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B W N e

Abstract: Knowledge about the social behavior of sharks is a growing research field, but not many
observations are available on the social interactions between pairs of sharks in the presence of passive
surface bait and mainly related to aggregations. Between 2009 and 2018, in Gansbaai, South Africa,
415 white sharks were sighted, and 525 surface-generated social interactions were identified, exhibited
by 169 different white sharks. The mean sighting rate was 0.91 (range 0.18-1.53) white sharks per
hour. Eight patterns of social interaction were exhibited: swim by, parallel swim, follow/give way,
follow, give way, stand back, splash fights, and piggyback. Non-random interactions occurred when
pairs of specimens approached the passive surface bait, confirming that the white sharks made a
real choice, showing a dominance hierarchy during the ten years of data collection. Evidence of
non-random social interactions in the surface behavior of bait-attracted white sharks Carcharodon
carcharias in Gansbaai’s transient population was the goal of this research.

Keywords: social behavior; elasmobranchs; behavior; Carcharodon carcharias

1. Introduction

Social interactions occur when the behavior of an individual specifically modifies
that of another of the same species [1]. Social behavior consists of interactions among
conspecifics and results in relationships of variable form, duration, and function. It pro-
vides a broad array of behavioral phenomena, including many of the complex forms of
cooperation and conflict that are of particular interest to behavioral biologists [2].Social
behavior is usually composed of a wide range of modules that affect different contexts of the
individual’s life, including reproduction, sexual segregation, game behavior, schooling or
grouping, cooperation, aggression, and predatory activity; it consists of both genetic bases
and precise behavioral units that constitute an intraspecific code that can be instinctive or
learned during life [3].

The most observed social modules are those related to aggression [4-7]. Intraspecific
competition occurs when two or more organisms of the same species have simultaneous
access to a limited resource [8], and the access is commonly established through competitive
events that rarely take the form of a direct confrontation. The signalman thus gains an
advantage should the recipient decide to withdraw [9]. Intraspecific aggression, in addition
to being instinctive, is one of the greatest nuances of sociality: threats, skirmishes, and fights
have such a low intensity as to rarely reach harmful consequences for the contenders, thus
revealing the presence of any braking mechanisms that promptly interrupt hostilities [3].

Such behaviors can be considered social, as sociability involves several individuals
living and/or interacting together, which can lead to the formation of complex social
structures [10-13] were the first to conduct research on the social behavior of elasmobranchs,
carrying out the first quantitative analyses of domination and subordination in captive
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specimens of the dogfish Mustelus canis. Subsequently, Myrberg and Gruber (1974) [14]
identified a dominance hierarchy among scalloped hammerhead sharks Sphyrna tiburo
depending on size and an apparent predominance of males over females. The direct
observations and the passive acoustic tracking of the scalloped hammerhead shark also
showed a social behavior that involved the grouping of specimens in a small area, the
so-called home range [15].

Social interactions among white sharks, however, have received little attention, but
increasing evidence suggests that this species is socially complex [16-19]. Some studies
have reported that white sharks often congregate near whale or seal carcasses, and several
discrete categories of social interactions have been defined [16,20,21].

As far as white sharks are concerned, the braking mechanism seems to be represented
by the establishment of a dimensional hierarchy: the large specimens are dominant com-
pared to the smaller ones, which are identified as subordinate specimens [22,23]. The
size, however, is not the only factor influencing the establishment of the hierarchy, but the
direction of some relationships of dominance is typically determined by an asymmetry in
the competitive behavior of individuals towards each other [24]; in the case of the Gansbaai
(South Africa), white shark population, it particularly occurs among specimens of similar
sizes. Sperone et al. (2010) [17] suggested that, in the case of sharks of similar lengths,
animals need to adopt rituals to establish the social hierarchy: the individuals that manifest
all or most aggressive attitudes is considered dominant, while the individual who receives
them or initiates most of the acts of submission is considered subordinate. These domi-
nance relationships form the hierarchical structure of the specimens [10,25]. In this study,
the long-term observation of the multiple social-interaction patterns exhibited by white
sharks with the help of video recordings proved to be useful to evaluate their frequency
and priority in establishing the hierarchical relationships between pairs of sharks in the
presence of passive prey.

