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ABSTRACT

Elasmobranchs (i.e., sharks, skates, rays), known for their cognitive abilities and complex behaviours, often form aggregations
that are thought to be crucial for their survival and evolutionary success. However, understanding the drivers behind these ag-
gregations remains challenging due to the dynamism of the marine environment and the difficulty of observing these species
directly. Here, we aim to address these challenges by introducing a methodological framework for analysing catch data to infer
aggregation behaviour. Within this framework, we outline key metrics to explore, such as the number and density of individuals
captured, phenotypic traits, drivers of co-occurrence, individual identification, and kin structure. We then demonstrate how to
use this framework in a case study of juvenile blacktip reef sharks (Carcharhinus melanopterus) in Moorea, French Polynesia,
to determine its real-world application and identify potential limitations. Our results reveal that juvenile blacktip reef sharks
around Moorea tend to aggregate during early life stages and that these aggregations appear non-social, indicative of environ-
mental rather than social drivers. We also find that, while catch data can provide valuable insights into elasmobranch aggrega-
tions, they must be complemented with targeted research methods to maximise the available data advised within our framework.
As findings from our case study demonstrate, this framework has the capacity to broaden our knowledge of elasmobranch aggre-
gations and social behaviours, underscoring the importance of dedicated efforts in research and conservation to manage these

vulnerable species effectively.
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properly cited.
© 2025 The Author(s). Ecology and Evolution published by John Wiley & Sons Ltd.

Ecology and Evolution, 2025; 15:¢71107 1of 16
https://doi.org/10.1002/ece3.71107


https://doi.org/10.1002/ece3.71107
https://doi.org/10.1002/ece3.71107
https://orcid.org/0000-0003-1998-0187
https://orcid.org/0000-0002-0019-5106
https://orcid.org/0000-0001-9019-1717
mailto:
mailto:jodie.rummer@jcu.edu.au
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fece3.71107&domain=pdf&date_stamp=2025-03-30

1 | Introduction

Animal aggregation formation can have substantial effects on
evolutionary and ecological processes as a widespread strategy
across taxa (e.g., Krause and Ruxton 2002; Kurvers et al. 2014;
Papastamatiou et al. 2020). Generally thought to confer some
fitness advantage, aggregations can vary widely in form and
purpose, based on intrinsic individual or species traits and envi-
ronmental conditions (Hofmann et al. 2014). A prime example is
aggregations of Chondrichthyans, a group of organisms that has
existed for ~450 million years and is comprised of roughly 1200
extant, highly diverse species, varying in size, diet, reproduc-
tive strategy, physiology, and habitat. Within this class, aggre-
gations have been observed across several pelagic, coastal, and
reef species, predominantly within subclass Elasmobranchii
(sharks, skates, and rays; e.g., grey reef [Carcharhinus am-
blyrhynchos; Papastamatiou et al. 2020], scalloped hammer-
head [Sphyrna lewini; Klimley and Nelson 1984], blacktip reef
[Carcharhinus melanopterus; Mourier et al. 2012; Mourier et al.
2017a; Mourier and Planes 2021], leopard [Triakis semifasciata;
Hight and Lowe 2007; Nosal et al. 2013, 2014], and basking
[Cetorhinus maximus; Sims et al. 2000] sharks). These aggrega-
tions take many forms and are driven by both non-social and so-
cial mechanisms (i.e., environmental features and resources or
the presence of conspecifics, respectively; McInturf et al. 2023).
While feeding aggregations are common (e.g., whale sharks
[Rhincodon typus], Hoffmayer et al. 2007; manta rays [Mobula
spp.], Armstrong et al. 2016), more complex behaviors have also
been reported. For example, basking sharks will often gather
in plankton-rich habitats to feed but will also seasonally cease
feeding and circle in large “torus” formations, presumably for
courtship (Sims et al., 2022). Other species demonstrate sex-
specific behavioral strategies in which females will aggregate
in specific habitats to avoid males (e.g., small-spotted catsharks
[Scyliorhinus caniculal; Jacoby et al., 2010), or to behaviorally
thermoregulate for gestation (i.e., maternal thermophily; round
stingrays [Urobatis halleri]; Jirik & Lowe, 2012). More struc-
tured associations, such as specific social groupings in which
co-occurrence is driven by individual identity, have also been
documented (e.g., Wobbegong sharks [Orectolobus maculatus];
Armansin et al. 2016). Collectively, these demonstrate the com-
plexity and diversity of aggregation behaviors across elasmo-
branchs and underscore the need for further investigation into
their ecological and evolutionary drivers.

Indeed, the widespread nature of aggregation formation across
several elasmobranch orders suggests that they serve import-
ant evolutionary functions worthy of further examination (see
Jacoby et al. 2012 and Papastamatiou et al. 2022 for review). Yet,
to date, robust analyses of the mechanisms underlying aggrega-
tion formation in elasmobranchs have been relatively restricted
to a few species (e.g., Armansin et al. 2016; Guttridge et al. 2011;
Mourier and Planes 2021; Papastamatiou et al. 2020; Perryman
et al. 2019). This is largely due to logistical constraints, which
have historically made it challenging to observe elasmobranch
behaviour and identify the drivers of individual co-occurrence.
Despite recent technological advancements (e.g., Guttridge
et al. 2010; Haulsee et al. 2016; Jacoby and Freeman 2016;
McCauley et al. 2016), measuring individual interactions in the
field remains a formidable challenge for most species (Finucci
et al. 2018; Mourier et al. 2012), largely due to inconsistent access

to animals and the difficulties associated with deploying devices
to collect behavioural data (e.g., mobile transceivers, animal-
borne cameras; Barkley et al. 2020; Haulsee et al. 2016). Current
technology is particularly limiting for small species or individ-
uals at early life stages, when they may be unable to bear most
commercially available tags. Moreover, comprehensive monitor-
ing over relevant timescales is both time-demanding and costly.

A potential solution for obtaining more consistent information
on elasmobranch interactions involves leveraging catch data,
typically derived from two primary sources: research/moni-
toring activities or fisheries (i.e., commercial, subsistence, or
recreational). Although catch data are primarily collected for
purposes such as assessing population demographics or distri-
bution patterns, some studies have already inferred potential
aggregations or spatial segregation based on the number, tim-
ing, and demographics of sharks captured (e.g., Elisio et al. 2016;
Flammang et al. 2011; Mucientes et al. 2009). However, few
studies have specifically aimed to discern whether the species
captured are engaging in social grouping or whether they are
non-socially aggregating (but see Finucci et al. 2018). This is
likely because catch datasets vary in breadth of information
(i.e., on traits such as size, sex, genetic relatedness, species iden-
tification, etc.) and spatiotemporal scale, and datasets often lack
the comprehensive detail necessary to identify the drivers un-
derpinning aggregations, whether they be environmental condi-
tions, resources, or conspecifics.

Despite these potential obstacles, catch data could still provide
valuable insights into the social and ecological dynamics of
elasmobranch aggregations when complemented with more tar-
geted research methods. For instance, these data could be used
to identify the environmental contexts where social interactions
are likely to occur, such as in certain locations or habitats. This
approach echoes the early stages of avian population and social
ecology research, where patterns of individual capture within
the same population over multiple generations were observed
using nest boxes and mist nets. These efforts inspired progres-
sively detailed studies on social behavior and social learning
in passerine birds (Paridae; e.g., Aplin et al. 2013, 2015; Farine
et al. 2012; Lack 1964; Sheldon et al. 2022). Similarly, catch data
can facilitate the exploration of potential social context in elas-
mobranch species or individuals that are challenging to access,
tag, and/or observe consistently. For example, such data have
revealed the apparent formation of aggregations in deep-sea
Chondrichthyan species (Finucci et al. 2018). This method can
also be particularly useful for studying life stages where tra-
ditional tagging methods are impractical. Specifically, catch
records from research surveys can monitor the occurrence of
neonates or juveniles that may be too small for acoustic tags
(depending on the species) and/or occupy habitats that limit the
efficacy of monitoring (i.e., shallow waters).

Yet, due to limited exploration of methods for integrating
catch data into socioecological studies, the potential and lim-
itations of this approach remain unclear. Here we explore
the extent to which catch data can be utilised to identify ag-
gregations and differentiate between social groups and non-
social aggregations in elasmobranchs. We first present a broad
framework for assessing these data to test common behavioral
hypotheses (Table 1). We propose key metrics to explore, such
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TABLE 1 | Proposed descriptive metrics to help elucidate whether elasmobranch aggregations are occurring in catch data and whether these
aggregations are likely to be social or non-social (cf. McInturf et al. 2023). Hypotheses and predictions represent a non-exhaustive list of generalized
examples. Note that metrics and study outcomes may vary by species, life stage, spatial scale, and sampling period. Aggregation types may also not
be mutually exclusive (McInturf et al. 2023). The asterisk (*) indicates data that are already commonly taken in fisheries.

Descriptive metric Example hypotheses Example predictions
i. Number and density of individuals H1: Individuals tend to aggregate H1P1: Elasmobranchs will be
captured* rather than be solitary captured more often with other

elasmobranchs than individually
across (or within) capture sites/sets

ii. Characterisation of individual H1: Individuals form non-social aggregations H1P1: Elasmobranchs will be

phenotypic traits* consistently captured with other
elasmobranchs, but individual
traits will vary (e.g., size, sex)

H2: Individuals form non-specific social groups H2P1: Elasmobranchs will be
captured with individuals of
similar traits (e.g., small individuals
together, females together)

iii. Evidence of drivers of co-occurrence H1: Individuals form non-social aggregations H1P1: Elasmobranch co-occurrence
will correspond to a given

environmental condition across (or

within) sites/sets (e.g., temperature)

H1P2: Elasmobranchs that co-
occur will consistently demonstrate
evidence of feeding prior to capture
(e.g., via stomach content analysis —
excluding bait — or body condition)

across (or within) sites/sets

H2: Individuals form social groups H2P1: Elasmobranchs
will consistently co-occur
across (or within) sites/sets
independently of variation in
environmental conditions

iv. Identification of specific individuals H1: Individuals form non-social aggregations H1/H2P1: Elasmobranchs will be
consistently captured with other
elasmobranchs, but individuals vary

H2: Individuals form non-specific social groups

H3: Individuals form specific social groups H3P1: Elasmobranchs will
be captured with the same
individuals on multiple occasions

v. Identification of kin structure H1: Individuals form non-social aggregations H1P1: Elasmobranchs will be
consistently captured with other,
unrelated elasmobranchs

H2: Individuals form non-specific social groups H2P1: Elasmobranchs will be
captured with individuals with
whom they are genetically related

H3: Individuals form specific social groups H3P1: Elasmobranchs will be
consistently captured with the
same individuals with whom

they are genetically related

as the number and density of individuals captured, phenotypic and identify their potential drivers. These metrics can be
traits, drivers of co-occurrence, individual identification, tailored to different study systems and research questions,
and kin structure, to confirm the presence of aggregations  with the goal of enriching the available body of knowledge
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on elasmobranch socioecological behaviors. We then present
a case study analysing 10years of catch data from juvenile
blacktip reef sharks (Carcharhinus melanopterus) in Moorea,
French Polynesia, to demonstrate the use of this framework.
We conclude by discussing the assumptions and caveats of this
approach and propose additional data collection methods and
parameters to improve the use of catch data in socioecological
research.

