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The social system of animals involves a complex interplay between physiology, natural
history, and the environment. Long relied upon discrete categorizations of “social”
and “solitary” inhibit our capacity to understand species and their interactions with
the world around them. Here, we use a globally distributed camera trapping dataset
to test the drivers of aggregating into groups in a species complex (martens and rela-
tives, family Mustelidae, Order Carnivora) assumed to be obligately solitary. We use
a simple quantification, the probability of being detected in a group, that was applied
across our globally derived camera trap dataset. Using a series of binomial generalized
mixed-effects models applied to a dataset of 16,483 independent detections across 17
countries on four continents we test explicit hypotheses about potential drivers of group
formation. We observe a wide range of probabilities of being detected in groups within
the solitary model system, with the probability of aggregating in groups varying by
more than an order of magnitude. We demonstrate that a species’ context-dependent
proclivity toward aggregating in groups is underpinned by a range of resource-related
factors, primarily the distribution of resources, with increasing patchiness of resources
facilitating group formation, as well as interactions between environmental conditions
(resource constancy/winter severity) and physiology (energy storage capabilities). The
wide variation in propensities to aggregate with conspecifics observed here highlights
how continued failure to recognize complexities in the social behaviors of apparently
solitary species limits our understanding not only of the individual species but also the
causes and consequences of group formation.

sociality | social organisation | group-living | cameratrap | resource dispersion hypothesis

Understanding the evolutionary, physiological, and proximal drivers of animals’ social
organizations and structures is foundational to understanding their ecology and, in turn,
assessing organisms’ ecological niches and propensities for adaptation. As a prerequisite,
we must understand what drives conspecifics to congregate, with the potential to establish
groups. Most carnivorans are described as being solitary (80 to 95%, 1, 2), with direct
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social interactions restricted to mating and young rearing, suggesting that they have limited
potential for cooperative behaviors (3). Yet, there is growing evidence that social organi-
zations and structures are complex across even the most socially restricted species including
sibling coalitions, male-male alliances, and spatial group formations (4-6). Despite grow-
ing recognition that the social structure and organization of species is likely dynamic, with
“group-living” and “solitary” representing extremes of a spectrum (7), our current schema
of discrete categorizations remains clouded by anthropocentrism that limits our under-
standing of countless species.

At all trophic levels, life imposes energetic requirements. Nonetheless, constraints
imposed by body—mass ratios, spatial heterogeneity, and temporal environmental sto-
chasticity of resources may be mitigated through cooperative behaviours that alter what,
how, and when resources are obtained (8). The propensity of members of a species to
form groups (typically of related individuals and breeding pairs) is thought to be influ-
enced by benefits gained from cooperative hunting, alloparental care, social learning,
and defense against predators and conspecific territorial intruders, offset by the disad-
vantages of high parasite burdens, high infanticide risk, and intraspecific competition
(9-11). To avoid ambiguity and confusion caused by irregular use and a lack of consensus
regarding terminology in the social systems literature, here, for clarity we define critical
terms used, adapting the framework and definitions presented and discussed in refs. 12
and 13; see Table 1.
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Table 1. Definition of critical terms used in our research with key references for each term

Term Definition References
Social complexity Social complexity refers to a continuous spectrum in which complex social systems are those (14)
where individuals frequently interact in many different contexts with many different
individuals and often repeatedly interact with many of the same individuals over time.
Social structure Social structure is defined by the content, quality, and patterning of social relationships (13)
emerging from repeated interactions between pairs of individuals belonging to the same
social unit.
Social organization  Social organization refers to the size and composition of a social unit. (13)
Group/Aggregation Group, grouping, or aggregation (used interchangeably) refers to when animals are located (13,15)
together in time and space. The smallest group size equals 2; the largest animal groups can
include millions of individuals. For our research, we define a group or aggregation to be >2
animals detected in the same image together.
Association Associations are non-solitary social units defined as “a set of animals that interact regularly (13,16)

and more so with each other than with members of other such groups.”

A general model of social organization, the resource variance-life
history model (17), which has the resource dispersion hypothesis
as a special case (10, 18), predicts that patterns of resource avail-
ability, in both space and time influence tolerance of conspecifics
and thus group formation. This model considers productivity and
variation of resources in space (patchiness) and time (predictabil-
ity) to be key for explaining mating and dispersal strategies of
mammals (17). It predicts that groups will develop in landscapes
where resources are dispersed spatially in resource-rich patches
with high temporal constancy whereby the smallest economically
defensible territory for a single individual can sustain additional
animals. Empirical tests of these predictions generally support
resource availability patterns being central to social organization
and complexity (19).

