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Provisioning activities in wildlife tourism often lead to short-term animal aggregations
during the feeding events. However, the presence of groups does not necessarily
mean that individuals interact among each other and form social networks. At the
Shark Reef Marine Reserve in Fiji, several dozen bull sharks (Carcharhinus leucas)
regularly visit a site, where direct feeding is conducted during tourism driven shark
dives. On 3,063 shark feeding dives between 2003 and 2016, we visually confirmed the
presence of 91 individual bull sharks based on external and long-lasting identification
markings. We measured the intensity of associations between pairs of individuals
by calculating the Simple Ratio Index (SRI) and calculated Generalized Affiliation
Indices (GAIs) to distinguish true associations between dyads from structural predictor
factors. Although the resulting mean SRIs were low, ranging from 0.01 to 0.12
(SRImean = 0.06; mean SRImax = 0.21), preferred long-term companionships were
observed between individuals. Avoidances were also observed within pairs of individuals
during the second half of the study. The best fitting model describing the temporal
association patterns of bull sharks revealed a social structure which is characterized
by preferred companionships and casual acquaintances. Our results suggest that the
aggregation resulting from direct feeding has served to facilitate the development of
social associations.

Keywords: social bonds, co-occurrence, insular marine predators, fission-fusion, central place foragers, shark
feeding

INTRODUCTION

The formation of aggregations and groups can be found occurring in taxa throughout the animal
kingdom with considerable intra- and interspecific variation (Elgar, 1989; Whitehead, 1997). The
two types of formations however, differ. The first type is driven by non-mutualistic forces, whereas
the latter by forces which are typically mutualistic, in that some benefits are derived from group
membership (Whitehead, 2008a). Aggregations can form for a multitude of underlying non-social
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reasons ranging from attraction to a food resource or specific
habitat requirements (Johnson et al., 2002) to synchronized
patterns of daily or seasonal activity (Guttal and Couzin, 2010).
In contrast, animal groups, often termed “social groups” arise
by way of underlying social drivers, with individuals actively
preferring to associate with each other, therefore displaying social
preferences. Within animal social networks, group members are
more highly connected with other members in the group than
with other individuals within the broader network (Croft et al.,
2008). Social groups have been empirically investigated in a wide
range of taxonomic groups including insects, fish, birds, and
mammals (Chepko-Sade et al., 1989; Elena et al., 1999; Fewell,
2003; Lusseau and Newman, 2004; Cross et al., 2005; Wittemyer
et al., 2005; Croft et al., 2006; Naug, 2008; McDonald, 2009; Vital
and Martins, 2011).

Historically, sharks have been perceived as solitary predators,
however, according to recent studies, some species may exhibit
both aggregation and social grouping (Clua et al., 2013; Bass
et al., 2016). Moreover aggregation may well lay the important
groundwork for the development of social groups (Sims et al.,
2000). Currently, it is understood that sharks have the potential
to form complex social structures (Mourier et al., 2019;
Papastamatiou et al., 2020). For example, blacktip reef sharks,
(Carcharhinus melanopterus), were shown to form stable social
groups over multiple years through the use of social network
analysis (Mourier et al., 2012, 2017). This pattern of social group
formation is likely characteristic of reef shark species which
have relatively small core home ranges (consisting of a single
reef or multiple reefs in close proximity) where these sharks
aggregate during the day and range further at night (Barnett
et al., 2012). In another reef shark species, gray reef sharks
(Carcharhinus amblyrhynchos), formed large groups during the
day which dispersed into smaller groups and individuals at
night, most likely for foraging (Papastamatiou et al., 2020).
Aggregation and dispersion behavior such as these can be
explained by two theoretical frameworks: fission-fusion dynamics
and central place foraging (CPF) (Kirkwood and Arnould,
2011; Sueur et al., 2011; Jones et al., 2020). In fission-fusion
dynamics, “fission” is where individuals split from a larger group
(e.g., reef sharks dispersing at night), and “fusion” is where
individuals rejoin the larger group (e.g., reef sharks returning
to core area the following day) (Papastamatiou et al., 2020).
Conceptually similar, yet slightly nuanced, CPF theory describes
behavior where animals periodically move in and out of a
central place, normally associated with resting and foraging
(Orians and Pearson, 1979; Papastamatiou et al., 2018). The two
frameworks are non-mutually exclusive as central place foragers
can display fission-fusion dynamics over short temporal periods
(Papastamatiou et al., 2020).