2 | Materials and Methods

2.1 | A Framework for Using Catch Data to
Explore Shark Aggregations

Establishing a framework for measuring interactions in elas-
mobranchs, whether social or non-social, hinges on a clear
definition of what constitutes an aggregation. We employ a
recently proposed definition as “the co-occurrence of two or
more individuals in space and time due to the deliberate use
of a common driver” (McInturf et al. 2023). Building on this
definition, we propose that, by analysing up to five descrip-
tive metrics within a set of elasmobranch catch data (Table 1),
it is possible to discern whether aggregations are occurring
and then infer whether these aggregations are likely to be so-
cial or non-social in nature. In the following sections, we de-
scribe and outline specific predictions associated with each
metric. Ideally, these metrics should be considered collec-
tively for each set of data or across datasets for a given species.
Additionally, while these metrics offer valuable guidance, re-
searchers will also have to make informed decisions regard-
ing the spatial scale and temporal sampling period that best
identify potential aggregations, based on study question(s),
system, and available data (McInturf et al. 2023). A compre-
hensive analysis of these metrics at the appropriate scales can
then provide robust evidence to support (or not support) the
need for further, more quantitative investigations into the ag-
gregation behaviour of a given species.

2.1.1 | Number or Density of Individuals Captured

Calculating the number or density of individuals captured is
foundational for inferring aggregation behaviour, regardless
of whether it emerges from social or non-social mechanisms.
These data are commonly collected during any fishing or
sampling effort. Depending on data availability and the spa-
tiotemporal scale of interest, this metric needs to be examined
within multiple sets or deployments to determine the degree of
consistency in multiple versus solitary individuals captured.
Though there has been some variation in the reported mini-
mum number of individuals required to form an aggregation,
a generalisable threshold is two or more (Allee 1927; Fouché
et al. 2019; McInturf et al. 2023). Consequently, understand-
ing the number (or density; Finucci et al. 2018) of animals
captured within a sampling period is the first step to identi-
fying aggregations and potential social groups. If aggregating
is a common behaviour for the species or population, there
should be a high prevalence of multi-animal captures com-
pared to individual captures across sampling periods. Ideally,
sufficient data exist to determine whether individual animals

are statistically more likely to be captured with other indi-
viduals than alone or by chance (e.g., Bejder et al. 1998). A
non-random capture pattern will support the hypothesis of ag-
gregation and, considering individual traits, will warrant fur-
ther investigation into the drivers of these aggregations (i.e.,
social or non-social). Of note, there are cases in which num-
ber/density are reflective of other phenomena (e.g., mothers
giving birth to multiple offspring in one location) or method-
ological approaches; for instance, the goal of targeted elasmo-
branch fishing may be to capture as many animals as possible
per deployment, likely biasing our assessment of aggregation
behaviour compared to fisheries or surveys in which elasmo-
branchs are captured incidentally. Additionally, depending on
the scale of the fishing or survey effort, individuals may be
captured sufficiently far apart in space and/or time that it may
be unreasonable to assume they are aggregating. Thus, the
value of this metric in examining aggregation potential will
depend on obtaining sufficient contextual data on fishing or
survey approaches. It is also necessary to supplement these
data with those from other metrics to more robustly infer in-
terindividual dynamics.

2.1.2 | Characterisation of Individual Phenotypic Traits

Though aggregations can be shaped by many mechanisms, the
benefits incurred while aggregating can advance with the as-
sociation of other similar individuals (i.e., social assortativity)
(Mourier and Planes 2021). Thus, when multiple animals are
captured, data on individual traits can provide further insight
into the nature of potential aggregations. As above, these data
are often recorded in fisheries (e.g., length) and research sur-
veys (e.g., precaudal, total, and fork length, various girths, and
sex), and can offer context for co-occurrence. A specific size
distribution within a capture set, for example, can indicate as-
sortative grouping by age class (e.g., lemon sharks, Negaprion
brevirostris; Guttridge et al. 2011). Smaller individuals or species
may also use aggregation or assort with similarly sized conspe-
cifics as a protective mechanism against predation (e.g., Heupel
and Simpfendorfer 2005; Holland et al. 1993) or to reduce com-
petition with older, more competitive conspecifics, as has been
shown in teleosts (e.g., Peuhkuri 1997). Additionally, sex seg-
regation, commonly reported across elasmobranch species, can
be shaped by both social and non-social drivers. For example,
maternal thermophily, driven by physiological needs of females,
may produce aggregations based on surrounding water tempera-
tures (e.g., Economakis & Lobel, 1998; Hight and Lowe 2007;
Jirik & Lowe, 2012), while females of some species may aggre-
gate to avoid male harassment (Klimley 1982). Furthermore,
given that elasmobranchs have externally visible reproductive
structures, these data are likely easier to acquire than for most
fishes. Patterns of size and/or sex assortment, when analyzed,
can therefore support further investigation into whether social
mechanisms likely drive co-occurrence, or if individuals are ag-
gregating non-socially.

2.1.3 | Evidence of Drivers of Co-Occurrence

Identifying a common driver(s) is crucial to inferring the pres-
ence and nature of an elasmobranch aggregation (see McInturf
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et al. 2023). For social behaviours, individuals are attracted
by the presence of conspecifics. In contrast, non-social aggre-
gations can be driven either by an environmental condition
(e.g., optimal temperature) or resource (e.g., food). To this end,
information on multiple drivers known to affect the distribu-
tion of a target species should be collected, depending on the
source (e.g., fisheries or research). These data can be gathered
in situ with each set or deployment, or retroactively (e.g., with
satellite data), if in situ data are unavailable. For example,
ocean temperatures at the depth of deployment can support
whether individuals are aggregating in favourable thermal
habitats. Stomach contents and prey type, if collectable, can
indicate the presence of a foraging ground. Other species
captured simultaneously might also serve as potential prey
or imply a shared prey source. Ideally, these metrics are com-
pared across multiple sites to determine if they predict species
numbers and composition. If there is no relationship between
environmental variables across sites where multiple individ-
uals are consistently captured, it may suggest that other driv-
ers, such as social attraction between individuals (Ward and
Webster 2016), underpin group formation in these species.
That hypothesis can then be more critically examined by con-
sidering the additional metrics proposed here.

2.1.4 | Identification of Specific Individuals

Discerning between potential non-social aggregations and
social groups is further strengthened by information on indi-
vidual traits and identification of the individuals themselves.
Social bonds and stable associations require that animals rec-
ognize and undergo repeated interactions with the same in-
dividuals (e.g., Bejder et al. 1998; Hinde 1976; Papastamatiou
et al. 2022). The relationship between those individuals is
founded on their history of interactions, from which prefer-
ences for associating with specific animals over time develop
(Bejder et al. 1998; Hinde 1976; Papastamatiou et al. 2022).
Elasmobranch social groups have been defined as specific
or non-specific, where individual identity does and does not
matter, respectively (McInturf et al. 2023). Non-specific so-
cial groups are often characterised by dynamic and weak as-
sociations (e.g., local enhancement in high quality habitat,
schooling). In contrast, specific social groups, which require
identification of specific individuals, are often formed by
strong preferential associations creating clusters of conspecif-
ics (e.g., Mourier et al. 2012) that can serve as the foundation
for more complex social structures (e.g., dominance hierar-
chies, social communities; McInturf et al. 2023). Therefore,
while phenotypic trait patterns (e.g., size, sex) can indicate
whether individuals co-occur due to the presence of others,
individual identification is a stronger method of determining
the degree of sociality they may exhibit. This information is
unlikely to be reported in fisheries data for a few reasons. It
is most often dependent on marking and recapturing individ-
uals, which is rarely a priority. Furthermore, many fisheries
are extractive, so seeing and identifying individuals on mul-
tiple occasions would be unusual. However, many research
surveys include external, acoustic, or PIT (passive integrated
transponder) tagging as part of their sampling procedure. For
those that do not, there may be some instances in which iden-
tifying individuals is feasible without substantial additional

effort (e.g., through photo-ID), such as where individuals
have unique external features (e.g., fin scarring, distinctive
coloration, patterning; Anderson et al. 2011; Chin et al. 2015;
Lonati et al. 2024).

2.1.5 | Identification of Kin Structure

Among other forms of individual identification, genetic data
of captured individuals can offer unique insights into mecha-
nisms of co-occurrence. The formation of kin groups has been
studied extensively in many animal societies; for instance,
among mammals such as elephants (Wittemyer et al. 2009),
dolphins (Wiszniewski et al. 2010), and bats (Carter and
Wilkinson 2013; Kerth et al. 2011). Kin selection is a cor-
nerstone in the evolution of social behavior and cooperation,
where the benefits of kin structuring include inclusive fit-
ness (Hamilton 1964) and reduced aggression (Olsén and
JaUrvi 2005). However, these mechanisms are rarely stud-
ied in elasmobranchs (but see Guttridge et al. 2011; Mourier
and Planes 2021; Newby et al. 2014). Catch data may be an
optimal method of obtaining this information. Genetic sam-
ples are challenging to collect in cases where associations are
measured via underwater observation (e.g., scuba surveys,
underwater video recordings). However, these samples are
much easier to access if the animals are captured. As with the
tagging practices mentioned above, fisheries practices are un-
likely to collect genetic data, but tissues could be obtained by
researchers or observers on the vessel or later, from elasmo-
branchs retained onboard, to provide such information in the
future. In comparison, collecting genetic data is frequently in-
cluded in research survey protocols and may already be avail-
able for many datasets from these sources. Consistent capture
of related individuals over time and space would warrant fur-
ther examination to determine whether these occurrences are
the product of spatial grouping (i.e., among neonates in a nurs-
ery area) or indicate evidence of social grouping.

2.2 | Case Study: Juvenile Blacktip Reef Sharks

Here we illustrate the application of the framework proposed
above with catch data collected on juvenile blacktip reef sharks
(C. melanopterus) in Moorea, French Polynesia annually over a
10-year period (2013-2023). Found on shallow reefs and sand-
flats throughout the Indo-Pacific, adults of this species show
a high degree of site attachment and spatial overlap and are
known to aggregate, particularly when feeding (Papastamatiou
et al. 2009; Mourier et al. 2012). Previous work on the adult pop-
ulation in Moorea has found communities of individuals created
vianonrandom and temporally stable associations, driven at least
in part by active social preferences (Mourier et al. 2012; Mourier
and Planes 2021). However, as with most elasmobranchs, it is
unknown whether neonates and juveniles exhibit the same so-
cial tendencies. Pups spend their first months in specific nursery
areas, growing while sheltered from predators, with a very re-
stricted home range through the first year (Bouyoucos, Romain,
et al. 2020; Bouyoucos et al. 2022). As such, they could main-
tain connections with littermates and unrelated pups within the
same nursery due to high spatiotemporal overlap, potentially
promoting aggregation patterns.

50f 16

85U8017 SUOLILLIOD BAFeaID 3|qedljdde 8Ly Aq pausenob ale ik VO ‘8sN 4O Sa|nu Joj AReIq)T 8UI|UO AB|1/M UO (SUO I pUOD-pUe-SWLBHWI0D" 4B | 1M Afeiq 1 BU1|UO//:SANY) SUORIPUOD PUe Swie 1 8L} 88S *[5202/0/20] Uo Areiq)Tauliuo A8|IM ‘L0TTL €899/200T OT/I0p/W00" A8 1M AIq1jeuluo//Sdny Wwoly papeojumod ‘Y ‘G202 ‘852.G702



We therefore first hypothesize that aggregation formation is a
behavior that exists from early life stages in blacktip reef sharks
(Hypothesis 1; see hypotheses and predictions associated with
metric i in Table 1). In this case, we predict that multiple juve-
niles are captured together more frequently than single individ-
uals. If so, we can then further explore an additional hypothesis.
Specifically, given the social behaviors observed in adults of this
species, we hypothesize that aggregations in juveniles are also
formed by social grouping (Hypothesis 2a), and predict con-
sistent evidence of conspecific co-occurrence across time and
sampling sites. This pattern will either support the presence of
specific social groups (characterised by recaptures with the same
individuals), non-specific social groups (characterised by sex or
size assortment or by high genetic relatedness; e.g., Guttridge
et al. 2011), or specific social groups also characterized by as-
sortment (see metrics ii, iv, and v; Table 1). Alternatively, juvenile
blacktip reef shark aggregations may be non-social (Hypothesis
2b). Here, we predict that environmental factors, such as habitat
quality, significantly influence group formation, with variables
like sampling site playing a strong role (metric iii; Table 1).

