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Abstract: Understanding space use and movement behavior can benefit conservation and manage-
ment of species by identifying areas of high importance. However, this can be challenging for highly
mobile species, especially those which use a wide range of habitats across ontogeny. The Bahamas is
hypothesized to be an important area for tiger sharks, but the utility of the area for this species within
the broader western North Atlantic is not fully understood. Therefore, we assessed (1) whether the
area near Bimini serves as an important pupping location for tiger sharks, (2) their level of residency
and site fidelity to the area, and (3) regional dispersal across ontogeny. Frequent captures of young-
of-year tiger sharks, as well as ultrasonography showing near-term and recently postpartum females
supports the hypothesis that pupping occurs in the area. However, small juveniles had low overall
recapture rates and sparse acoustic detections near Bimini, indicating they do not reside in the area
for long or may suffer high natural mortality. Large juvenile and sexually mature tiger sharks had
higher overall local residency, which increased during cooler water winter months. The probability
of dispersal from Bimini increased for larger individuals. Repeated, long-term site fidelity was
displayed by some mature females, with several returning to Bimini across multiple years. Satellite
tracking showed that tiger sharks extensively used areas outside of The Bahamas, including traveling
more than 12,000 km. Together, these results show that Bimini is an important area for tiger sharks,
serving as a pupping ground, rather than a nursery ground, a finding which could be incorporated
into future conservation and management efforts.
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1. Introduction

Anthropogenic disturbances, such as overexploitation and habitat degradation, are
leading to the loss of biodiversity and increasing extinction risk across multiple taxa of
marine animals, including sharks and rays [1,2]. Given the significance of these risks,
conservation and management efforts can be improved by incorporating a multifaceted
approach [3]. However, these efforts are complicated for highly mobile species, especially
those which spend considerable time moving between areas of jurisdiction or in ‘high-seas’
fishing zones [4]. Understanding regional movements can help to identify areas of high
use and thereby inform conservation efforts [5] and improve marine spatial planning for
essential habitats [6,7].

Identifying areas of high importance or essential habitats is particularly challenging
for species with large areas of space use, and in these instances, efforts may need to focus
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upon greatest potential conservation benefit [8]. For example, areas used for reproduction
can be especially important, as these areas have a disproportionately large influence on the
early life history of elasmobranch species [9]. Some species use well-delineated pupping
and nursery grounds for the first few years of their life, such as lemon sharks, Negaprion
brevirostris [10], and sandbar sharks, Carcharhinus plumbeus [11]. However, oceanic species,
such as blue sharks, Prionace glauca, may use large spatial areas during the juvenile stage,
making the delineation of pupping or nursery grounds challenging [12]. In addition, habitat
selection, space use, and movement behavior can change with ontogeny [11]. Therefore,
studying movement patterns across extended periods of time and age classes can be used
to more accurately ascertain the extent to which important areas, such as pupping and
nursery grounds, are used by highly mobile species.

Monitoring pupping and nursery grounds and understanding dispersal from them
can improve stock assessments, inform abundance surveys, and help maximize area-
specific conservation efforts [3]. Heupel et al. [13] proposed guidelines for characterizing
elasmobranch nursery grounds as areas in which three criteria are documented for newborn
and young-of-year individuals; (1) there is higher relative abundance than elsewhere;
(2) individuals remain in the area over extended periods of time; and (3) the area is used
across multiple years or cohorts. In comparison, pupping grounds are differentiated from
nursery grounds in that these areas meet criteria 1 and 3, but individuals disperse soon after
birth and do not remain in the area for long [9]. These metrics have been used to improve the
designation of pupping and nursery grounds for several species of elasmobranchs [14-16].

Tiger sharks, Galeocerdo cuvier (Péron & Lesueur, 1822), are large-bodied sharks, com-
monly found in tropical and temperate marine systems, with a circumglobal distribu-
tion [17]. Given their wide distribution, previous research has focused on their role as
high-level predators in marine systems [18-20] and their movement ecology [21,22]. While
traditionally considered nearshore species, data show they also frequently use oceanic
areas [23]. In some instances, reliable food sources can be a primary driver of movements
and the seasonal occurrence of tiger sharks [24,25]. However, movement patterns can vary
significantly across individuals, even for those at the same location [22,26]. It is therefore
hypothesized that biological factors, such as reproduction, may contribute to the seasonal
occurrence [27] and movements of tiger sharks [26]. Understanding the drivers of move-
ments can be informative for determining how regional connectivity and distribution are
influenced by ocean and climate conditions [28].

