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ABSTRACT

Past work has shown that group formation in foraging animals aids in resource acquisition and reduces the number of interac-

tions with predators. However, group formation can also increase competition for resources among group members. Here, we

model how the individual costs and benefits of group formation drive group size. Our model predicts that when competition for
resources occurs within and between groups, forager group size will exhibit a one-third power-law relationship with popula-
tion abundance. However, if groups form due to intragroup competition and predation, we predict either a one-half power-law
relationship with population abundance or a constant group size depending on the coupling between predator and prey. Using
empirical data on group foraging birds and ungulates, we found a scaling relationship consistent with the one-third power-law,

suggesting that hierarchical competition drives the average group size. Our results support work highlighting the importance of

density-dependent group formation in maintaining population stability.

1 | Introduction

Group foraging is a common phenomenon that has emerged
in a range of ecological contexts (Rubenstein 1978). Known
mechanisms that promote group foraging behaviour include the
improved detection of spatially clustered resources, increased
predator vigilance and increased time available to forage
(Beauchamp 2019; Elgar 1989). However, increasing group size
may also incur costs. The increased competition within groups
and conspicuousness of larger groups negatively affect individ-
ual fitness (Elgar 1989; Hintz and Lonzarich 2018). The optimal
group size should balance the costs and benefits of these interac-
tions (Markham et al. 2015).

Early models of grouping behaviour used stochastic fusion-
fission models to show how simple behavioural rules, for exam-
ple, individuals leaving and joining groups randomly, drive the
distribution of group sizes in a population. J. E. Cohen showed
that these models can predict the distribution of group sizes in
vervet monkeys (Cohen 1972) and play groups in primary school
(Cohen 1971). Extensions of this modelling approach have shown
that this approach can capture the basic patterns observed in the
distributions of group sizes of static populations. Many of these
models predict that these distributions follow fat-tailed distribu-
tions such as the truncated power-law distribution (Bonabeau
et al. 1999; Bonabeau and Dagorn 1995; Sjoberg et al. 2000;
Griesser et al. 2011; Vandermeer and Perfecto 2006) and the
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logarithmic distribution (Niwa 2003; Griesser et al. 2011) that
have been hypothesised to arise due to similar fission and fusion
forces across taxa (Bonabeau and Dagorn 1995).

Using a similar stochastic approach as Cohen (1971), Gueron and
Levin (1995) extended these results to study populations with
variable abundance. They showed that when individuals obey
density-dependent fusion and fission rates, the average group
size in a dynamic population is predicted to scale proportion-
ally to the square-root of the population abundance. This mod-
elling approach was extended by Niwa (1998), who incorporated
more complex behaviours of schooling fish into these fusion
and fission rates. Under this model, group sizes scale linearly
with population size. Conversely, Viscido et al. (2005) used an
individual-based simulation model with movement rules based
on social cohesion forces to explore schooling behaviour in fish,
finding that group size exhibits an asymptotic limit at high
densities. Thus, theoretical models have made a wide range of
predictions, but despite this discordance, there has not yet been
a systematic assessment of whether group size exhibits density
dependence or the nature of this dependence.

More recent efforts have focused on scaling up models of group
dynamics to the population to determine how group dispersal
mechanisms influence the stability of populations. Bateman
et al. (2018) use detailed data on meerkat social groups to de-
scribe the annual change in the distribution of group sizes and
population growth. Their model predicted that Allee effects
were not present in meerkats, contrary to past work suggesting
that social populations will have a higher propensity for these ef-
fects (Angulo et al. 2018). Lerch et al. (2018) further explored the
link between group dynamics and population dynamics using
an age-structured demographic model of the African wild dog.
They showed that group-level Allee affects only scaled to the
population level when a mechanism, such as density-dependent
dispersal, coupled the group- and population-levels. This re-
sult was expanded on in Lerch and Abbott (2024), showing
that the impact of group-level processes on population growth
is determined by the interaction between within-group density
dependence and its effect on the group size distribution. This
work suggests that group-level Allee effects are not generally
expected to scale to the populationevel, without a specific mech-
anism such as when group formation is stunted at low densities
(Courchamp et al. 2000).

There is some evidence that group size in at least some taxa
exhibits density dependence. Past empirical work on a num-
ber of Serengeti ungulates has shown that average group size
tended to increase nonlinearly with forager abundance (Fryxell
et al. 2022, 2007). Studies on the Pyrenean chamois (Rupicapra
pyrenaica) (Pépin and Gerard 2008), common redshanks (Tringa
totanus) (Cresswell and Quinn 2011) and a number of Atlantic
seabirds (Beauchamp 2011) also found that average group size
increased nonlinearly with population size. Theoretical work
by Fryxell et al. 2022, 2007 found that density-dependent group
formation can play an important role in stabilising predator-
prey relationships by reducing encounter rates between pred-
ators and their prey. This reduced encounter rate lowers the
total amount of prey predicted to be taken by predators relative
to solitary animals, extending the space of coexistence. Thus,
while density-dependent group size may be common in nature

and have important ecological interactions, we still do not have
a broad-scale assessment of whether populations follow past
model predictions, or a sense of whether density-dependent
group size is a general phenomenon.