Given the challenges with determining a broadly applicable
spatiotemporal scale at which to define aggregations in a spe-
cific species (McInturf et al. 2023), we test these hypotheses at
two temporal levels to illustrate how the scale of examination
influences study interpretation: across deployments and during
instances of simultaneous captures. Importantly, the data used
in this study were originally collected for population monitoring
and physiological studies. As such, they represent a valuable op-
portunity for applying and testing our proposed framework on
data acquired for purposes other than examining aggregations
and their drivers.

2.3 | Data Collection

All shark capture and research protocols were approved under
arrétés n® 9524, n° 5129, and n° 11,491 issued by the Ministere de
la Promotion des Langues, de la Culture, de la Communication
et de I'Environnement of the French Polynesian government
and by the James Cook University Animal Ethics Committee
(protocols A2089, A2394 and A2769). Data were collected over
10 consecutive parturition seasons (2013-2023) as part of long-
term, fisheries-independent surveys carried out as a collabora-
tion with the Centre de Recherches Insulaires et Observatoire
de I'Environnement (CRIOBE) and the Physioshark Research
Programme around Moorea, French Polynesia (17°30' S, 149°50'
W). During these surveys, neonatal and juvenile blacktip reef
sharks were caught using a 50x1.5m gillnet with a 5-cm
mesh size set perpendicular to shore. Gillnets were set at dusk
from ~17:00 to 20:00h at 10 sites (Apaura, Haapiti, Maharepa,
Paorea, Papetoai, Pihaena, Tiki, Vaiane, Vaiare, and Valorie;
Appendix S1) 5days per week (i.e., Monday through Friday).
These selected sites are established nursery areas nearly evenly
spread out around the 60-km coastline of Moorea, with each
site sampled twice per month (e.g., Bouyoucos et al. 2022; Chin
et al. 2015; Mourier et al. 2013; Mourier and Planes 2013). A ma-
jority of this sampling occurred between October and February,
which represents the peak parturition season (Debaere
et al. 2023; Mourier and Planes 2013), with some opportunistic
data collected in September, March, and April.

For our analysis, we used only the deployments in which at
least one shark was captured, and we removed any individu-
als whose sizes (~1 m) indicated that they may have matured to
sub-adulthood. We employed a “gambit-of-the-group” approach
(Whitehead & Dufault, 1999), considering sharks captured
during the same deployment as co-occurring in time and space.
We analysed these data at two temporal scales to demonstrate
the impact of sampling period on identifying potential instances
of co-occurrence (McInturf et al. 2023), as previous work on
social networks has suggested that sampling scale and analyt-
ical decisions influence perceived patterns of association (e.g.,
Carter et al. 2015; Mourier et al., 2017b). First, data were grouped
according to site, date, and set number (e.g., per net deployment)
to simulate the information most often available from sources
not explicitly aiming to address socioecological questions (e.g.,
fishing reports). In this research survey, however, specific cap-
ture time per individual was also reported. As such, we also ex-
amined the subset of cases in which individual juveniles were
captured simultaneously.

For each deployment or simultaneous capture event, we deter-
mined the total number of sharks caught, their physical charac-
teristics (i.e., variance in body size, the proportion and number
of each sex caught), the identification of specific individuals
(i.e., as determined through ID tags), and information that may
indicate an external driver of co-occurrence (i.e., location of
capture). Additionally, we obtained genetic data on the same
captured individuals used in this study from existing published
analyses (Eustache 2024; Eustache et al. 2023, 2024) to assess
kin-based associations.

2.4 | Analyses

To test our hypothesis that juvenile blacktip sharks aggregate,
we identified and counted all instances of recaptured individu-
als, noting the fraction of cases in which they had been recap-
tured with the same sharks. Because there was evidence of some
aggregation behavior (see “Results”), we then constructed two
generalised additive models (GAMs) using the mgcv package
in R (Wood 2011) to analyse data from the deployments where
more than one shark was captured and simultaneous capture
events (Table 2). GAMs were chosen for their flexibility, given
our limited prior knowledge about the relationships between
our response variables and predictors. Our first model treated
the number of each sex caught per deployment or simultane-
ous capture event as a binomial response variable. The second
model considered the variance in shark size (i.e., the difference
between the maximum and minimum fork length; FL) per de-
ployment or simultaneous capture event as a continuous re-
sponse variable, which was square-root transformed due to the
right-skewed distribution of values. In all models, the number
of individuals captured and year were continuous, fixed-effects
predictors; month was a categorical fixed effect; and site was a
random effect. Continuous predictors were smoothed using a
thin-plate regression, and weights were assigned based on the
number of sharks per deployment. The performance of these
models (hereafter referred to as “full models™) relative to null
(intercept-only) models was evaluated with a generalised likeli-
hood ratio test, employing the anova.gam function (Wood 2011;
R version 4.4.0).
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3 | Results

A total of 502 net deployments resulted in the capture of 1420 ju-
venile blacktip reef sharks for which sex was determined (629 fe-
male, 850 male). Though sharks were captured across all months
of the sampling period (September through April), most (~94%)
were caught between October and February. Of all deployments,
a majority (66%, n=344) involved the capture of more than one
shark. Single shark captures accounted for approximately 34% of
all instances observed (n=176). In instances of multi-shark cap-
tures per deployment, most involved just two sharks, with six
instances where 10 or more sharks were captured (maximum: 17
sharks; Figure 1a). Excluding one instance of a night fishing pilot
study (>20h, 7 sharks captured), the time interval between the
first and last shark captured in each deployment ranged from 0
(i.e., indicating simultaneous capture) to 3h 36 min, with a median
time of 25min. Within a given deployment, capture time between
individuals varied from 0 to 59min (median: 10min) (Figure 1b).
There were also 101 instances of simultaneous captures between
at least two individual juveniles (range: 2-7; median: 2).

Upon analysing instances where sharks were captured and
tagged in the same net and were subsequently recaptured to-
gether, we identified a total of 205 recapture events. Among
these, only 19 cases involved sharks being captured alongside
the same individual with which they were initially captured.
Genetic analysis found that, in cases where data were available

(prior to 2021), no individuals recaptured together were identifi-
able as siblings. However, all individuals were recaptured at the
same sites where their initial capture occurred (Appendix S2).

To determine whether sharks might be assorting by traits rather
than individual identity or kinship, we analysed the sex and size
distributions of deployments and simultaneous capture events in
which more than one shark was caught. Among deployments,
203 (40%) resulted in the capture of both sexes, while there were
188 all-male catches and 111 all-female catches (Figure 2a). A
similar pattern was evident when we examined sharks that had
been captured together instantaneously (Figure 2b). Both males
and females were captured in 46% of these instances, while there
were only 19 all-female and 36 all-male captures. Additionally, we
observed that both males and females were almost equally likely
(46% and 48%, respectively) to be captured alone as in any group.

Alikelihood ratio test comparing our null (intercept-only) model
and the full model at the deployment scale (Model 1a; Table 2)
revealed a statistically significant difference in deviance ex-
plained (deviance =1037.1; degrees of freedom =28.5; p <0.05).
The full model (R?=0.376) included the number of sharks per
deployment and year as continuous fixed effects, month as a cat-
egorical fixed effect, and site as a random effect. Data from April
were removed due to an insufficient sample size (i.e., 3 deploy-
ments total). This model indicated that the sex ratio was signifi-
cantly influenced by the total number of sharks per deployment

TABLE 2 | Model structure and results for generalised additive models employed in this study to examine potential assortment by juvenile

blacktip reef sharks. Each model was used to examine patterns at two temporal scales: by deployment and instances of simultaneous capture. “S”

3%

indicates a smoothed term, whereas “bs=‘re

denotes a random effect. Significant predictors (p <0.05) are shown in bold. All models except for

model 2b (italicised) differed significantly from the null model in a likelihood ratio test (see text).

Scale of examination

Model structure R?

Deployment

la. Sex ratio ~s(Total shark number) + s(Site, bs = “re”) + s(Year) + Month 0.376

2a. sqrt(Size variance) ~ s(Total shark number) + s(Site, bs =“re”) + s(Year)+ Month  0.255

Simultaneous capture events 1b. Sex ratio ~s (Total shark number) + s(Site, bs = “re”) + s(Year) + Month 0.137
2b. sqrt(Size variance) ~ s(Total shark number) + s(Site, bs = “re”) + s(Year) + Month 0.063
920
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FIGURE1 | Juvenile blacktip reef shark catch data. (a) Number of sharks captured per deployment in Moorea between 2013 and 2023. (b) Time
differences between individual shark captures. Data were only included for deployments in which more than one shark was captured.
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and colours indicate multi-sex (orange) or same sex (green) co-occurring individuals.

(edf=3.45; Chi-square = 59.2; p < 0.05). Specifically, the sex ratio
skewed toward females at lower numbers, shifted toward an
equal proportion as the number of sharks captured per net in-
creased, and then again became female-dominated at the highest
number (Figure 3a). We also ran this model without an outlying
datapoint, where the largest mixed-sex catch was dispropor-
tionately female, to determine whether our results were robust.
Doing so resulted in the opposite pattern, such that the sex ratio
became male-skewed with an increase in the number of sharks
captured (Appendix S3). Year (edf=8.81; Chi-square =276.42;
p<0.05) and specific months (September [z=6.01; p<0.05],
October [z=6.70; p<0.05], November [z=3.67; p<0.05]) were
also significant predictors, such that the sex ratio varied annu-
ally (with peaks in male-dominated captures in 2014 and 2017,
and female captures in 2015 and 2019; Figure 3b) and a greater
proportion of males were represented in the early part of the
season (September, October, November; Figure 3c). Finally, site
was also a statistically significant random effect in this model
(edf=8.08; Chi-square =138.0; p <0.05).

In cases where individuals were captured simultaneously
(Models 1b, 2b; Table 2), there were fewer observations in
February, March, April, and September compared to our exam-
ination at the deployment scale (<5 instances of simultaneous
capture each month). As such, these months were excluded
from this component of our analysis. When examining sex ratio
patterns within these data (Model 1b), we found a significant
difference in deviance explained between our full and null mod-
els (deviance =71.88; degrees of freedom=10.86; p<0.05). As
above, specific months (October [z=2.59; p=0.009], December
[z=-3.51; p=0.004]) were significant predictors in this full
model (Table 2). Specifically, the sex ratio skewed toward
males in October and then shifted toward females in December
(Figure 3d). However, site, year, and total number of sharks were
not significant, and explanatory power decreased (R?=0.137)
for this model compared to the deployment model.

We also examined the effect of these same predictors on size
variation at the deployment and simultaneous capture scales
(Model 2a, b; Table 2). Individual sizes in our dataset varied
widely, from 392 to 792mm fork length. We observed no clear
difference in size range between sexes; female lengths spanned
from 392 to 792mm, while male lengths ranged from 398 to
750mm. Within a given deployment, the size differences be-
tween captured sharks ranged from 0 to 306 mm (Figure 4a).
Among simultaneously captured individuals, there was less
variation, with size differences from 0 to 180 mm (Figure 4b).

A likelihood ratio test comparing our full model and null
(intercept-only) model revealed a statistically significant dif-
ference in deviance explained (p<0.05) for only the deploy-
ment scale (deviance=2798.3; degrees of freedom=24.419;
p<0.05), but not for simultaneous capture instances. Among
deployments, the full model (R?=0.255) predicted that the num-
ber of sharks had a significant impact on the variance in size
(edf=5.30; F=18.41; p<0.05). This variance initially increased
but then stabilized as the number of sharks per deployment in-
creased (Figure 5a). Of the other predictors, year was not signif-
icant, but the random effect of site (edf=4.51; F=1.17; p=0.17)
and fixed effect of month (Figure 5b) influenced size varia-
tion, with higher variance in specific months (i.e., November
[t=-2.28, p=0.02], December [t=-2.76, p=0.01]).

