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Shark dive ecotourism is a lucrative industry in many regions around the globe. In
some cases, sharks are provisioned using bait, prompting increased research on how
baited dives influence shark behavior and yielding mixed results. Effects on patterns of
habitat use and movement seemly vary across species and locations. It is unknown,
however, whether wide-ranging, marine apex predators respond to provisioning by
changing their patterns of grouping or social behavior. We applied a tiered analytical
approach (aggregation-gregariousness-social preferences) examining the impact of
provisioning on the putative social behavior of tiger sharks (Galeocerdo cuvier) at a dive
tourism location in The Bahamas. Using network inference on three years of acoustic
tracking data from 48 sharks, we tested for non-random social structure between non-
provisioned and provisioned monitoring sites resulting in 12 distinct networks. Generally
considered a solitary nomadic predator, we found evidence of sociality in tiger sharks,
which varied spatiotemporally. We documented periods of both random (n = 7 networks)
and non-random aggregation (n = 5 networks). Three of five non-random aggregations
were at locations unimpacted by provisioning regardless of season, one occurred at
an active provisioning site during the dry season and one at the same receivers during
the wet season when provision activity is less prevalent. Aggregations lasted longer and
occurred more frequently at provisioning sites, where gregariousness was also more
variable. While differences in gregariousness among individuals was generally predictive
of non-random network structure, individual site preferences, size and sex were not.
Within five social preference networks, constructed using generalized affiliation indices,
network density was lower at provisioning sites, indicating lower connectivity at these
locations. We found no evidence of size assortment on preferences. Our data suggest
that sociality may occur naturally within the Tiger Beach area, perhaps due to the
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unusually high density of individuals there. This study demonstrates the existence of
periodic social behavior, but also considerable variation in association between tiger
sharks, which we argue may help to mitigate any long-term impacts of provisioning on
this population. Finally, we illustrate the utility of combining telemetry and social network
approaches for assessing the impact of human disturbance on wildlife behavior.

Keywords: behavioral ecology, ecotourism, gregariousness, predators, shark diving, social affiliations, sociality,
tiger shark (Galeocerdo cuvier)

INTRODUCTION

Shark dive ecotourism has grown significantly as an enterprise
over the last two decades, bolstering support for the argument
that sharks are more valuable alive than they are dead where
ecotourism is viable (Gallagher and Hammerschlag, 2011;
Cisneros-Montemayor et al., 2013; Gallagher et al., 2015). This
argument resonates particularly when we consider that many
of these iconic, large-bodied species are often the focus of
ecotourism dive ventures, but are continuing to decline amid
widespread and persistent overexploitation (Worm et al., 2013;
Queiroz et al., 2019; MacNeil et al., 2020; Pacoureau et al., 2021).

To ensure reliable experiences can be offered to paying
clients, the provisioning of food to attract sharks to divers
is commonplace (Meyer et al., 2021). This has led to debate
within the public and scientific community as to whether
the potential economic and conservation advantages outweigh
the possible negative impacts, which might include changes
in shark behavior, increased human-wildlife conflict, increased
prevalence of disease, or a possible reliance of sharks on
provisioned food sources (Semeniuk and Rothley, 2008; Brena
et al., 2015; Gallagher et al., 2015; Macdonald et al., 2017). At
face value, shark ecotourism appears to be a conservation “win-
win” providing localized protection to species, while generating
local income and employment (of particular importance in
developing countries) and raising public awareness of imperiled
species (Apps et al., 2018). Since the initial boom of these
tourism operations, considerable research effort has focused on
the potential ecological impacts of this industry, resulting in
a number of species-specific studies exploring the influence
of shark dive tourism on movement ecology (Hammerschlag
et al., 2012), residency patterns (Mourier et al., 2020), trophic
ecology (Abrantes et al., 2018), community composition (Clarke
et al., 2013), field metabolic rates (Barnett et al., 2016), and
harmful human-wildlife encounters such as shark bites [see Brena
et al. (2015), Gallagher et al. (2015) for reviews]. On balance,
each operation, as well as each species/ecosystem response
to dive ecotourism are different. Past research examining
the ecological implications of provisioning have ranged from
negligible behavioral impacts (e.g., Hammerschlag et al., 2017) to
community-level reorganization (Brunnschweiler et al., 2014) of
large shark species, suggesting that further research is needed to
begin to build a framework for predicting the consequences of
different types of provisioning ecotourism.

Diverse behavioral tactics, in conjunction with the ability
of many species of apex predatory sharks to undertake long-
range movements, make quantifying the potential impacts of

seasonal provisioning challenging. In some instances, these very
characteristics might buffer these species from any persistent
biological impacts. For example, individuals with large activity
spaces (and no or diffuse core areas) are unlikely to be exposed
to the same intensity of provisioning as site-attached sharks
such as reef sharks (Mourier et al., 2020). At a well-studied dive
tourism site in The Bahamas, tiger sharks (Galeocerdo cuvier)
appear to neither change their long-range migratory behavior –
compared to sharks from areas unimpacted by human activities –
nor their short-term diel space use in response to provisioning
(Hammerschlag et al., 2012, 2017). By contrast, equally wide-
ranging white sharks (Carcharodon carcharias) have been found
to shift their three dimensional, fine-scale, space use to spend
more time in close proximity to the dive boats during berleying
(chumming) activities that attract individuals to shark cage-
diving operators, with sharks spending significantly more time in
close proximity to the dive boats (Huveneers et al., 2013). Broad
variation in provisioning practices, species ecology and habitats
indicate that only through the investigation of more contexts and
species will any widespread predictable impacts be revealed.