Knowledge about the social behavior of sharks is growing, based on the data that
researchers are collecting in different areas of the world. Findlay et al. (2016) [26], in
Mosselbay (South Africa), who tried to evaluate whether the white shark forms non-
random associations with conspecifics in coastal environments or whether the simultaneous
presence of several specimens at the same time and space is entirely due to chance, indicated
that the aggregations formed by a very conspicuous number of specimens during certain
periods of the year are of an asocial type and due to the presence of external factors, such as
the availability of prey, or for reproductive purposes. Subsequently, Schilds et al. (2019) [19]
stated that white sharks in the Neptune Islands (South Australia) did not randomly co-occur
with their conspecifics but formed four distinct communities or “social groups” in areas
where large numbers of white sharks can be sighted throughout the year, including during
periods of low seal abundance. Schilds et al. (2019) [19] hypothesized that the observed
sex-dependent variations in co-occurrence were linked to intraspecific competition for
resources, providing new insights into the aggregatory behavior of white sharks at a
seal colony.

Gansbaai is a white shark aggregation site recognized worldwide, and it is the only
location in the world where cage-diving trips operate daily, weather permitting [27]. White
sharks frequently prey on Cape fur seals (Arctocephalus pusillus pusillus) at rookeries off
southern Africa and particularly during autumn and winter, when juvenile seals leave to for-
age offshore for the first time, making them vulnerable to predation by white sharks [28-31].
Gansbaai is a white shark hotspot because the white sharks predate on the resident seals,
but the diet also includes fishes and other elasmobranchs. It is an important seasonal feed-
ing ground among individual sharks rather than an adult aggregation site, or a pupping or
nursery area [32].

In the present study, we aimed to confirm whether the social interactions that occurred
between pairs of white sharks” specimens, when they approached surface bait in the Dyer
Island Nature Reserve in Gansbaai, South Africa, were non-random events, and that such
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interactions were not linked to chance but linked to choice, which aimed at establishing a
dominance hierarchy.

2. Materials and Methods
2.1. Study Area

Observations were performed at Dyer Island’s Nature Reserve, which is located on
the continental shelf 7.5 km off Gansbaai, South Africa (34°41’ S; 19°24’ E) and includes
two islands (Figure 1): Dyer Island (the larger) is a low-profile island ca. 1.5 km long and
0.5 km wide, and it is characterized by the presence of different sea bird colonies; Geyser
Rock (the smaller) is ca. 0.5 km long and 0.18 km wide, and it hosts a colony of Cape fur
seals Arctocephalus pusillus pusillus (Schreber, 1775). The reserve is located in the Agulhas
Bioregion, which is the meeting point between the Benguela Current, which is the meeting
point between the Benguela Current (the eastern boundary current of the subtropical vortex
located in the southern Atlantic Ocean) and the Agulhas Current (the current forming the
western limit of the Indian Ocean). In summer, intensified south-easterly trade winds result
in upwelling, causing the cold waters of Benguela origin to enter the bay (Jury, 1985). The
upwelling along the coast results in high biological productivity, which in turn supports
large fish stocks, including pilchard, anchovy, and hake [33]. A white shark population
is regularly present between March and September in the waters off of the Dyer Island’s
Nature Reserve. Micarelli et al., 2021b, stated that the low number of resightings recorded in
Gansbaai, five in 11 years, corresponding to 1.2% of the population, showed that the white
shark population attending this area has a transient behavior. Towner et al. (2013a) [34], in
Gansbaai, identified 532 unique individuals, resulting in an estimated super-population
size of 908, mainly made up of immature females with a sex ratio of 1:2.2:0.8 for males,
females, and unsexed, respectively [32].
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GEYSER ROCK

DYER ISLAND'S r @
500 m

NATURE RESERVE

Figure 1. Map of Dyer Island’s Nature Reserve in Gansbaai, South Africa (34°41’ S; 19°24' E).