Examining the variation in the ecology and life history of closely
related species can clarify important evolutionary processes (20).
Mustelids are the most species-rich superfamily amongst the car-
nivorans (21). Most mustelids display some form of intra-sexual
territoriality, a simple social structure amongst solitary carnivorans
where individuals exclude conspecifics of the same sex. Females
are thought to try to maximize resources within their range, while
males try to maximize access to females and, therefore, impose
territory overlap on females (22, 23). Group formation in mus-
telids is thought to be constrained by a combination of factors.
Mustelids have retained the slender morphology of their ancestral
viverravids and miacids (24, 25) providing access to small semi-
arboreal, fossorial, and subnivean prey. Small vertebrate prey are
diverse and have populations on nearly every landscape on the
planet. Generally, small vertebrate prey are theorized to be distrib-
uted homogenously within their preferred habitats (21), making
the establishment of territories and exclusion of conspecifics, a
beneficial strategy to ensure sufficient resources for survival (10,
26; 14 presented the theoretical derivation). Mustelids™ asocial
tendencies are thought to be exacerbated by the pleiotropic bio-
chemical costs of delayed implantation. Oxytocin, the “affection
hormone” (27), is inhibited for delayed implantation to the appar-
ent detriment of affectionate dispositions in mustelids (21, 28).
Amongst this generally asocial taxon, martens and their close
relatives (sometimes called the “Marzes complex,” hereafter, mar-
tens) are exemplars of animals thought to be restricted in terms
of tolerance on conspecifics and that have been described as “obli-
gately solitary” (22, 29-31). Semi-arboreal and fossorial life his-
tories are underpinned physiologically in mustelids by an inability
to produce substantial fat deposits (32). Harlow hypothesized that
martens store excess energy as muscle instead of fat (33). Thus, as
with other mammals, large individuals experience higher survival
rates during periods of resource scarcity because they have longer
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fasting endurance due to metabolizing somatic stores at a lower
weight-specific rate (34). Nevertheless, the elongated and thin
body shape of small mustelids increases vulnerability to starvation
(32), thereby reducing food security during severe winters. This
is thought to preclude the tolerance of conspecifics, which is the
fundamental prerequisite to the formation of groups (35).

Recent evidence challenges the established dogma of obligate
solitariness in martens. For example, cooperative foraging has been
observed in tropical yellow-throated martens (Martes flavigula,
36). Sibling coalitions and paternal philopatry have been docu-
mented for wolverines (Gulo gulo), stone martens (Martes foina),
and pine martens (Martes martes, 37, 38). Whilst scattered, these
observations of cooperative and social behaviors suggest greater
social complexity than previously envisaged in this animal group.
The contrast between these recent observations and the expected
solitary life histories makes martens an ideal model system for
testing hypotheses related to the drivers of group formation.

We assembled a global collation of camera trapping data to test
the drivers of group formation across seven species within the
Martes complex that vary in weight over an order of magnitude
(1 kg to 20 kg): Four species in the genus Martes [Martes americana
(including Martes caurina), M. flavigula, M. foina, M. martes], the
wolverine, the tayra (Eira barbara), and the fisher (Pekania pen-
nanti). The resource variance-life history models present hypoth-
eses relating to productivity, patchiness, and predictability of
resources (17, 19). Additionally, recent hypotheses have emerged
regarding energy storage capabilities as a facilitator of aggregation
(35). Thus, based on these lines of evidence, we hypothesize that
a) individuals of a species will be more likely to aggregate on low
productivity landscapes; b) animals that use more patchily distrib-
uted food resources (e.g., fruit, insect nests, and large prey) will
have a greater probability of aggregating with conspecifics, ¢) indi-
viduals of a species will be more likely to aggregate with conspe-
cifics on landscapes which do not undergo prolonged periods of
resource scarcity resultant from severe winter conditions, and d)
larger species will be more likely to aggregate with conspecifics
than smaller ones due to energy stores buffering against periods

of food scarcity.