While the impacts of provisioning on individual shark
behavior appears to vary both within and among species (Brena
et al., 2015), impacts at the group level on species that form
aggregations (groups of sharks forming on a regular to semi-
regular basis) or engage in social association behavior (i.e.,
non-random co-occurrence in space and time) are less well
studied (Becerril-García et al., 2019). With increasing numbers
of shark populations found to feature social associations (Jacoby
et al., 2012; Mourier et al., 2018) and compelling evidence
that conditioning can occur leading to anticipatory behaviors
at dive sites (Bruce and Bradford, 2013; Clarke et al., 2013;
Heinrich et al., 2021), understanding both the direct and indirect
impacts of provisioning on the potential social structuring of
shark groups remains an important and unexplored area of
research. Indeed, compelling evidence from long-term studies
on highly social cetaceans (Indo-Pacific bottlenose dolphins,
Tursiops aduncus) suggests that tourist provisioning can have
significant implications beyond simple changes in space use and
movement. Specifically, daily provisioning of dolphins (Tursiops
aduncus) in Shark Bay, Western Australia, negatively affected
the reproductive success of female dolphins through reduced
parental care, changes in calf foraging behavior, and higher calf
mortality (Mann et al., 2000). However, long-term monitoring
and Before-After-Control-Impact approaches to the evolution of
tourism practices, has proven crucial for this species in Shark Bay,
not least because it has been tailored to the ecological nuances
of the species in question (e.g., slow life histories; complex,
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structured societies that allow for the social transmission of
behaviors), resulting in positive changes to management practices
and feeding protocols in the area (Foroughirad and Mann, 2013).
Management of Shark Bay dolphins suggests that significant
progress could be made by working closely with dive operators
and managers to refine tourism activities for other areas and
species. In addition, such studies emphasize the importance
of understanding the complexities of species responses to
provisioning at both the individual and population level, which
has implications for human safety, and is particularly important
for social species (Gallagher and Huveneers, 2018). For shark dive
tourism, these group-level responses remain largely unexplored.
Social network analyses can offer important insights that will
likely help to reveal the extent to which social behavior and social
structure might provide a degree of resilience against potential
anthropogenic impacts (Snijders et al., 2017) or conversely reveal
the potential for indirect costs associated with shark dive tourism.

Here, we use long-term acoustic tracking (across years)
and social network inference to explore the potential existence
of social behavior in a wide-ranging, generalist, marine apex
predator, as well investigating the group-level impacts of dive
tourist food provisioning on the patterns of association in tiger
sharks. Large numbers of female tiger sharks occur naturally,
particularly during colder months (November to April), on
the northwestern edge of Little Bahama Bank, The Bahamas
(Hammerschlag et al., 2012). Within the region is a popular
dive site, nicknamed “Tiger Beach”, where tiger sharks are
chummed and provisioned regularly at specific locations to
support shark dive tourism that occurs almost exclusively during
colder months, coinciding with the seasonally high numbers of
tiger sharks found there (Hammerschlag et al., 2017).

Thought to be predominantly solitary for large proportions
of their life histories, tiger sharks are observed to aggregate
predictably at this female-dominated site. Although the specific
reasons for this aggregation are not fully resolved, it is
hypothesized that subadult females may benefit from reduced
male harassment and the warm shallow waters may aid gestation
for pregnant females (Sulikowski et al., 2016). Regardless of the
reasons for this aggregation, high densities of sharks facilitate the
potential for non-random associations and social preferences to
form. Here social preferences are defined as pairs of individuals
occurring together in space and time more than would be
expected from chance, after controlling for individual patterns
of space use and an individual’s propensity to group with
others (hereafter termed “gregariousness”). It is not yet known
whether tiger sharks exhibit such preferential associations with
conspecifics at Tiger Beach or elsewhere, nor is it known
whether provisioning might influence potential structuring of
associations within the population. What is known, however,
is that tiger sharks at this location occur at densities that are
higher than usual for large apex sharks, raising the prospect that
sociality might exist within the population. Indeed, non-random
co-occurrences have been observed in another large, apex
shark (white sharks, Carcharodon carcharias) when observed
aggregating at pinniped colonies off South Australia, where
provisioning for shark dive tourism also occurs (Schilds et al.,
2019). Given these recent findings and the widespread evidence of

social structuring in more site-attached and smaller shark species
(Mourier et al., 2018), it is not inconceivable that tiger sharks
structure themselves through non-random associations.

In this study, we use tracking data from acoustic receivers
on the northwestern edge of Little Bahama Bank to explore
whether tiger sharks form non-random associations with one
another, and if such associations differ at provisioning and non-
provisioning sites at Tiger Beach. We took a tiered approach
to analyze social behavior (from aggregation, to individual
gregariousness, to distinct social preferences – all defined above)
to address the following hypotheses: (1) provisioning increases
the level of aggregation behavior at dive sites, (2) tiger sharks are
capable of forming non-random social associations maintained
by individual social preferences that break down when food is
made available at the dive sites, and (3) social preferences are
assorted by size.

