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Elasmobranchs are highly diverse in movement, sensory capacity, and behavioural responses to the environment, leading to differences in the 
function and nature of associations and interactions between individuals, populations, and species. The term “aggregation” has been widely 
and variably used to describe co-occurrence across elasmobranch species, but its defining criteria remain vague and indeterminate. The lack 
of standardized terminology hinders comparisons across studies, species, and systems. It can cause misinterpretation about the drivers of 
aggregation formation or grouping behaviour and limits the impact of elasmobranch beha vioural research. Here, w e propose generalizable 
definitions of aggregation and supporting terms, adapted from more mature socioecological theory in other systems, which can be applied 
across elasmobranchs. We discuss the drivers and types of elasmobranch aggregations, detail the criteria required to identify an aggregation 
based on our definition, and offer direction on future methods and reporting to advance the field. These proposed definitions and reporting 
protocols standardize the study of elasmobranch socioecology, will generate greater understanding of the mechanisms underlying behaviour 
and distribution across species, and support more cross-system comparisons. Finally, this information can offer greater predictiv e po w er into 
when and how aggregations may form, leading to more proactive management strategies to mitigate anthropogenic threats. 
Keywords: behaviour, Chondrichthyes, conservation, ecology, group, social. 
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Introduction 

The patterns and drivers of animal aggregations are well- 
studied in a broad array of species (Krause and Ruxton, 2002 ; 
Ward and Webster, 2016 ). Most are terrestrial, including in- 
vertebrates (e.g. Klok and Chown, 2002 ; Hammons et al.,
2009 ), birds (e.g. Lack, 1968 ; Ward and Zahavi, 1973 ), rep- 
tiles (e.g. Skinner and Miller, 2020 ), and mammals (e.g. Scott,
1988 ; Treves et al., 2001 ). Comparatively, fewer studies ex- 
ist in more dynamic marine environments. This largely stems 
from logistical, technological, and/or financial constraints in 

such systems, which limit our ability to directly observe indi- 
vidual animals over time and across three-dimensional spatial 
scales. Most of the effort to describe aggregations and group- 
living in marine environments are focused on mobile species 
occupying surface waters (i.e. cetaceans; Mann et al., 2000 ) 
and sessile benthic organisms. Literature on other taxa, such 

as elasmobranchs, remains comparatively sparse. 
Yet recent advances in technology over the last decade have 

led to increasing descriptions of aggregations in a variety 
of elasmobranch species; from planktivorous Basking sharks 
( Cetorhinus maximus ; Lieber et al., 2020 ; Sims et al., 2022 ),
Whale sharks ( Rhincodon typus ; Meekan et al., 2006 ), and 

Manta rays ( Mobula spp., Armstrong et al., 2016 ; Perryman 
Received: 25 January 2023; Revised: 22 May 2023; Accepted: 1 June 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
t al., 2022 ; Palacios et al., 2023 ) to predatory White sharks
 Carc harodon carc harias ; Jorgensen et al., 2010 ; Findlay et
l., 2016 ). Aggregations have been documented in pelagic,
oastal, and reef species (McKibben and Nelson, 1986 ; Econo-
akis and Lobel, 1998 ; Speed et al., 2011 ; Papastamatiou et

l., 2020 ), and across a broad array of orders including Hex-
nchiformes (Ebert, 1991 ), Carcharhiniformes (Klimley and 

elson, 1981 ; McKibben and Nelson, 1986 ), Heterodontif- 
rmes (Powter and Gladstone, 2009 ), Squatiniformes (Stan- 
ora and Nelson, 1977 ), Myliobatiformes (Rohner et al.,
013 ; Armstrong et al., 2016 ), and others (Jacoby et al., 2012 ;
apastamatiou et al., 2022a ; Palacios et al., 2023 ). However,
here remain large gaps in our understanding of aggregation 

ccurrence, drivers, and function, likely because of numerous 
bstacles to documenting elasmobranch behaviours in situ . 
Some key challenges to studying elasmobranch aggrega- 

ions emerge due to the biology and ecology of the animals
hemselves. Elasmobranchs largely occupy habitats currently 
nsuitable for long-term observation. They do not surface to 

reathe, and often travel across wide depth and geographical 
anges. Their diversity further complicates study. For instance,
ome species have adult home ranges as small as 1000 m 

2 

Strong, 1989 ), while others move across entire ocean basins
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Johnston et al., 2019 ). Additionally, their aggregations can
e dynamic with the underlying drivers difficult to classify,
hanging across species, ontogeny, and spatiotemporal scales.

Furthermore, unlike in the terrestrial or avian literature, the
riteria used to define an aggregation in elasmobranchs remain
ague and indeterminate. Many observations fail to provide
rucial data that would otherwise help explain the nature of
he aggregation in question (i.e. number of individuals sighted,
cale of their distribution, their behaviour, etc.). While some
tudies describe the occurrence of aggregations, research often
elies solely on disjointed observations rather than structured
ypothesis testing for determining the purpose of aggregation
ormation (Findlay et al., 2016 ), and their level of detail is in-
onsistent. For instance, some observations may describe the
umber and spatial distribution of individuals (e.g. Powter
nd Gladstone, 2009 ), whereas others note behaviours and
ody orientation (e.g. McKibben and Nelson, 1986 ). Conse-
uently, not only do the scale and frequency of aggregations
cross species vary widely, but so does the frequency of ob-
ervation and reporting. This may be why the term “aggrega-
ion” is most widely referenced in elasmobranch observations,
ncompassing both social groups and aggregations that form
ue to abiotic factors. For example, an elasmobranch “aggre-
ation”might be used to describe both a population feeding in
 common ephemeral prey patch, and a stable group, which
ccupies that same habitat year-round. In contrast, for sys-
ems where drivers of organism behaviour can more easily
e identified (e.g. terrestrial, avian), “aggregation” refers to
o-occurrence primarily driven by abiotic factors, completely
istinct from social groups (e.g. Whitehead, 2008 ; Ward and
ebster, 2016 ; Syme et al., 2022 ). 
The lack of standardized terminology in this field is a bar-

ier to future research and has the potential to cause misin-
erpretation of aggregation formation or grouping behaviour.
or instance, subjective interpretations of co-occurring elas-
obranchs may reflect methodological differences across

tudies, rather than species-specific characteristics or be-
aviours. To this end, there have been recent efforts to over-
ome parallel issues in marine organisms (e.g. delphinids:
yme et al., 2022 ; Tavares et al., 2022 ; mobulids: Palacios et
l., 2023 ). However, general gaps in information, combined
ith limitations in data collection and lack of standardized
ethodology, typically prevent the application of exact defi-
itions from literature in other taxa to elasmobranch aggrega-
ions. Therefore, it is necessary to develop more deliberate and
obust terminology, analogous to those used in socioecology
roadly (e.g. Krause and Ruxton, 2002 ; Ward and Webster,
016 ), but also aligning with current understanding of and
ublished literature on elasmobranch behaviour. 
While contributing to the clarity of theoretical work, the