Despite the previous research, significant data gaps still remain for a complete un-
derstanding of tiger shark life history, including assessing areas of reproductive impor-
tance, movement behavior during early life stages, and changes of movement with on-
togeny [29]. Some tiger shark pupping areas have been identified in the nearshore waters
along the southeastern United States, predominately along the Florida panhandle and in
the ‘Charleston Bump’ area near the Georgia and South Carolina coasts [30]. However, this
research was confined to USA territorial waters, and pupping locations throughout the
remainder of the western North Atlantic region have not been assessed. As tiger sharks
are known to readily move across multiple jurisdictions in the region [22,28], the investiga-
tion of other potential pupping or nursery grounds and the connectivity of these areas is
important for future management efforts in the region.

The waters of The Bahamas are proposed to be frequently used by tiger sharks,
including during gestation [27] and pupping is hypothesized to occur in the shallow waters
of The Great Bahama Bank [31,32]. Over the past 35 years, young-of-year (YOY) tiger
sharks have been frequently and consistently caught during fishery-independent longline
surveys conducted by the Bimini Biological Field Station (BBFS) in the waters surrounding
Bimini, The Bahamas [32]. However, the duration over which tiger sharks use this area
after birth, how movement behavior changes across ontogeny, and the dispersal from this
area to elsewhere in the region are unknown. Here, we use a combination of long-term
mark-recapture surveys and biotelemetry to investigate (1) whether Bimini serves as a
pupping or nursery ground, (2) the level of site fidelity and residency to the area across
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ontogeny, and (3) how dispersal from Bimini to the wider western North Atlantic varies
across life stages for tiger sharks.

2. Methods
2.1. Study Location

Bimini, The Bahamas (25.73° N, —79.27° W), is a set of two mangrove-fringed islands
positioned along the western edge of The Great Bahama Bank, 80 km east of Miami, FL,
USA (Figure 1). The two islands are separated by a shallow water lagoon, with habitats
surrounding the islands that include shallow-water sandflats and seagrass beds to the
north, east, and south, with the western edge consisting of rocky reefs that slope to the
deep waters of the Florida Straits. In 2011, the Commonwealth of The Bahamas established
a ‘shark sanctuary’ within all waters of its Exclusive Economic Zone (EEZ), prohibiting the
catching of sharks and sale of their products.

Bimini

Florida, U.S.A

b4
The Bahamas

—80° W —75°W —-70°W

Figure 1. Study location in Bimini, The Bahamas. Inset map shows acoustic receiver (Innovasea,
VR2W) locations (red dots).

2.2. Capture Methods

Tiger sharks were caught and tagged during fisheries-independent surveys within
approximately 15 km of Bimini from 1984 through 2020. Captures primarily occurred
during monthly shallow-water (depth range 2-5 m) longline surveys [31,32], but some
sharks were caught using drumline sets [33], polyball fishing [5], and deep-water horizontal
longlines [34]. Captured sharks were secured alongside the research vessel and remained
in the water while data were collected. Sex and three length measurements were recorded
to the nearest 0.1 cm, i.e., from the tip of the snout to the precaudal notch (PCL), the
fork of the tail (FL), and the tip of the tail (TL). Age classes were assigned based on a
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combination of Branstetter et al. [35], Kneebone et al. [36], and Driggers et al. [30]. Sharks
measuring < 180 cm FL were classified as ‘small juvenile’, with those less than 110 cm
further defined as YOY. Sharks measuring >180 cm FL, but not yet sexually mature, were
classified as ‘large juvenile.” Males were determined to be sexually mature based on
the presence of fully calcified claspers capable of rotation at the base, which typically
occurs at approximately 255 cm FL. Females > 265 cm FL were classified as mature [35].
From 2017 onward, the reproductive status of some mature females was determined by
ultrasonography (Ibex Pro, E.I. Medical, Loveland, CO, USA). ‘Gravid’ tiger sharks were
determined as those for which at least one pup was observed in utero, whereas ‘non-gravid’
tiger sharks were those for which no pups could be identified on the ultrasound.

2.3. Tagging

Upon capture, sharks were inspected for the presence of any identification tags indi-
cating previous capture from our research group or others. If no tag was present, a new
dart tag (National Oceanic and Atmospheric Administration (NOAA), Cooperative Shark
Tagging Program (CSTP)) was deployed at the base of the first dorsal fin, with a stainless
steel barbed dart secured into the musculature. Dart tags were only deployed for sharks
deemed to be in good condition (i.e., showing no signs of impairment that would require
an early release from the research vessel) and large enough (>~90 cm FL) that the dart
could be safely implanted into the muscle. For recaptured sharks, the tag number was
recorded. If a recapture occurred outside of the study location, the CSTP informed BBFS
with available information about the recapture, including days at liberty, length of the
shark upon recapture, and coordinates of recapture.