4 | Discussion

Our framework is designed to leverage existing elasmobranch
catch data through the lens of socioecology. Quantifying be-
havioural interactions, interindividual social dynamics, and
the drivers of group formation in such highly mobile marine
organisms remains a significant logistical challenge. In re-
sponse to this challenge, our proposed framework employs
existing catch data to elucidate patterns of aggregation by
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examining metrics related to individual capture, phenotypic
traits, and potential social dynamics. Each metric within our
framework targets a specific aspect necessary to identify an

elasmobranch aggregation and infer the extent to which they
result from social and/or environmental factors (McInturf
et al. 2023). Utilising our case study as an example, we
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critically examined the capabilities and limitations of this
framework. In doing so, we showed that blacktip reef sharks
during early life stages do tend to aggregate (Table 3), as has
been documented in adults (Mourier et al. 2012; Mourier and
Planes 2021). However, unlike in adults, the drivers of these
aggregations in early life are likely to be primarily environ-
mental rather than social (Table 3). From this exercise, we will
highlight how future data collection can be optimized to en-
hance the behavioural insights derived from various capture
methods.

4.1 | Case Study: Juvenile Blacktip Reef Sharks

The catch data on juvenile blacktip reef sharks that we col-
lected over a decade in Moorea, French Polynesia, originated
primarily from a long-term scientific monitoring program.
Though not specifically designed for behavioural analyses,
these data provided comprehensive information on shark
traits, deployment location and duration, and specific times
of individual shark capture. As such, they enabled us to thor-
oughly examine each aspect of our framework for investigat-
ing patterns and drivers of aggregations, while assessing how

robust such patterns may be to analytical decisions such as
the temporal scale of analysis. Given the well-documented so-
cial behaviour of adult blacktip reef sharks within this system
(Mourier et al. 2012; Mourier and Planes 2021), the insights
gained from studying juveniles offer a valuable comparative
perspective, offering potential to elucidate the ontogenetic de-
velopment of social behaviours.

Blacktip reef sharks are a prevalent species in Indo-Pacific coral
reefs (Compagno et al. 2005; Mourier et al. 2012), with adults
often observed in small aggregations (Mourier et al. 2012;
Papastamatiou et al. 2009). Our data, where most deployments
contained multiple sharks, support the notion that aggrega-
tions are also common among juvenile blacktip reef sharks in
this region (Hypothesis 1; Table 2). This was unsurprising, as
sampling took place in known nursery areas where individu-
als at early life stages occupy a small home range (Bouyoucos,
Romain, et al. 2020; Bouyoucos et al. 2022) until they are large
enough to disperse. As such, this finding contributes to a grow-
ing body of existing evidence suggesting that nurseries func-
tion as aggregation sites for juvenile blacktip reef sharks (e.g.,
Weideli et al. 2019; Bouyoucos, Romain, et al. 2020; Bouyoucos
and Rummer 2020; Bouyoucos, Watson, et al. 2020; Bouyoucos
et al. 2022).

A key next step in our analysis was to determine whether
there were underlying structures among conspecifics within
these aggregation areas (Hypothesis 2). To do so, we analysed
site location, individual identities, and phenotypic traits of
the captured individuals. Previous research on adult black-
tip reef sharks suggests that aggregations may be formed by
stable communities, influenced in part by the active choice of
individuals to associate with one another (Mourier et al. 2012;
Mourier and Planes 2021). Consequently, we initially investi-
gated the presence of specific social grouping, which would
indicate that individuals can recognise and preferentially as-
sociate with certain conspecifics. However, our findings pro-
vided limited support for this type of aggregation. Tagging
data revealed 205 recaptures during the 10-year study period,
but among these, only 19 instances involved individuals being
recaptured together. This pattern could be due in part to high
early life-stage mortality, such that individuals do not survive
long enough to be recaptured. Nonetheless, it contrasts with
observations in adult populations, where individuals were
often sighted repeatedly, sometimes more than four times,
across various study sites (Mourier et al. 2012). Based on these
observations, a compelling hypothesis arising from our study
is that the ability for individual recognition and the formation
of stable social groups may develop ontogenetically in blacktip
reef sharks.

We also investigated the potential for non-specific social
grouping in juvenile blacktip reef sharks, focusing on trait-
based assortment. Class segregation, commonly reported
among many elasmobranch species, may be particularly sig-
nificant for juvenile sharks, as it is thought to offer antipreda-
tor advantages (e.g., Guttridge et al. 2011; Krause 1994). For
this study, we selected sex and length as the primary phe-
notypical traits of interest, as previous research has demon-
strated that these influence assortment in adult blacktip
reef shark communities (Mourier et al. 2012). However, our
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TABLE 3 | Application of the proposed framework to address hypotheses outlined in our case study. These metrics are used to determine whether
aggregations may be occurring in juvenile blacktip reef sharks in Moorea, and if so, what type.

Supports Support
Supports non-social social
aggregation aggregation grouping
Descriptive metric Finding from this study (H1) (H2a) (H2b)
Number and density of Most deployments (66%) Yes — —
individuals captured captured multiple sharks.
Drivers of co-occurrence (site All recaptured individuals that had — Yes No
location) been captured together were found
at their original capture locations,
and site was a significant predictor
in deployment-scale models.
Individual phenotypic traits There was a broad range of sizes — Yes No
(size/sex) among sharks captured per
deployment, and 60% of deployments
were single-sex catches.
Identification of individuals Less than 10% of captured individuals — Yes No
were recaptured together.
Identification of kin structure There were no apparent genetic linkages — Yes No

between recaptured individuals that
had initially been captured together.

results suggest that trait-based assortment may not be the pri-
mary driver of aggregations in juvenile blacktip reef sharks
(Table 2). Approximately 60% of our deployments comprised
single-sex catches, which aligns with existing evidence sug-
gesting that mixed-sex communities of adults are common
in this system (Mourier et al. 2012). However, our full model
on the deployment scale did suggest a significant relation-
ship between the number of sharks per deployment and sex
ratio. Predictions from this model showed a slight skew from
female-dominated captures toward equal sex proportions as
the number of sharks per deployment increased (Figure 3a).
Yet we found that this relationship was likely driven by an
outlying data point (Figure 2a; Appendix S3), suggesting that
more data are needed to robustly assess sex ratio patterns
when large numbers of individuals are captured. Conversely,
our model built using data from simultaneous shark captures
showed no statistically significant relationship between sex
ratio and the number of individuals caught together, indicating
that this correlation is not robust to the scale of examination.
Additionally, we observed that males and females were nearly
equally likely to be captured either alone or together, although
there were some notable sex differences in the number of ani-
mals captured in single-sex catches. The largest deployments
comprised of a single sex (up to 14 individuals) were all male,
while all-female deployments never exceeded five sharks. For
comparison, the largest mixed-sex deployments reached up to
17 individuals. Similar trends were observed in instances of
simultaneous capture (with a maximum of 7 sharks per all-
male catch and 3 per all-female). Thus, although mixed-sex
captures were prevalent in our data, there may also be some
indication that juveniles exhibit similar sex variation in asso-
ciations as reported in adult populations, where males have
been observed to be more gregarious than females (Mourier
and Planes 2021). Yet in general, given that the significance

of these results varies by scale and the data indicate no over-
whelming support for sex assortment, our framework under-
scores the need for continuing to assess sex variation in social
behaviour ontogenically to better understand the evolution of
social dynamics in elasmobranch species.

Our analysis of size variance within deployments and simulta-
neous captures also yielded complex results. We noted a broad
range in sizes among individuals, regardless of the number of
sharks captured per deployment. Yet our deployment-scale
model revealed that size variance tended to plateau as the
number of sharks captured increased. This observation sug-
gests potential limits on the sizes of individuals that co-occur,
although the underlying mechanisms remain unclear. Several
factors could contribute to this pattern: it might reflect individ-
ual choices within the aggregations or be a consequence of the
limitations imposed by the mesh size of the nets used for cap-
ture. It is also likely that we captured a transition period in on-
togenetic space use, as larger individuals start to disperse from
the nursery location. However, when we examined patterns of
co-occurrence based on simultaneous capture events, our model
was not significantly different from the intercept-only model.
This indicates that deliberate size assortment among individuals
is likely not the mechanism driving the results observed in the
deployment model. Rather, as all captured animals were within
the same general age class, size variation at a finer scale (i.e.,
within a given class) may not lead to assortment. Alternatively,
previous studies on this population (i.e., Weideli et al. 2019) have
suggested that annual growth rates of juvenile blacktip reef
sharks are highly variable, perhaps due to limited prey avail-
ability, and such heterogeneity in growth among individuals
could reduce the likelihood of assortment in this age class. By
adulthood, size and growth are more stable and homogenous,
which is also when size assortment has been documented in this
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species (Mourier et al. 2012). While our study does not pinpoint
the exact mechanisms driving size variation, it highlights an im-
portant area for future research.

Littermates among blacktip reef sharks have been shown to
share the same nursery sites (Eustache et al. 2023), providing
optimal conditions for kin-based associations to arise. Yet we
found no evidence of genetic linkages among any recaptured
individuals for which we had data, confirming that these
communal nurseries are shared by multiple litters. This was
also notable, given that previous studies of this population
have determined that individuals initially captured together
are occasionally related, potentially suggesting companion-
ship behavior during early weeks of life (Debaere et al. 2023;
Eustache et al. 2023). However, our results align more with so-
cial network analyses on adults in this area, which have found
that kinship does not underlie patterns of co-occurrence
(Mourier and Planes 2021). Kin associations are prevalent in
many social organisms, such as mammals in both terrestrial
(elephants, Archie et al. 2005; meerkats, Clutton-Brock et al.,
2001) and marine (killer whales, Ford 2019; bottlenose dol-
phins, Wiszniewski et al. 2009) environments. Kin associa-
tions appear less common in sharks, likely due to the absence
of parental care, often a key factor in promoting extended in-
teraction among offspring after birth (Pratt and Carrier 2001).
Sharks typically leave their progeny in specific nurseries sep-
arate from adult habitats (Mourier and Planes 2013, 2021).
The lack of genetic relatedness structure among adults could
be due to the high likelihood that juveniles do not leave their
nursery ground with other kin and because the small litter
size in this species, combined with high early-stage mortality,
does not promote the conditions for kin to survive to adulthood
(Mourier and Planes 2021). Our results further suggest that
there is ephemeral kin assortment even within the nursery
ground and also suggest that this could be partly due to small
litter size. Blacktip reef sharks typically have few young, with
a maximum of five pups (Mourier et al. 2013) and only 3-5 in
Moorea (Eustache et al. 2023). Thus, the likelihood of encoun-
tering kin in nursery habitats may be reduced after an initial
companionship period due to natural mortality and as indi-
viduals grow and disperse within the broader area (Guttridge
et al. 2011). This contrasts with the more complex kin-based
social structures observed in some terrestrial and marine
mammal species, where larger group sizes and prolonged pa-
rental care facilitate kin interactions (Clutton-Brock 2016).

