequential for
their conservation and management in the region.

Here we expand on our understanding of great hammerheads’
space and resource use in The Bahamas by using opportunistic
encounter records and captures in drumlines alongside satellite
telemetry to investigate residency, site fidelity, and horizontal
movements, and bulk stable isotope analysis to explore trophic
links to prey species. Our objectives were to 1) assess the movement
of tagged sharks between the United States and The Bahamas, 2)
quantify the residency of sharks within the Bahamian EEZ and
subsequently, the shark sanctuary, and 3) understand the functional
role of great hammerheads in coastal food webs. These data
collectively advance our understanding of the spatiotemporal
ecology and resource use of great hammerheads with
important implications for the conservation and management of
the species.
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2 Materials and methods
2.1 Research permits

Research conducted for this study in Andros Island, The
Bahamas, was carried out under permits issued by the
Department of Marine Resources and the Department of
Environmental Planning and Protection of The Bahamas. CITES
export permits were issued by the Department of Agriculture, The
Bahamas (See Supplementary Table S1).

2.2 Study site

Andros Island is the largest island (5,957 km?) in The Bahamas;
it supports vast pristine ecosystems (Casola et al., 2021), including
extensive shallow mud and seagrass flats connected to a matrix of
tidal creeks bordered by mangroves. Along the eastern edge of the
island is a fringing coral reef sloping to a deep pelagic zone referred
to as the Tongue of the Ocean (Figure 1). The island’s habitats host
biodiverse and productive populations of game fish (e.g. Atlantic
Tarpon [M. atlanticus] and Permit [T. falcatus]; Smith et al., 2023),
sharks and rays (e.g. lemon [Negaprion brevirostris]; Postaire et al.,
2022; Caribbean reef [ Carcharhinus perezi]; Talwar et al., 2022; and
silky [C. falciformis]; Shipley et al., 2023), turtles (e.g. green
[Chelonia mydas] and loggerhead [Caretta caretta]; Carr et al,
1982) as well as other large marine mammals (e.g. beaked whales
[Mesoplodon densirostris]; Hazen et al, 2011). Little published
information is available regarding great hammerheads’ use of
Andros’ waters, however one was observed attempting to predate
a N. brevirostris in South Andros (Roemer et al., 2016) and another
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was noted to have swam from Jupiter, Florida to the eastern
shoreline of central Andros (Guttridge et al., 2017).

2.3 Sightings

This study incorporates opportunistic great hammerhead
sightings recorded by scientists and members of the public. For
each encounter, reporters were asked to provide details including
date, exact location (GPS coordinates), water depth (nearest meter)
and any other environmental information (habitat variables were
estimated during public encounters and may be susceptible to
error). Where possible, photographic evidence or video footage
was provided for species confirmation, individual identification (via
fin notches, ventral patterning: see Guttridge et al., 2017) and in
some cases sex determination and size estimates (nearest 0.5 m).

2.4 Captures and satellite tracking

Great hammerheads were captured via single-hook drumlines
between 13 March 2020 and 11 June 2024 (Supplementary Figure
S1A). Based on expert knowledge of the study site, sampling locations
were selected along the drop-off and flats of Eastern Andros to
represent the diversity of nearshore habitats available to sharks in
the area, including great hammerheads. Each rig consisted of a 20kg
cement block connected to a surface buoy, to which a ca. 5m, 3.5mm
monofilament leader was connected. The monofilament leader
terminated with a single 18/0 non-offset circle hook baited with
Atlantic bonito (Sarda sarda) or great barracuda (Sphyraena
barracuda) for 45 - 60 mins undisturbed, unless there was indication

77°0'W

76°0'W

:':‘j
"“6 Bele T7042'W ‘
-
O NASSAU ) 24°35'N-
J - e - ‘ \
25°0'N+
) '
.Q.
=
24°24'N
24°0'N ’t Y
0 25 50 75 100
e kn
T T T
Depth [m] Legend
0 T 4000 @ both @ muscle @ spot

FIGURE 1

Study site - Andros Island. The small inset in the top-left corner shows the location of Andros within the northwestern Atlantic (NWA). The far-right
inset details the area of the highlighted rectangle, which contains the locations where great hammerheads, Sphyrna mokarran, were tagged with
Smart Position and Temperature (SPOT) tags and/or sampled for white muscle tissue. Cays and geographical features that are mentioned in the text

are labeled. Bathymetry map from Ryan et al. (2009).
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of a capture (buoy movement), and re-baited as necessary. One
individual S. mokarran was captured via polyball float fishing in
130 m (see Guttridge et al., 2017 for method).

Great hammerheads are recognized for their sensitivity to
capture-related stress resulting in high at-vessel and post-release
mortality (Morgan and Burgess, 2007; Gallagher et al, 2014).
Individuals were therefore processed immediately upon capture.
Sharks were temporarily restrained alongside the research vessel,
sexed based on the absence or presence of claspers (i.e. external
reproductive organs of males), and measured to the nearest cm
(pre-caudal (Lpc), fork (L) and stretch total length (Lgry). A small
(5mm) muscle tissue biopsy was collected below the base of the first
dorsal fin for stable isotope analysis (see below). Muscle samples
were kept on ice until frozen at -20°C upon return to shore.

We used visual indicators such as fighting intensity, reflexes,
and changes in skin coloration (Charbeneau, 2004) to decide if caught
individuals were in suitably good condition to be tagged; if so, they were
tagged with fin-mounted smart position and temperature satellite tags
(SPOT 6 Wildlife Computers, Redmond, WA, USA; Models SPOT
380B) with estimated battery life of 180 days, a 30 s repetition rate, and
250 daily location uplink limit. Sharks deemed unfit for tagging were
released. SPOT tags were affixed to the leading edge of the first dorsal
fin via two polyurethane bolts secured using rubber and stainless steel
washers and stainless steel screws (see Heim et al., 2022, 2023 for
attachment details). We enabled the time-at-temperature (TAT)
histograms on the SPOT tags, so that they recorded the relative
amount of time each shark spent within predefined temperature bins
during the tracking period (see Supplementary Material). We adhered
toa < 15 minute timelimit from bite to release in order to minimize risk
of post-release mortality.