Methods

Collection and Preparation of Global Camera Trapping Data. We conducted
a literature review of camera trap research in regions across the globe within the
expected ranges of any member of the Martes complex during 2000 to 2020.
We used search terms related to specific species names as well as generic terms
such as "marten,” "camera trap,” “survey," and "study.” We used these to cre-
ate a database of correspondence authors from whom we requested data. In
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addition, we contacted experts and reviewed the activities of major international
non-governmental organizations. We conducted snowball sampling, obtaining
additional datasets from colleagues recommended by previous contacts. Data
gathered included longitude and latitude of camera stations, date, time, species
names, number of individuals in each image, and other associated information
(e.g., use of lure or bait). Whilst camera deployment methods varied across the
collated studies (see S/ Appendix: Camera Trapping Studies for full details of each
locality), the general method involved deploying camera traps either without
bait/lure or facing a bait station (bait varied with the focal species but was most
commonly a commercial scent lure, butalso included peanuts, eggs, beaver meat,
and so forth). Cameras were set to take photos in bursts of 1to 10 images or videos
of 10 s-1 min with shortinterval times (1to0 20 s). Camera makes and models are
listed in S/ Appendix: Camera Trapping Studlies.

Our total collated dataset contained 33,996 detections of members of seven
focal species from 29 study sites across 17 countries and four continents (Fig. 1). We
considered amaximum of 1 detection per day at any site to ensure independence
between detections. Over the course of the twenty-year period between 2000
and 2020; there were 16,483 independent detections (maximum of 1 per 24-h
period), which were composed of 7,657 fisher detections, 3,578 American marten
detections, 2,130 pine marten detections, 911 tayra detections, 771 stone marten
detections, 730 yellow-throated marten detections, and 706 wolverine detections.

statistical Analysis. We initially examined interspecific differences in the Martes
complex by examining how probability of being detected in a group varied among
species.Agroup detection was defined as a single image that contained two or more
individuals of the same species (to remove uncertainty two or more individuals must
be detected in the same individual image to be classified as being in a group, a
sequence of images containing single animals would all be classified as individual
detections). This conservative approach to individual vs. group assignment removes
the possibility of false positives (assuming animals were in a group because they
were in a sequence of photos over some arbitrary timeframe) and minimizes the
chance of considering antagonistic interactions (i.e., one animal chasing another

-15|0° -12‘0" -90° -60° -30°

as in a territorial dispute) as individuals aggregating in groups. While there is a
degree of ambiguity with images, no obvious evidence of hostile encounters (e.g.,
fighting; snarling; aggressive body positioning) was found using this individual
image-based group classification approach. To test our hypotheses, we used a series
of binomial generalized mixed effect models with the binary response variable of
detections of individuals (0) or groups (1). Modeling was conducted in R version
4.3.1 using the function glmer in package Ime4 (39, 40). The covariates we tested
were average body weight of each species (kg, log-transformed), resource pro-
ductivity (gross primary productivity: GPP), average annual temperature change
as a proxy for winter severity (average annual temperature difference, °C, power-
transformed, A = 2), mean SD of daily temperature differences from annual aver-
ages as a quantification of resource constancy (°C), and a metric for patchiness of
resources used by the species (see below). We quantified resource productivity of
each site (camera trap station) using MODIS Land Satellite data (41) and summa-
rized gross primary productivity over 8-d periods at each site. From MODIS Land
Surface Temperature estimates (42), we quantified winter severity by calculating
the mean annual temperature difference between monthly averages for January
and July for each year for each site. We produced a proxy for resource constancy by
1) using daily estimates of temperature at each independent detection over the
20-yfocal period to estimate annual averages, 2) calculating daily differences from
annual averages at each independent detection, and then 3) calculating mean SD of
daily temperature differences from average annual temperatures. We calculated a
resource dispersion metric to quantify the patchiness of the distribution of resources
for each species in each focal area as:

HDR

Resource patchiness = DR 5 DR’

where HDR is the frequency of occurrence of homogenously distributed resources
(HDR)in the diet, and PDR is the frequency of occurrence of patchily distributed
resources (PDR) in the diet. HDR are all small vertebrate prey (e.g., small mam-
mals, birds, and reptiles), and patchily distributed resources are comprised of
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Fig. 1. Map showing the location of the 29 camera trapping studies with detections of Martes complex species collated from 17 countries across four continents