Here, we examined how the risk of predation and intragroup
competition influences the population growth rate when form-
ing cooperative foraging groups. We used these models to pre-
dict how optimal group size depends on the density of foragers
and their predators. We then tested model predictions using
existing data on foraging birds' and ungulates’ observed group-
and population sizes and determined whether the observed pat-
terns were consistent with model predictions.

2 | Materials and Methods
2.1 | Modelling Group Size in Foragers

We linked individual social behaviour to the population growth
rate by determining how the decision to form groups affects the
amount of time spent on interactions. We considered two state
variables, forager (N) and predator (P) population abundances.
A third variable, the average group size, y, was an unknown
function that may depend on N and P. We accounted for the
time that an individual spends on intergroup interactions, in-
tragroup interactions and time spent scanning for predators. We
also included the number of individuals captured by predators.

For a population with average group size y (corresponding to
N /y foraging groups), the amount of time taken on intragroup
interactions within each foraging group is modelled as S,y
This term accounts for competition for resources within a for-
aging group or other factors such as the time spent maintaining
within group bonds. The amount of time taken by each group to
compete for resources between groups is modelled as fzN /7y.
Thus, the total time spent on competitive interactions is the sum
of these terms multiplied by the number of groups (N /y). The
time an individual in a group of size y spends on vigilance be-
haviour is modelled as g, P /y, an amount that increases with
the number of predators and declines with group size. The total
time spent being vigilant is this term multiplied by the number
of individuals (V). As in past work on time budgets, we assume
that time taken on these activities reduces the time available
for foraging and thus reduces an individual's reproductive rate
(Holling 1959). Additionally, we modelled the rate of predation
as aPN /y, proportional to the time an individual spends being
vigilant. Together with reproduction, we incorporated these fac-
tors into a model of population growth,

AN _ g (NY),e_ g (N) NP
=g (B)r-n(Y) -2 g

We found the group size function, denoted as y*(N,P), that
maximises the per-capita growth rate as a function of y using
analytical solutions when possible and numerical optimization
otherwise under the constraints [y*| =1 and [y*] = N. The de-
pendence of each of the per-capita rates on group size are illus-
trated in Figure 1a. We considered four cases of equation (1), (i)
competition with no predation (¢ = g, = 0), (ii) predation with
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FIGURE1 | The costsand optimal group size in forager populations. (a) The sum (black line) of the per-capita costs of competition and predation,
lead to an optimal group size in a population of 100 of approximately 10 individuals per group (vertical grey line). (b) Optimal group size relationship

with population abundance for a population of foragers exhibits a 1/3 power law when facing both intergroup and intragroup competition (purple

line), a 1/2 power law when facing intragroup competition and predation (red line), and a more complex relationship that exhibits an asymptotic 1/2

power law when all terms are included in full model (green line). For both panels we set intergroup competition (8, ) = 0.1, intragroup competition

( ﬂB) = 0.1, vigilance cost ( ﬂV) = 0 and predation rate («) = 0.1, except when specific parameters are noted to be zero. We assumed that predator abun-

dance was equal to prey abundance. Parameters used to simulate these groups were selected for illustrative purposes and the qualitative results are

robust to the specific values used.

no intergroup competition (fz = 0), (iii) predation with no intra-
group competition (f, = 0) (iv) the full model. For comparison,
we also considered a model without hierarchical competi-
tion,‘fi—'j =rN1-N/K)- %’(ﬁv +a).

To obtain solutions when analytical analysis was intractable,
we used simulations across a range of values for N, a and the
f's to explore numerical solutions to the optimal group size. For
the model with no predation, we simulated population growth
rates across a vector of values for the intergroup competition
(Bp), intragroup competition (8y,) from 10~* to 1 over 100 equally
spaced values on the log scale and set the predation rate () to
0.001. We assumed that predator abundance was linearly depen-
dent on prey abundance (P = N). We varied the forager popula-
tion size, N, from 103 to 10° over 1000 equally spaced values on
the log scale. The optimal group size was determined numeri-
cally for every set of parameter value combinations (8y,, fp, @)
by finding the maximum per capita growth rate using the opti-
mise function in R (R Core Team 2022). For each set of param-
eter value combinations, the optimal group size and abundance
were log-transformed to estimate the power-law exponent.
We then fit a linear model to the simulated data of the form
Iny = a+ bln N where the estimated slope, b, is the power-law
exponent that determines the strength of the nonlinear relation-
ship between group size and abundance, while the intercept, a,
gives the average group size when N = 1. If b = 0, group size has
no relationship to abundance, indicating that group size is not
density-dependent, while if b = 1, the average group size is pro-
portional to density.