2.2. Data Collection

During ten scientific expeditions performed between March and May 2009-2018 in
the study area, social interactions among white sharks were observed and recorded, and
behaviors were later identified from the videos using social displays described by Martin
(2003) [16]. White sharks are more abundant around the study area during the austral
autumn because they feed on young cape fur seals [17]. During our activities, recorded
water temperatures ranged from 13.5° to 18 °C, and underwater visibility from 2 to 5 m
(measured to the nearest 0.5 m with a Secchi disc). In total, there were nearly 420 hours
of direct observation from the boat, including approximately 200 h from the diving cage.
Observations occurred aboard the boat “Barracuda” (Shark Diving Unlimited owner), a
12 m long boat, between 2009 and 2013, and between 2014 and 2018 aboard “Slashfin”
(Marine Dynamics), a 14 m long boat. A 4 m long, 3 m high, and 2 m deep rectangular
floating cage made of galvanized steel was used for underwater observations; it housed up
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to three researchers at a time and was moored to the side of the boat. White sharks were
sighted at two areas in Gansbaai, Geyser Rock, and Joubertsdam, as reported by Towner
et al. (2013a) [34] and Micarelli et al. (2021a) [35], because sharks sighting areas in the
Gansbaai gulf changed for unknown reasons, moving from the first area to the second
area, and the boat was anchored in both locations at a depth of ~8-10 m, with similar
bottom characteristics.

Sharks were attracted to the area around the boat by chumming, following methodologies
of the Ferreira and Ferreira (1996) [36], Laroche et al. (2007) [37], and Sperone et al. (2010) [17].
The chum was a mixture of seawater, cod liver oil, fish blood, and pilchards, and an
additional 2-3 kg of slices of tuna were used as bait, which were maintained at the sea
surface by floats following the methods described by Sperone et al. (2010) [17] and Micarelli
et al. (2021a) [35]. Observations from the boat lasted 6-8 h per day, whereas underwater
observations lasted 2—4 h per day.

The sex and maturity of sharks were determined by underwater observations from
the diving cage. Following Compagno et al. (2005) [38], males with total length (TL)
<3.5 m and females with TL <4.5 m were considered immature specimens. Shark length
was estimated to the nearest 0.5 m based on observations as sharks passed in front of the
measured diving cage of 4.0 m length. Shark sex was determined based on the presence or
absence of claspers by observing and filming the pelvic area. Identification of individuals
was obtained through photo identification and compilation of specific identification cards,
and it was also based on a larger pattern, including not only the different notches of the
dorsal fin, but also the following characteristics: caudal fin features, pelvic fin patterns,
presence or absence of claspers, gill slashes and body patterns, presence of scars, and/or
presence of ectoparasites [32,39]. The identification of the specimens was necessary to
verify the dominant and the recessive specimen, as reported in the identification forms
compiled by the observers to optimize the analysis during each annual expedition. The
surface behavior of white sharks was always recorded by the same team using digital photo
cameras and digital video cameras and identified and confirmed from the video using
social displays described by Martin (2003) [16].

All observations considered for this paper refer to interactions between two sharks. In
our sampling model, aimed at identifying and recording the animals that exhibited social
behaviors, a virtual “observation arena” with free-living sharks was drawn to optimize the
team’s visual sightings from the boat.

This arena, defined as a function of the possibility of observing behavior on the surface
up to a maximum depth of ~2-3 m depending on the daily visibility, was bounded in a
rectangular area whose longest side was represented by the boat and by ~10 m from the
boat’s aft and bow, while the shorter side corresponded to ~10 m of distance perpendicular
to the boat (Figure 2). The surface area of the “observation arena” was approximately
32 x 10 m (=320 m?) between 2007 and 2013 and 34 x 10 m (=340 m?) between 2014 and
2018. The bait of floating tuna slices was placed inside the arena, with the aim of activating
social behavior (occurring in competitive situations and including aggressive, submissive,
and defensive behaviors) of an individual that qualifies, modifies, or otherwise alters the
act of another individual of bait-attracted white sharks. As soon as the animals entered
the “observation arena” in the direction of the bait, the observations began. An interaction
began when two sharks approached each other within a distance of two body lengths, and
it ended when two sharks were more than two body lengths apart, moving in different
directions, and were not observed together again for at least 2 min, following methods
described by Sperone et al. (2010) [17].
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Figure 2. Virtual “observation arena” based on “Slashfin”, the 14 m long boat (Marine Dynamics).