during 2000 to 2020. Site locations are orange dots.
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invertebrates, fruit, and carrion (21). For each species, we conducted literature
searches for dietary studies at each camera site using search terms that included
the species name, the country, and generic terms such as "diet," "predation,” "food
resources.” Where specific locality data were not available, we adopted results
from the nearest location. See SI Appendix, Table S1 for details on each species
and locality. To account for the effects of variation in bait and scent-lure use in
camera trapping methods, and how these might affect behavior and aggrega-
tion of individuals, we considered four alternate parameterizations of bait status,
H1-All different [3 level factor, T = food reward, 2 = scent lure, 3 = none];
H2-Attractant [2 level factor, 1 = food/scent lure, 2 = none]; H3-Food different
[2 level factor, 1 = food reward, 2 = scent lure and none]; H4-Lure different[2
level factor, 1= lure only, 2 = food reward and none] and used AIC-based model
selection to identify to the most parsimonious parametrization of bait/scent-lure
usage (S/ Appendix, Table S2 and Bait Covariate Parameterization). The two-level
attractant parameterization (food/scent lure vs. unbaited) was the most supported
and was included as a fixed effect in all models. To account for natural annual
and interannual temporal variation in group formation in species expected due
to breeding we include ordinal day, both the linear and quadratic terms, as fixed
effects, and year as a random effect in all models. We attempted to fit a date
and species interaction, but models failed to converge. To examine how resource
constancy, and severe winter or summer conditions, interact with physiological
factors (e.g., energy stores as fat or muscle) to drive propensity to associate with
conspecifics, we added an interaction between log transformed weight (kg) and
mean annual temperature difference. To account for potential unaccounted for
landscape effects that may introduce non-independence within study regions,
we also included study region as a random effect on all models. We excluded
data that were based on monitoring of denning sites and breeding sites so as
not to introduce bias through saturation of detections of multiple individuals
where such monitoring was conducted. [t was not possible to assign relationship
identifiers to photographs, so each independent detection was scored binomi-
ally (0-single individual, 1-two or more individuals). We attempted to include
phylogenetic contrasts (43) to account for taxonomic relatedness in the analysis.
Phylogenetic contrasts require consideration of species trait values averaged at
shared ancestral nodes (43, 44). Given we only consider seven species, four of
which are in the same genus, and thus share the same ancestral node, such an
approach was not viable. Nonetheless, qualitative examination of phylogenetic
positioning against the species trait of interest (e.g., probability of aggregating
in groups) did not provide evidence of correlation (S/ Appendix, Fig. S1).

All continuous covariates were scaled and standardized to have unit variance
and a mean of zero. Based on variance inflation factors, there was evidence of
strong collinearity between our metrics for winter severity and resource constancy
(VIF=7.59, see Sl Appendix, Fig. S2). Thus, resource constancy was dropped from
the global model and we assume that our winter severity metric (average annual
temperature difference) provides a proxy for both winter severity and resource
constancy. There was no evidence of collinearity between any covariates after
this removal (45, VIF < 3). We compared all combinations of covariates using
AlC-based ranking methods to assess the most parsimonious model combination
for grouping within martens (46). This resulted in 20 candidate models which
were compared using the package "MuMin” (47, see SI Appendix, Table S3 for
full model list). Redundancy of parameters was evaluated following Arnold (48)
such that the parameters that were included but resulted in less than —2 AIC
units from the next best model were considered uninformative and removed. To
visualize the effects of important covariates, we estimate the marginal probability
of an animal being detected in a group across the entire gradient of parameter
space. All analyses were conducted in R version 4.2 (40).

Results

The initial exploratory species model showed clear differences
among species in their probability of being detected in groups
(Fig. 2). The two species whose ranges are partly tropical, the yellow-
throated marten (0.18, C195% = 0.15 t0 0.21) and the tayra (0.08,
CI95% = 0.05 to 0.09), displayed the highest probabilities of being
detected in groups. This was followed by the pine marten (0.03, CI
95% = 0.02 to 0.04), the wolverine (0.01, CI 95% = 0.01 to 0.02),
then by the stone marten (0.01, CI 95% = 0.01 to 0.02), and the
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American marten (0.01, CI 95% = 0.01 to 0.01). Finally, the least
likely to be detected in groups was the fisher (0.00, CI 95% = 0
t0 0.01).