A combination of passive acoustic and satellite telemetry was used to assess movement
of individual tiger sharks, with individuals opportunistically chosen based on availability
during surveys. Acoustic tags were deployed by gently rolling the shark ventral side up in
order to induce a temporary state of tonic immobility [37], and subsequently the acoustic
transmitter (V16-6H-6X, 69 khz, 120 s average nominal delay, Vemco Innovasea, Halifax,
NS, Canada) was surgically implanted into the body cavity. The small incision made for
the tag implantation was closed using 2-3 sutures. Acoustic detections were recorded on
an array of receivers (VR2W, Vemco Innovasea) surrounding Bimini. This array consisted
of approximately 60 stations (Figure 1), but this number varied across the study duration as
new stations were established and receivers were lost or damaged. The effective detection
range (i.e., maximum distance at which 50% of emitted signals can still be detected by
receiver stations) of acoustic receivers in the Bimini array was estimated to be 211 m on
the bank (seagrass and sandflats) and 255 m in the reef habitat [5]. Acoustic receivers
were retrieved, downloaded, cleaned of biofouling, batteries replaced, and redeployed
at least once per year. The detection of acoustic-tagged individuals beyond Bimini was
accomplished through data-sharing networks, including the Integrated Tracking of Aquatic
Animals in the Gulf of Mexico (iTag), Florida Atlantic Coast Telemetry (FACT), and Ocean
Tracking Network (OTN).

Smart Positioning and Temperature satellite tags (SPOT 6; Wildlife Computers, Red-
mond, WA, USA; Models SPOT 257, 258 and 364, with estimated battery lives of 1286,
300, and 300 days, respectively; 30 s repetition rate; 250 daily location uplink limit) were
affixed to the first dorsal fin of some female tiger sharks. Similar to the acoustic tags,
candidates were opportunistically chosen depending on tag availability, with priority given
to pregnant individuals. Satellite transmitters attempted to transmit signals to the ARGOS
satellite network when the shark’s dorsal fin breached the water surface. However, satel-
lites are not always overhead, or the tag may not remain at the surface long enough to
obtain an accurate location fix based upon the number and proximity of satellites within
the transmission range, resulting in a range of location classes (LC) 0f 3,2,1,0, A, B,or Z
(ordered from the lowest error of 250 m to the highest error or location error) [22,38], with
class “Z’ omitted from analysis.
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2.4. Data Analysis

To examine residency through mark-recapture, the probability of a tiger shark with a
dart tag being recaptured was modeled using logistic regression, with sex (categorical) and
fork length (continuous) as fixed effects. Two models were fit, one for the probability of
being recaptured near Bimini, and one for the probability of being recaptured in the CSTP
database throughout the remainder of the region.

Data generated from the acoustic array were processed to remove any false detections,
defined as a single detection within the array across a one-hour time frame [39], double
detections occurring simultaneously on multiple receivers, and any detections within 24 h
post tag deployment, to avoid bias of capture for movement behavior [5,7]. Acoustic
detections occurring on the Bimini array from 9 March 2015 through 30 September 2020
were included in the analysis. Acoustic detections received from iTag, FACT and OTN by
1 May 2021 were included in the analysis.

To examine local residency near Bimini, a standardized monthly residency index was
calculated for each individual as the number of days detected within the Bimini acoustic
array divided by the number of days in the month [7]. Drivers of local residency were
assessed using a zero-inflated generalized linear mixed-effect model (GLMM) with Poisson
distribution, using the ‘glmmTMB’ package [40] in R (Version 4.0.3; R Core Team, Vienna,
Austria). The number of days detected per month was the explanatory variable, with mean
monthly water temperature (continuous), FL (continuous), and sex (categorical) included
as fixed effects, and the transmitter ID was included as a random effect to account for
individual variation in residency behavior [41]. Days in a month, or the number of days
remaining in the first month post tagging, was used as an offset to balance the uneven
number of days per months. To understand the biological drivers of regional movements,
the probabilities of acoustic detections occurring outside The Bahamas were analyzed using
a binomial logistic regression model with fork length and sex as predictors.

Tiger shark satellite locations were downloaded from the Argos Satellite System
via the Wildlife Computers Data Portal. The ‘ArgosFilter” package [42] in R was used
to prepare satellite detections for movement analyses. Detections were first filtered to
exclude any points with location class ‘Z’ as these indicate the location process failed
and the location was not reliable. An estimated maximum sustained swim speed of
3 m s~ ! was used based upon similar telemetry studies of tiger sharks in the region [22].
Subsequently, any detections that would require a greater swim speed from other reliable
location points were deemed improbable and were removed. Uplinks from satellite tags
were not evenly distributed across days, i.e., some days had several reported locations
while others had none. Therefore, a track of the most probable locations was determined
with a hierarchical, first-difference, correlated random-walk switching state-based model
(hDCRWS) run within a Bayesian framework in the ‘BSAM’ package [43] in R following
methods in Lea et al. [22]. This methodology accounted for location class, mean turning
angle, and the estimated mean swim speed of the tiger shark to generate the most probable
location points. To balance movements across days, rather than number of location points,
a time-step of 12 h was used to produce two location estimates per day for each tiger shark
track, even on days with no detections [22]. For instances of gaps in transmissions greater
than 20 days, the track was split into sections [22].

