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The advent of new technologies and statistical analyses has provided valuable insights
into chondrichthyan social behavior. It has become apparent that sharks and rays lead
more complex social lives than previously believed. Heterarchy combines hierarchy
and social network theory and although it is not a new concept, it is rarely applied
to animal social interactions. Here, we applied heterarchy to a case study involving
smooth stingrays foraging for fish scraps at boat ramp in Jervis Bay, NSW Australia.
We took advantage of their attraction to this site to examine their social behavior during
agonistic interactions over the provisioned resource. We observed a stable, relatively
linear but shallow dominance hierarchy that was highly transitive dominated by a single
individual. Social network analysis revealed a non-random social network centered on
the dominant individual. Contrary to previous research, size did not predict dominance,
but it was correlated with network centrality. The factors determining dominance of
lower ranks were difficult to discern, which is characteristic of despotic societies. This
study provides the first heterarchical assessment of stingray sociality, and suggests this
species is capable of complex social behavior. Given higher dominance and centrality
relate to greater access to the provisioned resource, the observed social structure likely
has fitness implications.

Keywords: social network analysis, social organization, dominance, heterarchy, batoidea

INTRODUCTION

The nature of social relationships is dynamic across time and space, and can be altered by
individual experience, position within the group, group composition, and context (Sih et al.,
2009). The complexity of how these factors interact makes the quantitative assessment of social
behavior challenging. Historically, there have been two approaches to disentangle complex social
relationships. The first views social interactions through examination of hierarchy structure, which
views the world as partially ordered by bottom-up and top-down (i.e., vertical) control mechanisms.
The second is a network perspective which identifies nodes (individuals) and the interactions
between them as links between nodes (i.e., horizontal peer-to-peer interactions). Both have a
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long history of use in a wide range of fields (Cumming,
2016). Examining social interactions through the hierarchy lens,
for example, has been particularly valuable in understanding
social behavior in chickens who can readily recognize dominant
individuals and avoid them in future encounters (Gottier, 1968).
Recent improvements in social network theory and analysis,
in contrast, have substantially broadened our understanding
of the transfer of information or disease through populations
(e.g., in sharks: Papastamatiou et al., 2020; e.g., in fruit flies:
Pasquaretta et al. (2016); see also Farine and Whitehead, 2015;
Farine, 2017). While these two approaches are equally valid,
there is value in combining both in a unified theory that brings
together top-down, bottom-up and peer-to-peer interactions.
The combined use of hierarchy and network assessment is
known as “heterarchy” (Cumming, 2016), and even though
it has only recently been adopted to understand biological
systems, heterarchy has already provided novel insights into
many aspects of animal behavior, including mating tactics,
competition, cooperation, social learning, and information
transfer (Sih et al., 2009).

Pairwise interactions are the fundamental building blocks of
social structures (Whitehead et al., 2005). Agonistic interactions
over limited resources, such as mates, shelter, or food, are of
particular interest because access to these resources is key to
individual fitness. The primary method of quantifying social
interactions in these agonistic contexts is to generate a dominance
hierarchy by ranking individuals based on the proportion of their
successes (dominant individual or interactions won), failures
(subordinate individual or lost interactions) and drawn (neutral)
interactions. Dominance structures in social species fall along
the “egalitarian” – “despotic” spectrum. These terms describe the
degree to which dyadic agonistic interactions are asymmetrical
(a clear dominant and subordinate) (Vehrencamp, 1983). Within
egalitarian societies, dominant individuals are more tolerant of
other individuals, subordinates exhibit more retaliation, and
post-conflict reconciliation is more common (Flack and de Waal,
2004), and therefore the dominance structure has weak linearity
and a shallow gradient (de Vries et al., 2006). By contrast,
despotic societies are characterized by higher levels of aggression,
minimal counter-aggression, and are ruled by a single dominant
individual (alpha). Despotic societies can take two forms: (i)
high levels of aggression between each individual and their
immediate subordinate, characterized by strong linearity and a
steep dominance gradient (de Vries et al., 2006); or (ii) high
levels of aggression between the alpha and all subordinates, with
subordinates exhibiting similar dominance ranks (Beaugrand
et al., 1984). The latter is characterized by weak linearity and
low dominance gradients, making it difficult to distinguish
from egalitarian societies. It is here that the addition of social
network analysis, using the heterarchical framework, can be
of particular value by distinguishing the two. Social networks
represent the peer-to-peer relationships between individuals and
various metrics can be calculated to characterize individuals or
the network as a whole (Farine and Whitehead, 2015). In despotic
societies, high values for egocentric metrics such as eigenvector
centrality (individuals’ influence over the entire network) and
strength (number of interactions with other individuals) are

expected for the most dominant individual, while low values are
expected for all others.