Using AIC to rank the 20 models that included all covariate com-
binations, we found clear support for a single top model (S7 Appendix,
Table S4), providing evidence that resource-related and physiological
factors (i.e., energy storing capabilities) interact to jointly explain
the variation in tendencies toward aggregation amongst species
(Fig. 3). Specifically, the top model showed that higher reliance on
patchy resources (e.g., fruit, invertebrates, and large prey) was asso-
ciated with increases in grouping of individuals (B,chiness = 0-37 *
0.14, Figs. 3 and 4A). The use of attractants at camera sites had a
strong effect, with use of bait/scent-lures at sites increasing proba-
bility of detecting aggregations of individuals (B, = 0.96 + 0.18,
Fig. 3). Evidence existed of pronounced annual variation in group
formation as expected due to the requirements of breeding, with the
quadratic term showing a peak mid-year which aligns with the kit
rearing period for most of the species (Byy, (quadrario = =1-54 + 0.21,
Fig. 3). The impacts of temporal variation on overall interspecific
differences observed were, however, comparatively minor, as evi-
denced by limited variation in marginal probabilities of grouping
throughout the year (Fig. 4B). The interaction between body weight
(as a proxy for energy storage capabilities) and mean annual temper-
ature difference (our proxy for winter severity/resource constancy)
was also important (Byegheresource consancy = ~0-62 * 0.08, Fig. 3),
whereby in environments which do not undergo resource scarcity
induced by severe winter conditions (e.g., those with lower mean
annual temperature differences) higher body weights were positively
associated with tendencies to aggregate with conspecifics (Fig. 5 A
and B). Nonetheless, in systems displaying harsh winter conditions
(i.e., 230 °C mean annual temperature difference), this positive asso-
ciation between weight and being detected in groups was absent
(Fig. 5C). Resource productivity was a redundant parameter and did
not explain variance in probability of being detected in groups

(81 Appendix, Table S4).

Discussion

In a closely related species complex where all species were previ-
ously assumed to be obligately solitary, we observe a wide range
of tendencies toward group formation, with the probability of
aggregating in groups varying by over an order of magnitude
between species. All of the theorized resource-focused predictors
except resource productivity contributed toward variation in ten-
dency toward aggregating into groups, including winter severity/
resource constancy, energy storing capabilities, and the distribu-
tion of resources. Species in environments with greater seasonal
constancy, which exploit resources that are widely dispersed in
resource-rich patches, had the highest tendencies towards group-
ing. On the contrary, animals that must tolerate extreme winter
severity with diets dominated by relatively homogeneously dis-
tributed small vertebrate prey show almost no evidence of aggre-
gating with conspecifics. We, therefore, provide empirical evidence
to support the resource dispersion hypothesis as one of the key
drivers of aggregation and highlight that our correlational evidence
suggests that it is the critical interactions between physiology (e.g.,
energy storage capabilities to buffer against periods of resource
scarcity) and resource constancy and dispersion in the environ-
ment, that underpin tendency of animals to aggregate and form
groups. We make the case that while species may be predisposed
to a certain level of solitariness, we should be cautious in the use
of discrete generalizations of solitary or social, with a dynamic
spectrum of environment-dependent likelihood of group forma-
tion possibly exhibited within any single species.
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Fig. 2. The probability of each member of the Martes complex (martens and close relatives) being detected in groups (two or more individuals) based on
generalized linear mixed effects models of a globally derived camera trapping dataset collected between 2000 and 2020.

Here, we focused on how both physiological factors related to
energy storage (body weight) and resource availability influence
grouping behavior. Following predictions of the resource-variance
life history model and the resource dispersion hypothesis, we
observe that the dispersion of resources, measured here as the
species-specific ratio of homogenously vs. patchily dispersed
resources in the diet, was the best predictor of probability of being
detected in groups. In our examination of species that are all
considered to be intra-sexually territorial and solitary (17), we
observed that species that relied primarily on homogenously dis-
persed prey (e.g., fisher) were less likely to associate with conspe-
cifics. In contrast, the two species with the highest probability of
being observed in groups (yellow-throated marten and tayra) use
patchily distributed resources most extensively and in most of their
sampled range live in environments that do not undergo pro-
longed periods of winter-induced resource scarcity.