evelopment of a tailored definition for elasmobranchs would
lso have useful applications for management and conserva-
ion efforts. Aggregations of threatened species in “hotspots”
Myers et al., 2000 ; Roberts et al., 2002 ; Hazen et al., 2013 ;
risman et al., 2015 ) are often used as justification for tar-
eted, spatially explicit management strategies. This may be
articularly valuable for elasmobranchs (Hyde et al., 2022 ),
hich are vulnerable to overfishing and anthropogenic distur-
ances because of their slow growth, late maturity, and low
ecundity. In some cases, aggregation behaviour is thought to
ave contributed to population declines, as it renders those
opulations more vulnerable to overexploitation (Mucientes
t al., 2009 ; Jacoby et al., 2012 ; Palacios et al., 2023 ). Be-
ause elasmobranchs play critical roles in ecosystems around
he world, their declines can result in trophic cascades, fish-
ry collapses, and loss of ecosystem services (Dill et al., 2003 ;
cheffer et al., 2005 ; Myers et al., 2007 ). Yet spatial plan-
ing tools often still fail to adequately consider the habitat
eeds of elasmobranchs and thus provide insufficient protec-
ion (Hyde et al., 2022 ). The effectiveness of spatial protection
i.e. protected areas) would be improved by encompassing ar-
as where single- or multi-species aggregations occur for vi-
al functions (e.g. reproduction, feeding, resting; Hyde et al.,
022 ). However, there remains no formal definition for these
henomena. As it stands, vague descriptions of aggregation
ehaviour could cause broad misconceptions about the pop-
lation dynamics and distribution of the species of interest,
hich could in turn reduce the effectiveness of management

ctions (e.g. Dobson and Poole, 1998 ; Erisman et al., 2015 ).
or example, parallel issues with defining shark nursery habi-
at historically led to the classification of vast coastal areas as
urseries, rendering conservation efforts too expansive, costly,
nd complicated to be feasible (Heupel et al., 2007 ; Kinney
nd Simpfendorfer, 2009 ). 

Here, we build on previous literature reviews on elasmo-
ranch aggregations (Jacoby et al., 2012 ; Mourier et al., 2018 ;
apastamatiou et al., 2022a ) to expand and strengthen ex-
sting efforts (e.g. Heupel et al., 2007 ; Martins et al., 2018 ;
alacios et al., 2023 ) to standardize terminology regarding
omponents of elasmobranch life history. We propose a uni-
ed definition of aggregation and supporting terms that can
e applied across all elasmobranchs and used in future stud-
es ( Table 1 ). We discuss the drivers and types of aggrega-
ions, and detail the criteria required to identify an aggrega-
ion based on our definition. We conclude by offering direction
n future methods and research areas that will advance our
nderstanding of elasmobranch social ecology ( Table 2 ). We
rgue that better defining the occurrence, details, and drivers
f elasmobranch aggregations will not only contribute to our
nowledge of how populations respond to their environment
r anthropogenic changes, but also better inform proactive
onservation strategies. 

roposed definition 

he meaning of an elasmobranch aggregation to date has been
road, qualitative, and inconsistent. In cases where it is explic-
tly defined, such definitions vary. For example, Jacoby et al.
2012) suggest that an aggregation is a co-occurrence “not
riven by social mechanisms”, whereas Palacios et al. (2023)
ropose aggregation as a general term to “describe any group
f individuals that forms for any purpose”. More frequently,
he term is mentioned but undefined (e.g. Heyman et al., 2001 ;
peed et al., 2012 ; Dicken et al., 2015 ). Reports of aggrega-
ions are further limited by missing information on the spatial
r temporal scales at which aggregations occur and the num-
er and density of individuals. Behaviours within aggregations
re occasionally, but inconsistently, indicated (e.g. feeding, co-
rdinated swimming). Similarly, the drivers of aggregations
re often unclear; as mentioned above, the term has been used
o describe both gathering due to common abiotic resource use
e.g. Klimley and Butler, 1988 ; Kessel et al., 2014 ; Kajiura and
ellman, 2016 ; Filiz, 2019 ) and social behaviour (e.g. Raje et
l., 2012 ). We therefore suggest that future work in elasmo-
ranch research will benefit from the following definition: 
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Table 1. A standardized set of definitions for describing elasmobranch aggregations and their underlying mechanisms. 

Terminology Definition 
Aggregation The co-occurrence of two or more individuals in space and time due to the deliberate use of a common driver. 
Behavioural 

terminology 
Social groups (often 

“groups”) 
Co-occurring individuals who are actively (socially) attracted to specific other individuals and change their 

movements and behaviours accordingly. Social grouping can be specific or non-specific (see below). 
Social structure The content, quality, and patterning of social relationships that emerges from repeated interactions between 

individuals (Hinde, 1976 ) 
Non-specific social 

group 
Co-occurrence in which the identity of the complementary individual does not matter; defined by weak and 

dynamic associations (e.g. schooling , local enhancement). 
Specific social group Co-occurrence is driven by individual identity; defined by stable associations (e.g. social communities, dominance 

hierarchies). 
Non-social aggregation Clustering of individuals at a given spatiotemporal scale that is solely driven by a third factor, whether an abiotic 

condition (e.g. a non-depletable environmental feature such as temperature or light) or a common resource (e.g. 
resources that animals use or extract for a biological process). 

Consumptive non-social 
aggregation 

Non-social group driven by consumption of a finite resource. 

Non-consumptive 
non-social 
aggregations 

Non-social group driven by the use of a condition. 

Drivers 
Condition Non-consumptive, abiotic, environmental features (e.g. temperature, light, salinity) that affect organism physiology 

or behaviour. 
Resource A consumable substance, abiotic or biotic, subject to competition, used by living organisms (e.g. space, oxygen, food 

or nutrients, water, shelter, and mating opportunities). 
Continuous 

resource/condition 
A persistent resource/condition that is not separated by space or time. 

Co-occurrence The presence of at least two individuals within the same spatial and temporal boundaries. Co-occurrences can be 
incidental , when individuals encounter others by chance, as a random product of each individual’s movement 
track unaffected by any external factors (termed “incidental co-occurrence”) . They can also be driven by the 
deliberate use or pursuit of a shared common resource, presence of other individuals, or presence of particular 
conspecifics (referred to as “deliberate co-occurrence” in this text). 

Table 2. Directions for future action: reporting recommendations for classifying aggregations. 