2.2 | Empirical Data and Modelling

We used the following search terms on the Web of Science search
service to search for papers on group foraging birds and ungu-
lates. For birds, we used the following search terms (reported
with the number of search results for each term): ““flock size”
AND prey’ (857), “flock size” AND population’ (248), ‘Prey

AND “group size” AND scaling’ (89), ““population size” AND
“group size” AND bird’ (16), ‘forag* AND “group size” AND
scaling’ (12). We used the following search terms for ungulates:
“group size” AND “population size” AND “ungulate”(16),
“group size” AND “density” AND “ungulate”(99).

We read the abstract to determine taxon suitability and scanned
figures and tables for available data. Papers that contained sam-
ples of group size (or group density or the number of groups) and
population abundance (or population density) of birds or ungu-
lates through time and/or space were used unless group size was
clearly not related to foraging behaviour (e.g., nesting colonies).
Datasets selected for analysis had a minimum of 4 observations
of both group size (or number of groups or group density) and
population abundance (or population density) through time and/
or space. If papers did not have raw data available, they were
digitised using the software web plot digitizer (Rohatgi 2022).
When the number of groups and abundance were reported but
not group size, we calculated the average group size by dividing
the population abundance by the number of groups. When only
group density and population density were available, we calcu-
lated average group size by dividing population density by group
density. All reported population densities were converted to in-
dividuals per kilometer?.

We modelled the relationship between group size and popula-
tion density using linear and nonlinear mixed effects models.
First, we modelled log-group size using a power-law relationship
with an interaction between log-population density and tax-
onomic class, an additive effect of data type (density or count)
and a random slope and intercept that varied by taxa. We also
considered several alternative descriptions of the data in addi-
tion to the power law. We tested an intercept model with fixed
effects of taxonomic class and data type and random intercept
that varied by taxa, a log-linear model where log-group size was
regressed against population density interacting with taxonomic
class, an additive effect of data type, and a random slope and
intercept that varied by taxa, and a Monod model with additive
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effects of taxonomic class and data type on both the growth rate
and half-saturation parameters (denoted as a and b in Table 1),
and where each parameter had a random effect that varied by
taxa. The Monod model tested whether group size stabilises at
a fixed value at high population densities. The power-law, in-
tercept and log-linear models were fit using the Ime4 package
(Bates et al. 2015), while the Monod model was fit using the
nlme package (Pinheiro and Bates 2000). We used maximum
likelihood estimates to perform model selection using the AICc,
and reported parameters were estimated using restricted maxi-
mum likelihood.

The average group size may not accurately reflect the experi-
ence of a typical individual when the group size distribution is
highly skewed. Alternative measures such as the mode or me-
dian group size may better characterise the experience of a typ-
ical individual. To determine when using the mean group size
might be misleading for our analysis, we estimated the correla-
tion between mean group size with median group size and with
the herd fragmentation index (hereafter, HFI) a previously used
measure of the spread in the distribution of group sizes (Haydon
et al. 2008). We simulated group sizes from a Pareto distribu-
tion with a scaling parameter that varied from a=1.05 to a = 2
over 20 equally spaced values. For each value of the scaling pa-
rameter, we simulated 10° realised group sizes, then calculated
the mean group size, median group size and the HFI. We then
calculated the correlation between these quantities on both the
natural- and log-scales.

3 | Results

3.1 | Theoretical Relationships Between Group
Size and Population Density

In the case of intergroup and intragroup competition, but no
predation (B, = « =0), the optimal groups size is predicted
to follow

) 1/3
yO) = (N%) ®)

as illustrated in Figure 1b. Groups of size 1 (y*(N) = 1) occur
when intragroup competition is much stronger than intergroup
competition (N < fy, /2f), while a single supergroup forms
(y*(N) = N) when intergroup competition is much stronger than

intragroup competition (N < /285 / Bw)-

TABLE1 | Models fit to group size data and their statistical support.
Subtext denotes whether parameters varied by the predictors of
taxonomic class (class), data type (type) or both.

Model name Form of fixed effects AAICc

Intercept Iny = ayaseriype 1079

Power-law Iny = Aclasstype T b jassIn(V) 0

Log-linear Iny = agaesitype + DetassN 469

MonOd model _ aclass+lypeN 95
ln y - ln( 1+ bc]ass+typeN )

Note: Bold values indicate best overall model.

Incorporating predation with no intergroup interactions
(B =0) leads to group sizes proportional to predator abun-
dance, y*p) = p";i "2 In the case that predator abundances
are independent of prey abundance average group size of the
prey is predicted to be a constant, while if predators are linearly
correlated with prey abundance then prey group size is pre-
dicted to follow a one-half scaling law (Figure 1b). Incorporating
predation with intragroup interactions and no between group
interactions (f,, =0) and applying the boundary conditions
(1 <y*(N)<N) gives y*(N) =N, predicting that individuals
form a single supergroup.