2.3. Statistical Analysis

Tests for the linear-independence hypothesis were carried out, through the use of
chi-square statistics, to verify the independence between the variable pairs of sex/behavior
exhibited, maturity /behavior exhibited, and sex/maturity on behavior exhibited.

To investigate the presence of causality between behavior and bait, we used Cochran’s
Q test. Cochran’s Q test is based on the null hypothesis (Hy), where there is no significant
difference in the effectiveness of treatments (the choice is causal) and the alternative (Hy),
where there is a significant difference in the effectiveness of treatments (the choice is not
causal). It is a non-parametric statistical test used to verify whether k treatments (or number
of studies) have similar effects. Generally, the test statistic refers to two-way randomized
block design, where the response variable takes only two possible outcomes, coded as 0
or 1, denoting failure or success, respectively. It is Often used to assess whether different
observers of the same phenomenon have consistent results (interobserver variability). All
statistics were made using Excel 16.44.

3. Results
In total, 415 sharks were sighted, and 525 surface-generated social interactions were

identified and exhibited by 169 different white sharks (Figure 3).
70
60
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Figure 3. White sharks (Carcharodon carcharias) exhibiting social behavior each year and the total
number of white sharks sighted per year.
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Observed social interactions were classified into one of the following eight interaction
patterns as described by Martin in 2003 [16] (Figure 4). Most of the sharks appeared
individually in the “observation arena” during the expeditions. The reduced numbers
of observations that occurred in 2017 and 2018 were linked to the decline in white shark
sightings observed in Gansbaai since 2017 because of the presence of a pair of killer whales
(Micarelli et al. 2021b) [35]. The displays are listed in descending order with respect to the
performance percentages observed between 2009 and 2018 (Figure 5).

4 . X
— 1l
Pl
—
A. Swim By B. PARALLEL SWIMMING
C. FoLLow GIVE WAY D. FoLLow ;
: y

8%
A

E. GIVE Way F. STAND BACK

T

G. SPLASH FIGHTS H. PIGGYBACKING ©@Riccardo D’Agnese

Figure 4. Eight social behaviors observed among white sharks (Carcharodon carcharias): swim by (A);
parallel swim (B); follow/give way (C); follow (D); give way (E); stand back (F); splash fight (G);
piggyback (H).
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Figure 5. Percentage frequencies of social behavior modules observed between 2009 and 2018 in
white sharks (Carcharodon carcharias).

Swim by: two sharks in parallel but not on collision courses swam slowly past one
another at a close range, usually between 0.5 m and 2.5 m (Figure 4A). The end of the
interaction occurred when the sharks passed each other. This display was exhibited during
the observations in 39.48% of cases.

Parallel swim: two sharks swam close to one another and maintained a parallel course
in the same direction (Figure 4B). The distance between the sharks ranged from 0.5 m
to 2.0 m. The interaction usually ended when the followed shark moved away and did
not reappear within 5 min. This display was exhibited during the observations in 18.27%
of cases.

Follow/give way one shark followed another, causing the followed one to give way.
The interaction ended when the followed shark turned left or right at an angle of about
45-90° and did not reappear within 5 min (Figure 4C). The distance between sharks usually
ranged from 1 m to 2.5 m. This display was exhibited during the observations in 16.89%
of cases.

Follow: one shark followed the other one, repeating its movements and usually with
the jaw gaping (Figure 4D). The display ended when the followed shark moved away in a
straight direction and did not reappear within 5 min. In this case, the distance between
the sharks usually ranged from 0.5 m and 2 m. This display was exhibited during the
observations in 15.18% of cases. (The differences between follow/give way and follow consist in
the fact that in the first case, the followed shark quickly moves away with a sharp angle of 45-90°,
while in the second case, the following shark keeps its mouth open and repeats the movements of the
followed one and this moves away fast without veering).

Give way: two sharks swam on a collision course, and the interaction ended when one
shark turned left or right at an angle of ~45° and did not reappear within 5 min (Figure 4E).
This display was exhibited during the observations in 6.87% of cases.