Reporting c hec klist 
Number of animals interacting 
Composition of aggregation (size, sex, species) 
Individual characteristics of co-occurring animals: size, sex, appearance (i.e. mating scars or fin notches), colouration, signs of fishery 

interactions, identification tags, if present 
Behaviour state of co-occurring individuals (feeding, swimming, resting), as well as behavioural events (e.g. rapid or non-rapid movements, 

mouth gaping, coordinated swimming, nose-to-tail swimming, aggression, body touches, etc.) 
Environmental conditions at the time of observation (sea surface temperature, chlorophyll-a, depth, water visibility, weather conditions, swell, 

current direction, tides, precipitation for estuaries, wind speed and direction) 
Evidence of any resource (e.g. prey patch, mating, etc.) 
Resolution of occurrence detection methodology [drone surveys, tag range, eDNA, underwater diver visual survey, fishing effort (CPUE)] 
Measurements of a continuous resource or informed proxies [i.e. prey distribution, distribution of conspecifics, sensory perceptions of the 

animals themselves (see criterion 2)] 
Direct observation of behaviours (i.e. foraging or mating) or using tools such as association indexes and environmental correlates 
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“An aggregation is the co-occurrence of two or 
more individuals in space and time due to the 

deliberate use of a common driver” ( Table 1 ) 

Within this, we propose three criteria defining the number 
of interacting animals, their behaviour, and the spatiotempo- 
ral scale of the association. While each in isolation may in- 
dicate a potential aggregation, we argue that all three must 
be met to support this conclusion more robustly. This defini- 
tion is designed to be generalizable, encompassing any poten- 
tial drivers and types (i.e. social or environmentally driven) of 
elasmobranch aggregations. Additionally, though most work 

on shark sociality has focused on associations between con- 
specifics, “aggregation” has also referred to mixed species co- 
occurrences (e.g. Dudley et al., 2000 ; Zemah-Shamir et al.,
2022 ). Consequently, our definition also applies to all aggre- 
gations (inter- and intraspecific) that include an elasmobranch.
 g  
rivers of aggregations 

he foundational step in defining an elasmobranch aggrega- 
ion is identifying its underlying drivers. A driver can refer to
 resource or abiotic condition (hereafter “environmental fac- 
ors”), or other individuals ( Table 1 ). Drivers determine not
nly the function of the aggregation (i.e. why individuals ag-
regate), but also its nature (i.e. how they aggregate), scale (i.e.
here and when aggregations occur), and predictability (i.e.
ow regularly aggregations are likely to occur). Different elas- 
obranch species are known to aggregate for breeding (Sims

t al., 2000 ), feeding (e.g. Ebert, 1991 ; Hoffmayer et al., 2007 ;
rmstrong et al., 2016 ), or refuging (e.g. Klimley, 1993 ) in ar-
as characterized by specific environmental variables. These 
an include thermal habitat for gestation or incubation (e.g.
arm, shallow embayments; Hight and Lowe, 2007 ), oceano- 

raphic conditions (e.g. Hearn et al., 2010 ), prey availability
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e.g. Ebert and Ebert, 2005 ; Hannan et al., 2012 ; Armstrong
t al., 2016 ), or in the case of social behaviour, the presence
f conspecifics (Jacoby et al., 2012 ; Mourier et al., 2017 ; Pa-
astamatiou et al., 2022a , b ). Such drivers are not necessarily
utually exclusive. Individuals may respond to multiple ex-

ernal cues via multiple sensory modalities (e.g. Kajiura and
ellman, 2016 ), either simultaneously or over seasonal or on-
ogenetic cycles (e.g. Hulbert et al., 2005 ; Nosal et al., 2013 ).
urthermore, the scale of the drivers may differ, altering the
umber and spread of aggregating individuals. For instance,
ndividuals may be collectively drawn to a coastal area due
o favourable water temperatures (i.e. thermal condition), but
luster further within that region to consume patchily dis-
ributed prey (i.e. feeding resource). They may even further
egregate into mating groups within this prey field ( Figure 1 a).
n this example, there may be multiple ways to define aggrega-
ions composed of the same individuals. The elasmobranchs
ould form a larger-scale aggregation due to mutual attrac-
ion to favourable thermal habitat, and then multiple smaller
eeding and/or mating aggregations within that larger area.
n these and similar cases where drivers are nested or even
ierarchical in importance to the individual, defining a given
ggregation depends on the behaviour/driver of interest (i.e.
hysiological v feeding). 
However, assessing the drivers of elasmobranch aggrega-

ions can be particularly challenging given the high mobility
f most species, their diverse life histories, the lack of knowl-
dge about their sensory systems, and the dynamism of the
nvironments they occupy. Measuring abiotic factors or ob-
erving continuous associations over time underwater is often
ogistically infeasible as well. This is rendered even more dif-
cult because individuals may be responding to multiple cues
n a given moment (Nathan et al., 2008 ), and resources used
o drive aggregations may shift. Given these obstacles, isolat-
ng the exact driver underlying grouping behaviour may not
e entirely necessary prior to defining an aggregation. If the
oal is to monitor current spatial distribution and population
ynamics, proxies for potential drivers could be sufficient; for
xample, using the observed behaviours, size, sex, and spread
f individuals while spatiotemporally clustered, or noting the
nvironmental conditions that tend to correlate with aggrega-
ion formation. In any case, these and other metrics used to
efine any elasmobranch aggregation should be consistently
eported ( Table 2 ) to contribute to a unified understanding
f these phenomena (e.g. Syme et al., 2022 ). In turn, this un-
erstanding can inform habitat management and other con-
ervation strategies, based on informed predictions of where
ggregations may form in the future and for what purpose. 

ategories of aggregations: non-social aggregation 

ersus social grouping 

o assess the purposes of aggregation, it is necessary to try
o identify not only its potential drivers, but also their relative
mportance. As mentioned above, these drivers dictate the size,
cale, and purpose of aggregation. They also influence the na-
ure of inter-individual interactions (e.g. neutral, competition,
yproduct mutualism, cooperation, etc.). In addition, infor-
ation on specific drivers can be used to further categorize

ggregations. There are two such categories recognized across
axa ( Table 1 ; Figure 2 ; Boxes 1 and 2) that have been applied
o elasmobranchs. The first is termed social groups (Jacoby
t al., 2012 ; Papastamatiou et al., 2022a ). Social groups oc-
ur when individuals mutually benefit from association with
ther non-threatening individuals (i.e. non-predators or non-
ggressive conspecifics) and change their movements and be-
aviours accordingly (Couzin et al., 2005 ; Guttal and Couzin,
010 ; Jacoby et al., 2012 ), regardless of other environmen-
al stimuli (Parrish and Edelstein-Keshet, 1999 ). For example,
asking sharks, which typically gather to forage in plankton-
ich habitats, will occasionally cease or adjust their feeding
attern to circle in large numbers (A. G. McInturf, pers. obs.;
ims et al., 2022 ), perhaps for courtship (Sims et al., 2022 ).
dditionally, many species, such as Small-spotted catsharks