The social behavior of sharks and rays is rarely studied
and they have historically been considered solitary animals. It
is becoming evident, however, that grouping in many species
of elasmobranchs is common (e.g., Bass et al., 2016), as are
complex social behaviors (e.g., Sims et al., 2000; Furst, 2011;
Mourier et al., 2017a; Papastamatiou et al., 2020). Elasmobranch
species that group often exhibit both social congregation (i.e.,
for reproduction, e.g., Port Jackson sharks (Heterondontus
portusjacksonii), Bass et al., 2016) and non-social aggregation
(i.e., attraction to limited resources; e.g., white (Carcharodon
carcharias) and tiger sharks (Galeocardo cuvier), Clua et al.,
2013). In some cases, non-social grouping may also be a condition
under which social grouping later develops [e.g., basking sharks
(Cetorhinus maximus) Sims et al., 2000]. Consistent social
interactions can facilitate social learning (Guttridge et al., 2013),
which in turn influences social cohesion and robustness to
perturbations such as fishing pressure (Mourier et al., 2017b).
Formal assessment of elasmobranch social behavior, however,
is still in its infancy (Jacoby et al., 2011). Research is further
hindered by sharks and rays being inherently elusive, precluding
the use of classical study approaches to examine their social
behavior using direct observation (Brena et al., 2018), resulting
in a lack of information about their behavior. Temporary
aggregations competing over limited resources (e.g., food),
however, provide unique opportunities to gain insights into
their inter- and intra-specific interactions (Dudley et al., 2000;
Dicken, 2008; Clua et al., 2013), which can be characterized
through a heterarchical framework (e.g., Brena et al., 2018).
The provisioning of sharks and rays by humans, which is
common in elasmobranch “eco-tourism,” has afforded tractable
avenues to study sociality in these species (Newsome et al.,
2004; Sperone et al., 2010; Maljković and Côté, 2011). For
example, Furst (2011) showed that provisioned pink whiprays
(Pateobatis fai, former: Himantura sp.) in Mo’orea, French
Polynesia exhibited a strong dominance hierarchy based on
size, sex, and color. Similarly, Brena et al. (2018) used
heterarchy to examine social behavior in sicklefin lemon sharks
(Negaprion acutidens) when competing for food and found that
morphology seemed to have little influence on shark social
structure; instead, pairs of sharks frequently encountered at
the same site had fewer agonistic actions. This latter study
in particular, highlights the value of using a heterarchical
assessment to build our understanding of sociality in these poorly
studied species.

Here, we took advantage a population of smooth stingrays
(Bathytoshia brevicaudata) that is incidentally provisioned with
fish scraps discarded by local fishers to conduct as a case
study for the use of heterarchical assessment of elasmobranch
social behavior in a wild setting. We developed an ethogram
of agonistic behaviors, which was used to examine their
dominance hierarchy and social network. We then assessed
the factors influencing individuals’ dominance and network
position. The heterarchical approach allowed us to test the
hypothesis that this population exhibited a despotic social
structure characterized by (i) a highly linear and steep dominance
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hierarchy, and (ii) a non-random social network, with the most
dominant individuals being central. The heterarchy approach
also allowed us to distinguish this from the alternate hypothesis
that the population exhibited non-social spatial proximity over
a food resource characterized by a (i) horizontal dominance
relationship and (ii) a random social network. Dominance in
elasmobranchs is often dependent on body size (Allee and
Dickinson, 1954; Myrberg and Gruber, 1974, Clua et al., 2010)
providing an obvious cue to conspecifics about an individual’s
fighting ability; therefore, we also hypothesized that larger
individuals would be dominant and adopt central positions in the
social network.

MATERIALS AND METHODS

Study System
The smooth stingray is a large demersal marine stingray with
a broad distribution (Last et al., 2016), but despite being
common, little is known about their behavior and ecology
(Le Port et al., 2012). It is reported that this species forms
large breeding aggregations (Le Port et al., 2012) and are often
encountered in groups at food provisioning sites (e.g., Newsome
et al., 2004; Rizzari et al., 2017), which suggests there may
well be complex social interactions occurring in this species.
However, the social behavior of smooth stingrays has yet to be
formally assessed.