SPOT tags attempt direct communication with orbiting Argos
satellites each time the first dorsal fin of a great hammerhead, and thus
the affixed tag, emerges from the water. Successful transmissions to the
satellite are processed and used to calculate location estimates via the
Doppler Effect on the frequency between two subsequent
transmissions using a Kalman filtering algorithm (CLS, 2016). The
accuracy of location estimates is represented by the radius, the length of
the semi major and minor axes, and the orientation of the position
error ellipse. In addition, location classes (LCs) are produced that are
based on the number of transmissions the satellite received and
represent an estimated error ranging from < 250 m (LC 3), 250 -
500 m (LC2), 500 - 1500 m (LC1) and > 1500 m (LC 0). LCs A and B
represent locations without associated error estimations and LC Z
represent invalid locations'. Prior to deployment all SPOT tags were
painted with an anti-biofouling paint (Propspeed® Clear Coat,
Propspeed International, Auckland, New Zealand) and were
initiated on land no more than 4 days prior to deployment to
guarantee location accuracy.

2.5 Stable isotope analysis

Collected muscle samples were analyzed for carbon, nitrogen
and sulfur isotope ratios to examine the trophic ecology of great

1 [1] https://www.argos-system.org/, accessed August 20", 2024

Frontiers in Marine Science

10.3389/fmars.2025.1544482

hammerheads caught in Andros. Samples were kept frozen until
dried at 60°C, homogenized, and urea extracted following Li et al.
(2016). Samples were analyzed for 313C, 8N, and 'S with
industry standards (ATM-N, VPDB, CVDT) at the Stable Isotope
Core Laboratory of Washington State University, with precision <
0.25%o for 8"°C and 8"°N, and < 0.50%o for §**S.

Because of the wide-ranging nature of great hammerheads and their
propensity to use both shallow and deep nearshore habitats, we sampled
potential prey species in seagrass beds, coral reefs, and pelagic waters of
central eastern Andros (Supplementary Figure S1B). Muscle tissue was
collected from blacknose sharks (Carcharhinus acronotus; n = 4),
blacktip sharks (C. limbatus; n = 2), Caribbean reef sharks (n = 5),
lemon sharks (n = 5) and silky sharks (n = 5). These were caught via the
drumline method described above or polyball float fishing (described
elsewhere; Shipley et al., 2023). Barracuda (S. barracuda; n = 5) were
sampled from local fishers and southern stingrays (Hypanus
americanus; n = 4) via dipnet captures in the shallow (<1 m) sand
flats (see Schwanck et al, 2020 for capture description). All sharks
considered potential prey were < 150 cm TL. The sampled barracuda
and southern stingrays were < 90 cm TL and < 100 cm disc width,
respectively. Prey muscle samples were processed as described for great
hammerheads above.

2.6 Data analysis

All analyses were completed using the R statistical environment
(version 4.2.2.; R Core Team, 2022). We chose standard deviation
(SD) as our measure of variance and averaged values are written as
mean = 1 SD. Where described, seasonal comparisons were
performed between the wet (May to October) and dry (November
to April) season.

2.6.1 Captures

Capture data from drumlines were quantified as the number of
great hammerheads caught per hook-hour for months in which at
least three days of standardized sampling was conducted, with effort
(soak time) adjusted for empty hooks (half effort to account for bait
loss; Heithaus et al., 2007).

2.6.2 Satellite tracking
2.6.2.1 Raw data processing and filtering

We downloaded the raw movement data from deployed SPOT
tags directly from the online data portal of the manufacturer. All
accompanying code is available online (https://github.com/
SimonDedman/SavingTheBlue/blob/main/R/). While two SPOT
tags were actively transmitting data at the time of writing this
manuscript, we only included movement data until 15 September
2024 in our analyses. Following the removal of all invalid (‘LC Z’)
location estimates (i.e. locations that do not pass at least two of
Argos’ plausibility tests: minimum residual error, transmission
frequency continuity (CLS, 2016) we used the argosfilter R
package (version 0.70; Freitas et al, 2008) to apply a speed-
distance angle filter to discard biologically unrealistic location
estimates. Location estimates that were > 5 km apart and would
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have required an average swimming speed of > 2.1 m/s were
removed, same as any location estimates that were > 5 and >
8 km apart and presented internal turning angles of < 15 and < 25°
degree, respectively as suggested by Vaudo et al. (2017). We
accounted for the location error of Kalman-filtered raw data
(Boyd and Brightsmith, 2013) and calculated the most probable
locations at the initial observation times by fitting a continuous-
time correlated random walk (CTCRW) model within a state-space
model to the filtered movement data using the aniMotum R package
(version 1.1-06; Jonsen et al., 2023). Additionally, and to avoid the
introduction of a spatiotemporal bias in later analyses (see below)
due to the SPOT tags’ characteristic to transmit data whenever they
are exposed to air (i.e. when sharks surface; Lea et al,, 2015), we
normalized movement tracks at 12 hour time intervals (~80% of
time gaps between two subsequent locations across all tagged
individuals <= 12 h) by predicting the two most probable
locations per day using the CTCRW model. Extended periods of
time between location estimates and short tracking durations can
diminish the accuracy of location predictions in CTCRW models
(Logan et al., 2020; Vaudo et al, 2017). Consequently, we split
individual movement tracks into segments if they contained
subsequent location estimates that were > 20 days apart followed
by the removal of track segments of < 20 days or less than 12 total
location estimates prior to predicting location estimates at fixed
time intervals. We re-routed fitted and predicted CTCRW model
outputs to prevent movement across land and for each location
estimate we calculated a 95% confidence interval. Finally, segments
were combined per individual for later analyses (see below).

To understand the importance of the Bahamas Shark Sanctuary,
i.e. the Exclusive Economic Zone (EEZ) of The Bahamas to tagged
great hammerheads, we used the most probable locations fitted at
original observation times to calculate the percentage of days, (i.e.
the nr. days within the EEZ boundaries divided by the total nr. of
days with location estimates) each shark spent within and outside
the EEZ boundaries during the wet and dry season, and throughout
the year, using indexing after converting fitted locations to spatial
data using st_as_sf from the sf R package (version 1.0-14; Pebesma
and Bivand, 2023; Pebesma, 2018) followed by conversion
to percentages.