 Scyliorhinus canicula ), demonstrate sex-specific behavioural
trategies in which females will aggregate in specific habitats
e.g. shallow-water caves), presumably to avoid males (Ja-
oby et al., 2010 ). Whether between conspecifics or individu-
ls of other species, the interaction must be balanced between
ndividuals (i.e. where both individuals either gain/lose; e.g.
utualism/competition), rather than unbalanced (i.e. preda-

ion). Historically, qualitative evidence indicated that social
roupings occur in a variety of elasmobranch species, such
s data suggesting refuging central-position social systems
n Scalloped hammerhead sharks ( Sphyrna lewini ; Klimley
nd Nelson, 1984 ) and mating events in Manta rays ( Manta
pp.; Marshall and Bennett, 2010 ). More recently, quantitative
ethods have been developed to identify social associations

i.e. Guttridge et al., 2011 ; Mourier et al., 2017 ; Perryman et
l., 2022 ). For example, Mourier et al., (2017) used acous-
ic receiver data and social network analysis to show non-
andom associations in Port Jackson sharks ( Heterodontus
ortusjacksoni). Social associations are thought to occur for
umerous reasons, such as predator avoidance (Engelbrecht
t al., 2019 ), mating (Castro and Rosa, 2005 ; Dudgeon et al.,
008 ; Boomer et al., 2013 ; Gallagher and Klimley, 2018 ), and
ocial foraging (e.g. Ebert, 1991 ; Klimley et al., 2001 ; Papas-
amatiou et al., 2020 ). 

Although not yet widely adopted in elasmobranch litera-
ure, it may be possible to further classify social groups into
ubgroups we term nonspecific social groups, where the iden-
ity of the complementary individual does not matter (i.e. char-
cterized by weak and dynamic social associations) and spe-
ific social groups , where co-occurrence is driven by individual
dentity (i.e. characterized by strong social associations; e.g.
apastamatiou et al., 2020 ) ( Table 1 ; Figure 2 ; Box 1). Isolat-
ng these mechanisms in situ would be challenging for many
lasmobranch species at present. Nonetheless, such a future
irection would allow for improved assessment of the costs
nd benefits of aggregations in a variety of circumstances. 

The second category of aggregations contains those formed
ue to environmental factors (Parrish and Edelstein-Keshet,
999 ). For simplicity, and to comply with current trends in re-
orting, we define environmental factors here to include both
cological conditions (e.g. water temperature) and resources
hat the animals use or extract for a biological process (e.g.
rey; Table 1 ). In elasmobranch literature, aggregations due to
nvironmental factors are often called “passive aggregations”
r simply “aggregations” (Palacios et al., 2023 ). However, we
rgue that these terms are often inconsistently used and con-
ounded with the broader term aggregation. Instead, we pro-
ose the term non-social aggregation as these are driven by
he unique benefit or choice of one individual based on
nvironmental factors, rather than any other individual
 Table 1 ; Figure 2 ; Box 2). Thus, in non-social aggregations,
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Figure 1. (a) A hypothetical example of nested drivers of elasmobranch aggregations. A given coastal environment may contain an optimal thermal zone, 
which could broadly attract individuals. These organisms aggregate within this zone to consume patchily distributed prey, and form mating groups within 
prey patches. (b) Simplified representation of the proposed process for identifying spatial bounds in aggregations. Frequency distributions of 
interindividual distances (as proposed in Syme et al. , 2022 ) can be used to identify threshold distances, but these measures must also consider the 
scale of the common driver (in this example, mating opportunities, prey distribution, and thermal habitat). 
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Figure 2. Our proposed paradigm for classifying aggregations in 
elasmobranchs. A given observation can be determined an aggregation 
based on our three criteria (C1, C2, C3; see text), and then further 
categorized according to its drivers. 
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ndividuals do not demonstrate a mutually beneficial be-
avioural response (e.g. attraction) to other individuals, re-
ulting in either neutral or unbalanced interactions (e.g. com-
etition). A key feature of these aggregations is that shifts
n or removal of the environmental stimulus should cause
ispersal (e.g. Heyman et al., 2001 ; Martin, 2007 ; Fallows
t al., 2013 ). Non-social aggregations are common in elas-
obranchs, with perhaps the most well-studied instances for

eeding (e.g. Barnett et al., 2011 ; Hueter et al., 2013 ; Rohner
t al., 2013 ; Armstrong et al., 2016 ). Yet other examples of
on-social aggregations include those of Nurse sharks ( Ging-

ymostoma cirratum ), which gather around preferred habitat
n highly structured areas and on hard bottom substrate (Cas-
ro, 2000 ; Hannan et al., 2012 ). Similarly, numerous species
f elasmobranch, such as Round stingrays ( Urobatis halleri ),
ray reef sharks ( C. amblyrhynchos ), and Atlantic stingrays

 Dasyatis sabina ), also demonstrate maternal thermophily, or
ehavioural thermoregulation that may result in aggregation
s females occupy warmer waters (Economakis and Lobel,
998 ; Sims, 2005 ; Wallman and Bennett, 2006 ; Hight and
owe, 2007 ; Wearmouth and Sims, 2008 ; Mull et al., 2010 ;
irik and Lowe, 2012 ). As with subgroups of social groups, the
rivers could be used to further break non-social aggregations

nto subgroups based on use of resources ( consumptive non-
ocial aggregation ) or ecological conditions ( non-consumptive
on-social aggregation ; Table 1 , Figure 2 ; Box 2). However,
his may be logistically infeasible for current methods of elas-
obranch research and should be considered for future work.
Current studies suggest that elasmobranchs broadly exhibit

oth non-social aggregations and social grouping (Schlues-
el, 2015 ; Finucci et al., 2018 ), yet the boundary distinguish-
ng these two categories is not always clear and is species-
nd context-specific. For instance, Basking sharks ( Cetorhi-
us maximus ) are often observed aggregating in favourable
abitat for feeding and demonstrating conspecific attraction
imultaneously (A.G. McInturf, pers. obs.; Gore et al., 2019 ),
erhaps to increase transmission of information or associate
ith kin (Lieber et al., 2020 ). Sevengill sharks ( Notorynchus

epedianus ), which are suspected to aggregate for refuge from
arger predators in kelp beds (Engelbrecht et al., 2019 ), will
lso demonstrate a variety of social behaviours, including ap-
arent cooperative hunting (Ebert, 1991 ). In mobulids, the
easonality of social behaviours (i.e. courtship and mating
roups) may also be linked to food availability and tempera-
ures that benefit neonate development (Palacios et al., 2023 ).
n these cases, observed aggregations might be classified as
on-social aggregations and/or social groups, depending on
he research question. In general, we recognize that differen-
iating between these types of elasmobranch groups may be
asier in theory than in practice, and in captive settings than
n the field (e.g. Jacoby et al., 2010 ). Though we will hereafter
efer broadly to aggregations, classifying these aggregations as
on-social aggregations or social groups offers more nuanced
nsight into the current functions and evolutionary history of
o-occurrence across species. 