Wildlife tourism can facilitate the formation of aggregations
through provisioning activities such as using bait to attract
and/or feed different shark species. Provisioning activities may be
seasonal, short-term or even long-term, for example in locations
such as Fiji or South Australia where direct and incidental
shark feeding (Meyer et al., in press) have occurred regularly
over many years or even decades (Brunnschweiler et al., 2014;
Meyer et al., 2019). As such, long-term shark tourism sites offer

unique platforms to collect baseline data, test specific hypotheses
and more generally observe individual and group behavior and
interactions in these artificial aggregations. For example, in
Mourier et al. (2012) feeding was shown to promote sociality
among blacktip reef sharks by attracting more potential social
partners. Indeed, shark feeding may drive fission-fusion and
CPF as Mourier et al. (2012) appears to indicate, however, the
drivers are reversed, the central place is now a feeding location as
opposed to a location used for resting.

The bull shark (Carcharhinus leucas) is a large, mobile species
that undertakes long-range movements (Heupel et al., 2015) and
is not commonly known for displaying aggregating behavior
associated with CPF or fission-fusion, nor for displaying social
associations under natural conditions [but see Daly et al. (2014)
for example of aggregating]. Nevertheless, in the only such study
for the species to date utilizing social network analysis, Loiseau
et al. (2016) documented social interactions and relatively strong
paired associations for two pairs of females suggesting some
level of sociality among bull sharks. The study, conducted at an
aquaculture farm around Reunion Island, although pioneering,
was limited both in terms of sampling time (22 days) and
number of identifiable individuals (n = 8). These constraints
are not applicable to the Shark Reef Marine Reserve (SRMR), a
long-term, multi-species shark provisioning site located on the
southern coast of Viti Levu, Fiji (Brunnschweiler et al., 2014).
At the SRMR, up to ∼80 bull sharks per day form short-term
aggregations with individuals displaying different degrees of site
fidelity. Visitation patterns vary with some individuals present
almost year round while others remain absent for extended
periods of time (Brunnschweiler and Barnett, 2013). The general
pattern in diel movements for the bull sharks is to use the area
around the provisioning site during the morning hours before
dispersing over the broader neighboring reef systems at night
(Brunnschweiler and Barnett, 2013). Direct shark feeding (Meyer
et al., in press) has taken place since 2003, occurring up to five
mornings per week, thus providing a unique opportunity for the
assessment of long-term association patterns among individual
bull sharks in an isolated insular ecosystem. The specific aims
of this study were: (i) to investigate whether this artificial
aggregation has facilitated social links between individuals, and
(ii) if so, whether the associations persist temporally (i.e., are
individuals reconnecting repeatedly at the provisioning events).

MATERIALS AND METHODS

Study Area, Data Collection, and Focal
Observation
Data were collected between January 2003 and June 2016 at
the SRMR (Brunnschweiler, 2010). For a detailed description
of the dive and data collection protocols and for information
regarding species composition, sex identification and the
relative abundance of sharks at this provisioning site see
Brunnschweiler and Baensch (2011) and Brunnschweiler
et al. (2014). Briefly, shark feeding dives [direct feeding; see
Meyer et al. (in press) for definition of the term] take place
during the morning hours, 4–5 days per week. Using direct
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observation sampling methods (Altmann, 1974), trained
observers accompany the tourist dives to collect data on
the sharks encountered, which includes total number of
individuals, species, identifiable individuals present on the site
as well as behavioral data (Brunnschweiler and Barnett, 2013;
Brunnschweiler et al., 2014). Cues and marks used to identify
individual bull sharks included missing or deformed fins,
notches, scratches and coloration patterns (Brunnschweiler
and Baensch, 2011). This information collected is then
recorded in a database.

TABLE 1 | Temporal variations of the average mean and maximum association
indices (Simple Ratio Index SRI).

Time period SRImean (±SD) SRImax (±SD)

2003–2016 0.06 (0.03) 0.21 (0.11)

Before 2009 0.06 (0.03) 0.19 (0.07)

2009–2010 0.05 (0.02) 0.20 (0.08)

From 2011 0.07 (0.03) 0.23 (0.11)

SD, standard deviation.

For this study, we used the presence-absence data for
91 individual bull sharks (77 females, 14 males; see below)
encountered during 3,063 dives taking place on 1,736 diving
days between 26 January 2003 and 23 June 2016 (Supplementary
Table 1), with a mean number of diving days per year of 129.3
(SD = ± 49.6). The degree of residency to the feeding site for
each individual was quantified by dividing the number of days the
individual was observed by the number of days data was collected
at the SRMR (site fidelity index SFI). Site fidelity values range
from 0 to 1, with values closer to 0 indicating low site fidelity and
values closer to 1 indicating high site fidelity.