To further investigate regional movements and the occupation of tiger sharks within
the jurisdiction of The Bahamas Exclusive Economic Zone (EEZ), analyses were conducted
at the individual and group levels. For individuals, locations were determined to be within
or outside the EEZ bounds of The Bahamas based on the GPS coordinates of satellite
detections overlaid with the ‘Natural-Earth” shape file in R. The percentage of time spent
within the EEZ was calculated as the number of daily location estimates within the EEZ
bounds, divided by the total number of days the satellite tag was transmitting. Further, we
used the ‘"MOVE’ package [44] to perform a dynamic Brownian bridge movement model
(dBBMM, [45]) to calculate utilization distributions (UDs) at the individual level. To avoid
error overestimation by the model when tiger sharks were not detected, the variance was
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constrained (using the brownian.motion.variance.dyn function) each time an individual
was absent for >24 h. The sizes of the 50% and 95% (core and extended areas, respectively)
UDs were calculated using the volumeUD() function in the ‘fishtrack3d’ library [46]. Subse-
quently, all individual rasters were summed into one global raster to calculate group-level
UDs. The obtained global raster was scaled so that the raster cells summed to 1 to allow
for UD calculations (similarly to Van Zinnicq Bergmann et al., [7]). The contours of the
group-level UDs were then plotted in relation to the EEZ. All statistical analyses were per-
formed in the RStudio (2021.09.1; R Studio Team, Vienna, Austria) integrated development
environment for R version 4.0.3 (R Core Team). Statistical significance was determined at
an o = 0.05, and where appropriate, the mean and standard deviation are reported.

3. Results
3.1. Captures

From November 1984 to 30 September 2020, 926 individual tiger sharks (73.1%
n = 677 females, 26.9% n = 249 male) for which accurate size, sex, and tag information
was available were sampled near Bimini. All size classes were represented in captures for
both sexes (overall mean FL = 172.8 cm =+ 61.4). Females ranged from 67 to 334 cm FL
(mean =177.6 £ 60.8) and males from 55 to 319 cm FL (mean = 160.1 £ 61.3). Small juve-
niles (<180 cm FL) were the predominant life stage, representing 57.0% (1 = 528) of the tiger
sharks caught, and 18.1% (1 = 168) of the tiger sharks were less than 110 cm FL, considered
to be YOY [36]. Catches of all tiger shark age classes were distributed throughout the year,
but there was an increase in the frequency of YOY individuals during the summer and early
fall months (Figure 2). From 2017 to 2019, ultrasounds were conducted for nine mature
females, resulting in seven confirmed pregnant, one recently postpartum (within a few
weeks post pupping; personal communication Dr. Natalie Mylniczenko DVM Disney’s
Animals, Science, and Environment), and one not pregnant. Ultrasounds of all mature
females were not possible due to technical issues with the unit.
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Figure 2. Relationship between day of year and fork length for tiger sharks, Galeocerdo cuvier, captured
near Bimini, The Bahamas. Red circles represent female sharks, and blue triangles represent male
sharks. The horizontal black line is the designation of fork length for ‘young-of-year’ size class.
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3.2. Local and Regional Recaptures

Of the captured tiger sharks, 789 were marked with a dart tag (590 females and
199 males), and 35 (4.4%) of these were later recaptured by BBFS near Bimini, two of which
were recaptured twice. Of the Bimini recaptures, females were recaught more frequently
(n =30, 5.1% recapture rate) than males (1 = 5, 2.5% recapture rate). The mean time at liberty
between tagging and recapture near Bimini was 354.2 (+501.0) days, and the maximum
time at liberty for a tiger shark was 2549 days (approximately seven years). The probability
of recapture near Bimini was not significantly correlated with sex (p-value = 0.37) or FL
at the time of tagging (p-value = 0.41). An additional 25 tiger sharks (21 females and
4 males; 3.2%) were reported through the CSTP as being recaptured away from the study
site (Figure 3). For these tiger sharks, the time at liberty until recapture ranged from 66
to 2282 days (mean = 790 £ 666.1), with an average horizontal displacement of 978 km
(££1029.8 km) and maximum of 3531 km. The probability of recapture away from Bimini
was not significantly correlated with sex (p-value = 0.55) or FL at the time of tagging
(p-value = 0.82).

45° N

A
40° N

A
35°N
30°N
25°N
Sex

Female

20° N
A Male
-70°W —60°W —50°wW —40°W

Longitude

Figure 3. Recapture locations of tiger sharks, Galeocerdo cuvier, originally captured and tagged in
Bimini, The Bahamas (marked with a red star) with dart tags and reported through the National
Marine Fisheries Service Cooperative Shark Tagging Program.