r iter ia for elasmobranch aggregations 

e propose three criteria, which must be met to qualify as an
ggregation. 

ggregations must be defined by a minimum of 
wo individuals 

y necessity, an aggregation requires more than one individ-
al to form spatially explicit groups or clusters (Allee, 1927 ;
ouché et al., 2019 ). The actual size of the aggregation is

ikely dependent on the drivers underpinning its formation.
owever, central to this process is the presence of at least one

ther individual in a given area (defined below). This thresh-
ld number appears widely accepted in literature across taxa.
or instance, dyadic associations, or those between two ani-
als, are considered the base unit of social groups and any re-

ulting social structure (Fréon and Dagorn, 2000 ; Whitehead,
008 ; Wilson et al., 2014 ; Ward and Webster, 2016 ). This cri-
erion was also established by Syme et al. (2022) in a similar
ffort to establish a definition for delphinid groups. In fishes,
ilson et al. (2014) suggest that social interactions must in-

lude some element of association between two or more indi-
iduals. When reporting elasmobranch behaviour specifically,
olitary individuals are distinguished from those that are even
ccasionally gregarious (e.g. Economakis and Lobel, 1998 ).
he terms “dyad” and “partner” are commonly used to both
ualitatively and quantitatively describe the nature of asso-
iations within elasmobranch aggregations, often related to
ocial behaviour (e.g. Guttridge et al., 2009 ; Mourier et al.,
012 ; Papastamatiou et al., 2020 ), as evidenced by long-term
yadic associations among Blacktip reef sharks ( Carcharhi-
us melanopterus ; Mourier et al., 2012 ), Gray reef sharks ( C.
mblyrhynchos ; Papastamatiou et al., 2020 ), and Manta rays
 Mobula alfredi ; Perryman et al., 2022 ). Though widely ap-
lied, this criterion of aggregations is often implied, rather
han explicitly stated. 
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Box 1: Social group: Spotted wobbegong aggregation in the southwest Pacific 

Wobbegongs ( Orectolobus maculatus ) in New South Wales, Australia, ha v e sho wn significant catch declines due to hea v y t argeting for the 
sale of their flesh as “flake” (Huveneers et al. , 2006 ; Lee et al. , 2015 ). Specific habitat preferences and residencies of these populations 
ha v e been pre viously assessed to inf orm potential management and conservation efforts. Wobbegongs display short- (days) to medium- 
term (months) site fidelity, with peak abundances in spring and summer months (Carraro and Gladstone, 2006 ; Hu v eneers et al. , 2006 ; 
Lee et al. , 2014 , 2015 ). During these periods, Wobbegongs ha v e been frequently observ ed in close pro ximity and sometime form small 
groups (Lee et al. , 2014 ). The cause of these groupings, whether by social preferences or by range limitations, resource a v ailability, or life 
history, is unkno wn. B elo w, w e apply our proposed frame w ork to a specific study (Armansin et al. , 2016 ) to illustrate how a social network 
analysis on Wobbegong sharks can be applied to define a specific social grouping in an Australian marine reserve. Of note, the authors did 
not in v estigate use of non-social continuous resource or conditions (which could indicate non-social mechanisms of co-occurrence), but 
these are not mutually e x clusiv e with social drivers and could also be present. 

A ggreg ation crit eria Description 

Cr iter ia 1: Aggregations 
must be defined by a 
minimum of two 
individuals 

� Spotted wobbegong sharks ( n = 15) were acoustically tagged in a small Australian marine reserve and 
monitored by an acoustic array of overlapping receivers during a 15-month period. While there were no 
months in which all 15 sharks were present concurrently, at least half were present in all months, except 
from February to June of 20 1 0 (range 3–6 sharks). The number of sharks observed in the array varied by 
month (range 3–13). 

Cr iter ion 2: Aggregation 
occurs at a scale that 
permits detection of an 
inst ant aneously 
o v erlapping driv er b y 
multiple individuals 

� Sharks were monitored by acoustic tags, and associations were recorded when individuals were 
detected within 4 m of each other in 24 h. Acoustic data revealed the consistent presence of repeated 
dy ads. R esults sho w ed that all sharks w ere a part of a dy ad with at least one other individual. Individuals 
sho w ed a mean of 17.2 associations with other individuals while the mean number of associations per 
dy ad w as 1.23 (indicating a social grouping). 

Cr iter ion 3: Participating 
individuals demonstrate 
a deliberate use of a 
common driver 

� Sharks sho w ed deliberate co-occurrence through repeated and consistent associations with specific 
individuals instead of random associations. Using a social network analysis, 35 associating dyads 
emerged (out of a possible 105), with permutation tests indicating that these were non-randomly 
f ormed. R esults indicated three pairs with v ery high association preferences and tw o dy ads with v ery 
low preferences, suggesting potential avoidance. Highly significant dyads showed persistent 
associations with specific individuals despite shifts in home ranges in between seasonal migrations, and 
some dyads remained consistent across different locations within the receiver array (indicating a 

specific social grouping). 
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Box 2: Non-social aggregation: White shark aggregation in the northeast Pacific 

White sharks ( Carcharodon carcharias ) in the northeast Pacific make large seasonal migrations between coastal [Año Nuevo Island, South- 
east Farallon Island (SEFI) and Tomales Point] and offshore habitats (White Shark Café) (Jorgensen et al. , 20 1 0 , 20 12 ). While onshore, White 
sharks ha v e been the f ocus of numerous studies describing their f oraging beha viours, mo v ements, and population dynamics (e.g. Klimle y, 
1994 ; Anderson et al. , 2011 ; J orgensen et al. , 2012 ; Kaniv e et al. , 2021 ). T he amount of inf ormation a v ailable on White sharks near the 
coast allo ws f or a more thorough examination of possible aggregation drivers. Mating has been proposed as a potential mechanism of 
co-occurrence; ho w e v er, supporting data are lacking (i.e. animals do not show fresh mating scars) (Jorgensen et al. , 2012 ) and hormonal 
studies indicate declining sexual readiness in males from October to December (Sulik o wski et al. , 2012 ). Instead, foraging is identified as 
the likely primary driver in mixed class (sex and size) aggregations around coastal pinniped colonies (on a scale of kilometers). T heref ore, 
belo w w e use the body of literature from SEFI in our proposed frame w ork to illustrate ho w a v ailable inf ormation w ould be applied to define 
White shark co-occurrences as a foraging aggregation near a pinniped haul out. 