MATERIALS AND METHODS

Study Site
This study was carried out on the north-western side of Little
Bahama Bank, which extends off Grand Bahama Island, The
Bahamas (Figure 1A). Formed of relatively shallow carbonate
platforms, this area is predominantly sand flats interspersed with
patches of seagrass and coral. On the bank edge, lies an area
known as Tiger Beach (26.86◦ N, 79.04◦W) where dive operators
have been reliably operating shark dives since 2003. Sharks are
attracted using crates of minced fish and on occasion are fed
fish carcasses during dives. This activity occurs at several key
dive sites (used to define our assignment of provisioned or non-
provisioned receivers) predominantly during the colder months
(i.e., the subtropical dry season; November through April), to
coincide with the seasonal occurrence of large female tiger sharks
that dominate the site (Hammerschlag et al., 2017). Up to seven
dive tourism boats operate at Tiger Beach, with four regular
live-a-board vessels operating weekly during the dry season, and
provisioning occurring during daylight hours. While obtaining
information on precisely when and where all shark diving activity
occurred was not possible, we were able to obtain summaries
from the logbook from one regular operator, which was used to
infer shark diving provisioning activity. The logbook, while not
overlapping entirely with the study period, contained 163 entries
(tourism events) between 1 Nov 2013–16 Oct 2015 (714 days).
The average duration of presence at dive sites was 7.33 h per day
(range 1:10–17:00 h) all during daylight hours and predominantly
during the dry season. Given that this log represents just one of
four regular vessels, we estimate that during the dry season there
is likely at least one vessel chumming at the dive sites during all
available daylight hours.

Shark Tagging and Acoustic Telemetry
Tiger sharks were predominantly tagged near Tiger Beach
in Grand Bahama (n = 41), but several individuals that
frequent Tiger Beach were tagged in Florida (n = 2) and South
Carolina (n = 5) using the same methodology. Sharks were
captured using standardized circle-hook drum-lines following
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Tinari and Hammerschlag (2021), and acoustic transmitters
(Vemco V16, 69 kHz, 68 × 16 mm, 60–90 s nominal delay)
were surgically implanted in the body cavity of tiger sharks
as per Hammerschlag et al. (2017) while the sharks were in
tonic immobility (Kessel and Hussey, 2015). Individual sex was
recorded, total length (TL) was measured, and reproductive
status of each individual at the time of tagging was determined
from a combination of ultrasonography and hormone analysis of
blood samples (see Sulikowski et al., 2016 for details).

An acoustic array of 32 VR2W receivers (VEMCO Division,
AMIRIX systems) were installed by June 2014, with receivers
anchored to the seafloor approximately 750 m apart in a
12 km × 3.2 km rectangular format (Figure 1). Due to receiver
failure, the final array of functioning receivers to the completion
of the study consisted of 23 receivers (Figures 1B,C). This
included receivers placed within the proximity of four primary
dive sites at Tiger Beach which were considered provisioned
receivers (n = 5, Figure 1C). Diurnal range testing revealed that
on average receivers had a detection efficiency of 50% at 200 m.
See Hammerschlag et al. (2017) for more detail on the study site,
receivers and tagging procedures.

Data Manipulation and Social Network
Construction
Data from the receivers were downloaded every 6 months and
raw detections were filtered to remove false detections which can
arise from tag collisions (i.e., when two tags within a receiver’s
range ping at the exact same time) and from acoustic pollution
(Simpfendorfer et al., 2015). A time-series of the detection data
was then visually inspected to determine the final data set,
which was chosen as the time window that maximized the
overlap of individuals at liberty within the array. This window
spanned Nov 2014–Oct 2017 providing three complete years of

data. We removed the first 24 h of data for any individuals
that were tagged during this study period (∼15% of studies
individuals). We deemed 24 h as sufficient as tiger sharks are
known for being robust to capture and handling, exhibiting
a muted capture stress response (Gallagher et al., 2014a,b).
Previous studies have revealed strong seasonal trends in the
detection of tiger sharks at Tiger Beach with increased detection
probabilities during the cold, “dry” season (Nov–April) relative to
the warmer “wet” season (May–Oct). There are no apparent diel
differences in shark use of this area (Hammerschlag et al., 2017).
Consequently, the data were divided into dry and wet seasons in
addition to “non-provisioned” (hereafter, NP) and “provisioned”
(hereafter, P) sites for each year, producing 12 subsets of data,
grouped by year, season, and provisioning status, in which social
structure was explored.

Importantly, provisioning occurred predominantly during the
dry season when sharks were already there in high densities;
provisioning during the wet season was negligible; however, the
distinction between NP and P receivers was retained into the
wet season to account for any carryover effects between seasons
and to ensure that each network represented an aggregation of
six months of data.

To infer social associations from the telemetry data, a Gaussian
mixture model (GMM) was first applied to the acoustic time-
series to identify clustering events at each location where
multiple sharks were detected within the same receiver range
(approximately 200 m) at the same time, signified by temporally
and spatially overlapping clusters of detections (Jacoby et al.,
2016). Crucially, the GMM retrieves clusters of detections that
vary in duration, which likely better reflects the fact that some
pairs of individuals may socialize for short periods while others
might socialize for tens of minutes to hours. This approach also
nullifies the subjective assignment of a specific and fixed temporal
sampling window, favoring instead that this is determined by