Finally, we were not able to obtain analytical forms of y* in
the full model. Numerical solutions indicated that when both
competition terms and predation were present, the resulting
dynamics are a mixture of the dynamics given by equations (2)
and (3) (Figure 1b, Figure 2). This indicates that the strength of
the power-law behaviour will change depending on the relative
strength of competition and predation. For moderate levels of
intergroup competition and low intragroup competition, popu-
lation group formation was consistent with a population limited
by predation and exhibited a 1/2 power law (Figure 2a). As the
strength of intergroup and intragroup competition increased,
the optimal group size exhibited a 1/3 power law (Figure 2b).
The solution to our model without hierarchical competition
is that the optimal group size should always be maximised so
that y*(N) = N.

3.2 | Empirical Relationship Between Group Size
and Population Density

We obtained 41 total datasets containing samples of group size
and population size through time and/or space. Twenty of these
datasets contained bird data (average sample size in a dataset,
n = 10.5), and twenty-one contained ungulate data (average
sample size in a dataset, n = 48.6). The total number of observa-
tions used in the analysis was 1231 with a median number of 11
observations per taxa. The minimum number of observations in
a dataset were 4 (Corvus corax, Calcarius ornatus, Eremophila
alpestris) and the maximum was 112 (Rupicapra pyrenaica). The
full dataset is available on Dryad.

We found that the power-law model fitted the data best, fol-
lowed by the Monod model, the log-linear model and the in-
tercept model. We estimated the relationship between group
size and density to be (reported as mean [standard error] 0.33
[0.05] for the power law exponent of birds and 0.37 [0.07] for
ungulates [Figure 3]). The 95% confidence interval of the es-
timated power-law exponent for birds was (0.22, 0.43), and
ungulates was (0.27, 0.56). Thus, both estimates were con-
sistent with the theoretical prediction of 1/3, while ungu-
lates were also consistent with the prediction of 1/2. Residual
plots indicated that two populations (waterbuck (n=_80) and
Pyrenean chamois (n = 112)) displayed heteroskedastic residu-
als (Figure S1). Both populations exhibited an upper bound on
group size due to the formation of single super groups, where
all the individuals join a single group. We also found two pop-
ulations (American pelican (n=8) and grey-crowned crane
(n=10)) that had higher residual variation than the other
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taxa (Figure S2). Both taxa were taken from studies that look
at population density and group size across space (King and
Michot 2002; Wamiti et al. 2021). It may be that the space-
for-time substitution is more variable than repeated measures
of the same population due to spatial variation in the forces
driving group formation.

Our simulations testing the consistency between the mean, me-
dian and HFT statistics generated from the Pareto distribution

found that on the log-scale these alternative statistics are con-
sistent with the mean (P = 0.82 and Pppegian = 1.00) while on
the natural scale the average group size had a strong correlation
with the median (Ppegian = 1.00), but not the HFI (Pyp = 0.64).
This suggests that while the average group size can capture sys-
tematic changes in the central tendency of the group size distri-
bution, it may not accurately capture changes in other properties
of the distribution, for example when the spread of the group size
distribution changes independently from the central tendency.
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4 | Discussion

We derived a scaling relationship between group size and abun-
dance in foraging animals that emerges due to the trade-offs inher-
ent in the group formation of many foraging animals. Past work
has shown that sublinear power-law group formation can stabilise
predator-prey dynamics (Fryxell et al. 2022). However, both the
drivers of these laws and their general applicability were previously
unclear. We found that the average bird and ungulate population
exhibited power-law group formation consistent with the 1/3 expo-
nent predicted by a model that includes hierarchical competition
within and between groups, while the ungulate population was
also consistent with a 1/2 power-law predicted by within-group
competition and predation and a 1/2 power law predicted by ran-
dom movement between groups (Gueron and Levin 1995). We did
not consider the impacts of measurement error in the indepen-
dent variable, population abundance, which is known to induce a
negative bias in regression estimates of slopes (Riggs et al. 1978).
Uncertainty in population abundance is present when studies use
estimated abundance, rather than a censused abundance. Two of
the studies used in our analysis reported uncertainty in estimates of
population abundances; thus, the majority did not report standard
errors and reported raw counts of population abundance which
were presumably censused. However, in a few cases, reported
counts appeared to be estimated based on the rounded numbers
reported, though no uncertainty in estimates was reported. If mea-
surement error is pervasive in this dataset, we would expect that
the true exponent is higher than reported here.

Here, we took a strategic modelling approach (Levins 1966) that
focused on key interactions, proposed here to be competition and
predation, to understand broad scale empirical patterns in bird
and ungulate group sizes. While this model-building approach
can be useful for determining broad patterns, the simplified
assumptions of the approach mean that applying the model to
any individual taxa may be challenging. Thus, future work can
build on these results by taking a more mechanistic approach to
understanding how variation in life history, environment and
social structure drives variation in group formation dynamics.