2.6.2.2 Movement states

We identified different movement states, i.e. behaviors, along
the movement tracks via a clustering analysis using the k-means
procedure based on step length and turning angles between the
predicted locations using code by van Moorter et al. (2010),
customized by co-author SD. Step lengths, i.e. the distance
between two consecutive locations, and turning angles in relative
degrees (0 - 180) were calculated using the amt R package (version
0.2.1.0; Signer et al., 2019). Following conversion from km to
number of body lengths using Lgr; and log-transformation to
eliminate skewness and kurtosis, step lengths were standardized
on their range (Steinley, 2004, 2006). Similarly, the absolute values
of the relative degrees of the turning angles were log-transformed
and standardized on their range as well. The number of clusters was
calculated for each shark and we assessed the best fitting number of
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clusters using the gap statistic with tolerance levels 1 and 2
(Tibshirani et al., 2001; van Moorter et al., 2010). Once known,
the spatiotemporal patterns of these clusters, i.e. movement
behaviors, were assessed by shark, and overall, by summarizing
the proportion of displayed behaviors within 0.5%0.5° cells, to look
for grids with increased likelihood of residency and transiting
behavior by season. Conversion to geographic coordinates
resulted in 1.21 km? (0.0001°%) pixels in the output plots.

2.6.2.3 Space use estimates

We fitted dynamic Brownian Bridge movement models (ABBMMs;
Kranstauber et al., 2012) to the predicted locations to explore the space
use of tagged great hammerheads. The dBBMMs were fitted with a
sliding window size of 23 within a 1 km raster resolution, and the time
threshold of relocation positions above which to break a track into
separate tracks, was set to 13 hours to retain the segmented track data
structure across an individual track. Location errors were calculated
using the moveLocError function from the movegroup R package
(version 24.03.05; Dedman and van Zinnicq Bergmann, 2024).
Following van Zinnicq Bergmann et al. (2022) the resulting
individual-level utilization distributions (UDs; the spatiotemporal
probability of an animals presence within an area; van Winkle, 1975)
were scaled, summed, and re-scaled to produce group-level UDs.
Individual- and group-level general and core space use areas were
estimated by calculating the 95% and 50% UDs, respectively. All UD
calculations were performed using the movegroup R package (version
24.03.05; Dedman and van Zinnicq Bergmann, 2024).

2.6.2.4 Thermal range

Temperature ranges of tagged great hammerheads were
explored by averaging the time spent in each temperature bin of
TAT histograms across all individuals during the wet and dry
season, then histograms were compared qualitatively.

2.6.3 Analysis of stable isotope ratios

Bayesian mixing models were used to assess the importance of
potential prey species in the diet of each great hammerhead and
collectively using the MixSIAR R package (version 3.1.12; Stock
et al,, 2018). Uninformative (i.e. default) priors were employed, and
discrimination values of A'*C = 0.895%o, A"°N = 2.250%o, and A**S
= 0.641%o0 were used (Hesslein et al., 1993; McCutchan et al., 2003;
Hussey et al., 2010).

3 Results
3.1 Encounters and captures

From June 2018 - June 2024, 78 great hammerheads were
encountered (n = 56) or captured (n = 22) in the study area
(Supplementary Figures S1, S2; Supplementary Table S2) ranging
from ca. 1.25 m Lgyy, to ca. 4.75 m Lgyy, (Supplementary Figure S3).
Most great hammerheads were measured or estimated to be 2.5-
3.5 m Lgyy, (86%) and encountered in Jan-Mar (51%). Although
there were a notable number of sharks encountered in June and July
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(25%). Two individuals were re-sighted using fin notches and
markings (see Guttridge et al., 2017 for methodology), one female
was encountered across a 30-day period in the same location and
another male was sighted two years apart (April 2019 - February
2021) in the same location. One encounter on 30 July 2023 was of
two individuals (~3 m and ~4 m length, sex unknown) observed
slow swimming on their sides, in close contact with each other for ~
5 mins. They were moving at 12 m depth along patch reef close to
the substrate.

Among great hammerheads that were captured via drumlines
(n =21, 10 females, 7 males, 4 unknown sex), catch per unit effort
(CPUE; sharks per hook hour) was greatest in February (0.034
sharks hook hr-1) and May (0.031 sharks hook hr-1), and lowest in
January (0.005 sharks hook hr-1) and July (0.007 sharks hook hr-1),
with considerable variability across months and years
(Supplementary Figure S4). During 10 of the 21 captures, great
hammerheads were equipped with fin-mounted SPOT tags (8
individuals, 6 females, 2 males, Table 1) and 9 individuals were
sampled for muscle tissue (Table 1). Two individuals were tagged
twice (PTTs: 200369/244607; 200368/222133, Table 1) upon re-
capture 1205 and 671 days later, respectively. In both sharks the first
SPOT tag was completely shed from the dorsal fin (Heim et al,
2023). One of the male sharks (PTT: 183623) was tagged with a
SPOT tag March 2020 and recaptured almost 4 years to the day in
the same location.

10.3389/fmars.2025.1544482

3.2 Satellite tracking

All but one (PTT: 200367, Table 1) reported location estimates,
yielding data from 9 SPOT tags from 7 sharks (two recaptures,
PTTs: 200369/244607; 200368/222133, Table 1). The mean length
of tagged individuals was 302 + 35 cm Lgyy, (mean + SD, range: 259 -
391 cm, Table 1) and based on published size-at-maturity values
(Piercy et al., 2010), all individuals but one (PTT: 209020, Table 1)
were sexually mature. Individuals that reported location estimates
were tracked for 235 + 93 days (range: 85 - 385 days, Table 1) and
across traveled distances ranged from 853 - 3729 km (1730 +
1120 km) in females, and 386 - 5902 km (3144 + 3900 km) in
males (Table 1).

Following the removal of invalid locations and the application
of the speed-angle-distance filter (Freitas et al., 2008), we used 3128
locations (Figure 2) to fit the CTCRW models predicting 2938 bi-
daily locations (Supplementary Figure S5). Movement tracks were
generally restricted towards the east side of Andros and adjacent
deep waters as well as towards neighboring islands in The Bahamas
(e.g. Abaco [PTT: 183623] and Great Exuma [PTT: 244607],
Figure 2). One individual (PTT: 200368/222133) displayed
repeated movement into the GOM by departing from Andros in
April during both tracking periods, subsequently crossing the Gulf
Stream and the Florida Keys and moving North along Florida’s
West Coast towards Apalachee Bay (FL, U.S.A.) in June and August,

TABLE 1 Metadata of great hammerheads tagged with fin-mounted Smart Position and Temperature (SPOT) tags and/or sampled for muscle tissue.