FIGURE 1 | (A) The location of the study area in the northern Bahamas identified with a red arrow. FL, Florida, United States, as a spatial reference. (B) Positioning
of the telemetry array on the north-western edge of the Little Bahama Bank, off Grand Bahama [GB] Island. The 23 receivers used in this study are outlined in a red
dashed oval. (C) Receivers were arranged in a roughly 12 km × 3 km rectangle, with the western line just inshore of the bank edge. Receivers in locations exposed
to provisioning from commercial shark dive operations are identified with red crosses, referred to in the text as provisioning [P] sites. All other receivers are identified
with gray circles, referred to in the text as non-provisioning [NP] sites.
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the distribution of the data (Psorakis et al., 2015). Using the
“gmmevents” function in the R package asnipe (Farine, 2013),
a group-by-individual bipartite graph was generated across the
relevant receiver locations combined, which outlined individual
co-occurrences through time. The GMM was applied separately
to all 12 subsets of the data and a matrix of association extracted
using the Simple Ratio Index (SRI).

Analysis of Social Data
Aggregation and Group-Level Social Structure
From the GMM metadata, the frequency of clustering events, that
is the number of times that two or more sharks were deemed
to be aggregating at a location based on their detection profile,
and typical duration of these events were explored qualitatively
between NP and P sites across the three years of the study.
The median, interquartile ranges, 95% confidence intervals and
density spread of the data were visualized using violin plots. We
then used a chi-squared test to assess whether the frequency of
aggregations was dependent on whether provisioning occurred
at a receiver location or not. Finally, we tested for differences
in the mean duration of these aggregations between NP and
P receivers with independent Mann-Whitney U tests on the
dependent variable of aggregation duration (min). To explore the
potential relationship between the number of aggregation events
as a function of distance from the nearest provisioning site we
used a GLM with a quasipoisson (log) link function to account
for overdispersion in the count data. The models were run for
both dry and wet seasons separately to determine whether there
was a spatial influence of provisioning in both seasons.

To explore the overall structuring of the sharks across each
of the data subsets, we extracted the weighted degree (node
strength, Si) of individuals present within the subset networks
and compared the mean Si to that of 30,000 randomized
networks – constrained to swaps within location – using the
“network_permutation” function in the package asnipe (Farine,
2013). Importantly the null model included all individuals that
were detected within the subset which resulted in networks
(both observed and null) containing unconnected nodes (i.e.,
individuals within that area that did not participate in any
aggregation behavior). Mean Si of our observed networks that
fell within the upper or lower 2.5% threshold for our posterior
null distribution were deemed to be highly structured, and
significantly more or less connected than might be expected by
chance (two tailed test). Those networks that showed significant
non-random structure were then explored in greater detail to
determine whether social preferences between conspecifics were
driving this structure. Binomial logistic regressions were used
to explore whether shark attribute data [number of individuals,
mean and standard deviation of size (TL)], presence or absence
of provisioning, while controlling for year as a random effect,
were predictive of non-random social structure as a binary
response variable.

Gregariousness, Social Preferences and Assortment
To explore non-random networks in more detail, we were
interested in testing and consequently controlling for possible
non-social drivers of social network structure. To do so we

used generalized affiliation indices (GAIs) that use the deviance
residuals from a generalized linear model with binomial error
structure as an indication of significant dyadic affiliations or
avoidances (Whitehead and James, 2015). To explore the role of
individual variation in gregariousness on social network structure
we first calculated pairwise gregariousness between individuals
(Godde et al., 2013), using the equation, Gab= log(6SRIa6SRIb),
as implemented in Perryman et al. (2019) where 6SRI are the
sums of all simple ratio indices for individuals a and b (0 being
individuals that had exactly the same level of gregariousness with
all other conspecifics). Pairwise gregariousness took the form of a
matrix that corresponded to the SRI matrix of association derived
from the GMM. A size matched matrix was also constructed
to reflect the pairwise distance in meters between individual
site preferences. For each individual, the receiver location that
recorded the highest number of detections was used as a proxy
for individual site preferences. The distance matrix was produced
from an edge list of coordinates using the “distm” function in the
package geosphere (Hijmans et al., 2017).

Matrices of pairwise gregariousness and site preference
dissimilarity were then regressed (with 5000 permutations)
against the adjacency matrix of SRIs using Multiple Regression
Quadratic Assignment Procedure (MRQAP) implementing the
double semi-partialing, DSP approach advocated by Dekker
et al. (2007). This enabled us to determine whether social
network structure of any non-random networks was predicted
by these non-social, potentially confounding variables. Estimates
of social affiliations and avoidances (GAIs) were then derived
as the residuals from our regression of significant structural
predictor variables on our association indices for each network
(Whitehead and James, 2015) using the “assoc.gfi” in the Animal
Network Toolkit Software (ANTs) package in R (Sosa et al., 2020).
Controlling for both gregariousness and site preference like this
we then constructed networks of tiger shark social preferences.
Networks were visualized and edge density extracted using the
igraph package in R (Csardi and Nepusz, 2006).

To explore size assortment, tiger sharks were categorized into
three size classes based on their total length (TL). Previous
analysis of reproductive hormones and use of ultrasonography
on tiger sharks at this site, suggest that size of sexual maturity
is typically at 300 cm (Sulikowski et al., 2016). Therefore, sharks
were assigned to a size class of “small” (TL < 300 cm), “medium”
(TL = 300–350 cm), or “large” (TL > 350 cm) corresponding
to immature, recently matured, and matured older individuals
and the assortnet package in R was used to calculate weighted
assortativity (Farine, 2014). This was then compared to a null
distribution from an edge-swap permutation test. This way we
could test whether social preferences (GAIs) were assorted non-
randomly based on size class.