resource patchiness 1
winter severity
weight 1

weight:winter severity 1

fixed effects

ordinal day (linear term)

ordinal day (quadratic term) 1

bait

For these latter two species, natural history notes have recently
emerged describing observations of truly social behaviors, specif-
ically, cooperative hunting of prey significantly larger than them-
selves. Yellow-throated martens have been reported to prey upon
macaques (Macaca fascicularis) and muntjac (Muntiacus sp.) in
pairs and threes (36); whilst tayra have been observed to hunt large
species such as armadillo (Dasypus sp.) in groups (49). Under cer-
tain circumstances, a key benefit resulting from aggregation with
conspecifics appears to be the development of social behaviors
facilitating access to new resources in the form of significantly
larger prey. Thus, while the resource dispersion hypothesis
describes how groups can form in the absence of any functional
advantage to any individual from the presence of others, we high-
light that consideration of resource-based factors and the benefits
and costs of spatial aggregations are not dichotomous, or alterna-
tive theories, but rather, the use of rich and patchily distributed
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Fig. 3. Model coefficient estimates with 95% Cls showing associations between the probability of martens and close relatives (Martes complex) being detected
in groups and fixed effects in the top AlC-ranked generalized mixed effect model from a globally derived camera trapping dataset between 2000 and 2020. An
asterisk represents coefficients with strong relationships with this quantitative metric for group formation (i.e., Cls do not overlap 0).
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Fig. 4. “Marginal” probability of being detected in a group from the seven
species of the Martes complex as a function of (A) resource patchiness and
(B) ordinal day based on the top AlC-ranked generalized mixed effect model of
a global camera trapping dataset collected between 2000 and 2020. Marginal
probability estimates are made along the whole sequence of values sampled in
parameter space for the covariate of interest while keeping all other covariates
at their mean value (0 as all covariates were centered to have a mean and
unit variance of 0).

resources are a prerequisite for tolerance of conspecifics, and thus
necessary for, but not a certain predictor of more complex asso-
ciations and behaviors.

Our results also provide mixed evidence regarding the hypothesis
that low energy-storing capabilities constrains martens in terms of
group formation (35). The interaction term with mean annual tem-
perature difference highlights that physiological factors must be
considered alongside winter severity/resource constancy to be mean-
ingful. We see that in less extreme environments that do not
undergo annual periods of resource scarcity induced by severe win-
ter conditions, probability of being observed in groups scales with
body weight; however, this is not the case in environments where
annual temperature change is 230 °C. If energy-storing capabilities
were sufficient to predict group formation, the wolverine, which is
threefold-to-fourfold heavier than the next largest species would be
the most frequently detected in groups. It is important to highlight
that due to the conservative nature of our grouping metric, even
species with very low probability of being detected in groups are
not necessarily precluded from displaying social associations and
complexity (see below). The nature and magnitude of the benefits
of grouping are expected to vary across species and habitats (50);
as seen here [and in other species, such as Chinese ferret badgers
(Melogale moschata), which form groups in sub-tropical environ-
ments (51)], proclivity toward aggregation in groups is dynamic,
with specific local conditions being critical.

Whilst tolerance of conspecifics and group formation may facil-
itate strategies to better exploit available resources as with the
cooperative hunting observed in the yellow-throated marten and
tayra, other potential benefits exist (52). For example, cooperation
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Fig. 5. “Marginal” probability of being detected in a group from the seven
species of the Martes complex as a function of the interaction between body
weight (kg) and mean annual temperature difference (°C) of (A) 1 °C mean
annual temperature difference, (B) 15 °C mean annual temperature difference,
and (C) 30 °C mean annual temperature difference based on the top AIC-
ranked generalized mixed effect model of a global camera trapping dataset
collected between 2000 and 2020. Marginal probability estimates are made
along the whole sequence of values sampled in parameter space for the
covariate of interest while keeping all other covariates at their mean value
(0 as all covariates were centered to have a mean and unit variance of 0).

in the rearing of offspring can increase survival rates (53, 54). Such
systems that include mated pair familiarity, extended tolerance of
sub-adults, and male parental association with participation in
young rearing have recently been observed in two of the “solitary”
species we examine here, notably, these two species had the next
highest probabilities of aggregating into groups as determined by
our global camera trapping analysis, e.g., the wolverine (38) and
the pine marten (55). The low predicted probabilities of grouping
by our metric for these species, despite observations of such behav-
iors may have been due to our exclusion of data targeting dens,
where such behaviors would have been observable. We hypothesize
that the development of cooperative behaviors is facilitated by
extended natal philopatry, occurring only where resource-related
factors permit it. Where absent (e.g., individuals using more HDR
in low resource constancy environments), juveniles would be
expected to disperse early, thus limiting the potential for the devel-
opment of such behaviors.