The Woollamia boat ramp (35◦ 1′ 32′′ S, 150◦ 39′ 59′′ E)
is located in the lower Currambene Creek in the northwest of
Jervis Bay, Australia. Anecdotal evidence suggests smooth
stingrays have been incidentally provisioned with fish
scraps by recreational fishers here since the installation
of fish cleaning facilities in 1985 (R. Simpson, personal
communication). Fish scraps are discarded into the shallow
water adjacent to the main wharf via a pipe that runs from
the center of a fish cleaning table used by recreational
fishers. For a detailed map of the study location see
Supplementary Figure 1.

The population of smooth stingrays at this site is dominated
by large adult and sub-adult females that repeatedly visit
this location over long time periods (>5 years based on our
observations to date) to eat fish scraps discarded by recreational
fishers (Pini-Fitzsimmons et al., 2018). Males seldom enter the
creek, are very rarely observed and not considered members of
the observed population.

Visual Tagging
In August 2016, smooth stingrays were baited into the immediate
vicinity of the discard pipe using fish scraps and tagged to
allow individual identification. The tags were 316S marine grade
stainless steel dart (SSD) heads (Hallprint Pty. Ltd., Hindmarsh
Valley, South Australia) with 200 mm long two-color coded
vinyl streamers. Passive Integrated Transponders (PIT) were
affixed to the distal end to allow secondary identification in case
of biofouling. Tags were inserted into the musculature where
the pectoral fin meets the body of free-swimming stingrays,
following the procedure provided by the tag manufacturer (Hall,

2015), using a 3 m hand-held tagging pole. The tag colors,
time of tagging and side of tag insertion were recorded, and
each individual was given a name. Sex was determined by the
presence (male) or absence (female) of claspers. Disc width was
measured from pectoral fin tip to fin tip (sensu Last et al.,
2016) to the nearest 5 cm using a marked 2 m length of
dowel. A total of 15 female smooth stingrays were observed
during the tagging period and ultimately tagged. Following size-
class estimates (see Le Port et al., 2012) we considered 7 to
be adults (>150 cm disc width or gravid) and 8 to be sub-
adults (70–150 cm disc width). Five individuals appeared to be
in advanced stages of pregnancy (see Supplementary Table 1 for
more information). As expected, no males were observed during
tagging, which was unsurprising given that males are rarely seen
at the site.

Social Interactions
Dominance measures and social network construction were
based on dyadic agonistic interactions. An ethogram of dyadic
agonistic interactions (Figure 2) was compiled based on
prior observations of the sampled population and ethograms
available for ray (Furst, 2011) and shark species (Clua
et al., 2010, 2013; Sperone et al., 2010). We tested the
ethogram over 2 days of observation prior to the study to
ensure it was comprehensive. Dyadic interactions we readily
observed at the site were divided into four categories: (i)
aggressive interactions, for example “chase,” “nose shove,” and
“bite,” where a clear dominant and subordinate individual
could be identified; (ii) semi-aggressive interactions, where
a subordinate individual would “approach and abort” or
“charge and abort” an interaction with a dominant individual;
(iii) submissive interactions, where a subordinate individual
would “avoid” an interaction with or “give way” to a
dominant individual; and (iv) neutral interactions where two
individuals would “pass,” “circle,” swim parallel (“parallel
swimming”) or both avoid (“double avoid”) each other, hence
both being identified as submissive (see detailed descriptions
in Supplementary Table 2).

To estimate dominance measures and for constructing the
social network, dyadic agonistic interactions were recorded
during simulated provisioning events observed between 25th
August and 2nd September 2016. Thirteen of the 15 tagged
rays showed up reliably during these observations. Provisioning
events were simulated using a bait box filled with locally sourced
fish frames, to allow olfactory cues to disperse but not allow
stingrays to access the bait (sensu Laroche et al., 2007; Sperone
et al., 2010; Findlay et al., 2016). The bait box was placed into the
center of the interaction zone, defined as a 2 m radius around
the bait box (Figure 1). The location of the interaction zone
and positioning of the bait box remained constant throughout
the study.