3.3. Local Residency

Sixty-four tiger sharks, 18 males and 46 females, were implanted with acoustic trans-
mitters (Supplemental Table S1). At the time of tagging, the size of the tiger sharks ranged
from 67 to 333 cm FL (mean = 182.9 & 92.9 cm); 32 tiger sharks were classified as small juve-
niles, 11 as large juveniles, and 21 as sexually mature. A total of 11,285 acoustic detections
were recorded across 51 stations in the Bimini array.

Overall, individual monthly residency indices within the Bimini array ranged from
0.00 to 0.14 (mean 0.01 £ 0.03). Small juvenile tiger sharks had a lower mean residency
index (mean = 0.00 & 0.001) when compared to large juvenile (mean = 0.02 & 0.03) and
mature (mean = 0.02 & 0.04) tiger sharks (Figure 4). Nine of the twenty-one mature tiger
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sharks were detected in Bimini across two years, and three individuals were detected
across four years (Figure 5). The results of the GLMM indicated that water temperature
(p-value < 0.001) and fork length (p-value < 0.001) were significant predictors of the monthly
residency index; however, sex was not (p-value = 0.71) (Table 1).
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Figure 4. Mean monthly residency index of small juvenile (red bars), large juvenile (green bars), and

mature (blue bars) tiger sharks, Galeocerdo cuvier, in Bimini, The Bahamas. The black line represents

the mean monthly water temperature.
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Figure 5. Abacus plots for acoustic detections of tiger sharks, Galeocerdo cuvier, tagged in Bimini, The
Bahamas. Panels correspond to age classes: (A) small juveniles, (B) large juveniles, and (C) adults.

Table 1. Results of zero-inflated generalized linear mixed model results for monthly residency of

tiger sharks, Galeocerdo cuvier, in Bimini, The Bahamas. Fork length, water temperature, and sex were

predictors. The * indicates statistical significance.

Estimate Std. Error z Value PR(>1zl)
Intercept 2.81 0.88 3.19 0.001 *
Temperature —0.42 0.02 —17.41 <0.001*
Sex (male) —0.20 0.54 —0.38 0.71
Fork Length 0.01 0.00 4.84 <0.001*
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3.4. Regional Movements

Regional movements were obtained from 1610 detections at 104 stations in cooperative
arrays. Three of the 32 small juveniles (9.4%), six of the 11 large juvenile (54.5%), and
seven of the 21 mature tiger sharks (33.3%) were detected on acoustic arrays outside The
Bahamas (Figures 5 and 6). The results of logistic regression showed that the probability
of acoustic detections outside Bimini and The Bahamas was significantly correlated with
sex (p-value < 0.001) and fork length at the time of tagging (p-value = 0.03), with females
and larger tiger sharks more likely to be detected on other arrays throughout the region
(Figure 6). Detections on cooperative arrays were primarily along the southeastern USA
and the Gulf of Mexico coasts (Figure 6). Of those that dispersed from The Bahamas, none
of the three juveniles (0%), three of the six large juveniles (50%), and three of the seven
mature (42.9%) tiger sharks later returned to Bimini. For example, mature female tiger
shark #16741 departed the Bimini area in February 2017 and was then detected off the
coast of South Carolina during May and June of the same year, a distance of ~750 km. She
returned to the northern Bahamas in January 2018 and back near Bimini in January 2020.
Similarly, mature female #17559 departed Bimini on 7 August 2018 and was then detected
off the North Carolina coast on 7 September 2018, a distance of ~1000 km. She returned to
the Bimini area during March 2019 and again during January 2020.

35°N 35°N 35°N
[0} [} [} Sex
© © ©
2 2 2 Female
T 3N 3 © 30°N ) \ o 30°N )
- \ - - \\ —— Male
8] A \ N
° ° = - o - 5 -
25°N Q"\, 25°N 24 %5\' 25°N 3/ Qﬁ\.
| T2 \'> - ! Va0 TR 1N | TR 13-
—90° W —80°W —90° W —80°W —90° W —-80°W
Longitude Longitude Longitude

Figure 6. Lines represent stylized movements between acoustic detections on cooperative receiver
arrays throughout the southeastern United States of America and The Bahamas for (A) small juvenile,
(B) large juvenile, and (C) mature tiger sharks, Galeocerdo cuvier.

Movements were obtained from SPOT tags deployed on eight tiger sharks, six of
which also had an acoustic transmitter implanted. SPOT tag models 258 and 364 (estimated
battery life of 300 days) had a combined average transmission duration of 105.3 (£64.7)
days, whereas model 257 (estimated battery life of 1286 days) had an average transmission
duration of 322 (£229.3). SPOT-tagged tiger sharks spent an average of 33.0% (£25.5) of
this tracking duration within the EEZ of The Bahamas (Table 2). Utilization distributions
indicated a core use area surrounding Bimini and the western Bahamas. However, tiger
sharks also spent considerable time in the vicinity of the southeastern USA, Cuba, and
Hispaniola (Figure 7). Mean 50% UD encompassed 33,287.5 (£36,186.2) km? and mean
95% UD encompassed 431,825 (+£586,583.8) km?2.
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Table 2. Summary information for tiger sharks, Galeocerdo cuvier, tagged with Smart Positioning and Temperature (SPOT) satellite tags near Bimini, The Bahamas.
Utilization distribution (UD) represents the 50% and 95% levels of area (km?) occupied. ‘Time (%) in EEZ’ was calculated as the percentage of days at liberty
spent within The Bahamas Exclusive Economic Zone (EEZ) based on daily location estimates. The ‘'SPOT model” shows the transmitter model number used for

that individual.