Past models of group dynamics have relied on approaches such
as coagulation-fragmentation and individual-based models to ac-
count for the movement of individuals among groups. Our ap-
proach used a time-budget modelling framework that arises from
an individual perspective but scales to the population-level model
by assuming that individuals behave identically and averaging
over any stochastic effects of demographic and environmental
heterogeneity. While these effects have been shown to be an im-
portant component of some aspects of group dynamics, they were
not required to explain the macroscopic-level patterns of group
assembly examined here. A natural next step in model develop-
ment would be to incorporate the group formation processes ex-
plored here with previously developed movement models. Such
work may provide insights into when group formation is driven
by ecological interactions and when stochastic forces dominate.

Our approach is in line with past work examining within- and
between-group competition using game-theoretic formulations
to model strategy tradeoffs. The consistency between model pre-
dictions and data suggests that this approach qualitatively cap-
tures the processes that determine group size in many forager

populations. However, there was substantial variation across
populations (Figure 3), suggesting that the factors that drive
group formation vary widely across populations. This is rein-
forced by the dependency of our model predictions on the be-
haviour of the predator population and the potential dependence
of group size scaling on how predators are coupled to their prey.

Our model predictions for the predation component assumed
that predator abundance is proportional to prey abundance. This
assumption will not hold when predator abundances are not reg-
ulated by their social prey or when more complex forms of depen-
dency arise between predator and prey populations. Another form
of predator-prey coupling not explored here is the ratio dependent
model where predator abundance may be regulated by the num-
ber of prey per predator rather than the overall prey abundance
(Arditi and Ginzburg 2012). This alternative coupling may lead to
alternative forms of the group-abundance relationship.

We found that hierarchical interaction rates were necessary for
density-dependent group formation to occur. Our model of hierar-
chical competition is similar in nature to other models that capture
the effects of within- and between-group competition, including
the nested tug-of-war model (Reeve and Holldobler 2007), which
has been used to predict the relative investment that ants should
make in within-group and between-groupompetitive strategies.
Models of cooperation in humans have also been proposed to
arise from differentials of within- and between-group competition
(Puurtinen and Mappes 2008) and empirical evidence has docu-
mented effects of hierarchical competition in primates (Stevenson
and Castellanos 2001; Lemoine et al. 2020). Hierarchy of com-
petition can be facilitated by factors including relatedness (Ruch
et al. 2009), access to prey (MacNulty et al. 2014; Yip et al. 2008),
habitat quality (Garcia et al. 2022; Radford and Fawcett 2014) or
access to mates (McDonald et al. 2012).

Our model predicts a sudden shift from populations exhibiting
group size power-laws to the dissolution of groups (when the
power-law exponent switches to 0) or the fusion of all groups into a
single supergroup (when the exponent switches to 1) with changes
in abundance, or when the strength of ecological interactions
changes. Empirical examples of animals moving across these criti-
cal boundaries include the swarming of desert locusts (Schistocerca
gergaria) when abundances increase (Despland et al. 2000), the
formation of regional supergroups of rorqual whales in response
to increased resources (Cade et al. 2021), the formation of het-
erospecific winter flocks in birds due to increased predation risk
(Herrera 1979), and increased social grouping in moose (Alces alces
gigas) with increases in predation risk (Molvar and Bowyer 1994).

While the empirical power-law relationship was supported by our
modelling work, past theoretical work incorporating more de-
tailed individual-level interactions between group members has
shown that group size can also exhibit linear (Niwa 1998) or sat-
urating functions (Viscido et al. 2005) with respect to population
abundance. We did not find support for these hypotheses in this
dataset, though future work exploring taxa-specific or environ-
mentally mediated deviations away from our proposed power-law
relationship may focus on how and when sublinear power-law
relationships are poor approximations of the processes driv-
ing group formation. Recent work highlights how within-group
processes such as dispersal can decouple population processes
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from group-level dynamics (Bateman et al. 2018; Lerch and
Abbott 2024), thus understanding the drivers of dispersal among
taxa may be a fruitful approach for identifying deviations from the
proposed power-laws. The localised movement of individuals be-
tween groups may also be a driver of increased local relatedness.

Classic work on the evolution of cooperation suggests that kin-
ship has played a primary role in the evolution of cooperative
groups (Hamilton 1964; Queller 1992; Kelly 1994). For example,
Packer et al. (1990) suggest kinship could explain why observed
lion groups tend to be larger than optimal (Caraco and Wolf 1975).
Future work assessing the group size—abundance relationships
in high-fecundity taxa such as insects, where it may not be nec-
essary to admit non-kin to groups, may provide important clues
about the role of kinship on these scaling relationships. However,
kinship alone may limit group sizes to suboptimal levels in many
species and create potential issues with finding suitable mates. A
middle ground to assuming that group membership is not strictly
enforced or strictly kin is to structure the probability of accepting
new members as a function of relatedness (Avilés et al. 2004). It
has been proposed that this approach can explain how group sizes
grow beyond the limitations of fecundity and direct kin, import-
ant for the long-lived taxa explored here.