Sixty-one half hour observation sessions were recorded over
8 days, for which stingrays were observed in 41 observation
sessions, equating to 20.5 h of behavioral observations. A total
of 688 dyadic interactions were recorded and 65% exhibited
clear dominant and subordinate individuals (aggressive, semi-
aggressive, and submissive interactions; asymmetrical), and the
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FIGURE 1 | Location of the social interaction zone relative to the cleaning facilities (a) and schematic for the social interaction zone around the bait box (b).

remainder were neutral or drawn (symmetrical) interactions.
This represents a comprehensive data set of wild elasmobranch
behavior within a competitive context. The time of stingray
arrivals to the observation area was recorded, and the
time of each interaction and the individuals involved were
recorded and classified following the ethogram (Figure 2 and
Supplementary Table 1). Every observation session was filmed
using a GoPro Hero4 positioned above the interaction zone to
create an archive and to facilitate clarification of instances when
interactions could not be clearly defined in the field.

Data Analysis
All statistical analyses were conducted using R (V.4.0.2; R Core
Team, 2020) with the R Studio interface (V.1.3.1093; RStudio
Team, 2020). The datasets and associated code are provided in
the Supplementary Material.

Dominance Measures
The dominance relationships between individuals were
quantified using David’s scores (DS; David, 1987) and Elo
Ratings (ER; Elo, 1978). DS are a dominance ranking system that
takes into account the overall success of individuals across all
observed dyadic interactions (Gammell et al., 2003; Bayly et al.,
2006). ER account for the sequence of interactions, showing
temporal influence on individual dominance (Neumann et al.,
2011). DS have been used extensively in social mammals (Koren
et al., 2008; Yeater et al., 2013), especially primates (de Vries
et al., 2006; Jaeggi et al., 2010; Balasubramaniam et al., 2013),
whereas the utility of ER in ethology has only recently been
realized (Neumann et al., 2011).

For estimating DS, an asymmetrical interaction matrix was
generated from the observed dyadic interactions, where the
dominant individual for each interaction was given a value of
1 and the subordinate was given a value of 0. For neutral, or
drawn, interactions both individuals were given a value of 0.5

(Neumann and Kulik, 2020). DS and normalized DS (normDS)
matrices were generated using the Dij method (de Vries,
1998), from which individual normDS scores were generated
as an estimate of rank. For estimating ER, a time-stamped
dataset of all dyadic interactions, with both dominant-submissive
(asymmetrical) and neutral (symmetrical) interactions was
used (sensu Neumann and Kulik, 2020), and final ER for
each individual were extracted as estimates of rank. Kendall’s
coefficient of concordance (W) was used to determine agreement
between normDS and final ER. As the estimated ranks were in
high agreement (see section “Dominance”), normDS values were
retained for further analysis of the dominance hierarchy.

The steepness (slope or “dominance gradient”) of the
dominance hierarchy was assessed based on the interaction
matrix used to generate normDS and assessed against 1,000
permutations (de Vries et al., 2006). Linearity of the dominance
hierarchy was then calculated using the modified Landau’s h’
(sensu de Vries, 1995) and tested against 1,000 permutations of
the interaction matrix (de Vries et al., 2006). The transitivity,
or overall consistency of the dominance hierarchy was also
calculated using triangle transitivity (Ttri; Shizuka and
McDonald, 2012) and tested against 1,000 permutations.
Triangle transitivity estimates the degree to which, if individual
A is dominant over B and B is dominant over C, A is also
dominant over C (Shizuka and McDonald, 2012) and has been
shown to perform better than h’ when dominance relationships
between all dyads are not known (Shizuka and McDonald, 2012).

Social Network Analysis
A directed social network was constructed from the dyadic
interaction dataset described above, with the omission of drawn
interactions. Drawn interactions were omitted because we were
specifically interested in the aggressive/submission interactions.
Four node-level (i.e., individual) metrics were calculated using
this network: (i) out-degree, measured as the number of
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FIGURE 2 | Visual ethogram of dyadic interactions exhibited over simulated provisioning. Dominant individuals are marked “D” and submissive individuals are
marked “S” for asymmetrical interactions. Full descriptions of interaction types are given in Supplementary Table 2.

aggressive interactions instigated by an individual; (ii) in-degree,
measured as the number of submissive interactions by an
individual; (iii) weighted degree (or strength), measured as
the total number of interactions for an individual; and (iv)
eigenvector centrality as a measure of individuals’ influence
or overall centrality in the network. To confirm the observed
social network contained more preferred/avoided interactions
than expected at random, the coefficient of variance (standard
deviation/mean) of the observed social network was calculated
and tested against the coefficients of variance of 1,000
network permutations (Farine and Whitehead, 2015). The
permutation method consisted of swaps of dominant and
submissive individuals within the dyadic interaction dataset
while not allowing an individual to compete against itself (see
Supplementary Materials).