PTTID Tag Date Sex FL SPOT Model Days Transmitting Number of Locations 50% UD 95% UD Time (%) in EEZ
170335 13 February 2018 F 190 257 498 3369 22,000 378,800 4.2
173632 3 December 2017 F 240 258 72 190 19,700 102,600 48.6
174071 16 January 2019 F 303 257 153 434 22,000 301,800 40.5
174072 10 May 2018 F 310 257 540 121 91,800 1,796,300 38.7
174073 26 June 2018 F 285 257 97 804 89,300 637,000 2.1
174074 24 June 2018 F 302 258 31 307 4700 28,600 71
179469 30 September 2020 F 246 364 150 1020 1000 108,000 7.3
179470 9 December 2019 F 267 364 168 137 15,800 101,500 51.7
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Figure 7. Utilization distribution comprising all tiger sharks, Galeocerdo cuvier, tagged with SPOT
transmitters near Bimini, The Bahamas. The Bahamas Exclusive Economic Zone (‘EEZ’) is denoted
by the teal line.

4. Discussion
4.1. Overview

The findings in this study provide new insight about the duration to which the area
near Bimini, The Bahamas, is used across ontogeny for tiger sharks and their dispersal in
the western North Atlantic Ocean. All age classes, from young-of-year (YOY) to sexually
mature, were captured, including several females being confirmed near-term or recently
post-partum. Residency within the immediate area surrounding Bimini was predominately
driven by size and water temperature, with small juvenile tiger sharks rarely recaptured
and only detected over short durations. However, small juveniles were also infrequently
detected by cooperative acoustic arrays in the region, potentially indicting limited regional
dispersal of this age class or high natural mortality. Larger juveniles and mature tiger sharks
were monitored around Bimini over longer durations, with increased residency during the
cool water winter months. Large juvenile and mature tiger sharks were also tracked more
frequently throughout the broader western North Atlantic region. Some larger tiger sharks
also returned to Bimini after prolonged absences, including annual returns of up to five
years, providing evidence for multi-year fidelity to this area. Taken together, these findings
show the area is important for tiger sharks, including as a pupping ground.
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4.2. Evidence for a Pupping Location

Two lines of evidence, documentation of near-term gravid and recently postpartum
females and frequent catches of YOY, point to the area around Bimini being a pupping
location for tiger sharks. Ultrasonography results support pupping occurring near Bimini
during the late spring and summer. Given the two-year reproductive cycle and estimated
15 month gestation period of tiger sharks [47], it was expected that approximately 50% of
the mature females would be at some stage of pregnancy at any one point in time. For
example, in the waters of Tiger Beach, The Bahamas, Sulikowski et al. [27] found that 23 of
the 40 (57.5%) mature female tiger sharks were pregnant and also estimated a late spring
or summer pupping season. In our study, eight of the nine mature females (88%) were
pregnant or recently postpartum (within days or weeks). However, mechanical failures
with the ultrasound prevented a more robust assessment of all mature female sharks, and
future research should focus on this to incorporate seasonality of reproduction across
multiple locations in the region.

Our catch data support previous research conducted near Bimini, in which the tiger
shark mean size of capture was correlated with the month of the year, and YOY tiger
sharks caught during the presumed pupping season of July to September [31]. The size
composition of tiger sharks caught near Bimini was consistent from 1984 to 2019 [32],
indicating this area has potentially been continually used as a pupping location over
multiple decades. Higher relative abundance is one of the criteria for distinguishing
important pupping and nursery areas [13], but comparing between different surveys can
be a challenge due to differences in sampling methods across research groups. However,
comparisons of studies can at least provide some context within the region. For example,
a fishery-independent longline survey conducted in the eastern Bahamas had a mean
fork length for tiger sharks of 248.65 cm, compared to 172.8 cm in our study, potentially
suggesting a higher relative frequency of smaller tiger sharks near Bimini. The shallow
water bank habitat sampled in our study is a commonly used habitat for juvenile tiger
sharks [48], likely contributing to the smaller mean size.