Stand back: simultaneous deviation of two colliding individuals with no established
dominant (Figure 4F). This display was exhibited during the observations in 1.96% of cases.

Splash fight: this interaction began when one shark rolled onto its side at the surface
and directed splashes towards the other one; the other could respond by returning similar
splashes (Figure 4G). It ended when one of the sharks retreated. This display was exhibited
during the observations in 1.18% of cases.

Piggyback: for this behavior, one shark descended onto the back of the other one, and
the two animals swam in unison for several seconds (Figure 4H). It ended when the sharks
separated. This interaction occurred only once, for 22 s, and between a male and a female
shark of similar sizes. This display was exhibited during the observations in 0.19% of cases.
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The Chi-square test of independence is a statistical hypothesis test used to determine
whether two variables are likely to be related (dependency) or not (independency). This
test is very useful when studying variables evaluated through frequency counts. More
precisely, the statistic test is obtained by solving for the ratio between the mean squared
error from the theoretical frequencies and their weights:

2
Y\ — g,
= /( (ﬁ]) (1)) )
(i)

Here, n(; ;) denote the absolute joint frequency, where i and j are numerical indices
(raw data) representing two random discrete variables and 71; ; stands for the absolute
joint frequency in case of independence. This latter, in the denominator, refers to the
weights negatively related with the n; ;y’s significance (dependency). Thus, in the case
of a strongly causal (and then estimable) relationship between two variables, 7(; ;) would
decrease, improving the significance of the test (a higher x?’s test statistic).

In this study, we tested the independence between the following two pairs of variables:
exhibited behavior/sex and exhibited behavior/maturity. As highlighted in Table 1, every
variable (sex and maturity) shows p-values close to zero, leading to the rejection of the
null hypothesis in favor of the alternative of dependency. According to the x*’s test
statistics addressed for every variable accounted for, the highest result is associated with
females/immatures. Thus, immature female specimens would have significantly exhibited

more social behaviors in 10 years of data collection (Table 1).

Table 1. Chi-square test. Table on the left refers to the test addressing the two pairs of variables. The
x%’s test statistics are 78.43 (Sex); 87.24 (Maturity); 63.69 (Sex/Maturity). The table on the right refers
to the test addressed for every variable accounted for. The x?’s test statistics are 63.21 (Males/ Adults);
65.17 (Males/Immatures); 73.61 (Females/Adults); 84.19 (Females/Immatures). The significance
codes stand for: *** significance at 1%, ** significance at 5%, * significance at 10%.

Sex/Maturity Patterns/Behavior
X) )

Sex p-Value 0.00

Maturity p-Value 0.00

Sex/Maturity p-Value 0.00

Chi-Square on social behavior (p-Value)

Total specimen 0.00 ***
Males 0.00 ***
Females 0.00 ***
Adults 0.00 ***
Immatures 0.00 ***

In this analysis, the random (casuality) or non-random (non-casuality) occurrence of
the social interactions was tested using Cochran’s Q test, where the treatments denote how
the presence of the bait affects the sharks’ behaviors. It is a non-parametric test applied to
the analysis of two-way categorical variables (success = 1, unsuccess = 0). Thus, in technical
terms, the test requires a binary variable of interest and assesses whether the proportion of
causal links (“successes”) is the same between the groups.

In this study, the nominal outcome is a causal and non-causal link according to
shark’s behavior, where the groups refer to the numerical indices i and j (raw data) of the
nominal variable y; ;. In this way, one would be able to test whether the effectiveness
of the treatments is different between the groups. More precisely, we can investigate the
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presence of heterogeneity between observations without incurring linear problems such as
multicollinearity, heteroskedasticity, asymptotic distributions, and exogeneity.