Factors Influencing Dominance and Network
Centrality
As dominance hierarchies are typically size-dependent in sharks
(Allee and Dickinson, 1954; Myrberg and Gruber, 1974, Clua
et al., 2010) and speculated for rays (Newsome et al., 2004), we
expected the observed dominance hierarchy to be determined by
disc width. In addition, we expected central individuals in the
observed social network to be more dominant, and therefore for
eigenvector centrality and weighted degree to be correlated with
disc width. A Spearman rank correlation was used to compare
normDS with disc width. Similarly, Spearman rank correlations
were used to compare eigenvector centrality with normDS and

disc width, respectively. To determine if the observed correlation
coefficients differed from those expected by chance, eigenvector
centrality was calculated for networks produced from 1,000
data-stream permutations and Spearman rank correlations were
conducted between the eigenvector centrality values for each
permutation and normDS and disc width, respectively, and
compared with the correlation coefficients of the observed
eigenvector centrality values. Permutations were conducted in
the same manner described above. Spearman rank correlations
were used as we were only concerned with comparing the rank of
individuals rather than their discrete values.

RESULTS

Overall group composition remained relatively constant
throughout the study period. That is, no new individuals were
observed, and, with the exception of two tagged individuals
not being observed during the observation period, there was
no obvious trend of group size decreasing over time as would
be expected if individuals were leaving the system. The ratio of
interactions to individuals was 52.9, which is higher than the
suggested ratio of 10–20 (Sánchez-Tójar et al., 2017). Further,
the observed proportion of known dyads was moderate (0.69)
and within what we would expect under a Poisson process
(mean = 0.64, 2.5 and 97.5% quantiles = 0.43 and 0.86). This
indicates sufficient sampling for estimating dominance and
the social network.
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FIGURE 3 | Individual normalized David’s scores and associated steepness, linearity, and triangle transitivity (Ttri) of the dominance hierarchy. Nodes are colored by
disc width (cm).

Dominance
NormDS and final ER differed for all individuals and were
highly concordant (Kendall’s coefficient of concordance: N = 13,
W = 0.82), indicating the presence of a dominance hierarchy
(Figure 3). The observed dominance hierarchy was not very
steep (steepness = 0.140) and was not significantly different from
random (p = 0.477). The linearity was only moderate (h’ = 0.401;
Martin and Bateson, 1993; Lehner, 1996) but was significantly
different from random (right-tailed p = 0.043). The observed
dominance hierarchy was highly transitive (Ttri = 0.923) and
significantly different from random (p = 0.002), and thus
estimates of dominance are reasonably certain. The difference
in normDS between the highest and second highest ranking
individuals (Raylene and Thickness, respectively; see Figure 3)
was 0.849, while the average difference between all other
neighboring subordinates was only 0.132 (IQR = 0.047 – 0.144).

Social Network Analysis
The Coefficient of Variance of the observed social network was
3.240 and was significantly higher than expected by chance (mean
CVrandom = 2.916; p < 0.001; Figure 4B), indicating that the
observed network (Figure 4B) was not random.

Factors Influencing Dominance and
Network Centrality
The mean disc width of tagged smoothed stingrays was
137 cm (±5 SE) (range 110–165 cm; n = 15). NormDS was
not significantly correlated with disc width (Spearman’s rank
correlation: N = 13, R = 0.287, p = 0.343), indicating that the
largest individuals were not the most dominant. NormDS was
not significantly correlated with eigenvector centrality either
(Spearman’s rank correlation: N = 13, R = 0.055, p = 0.859),
indicating that the most central individuals in the network were
not the most dominant. However, eigenvector centrality was
significantly positively correlated with disc width (Spearman’s
rank correlation: N = 13, R = 0.723, p = 0.005), and the
observed R was significantly higher than expected by chance

(Rrandom = 0.403), indicating that larger individuals were most
central in the network. Moreover, the most central individual
(highest eigenvector centrality), Raylene, exhibited the highest
egocentric metrics and dominance (Table 1). Correlation plots
are provided in Supplementary Figure 2.