A ggreg ation crit eria Description 

Cr iter ia 1: Aggregations 
must be defined by a 
minimum of two 
individuals 

� Individual White sharks can be distinguished directly using fin ID and/or acoustic tags, which ha v e a 
range of ∼500 m. Acoustic data and fin ID describe the predictable presence and residency of > 40 
White sharks per year within a few kilometres of coastal pinniped colonies seasonally, with peak 
abundances from August to January (Chapple et al. , 2011 , 2016 ). 

Cr iter ion 2: Aggregation 
occurs at a scale that 
permits detection of an 
inst ant aneously 
o v erlapping driv er b y 
multiple individuals 

� The SEFI is located 30 km west of San Francisco, California, and has an approximate area of 0.85 km. 
Northern elephant seals ( Mirounga angustirostris ), a preferred prey item for White sharks, seasonally use 
the Farallon Island as a haul-out to molt (Pyle et al., 1996 ). The arrival of juvenile northern elephant seals 
at the SEFI coincides with the arrival of White sharks (Pyle et al. , 2003 ). Limited haul-out locations around 
the island concentrate elephant seals at entry and departure points where high tides force them back 
into the water—resulting in peak observed predation events by White sharks (Anderson et al. , 1996 ). 
A coustic netw orks around marine mammal haul outs and photo ID studies identify multiple White sharks 
occurring simultaneously or in close succession at these locations. Given the range of the receivers and 
their proximity to haul outs and the locations of photo ID studies, these co-occurrences are at a scale well 
within that of the driver; in this case, abundant pinniped prey (indicating a non-social aggregation) . 

Cr iter ion 3: Participating 
individuals demonstrate 
a deliberate use of a 
common driver 

� White sharks ha v e been directly observed predating on pinnipeds around the SEFI with frequency of 
predation e v ents increasing in response to increasing local annual abundances of northern elephant 
seals at the island (Klimley et al. , 1992 ; Brown et al. , 20 1 0 ) (indicating a consumptive aggregation) . 
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Aggregation occurs at a scale that permits 

detection of an instantaneously overlapping driver 
by co-occurring individuals 

Identifying an aggregation requires an understanding of the 
spatial distribution of organisms in time (Levin, 1994 ); an- 
imals must gather concurrently in a limited (defined) space 
(Allee, 1927 ; Levin, 1994 ) in response to a common driver 
(Palacios et al., 2023 ). This means animals must first simul- 
taneously utilize an environmental factor and/or detect other 
individuals. Therefore, the temporal scale of an aggregation 

is defined by the persistence of the driver. Second, the bound- 
aries of this space can be defined by the scale of the driver or 
the sensory capabilities of the animal (as in social groups); but 
also, for non-social aggregations, the combined spatial extent 
of the detectable contiguous environmental factor that ani- 
mal is perceiving. Quantitative methods (e.g. nearest neigh- 
bour analysis; Heupel and Simpfendorfer, 2005 ; Syme et al.,
2022 ) may also be useful in helping establish the bounds of 
a perceived aggregation in a given area; however, we argue 
that these measures must also occur within the spatial scale of 
a common driver ( Figure 1 b). For example, an odour plume 
emitted from a whale carcass may extend thousands of me- 
tres, but the signal may disappear below detectable levels for 
a White shark before this distance because of turbulent mix- 
ing, molecular diffusion, or biological uptake (Atema, 1995 ).
In this sense, the spatial extent of the detectable chemical sig- 
nal defines the boundaries of the White shark aggregation re- 
lated to the whale resource. Thus, the scale of the detectable 
driver, and thereby extent of an aggregation, is shaped by the 
particular species’ sensory modalities and capabilities ( Figure 
3 a and b). 

Elasmobranchs employ a variety of senses to detect re- 
sources, many of which may drive aggregation behaviour.
Their sensory receptor cells are specialized to detect envi- 
ronmental stimuli that are broadly grouped into chemore- 
ceptive (taste, smell), mechanoreceptive (hearing, touch, bal- 
ance, body position and movement, water flow and pressure,
electrostatic fields), and photoreceptive (vision) modalities.
Sensory and cognitive studies on elasmobranchs have sug- 
gested that elasmobranchs are capable of associative learn- 
ing using these modalities and can remember learned associ- 
ations over time (e.g. Guttridge and Brown, 2014 ; Newton 

and Kajiura, 2017 ; Vila Pouca and Brown, 2018 ; Papasta- 
matiou et al., 2022a ). Cognitive traits such as social learn- 
ing have also been described in numerous species, includ- 
ing Lemon sharks ( N. brevirostris ), Largespot River Stingray 
( Potamotrygon falkneri ), and Port Jackson sharks ( H. por- 
tusjacksoni ) (Thonhauser et al., 2013 ; Guttridge and Brown,
2014 ; Vila Pouca et al., 2020 ; Papastamatiou et al., 2022a ).
However, such studies remain uncommon and limited to spe- 
cific systems, and there is high variation in species detection 

capabilities and cue propagation in different environments. As 
each sense has species- and even individual-specific detection 

thresholds, it is unreasonable to establish a universal standard 

for the boundaries of a given aggregation. However, we can 

broadly categorize reasonable orders of magnitude of the per- 
ceptual distance of elasmobranchs ( Figure 3 a), which can be 
paired to specific drivers. Thus, we propose that the spatial 
scale of a non-social aggregation will be determined by the 
size, and the temporal scale by the persistence, of the envi- 
ronmental variable and the sensory capabilities of each indi- 
vidual. In other words, non-social aggregation boundaries are 
those that allow simultaneous access to a common, continu- 
us resource or condition by two or more individuals ( Figure
 b). Analogously, for social groups, the scale is driven by the
etectable persistence of another individual. 
There are challenges to addressing this criterion in practise.

or example, there may be limited information both on the
ensory capabilities of a species and the cues an aggregating
ndividual may be detecting. Furthermore, such cues are rarely
ermanent, and their availability varies according to the phys- 
cal properties of the medium, environmental conditions and 

he spatiotemporal scale over, which individuals interact. Even 

n cases where potential resources can be identified, it is also
ecessary to consider their biological relevance. For instance,
here may be heterogeneity at a fine scale in sea surface temper-
ture or within upwelling zones; however, animals may still be
ttracted to the broader regional cues. To apply this criterion
ithout explicitly defining these parameters, it may be rea- 

onable to assume that if animal occurrences correlate with 

 resource or condition, then the resource is likely within the
ensory capabilities of the animals. In this case, the spatial and
emporal extent of the resource or condition itself may be suf-
cient to define the boundaries of an aggregation. Defining 
uch boundaries ideally requires combining measurements of 
nvironmental cues and the biological capabilities of the ag- 
regating elasmobranch species. Yet even when these metrics 
re unknown or unmeasurable, we suggest that future studies 
eport the spatial and temporal scales used to infer an aggre-
ation to justify defining a given observation as such ( Table
 ). 