RESULTS

Aggregation and Group-Level Social
Structure
The final acoustic data set consisted of 154,897 detections from
48 different tiger sharks (Table 1). The mixture models revealed
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TABLE 1 | Summary of the 48 tiger sharks tagged with acoustic transmitters that occurred during our three-year study at Tiger Beach, The Bahamas.

TAG
ID

Tag
Code
Space

Tag
Life

(days)

Number of
Detections*

Number of
Receivers†††

Capture
Location

Capture
Latitude

Capture
Longitude

Pre-
Caudal
Length

(cm)

Fork
Length

(FL)

Total
length
(cm)

Life-Stage Sex Date

18402 9001 1910 15 5 Florida 25.64 −80.17 197 202 269 Immature F 2016-10-16

18412 9001 1910 78 10 Florida 25.42 −80.05 105 117 150 Immature F 2016-09-24

20562 9001 1910 1485 23 Grand Bahama 26.91 −79.06 295 321 387 Gravid F 2016-01-06

23340 1601 1616 2579 20 Grand Bahama 26.90 −79.08 272 300 356 Not Gravid F 2014-11-14

23341 1601 1616 879 21 Grand Bahama 27.02 −79.16 207 231 283 Immature F 2014-11-16

23343 1601 1616 2642 16 Grand Bahama 27.02 −79.16 267 294 355 Not Gravid F 2014-11-16

23345 1601 1616 20 4 Grand Bahama 27.02 −79.16 272 300 352 Mature M 2014-11-14

23346 1601 1616 20 1 Grand Bahama 27.02 −79.16 169 182 236 Immature F 2014-11-16

24643 1601 1616 164 15 Grand Bahama 27.02 −79.16 . . 346 Mature M 2014-11-16

24644 1601 1616 800 23 Grand Bahama 27.02 −79.16 296 311 349 Not Gravid F 2014-05-12

24645 1601 1616 1696 23 Grand Bahama 25.91 −79.06 188 221 262 Immature F 2014-05-13

24646 1601 1616 109 15 Grand Bahama 25.91 −79.06 246 266 324 Not Gravid F 2014-05-14

24647 1601 1616 109 2 Grand Bahama 25.91 −79.06 152 174 213 Immature F 2014-05-13

24648 1601 1616 717 22 Grand Bahama 27.02 −79.16 275 309 356 Not Gravid F 2014-05-12

24649 1601 1616 385 15 Grand Bahama 27.02 −79.16 . . 144 Immature M 2014-11-15

24650 1601 1616 779 23 Grand Bahama 27.02 −79.16 279 292 352 Gravid F 2014-05-12

24651 1601 1616 539 20 Grand Bahama 27.02 −79.16 175 192 242 Immature F 2014-05-13

24652 1601 1616 1189 17 Grand Bahama 26.91 −79.06 294 324 383 Not Gravid F 2014-05-13

24653 1601 1616 93 13 Grand Bahama 25.91 −79.06 226 247 301 Not Gravid F 2014-05-14

24654 1601 1616 887 19 Grand Bahama 27.02 −79.16 203 223 273 Immature F 2014-05-12

24656 1601 1616 494 21 Grand Bahama 25.91 −79.06 272 297 358 Not Gravid F 2014-05-13

24657 1601 1616 3453 23 Grand Bahama 27.02 −79.16 259 282 342 Not Gravid F 2014-11-15

24658 1601 1616 4061 23 Grand Bahama 26.90 −79.08 259 282 336 Gravid F 2014-11-14

24659 1601 1616 6697 22 Grand Bahama 26.91 −79.08 277 300 366 Not Gravid F 2014-05-14

24662 1601 1616 651 17 Grand Bahama 27.02 −79.16 194 210 264 Immature F 2014-05-13

26750 1601 854 11618 23 Grand Bahama 25.91 −79.06 200 223 273 Immature F 2013-10-17

26751 1601 854 87 3 Grand Bahama 25.91 −79.06 233 259 307 Gravid F 2013-10-17

26753 1601 854 4598 23 Grand Bahama 25.91 −79.06 . . 331 Gravid F 2013-10-18

26754 1601 854 2266 21 Grand Bahama 25.91 −79.06 190 212 260 Gravid F 2013-10-19

26755 1601 854 13813 23 Grand Bahama 25.91 −79.06 243 271 322 Not Gravid F 2013-10-18

26756 1601 854 8292 23 Grand Bahama 25.91 −79.06 225 253 325 Not Gravid F 2013-10-18

26757 1601 854 54 8 Grand Bahama 26.91 −79.08 281 317 373 Gravid F 2013-10-18

26758 1601 854 131 8 Grand Bahama 25.91 −79.06 278 306 357 Gravid F 2013-10-19

26759 1601 854 196 13 Grand Bahama 25.91 −79.06 286 315 368 Gravid F 2013-10-19

26760 1601 854 2395 23 Grand Bahama 25.91 −79.06 290 313 380 Not Gravid F 2013-10-19

26761 1601 854 3073 22 Grand Bahama 26.91 −79.08 242 273 344 Gravid F 2013-10-18

26762 1601 854 35 3 Grand Bahama 25.91 −79.06 265 296 360 Gravid F 2013-10-19

26764 1601 854 1633 22 Grand Bahama 26.91 −79.08 303 323 378 Not Gravid F 2013-10-17