Social Network Analyses
Associations were based on “co-occurrence,” such that
individuals present during the same dive were considered

TABLE 2 | Efficiency of predictor variables in explaining association indices
between bull sharks, indicated by partial correlation coefficients and results of
multiple regression quadratic assignment procedures test (MRQAP).

Time period Predictor Partial correlation MRQAP p-values

2003–2016 Gregariousness 0.2172 0.0000*

Temporal 0.5779 0.0000*

Sex class −0.0011 0.9240

Before 2009 Gregariousness 0.3998 0.0000*

Temporal 0.3533 0.0000*

Sex class −0.0403 0.4740

2009–2010 Gregariousness 0.3814 0.0000*

Temporal 0.2242 0.0000*

Sex class −0.0042 0.9240

From 2011 Gregariousness 0.2885 0.0000*

Temporal 0.5872 0.0000*

Sex class 0.0165 0.6860

Asterisks indicate significant predictors (p < 0.001).

as part of the same group (Mourier et al., 2012). For statistical
procedures, we chose a daily sampling period (i.e., the period
of time within which associations are examined) to remove
demographic effects occurring during the study period such
as birth, death, immigration, and emigration, as well as to
minimize environmental bias (e.g., tidal phase, tidal range, lunar
phase, turbidity) (Whitehead and Dufault, 1999; Whitehead,
2008b; Findlay et al., 2016). In studies of social organization,
restrictive observation thresholds are often applied to avoid the
potential for weak and non-relevant associations between pairs
of individuals and/or to reduce biases associated with small
sample sizes (Baird and Whitehead, 2000; Whitehead, 2008a).
In this study, out of 125 cataloged bull sharks we included
only individuals which were encountered on ≥34 dives which
signified the first quartile (Q1 = the median of the lower half
of the dataset) (mean ± SD = 151 ± 152; median = 102).
Thirty-four individuals did not meet the Q1 threshold, thus
the remaining 91 individuals (77 females and 14 males) who
qualified were included in analyses. Because of the large number
of individuals that were added to the database during the years
2009 and 2010 (Supplementary Table 1), we further divided the
study period into a time series as follows: the entire study period
from 2003 to 2016 (91 individuals, 3,063 dives), before 2009 (27
individuals, 1,098 dives), between 2009 and 2010 (64 individuals,
609 dives), and from 2011 (88 individuals, 1,356 dives). This
allowed us to investigate the effect of a significant increase in
individuals observed at the feeding site, and determine what if
any variations had occurred in the nature of the associations
during the discrete time series.

To measure the intensity of associations between pairs of
individuals we calculated the Simple Ratio Index (SRI), the
recommended association index when calibration data are not
available (Hoppitt and Farine, 2018; Mourier and Planes, 2021),
in SOCPROG 2.9 (Whitehead, 2009; Whitehead et al., 2019) as
follows:

SRI = X/[X + Yab + Ya + Yb]

where, X represents the number of times sharks a and b were
observed together, Yab the total number of times shark a and b
were identified during separate dives, Ya the number of times
shark a was identified and Yb the number of times shark b was
identified (Cairns and Schwager, 1987). The SRI ranges from 0
for two sharks never seen together, to 1 for two individuals always
encountered together.

An association matrix between individuals was constructed by
cumulating the co-occurrences over the study period. To quantify
the accuracy of associations, we utilized the correlation coefficient
between the true association index (AI = true SRI matrix) and the
estimated values as follows:

r = S/CVest

where S (social differentiation) is the measure of the variation
of the social system and equals the coefficient of variation
(CV) of true AIs (S = CVtrue), and CVest is the CV of
the measured SRIs (Whitehead, 2008b). An r value > 0.4
indicates a good representation of the true social patterns,
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FIGURE 1 | Sociograms depicting the social ties between individual bull sharks observed on the study site on ≥34 dives for the time periods before 2009 (A),
between 2009 and 2010 (B), and from 2011 (C). Only GAI values in the highest 30% were included to highlight the strongest associations between dyads, with
thicker edges indicating higher GAIs for both individuals observed throughout the entire sampling period (red nodes), and individuals which were not observed
throughout the entire sampling period (blue nodes).