articipating individuals demonstrate a deliberate 

se of a common driver 

hen defining an aggregation, it is also important to establish
hether co-occurrence is incidental (i.e. where individuals en- 

ounter others by chance, as a random product of each indi-
idual’s movement track) or due to a deliberate response to an
nvironmental factor or the presence of other organisms (here- 
fter, an incidental co-occurrence or deliberate co-occurrence,
espectively; Table 1 ). This distinction is infrequently explored 

ith inconsistent terminology used to differentiate these two 

henomena. There are some exceptions in recent literature; 
or example, Anderson et al. (2021) and Findlay et al. (2016)
oth classify co-occurrences as random when describing non- 
ocial aggregations of White sharks, and non-random when 

eferring to suspected social groups. However, studies that fo- 
us on incidental elasmobranch co-occurrence are otherwise 
parse, with most interest in co-occurrence caused by a spe-
ific driver. To this point, the spatiotemporal threshold for 
eliberate co-occurrences has been arbitrary; there is no pre- 
efined duration or proximity justified by a proposed driver.
onetheless, there are some tools used to assess this, such

s null models based on permutations of association indices 
mong identifiable individuals (Cairns and Schwager, 1987 ; 
hitehead, 2008 ). Though collecting individual association 

ata can be difficult, there are a growing number of stud-
es measuring these associations in wild elasmobranchs across 
ultiple years (Croft et al., 2005 ; Armansin et al., 2016 ; Find-

ay et al., 2016 ; Papastamatiou et al., 2020 , 2022a ; Perryman
t al., 2022 ; Roose et al., 2022 ). Expanding this avenue of re-
earch is promising in further revealing the patterns, drivers,
nd functions of elasmobranch aggregations. 

The distinction between incidental and deliberate co- 
ccurrence is critical to our definition of an elasmobranch 
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Figure 3. (a) A simplified relative representation of cue propagation distances abo v e general elasmobranch sensory thresholds: gustatory (red ∼1 mm), 
tactile (orange ∼10 cm), bioelectric (y ello w ∼40 cm), h y drodynamic (green ∼1 m), visual (blue ∼100 m), olfactory (dark purple ∼< 10 0 0 m), acoustic (light 
purple ∼> 10 0 0 m) (appro ximate ranges are depicted on a log scale). (b) A demonstration of visual, olf actory, and acoustic perceptual o v erlap betw een 
two individuals and food resource (crab). An arrow indicating a water current is shown at the bottom to represent an external factor that would affect the 
propagation of chemosensory cues because olfaction (purple) relies on the movement of physical matter. However, water flow would not impact vision 
or hearing because the propagation of light and acoustic stimuli depend on different ph y sical properties of the environment, such as turbidity and 
density , respectively . In this e xample, the flo w of w ater effectiv ely reduces the receptiv e field (v ertical ellipse) f or the upcurrent batoid (lef t), whic h 
e xperiences reduced olf actory perception, and vice v ersa (horiz ontal ellipse) f or the do wncurrent batoid (right). T hus, both batoids could hear but not see 
the crab, whereas only the downcurrent individual could smell the prey item (ranges are not to scale for simplicity). 
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ggregation. It indicates whether the presence of individu-
ls in an area is intentional or whether these animals are
imply passing by. We suggest that all elasmobranch aggre-
ations, social or non-social, are caused by deliberate co-
ccurrences. Given this perspective, incidental and deliberate
o-occurrences can be differentiated by either the presence
f a common external factor deliberately utilized by multi-
le individuals (non-social aggregation), or that of individu-
ls in detection range of others (social group). Thus, deter-
ining whether those organisms are aggregating (i.e. a delib-
rate co-occurrence) requires either identification of a driver,
r evidence that one is present. For example, multiple elasmo-
ranchs gather in highly productive habitat to feed. Even if
rey is unobservable directly, we may infer feeding or hunt-
ng behaviour based on the movement and kinematics of the
redators themselves (i.e. area restricted searching, breaching,
ctive filter-feeding, etc.). For social groups, individuals may
xhibit coordinated swimming behaviours or mating scars
e.g. Jacoby et al., 2012 ; Gore et al., 2019 ). To further support
he hypothesis that deliberate co-occurrence is caused by the
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directed use of a driver, we would also expect to observe re- 
peatability in aggregation formation for that species or group 

of organisms when that driver is present. 
There remain methodological challenges in identifying one 

or multiple resources driving deliberate co-occurrence (i.e. ag- 
gregation) in a given set of spatiotemporal bounds. Ideally, ag- 
gregations would be identified and classified via in situ mea- 
surements of environmental factors or quantitative proximity 
metrics, such as association indices (Armansin et al., 2016 ; 
Findlay et al., 2016 ; Mourier et al., 2017 ). Yet in the many 
instances where this is infeasible or not the primary aim of 
the research, there are other signs that may indicate deliber- 
ate co-occurrence; for instance, the size, sex, and behaviours 
of individuals in an area ( Table 2 ). Cyclical and predictable 
patterns of movement or occupancy may also indicate that 
space use is linked to deliberate co-occurrence. Many elasmo- 
branch species are known to form seasonal hotspots in coastal 
areas [e.g. mobulids for mating (Solleliet-Ferreira et al., 2020 ; 
Palacios et al., 2023 ), Basking sharks for courtship and feed- 
ing (Sims et al., 2022 ), and White sharks for feeding (Gold- 
man and Anderson, 1999 )], or to return to the same habitat 
diurnally or nocturnally (e.g. Scalloped hammerhead sharks 
for refuging; Klimley and Nelson, 1984 ). Until a standardized 

metric of deliberate co-occurrence is established for elasmo- 
branch research, these proxies are likely sufficient to justify 
the classification of an aggregation. However, we recommend 

that any proxies are reported as such ( Table 2 ) and that studies 
avoid interpretation beyond the scope of the available data. 