26765 1601 854 1411 23 Grand Bahama 26.91 −79.08 269 300 356 Mature M 2013-10-20

26766 1601 854 2029 23 Grand Bahama 25.91 −79.06 286 315 369 Gravid F 2013-10-20

26767 1601 854 410 18 Grand Bahama 25.91 −79.06 272 298 357 Gravid F 2013-10-20

26768 1601 854 713 21 Grand Bahama 25.91 −79.06 273 295 357 Gravid F 2013-10-20

58399 1601 1616 1700 22 Grand Bahama 26.91 −79.06 255 273 324 Gravid F 2016-01-05

21911 9001 2538 77 8 South Carolina 32.43 −80.36 . 288 361 Mature F 2015-11-03

21912 9001 2538 44 3 South Carolina 32.21 −80.61 . 315 368 Mature F 2015-11-04

21916 9001 2538 194 10 South Carolina 32.21 −80.63 . 316 383 Mature F 2015-09-28

22382 9001 2538 104 3 South Carolina 32.22 −80.63 . 252 319 Mature F 2015-08-17

32151 1601 1633 69483 22 South Carolina 32.44 −80.39 . 290 338 Not Gravid F 2014-10-31

*These values only represents the detections in the truncated dataset used in this study. Additional detections for individuals occurred outside of the three year study period.
†Out of a possible 23.

9201 aggregation events in total across three years, 23 locations
[including both non-provisioned (NP; n = 3389) and provisioned
(P; n = 5812) sites] and both seasons each year. Aggregation

events occurred more frequently at provisioned sites during the
provisioning (dry) season (χ2 = 153.61, d.f. = 2, p < 0.001,
Figure 2A). Regardless of season, these aggregations typically
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FIGURE 2 | The frequency, duration and configuration of aggregations derived from spatio-temporal clustering events from the GMM between non-provisioned and
provisioned sites from data spanning three years. The bar chart (A) reveals more frequent clustering events at provisioned locations and the violin plots (B) illustrate
the median, interquartile range, 95% confidence interval and spread of the typical duration (in min, log scale) of aggregations between NP and P (n represents the
number of aggregations per year). No relationship was found between the number of aggregations at each receiver and the distance to the nearest provisioning
site (C).

lasted twice as long at P sites over NP sites (Dry: W = 5816600,
p < 0.01, Wet: W = 432652, p < 0.05, Figure 2B). There was no
significant effect of distance from the nearest provisioning site on
the number of aggregations in either the dry season (GLM: NS
p = 0.599) or the wet season (GLM: NS p = 0.533, Figure 2C).

Of the 12 networks split by season and year, five had a
mean weighted degree higher than would be expected by chance
(p < 0.025, two tailed), meaning that seven of the 12 networks
were characterized by random assortment and mixing. Of the
five non-random networks, three were at locations not impacted
by provisioning (NP) in either season, one represented receivers
influenced by active provisioning during the dry season (Dry
P) and one at the same receivers but during the wet season
(Wet Pneg) when provision activity is negligible (Table 2). Mean
weighted degree was higher at NP sites for all seasons and all
years, than P sites. The binomial logistic regression revealed
that the number of sharks within the network, as a proxy
for shark density (p = 0.225), nor the mean (p = 0.883) or
standard deviation (p = 0.475) of shark size, nor the presence of
provisioning (p = 0.492) were predictive of whether non-random
social structure was found.

Gregariousness, Social Preference and
Assortment
Site preference was not predictive of network structure within any
of the five non-random networks, and pairwise gregariousness
was predictive of just three (Table 3). Gregariousness appeared
to be more variable at the provisioned site [CV: NP = −34.71
(mean); Pneg =−20.41, P =−50.33]. Significant social preferences
(visualized in Figure 3) represent the positive GAIs with edge
weights indicative of the relative strength of those affiliations.
For those receivers impacted by provisioning, either directly
during the dry season or indirectly during the wet season through
possible carryover effects and low level provisioning, network
density was typically lower (NPmean = 0.277, Pmean = 0.199)
representing a near 10% decrease in connectivity of social
preferences at P sites. Finally, there was no evidence that
social preferences were assorted by size class either at NP sites
(r = 0.056, 0.139, and −0.102 all NS) or at P sites (r = −0.112
and 0.094, both NS). Interestingly, there was surprising little
year-to-year or season-to-season consistency in pairwise GAIs,
as well as high variation in within-individual GAI scores (i.e.,
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TABLE 2 | Testing for non-random social structure across season and provisioned
(P)/non-provisioned (NP) sites monitored by acoustic receivers (note Pneg

indicates the wet season when provisioning was negligible).

n mean
w.degreeobs

mean
w.degreenull

Effect p

Y1 Dry NP 34 0.245 0.229 +0.016 0.024

Dry P 32 0.164 0.159 +0.005 0.221

Wet NP 23 0.173 0.148 +0.025 0.008

Wet Pneg 18 0.135 0.105 +0.030 0.023

Y2 Dry NP 25 0.203 0.183 +0.020 0.051

Dry P 24 0.158 0.11 +0.048 0.003

Wet NP 14 0.264 0.29 −0.026 0.805

Wet Pneg 16 0.083 0.095 −0.012 0.650

Y3 Dry NP 18 0.356 0.233 +0.123 0.000

Dry P 16 0.14 0.164 −0.024 0.909

Wet NP 11 0.269 0.260 +0.009 0.365

Wet Pneg 10 0.225 0.216 +0.009 0.310

Mean weighted degree was used to compare the observed network and the
30,000 random networks comprising each null model (the effect size, direction,
and p value are displayed). Network structure was explored prior to controlling
for individual gregariousness and site use behavior to identify which networks
warranted further investigation of social preferences.

an individual’s level of preference to all other individuals within
any given time period, Figure 3). Because reproductive status was
only determined at tagging, we excluded any statistical analyses
that included this information.