Ultimately, the lack of apparent structure by individual, relat-
edness, size, or sex in juvenile blacktip reef shark captures indi-
cates little support for social affiliation within aggregation sites
in Moorea (Hypothesis 2a). Rather, our analysis supports an al-
ternate hypothesis that aggregations at this life stage are evident
but non-social (Hypothesis 2b). All recaptured individuals were
found at their original capture locations, and our statistical mod-
els identified the capture site as a significant predictor of both
sex ratio and size variation among the sharks at the deployment
scale (Table 2). This is supported by previous work showing
that juveniles are generally confined to their nursery areas, and
their small home range and low mobility (Bouyoucos, Romain,
et al. 2020; Bouyoucos et al. 2022, 2024) can lead to proximity
among conspecifics. Temporal variables such as month were
also statistically significant in nearly all models, and year was

a significant predictor of sex ratio for the deployment models.
Although recent studies in Moorea suggest that juvenile and
neonate blacktip reef sharks are resilient to variation in certain
abiotic conditions (i.e., temperature, oxygen, pH, salinity, lunar
phase, depth; Bouyoucos et al. 2024; Eustache et al. 2024), our
findings strongly suggest that external seasonal and annual
factors, perhaps related to reproductive philopatry, resource
availability, dispersal ability, natural mortality, and/or habitat
quality (e.g., Bouyoucos et al. 2022, 2024), are influential in driv-
ing patterns of co-occurrence. To some degree, this aligns with
existing work on adult blacktip reef sharks, which indicates that
stable associations within shark communities are spatially con-
strained, influenced by non-social mechanisms (e.g., resource
availability) as well as social drivers (Mourier et al. 2012). Thus,
our collective insights imply that nursery habitats play a crucial
role in shaping early population dynamics and spatial behavior
by enabling the formation of non-social aggregations, which
later manifest as spatially constrained, non-random relation-
ships in adults.

4.2 | Caveats and Future Directions

Here, we have demonstrated the utility of catch data in identi-
fying aggregations and assessing whether they are likely to be
driven by social or non-social mechanisms. While our case study
illustrates the application and value of our proposed framework,
there are several caveats that may influence its broad applica-
bility to various species or environments. Such caveats should
be considered when interpreting catch data to identify systems
where further socioecological work may be warranted. For ex-
ample, our case study was based on uniquely rich data from ex-
tensive and repeated research surveys in the same system. As
such, they provided an ideal suite of metrics for our framework,
including genetic information, fine-scale capture timing, and
individual identification. The longitudinal nature of these data,
covering the same sites over multiple years, enabled us to track
recaptures and evaluate spatial patterns over time. Furthermore,
they also allowed us to determine that our analytical outcomes,
as guided by the proposed framework, were not always robust
to the temporal scale of examination. Yet catch data from other
sources may lack relevant information for addressing questions
pertaining to elasmobranch aggregations. Future efforts should
therefore encourage those involved in catch data collection to
slightly modify their protocols to improve the socioecologi-
cal value of these data. For example, while most fisheries are
unlikely to maintain tagging or tissue sampling programs, the
presence of observers on vessels could enhance data collection
on individuals captured. Additional adjustments could range in
effort and priority depending on feasibility and fishing goals, in-
cluding recording size/sex, collecting genetic samples, obtaining
photographs, visually tagging specific species (e.g., with Floy
tags), and reporting variables such as mesh size or line type,
the duration of deployment for lines or nets, spatial distances
covered by the fishing effort, and the time of individual shark
capture in certain circumstances.

Additionally, this framework is inherently influenced by biases
introduced by fishing activity, including gear type and effort.
Our case study data were derived from gillnets that were con-
sistently observable and were not accompanied by an attractant.
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However, as the goal of fishing is often to maximise the num-
ber of individuals captured, many fishing techniques (e.g.,
longlines) use luring devices or strategies (e.g., bait, light) that
may artificially generate capture patterns indicative of an aggre-
gation. Similarly, techniques that are less discerning in target
catch (e.g., trawls) may capture individuals over larger spatial
and temporal scales than are feasible to assume they would be
aggregating. Moreover, fisheries or surveys may more easily
cover specific habitats (e.g., reef, coastal) than others (e.g., deep-
sea, pelagic), and as such, our framework may be more readily
applied to species within more accessible systems at present,
particularly when considering the likelihood of mark-recapture
and obtaining genetic samples. We also assumed in this study
that individuals survived capture, such that examining patterns
of recapture would be feasible, but different species exhibit vary-
ing physiological responses to stress that are also likely depen-
dent on fishing technique and gear type (Bouyoucos et al. 2018).

Nonetheless, as we have demonstrated, this framework can be in-
credibly valuable as a tool for obtaining behavioural knowledge on
organisms that are often challenging to study. As such, and given
these caveats, we have provided guidelines in our framework for
obtaining sufficient supporting evidence, beyond the number or
density of individuals captured, that can be used to justify further
exploration into socioecological behaviours of different species.
However, we also advocate for examining data from multiple gear
types when available, and for determining the feasibility of infer-
ring information from different sources based on a priori knowl-
edge of the study system. Regardless of how much information is
available, thorough reporting of assumptions and context is es-
sential for future work employing this approach.

4.3 | Concluding Remarks

The proposed framework to leverage catch data can broaden our
knowledge of elasmobranch aggregations and social behaviors.
Beyond the clear applications in socioecological research, the in-
sights gained from the catch data analysed through this frame-
work can also inform conservation strategies. Elasmobranchs, as
one of the most vulnerable classes of vertebrates, face significant
population declines due to their K-selected life history strategies
(Conrath and Musick 2012; Ward-Paige et al. 2012). Their role
as apex or meso-predators underscores the ecological impact
of their loss (Dedman et al. 2024; Hammerschlag et al. 2019;
Wheeler et al. 2020). With populations already declining world-
wide (e.g., Dulvy et al. 2021; Pacoureau et al. 2021; Ward-Paige
et al. 2012), common threats including overfishing, inciden-
tal capture, habitat destruction, and climate change (Jennings
et al. 2008; Mandelman et al. 2013; Ward-Paige et al. 2012;
Wheeler et al. 2020) are often exacerbated by aggregation be-
haviors (McInturf et al. 2023). Furthermore, spatial manage-
ment often protects elasmobranch species, particularly those
aggregating in “hotspots” (Hazen et al. 2013; Myers et al. 2000).
However, the impact of intraspecific associations on spatial pop-
ulation structuring remains underexplored (Mourier et al. 2012).
Thus, catch data not only shed light on species distribution pat-
terns but also offer insights into how conspecific associations af-
fect habitat use and population dynamics, addressing an urgent
need in elasmobranch management (McInturf et al. 2023).

Author Contributions

A. G. McInturf: conceptualization (lead), formal analysis (lead),
methodology (lead), project administration (lead), visualization (lead),
writing — original draft (lead), writing — review and editing (lead). M.
Cantor: conceptualization (supporting), formal analysis (supporting),
investigation (supporting), methodology (supporting), writing - re-
view and editing (supporting). I. A. Bouyoucos: conceptualization
(supporting), data curation (equal), investigation (supporting), meth-
odology (supporting), writing — review and editing (supporting). T.
K. Chapple: investigation (supporting), methodology (supporting),
resources (supporting), supervision (supporting), writing — review and
editing (supporting). S. F. Debaere: conceptualization (supporting),
data curation (equal), investigation (supporting), methodology (sup-
porting), writing - review and editing (supporting). K. Eustache: data
curation (equal), formal analysis (supporting), methodology (support-
ing), writing - review and editing (supporting). J. Mourier: formal
analysis (supporting), investigation (supporting), methodology (sup-
porting), writing — review and editing (supporting). S. Planes: data cu-
ration (equal), formal analysis (supporting), investigation (supporting),
methodology (supporting), writing - review and editing (supporting). J.
A. Sulikowski: resources (supporting), supervision (supporting), writ-
ing - review and editing (supporting). N. A. Fangue: conceptualization
(supporting), methodology (supporting), supervision (supporting), writ-
ing - review and editing (supporting). K. W. Zillig: conceptualization
(supporting), investigation (supporting), methodology (supporting),
writing - review and editing (supporting). J. L. Rummer: conceptual-
ization (equal), data curation (supporting), investigation (supporting),
methodology (supporting), project administration (supporting), super-
vision (supporting), writing — original draft (supporting), writing — re-
view and editing (supporting).

Acknowledgements

The authors wish to acknowledge that this work was conducted on the
land of the Maohi people on Moorea, French Polynesia. We acknowl-
edge CRIOBE for their generous support in providing access to their
material and facilities over the course of this research. We also thank
the Physioshark students and staff, including Lorine Azouli, Courtney
Burns, Isabel Ender, Eva Jacquesson, Elena Milanesi, Nao Nakamura,
Elodie Raimondi, Martin Romain, Tuiterai Salmon, Shari Schlueter,
Alexandra Schoen, Gail Schwieterman, José Trujillo, Ornella Weideli,
and Manuele Zanaboni. AGM specifically thanks Damien Caillaud for
his feedback and encouragement during this project. Open access pub-
lishing facilitated by James Cook University, as part of the Wiley - James
Cook University agreement via the Council of Australian University
Librarians.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data presented in this manuscript are available in a figshare repository:
https://doi.org/10.6084/m9.figshare.28603916.v1.

References

Allee, W. C.1927. “Animal Aggregations.” Quarterly Review of Biology 2,
no. 3: 367-398. https://doi.org/10.1086/394281.

Anderson, S. D., T. K. Chapple, S. J. Jorgensen, A. P. Klimley, and B.
A. Block. 2011. “Long-Term Individual Identification and Site Fidelity
of White Sharks, Carcharodon carcharias, off California Using Dorsal
Fins.” Marine Biology 158, no. 6: 1233-1237. https://doi.org/10.1007/
$00227-011-1643-5.

13 0of 16

85U8017 SUOLILLIOD BAFeaID 3|qedljdde 8Ly Aq pausenob ale ik VO ‘8sN 4O Sa|nu Joj AReIq)T 8UI|UO AB|1/M UO (SUO I pUOD-pUe-SWLBHWI0D" 4B | 1M Afeiq 1 BU1|UO//:SANY) SUORIPUOD PUe Swie 1 8L} 88S *[5202/0/20] Uo Areiq)Tauliuo A8|IM ‘L0TTL €899/200T OT/I0p/W00" A8 1M AIq1jeuluo//Sdny Wwoly papeojumod ‘Y ‘G202 ‘852.G702


https://doi.org/10.6084/m9.figshare.28603916.v1
https://doi.org/10.1086/394281
https://doi.org/10.1007/s00227-011-1643-5
https://doi.org/10.1007/s00227-011-1643-5

Aplin, L. M., D. R. Farine, J. Morand-Ferron, A. Cockburn, A. Thornton,
and B. C. Sheldon. 2015. “Experimentally Induced Innovations Lead to
Persistent Culture via Conformity in Wild Birds.” Nature 518, no. 7540:
538-541. https://doi.org/10.1038/nature13998.

Aplin, L. M., D. R. Farine, J. Morand-Ferron, E. F. Cole, A. Cockburn,
and B. C. Sheldon. 2013. “Individual Personalities Predict Social
Behaviour in Wild Networks of Great Tits (Parus major).” Ecology
Letters 16, no. 11: 1365-1372. https://doi.org/10.1111/ele.12181.

Archie, E. A., C. J. Moss, and S. C. Alberts. 2005. “The Ties That Bind:
Genetic Relatedness Predicts the Fission and Fusion of Social Groups in
Wild African Elephants.” Proceedings of the Royal Society B: Biological
Sciences 273, no. 1586: 513-522. https://doi.org/10.1098/rspb.2005.3361.

Armansin, N. C., K. A. Lee, C. Huveneers, and R. G. Harcourt. 2016.
“Integrating Social Network Analysis and Fine-Scale Positioning to
Characterize the Associations of a Benthic Shark.” Animal Behaviour
115: 245-258. https://doi.org/10.1016/j.anbehav.2016.02.014.

Armstrong, A. O., A. J. Armstrong, F. R. A. Jaine, et al. 2016. “Prey
Density Threshold and Tidal Influence on Reef Manta Ray Foraging
at an Aggregation Site on the Great Barrier Reef.” PLoS One 11, no. 5:
€0153393. https://doi.org/10.1371/journal.pone.0153393.