Futur e dir ections 

Our proposed definition of an elasmobranch aggregation is 
an important first step to coalescing descriptions of dynamics 
that occur during elasmobranch co-occurrence. It offers a min- 
imum threshold at which to begin to further examine aggre- 
gation behaviour. By addressing the three proposed criterion 

for classifying an aggregation, future studies can standard- 
ize observations for elasmobranch occurrences while consider- 
ing their connection to biological and environmental drivers.
Furthermore, given the variable terminology in the literature 
to date, we recommend that readers interpret existing stud- 
ies based on our proposed structure, to allow for more ro- 
bust comparison across studies, species, and behaviours (see 
Boxes 1 and 2). Our paradigm will provide researchers and 

resource managers with a tool to assess the importance of 
areas where elasmobranchs are observed and how that may 
change in the future. To advance this field and create ac- 
tionable, conservation-driven outcomes, we conclude by of- 
fering insights to guide future research and reporting (outlined 

in Table 2 ). 
First, there is a continued need for standardized descrip- 

tions of elasmobranch aggregations. Reports should at least 
include specific details about animal occurrences, drivers, and 

scale; ideally, individual characteristics and behaviour are also 

recorded ( Table 2 ). There should be a strong effort to contex- 
tualize these behaviours with environmental information. For 
example, there is typically oceanographic environmental data 
readily available, albeit at various resolutions depending on 

the location. We recognize that it is not always possible to 

explicitly quantify the drivers underlying these aggregations 
in the marine environment. However, reporting any environ- 
mental data alongside observations helps to standardize de- 
scriptions of aggregations, determine the influence of external 
ariables on animal behaviour (Roose et al., 2022 ), and model
pecies distributions. Consequently, this practice would offer 
ultifaceted benefits to both research and management. 
There are also specific areas of research and practices that

ould contribute to our understanding of elasmobranch ag- 
regations. For instance, very little is known about species- 
pecific sensory ecology of many species, including how they 
ommunicate (but see Fetterplace et al., 2022 ). Relatedly,
hough there has been increasing interest in elasmobranch 

ognitive capabilities, there are still no empirical methods of 
ssessing the relative importance of different sensory modal- 
ties for recognition of other individuals or kin (Papastama- 
iou et al., 2022a ). Yet this information can provide novel in-
ight into how these animals may be interacting with each
ther to facilitate foraging, mating, reduced predation risk,
nd social structure. We can also increase our understanding 
f inter-individual proximity and its environmental context.
ast improvements in biologging and animal tracking tech- 
ology now allow us to monitor elasmobranch activities that 
ave historically been inaccessible for long-term direct obser- 
ation (Villegas-Rios et al., 2022 ). Devices such as animal-
orne cameras and proximity loggers (Haulsee et al., 2016 ;
arkley et al. , 2020 ; V illegas-Rios et al., 2022 ) and methods
uch as nearest neighbour analysis, association indices, and 

ocial network analyses (Heupel and Simpfendorfer, 2005 ; 
ourier et al., 2017 , 2018 ; Villegas-Rios et al., 2022 ) have al-

eady been employed on select species to measure the relation-
hip between individuals over time (see Jacoby et al., 2012 ;
apastamatiou et al., 2022a ). Beyond technical improvements 
n such devices (i.e. increasing battery life and providing finer
ositional resolution), adding additional sensors to monitor 
nimal state (i.e. heart rate, body temperature, tissue bio- 
hemistry, and appendage activity) and environmental con- 
itions would increase our ability to connect movement pat- 
erns to biological and environmental processes. Tools such as
chosounders or aerial and underwater drones could also be 
sed to identify elasmobranch aggregations (Villegas-Rios et 
l., 2022 ). In parallel, evolving analytical tools could be used
o synthesize the movements and behavioural patterns of indi- 
iduals in relation to their environment (e.g. Tuia et al., 2022 ).
or example, machine learning models have successfully clas- 
ified vertical swimming, chewing, and resting behaviour of 
ort Jackson sharks (Kadar et al., 2020 ). Work that combines
he proximity and behavioural signals of multiple individuals 
oncurrently (as in Barkley et al., 2020 ; Papastamatiou et al.,
022b ) would greatly contribute to answering broader ques- 
ions about aggregation function and fitness relevance. 

oncluding remarks 

ur proposed definition of elasmobranch aggregations will 
deally transfer not only to researchers but also to policymak-
rs and managers. Elasmobranchs are highly threatened, and 

here is increasing effort to improve area-based protection to 

ombat population declines (Hyde et al., 2022 ). A key step
n doing so is identifying areas where these animals aggre-
ate to carry out vital functions (Hyde et al., 2022 ). Our pro-
osal contributes to this effort by offering standardized cri- 
eria by which to identify aggregations and their locations.
urthermore, determining the mechanisms driving aggrega- 
ions offers greater predictive power into when, where, and 

t what scale they may form. It will also shed light on the
volutionary benefit of such co-occurrence behaviours, thus 
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ontributing to our assessment of elasmobranch population
nd social dynamics. Additionally, aggregations can influence
 population’s growth rate and response to exploitation (Dob-
on and Poole, 1998 ). This information is critical to miti-
ating anthropogenic impacts that are often exacerbated by
ggregation formation, such as fishing pressure, incidental
apture, habitat destruction, and climate change (Wearmouth
nd Sims, 2008 ; Mucientes et al., 2009 ; Jacoby et al., 2012 ;
 illegas-Rios et al. , 2022 ; Palacios et al. , 2023 ). Notably, the

mportance of aggregations to conservation efforts will be
pecies- or population-specific. For instance, smaller aggre-
ations of highly threatened species may warrant more con-
ideration for spatial protection than more abundant species
n aggregations of similar size. Regardless, considering aggre-
ation behaviour will permit tailored management strategies
o account for the vulnerability exhibited by elasmobranchs
hen gathering at specific locations and times (Mucientes et
l., 2009 ; Jacoby et al., 2012 ; Palacios et al., 2023 ). From a dif-
erent perspective, there is also emerging evidence to suggest
hat elasmobranch aggregations offer an alternative economic
ncentive to harvesting, such as via ecotourism (Jacoby et al.,
012 ; Zemah-Shamir et al., 2019 ). For example, tourist activ-
ties with mobulids at aggregation sites have been shown to
ontribute substantially to both local and global economies
O’Malley et al., 2013 ; Palacios et al., 2023 ). Consequently,
 more structured approach to assessing aggregation events,
uch as we have proposed here, will be beneficial to various
onservation pathways in the future. 

In conclusion, we recognize that shifting a common
aradigm within a given field, such as we propose here, can
e a substantial change. Nonetheless, similar endeavours (e.g.
eupel et al., 2007 ) show that clearly defining widespread

oncepts of animal behaviour can have powerful, applied im-
acts (e.g. Kinney and Simpfendorfer, 2009 ). By standardiz-
ng terminology, researchers can compare their results across
tudies, clearing a potential bottleneck as larger volumes of
ata are collected and analysed. Our reporting recommen-
ations also add breadth to this subfield of elasmobranch
cience by establishing a consistent set of baseline informa-
ion, which can be collected to help fill in existing knowledge
aps and assess long-term patterns of elasmobranch aggrega-
ions. As the populations of many elasmobranch species con-
inue to decline, there is an urgent need to first understand
ow such dynamics influence species distribution and abun-
ance, and then to pair this understanding with management
trategies. 
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