4.3. Residency and Site Fidelity

The residency and site fidelity of tiger sharks were demonstrated through both mark-
recapture and telemetry. However, the overall recapture rate near Bimini was low, sug-
gesting many tiger sharks may be moving out of the area. The local recapture rate of 4.7%
was lower than the 7.3% recapture rate for tiger sharks tagged in the USA over the past
50 years [49]. This may be a result of shark fishing and surveys occurring at considerably
higher frequencies in the USA than in The Bahamas, thereby increasing opportunity for
recaptures. This is supported by the shorter mean time at liberty for tiger sharks tagged in
the USA (mean 365 days) [49] compared to those tagged near Bimini (mean 790 days).

There was low residency and longevity of small juvenile tiger sharks near Bimini,
indicating limited long-term fidelity of this age class to the area. It is possible that small
juvenile tiger sharks are using the broader Great Bahama Bank area, which provides ample
key habitats for tiger sharks, such as seagrass, sandflat, and nearshore waters [50], but this
vast area has relatively little acoustic receiver coverage compared to the nearshore waters
of the USA. Hence, the lack of acoustic coverage could partially explain the infrequent
acoustic detections in the area. The overall low detections, limited residency within the
array, and short longevity of small juvenile tiger sharks may also be indicative of high
natural mortality at this early life stage. In the western North Atlantic, the annual mortality
rate was estimated at 61% and 73% for YOY and age 1 tiger sharks, respectively [30], and this
high mortality could limit the ability to monitor young tiger sharks across long durations.

Large juvenile and mature tiger sharks had a higher residency index and longevity than
small juveniles, potentially due to higher survival or biological drivers such as foraging
and reproduction. Multi-year fidelity of tiger sharks in The Bahamas was previously
documented at a provisioning dive site, Tiger Beach, Grand Bahama [51,52]. At this location,
the seasonal residency of mature female tiger sharks was hypothesized to be partly driven
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by reproductive cycle, with mature females utilizing the waters of The Bahamas during
gestation [27]. Mature female tiger sharks had the highest residency to Bimini during
the cooler water winter months, before departing in late spring, potentially following
parturition. Despite the estimated 2-year reproductive cycle, some females were present in
Bimini in consecutive years. Therefore, reproduction alone may not be driving seasonal
residency, as some tiger sharks were using the waters around Bimini presumably during
both ‘pregnant’ and ‘recovery’ years. This is similar to what has been documented for great
hammerhead sharks near Bimini, in which females had annual fidelity to the area [5].

4.4. Regional Movements and Connectivity

Multiple sets of data, including mark-recaptures, acoustic detections, and satellite
telemetry, provided evidence of connectivity throughout the western North Atlantic re-
gion. The NOAA CSTP provided initial evidence of large-scale dispersal throughout the
region. Tiger sharks had horizontal displacements of more than 3500 km, including to
the northern reaches of their range (41° N), which corroborates the oceanic distribution
of this species [23]. These mark-recaptures are also consistent with the overall results of
the NOAA CSTP program, showing widespread dispersal of tiger sharks throughout the
western North Atlantic Ocean [28,49].

Large juvenile and mature tiger sharks were more likely to be detected throughout
the coastal areas of the southeastern USA and the Gulf of Mexico. While there were few
instances of small juveniles being detected outside The Bahamas, the ability for extensive
movement at an early life stage was evident by individual #14746, a 117 cm FL (145 cm TL)
female detected off the coast of Delaware, USA, 103 days after tagging, covering a distance
of ~1500 km. The greater number of detections and higher degree of connectivity for larger
sharks are not surprising given their higher natural survival and presumed greater ability
to transit offshore habitats [50], such as those separating The Bahamas from the USA and
other areas in the region. However, only one of the five large juvenile and mature male tiger
sharks (312 cm TL mature male) were later detected outside The Bahamas. The absence
of detections of other males is not confirmation they did not disperse to other areas, as
previous research shows male tiger sharks extensively use offshore areas [22,50,53], which
would be beyond the range of most acoustic receiver arrays.

Large juvenile and mature tiger sharks were also more likely to return to Bimini
following movements outside The Bahamas. This type of fidelity following large-scale
movements has been documented for tiger sharks in both the Atlantic [22] and Pacific
Oceans [26,54], and may be a common behavior for this species. However, there were still
extended temporal data gaps for these mature individuals tagged near Bimini. The Great
Bahama Bank and area surrounding Bimini presumably provide diverse and productive
habitats (i.e., reef, seagrass, mangroves), with ample resources to support large tiger sharks.
It is therefore unclear if prolonged absences in acoustic detections were indicative of
dispersal from Bimini or of space use beyond the limited range of the Bimini array.