Several additional known drivers of forager group size that
were not explicitly incorporated into our models may introduce
heterogeneity in group size, a factor thought to play an import-
ant role in driving emergent population-level effects (Angulo
et al. 2018). For example, relaxing the assumption that individu-
als have knowledge of overall population densities, rather than
local densities (Halloway et al. 2020), incorporating the impact of
habitat heterogeneity on optimal group size (Brown et al. 2002a,
2002b; Fortin et al. 2009), or variation in the strength of inter-
actions over time or space due to behaviour and habitat (Smith
et al. 2020) would all potentially drive variation in group size.
Other key processes may deviate systematically away from the
optimum explored here. Incorporating advantages in resource
detection with group size (Hake and Ekman 1988), increases in
disease transmission with group size (Brandell et al. 2020), and
increases in group conspicuousness with group size (Elgar 1989;
Hebblewhite and Pletscher 2002; Hintz and Lonzarich 2018)
may shift groups away from the optimum found here. Finally,
we did not find suitable data to explore group-abundance scal-
ing in mixed species groups, which arise in birds and ungulates
(Sridhar et al. 2009; Stensland et al. 2003), likely because assess-
ing population size in this case is more complex.

Power-law models are scale-free, an especially striking re-
lationship in Ecology where many processes are contingent
on scale (Chave 2013). Studying these relationships has al-
lowed ecologists to identify key organising processes and
link patterns across scales (Brown et al. 2002a, 2002b).
Power-laws have been identified across ecology, includ-
ing relationships between population density and body size
(Marquet et al. 2005), population density and species per unit
area (Cohen 2020), and predator and prey biomass (Hatton
et al. 2015; Salahshour 2023). While both our models and
the data suggest that the exact exponent that scales group
size may be contextual, not a fundamental constant, we did
find strong evidence for sublinear scaling across these taxa.
Our study reveals that hierarchical competition is likely to

be driving the observed patterns in group formation in many
populations of social birds and ungulates. Our results suggest
that density-dependence in group formation occurs in nature;
these aggregations may stabilise predator-prey interactions.
However, additional work is needed to better understand the
factors that drive hierarchical competition and how density-
dependence in animal behaviour drives population- and com-
munity dynamics. Because group formation of foragers is
common across a wide range of taxa and trophic levels beyond
those considered here, including microbes (West et al. 2007),
fish (Foster 1985), primates (Dunbar et al. 2018), cetaceans
(Conner 2000) and insects (Lin and Michener 1972; Sumpter
and Pratt 2003), our results suggest that the stabilising effects
of group formation may be common in nature.

Author Contributions

A.R.acquired the data, conducted the statistical analysis, and wrote the
first draft of the manuscript. A.N.W. provided feedback on the data ac-
quisition, statistical analysis and subsequent manuscript drafts. J.M.F.
conducted the analytical modelling and provided feedback on the data
acquisition and subsequent manuscript drafts.

Acknowledgements

We would like to thank Robert Holt and Jeremy Van Cleve for stimu-
lating discussions on this research topic, Andy Taylor for feedback on
this model, and Megan Donahue for feedback on the data collection and
empirical analysis. We appreciate the insightful comments from two
anonymous reviewers and John Fryxell. JJM.F. was supported by the
National Science Foundation grant NSF-DMS-2316602.

Data Availability Statement

Data and code have been deposited on Dryad (https://doi.org/10.5061/
dryad.6hdr7sr83).

Peer Review

The peer review history for this article is available at https://www.webof
science.com/api/gateway/wos/peer-review/10.1111/ele.70111.

References

Angulo, E., G. M. Luque, S. D. Gregory, et al. 2018. “Review: Allee
Effects in Social Species.” Journal of Animal Ecology 87: 47-58. https://
doi.org/10.1111/1365-2656.12759.

Arditi, R., and L. Ginzburg. 2012. How Species Interact: Altering the
Standard View on Trophic Ecology. Oxford University Press.

Avilés, L., J. A. Fletcher, and A. D. Cutter. 2004. “The Kin Composition
of Social Groups: Trading Group Size for Degree of Altruism.” American
Naturalist 164: 132-144. https://doi.org/10.1086/422263.

Bateman, A. W., A. Ozgul, M. Krkosek, and T. H. Clutton-Brock.
2018. “Matrix Models of Hierarchical Demography: Linking Group-
and Population-Level Dynamics in Cooperative Breeders.” American
Naturalist 192: 188-203. https://doi.org/10.1086/698217.