Let the degrees of freedom be k — 1 = 1; the resulting p-value is lower than the signifi-
cance level (« = 5%), so one should reject the null hypothesis in favor of the alternative
(Table 2):

Table 2. Cochran’s test results: the “Test Statistic” refers to the Chi-squared distribution, the “critical
value” is the threshold above which one should reject the null hypothesis, the “df” stands for the
degrees of freedom, “p-value” denotes the probability of wrongly choosing the true hypothesis,
and “significance level” denotes the probability of rejecting the null hypothesis when it is true

(Type I Error).
Test Statistic 175,98
Chi-squared distribution (critical value) 3,840
df 1
p-Value (one-tailed) 0,027
significance level 0,050

Hy. There is no significant difference in the effectiveness of treatments (the choice is casual).

Hi. There is a significant difference in the effectiveness of treatments (the choice is not casual).

4. Discussion

Not many observations are available on the social behaviors of sharks, particularly
about white sharks, and they are mainly related to aggregations. In fact, although sharks are
often seen as solitary predators, it has been observed that some shark species can aggregate
not simply in response to environmental changes, but in actual groups of mutually attracted
individuals [40-42].

Such behaviors have been observed in the following orders: Heterodontiformes [43],
Hexanchiformes [44], Squatiniformes [45], and Carcharhiniformes [46,47]. At the same
time, evidence of social interactions has also been reported in planktophagouses [48], in
large predators [49], in coastal water species [46,50], and in reef sharks [47,51-53]. Several
theories have been proposed for the reasons for these aggregations: the formation of
groups could be attributed to communication, to the transfer of social information [46], to
predation, to the protection of the group [52,54], and to reproduction [55-59].

In addition, the white shark, although mostly solitary, has been reported to aggregate at
a number of sites worldwide: these include Seal Island, Gansbaai, and Mossel Bay in South
Africa [60], Guadalupe Island in Mexico [61], the Chatham Islands in New Zealand [62],
Cape Cod in Massachusetts, USA [63], and Neptune Islands in Australia [64]. Most
aggregation sites have been suggested to provide important feeding grounds for white
sharks [65], and aggregations have been shown to be driven by the seasonal availability
and abundance of prey species [64,66,67]. At the same time, sharks have been observed
to develop and maintain complex social behaviors such as dominance hierarchies [13,14]
and stable social bonds [68], as well as to be able to learn social information [69,70]; these
abilities are due to the fact that sharks are characterized by a high ratio between brain mass
and body mass [71-73], comparable to that of mammals.

However, the highly mobile nature of sharks, combined with the difficulty of tracking
their movements in the open sea, makes it difficult to study their social interactions.

The hypotheses of intraspecific associations and groupings are mainly based on direct
observations in the field [52] and on some recent tracking data thanks to acoustic satellite
telemetry [50] or the use of passive receivers [74-76]. By aggregating, individuals facilitate
social interactions and mating [77].



Diversity 2023, 15, 433

10 of 15

Furthermore, some observations have revealed unusual adaptation mechanisms, par-
ticularly in some shark species [78]; among these, the seven-gill sharks Notorynchus cepe-
dianus seem to use multiple feeding strategies depending on both size and type of prey,
adopting strategies of social facilitation and hunting in packs to deal with larger prey such
as Cape fur seals Arctocephalus pusillus pusillus [44].

The scientific literature has also begun to outline what the traits of the sociobiological
background are of the elasmobranchs, and how this comes to structure itself beyond
instinct [57,79,80]. Clues to this presumed influence are provided by the different forms of
learning currently proven in elasmobranchs, such as those inherent in hunting: individuals
can improve the techniques of searching and capturing prey over time, thus increasing
their successes [79] and individual surface behavior of white sharks in the presence of
bait is not a simple stimulus-response reflex, but rather a complex tactical situation with
plastic responses [39].

Although for years the white shark has been considered a solitary species, some studies
have led researchers to affirm that, in reality, it is a socially complex species [16,17]. For
example [81], in southern California, hypothesized that juvenile white sharks form distinct
communities during critical early phases of ontogeny and how a tendency to co-occur
across life stages may originate from the formation of these communities in early ontogeny.
Schilds et al. (2019) [19], in Australia in the Neptune Islands, found that white sharks did
not randomly co-occur with their conspecifics, but formed four distinct communities. Off
Guadalupe Island, Mexico, animal-borne telemetry receivers revealed that white sharks
varied in the number of associations they formed and occurred most often when white
sharks were swimming in straight paths or when they were turning frequently. While many
associations were likely random, there was evidence of some stronger associations [82].