Barkley, A. N., F. Broell, H. Pettitt-Wade, Y. Y. Watanabe, M. Marcoux,
and N. E. Hussey. 2020. “A Framework to Estimate the Likelihood of
Species Interactions and Behavioural Responses Using Animal-Borne
Acoustic Telemetry Transceivers and Accelerometers.” Journal of
Animal Ecology 89, no. 1: 146-160. https://doi.org/10.1111/1365-2656.
13156.

Bejder, L., D. Fletcher, and S. Brédger. 1998. “A Method for Testing
Association Patterns of Social Animals.” Animal Behaviour 56, no. 3:
719-725. https://doi.org/10.1006/anbe.1998.0802.

Bouyoucos, I. A., M. Romain, L. Azoulai, et al. 2020. “Home Range
of Newborn Blacktip Reef Sharks (Carcharhinus melanopterus), as
Estimated Using Mark-Recapture and Acoustic Telemetry.” Coral Reefs
39, no. 5: 1209-1214. https://doi.org/10.1007/s00338-020-01965-z.

Bouyoucos, I. A., and J. L. Rummer. 2020. “Improving “Shark Park”
Protections Under Threat From Climate Change Using the Conservation
Physiology Tool Box.” In Conservation Physiology: Integrating Physiology
Into Animal Conservation and Management, edited by S. J. Cooke, C. L.
Madliger, O. P. Love, and C. E. Franklin, 185-204. Oxford University
Press. https://doi.org/10.1093/0s0/9780198843610.003.0011.

Bouyoucos, I. A., C. Simpfendorfer, S. Planes, G. Schwieterman, O.
Weideli, and J. Rummer. 2022. “Thermally Insensitive Physiological
Performance Allows Neonatal Sharks to Use Coastal Habitats as
Nursery Areas.” Marine Ecology Progress Series 682: 137-152. https://
doi.org/10.3354/meps13941.

Bouyoucos, I. A., C. A. Simpfendorfer, G. D. Schwieterman, et al. 2024.
“No Effects of Abiotic and Anthropogenic Factors on Reef-Associated
Neonate Shark Abundance Within a Shark Nursery-Area System.”
Marine and Freshwater Research 75, no. 14: 1-12. https://doi.org/10.
1071/MF24080.

Bouyoucos, I. A., S.--A. Watson, S. Planes, et al. 2020. “The Power
Struggle: Assessing Interacting Global Change Stressors via
Experimental Studies on Sharks.” Scientific Reports 10, no. 1: 1-12.
https://doi.org/10.1038/s41598-020-76966-7.

Bouyoucos, I. A., O. C. Weideli, S. Planes, C. A. Simpfendorfer, and J.
L. Rummer. 2018. “Dead Tired: Evaluating the Physiological Status
and Survival of Neonatal Reef Sharks Under Stress.” Comnservation
Physiology 6, no. 1: coy053. https://doi.org/10.1093/conphys/coy053.

Carter, A. J., A. E. G. Lee, and H. H. Marshall. 2015. “Research
Questions Should Drive Edge Definitions in Social Network Studies.”
Animal Behaviour 104: e7-ell. https://doi.org/10.1016/j.anbehav.2015.
03.020.

Carter, G. G., and G. S. Wilkinson. 2013. “Cooperation and Conflict in
the Social Lives of Bats.” In Bat Evolution, Ecology, and Conservation,

edited by R. A. Adams and S. C. Pedersen, 225-242. Springer. https://
doi.org/10.1007/978-1-4614-7397-8_12.

Chin, A., J. Mourier, and J. L. Rummer. 2015. “Blacktip Reef Sharks
(Carcharhinus Melanopterus) Show High Capacity for Wound Healing
and Recovery Following Injury.” Conservation Physiology 3, no. 1:
cov062. https://doi.org/10.1093/conphys/cov062.

Clutton-Brock, T. H., P. N. M. Brotherton, M. J. O’Riain, et al. 2001.
“Contributions to Cooperative Rearing in Meerkats.” Animal Behaviour
61, no. 4: 705-710. https://doi.org/10.1006/anbe.2000.1631.

Clutton-Brock, T. H. 2016. Mammal Societies. Wiley-Blackwell. https://
www.wiley.com/en-ie/Mammal+Societies-p-9781119095323.

Compagno, L., M. Dando, and S. Fowler. 2005. Sharks of the World.
Princeton University Press.

Conrath, C. L., and J. A. Musick. 2012. “Reproductive Biology of
Elasmobranchs.” In Biology of Sharks and Their Relatives, 2nd ed. CRC
Press.

Debaere, S. F., O. C. Weideli, I. A. Bouyoucos, et al. 2023. “Quantifying
Changes in Umbilicus Size to Estimate the Relative Age of Neonatal
Blacktip Reef Sharks (Carcharhinus melanopterus).” Conservation
Physiology 11, no. 1: coad028. https://doi.org/10.1093/conphys/
coad028.

Dedman, S., J. H. Moxley, Y. P. Papastamatiou, et al. 2024. “Ecological
Roles and Importance of Sharks in the Anthropocene Ocean.” Science
385, no. 6708: adl2362. https://doi.org/10.1126/science.ad12362.

Dulvy, N. K., N. Pacoureau, C. L. Rigby, et al. 2021. “Overfishing Drives
Over One-Third of all Sharks and Rays Toward a Global Extinction
Crisis.” Current Biology 31, no. 21: 4773-4787. https://doi.org/10.1016/].
cub.2021.08.062.

Economakis, A. E., and P. S. Lobel. 1998. “Aggregation Behavior of
the Grey Reef Shark, Carcharhinus amblyrhynchos, at Johnston Atoll,
Central Pacific Ocean.” Environmental Biology of Fishes 51: 129-139.

Elisio, M., J. H. Colonello, F. Cortés, A. J. Jaureguizar, G. M. Somoza,
and G. J. Macchi. 2016. “Aggregations and Reproductive Events of
the Narrownose Smooth-Hound Shark (Mustelus schmitti) in Relation
to Temperature and Depth in Coastal Waters of the South-Western
Atlantic Ocean (38°-42°S).” Marine and Freshwater Research 68, no. 4:
732-742. https://doi.org/10.1071/MF15253.

Eustache, K. 2024. “Unraveling the Genetic and Environmental Factors
that Influence Blacktip Reef Shark (Carcharhinus melanopterus)
Reproduction Succes.” [PhD thesis|. Kim Eustache.

Eustache, K. B., E. Boissin, C. Tardy, I. A. Bouyoucos, J. L. Rummer, and
S. Planes. 2023. “Genetic Evidence for Plastic Reproductive Philopatry
and Matrotrophy in Blacktip Reef Sharks (Carcharhinus melanopterus)
of the Moorea Island (French Polynesia).” Scientific Reports 13, no. 1:
14913. https://doi.org/10.1038/s41598-023-40140-6.

Eustache, K. B., E. van Loon, J. L. Rummer, S. Planes, and I.
Smallegange. 2024. “Spatial and Temporal Analysis of Juvenile Blacktip
Reef Shark (Carcharhinus melanopterus) Demographies Identifies
Critical Habitats.” Journal of Fish Biology 104, no. 1: 92-103. https://doi.
org/10.1111/jfb.15569.

Farine, D. R., C. J. Garroway, and B. C. Sheldon. 2012. “Social Network
Analysis of Mixed-Species Flocks: Exploring the Structure and
Evolution of Interspecific Social Behaviour.” Animal Behaviour 84, no.
5:1271-1277. https://doi.org/10.1016/j.anbehav.2012.08.008.

Finucci, B., M. R. Dunn, and E. G. Jones. 2018. “Aggregations and
Associations in Deep-Sea Chondrichthyans.” ICES Journal of Marine
Science 75, no. 5: 1613-1626. https://doi.org/10.1093/icesjms/fsy034.

Flammang, B. E., D. A. Ebert, and G. M. Cailliet. 2011. “Intraspecific
and Interspecific Spatial Distribution of Three Eastern North
Pacific Catshark Species and Their Egg Cases (Chondrichthyes:
Scyliorhinidae).” Breviora 525, no. 1: 1-18. https://doi.org/10.3099/
0006-9698-525.1.1.

14 of 16

Ecology and Evolution, 2025

85U8017 SUOLILLIOD BAFeaID 3|qedljdde 8Ly Aq pausenob ale ik VO ‘8sN 4O Sa|nu Joj AReIq)T 8UI|UO AB|1/M UO (SUO I pUOD-pUe-SWLBHWI0D" 4B | 1M Afeiq 1 BU1|UO//:SANY) SUORIPUOD PUe Swie 1 8L} 88S *[5202/0/20] Uo Areiq)Tauliuo A8|IM ‘L0TTL €899/200T OT/I0p/W00" A8 1M AIq1jeuluo//Sdny Wwoly papeojumod ‘Y ‘G202 ‘852.G702


https://doi.org/10.1038/nature13998
https://doi.org/10.1111/ele.12181
https://doi.org/10.1098/rspb.2005.3361
https://doi.org/10.1016/j.anbehav.2016.02.014
https://doi.org/10.1371/journal.pone.0153393
https://doi.org/10.1111/1365-2656.13156
https://doi.org/10.1111/1365-2656.13156
https://doi.org/10.1006/anbe.1998.0802
https://doi.org/10.1007/s00338-020-01965-z
https://doi.org/10.1093/oso/9780198843610.003.0011
https://doi.org/10.3354/meps13941
https://doi.org/10.3354/meps13941
https://doi.org/10.1071/MF24080
https://doi.org/10.1071/MF24080
https://doi.org/10.1038/s41598-020-76966-7
https://doi.org/10.1093/conphys/coy053
https://doi.org/10.1016/j.anbehav.2015.03.020
https://doi.org/10.1016/j.anbehav.2015.03.020
https://doi.org/10.1007/978-1-4614-7397-8_12
https://doi.org/10.1007/978-1-4614-7397-8_12
https://doi.org/10.1093/conphys/cov062
https://doi.org/10.1006/anbe.2000.1631
https://www.wiley.com/en-ie/Mammal+Societies-p-9781119095323
https://www.wiley.com/en-ie/Mammal+Societies-p-9781119095323
https://doi.org/10.1093/conphys/coad028
https://doi.org/10.1093/conphys/coad028
https://doi.org/10.1126/science.adl2362
https://doi.org/10.1016/j.cub.2021.08.062
https://doi.org/10.1016/j.cub.2021.08.062
https://doi.org/10.1071/MF15253
https://doi.org/10.1038/s41598-023-40140-6
https://doi.org/10.1111/jfb.15569
https://doi.org/10.1111/jfb.15569
https://doi.org/10.1016/j.anbehav.2012.08.008
https://doi.org/10.1093/icesjms/fsy034
https://doi.org/10.3099/0006-9698-525.1.1
https://doi.org/10.3099/0006-9698-525.1.1

Ford, J. K. B. 2019. “Killer Whales: Behavior, Social Organization, and
Ecology of the Oceans' Apex Predators.” In Ethology and Behavioral
Ecology of Odontocetes, edited by B. Wiirsig, 239-259. Springer
International  Publishing.  https://doi.org/10.1007/978-3-030-16663
-2_11.

Fouché¢, Q., D. Charabidzé, and L. Mathieu. 2019. “Aggregation.” In
Encyclopedia of Animal Cognition and Behavior. Springer.

Guttridge, T., S. Gruber, J. DiBattista, et al. 2011. “Assortative
Interactions and Leadership in a Free-Ranging Population of Juvenile
Lemon Shark Negaprion brevirostris.” Marine Ecology Progress Series
423: 235-245. https://doi.org/10.3354/meps08929.

Guttridge, T. L., S. H. Gruber, J. Krause, and D. W. Sims. 2010.
“Novel Acoustic Technology for Studying Free-Ranging Shark Social
Behaviour by Recording Individuals' Interactions.” PLoS One 5, no. 2:
€9324. https://doi.org/10.1371/journal.pone.0009324.