Capture date Tracking duration Tracklength % of days
PTT/[ID] Ls. [em] P Sample type g 9 o O day

[yyyy-mm-dd] EYA| [km] within EEZ
183623 [383C] M 2497 315 2020-03-13 both 215 5952 100
200367 F 3097 391" 2020-07-12 SPOT 0 NA NA
200369 . - -~ 2020-10-27 both 347 1159 100
244607 [F082) 2024-02-14 141 1201 100
200368 . 230 »o1f 2021-01-12 SPOT 208 3708 46
222133 2022-11-15 253 2874 74
209020 F 195 259 2021-06-25 SPOT 270 1216 100
[SW] F 2577 326 2023-02-07 muscle NA NA NA
235283 [619C] F 215 287 2023-05-31 both 385 814 93
(6179] M 2717 3431 2023-06-05 muscle NA NA NA
244608 [C1A6] F 228 289" 2023-11-28 both 213 1339 100
[C19E] M 245 299 2024-03-17 muscle NA NA NA
(3841] M 233 295 F 2024-04-25 muscle NA NA NA
261743* [C160] M 246° 311° 2024-06-03 both 85 386 100

The PTT/[ID] column shows the unique PTT number of the Smart Position and Temperature tag and/or the ID of the muscle sample in []. A * denotes PTT IDs that were still actively
transmitting at the time this manuscript was written. A " denotes a shark that did not report any location estimates after release. The sharks initially tagged with the PTT IDs 200369 and 200368
were re-tagged after the first tags were shed from the fins after they exceeded its estimated battery life (Heim et al., 2023) and the information from the second tag deployments is written in italics.
The sex of tagged sharks is abbreviated as “F” for female and “M” for male. The Lg;. column shows the fork length and the Lgyy the stretched total length in centimeters. For sharks where only the
pre-caudal length (Lpc) was measured denoted with a P, the Ly, was calculated using the equation provided in Cliff (1995). Sharks where the Lgy;, was not directly measured are denoted with an f
and the Ly, was converted to the Lgry using the equation provided in Piercy et al. (2010). For sharks equipped with a SPOT tag, the tracking duration was calculated as the number of days
between the tagging date and the last successful location estimate in the movement data. For sharks with active SPOT tags, we used 1 September 2024 as the date for the last successful location
estimate, based on the last download of the movement data. The tracklength shows the total distance a tagged shark travelled along its movement path in km.
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respectively. One individual (PTT: 235283) traveled North into
offshore habitats of Florida’s East Coast (Figure 2).

Correspondingly, only two individuals (PTT: 200368/222133
and 235283) across three occasions left the Bahamian EEZ
(Supplementary Figure S6) whereas all other sharks spent 100%
of days across their tracking durations of 85 - 347 days within the
EEZ boundaries (Table 1). On average, sharks spent 75.6 + 40.9%
and 96.5 * 8.3% of their days within the Bahamian EEZ during the
wet and dry season, respectively (Supplementary Table S3). One of
the sharks (PTT: 200368/222133) that was tagged on two occasions,
spent both wet seasons during her tracking periods entirely outside
of the EEZ boundaries (Supplementary Table S3).

3.2.1 Movement states

Analysis of k-means clusters showed that two, one or three
movement behavior clusters best fit the data, with two
outperforming one and three (Supplementary Figure S7). This is the
typical result for spatial and tracking data, where resident behavior is
characterized by shorter step lengths and greater turning angles, and
transiting behavior is characterized by longer step lengths and
narrower turning angles (Table 2; Supplementary Figure S8).

Generally, we identified both movement states for all sharks along
the east coast of Andros, where resident and transiting behaviors were
displayed equally between north and central Andros (Supplementary
Figures S9, S10). However, once sharks moved south or past the
northern tip of Andros, transiting movement behaviors became more
frequent. We found a pattern of resident movement behaviors being
displayed less frequently in the deep waters to the east of Andros but
an increase in these behaviors once sharks moved to a neighboring
island and/or shallower waters. Shark PTT ID 200368/222133 that
left the Bahamas EEZ displayed mainly transiting movement

10.3389/fmars.2025.1544482

behaviors on her path across the Gulf Stream and along Florida’s
west coast with a temporary increase in resident behaviors in the
Florida Keys and off Crystal River and Steinhatchee (FL, US.A,,
Supplementary Figures S9, S10B, E).

3.2.2 Space use estimates

Group-level UDs across the entire study period revealed core
use (50%) UD areas of 400 km? exclusively within Bahamian waters
east of north and central Andros (Figure 3A). Much of the total
general use (95%) UD area (6300 km?) surrounds the core area
(Figures 3A-C). However, there are several small pockets of
increased space use, proliferating off the southern tip of Andros,
Marsh Harbor (Great Abaco, The Bahamas) and west of Crystal
River (FL, U.S.A.) in the GOM (Figure 3A). Seasonally, we found
that group-level UDs during the dry season (general space use area:
6300 km?; core space use area: 400 kmz) were limited to Bahamian
waters with very limited space use in areas other than along the east
coast of Andros (Figure 3C), while the group-level UDs during the
wet season (general space use area: 6900 km?; core space use area:
400 km?) included some areas outside of the Bahamian EEZ in
Florida waters (Figure 3B). The tight area of core use suggests that —
while locations may be somewhat biased by this being the site of our
tagging operations — these large species, capable of long-distance
migration, are genuinely residing within this small area of tropical
island coastal shallows.

Individual sharks have differential space use (Supplementary
Figure S11; Supplementary Table S4), although during the dry
season all individuals displayed general space use areas along the
entire or parts of the eastern coast of Andros, including waters off
central Andros (Supplementary Figure S11). But we also found
additional pockets of general space use areas in The Bahamas off

Shark IDs

183623 200369 222133

200368 209020

235283

FIGURE 2

244607

261743

244608

Most probable locations of great hammerheads, Sphyrna mokarran, tagged with Smart Position and Temperature (SPOT) tags. The corresponding
movement paths are colored by the unique PTT, i.e. Shark ID, of each tag. The Bahamas Exclusive Economy Zone (EEZ) is shown as black line.

Bathymetry map from Ryan et al. (2009).
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TABLE 2 Movement state characteristics as determined by k-means cluster analysis.