The extended range of satellite-tagged tiger sharks includes a large amount space use
outside The Bahamas EEZ, which corroborates findings from other research projects in
the region showing tiger sharks readily crossing jurisdictions [51,53]. This is especially
important to consider given Bimini’s close proximity to waters under the jurisdiction of
other countries, such as the USA (~40 km) and Cuba (~250 km), which have different
management and harvest regulations for sharks. The northern movements observed for
satellite-tagged tiger sharks in this study were similar to those tracked by Lea et. al. [22],
who proposed tiger sharks were drawn to the area of the North Atlantic due to high
biological productivity, including marine turtles, or for reproduction. Tiger sharks previ-
ously tagged in the northern Bahamas displayed northward movements to approximately
42° N [28], while our study shows space use to at least 45° N. Residency time in the extreme
northern range was brief, and it is not clear the frequency to which this area is used by
the species over multiple years. Therefore, future research should incorporate analysis of
oceanic factors such as sea surface temperature and seasonal warm water gyres from the
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Gulf Stream as potential drivers for these northern movements. Understanding the drivers
of this expansive space use, including the northern bounds, may be important as ocean and
climatic conditions continue to change in the future [28].

4.5. Notable Individual Movements

Several tagged tiger sharks were tracked returning to Bimini following prolonged
absences and extensive movements in the region. For example, PTT ID 174072 (acoustic ID
17556), a mature female, was caught and tagged near Bimini on 10 May 2018. Tracking data
showed that she departed the area on 27 April 2019 and although satellite transmissions
were sparse in the following months, she was detected off the northern coast of Venezuela
during June 2019. She soon began to move northward and was detected off the coast
of Nova Scotia, Canada, by August 2019. The satellite tag ceased reliable transmissions
on 5 September 2019, but the acoustic transmitter detections recorded her in Bimini on
7 April 2020; completing a round trip journey of more than 12,000 km, across a 344-day span
(Figure 8). Female tiger shark PTT ID 174073 (acoustic ID 12726) was tagged near Bimini
on 26 June 2018. Nearly immediately, she moved northward, reaching the area off the east
coast of Nova Scotia two months later, then moving southward during September 2018, a
trip of 4500 km across 97 days. The satellite tag ceased transmissions near Bermuda, but
she was detected on the Bimini acoustic array from February through May 2019 (Figure 8).
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Figure 8. Location estimates of tiger sharks, Galeocerdo cuvier (A) PTT ID 174072 and (B) PTT 174073
generated from Bayesian State-Space Movement Model with ‘Day” at liberty since tagging. The
dashed line represents the shortest potential tiger shark path determined through acoustic telemetry
post-satellite tag ceasing transmissions.

The movements and reproductive cycle of these two sharks correspond with the hy-
pothesis that at least some tiger sharks reside in Bimini during and immediately following
gestation and pupping, but that they may mate elsewhere. Shark 174072 was recently post-
partum at the time of tagging and therefore resided around Bimini during ‘recovery’ time
following pupping. Her northward movements the following summer corresponded to the
proposed mating season, which may occur during seasonal food source aggregations. Shark
174073 was determined to be non-gravid at the time of capture and immediately moved
northward before returning to Bimini the following spring, while presumably pregnant.
We acknowledge these are limited observations, but they may provide first insights into
some drivers of movement and long-term site fidelity, including the possible reproductive
fidelity of tiger sharks. Reproductive fidelity, and in some cases even natal philopatry, has
been documented in other shark species, such as lemon sharks near Bimini [55]. Future
research could include genetic analysis of offspring to investigate repeated pupping in the
area across multiple years.
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5. Conclusions

Considering the evidence of near-term and recently post-partum females, the frequent
capture of YOY pups, but low residency of small juveniles in the area, we suggest that the
area surrounding Bimini is an important pupping area for tiger sharks. However, based on
the available data, this area does not qualify as a nursery area, and it is unclear if traditional
‘nursery’ areas exist for this highly mobile species. It is more probable that juvenile tiger
sharks use expansive nearshore waters, similar to those of the dusky shark, Carcharhinus
obscurus [8]. Further research, including standardized surveys (i.e., gear construction
similar to other surveys in the region), would be required to put the relative abundance
of YOY into perspective with other pupping grounds documented in the USA. This is
particularly important given the significant connectivity for tiger sharks between The
Bahamas, the southeastern USA, and the overall western North Atlantic region. Telemetry
also showed that large juvenile and mature female tiger sharks have large areas of space
use, frequently crossing international jurisdictions. However, following these large-scale
movements, female tiger sharks also showed multi-year fidelity to the area around Bimini.
Taken together, our data suggest the area surrounding Bimini, and the broader Great
Bahama Bank, is important for tiger sharks in the western North Atlantic.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su141610017/s1, Figure S1: Ultrasound images from tiger sharks
Galeocerdo cuvier sampled near Bimini, The Bahamas. (A) Recently postpartum female with dis-
tention and folds in uterine wall, suggesting recent pregnancy and pupping. (B) A near-term pup
with noticeable cranium and jaw structure; Table S1: Tag identification, fork length cm (FL), total
length cm (TL), and ultrasonography results for tiger sharks Galeocerdo cuvier sampled near Bimini,
The Bahamas.
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