while an S value close to 0 reveals a very homogeneous
society, and an S value close or higher to 1 indicates a highly
differentiated society (Whitehead, 2008b). Social differentiation

was estimated by maximizing the likelihood of observed dyadic
associations using the algorithm available in SOCPROG 2.9
(Whitehead, 2009; Whitehead et al., 2019).
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We then calculated Generalized Affiliation Indices (GAIs)
to distinguish true associations between dyads (i.e., active
preferences) from structural predictor factors such as the
temporal overlap within the SRMR or differential association
rates among sexes, within the social networks. GAIs are
calculated as the raw residuals of a generalized linear model,
where the response variables are the SRI values, and potential
predictors are the structural factors (Whitehead and James,
2015). Three structural factors were considered in the analyses:
temporal overlap in association patterns, the influence of sex
and the difference in gregariousness between pairs of individuals
following Whitehead and James (2015). First, we created a
temporal overlap matrix based on the proportion of months
that two individuals were found to be associated at the SRMR.
This resulting index yields values ranging from 0 to 1, with a
value of 0 indicating two individuals never observed together,
and a value of 1 indicating two individuals seen together
throughout the totality of months. We then created a sex
similarity matrix where a value of 1 indicates the existence of
a same sex pair and a value of 0 indicates two individuals of
different sexes. Lastly, the gregariousness predictor amongst two
individuals (a and b) was calculated using the log of the sum
of the association indices involving a (except the ab index)
multiplied by the sum of those involving b (except the ba
index) (Whitehead and James, 2015). High positive values for
GAIs indicate that pairs of individuals are more associated than
expected given the structural predictor variables, while negative
values indicate avoidance. Finally, multiple regression quadratic
assignment procedure tests (MRQAP) were used to identify
the relative influences of each predictor factor on associations
(Whitehead and James, 2015).

Cluster Analyses and Community
Division by Modularity
Average linkage hierarchical cluster analysis was used to
characterize and illustrate social bonds between observed
individuals. To determine the best type of cluster analysis to
perform we used the cophenetic correlation coefficient (CCC),
which is the correlation between real AIs and the levels of
clustering between individuals. The CCC also indicates the
effectiveness of the analysis (Bridge, 1993). It is assumed that
a cluster with a CCC value higher than 0.8 is representative
of a reliable separation among clusters (Whitehead, 2008b). To
investigate whether the population of bull sharks in this study was
divided into social clusters of individuals or communities based
on social affiliations, we used the modularity clustering technique
(Newman, 2004, 2006). This option allows for exploring the
possibility that the population under study is usefully divided
into clusters, such that association indices are generally high
among individuals in the same cluster, and generally low
among individuals in different clusters (Whitehead, 2009).
The modularity coefficient (Q) for a defined set of clustered
individuals represents the difference between the observed and
expected proportion of the total of the association indices
within clusters, where the expected AIs are calculated as
proportional to a dyad’s product gregariousness. Modularity

analyses were assessed using the maximum modularity type 1
in SOCPROG 2.9, which controls for gregariousness by focusing
on association preferences. Q-values of 0.3 or higher indicate
strong community divisions in the population (Newman, 2004).
Sociograms were drawn using qgraph() function in qgraph
packages in R V.4.0.3.

Test for Preferred and/or Avoided
Associations
To determine whether the patterns of associations between
individuals differed from random, we used a permutation test
(Bejder et al., 1998). The permutation test option “permute
associations within samples” in SOCPROG 2.9 was used to
test for the presence of long-term preferred and/or avoided
companionships using the SRIs (co-occurrence). This procedure
tests the null hypothesis that there are no preferred companions
between sampling periods, given the number of associations
each individual has in each sampling period (Whitehead,
2008a). In this test, the elements of the symmetric association
matrix are permuted for each sampling period keeping the
total number of rows and columns constant by first choosing
two individuals for the rows, and then two more individuals,
different from the first pair, for the columns. Significantly
higher SD of the real association indices compared with
the random associations reveal the presence of non-random
associations in the studied population. This test is generally
the most robust test because it takes into account that not
all individuals are present in each sampling interval (e.g.,
migration or death) or have similar gregariousness (Whitehead,
2009). This test was performed starting with 1,000 permutations
which were increased in a stepwise manner by 5,000 at
each step until the p-value became stabilized (Bejder et al.,
1998; Whitehead, 2009). For the analyses, the number of
permutations was leveled up to 40,000 permutations for
the three time periods before 2009, 2009–2010 and from
2011, and at 100,000 permutations for the entire study
period (2003–2016). Similar permutation tests were applied
to the GAIs to investigate social preferences amongst sharks
(active decisions to interact). Significantly higher SD of the
observed GAIs than expected indicates the presence of social
preference amongst sharks.