Klimley (2000) [83] defined the white shark as an “eavesdropper” species that is
capable of interpreting and exploiting the successes of others during foraging; this feature
is also called “social learning” or the possibility for some animals to extrapolate information
gained from other individuals [79,84]. If it is true that juvenile white sharks form distinct
communities, as claimed by Anderson et al. (2021) [81], the establishment of a hierarchy;
in the presence of passive surface bait, is favorable for both individuals concerned, as it
averts a direct confrontation and, therefore, the possibility of injury, presenting a gain both
in terms of energy and the possibility of preserving themselves for future predation [17].
An example of the presence of a hierarchy in white sharks occurs during their scavenging
activity, in which two possibilities of behavior are highlighted: either there is an approach
to a carcass depending on the size order of the sharks present [23] or, in the event of
numerous specimens intent on feeding, the larger ones have access to the portions with
more fat and therefore energetically more beneficial, while the subordinate specimens feed
on the remainder or pieces floating in the sea. This mechanism allows the reduction in
collisions and life-threatening injuries. If there is no competition for a resource, aggression
is minimal [85].

The analysis of the data collected in 10 years of observations showed how sharks did
not form random social interactions and that this is not linked to chance but linked to
choice to create a dominance hierarchy between them, and immature females were more
inclined to do so. In Gansbaai, the white shark population is numerically dominated by
females [32], probably explaining why females exhibit such behaviors.

Thus, despite having been regarded as a solitary species for many years [38], and
if it is true that intraspecific competition ethogram occurs when two or more organisms
of the same species have simultaneous access to a limited resource [8] and the access is
commonly established through competitive events that rarely take the form of a direct
confrontation, the white shark turns out to be an animal capable of exhibiting social
behaviors in particular situations.

Specifically, the results of the social interactions exhibited by pairs of bait-attracted
white sharks in the Dyer Island’s Nature Reserve show both competitive modules of follow
and follow/give way, and “mild” observation modules [17], such as parallel swim and
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swim by: the latter, in fact, as shown in Figure 5, was the most observed social behavior.
As already noted in the study by Sperone et al. (2012) [40] in Gansbaai, these “mild”
observation modules reflect a type of extremely calm approach and an initial hesitation,
thus confirming the studies by Bromilow (2014) [86] and the observations made by Martin
et al. (2005) [29], who argued that the white shark certainly has a more aggressive approach
with natural prey rather than with passive ones, when the investigation period is of
longer duration.

In particular, although this species was considered by many to be myopic [16,87,88],
recently, Micarelli et al. (2021a) [36], in the Gansbaai population, stated that white sharks
implement their predatory choices to energetically richer prey, thanks especially to their
visual ability, which plays an important role in adults and immatures with dietary shifts in
their feeding patterns and, as noted in juvenile white sharks in the study by Lisney et al.
(2007) [89], the olfactory bulbs are relatively smaller and the optic roof relatively larger
than in adults; for this reason, in Gansbaai, immatures tended to be more observant in the
hunting area and confronted each other in capturing prey, exhibiting the social interactions
with the modules described by Martin in 2003.

In the future, having highlighted and confirmed the presence of non-random social
behaviors between pairs of sharks in Gansbaai in the presence of passive surface bait final-
ized to establish a dominance hierarchy, it would be interesting to apply network analysis
methodologies to evaluate the possible presence in this area of distinct social groups, as
already observed in the Neptune Islands in Australia [19], or in southern California [82],
where non-random co-occurrence of juvenile white sharks at seasonal aggregation sites
were recorded. Because Reinero et al. 2022 [90] stated that environmental factors influence
the prey discrimination of white sharks in Gansbaai during their surface passive prey
predatory behavior and that tide range is the most important factor that influences the
white sharks’ prey choice, followed by underwater visibility, water temperature, and sea
conditions, it will also be important to deepen the understanding of whether social behav-
iors of white sharks may also be affected by potential factors such as abiotic conditions,
natural prey and competitor species, and interspecific interactions.
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