Hamilton, W. D. 1964. “The Genetical Evolution of Social Behaviour.
IL.” Journal of Theoretical Biology 7, no. 1: 17-52. https://doi.org/10.
1016/0022-5193(64)90039-6.

Hammerschlag, N., O. J. Schmitz, A. S. Flecker, et al. 2019. “Ecosystem
Function and Services of Aquatic Predators in the Anthropocene.”
Trends in Ecology & Evolution 34, no. 4: 369-383. https://doi.org/10.
1016/j.tree.2019.01.005.

Haulsee, D. E., D. A. Fox, M. W. Breece, et al. 2016. “Social Network
Analysis Reveals Potential Fission-Fusion Behavior in a Shark.”
Scientific Reports 6, no. 1: 34087. https://doi.org/10.1038/srep34087.

Hazen, E. L., R. M. Suryan, J. A. Santora, S. J. Bograd, Y. Watanuki,
and R. P. Wilson. 2013. “Scales and Mechanisms of Marine Hotspot
Formation.” Marine Ecology Progress Series 487: 177-183. https://doi.
org/10.3354/meps10477.

Heupel, M. R., and C. A. Simpfendorfer. 2005. “Quantitative Analysis of
Aggregation Behavior in Juvenile Blacktip Sharks.” Marine Biology 147,
no. 5: 1239-1249. https://doi.org/10.1007/s00227-005-0004-7.

Hight, B. V,, and C. G. Lowe. 2007. “Elevated Body Temperatures of
Adult Female Leopard Sharks, Triakis semifasciata, While Aggregating
in Shallow Nearshore Embayments: Evidence for Behavioral
Thermoregulation?” Journal of Experimental Marine Biology and
Ecology 352, no. 1: 114-128. https://doi.org/10.1016/j.jembe.2007.07.021.

Hinde, R. A. 1976. “Interactions, Relationships and Social Structure.”
Man 11: 1-17. https://doi.org/10.2307/2800384.

Hofmann, H. A., A. K. Beery, D. T. Blumstein, et al. 2014. “An
Evolutionary Framework for Studying Mechanisms of Social Behavior.”
Trends in Ecology & Evolution 29, no. 10: 581-589. https://doi.org/10.
1016/j.tree.2014.07.008.

Hoffmayer, E. R., J. S. Franks, W. B. Driggers, K. J. Oswald, and J.
M. Quattro. 2007. “Observations of a Feeding Aggregation of Whale
Sharks, Rhincodon typus, in the North Central Gulf of Mexico.” Gulfand
Caribbean Research 19: 69-73. https://doi.org/10.18785/gcr.1902.08.

Holland, K. N., B. M. Wetherbee, J. D. Peterson, and C. G. Lowe. 1993.
“Movements and Distribution of Hammerhead Shark Pups on Their
Natal Grounds.” Copeia 1993, no. 2: 495-502. https://doi.org/10.2307/
1447150.

Jacoby, D. M. P., D. S. Busawon, and D. W. Sims. 2010. “Sex and Social
Networking: The Influence of Male Presence on Social Structure of
Female Shark Groups.” Behavioral Ecology 21, no. 4: 808-818. https://
doi.org/10.1093/beheco/arq061.

Jacoby, D. M. P., D. P. Croft, and D. W. Sims. 2012. “Social Behaviour in
Sharks and Rays: Analysis, Patterns and Implications for Conservation.”
Fish and Fisheries 13, no. 4: 399-417. https://doi.org/10.1111/j.1467-
2979.2011.00436.x.

Jacoby, D. M. P, and R. Freeman. 2016. “Emerging Network-Based
Tools in Movement Ecology.” Trends in Ecology & Evolution 31, no. 4:
301-314. https://doi.org/10.1016/j.tree.2016.01.011.

Jennings, D. E., S. H. Gruber, B. R. Franks, S. T. Kessel, and A. L.
Robertson. 2008. “Effects of Large-Scale Anthropogenic Development
on Juvenile Lemon Shark (Negaprion Brevirostris) Populations of
Bimini, Bahamas.” Environmental Biology of Fishes 83, no. 4: 369-377.
https://doi.org/10.1007/s10641-008-9357-3.

Jirik, K. E., and C. G. Lowe. 2012. “An Elasmobranch Maternity Ward:
Female Round Stingrays Urobatis halleri Use Warm, Restored Estuarine
Habitat During Gestation.” Journal of Fish Biology 80, no. 5: 1227-1245.
https://doi.org/10.1111/.1095-8649.2011.03208.x.

Kerth, G., N. Perony, and F. Schweitzer. 2011. “Bats Are Able to
Maintain Long-Term Social Relationships Despite the High Fission—
Fusion Dynamics of Their Groups.” Proceedings of the Royal Society B:
Biological Sciences 278, no. 1719: 2761-2767. https://doi.org/10.1098/
rspb.2010.2718.

Klimley, A. P. 1982. “Social organization of schools of scalloped ham-
merhead shark, Sphyrna lewini (Griffith and Smith), in the Gulf of
California.” PhD., University of California, Davis.

Klimley, A. P., and D. R. Nelson. 1984. “Diel Movement Patterns of the
Scalloped Hammerhead Shark (Sphyrna lewini) in Relation to El Bajo
Espiritu Santo: A Refuging Central-Position Social System.” Behavioral
Ecology and Sociobiology 15, no. 1: 45-54. https://doi.org/10.1007/
BF00310214.

Krause, J. 1994. “The Influence of Food Competition and Prédation
Risk on Size-Assortative Shoaling in Juvenile Chub (Leuciscus cepha-
lus).” Ethology 96, no. 2: 105-116. https://doi.org/10.1111/j.1439-0310.
1994.tb00886.x.

Krause, J., and G. D. Ruxton. 2002. Living in Groups. Oxford University
Press.

Kurvers, R. H.J. M., J. Krause, D. P. Croft, A. D. M. Wilson, and M. Wolf.
2014. “The Evolutionary and Ecological Consequences of Animal Social
Networks: Emerging Issues.” Trends in Ecology & Evolution 29, no. 6:
326-335. https://doi.org/10.1016/j.tree.2014.04.002.

Lack, D. 1964. “A Long-Term Study of the Great Tit (Parus major).”
Journal of Animal Ecology 33: 159-173. https://doi.org/10.2307/2437.

Lonati, M., M. Jahanbakht, D. Atkins, et al. 2024. “Novel Use of Deep
Neural Networks on Photographic Identification of Epaulette Sharks
(Hemiscyllium ocellatum) Across Life Stages.” Journal of Fish Biology
105, no. 6: 1-16. https://doi.org/10.1111/jfb.15887.

Mandelman, J. W., A. M. Cicia, G. W. Ingram, W. B. Driggers, K. M.
Coutre, and J. A. Sulikowski. 2013. “Short-Term Post-Release Mortality
of Skates (Family Rajidae) Discarded in a Western North Atlantic
Commercial Otter Trawl Fishery.” Fisheries Research 139: 76-84.
https://doi.org/10.1016/j.fishres.2012.09.020.

McCauley, D. J., P. A. DeSalles, H. S. Young, J. P. A. Gardner, and F.
Micheli. 2016. “Use of High-Resolution Acoustic Cameras to Study Reef
Shark Behavioral Ecology.” Journal of Experimental Marine Biology and
Ecology 482:128-133. https://doi.org/10.1016/j jembe.2016.04.012.

MclInturf, A. G., J. Bowman, J. M. Schulte, et al. 2023. “A Unified
Paradigm for Defining Elasmobranch Aggregations.” ICES Journal of
Marine Science 80, no. 6: 1551-1566. https://doi.org/10.1093/icesjms/
fsad099.

Mourier, J., N. C. Bass, T. L. Guttridge, J. Day, and C. Brown. 2017b.
“Does Detection Range Matter for Inferring Social Networks in a
Benthic Shark Using Acoustic Telemetry?” Royal Society Open Science
4, no. 9: 170485. https://doi.org/10.1098/rs0s.170485.

Mourier, J., C. Brown, and S. Planes. 2017a. “Learning and Robustness
to Catch-And-Release Fishing in a Shark Social Network.” Biology
Letters 13, no. 3: 20160824 https://doi.org/10.1098/rsbl.2016.0824.

Mourier, J., S. C. Mills, and S. Planes. 2013. “Population Structure,
Spatial Distribution and Life-History Traits of Blacktip Reef Sharks
Carcharhinus melanopterus.” Journal of Fish Biology 82, no. 3: 979-993.
https://doi.org/10.1111/jfb.12039.

150f 16

85U8017 SUOLILLIOD BAFeaID 3|qedljdde 8Ly Aq pausenob ale ik VO ‘8sN 4O Sa|nu Joj AReIq)T 8UI|UO AB|1/M UO (SUO I pUOD-pUe-SWLBHWI0D" 4B | 1M Afeiq 1 BU1|UO//:SANY) SUORIPUOD PUe Swie 1 8L} 88S *[5202/0/20] Uo Areiq)Tauliuo A8|IM ‘L0TTL €899/200T OT/I0p/W00" A8 1M AIq1jeuluo//Sdny Wwoly papeojumod ‘Y ‘G202 ‘852.G702


https://doi.org/10.1007/978-3-030-16663-2_11
https://doi.org/10.1007/978-3-030-16663-2_11
https://doi.org/10.3354/meps08929
https://doi.org/10.1371/journal.pone.0009324
https://doi.org/10.1016/0022-5193(64)90039-6
https://doi.org/10.1016/0022-5193(64)90039-6
https://doi.org/10.1016/j.tree.2019.01.005
https://doi.org/10.1016/j.tree.2019.01.005
https://doi.org/10.1038/srep34087
https://doi.org/10.3354/meps10477
https://doi.org/10.3354/meps10477
https://doi.org/10.1007/s00227-005-0004-7
https://doi.org/10.1016/j.jembe.2007.07.021
https://doi.org/10.2307/2800384
https://doi.org/10.1016/j.tree.2014.07.008
https://doi.org/10.1016/j.tree.2014.07.008
https://doi.org/10.18785/gcr.1902.08
https://doi.org/10.2307/1447150
https://doi.org/10.2307/1447150
https://doi.org/10.1093/beheco/arq061
https://doi.org/10.1093/beheco/arq061
https://doi.org/10.1111/j.1467-2979.2011.00436.x
https://doi.org/10.1111/j.1467-2979.2011.00436.x
https://doi.org/10.1016/j.tree.2016.01.011
https://doi.org/10.1007/s10641-008-9357-3
https://doi.org/10.1111/j.1095-8649.2011.03208.x
https://doi.org/10.1098/rspb.2010.2718
https://doi.org/10.1098/rspb.2010.2718
https://doi.org/10.1007/BF00310214
https://doi.org/10.1007/BF00310214
https://doi.org/10.1111/j.1439-0310.1994.tb00886.x
https://doi.org/10.1111/j.1439-0310.1994.tb00886.x
https://doi.org/10.1016/j.tree.2014.04.002
https://doi.org/10.2307/2437
https://doi.org/10.1111/jfb.15887
https://doi.org/10.1016/j.fishres.2012.09.020
https://doi.org/10.1016/j.jembe.2016.04.012
https://doi.org/10.1093/icesjms/fsad099
https://doi.org/10.1093/icesjms/fsad099
https://doi.org/10.1098/rsos.170485
https://doi.org/10.1098/rsbl.2016.0824
https://doi.org/10.1111/jfb.12039

Mourier, J., and S. Planes. 2013. “Direct Genetic Evidence for
Reproductive Philopatry and Associated Fine-Scale Migrations in
Female Blacktip Reef Sharks (Carcharhinus melanopterus) in French
Polynesia.” Molecular Ecology 22, no. 1: 201-214. https://doi.org/10.
1111/mec.12103.

Mourier, J., and S. Planes. 2021. “Kinship Does Not Predict the Structure
of a Shark Social Network.” Behavioral Ecology 32, no. 2: 211-222.
https://doi.org/10.1093/beheco/araall9.