Temporal Variation of Associations
The temporal stability of associations between bull sharks was
investigated using the standardized lagged association rates
(SLARs) available in SOCPROG 2.9 that were compared with
the null association rates (Whitehead, 2008a). The SLAR analysis
provides an estimate of the probability of two individuals that
are associating at any given time, also the probability of being
associated after various time lags (Baird and Whitehead, 2000;
Whitehead, 2008a). Lagged and null association rates were
standardized to take into account individuals who were actually
present during a dive but were not identified for whatever
reason. Temporal association patterns were then compared
to four different models of lagged association rates available
in SOCPROG 2.9 (preferred companions, casual acquaintances,
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TABLE 3 | Tests for preferred and avoided associations of bull sharks.

Preferred associations (SRI) Social preferences (GAI)

Time period Real Random p Real Random p

2003–2016

Mean 0.05661 0.05661 - 0.00449 0.00442 -

SD 0.05879 0.05854 0.0000* 0.03393 0.03374 0.0158

CV 1.03848 1.03401 0.0000* NA NA NA

Prop. non-zero elements 0.84567 0.84609 0.3423 NA NA NA

Mean non-zero elements 0.06694 0.06691 0.3373 NA NA NA

SD non-zero elements 0.05827 0.05797 0.0000* NA NA NA

CV non-zero elements 0.87044 0.86643 0.0040* NA NA NA

Before 2009

Mean 0.06018 0.06012 - 0.00100 0.00093 -

SD 0.05825 0.05826 0.5104 0.03584 0.03584 0.4908

CV 0.96805 0.96912 0.8587 NA NA NA

Prop. non-zero elements 0.849 0.84791 0.6918 NA NA NA

Mean non-zero elements 0.07088 0.0709 0.4339 NA NA NA

SD non-zero elements 0.05691 0.0569 0.481 NA NA NA

CV non-zero elements 0.80286 0.80286 0.489 NA NA NA

2009–2010

Mean 0.04812 0.04813 - 0.00117 0.00115 -

SD 0.05589 0.05507 0.0001* 0.03993 0.03916 0.0054*

CV 1.16145 1.14419 0.0000* NA NA NA

Prop. non-zero elements 0.71081 0.71077 0.5093 NA NA NA

Mean non-zero elements 0.0677 0.06772 0.5415 NA NA NA

SD non-zero elements 0.0554 0.05423 0.0000* NA NA NA

CV non-zero elements 0.81833 0.80079 0.0000* NA NA NA

From 2011

Mean 0.07073 0.07074 - 0.00054 0.00055 -

SD 0.06611 0.06568 0.0000* 0.03332 0.03255 0.0000*

CV 0.93466 0.85915 0.0000* NA NA NA

Prop. non-zero elements 0.85893 0.85915 0.4313 NA NA NA

Mean non-zero elements 0.08234 0.08234 0.491 NA NA NA

SD non-zero elements 0.06427 0.06377 0.0000* NA NA NA

CV non-zero elements 0.78057 0.77444 0.0000* NA NA NA

Permute associations within samples were used with 40,000 permutations and 1,000 flips per trial for the three time series, and 100,000 permutations for the
entire study period.SRIs, simple ratio indices; GAIs, general affiliation indices; SD, standard deviation; CV, coefficient of variation; NA, not available. Asterisks indicate
statistical significance (p < 0.001).

preferred companions + casual acquaintances and two levels of
casual acquaintances) (Whitehead, 2009). The best-fitting model
was identified using the Quasi-Akaike Information Criterion
value (QAIC) (Whitehead, 2008a).

RESULTS

Site Fidelity
Observation periods were defined as the cumulative number of
days (including non-diving days) between the date an individual
bull shark was first observed at the SRMR and recorded in the
database, and the last day the individual was observed visiting
the site. Observation periods within the database ranged from
128 days (ID# 91) to 4,885 days (ID# 2) with a median of
2,194 days (mean ± SD = 2,143 ± 1411) (Supplementary
Figure 1). Presence data with respect to individual bull sharks

varied greatly, with the least site visits recorded being 21 days
(ID# 88) and the most site visits recorded being 554 days
(ID# 2) (Supplementary Table 1). Site fidelity indexes (SFI)
ranged from 0.03 (ID# 1 and ID# 16) to 0.84 (ID# 89)
(mean± SD = 0.23± 0.13).