DISCUSSION

Here, we made use of a population of female smooth rays that
frequently gather to forage on scraps provided by recreational
fishers at a boat ramp (Pini-Fitzsimmons et al., 2018) to observe
social interactions in an agonistic context in the wild. We
used this observation as a case study for the application of
heterarchy which combines aspects of dominance and social
network approaches to understand complex social interactions.
The observed dominance hierarchy was moderately linear but
quite shallow, with a single alpha individual (Raylene). Network
analysis revealed a non-random social network with Raylene
at the center (Figure 4A). Collectively these results support
the hypothesis that this population exhibits a social structure
indicative of a despotic society and not merely a random
assortment of individuals attracted to a food source. It is
important to note that the observed dominance hierarchy and
social network may only be specific to this or similar contexts,
where individuals are competing over a limited food resource.
Although our observations were made at a long-standing food
provisioning site, similar interactions likely take place in nature
at high quality feeding patches. It is likely not indicative of
their broader social behavior of which we currently know very
little. It is well documented that priority access to food through
dominance has fitness benefits (Koenig, 2002). Contrary to
observations for provisioned (Clua et al., 2010) and free-living
(Allee and Dickinson, 1954; Myrberg and Gruber, 1974) shark
populations, body size (here disc width) was not a determining
factor for dominance, however it was positively correlated with
network centrality.
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FIGURE 4 | The observed social network. (A) Weighted and directed social network, where arrows show direction of interactions, line thickness indicates total
number of interactions between individuals in the given direction (divided by 10 for clarity), nodes are colored by disc width (cm). (B) Histogram of the Coefficients of
Variation of 1,000 network permutations and 95% confidence intervals (vertical dashed blue lines) compared to that of the observed social network (vertical solid red
line).

In the present study, asymmetrical interactions accounted
for the majority of observed dyadic interactions. In addition,
while dominance was not correlated with eigenvector centrality,
a single individual (Raylene) had the highest weighted degree,
dominance rank and eigenvector centrality (Table 1). These data
indicate the dominance structure observed in this population
is reflective of a despotic social structure with Raylene as the
alpha (Figure 3). Some may argue that the shallow dominance
hierarchy observed here is indicative of an egalitarian society
(van Schaik, 1989 cited in de Vries et al., 2006); however,
a despotic social system can be characterized by the most
and second most dominant individuals having a difference in
normDS that is greater than that between all other neighboring
subordinates (Beaugrand et al., 1984). Here, the difference
between the normDS of Raylene and the next subordinate
(Thickness) was 6.5-fold higher than the average difference
between all other neighboring subordinates (Figure 3 and
Table 1). Despotic systems are also characterized by low counter
aggression from subordinates to dominants (Thierry, 2007).
It is clear from the edges in the social network (Figure 4A)
and in-degrees (Table 1), that Raylene received little counter
aggression. Thus, we can be confident that the social hierarchy
observed here is reflective of a society at the despotic end
of the spectrum.

Despotism is typically described for highly social species
such as wolves (Canis lupus lupus; Cordoni and Palagi, 2008),
spotted hyenas (Crocuta crocuta; Wahaj et al., 2001) and a
number of non-human primates (see Palagi and Norscia, 2015),
that live in social groups at all times. Individuals continually
reinforce and reconcile relationships to maintain social unity
(Palagi and Norscia, 2015). It is unknown whether grouping of
smooth stingrays observed here extends outside of the observed
context (competing over food). Our ongoing acoustic tagging
will provide important new insights into this species broader
social behavior. Nevertheless, observation of such a highly
social system having developed over the repeated provisioning
of a limited food resource within smooth stingrays is rather
extraordinary and reinforces the suggestion that this species is
capable of complex social behaviors. Although the observation
period was somewhat limited (8 days), our data is based on an
intense sampling regime (30.5 h of observation capturing 688
social interactions) which is exceptional for wild elasmobranchs
that are notoriously difficult to study. Furthermore, our long-
term observations at this location suggest that these thirteen
individuals comprise the bulk of the animals that make regular
appearance at the provisioning site. All of these individuals
have been repeatedly observed at this location over multiple
years and eight of them in particular are consistently observed.
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TABLE 1 | Summary of individual size, dominance (Normalized David’s score) and
egocentric metrics calculated for the social network.