“Transit” movement states “Resident” movement states

Nr. clusters

Tolerance 1 Tolerance 2 S.L. TA S.L. TA.
[BL] [rel. °] [BL] [rel. °]
.74 411 .692 .814
183623 5 . 0.749 0 0.69 0.8
5696.76 9.853 4297.727 81.274
0.744 0.39 0.583 0.825
200368 2 2
5874.756 9.14 1779.779 87.331
200369 s 5 0.493 0.166 0.451 0.695
816.042 1.954 796.42 53.584
0.505 0.255 0.489 0.723
209020 2 2
1058.634 3.957 1314.105 54.565
0.644 0.405 0.559 0.831
222133 2 2
3410.346 9.593 1479.268 88.004
0.483 0.138 0.405 0.666
235283 2 2
905.413 1.55 509.336 45.892
0.608 0.148 0.537 0.673
244607 2 2
1966.6 1.611 1533.409 47.949
244608 s 5 0.56 0.237 0.564 0.799
1565.124 4.102 1734.934 83.228
.504 .1 414 X
61743 5 5 0.50 0.176 0 0.698
1043.306 1.969 974318 51.69

The unique PTT ID number of the Smart Position and Temperature (SPOT) tag is shown in the “PTT” column. The best fitting number of clusters for tolerance levels 1 and 2 as determined by
the gap statistic is shown in the “Nr. clusters” column. The logarithmic transformed and range standardized values for step lengths (S.L.) and turning angles (T.A.) are shown in regular font, and
the back-transformed values are shown in italic font. S. L. values are expressed in nr. bodylengths (BL) for each shark, and T. A. values are expressed in relative degrees (rel. % 0° equals a

straight path).

Great Guana Cay, east of Abaco and at the southwestern tip and
along the western drop off of the Tongue of the Ocean during the
dry season. The general space use area sizes of individual-level UDs
during the dry season ranged from 1100 - 11 100 km?* (5052 + 3793
km?, Supplementary Table $4). The core use of individuals during
the dry season was mostly focused towards the eastern entrance of
the north and middle bights, a direct passage connecting the west
and east side of Andros, with additional core space use areas off the
northeastern and southern tips of Andros and off Abaco
(Supplementary Figure S11). The core space use area sizes of
individual-level UDs during the dry season ranged from 100 -
800 km? (350 + 239 km?, Supplementary Table S4). During the wet
season individual-level UDs showed a change of general and core
space use areas into waters of the GOM (PTT: 200368/222133),
north of the Florida Keys, as far as the waters in proximity of Crystal
River and Steinhatchee (Supplementary Figures S11B, E).
Individuals remaining within the Bahamian EEZ during the wet
season displayed similar general and core space use patterns as
during dry season with individuals spending much of their time in
east Andros, but with core space use areas being less focused on the
west entrance of the north and middle bights (Supplementary
Figures S11A, C, D, F-I). The general space use of individual-
level UDs during the wet season ranged from 900 - 14 500 km?
(5186 + 5193 km?, Supplementary Table S4). The core space use of
individual-level UDs during the wet season ranged from 100 - 600
km? (329 + 214 km?, Supplementary Table S4), Other than north
bight (central Andros), the individuals do not share areas of high
space use.

Frontiers in Marine Science

3.2.3 Thermal range

When assessed across all individuals throughout the year we
found sharks generally occupied habitats with temperatures between
25 - 26°C (42.4 + 34.3%, Figure 4; Supplementary Table S5), but
experienced warmer temperatures between 28 - 30°C (45.4 + 35.3%,
Figure 4, Supplementary Table S5) during the wet season. Overall
sharks spent more time in temperatures from 30 - 34°C (33.0 +
36.7%, Figure 4; Supplementary Table S5) during the wet season
compared to the dry season which is reflective of increased water
temperature of the same habitats across time (0.1 + 1.8%, Figure 4;
Supplementary Table S5).

When assessed at the individual-level we found a similar pattern
of temperatures between 25 - 26°C during the dry season
(Supplementary Figure S12; Supplementary Table S5) and between
27 - 30°C during the wet season. Additionally, we found that some
sharks showed an even more pronounced shift towards higher
temperatures during the wet season than when assessed across all
individuals. For example, shark ID 235283 spent 47.2 + 36.3% of its
time (Supplementary Figure S12F; Supplementary Table S5) between
30 - 34°C during the wet season. Shark ID 261743 also spent 59.7 +
33.1% of its time (Supplementary Figure S12I; Supplementary Table
S5) within this thermal range during the same season. Interestingly,
the shark that ventured into US waters twice, did not show such a
stark shift towards higher temperatures during the first tracking
period when no time was spent above 28°C during the wet season
(Supplementary Figure S12B; Supplementary Table S5). This pattern
was not apparent during the second tracking period where thermal
ranges during the wet and dry season were broader and the shark
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Group-level utilization distributions (UDs) of great hammerheads, Sphyrna mokarran, across the (A) entire study period, (B) wet and (C) dry season
UDs were calculated using dynamic Brownian bridge movement models (dBBMM) and the UD surface is displayed on a continuous scale. The
contours of the 95% (general use, orange) and 50% (core use, red) UDs are shown. Cities and/or areas referenced in the Results are labeled within

the figure panels.

spent 4.8 * 16.7%, between 28 - 30°C during the wet season

(Supplementary Figure S12E; Supplementary Table S5).

3.3 Stable isotope analysis

Collectively, great hammerheads in Andros were estimated to
feed on barracuda (mean estimate = 34.6% of diet), southern
stingrays (30.3%), Caribbean reef sharks (11.5%), silky sharks
(6.8%), blacknose sharks (6.6%), blacktip sharks (5.5%), and
lemon sharks (4.7%) based on 8C, 8'°N, and &S values. As
expected, the predicted diets of great hammerheads varied across
individuals (Figure 5). The diets of many hammerheads (n = 9,
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Table 1) were largely comprised of southern stingrays (mean
estimate = 28 - 40% of diet), with some individuals feeding more
on barracuda (F082 & C160; Table 1; Figure 5C) and others more
on blacktip sharks (SW, 383C & C19E; Table 1; Figure 5C). Silky
sharks were a small part of the estimated diets of these sharks. Yet,
the mixing models indicated that silky sharks were important prey
species for some great hammerheads, including shark 3841
(Table 1; Figure 5C) that was estimated to predominantly feed
upon silky sharks (mean estimate = 59% of diet), with only a small
portion of its estimated diet attributed to southern stingrays (5%).
Shark 6179 (Table 1; Figure 5C) was also estimated to have fed less
on southern stingrays (15% of diet), with Caribbean reef sharks as

the most important prey species (19% of diet).
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Seasonal time-at-temperature histograms across all tagged great hammerheads, Sphyrna mokarran, for the wet (left side) and dry (right side) season.
The horizontal lines represent the standard deviation within each temperature bin.