Social Network and Cluster Analyses
Over the course of the entire study period (2003–2016), mean
SRIs ranged between 0.01 (e.g., ID# 16 and ID# 27) and
0.12 (ID# 71 and ID# 89) resulting in a low overall mean
association index between individuals (SRImean = 0.06; Table 1).
Maximum SRIs ranged between 0.05 (ID# 6 and ID# 16) and
0.56 (ID# 71 and ID# 89) (mean SRImax = 0.21; Table 1).
Over the entire study period, social differentiation (S) using
the likelihood method was estimated at 0.989 (SE = 0.009),
indicative of a socially well-differentiated population evidenced
by high variations in the dyadic probability of associations. Social
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differentiation was higher between 2009 and 2010 (S = 0.920,
SE = 0.020) in comparison to the time periods before 2009
(S = 0.894, SE = 0.020) and from 2011 (S = 0.910, SE = 0.012). The
estimated correlation between the true and estimated association
indices was 0.952 (SE = 0.011) revealing the power of analysis in
detecting the true social system (1 indicates maximal correlation,
0 no correlation).

MRQAP indicated that both factors of temporal overlap and
of gregariousness were good predictors for explaining association
patterns of bull sharks at the SRMR, and these were included in
GAIs analyses (Table 2). Sex class was removed by the stepwise
procedure from the model. Sociograms were constructed using
GAIs for the three distinct time periods and presented in
Figure 1: before 2009 (Figure 1A), between 2009 and 2010
(Figure 1B), and from 2011 (Figure 1C). CCC values were
higher than 0.8 (CCC = 0.8273 before 2009; CCC = 0.8309
between 2009 and 2010; and CCC = 0.8266 from 2011) indicating
an adequate social structure representation. The bull shark
population exhibited a homogeneity for each time period as each
modularity value (Q) was lower than 0.3 (Qbefore2009 = 0.175;
Q2009−2010 = 0.201; Qfrom2011 = 0.189).

Preferred and/or Avoided Associations
Preferred long-term companionships were observed as indicated
by significantly higher SD and CV values of the real dataset
compared to randomly permuted data for the entire study period,
between 2009 and 2010, and from 2011 (Table 3). After 2011,
avoided associations can be observed as the proportion of non-
zero association indices are lower in the real dataset compared
to the randomly permuted data, indicating that some individuals
avoid others. Social preferences that investigate the active
decision to interact or not were measured by GAIs (Table 3).
Since GAIs gave similar results to SRIs, social preferences were
also common and occurred within the same time series (2009–
2010 and from 2011) than preferred associations. For all time
series, the mean of GAI values was positive, indicating that
preferred companionships were common. The SD of all observed
GAIs was significantly higher, and the mean significantly
lower than expected, indicating that social preferences occurred
between individuals, particularly over short time periods.

Temporal Variation of Associations
The SLARs of bull sharks remained above the null association
rates for the entire study period (Figure 2) indicating the
existence of preferred associations amongst individuals in the
network. However, there was a steady decay in the duration
of associations for each of the four time periods without
dropping below the null association rates except in 2010 when
after slightly dropping below, the SLAR increased again quickly
(Figure 2C). For the entire study period and before 2009, the
best fitting model describing the temporal association pattern
for these bull sharks is one of preferred companionships and
casual acquaintances, with two levels of casual acquaintances
characterizing the network for the time period between 2009 and
2010, and from 2011 (Table 4).

DISCUSSION

At the Shark Reef Marine Reserve, the ongoing wildlife tourism
activity of shark diving has resulted in the formation of temporary
aggregations of bull sharks. This aggregation was artificially
contrived, by virtue of a non-social driving factor: that of direct
feeding. Our results appear to indicate that the ongoing nature of
these feeding activities, and the aggregations which ensue, have
served to facilitate the development of social associations, some
of which are temporally stable. With numbers reaching nowadays
∼80 individuals on a single dive, the conditions are prime for
social behaviors to occur such as agonistic interactions.