Mourier, J., J. Vercelloni, and S. Planes. 2012. “Evidence of Social
Communities in a Spatially Structured Network of a Free-Ranging
Shark Species.” Animal Behaviour 83, no. 2: 389-401. https://doi.org/10.
1016/j.anbehav.2011.11.008.

Mucientes, G. R., N. Queiroz, L. L. Sousa, P. Tarroso, and D. W. Sims.
2009. “Sexual Segregation of Pelagic Sharks and the Potential Threat
From Fisheries.” Biology Letters 5, no. 2: 156-159. https://doi.org/10.
1098/rsbl.2008.0761.

Myers, N., R. A. Mittermeier, C. G. Mittermeier, G. A. B. da Fonseca,
and J. Kent. 2000. “Biodiversity Hotspots for Conservation Priorities.”
Nature 403, no. 6772: 853-858. https://doi.org/10.1038/35002501.

Newby, J., T. Darden, K. Bassos-Hull, and A. M. Shedlock. 2014. “Kin
Structure and Social Organization in the Spotted Eagle Ray, Aetobatus
narinari, off Coastal Sarasota, FL.” Environmental Biology of Fishes 97,
no. 9: 1057-1065. https://doi.org/10.1007/s10641-014-0289-9.

Nosal, A. P, A. Caillat, E. K. Kisfaludy, M. A. Royer, and N. C. Wegner.
2014. “Aggregation Behavior and Seasonal Philopatry in Male and
Female Leopard Sharks Triakis semifasciata Along the Open Coast of
Southern California, USA.” Marine Ecology Progress Series 499: 157-
175. https://doi.org/10.3354/meps10632.

Nosal, A. P, E. A. Lewallen, and R. S. Burton. 2013. “Multiple Paternity
in Leopard Shark (Triakis semifasciata) Litters Sampled From a
Predominantly Female Aggregation in La Jolla, California, USA.”
Journal of Experimental Marine Biology and Ecology 446: 110-114.
https://doi.org/10.1016/j.jembe.2013.05.002.

Olsén, K. H., and T. JaUrvi. 2005. “Effects of Kinship on Aggression and
RNA Content in Juvenile Arctic Charr.” Journal of Fish Biology 51, no. 2:
422-435. https://doi.org/10.1111/j.1095-8649.1997.tb01676.x.

Pacoureau, N., C. L. Rigby, P. M. Kyne, et al. 2021. “Half a Century of
Global Decline in Oceanic Sharks and Rays.” Nature 589, no. 7843: 7843.
https://doi.org/10.1038/s41586-020-03173-9.

Papastamatiou, Y. P., T. W. Bodey, J. E. Caselle, et al. 2020. “Multiyear
Social Stability and Social Information Use in Reef Sharks With
Diel Fission-Fusion Dynamics.” Proceedings of the Royal Society B:
Biological Sciences 287, no. 1932: 20201063. https://doi.org/10.1098/
rspb.2020.1063.

Papastamatiou, Y. P., C. G. Lowe, J. E. Caselle, and A. M. Friedlander.
2009. “Scale-Dependent Effects of Habitat on Movements and Path
Structure of Reef Sharks at a Predator-Dominated Atoll.” Ecology 90,
no. 4: 996-1008. https://doi.org/10.1890/08-0491.1.

Papastamatiou, Y. P., J. Mourier, C. V. Pouca, T. L. Guttridge, and D.
M. P. Jacoby. 2022. “Shark and Ray Social Lives.” In Biology of Sharks
and Their Relatives, edited by J. C. Carrier, C. A. Simpfendorfer, M. R.
Heithaus, and K. E. Yopak, 3rd ed., 545-566. CRC Press. https://doi.org/
10.1201/9781003262190-17.

Perryman, R. J. Y., S. K. Venables, R. F. Tapilatu, A. D. Marshall, C.
Brown, and D. W. Franks. 2019. “Social Preferences and Network
Structure in a Population of Reef Manta Rays.” Behavioral Ecology and
Sociobiology 73, no. 8: 114. https://doi.org/10.1007/s00265-019-2720-x.

Peuhkuri, N. 1997. “Size-Assortative Shoaling in Fish: The Effect of
Oddity on Foraging Behaviour.” Animal Behaviour 54, no. 2: 271-278.
https://doi.org/10.1006/anbe.1996.0453.

Pratt, H. L., and J. C. Carrier. 2001. “A Review of Elasmobranch
Reproductive Behavior With a Case Study on the Nurse Shark,

Ginglymostoma cirratum.” Environmental Biology of Fishes 60, no. 1:
157-188. https://doi.org/10.1023/A:1007656126281.

Sheldon, B. C., L. E. B. Kruuk, and S. C. Alberts. 2022. “The Expanding
Value of Long-Term Studies of Individuals in the Wild.” Nature Ecology
& Evolution 6, no. 12: 1799-1801. https://doi.org/10.1038/s41559-022-
01940-7.

Sims, D. W., E. J. Southall, V. A. Quayle, and A. M. Fox. 2000. “Annual
Social Behaviour of Basking Sharks Associated With Coastal Front
Areas.” Proceedings of the Royal Society B: Biological Sciences 267, no.
1455: 1897-1904. https://doi.org/10.1098/rspb.2000.1227.

Sims, D. W.,, S. D. Berrow, K. M. O’Sullivan, et al. 2022. “Circles in the
Sea: Annual Courtship “Torus” Behaviour of Basking Sharks Cetorhinus
maximus Identified in the Eastern North Atlantic Ocean.” Journal of
Fish Biology 101, no. 5: 1160-1181. https://doi.org/10.1111/jfb.15187.

Ward, A., and M. Webster. 2016. Sociality: The Behaviour of Group-
Living Animals. Springer International Publishing. https://doi.org/10.
1007/978-3-319-28585-6.

Ward-Paige, C. A., D. M. Keith, B. Worm, and H. K. Lotze. 2012.
“Recovery Potential and Conservation Options for Elasmobranchs.”
Journal of Fish Biology 80, no. 5: 1844-1869. https://doi.org/10.1111/j.
1095-8649.2012.03246.X.

Weideli, O. C., Y. P. Papastamatiou, and S. Planes. 2019. “Size Frequency,
Dispersal Distances and Variable Growth Rates of Young Sharks in a
Multi-Species Aggregation.” Journal of Fish Biology 94, no. 5: 789-797.
https://doi.org/10.1111/jfb.13968.

Wheeler, C. R., C. R. Gervais, M. S. Johnson, et al. 2020. “Anthropogenic
Stressors Influence Reproduction and Development in Elasmobranch
Fishes.” Reviews in Fish Biology and Fisheries 30, no. 2: 373-386. https://
doi.org/10.1007/s11160-020-09604-0.

Whitehead, H., and S. Dufault. 1999. “Techniques for Analyzing
Vertebrate Social Structure Using Identified Individuals: Review and
Recommendations.” Advances in the Study of Behavior 28, no. 28: 33-74.

Wiszniewski, J., S. J. Allen, and L. M. Mdller. 2009. “Social Cohesion
in a Hierarchically Structured Embayment Population of Indo-Pacific
Bottlenose Dolphins.” Animal Behaviour 77, no. 6: 1449-1457. https://
doi.org/10.1016/j.anbehav.2009.02.025.

Wiszniewski, J., L. B. Beheregaray, S. J. Allen, and L. M. Mdller. 2010.
“Environmental and Social Influences on the Genetic Structure of
Bottlenose Dolphins (Tursiops aduncus) in Southeastern Australia.”
Conservation Genetics 11, no. 4: 1405-1419. https://doi.org/10.1007/
$10592-009-9968-z.

Wittemyer, G., J. B. A. Okello, H. B. Rasmussen, et al. 2009. “Where
Sociality and Relatedness Diverge: The Genetic Basis for Hierarchical
Social Organization in African Elephants.” Proceedings of the Royal
Society B: Biological Sciences 276, no. 1672: 3513-3521. https://doi.org/
10.1098/rspb.2009.0941.

Wood, S. 2011. “Fast Stable Restricted Maximum Likelihood and
Marginal Likelihood Estimation of Semiparametric Generalized Linear
Models.” Journal of the Royal Statistical Society (B) 73, no. 1: 3-36.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

16 of 16

Ecology and Evolution, 2025

85U8017 SUOLILLIOD BAFeaID 3|qedljdde 8Ly Aq pausenob ale ik VO ‘8sN 4O Sa|nu Joj AReIq)T 8UI|UO AB|1/M UO (SUO I pUOD-pUe-SWLBHWI0D" 4B | 1M Afeiq 1 BU1|UO//:SANY) SUORIPUOD PUe Swie 1 8L} 88S *[5202/0/20] Uo Areiq)Tauliuo A8|IM ‘L0TTL €899/200T OT/I0p/W00" A8 1M AIq1jeuluo//Sdny Wwoly papeojumod ‘Y ‘G202 ‘852.G702


https://doi.org/10.1111/mec.12103
https://doi.org/10.1111/mec.12103
https://doi.org/10.1093/beheco/araa119
https://doi.org/10.1016/j.anbehav.2011.11.008
https://doi.org/10.1016/j.anbehav.2011.11.008
https://doi.org/10.1098/rsbl.2008.0761
https://doi.org/10.1098/rsbl.2008.0761
https://doi.org/10.1038/35002501
https://doi.org/10.1007/s10641-014-0289-9
https://doi.org/10.3354/meps10632
https://doi.org/10.1016/j.jembe.2013.05.002
https://doi.org/10.1111/j.1095-8649.1997.tb01676.x
https://doi.org/10.1038/s41586-020-03173-9
https://doi.org/10.1098/rspb.2020.1063
https://doi.org/10.1098/rspb.2020.1063
https://doi.org/10.1890/08-0491.1
https://doi.org/10.1201/9781003262190-17
https://doi.org/10.1201/9781003262190-17
https://doi.org/10.1007/s00265-019-2720-x
https://doi.org/10.1006/anbe.1996.0453
https://doi.org/10.1023/A:1007656126281
https://doi.org/10.1038/s41559-022-01940-7
https://doi.org/10.1038/s41559-022-01940-7
https://doi.org/10.1098/rspb.2000.1227
https://doi.org/10.1111/jfb.15187
https://doi.org/10.1007/978-3-319-28585-6
https://doi.org/10.1007/978-3-319-28585-6
https://doi.org/10.1111/j.1095-8649.2012.03246.x
https://doi.org/10.1111/j.1095-8649.2012.03246.x
https://doi.org/10.1111/jfb.13968
https://doi.org/10.1007/s11160-020-09604-0
https://doi.org/10.1007/s11160-020-09604-0
https://doi.org/10.1016/j.anbehav.2009.02.025
https://doi.org/10.1016/j.anbehav.2009.02.025
https://doi.org/10.1007/s10592-009-9968-z
https://doi.org/10.1007/s10592-009-9968-z
https://doi.org/10.1098/rspb.2009.0941
https://doi.org/10.1098/rspb.2009.0941

	Catch Data Can Unravel Elasmobranch Aggregation Dynamics and Group Behaviours
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   A Framework for Using Catch Data to Explore Shark Aggregations
	2.1.1   |   Number or Density of Individuals Captured
	2.1.2   |   Characterisation of Individual Phenotypic Traits
	2.1.3   |   Evidence of Drivers of Co-Occurrence
	2.1.4   |   Identification of Specific Individuals
	2.1.5   |   Identification of Kin Structure

	2.2   |   Case Study: Juvenile Blacktip Reef Sharks
	2.3   |   Data Collection
	2.4   |   Analyses

	3   |   Results
	4   |   Discussion
	4.1   |   Case Study: Juvenile Blacktip Reef Sharks
	4.2   |   Caveats and Future Directions
	4.3   |   Concluding Remarks

	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