DISCUSSION

Sharks are a valuable commodity within the dive tourism industry
(Gallagher and Hammerschlag, 2011) and there are potential
conservation benefits to be gained through these practices
(Vianna et al., 2012; Macdonald et al., 2017; Apps et al.,
2018). Attracting wide-ranging, apex marine predators in high
densities to areas through food provisioning however, may have
unintended consequences at both the individual and group level
(Brena et al., 2015), and it is the latter that we still know very
little about. In this study we demonstrate for the first time that
tiger sharks, often considered a solitary nomadic species, are
highly flexible in their capacity to associate with one another,
and that provisioning of food for tourism can enhance gregarious

behavior, as well as subtly influence the level of social behavior
within the population.

Supporting our first hypothesis, provisioning activities
increased the frequency of aggregations during the dry season
when this practice was most prevalent. The provisioning site
also featured longer durations of aggregations year-round. This
might be indicative of continued effects during much lower levels
of provisioning and/or possible anticipatory aggregation during
the wet season. With no evidence of a linear reduction in the
number of aggregations with distance from provisioning activity,
this might simply be evidence that this particular area of Tiger
Beach is highly suitable for tiger sharks, for example offering
increased natural foraging opportunities, thus supporting higher
numbers. In partial support of our second hypotheses, we
demonstrated that tiger sharks are capable of sociality but that
at Tiger Beach this sociality is highly variable: sometimes they
mix randomly with one another and at other times aggregate
in ways that are structured by distinct social preferences. Only
1 of 3 possible networks, demonstrated non-random social
structure at provisioning locations during times of the year
when provisioning occurred (Y2 Dry P), while 4 of 9 networks
were non-random when provisioning was minimal or non-
existent. Consequently, the probability of social preferences was
not detectably different at provisioned and non-provisioned
locations, but statistical power remains relatively low, as does
our knowledge of the number of untagged sharks that might
complicate this picture. It is also important to mention that our
knowledge of the scale of provisioning activity is not perfect
due to a lack of information. While difficult to conclusively
determine whether non-random preferences at provisioned sites
were the result of provisioning or natural preferences (regardless
of provisioning), the social preference networks that did occur
at provisioned sites (both dry and wet) were less well connected,
indicated by lower network density suggestive of a qualitative
reduction in strength and diversity of associations amongst
individuals. Finally, our third hypothesis was rejected following
no evidence of assortment based on individual size categories
indicative of maturity and age.

Aside from regular provisioning and natural prey sources,
Tiger Beach appears to provide other benefits to female tigers
sharks which may include a potential refuge site from male
harassment for sub-adult and gravid female sharks and warm
shallow waters that could aid female gestation (Sulikowski

TABLE 3 | Matrix regression of non-social predator variables on association matrices across the five non-random networks.

Y1 Dry NP Y1 Wet NP Y1 Wet P Y2 Dry P Y3 Dry NP

Predictor Partial correl. p Partial correl. p Partial correl. p Partial correl. p Partial correl. p

Intercept 0.0105 0 0.0122 0.001 0.0304 0 0.0116 0 0.0604 0

Pairwise
gregariousness

0.0013 0.025 0.0009 0.2348 0.0052 0.001 0.0010 0.065 0.0140 0

Site attachment
similarity*

0.0000 0.668 −0.0001 0.359 0.0000 0.4214 −0.0001 0.64 0.0000 0.981

MRQAP analyses representing the partial correlation coefficient and p values.
* was not included as a predictor variable in the calculation of GAIs.
Bold values indicate significant predictors of network structure.
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FIGURE 3 | Generalized Affiliation Indices (GAIs) indicating social preferences between tiger sharks within the five non-random social networks. Edge weight (gray) is
indicative of the strength of social preference, while node color indicates sex and node size, the size class of the individual. Network density (0–1 scale) is reported
illustrating the relative connectedness of the network, where 1 would indicate a network with all conspecifics preferentially associated with all others and 0, no social
preferences exist at all. Red nodes and edges illustrate a particular triad of tiger sharks that preferentially socialize in both years 1 and 3.

et al., 2016). These could explain the heavy female bias of the
population at this location. Aside from one individual male tiger
shark (“43,” Figure 3), the small number of males that showed
social preferences were more loosely connected to the network
providing further evidence of socially mediated segregation and
female refuging behavior as a potential male avoidance strategy
in elasmobranchs (Sims et al., 2001; Wearmouth and Sims, 2008;
Jacoby et al., 2010).