4 Discussion

This study examined the space and resource use of great
hammerheads off Andros Island, The Bahamas. Adult great
hammerheads of both sexes were documented year-round. We
found evidence of site fidelity, with some individuals re-sighted or
recaptured in the same locations (< 1 km) up to four years apart.
Satellite tracking in both the wet and dry season revealed high-use
areas along the reef drop-off and flats that border eastern Andros,
particularly at cuts in the fringing reef that access the northern bight
of the island. Stable isotope analysis of great hammerhead muscle
samples and their potential prey revealed great hammerheads are
important predators in Andros nearshore food webs, with a diet
including smaller-bodied sharks, rays, and large-bodied bony fishes.
Individual variation in diet was apparent, with diverse resource use
by great hammerheads connecting food webs from pelagic waters to
the shoreline. Productive habitats and abundant prey coupled with
trophic flexibility might enable great hammerheads to remain in or
nearby Andros waters year-round considering the thermal refuge
the deep waters the Tongue of the Ocean provides during the
warmer wet season. This explanation seems likely as the sharks use
the same habitats throughout the year, despite the increases in water
temperature. In addition, movement states estimated from satellite
tracks revealed resident behavior within shallow coastal waters, with
more transiting movement states identified when great
hammerheads used deeper water, or during regional movements.
Although only two of eight individuals departed the Bahamas EEZ,
these movements to the United States east coast and GOM suggest
that great hammerheads in Andros Island are part of the U.S.
Atlantic stock. Importantly those that reside in the Bahamas year-
round never leave the Shark Sanctuary, which merits further

Frontiers in Marine Science

research into the efficacy of the sanctuary acting as a refuge from
fishing pressures.

4.1 Site fidelity & year-round residency

This study revealed that great hammerheads were found year-
round in Andros waters. These findings were surprising as
Guttridge et al. (2017) found great hammerheads in the Bimini
Islands migrated in late spring (start of the wet season). Indeed,
year-round residency is not only corroborated by our sighting,
capture and tracking data, but also the thermal analysis, which
indicated individuals persisted in the same habitats throughout the
warmer months of the wet season. The lack of migration indicates
the Andros-caught individuals may not need to adapt horizontal
space use patterns in the face of seasonal abiotic variation. We
suspect this could be due to the alimentary benefits of year-round
residency in Andros, which is discussed in greater detail below.

Life stages were predominantly large juvenile to adult, however
young great hammerheads (1.3 m Lgy;) were encountered on two
occasions, corroborating the only previous capture of a similar age
class in the region (Guttridge et al., 2017). During the wet season
(June), one female, estimated to be 4.75 m (Lgyz), was caught with
fresh mating scars above her gills, and two large great hammerheads
were observed swimming slowly, in close contact with each other
for 120-180 seconds, displaying what is likely pre- or post-
copulatory behavior (Pratt and Carrier, 2011). These findings are
unique for the Bahamas archipelago and indicate that Andros
Island may serve an important reproductive function for great
hammerheads in the region. Future work should focus more on
the wet season when gravid females are more frequently
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Isotopic (A) 8-°C- §*°N and (B) 8**S- 8'°N biplots of great hammerheads, Sphyrna mokarran, and potential prey species as well as (C) posterior plots
resultant from Bayesian mixing models illustrating the probabilities of potential prey species in the diet of each shark. Data points, horizontal and
vertical bars in the biplots show the mean + SD values. Great hammerhead values in (A, B) are corrected for diet tissue discrimination factors (A¥C =

0.895%o, A°N = 2.250%, and A%*S = 0.641%.).

encountered in Bahamian waters and or on targeting smaller

individuals using lighter gear (Smukall et al., 2021).

Similar to adult great hammerheads monitored across their
range in the NWA, GOM (Guttridge et al., 2017; Casselberry et al.,
2024; Heim et al., 2024), and South Pacific (Boube et al., 2023;
Lubitz et al., 2023), we found evidence of site fidelity to Andros
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Island across multiple years. Three individuals (2 females and 1

male) were recaptured and one male was re-sighted via photo ID, all

11

< 1 km from their initial tagging or observation sites, ranging from
18 to 40 months at liberty. Core use areas (50% UD) for great
hammerheads during the wet and dry season were identified along
the eastern shoreline of central and northern Andros in back-reef
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habitat, centered at the entryway to large cuts in the fringing reef
adjacent to Bigwood and Gibson Cays. Other than these locations,
individuals did not share areas of high space use. These edge-habitat
sites are characterized by shallow water (< 3 — 12 m), strong tidal
flow, and proximity to productive reef drop-off (25 m), mangrove,
and flats habitat. These findings are well represented in the
literature for other species as predators in marine and terrestrial
environments are often associated with edge habitats (Rogers et al.,
2015; Hansen et al, 2019). Indeed, crustaceans and polychaetes
have been recorded in higher abundances along the edge of seagrass
habitats (Bowden et al., 2001; Bologna and Heck, 2002; Sambrook
et al., 2016), and carnivorous coral reef fishes along reef edges.
These species are common prey items for southern stingrays (e.g.
O’Shea et al., 2020) and other mesopredatory sharks and bony fishes
(Bond et al,, 2018; Shipley et al., 2023), which are prey for great
hammerheads according to previous studies (Chapman and
Gruber, 2002; Roemer et al., 2016; Doan and Kajiura, 2020) and
our results.

The reef drop-off zone has been highlighted as a key habitat and
movement corridor for great hammerheads in the Bimini Islands
(van Zinnicq Bergmann et al., 2024; Heim et al., 2024) and Florida
Keys (Lowerre-Barbieri et al., 2021; Griffin et al., 2022). However,
when exploring great hammerheads’ movement states via step
length and turning angles between predicted locations, our data
in northern and central Andros revealed both resident and
transiting movement behaviors equally, even within core use
areas. This is likely a result of SPOT tags’ relatively coarse
location estimates (0.08 to 600 km) and the highly mobile nature
of great hammerheads patrolling the reef drop-off, regularly moving
large distances within a day (e.g. PTT ID 183623 moved 30.0 +
22.3 km per day). Future approaches would benefit from additional
measures (e.g. acceleration or depth) and or other technologies at
different scales or resolution to differentiate behaviors (Bullock
et al, 2024). As expected, transiting movement behaviors were
identified more frequently when sharks traveled between islands or
across jurisdictional boundaries (e.g. PTT 200368/222133 that
migrated to the GOM), with a decrease in residency behavior
when they moved offshore. Direct movements are often
associated with dispersal and are consistent with previous tracks
of great hammerheads and other large migratory sharks (Lea et al.,
2015; Skomal et al., 2017; Guttridge et al., 2022).