Long-term preferred companionships and strong affinity
between individuals were observed throughout the study. Overall
and before 2009, the temporal stability of the associations was
best described by preferred companionships (i.e., associations
occurring more often than expected by chance) and casual
acquaintances (i.e., associations lasting from a few days to a few
years wherein individuals may dissociate and reassociate again),
and for the time periods between 2009 and 2010, and from
2011 by two levels of casual acquaintances. This transformation
within the social parameters can be explained by the numerical
increase of newly identified bull sharks (Brunnschweiler and
Baensch, 2011). Apart from the steady increase over time in
numbers of bull sharks (whether named or unnamed) visiting
the SRMR (Brunnschweiler et al., 2014), an unusually high
number of individuals were identified at the beginning of 2009
(Brunnschweiler and Baensch, 2011). We can only speculate
about the reasons underlying such an influx of new individuals
in a relatively short period of time, but find it noteworthy. There
is anecdotal evidence supporting the notion that bull sharks are
indeed gregarious to an extent and travel together. Contrary
to other large, apex predator species such as tiger (Galeocerdo
cuvier) or white (Carcharodon carcharias) sharks, juvenile and
adult bull sharks are rarely seen alone but more often observed
in pairs or small groups (Brunnschweiler and Compagno, 2008;
Loiseau et al., 2016). Therefore it is possible that a group of bull
sharks new to the SRMR show up together at the provisioning
site, causing a temporary alteration of the existing social structure
by reconfiguring the nature of associations.

In natural settings, individuals form groups and associate
to benefit from reduced predation risk, improved foraging
efficiency or individual fitness (Krause and Ruxton, 2002).
At the level of the individual, associating with conspecifics
can provide a number of benefits, from increased access to
resources and potential mates, social learning, and information
dissemination (Krützen et al., 2005; Croft et al., 2006). Drivers
of association amongst conspecifics can include overlapping
core ranges, relatedness, behavioral phenotype, and familiarity
(Krause and Ruxton, 2002; Croft et al., 2009). At the SRMR
where bull sharks temporarily aggregate because of repeated
direct feeding (Brunnschweiler and Barnett, 2013), the observed
network structure and perceived possible sociality may likely
be an artifact of spatio-temporal overlap and not attributed to
active social interactions or behavioral strategies in grouping
patterns. Hence, finding non-random associations does not
necessarily mean that individuals actively choose to group
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FIGURE 2 | Standardized lagged association rates (SLARs) of individual bull sharks encountered for the time periods 2003–2016 (A), before 2009 (B), between
2009 and 2010 (C), and from 2011 (D). Vertical bars indicate standard errors calculated using the temporal Jackknife method. The yellow line illustrates the best fit
model characterizing the social system within the network whilst the blue line represents the null association rate, which is the theoretical SLAR if individual bull
sharks were randomly associated.

with preferred social partners. The SRMR is not a natural
setting, namely bull sharks form artificial aggregations solely in
response to feeding by the tourism operator. This is contrary
to, for example, white sharks which aggregate naturally around
seal colonies and are then lured to cage-diving operators
through the use of chum (Schilds et al., 2019). Yet despite
the artificial driver in this instance, bull sharks aggregating to
exploit a food source could be considered natural, identical
to ephemeral natural feeding aggregations at whale carcasses
or spawning aggregations (Graham and Castellanos, 2012; Lea
et al., 2019). In this regard, the SRMR being an artificial
aggregation site could have laid the groundwork for natural
social interactions between sharks by simply providing regular
and consistent opportunities for those interactions to occur
(Clua et al., 2010; Pini-Fitzsimmons et al., 2021).

The results from this study are based on the reliable long-
term identification of individual bull sharks at a single site,
hence our findings come with some caveats. The individual
identification of sharks using distinctive markings and coloration
has its limitations (Marshall and Pierce, 2012). For example, while
all individuals in this study were identified using permanent
identifiable features such as scars, wounds, missing and/or
damaged fins, and images and video footage was collected
throughout the entire study period, it is inevitable that human
error in observation, identification and recording occurred. For
example, depending on the uniqueness and/or obviousness of
natural marks, identification of individuals can be challenging
(Brunnschweiler and Barnett, 2013). Misidentification of an
individual or the failure to confirm an individual which was
actually present but not recorded could also be due to ocean
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TABLE 4 | Model fitting to standardized lagged association rates (SLARs) among bull shark individuals for the entire study period, before 2009, between 2009 and
2010, and from 2011.