Bates, D., M. Machler, B. Bolker, and S. Walker. 2015. “Fitting Linear
Mixed-Effects Models Using Ime4.” Journal of Statistical Software 67,
no. 1: 1-48. https://doi.org/10.18637/jss.v067.i01.

Beauchamp, G. 2011. “Functional Relationship Between Group Size
and Population Density in Northwest Atlantic Seabirds.” Marine
Ecology Progress Series 435: 225-233. https://doi.org/10.3354/
meps09239.

7 of 9


https://doi.org/10.5061/dryad.6hdr7sr83
https://doi.org/10.5061/dryad.6hdr7sr83
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.70111
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.70111
https://doi.org/10.1111/1365-2656.12759
https://doi.org/10.1111/1365-2656.12759
https://doi.org/10.1086/422263
https://doi.org/10.1086/698217
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.3354/meps09239
https://doi.org/10.3354/meps09239

Beauchamp, G. 2019. “On How Risk and Group Size Interact to
Influence Vigilance.” Biological Reviews 94: 1918-1934. https://doi.org/
10.1111/BRV.12540.

Bonabeau, E., and L. Dagorn. 1995. “Possible Universality in the Size
Distribution of Fish Schools.” Physical Review E 51: R5220-R5223.
https://doi.org/10.1103/PhysRevE.51.R5220.

Bonabeau, E., L. Dagorn, and P. Fréon. 1999. “Scaling in Animal Group-
Size Distributions.” Proceedings of the National Academy of Sciences 96:
4472-4477.

Brandell, E. E., N. M. Fountain-Jones, M. L. J. Gilbertson, et al. 2020.
“Group Density, Disease, and Season Shape Territory Size and Overlap
of Social Carnivores.” Journal of Animal Ecology 90, no. 1: 87-101.
https://doi.org/10.1111/1365-2656.13294.

Brown, C. R., C. M. Sas, and M. B. Brown. 2002a. “Colony Choice in
Cliff Swallows: Effects of Heterogeneity in Foraging Habitat.” Auk 119:
446-460. https://doi.org/10.1093/auk/119.2.446.

Brown, J. H., V. K. Gupta, B.-L. Li, B. T. Milne, C. Restrepo, and G. B.
West. 2002b. “The Fractal Nature of Nature: Power Laws, Ecological
Complexity and Biodiversity.” Philosophical Transactions of the Royal
Society of London. Series B, Biological Sciences 357: 619-626. https://doi.
org/10.1098/rstb.2001.0993.

Cade, D. E., S. M. Seakamela, K. P. Findlay, et al. 2021. “Predator-Scale
Spatial Analysis of Intra-Patch Prey Distribution Reveals the Energetic
Drivers of Rorqual Whale Super-Group Formation.” Functional Ecology
35, no. 4: 894-908. https://doi.org/10.1111/1365-2435.13763.

Caraco, T., and L. L. Wolf. 1975. “Ecological Determinants of Group
Sizes of Foraging Lions.” American Naturalist 109: 343-352. https://doi.
org/10.1086/283001.

Chave, J. 2013. “The Problem of Pattern and Scale in Ecology: What
Have We Learned in 20 Years?” Ecology Letters 16, no. s1: 4-16. https://
doi.org/10.1111/ele.12048.

Cohen, J. 1972. “Markov Population Processes as Models of Primate Social
and Population Dynamics.” Theoretical Population Biology 3: 119-134.

Cohen, J. E. 1971. Casual Groups of Monkeys and Men: Stochastic Models
of Elemental Social Systems. Harvard University Press. https://doi.org/
10.4159/harvard.9780674430556.

Cohen, J. E. 2020. “Species-Abundance Distributions and Taylor's
Power Law of Fluctuation Scaling.” Theoretical Ecology 13: 607-614.
https://doi.org/10.1007/s12080-020-00470-X.

Conner, R. C. 2000. “Group Living in Whales and Dolphins.” In
Cetacean Societies: Field Studies of Dolphins and Whales, 199-218.
University of Chicago Press.

Courchamp, F., T. Clutton-Brock, and B. Grenfell. 2000. “Multipack
Dynamics and the Allee Effect in the African Wild Dog, Lycaon Pictus.”
Animal Conservation 3: 277-285. https://doi.org/10.1111/j.1469-1795.
2000.tb00113.x.

Cresswell, W, and J. L. Quinn. 2011. “Predicting the Optimal Prey
Group Size From Predator Hunting Behaviour.” Journal of Animal
Ecology 80: 310-319. https://doi.org/10.1111/J.1365-2656.2010.01775.X.

Despland, E., M. Collett, and S. J. Simpson. 2000. “Small-Scale Processes
in Desert Locust Swarm Formation: How Vegetation Patterns Influence
Gregarization.” Oikos 88: 652-662. https://doi.org/10.1034/j.1600-0706.
2000.880322.x.