Despite great hammerheads” high use of edge habitats along the
shelf of eastern Andros, most individuals frequently visited shallow
water (< 2 m) flats, up to 60 km from the reef, as well as similar
habitat off northern Abaco and Long Island. The Bahamas
archipelago supports islands with mangrove-fringed creeks, tidal
flats and extensive seagrass beds providing critical habitat for
abundant great hammerhead prey species such as smaller sharks,
rays, and bony fishes (Newman et al., 2007; Jennings et al., 2012;
Shipley et al, 2023; van Zinnicq Bergmann et al, 2024). Great
hammerheads have regularly been observed foraging in extreme
shallow water across their range, including on blacktip sharks
off southern Florida (Doan and Kajiura, 2020), cowtail
rays (Pastinachus sephen) in Queensland, Australia (Lubitz et al.,
2023), and other small sharks and rays in the Bahamas (Chapman
and Gruber, 2002; Roemer et al., 2016). Movement state analysis
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provided further support, as residency behavior increased when
individuals arrived at neighboring islands and when using shallow
water. More tortuous movements are typically associated with
foraging behavior (Sims, 2010; Papastamatiou et al, 2011; Lea
et al,, 2015) suggesting the importance of shallow, nearshore food
webs for great hammerheads.

4.2 Resource use — food web role

Using bulk stable isotopes great hammerheads caught in Andros
waters were estimated to feed on small sharks (35%), barracuda
(34.6%), and stingrays (30.4%). Published reports of great
hammerheads’ trophic interactions in the Bahamas are limited, but
our data support these predictions based on observations of 2 - 4
meter great hammerheads feeding on a southern stingray (Strong
et al, 1990), two eagle rays (Aetobatus nari nari; Chapman and
Gruber, 2002; Roemer et al., 2016), and a lemon shark (Roemer et al.,
2016). These prey species are found in diverse habitats, including the
fore reef, back reef, and flats of Andros, and our results show that
great hammerheads connect food webs from pelagic waters to the
shoreline as previously described for a variety of other shark species
in Bahamian waters (Shipley et al., 2023).

However, we also found considerable variation between the
estimated diets of the nine sampled individuals, with some (ID
3841) showing a preference for silky sharks (59% of estimated diet),
and others relying more on barracuda and/or stingray prey (e.g. ID
C160 and ID F082). The estimated importance of different shark
species in the diet of great hammerheads also varied among
individuals; for example, blacktip sharks comprised 30% of the
estimated diet of ID CI9E, compared to < 5% of the estimated diet
of ID 3841. ID 3841 was caught in notably deeper waters (> 130 m)
compared to the other great hammerheads, which were sampled at
depths of 2 - 8 m, suggesting some great hammerheads may
preferentially use deeper habitats and thus serve a different
regulatory role in nearshore food webs and/or connecting
ecosystems at broader spatial scales. Variation in individual
resource use is understudied, but increasingly thought to be a
crucial component in the ecological roles and importance of apex
predatory sharks (Dedman and van Zinnicq Bergmann, 2024;
Dedman et al, 2024). Although sampling was almost exclusively
in waters < 10 m, therefore great hammerheads’ reliance on pelagic
prey (i.e. silky sharks) may be underestimated in our study.
Additional sampling efforts of great hammerheads across different
habitats are required to explore this individual variation in
resource use.

Globally, great hammerhead diets vary across regions, but this
variability is more attributed to prey availability than differences in
the taxonomic groups of great hammerheads’ prey choice. Both
stomach contents and bulk stable isotopes indicate sharks and
batoids are key prey groups in Australia (Stevens and Lyle, 1989;
Raoult et al,, 2019; de Bruyn et al., 2021), Florida (Clark and von
Schmidt, 1965), and South Africa (Cliff, 1995; Smale and Cliff, 1998;
Dudley and CIiff, 2010), comprising up to > 90% of mature great
hammerheads’ diets. The Bahamas supports over 40 species of
sharks (Shipley et al., 2023), and among the large-bodied species
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that can fill an apex predatory role, great hammerheads are the most
abundant in east Andros, and more frequently encountered than
large bull sharks (C. leucas) and tiger sharks (Galeocerdo cuvier;
Guttridge et al., unpublished data). As such, they may be the most
important top predator in these food webs, and the abundance of
potential prey across vast seascapes coupled with the trophic
flexibility of great hammerheads (e.g. Clark and von Schmidt,
1965; Stevens and Lyle, 1989; Cliff, 1995) enables these sharks to
remain in Bahamas waters year-round.

4.3 Regional movements

Only two great hammerheads (both females) of eight were
tracked outside of the Bahamas EEZ with all others predominantly
using the eastern shoreline of Andros Island. Two males spent
much of the months of the wet season at other islands in the
Bahamas, one moved to northern Abaco (ID 183623), and another
used the shallow bank west of Long Island (ID 261743). Such
patterns of partial migration, where some individuals stay within
certain areas while others move away, as a consequence of a variety
of biotic and abiotic drivers, are well described among marine
vertebrates, including sharks (Brodersen et al, 2011; Chapman
et al., 2012). Yet, evidence of residency to the Bahamas during the
wet season is unique to great hammerheads tagged off Andros, as
those tracked in the Bimini Islands migrated to the U.S. eastern
shoreline or GOM in late spring, returning in November to
overwinter (Guttridge et al., 2017; 2022). With food availability
being an important driver of movements (Gunn et al., 2022), our
results suggest that the year-round residency of individuals in
Andros could be a consequence of Andros offering year-round
feeding opportunities due to its vast, pristine habitats, including
nursery habitat for many coastal sharks and rays, as well as bony
fishes (Postaire et al., 2022; Talwar et al., 2022; Shipley et al., 2023)
shown here to be prey for great hammerheads. Movement from the
U.S. to Andros, even during the dry season, seems uncommon for
great hammerheads, with only one female acoustically tagged in
Jupiter, Florida documented to travel to Andros Island, returning to
Jupiter in early April of 2015 (Guttridge et al., 2017). Estimated core
habitat use areas for 18 great hammerheads satellite-tagged off
Florida revealed only 8.43% of their time was spent within the
Bahamas EEZ, with location estimates in the most western part of
the Bahamas Bank or near Cay Sal Bank, The Bahamas (Graham
et al,, 2016). In addition, a further 12 great hammerheads satellite-
tagged off Jupiter (2023 - 2024) did not move into the Bahamas EEZ
across 9-12 months of tracking (Guttridge et al., unpublished data).