Model QAIC 1 QAIC

2003–2016

Preferred companionships + casual acquaintances 32,462,038.1179 3,853,219.8116

Two level of casual acquaintances 32,468,725.3121 3,853,219.8116

Casual acquaintances 3,2471,661.4346 3,854,360.3286

Preferred companionships 32,644,069.2658 3,874,823.2300

Before 2009

Preferred companionships + casual acquaintances 1,109,184.6515 409,509.4936

Two level of casual acquaintances 1,109,345.1720 409,570.0190

Casual acquaintances 1,109,464.2976 409,611.4766

Preferred companionships 1,117,401.7907 412,540.7141

2009–2010

Two level of casual acquaintances 912,608.1271 132,661.6023

Casual acquaintances 912,705.5439 132,672.3443

Preferred companionships + casual acquaintances 914,381.6500 132,917.6924

Preferred companionships 914,900.7656 132,989.7326

From 2011

Two level of casual acquaintances 22,072,693.1589 2,805,092.6681

Preferred companionships + casual acquaintances 22,073,001.6724 2,805,130.1294

Casual acquaintances 22,075,501.1774 2,805,446.0309

Preferred companionships 22,209,400.9164 2,822,460.8089

The lowest Quasi-Akaike Information Criterion (QAIC) indicates the best-fitting model, and 1QAIC (difference between QAIC and that of the best model) indicates the
degree of support for the other models.

conditions impeding visibility or the level of experience of the
trained observer. In addition, we only observed bull sharks at a
single feeding site; therefore, the validity of our results is limited
when compared to studies that include multiple sites (e.g., an
acoustic receiver network; Armansin et al., 2016; Papastamatiou
et al., 2020) or those investigating multiple areas and sampling
both provisioning and non-feeding sites (Mourier et al., 2012).
However, the large numbers of sharks and the long study period
provides a robust data set that adequately characterizes the
associations of bull sharks aggregating at the SRMR, laying the
foundation for further investigating sociality in this species. For
example, although kinship appears not to drive associations and
affiliations among blacktip reef sharks (Mourier and Planes,
2021), group assortment in bull sharks may be influenced
by genetic relatedness. Unlike most other shark species, bull
sharks spend the first few years of their lives in estuaries and
rivers before moving out to the ocean. Consequently, further
work investigating genetic relatedness of individual bull sharks
encountered at the SRMR as well as those found in known
nurseries (Glaus et al., 2019) is warranted in order to explore the
possibility that during those first crucial years of their lives, long
lasting relationships are formed within cohorts.

Direct shark feeding at the SRMR appears to drive fission-
fusion dynamics, where the feeding event temporarily fuses a
large number of individual bull sharks in a central place. In
terms of CPF theory, of interest is bull shark behavior following
dispersion from the central place (feeding event). If bull sharks
indeed choose to group with preferred associates, namely turn
up together at the feeding site, specific paired associations or

groups of bull sharks observed at the SRMR would be expected
to be observed together at other locations as well. This hypothesis
could be tested by monitoring other dive sites, feeding and not, in
Fiji where bull sharks are encountered. Ward-Paige et al. (2020)
reported bull shark groups of variable sizes from six areas in
Fiji. Individuals would need to be independently identified at
these sites to ensure that they are also visitors to the SRMR
and vice versa. Anecdotal reports show that several bull sharks
visually identified at the SRMR were also recorded in Kuata,
an island of the Yasawa Group approx. 200 km away, where a
shark feeding site was established back in 2015. In the absence
of direct observation data collection at each dive site, the joint
movement of individuals may be monitored using acoustic
telemetry. Brunnschweiler and Barnett (2013) found that the
overall diel patterns in movement are for acoustically tagged
bull sharks to use the area around the feeding site in the
morning before spreading out over Shark Reef throughout the
day and dispersing over a larger coastal area at night. Trophic
information suggests that they continue to forage on natural
prey (Abrantes et al., 2018), quite possibly in the Navua estuary
at night (Brunnschweiler and Barnett, 2013), nevertheless we
are lacking key information including regarding resting behavior
(e.g., where, when or if they rest in groups). Unfortunately, our
data from acoustically tagged bull sharks are inconclusive with
respect to the existence of pairs or groups free ranging together
as a result of small numbers of individuals tagged together for
longer time periods (Brunnschweiler and Barnett, 2013). To
better understand and explore the depth and breadth of sociality
within the SRMR bull shark population and determine how group
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behavior and dynamics align with CPF, a network analysis
study including focal observations combined with tracking
data should be undertaken in Fiji. A tangential study could
be conducted at a location such as Mozambique where adult
bull sharks aggregate without being fed (Daly et al., 2014)
and the results compared and contrasted. This would provide
for a more thorough examination of the associative nature
of this species.
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