Individual Disc
width
(cm)

Normalized
David’s score

In-
degree

Out-
degree

Weighted
degree

Eigenvector
centrality

Raylene 155 7.423 53 251 304 0.879

Thickness 135 6.574 2 5 7 0.034

Big Momma 165 6.288 67 57 124 0.207

Vinnie 140 6.188 12 14 26 0.048

Shuga 110 6.185 1 2 3 0.015

Charlie 110 6.064 1 0 1 0.000

Shorty 155 6.018 65 30 95 0.121

Jocka 155 5.795 17 8 25 0.075

Desaray 115 5.726 17 6 23 0.029

Dasy 135 5.678 44 21 65 0.203

Billy Ray 145 5.655 48 25 73 0.210

Stumps 135 5.282 113 29 142 0.273

Ellie 120 5.125 9 1 10 0.004

Moreover, these animals are long lived, so it is likely that
they repeatedly interact with other individuals over very long
timeframes. Thus, we have reason to be confident that structured
social interactions we observed in this population in this
context are likely real. Future research will address social
organization of this and other populations in similar contexts,
for example, where provisioning occurs as part of unstructured
wildlife tourism.

An individuals’ success in agonistic interactions carries with
it direct and indirect fitness implications. Successful individuals
usually have greater access to better quality resources, such as
mates, shelter, and food (Dugatkin, 2009). The restriction of
access to limited resources by dominant individuals resulting
in the reduced reproductive success of subordinates is well
documented (Lomnicki, 1988; Koenig, 2002), particularly among
highly social primates (Fedigan, 1983; Ellis, 1995). In the
present study, observations were made for a population of
smooth stingrays that are competing over limited provisioned
food resources, and more dominant and central individuals
gained access to the bait more often, which likely reflects
access to provisioned food during normal provisioning events
(fish scraps discarded by fishers). Further, we believe that
Currambene Creek, within which the Woollamia Boat Ramp
is situated, may have reproductive significance for female
stingrays. Five of our subjects were heavily gravid individuals
entering agonistic interactions with the most dominant (Raylene)
exhibiting the most advanced stages of pregnancy. We suggest
that dominance increases net gain from the provisioned
resource, which in turn aids in meeting the nutritional demands
of pups during gestation and reduces the energetic costs
associated with foraging naturally. These observations may have
clear implications for reproduction and movement patterns
in this species.

Dominance hierarchies in provisioned shark aggregations
are thought to be size-dependent (Newsome et al., 2004; Clua
et al., 2010; Maljković and Côté, 2011), which is supported

by previous studies on free-living shark social behavior (Allee
and Dickinson, 1954; Myrberg and Gruber, 1974). Newsome
et al. (2004) stated that larger female smooth stingrays chased
smaller individuals away from provisioned food in Hamelin
Bay, Western Australia. It is of some note that neither males
nor juveniles were ever observed at this location in the
present study. While the influence of individual disc width on
dominance was not significant, disc width did predict eigenvector
centrality, suggesting larger individuals are more central to the
network. More central individuals have greater influence within
social networks, and we have shown that size clearly impacts
social interactions in this context. Given the relatively similar
dominance scores of all subordinate individuals, we might not
expect to see a global influence of disc width on dominance
rank. Further, Raylene was not the biggest female within the
group. However, it may be that disc width is not the most
suitable measure of body size in this species, rather body weight
may be a better metric. Alternatively, there might be an effect
of personality in smooth stingray dominance and centrality
(Byrnes and Brown, 2016).

To conclude, in their review of social capacity in
elasmobranchs, Jacoby et al. (2011) highlighted a need for
fine-scale analysis of shark and ray groups in the form of
social network analysis in order to better inform shark and
ray conservation. Here, we combine dominance and social
network analysis (heterarchy) of a provisioned population of
stingrays, which indicated that smooth stingrays are not only
capable of exhibiting social behaviors, but also display a highly
complex despotic social structure. A better understanding the
structure of animal communities enables us to elucidate their
ecological function, as well as that of the groups and specific
individuals within them (Cumming, 2016). For example, the
selective removal of individuals from a network may provide
insights into the robustness of the society to selective pressures
(e.g., Mourier et al., 2017b). Removal of specific individuals
may lead to population fragmentation. Similarly, subgroups
within a community may occupy specific locations or habitats
that are exceptionally exposed to anthropogenic change, which
can have clear implications for population genetics, fisheries
management, and conservation. While our case-study is limited
in scope, understanding of the heterarchical structure of societies
will add to our capacity to understand the structure-function
relationships within ecological systems (Cumming, 2016).
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