One female was tagged on two occasions in the same location
two years apart (PTT 200368/222133). She spent the dry season off
Andros using drop-off habitat along the eastern shoreline until mid-
April, when she departed via Bimini to the east coast of the U.S. On
both occasions she traveled south past the Florida Keys and moved
as far north as Cedar Key (FL, U.S.A.) in the GOM. Although we did
not track her returning to Andros, her recapture suggests this is an
annual migration, much like other great hammerheads that were
previously tracked in Bimini and migrated to the U.S. during the
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wet season for parturition (Guttridge et al., 2017; 2022). Indeed, an
almost-full-term female, confirmed via ultrasonic exam, tagged in
Bimini, undertook a very similar migration at the same time of year,
staying for four weeks from June to July off Crystal River,
presumably to pup (Heim et al., 2021b). Young-of-the-year great
hammerheads have been captured in this region (Hueter and
Tyminski, 2007), providing supporting evidence for this being an
important pupping ground for the species. This female’s behavior
provides further evidence that great hammerheads, like other large
coastal sharks, display reproductive philopatry, returning to specific
regions for pupping and/or mating (Chapman et al., 2015;
Guttridge et al., 2017; Rider et al., 2021).

4.4 Drivers of space use: thermal range

Water temperature is an important abiotic factor that influences
key metabolic and physiological processes for sharks (Schlaff et al.,
2014). Seasonal changes in water temperatures can represent an
important driver of shark habitat use (Kessel et al., 2014; Matich
etal., 2024) as they must balance the demands for thermoregulation
with food acquisition within a 3-dimensional marine environment
(Arrowsmith et al., 2021; Spurgeon et al., 2024). Great
hammerheads tagged off the Bimini Islands typically made
northward latitudinal movements from March to July (Guttridge
et al, 2022) indicative of expansion in habitat use during the wet
season and showing a narrow temperature range, with 89% of
records between 23 and 28°C. In this study great hammerheads
occupied habitats with temperatures between 25 and 26°C across
the year with the sharks occupying warmer waters during the wet
season (e.g. PTT 235283 spent 30% of its time in waters 30 - 34°C).
Unlike other research which documented the seasonal effects of
water temperatures on shark habitat use (Schlaff et al., 2014), we
find that some individuals maintained horizontal space use patterns
despite increased water temperatures. Similarly, two great
hammerheads that were monitored across the wet season by
Guttridge et al. (2022) also showed warm water use. One female
ceased diving behavior > 30 m, contracted her depth use across the
wet season, and experienced a temperature range of 7.1°C (23.7 -
30.9°C; Guttridge et al,, 2022). It was hypothesized that this use of
warm and shallow waters might reflect a seasonal shift in foraging
strategy or habitat selection, as some great hammerheads use
seasonally-available pulses of prey resources (e.g. spawning tarpon
in Bahia Honda [FL, U.S.A.], April-August; Casselberry et al., 2024).
While the female great hammerhead that ventured into the GOM
did not show a distinct use of warmer waters during the wet season,
the observed switch in great hammerheads that remained in Andros
and its environments could be a result of continued foraging
behaviors in shallow waters even during this warmer period of
the year. We conclude that the use of warmer waters throughout the
wet season is likely not due to a change in habitat use patterns,
which is supported by our tracking data, but rather the continued
use of the same areas despite increases in water temperature. Given
the proximity of Andros’ east side to deep shelf waters, in which an
individual could use the cooler waters for rest after expending
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energy on the flats, Andros not only offers year-round resource
availability but also access to great hammerheads’ preferred thermal
habitat during the wet and dry season.

4.5 Management implications

Most of the sharks tagged in this study remained exclusively
within the boundaries of the Bahamian EEZ, where commercial
longline fishing has been banned since 1993 (Sherman et al., 2018),
and where various prohibitions exist regarding the possession, sale, or
trade of sharks due to the 2011-implemented sanctuary (Ward-Paige,
2017). From a global standpoint, unsustainable mortality resulting
from targeted and incidental catch is the major threat to shark
populations (Davidson et al., 2016; Dulvy et al.,, 2021; Pacoureau
et al,, 2021). While preliminary results from the most recent stock
assessment for great hammerheads in the NWA indicated that they
remain overfished, improved management has resulted in initial signs
of recovery in this region (SEDAR, 2024). Nevertheless, great
hammerheads’ low tolerance to stress (Prohaska et al., 2021) and
corresponding high capture related and post-release delayed
mortality rates across a variety of fishing methods (Morgan and
Burgess, 2007; Gallagher et al., 2014; Ellis et al., 2017) indicates that
reducing fishing-related mortality remains a priority to further
support the stock’s recovery. Protected areas such as the Bahamian
shark sanctuary can offer a different approach for effective
management, as they minimize the interaction risk between great
hammerheads and fishing gear (Davidson and Dulvy, 2017; Grorud-
Colvert et al, 2021; MacKeracher et al,, 2019). It was previously
suggested that the Bahamian EEZ provides such a refuge for great
hammerheads within the NWA at least during the months of the dry
season, with sharks being at risk of directed fishing related mortality
once they moved into U.S. waters during the wet season (Guttridge
et al., 2017; Heim et al., 2024).

However, while our study supports the previously documented
regional connectivity of great hammerheads tagged at the western
edge of the Bahamas (Guttridge et al.,, 2017; 2022; Graham et al., 2016)
into U.S. waters, it provides new evidence that some individuals
benefit from the protective regulations within the Bahamian EEZ
year-round. This could prove an important factor when assessing
regional rebuilding goals, as great hammerheads within the U.S.
Atlantic, GOM, and nearby waters such as The Bahamas comprise a
single management stock (SEDAR, 2024). However, to fully
understand to what extent individuals that remain within the
Bahamian EEZ year-round contribute to the stock and
corresponding management strategies for the species at a regional
scale, additional tagging efforts and genetic analyses across different
life stages and both sexes are needed. The analysis of genetic samples
from Andros and other Bahamian islands further to the east will be
vital to adequately assess stock identity of great hammerheads that
display year-round residency to the central Bahamas. This is required
if we wish to assess the significance of the efficacy of Bahamian shark
sanctuary towards rebuilding goals for great hammerheads within
the NWA.
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