Our approach is observational. We have collated a large glob-
ally derived dataset and applied a simple quantification of group
formation, a binary coding of detections as individual or in
groups. Whilst we recognize this is a coarse metric, lacking
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information on relationships of groupings, many are plausible
[e.g., parent-offspring (mature or dependant), sibling coalitions,
breeding pairs, unrelated same-sex groupings] or the nature or
purpose of relationships (e.g., tolerance only without coopera-
tion, predator avoidance, thermoregulatory, cooperative forag-
ing). We nonetheless provide proof of concept for how simple
quantification of an otherwise difficult to measure and assess life
history trait such as group formation can open opportunities for
empirical examination and testing of general ecological theories.
We are witnessing an exponential growth in the availability of
such datasets (sezsu 56) as camera trapping has become main-
stream and is employed as a critical and everyday tool by conser-
vationists globally (57, 58). A simple metric such as this facilitates
the use of a globally distributed dataset to empirically examine
questions that are otherwise difficult to address.

Nonetheless, we must be cautious in our inference, with various
probabilistic factors that could impact the likelihood of individuals
being photographed together. For example, the variable territory
sizes and densities observed in the species complex [ranging from
1 to 2.2 km” in pine martens (59, 60), to up to approximately
796 km? in wolverines (61, 62)] results in notable variation in the
probability that animals are co-located by chance alone. Despite
this potential for variation resultant from interspecific heteroge-
neity in space use, this did not appear to be an important factor
within this analysis (territory size was colinear with weight, which
was included in the models). This is likely underpinned by the
fact that all species in the complex are intra-sexually territorial and
exclude same-sex conspecifics.

From a methodological perspective, we observed a strong positive
effect of scent/bait at a camera station associated with grouping.
This could tentatively be used to provide additional support for the
influence of patchy resources promoting group tolerance in the sense
that some of the baits used were food-based and thus represent
valuable and patchily distributed resources in the environment that
may act to relax agonistic behaviors and promote aggregation at the
cameras [as observed by Pulliainen et al. (63) for pine martens at
deer carcasses, a behavior termed “martelism”]. Yet, our examination
of potential different responses to food rewards vs. scent lures vs.
no bait showed no difference in response to two attractant types
(SI Appendix: Bait Covariate Parameterization). Thus, it appears
probable that the use of scents/baits simply decreases the probability
of false negatives by causing animals to pause and investigate the
scent or food resource. The use of scents/baits may increase the
likelihood of detecting when animals are in groups compared to
non-baited cameras where fast-traveling animals and small image
viewsheds result in expected low probabilities of detecting animals
in a group, even when they are in a group. Thus, the effect of scents/
baits we see may be resultant from changes in detection probability,
not the true state of the social unit (solitary vs. in a group). An
additional source of potential heterogeneity in detection probability
stems from variation in the detection cone of cameras, which may
differ between individual camera deployments and across study
regions, with the field of views of individual cameras impacting
likelihood of detecting animals together. In these considerations,
we see that the approach has limitations. The nature and structure
of these data, which lack replicates at the sample level (i.e., image),
makes it challenging to distinguish between methodological impacts
on detection probability and the true latent grouping. Even with
this limitation, we argue that the simple quantification of aggrega-
tion used here is an effective empirical tool when used conservatively
on an appropriate model system to test the prevailing theories that
underpin our understanding of group formation and its drivers. We
find a wealth of variation and evidence of grouping across an animal
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group that has long been used as an exemplar of species that are
constrained to a solitary lifestyle (35).

In conclusion, we find in the Martes complex model system
that it is a species’ environment and the constancy and distribu-
tion of resources that underpin an individual’s propensity to
aggregate with conspecifics, a prerequisite for associations and
more complex social behaviors. We find evidence to support the
role of interactions between climate and energy-storing capabil-
ities in facilitating the tendency toward grouping displayed by
species. Inescapably, we observe where resources are homogene-
ously distributed, and individuals undergo prolonged resource
scarcity, groups cannot form. We hypothesize that these results
are likely to be widely generalizable outside the taxonomic unit
of the model system. The wide variety of propensities to aggregate
here support the need to recognize underlying complexities in
the social organization and behaviors of apparently “solitary”
species. Failure to do so limits our understanding not only of the
individual species but also the causes and consequences of group
formation and ultimately sociality.

Data, Materials, and Software Availability. CSV data have been deposited
in Dryad (https://doi.org/10.5061/dryad.sn02v6x8c) (64).
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