Differences in the reproductive status of females co-occurring
at this site (Sulikowski et al., 2016) may explain the high
variability in site preferences seen amongst these wide-ranging
individuals which appeared not to influence the formation of
social preferences. Most tagged individuals in this study did
appear to be detected on a high proportion of the available
receivers (Table 1) suggesting that these are genuine preferences
for specific locations rather than limited use of the overall area. In
a previous study, tiger sharks at this location tagged with Smart
Position and Temperature Transmitting (SPOT) tags were found
to travel as far as 3500 km from Tiger Beach and exhibited a
collective activity space of 8549 km2 (Hammerschlag et al., 2012).
It is thus unsurprising then that individuals have different site
preferences within Tiger Beach, perhaps determined by timing of
arrival, density of conspecifics or human presence. Wide-ranging

movements may also explain why space use and diel movement
patterns were found to be relatively unimpacted by provisioning
in this species (Hammerschlag et al., 2017), compared to highly
site-attached and resident species of elasmobranchs that exhibit
marked shifts in behavior in response to provisioning (Fitzpatrick
et al., 2011; Mourier et al., 2020).

The mixed and emerging results within this study, which
are perhaps emphasized by the largely nomadic and solitary
nature of this species, indicate that social preferences amongst
conspecifics are, in fact, preferences. The occurrence of social
preferences within this population might be entirely dependent
on the composition of sharks that arrive at Tiger Beach attracted
either by the promise of regular food during the dry season or
the presence of warm sheltered waters that could be beneficial
given their reproductive state. Interestingly, the preferences of
individual sharks varied across seasons and years. In spite of
a largely similar suite of individuals present in non-random
networks that we detected, as well as some pairs of individuals
that prefer one another across multiple spatial or temporal
network representations (Figure 3), high pairwise-associations
of individuals varied considerably across these networks. A lack
of year-to-year or season-to-season consistency in pairwise
preferences, as well as high within-individual variation in GAI
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scores, seems to imply that generally social preferences are
not particularly long-lasting. The occurrence of a triad of
social preferences between three individuals in year 1 (“47,”
“35,” and “32,” Figure 3), which appeared again at the NP
sites in year 3, however, is indication that perhaps under
the certain conditions, social preferences among individuals
are able to reform within future aggregations. The putative
benefits of long-term, preferential associations remains an
interesting area of investigation in tiger sharks, particularly in
the context of a recent study that demonstrated possible foraging
benefits to such long-term stable preferences in reef sharks
(Papastamatiou et al., 2020).

Studies of sociality in another large, apex predatory sharks
(white sharks, Carcharodon carcharias), have also produced
mixed results. Within natural aggregations of this species around
pinniped colonies in South Africa, biological traits (e.g., sex and
size) were a more important determinant of aggregation than
social preferences (Findlay et al., 2016). Conversely, at a pinniped
colony in Southern Australia which also supports shark cage-
diving operators, similar photo-identification methods revealed
four distinct communities of white sharks underpinned by non-
random co-occurrences of individuals (Schilds et al., 2019).
With only a proportion of the population tagged with acoustic
transmitters in our study, the results here reveal only a
component of the social behavior within this population. More
in depth examination of dyadic and triadic preferences, as well as
exploration of the longevity of sociality and within the context of
reproduction for this species in the future, may help to tease apart
some of the ecological drivers of these affiliations (Perryman et al.,
2019; Papastamatiou et al., 2020).

Our binomial regression indicated that neither provisioning,
shark density nor size were predictive of whether non-random
networks formed. Significant structure during the dry season
in years 1 and 3, and a marginally non-significant result from
the permutation test in year 2 (Table 2), however, suggest that
social structuring may occur naturally under higher densities
of individuals (e.g., dry season) which can shape the formation
of social traits within a population (Webber and Vander
Wal, 2018). Indeed, our proxy for density was limited to the
number of tagged individuals within a network (our independent
variable with the regression models) and while this was not
predictive of non-random structure, it did appear to be the
most likely candidate; a result that perhaps reflects the fact that
social structure was also underpinned by numerous associations
between tagged/untagged and untagged/untagged individuals.
The interpretation that the provisioning activity at Tiger Beach
is not pervasive enough to influence the long-term structuring of
the population through social associations, is not unreasonable.
However, further data from this species from areas completely
free of tourism, which would serve as a full control location,
would be useful for comparison of network metrics in the future.

In summary, we revealed that provisioning influences the
opportunities for tiger sharks to socialize by promoting a higher
turnover of aggregations and increased mixing resulting in lower
likelihood of social preferences forming. How the sharks respond
to this disruption, however, appears quite nuanced and variable.
It is plausible that the social flexibility demonstrated here may

buffer the population, to some extent, from any long-term
changes to social behavior at the group level.

The impacts of dive tourist food provisioning on shark biology
and behavior should continue to be assessed on a case by case
basis (Brena et al., 2015; Gallagher et al., 2015). We advocate that
such assessments should also evaluate the impacts of provisioning
at the group level and in ways that incorporate the social ecology
of the species in question (Foroughirad and Mann, 2013; Meyer
et al., 2021). Social network analyses offer a useful toolkit for the
quantitative appraisal of such impacts as they consider behavior
at both the individual and group/population level. Applied here,
we were able to partially reveal the social complexity (and
flexibility) of a wide-ranging, “solitary” marine apex predator and
demonstrate that the impacts of provisioning on gregariousness
and social behavior were limited both spatially (to the specific
dive locations) and temporally (to predominantly the dry season
when most diving occurs). By continuing to limit provisioning
activities to certain times of year, our study suggests that tourism
is unlikely to be significantly disruptive to the structuring of the
tiger shark population at Tiger Beach. The extent to which that
may hold true elsewhere remains unclear.
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