Dunbar, R. I. M., P. Mac Carron, and S. Shultz. 2018. “Primate Social
Group Sizes Exhibit a Regular Scaling Pattern With Natural Attractors.”
Biology Letters 14, no. 1: 20170490. https://doi.org/10.1098/rsbl.
2017.0490.

Elgar, M. A. 1989. “Predator Vigilance and Group Size in Mammals
and Birds: A Critical Review of the Empirical Evidence.” Biological
Reviews  64: 13-33.  https://doi.org/10.1111/j.1469-185X.1989.
tb00636.x.

Fortin, D., M.-E. Fortin, H. L. Beyer, T. Duchesne, S. Courant, and K.
Dancose. 2009. “Group-Size-Mediated Habitat Selection and Group
Fusion-Fission Dynamics of Bison Under Predation Risk.” Ecology 90:
2480-2490. https://doi.org/10.1890/08-0345.1.

Foster, S. A. 1985. “Group Foraging by a Coral Reef Fish: A Mechanism
for Gaining Access to Defended Resources.” Animal Behaviour 33: 782-
792. https://doi.org/10.1016/S0003-3472(85)80011-7.

Fryxell, J. M., S. Mduma, J. Masoy, A. R. E. Sinclair, G. J. C. Hopcraft,
and C. Packer. 2022. “Stabilizing Effects of Group Formation by
Serengeti Herbivores on Predator-Prey Dynamics.” Frontiers in Ecology
and Evolution 10: 981842.

Fryxell, J. M., A. Mosser, A. R. E. Sinclair, and C. Packer. 2007. “Group
Formation Stabilizes Predator-Prey Dynamics.” Nature 449, no. 7165:
1041-1043. https://doi.org/10.1038/nature06177.

Garcia, M. G., M. De Guinea, R. Bshary, and E. Van De Waal.
2022. “Drivers and Outcomes of Between-Group Conflict in Vervet
Monkeys.” Philosophical Transactions of the Royal Society, B:
Biological Sciences 377, no. 1851: 20210145. https://doi.org/10.1098/
rstb.2021.0145.

Griesser, M., Q. Ma, S. Webber, K. Bowgen, and D. J. T. Sumpter. 2011.
“Understanding Animal Group-Size Distributions.” PLoS One 6: €23438.
https://doi.org/10.1371/journal.pone.0023438.

Gueron, S., and S. A. Levin. 1995. “The Dynamics of Group Formation.”
Mathematical Biosciences 128: 243-264.

Hake, M., and J. Ekman. 1988. “Finding and Sharing Depletable Patches:
When Group Foraging Decreases Intake Rates.” Ornis Scandinavica 19,
no. 4: 275-279. https://doi.org/10.2307/3676721.

Halloway, A. H., M. A. Malone, and J. S. Brown. 2020. “Unstable
Population Dynamics in Obligate Co-Operators.” Theoretical Population
Biology 136: 1-11.

Hamilton, W. D. 1964. “The Genetical Evolution of Social Behaviour.
1.” Journal of Theoretical Biology 7: 1-16. https://doi.org/10.1016/0022-
5193(64)90038-4.

Hatton, I. A., K. S. McCann, J. M. Fryxell, et al. 2015. “The Predator-
Prey Power Law: Biomass Scaling Across Terrestrial and Aquatic
Biomes.” Science 349, no. 6252: aac6284. https://doi.org/10.1126/scien
ce.aac6284.

Haydon, D. T.,J. M. Morales, A. Yott, D. A. Jenkins, R. Rosatte, and J. M.
Fryxell. 2008. “Socially Informed Random Walks: Incorporating Group
Dynamics into Models of Population Spread and Growth.” Proceedings
of the Royal Society B: Biological Sciences 275, no. 1638: 1101-1109.

Hebblewhite, M., and D. H. Pletscher. 2002. “Effects of Elk Group Size
on Predation by Wolves.” Canadian Journal of Zoology 80: 800-809.
https://doi.org/10.1139/Z02-059.

Herrera, C. M. 1979. “Ecological Aspects of Heterospecific Flocks
Formation in a Mediterranean Passerine Bird Community.” Oikos 33:
85. https://doi.org/10.2307/3544516.

Hintz, W.D.,and D. G. Lonzarich. 2018. “Maximizing Foraging Success:
The Roles of Group Size, Predation Risk, Competition, and Ontogeny.”
Ecosphere 9, no. 10: €02456. https://doi.org/10.1002/ecs2.2456.

Holling, C. S. 1959. “The Components of Predation as Revealed by a
Study of Small-Mammal Predation of the European Pine Sawfly.”
Canadian Entomologist 91: 293-320.

Kelly, J. K. 1994. “The Effect of Scale Dependent Processes on Kin
Selection: Mating and Density Regulation.” Theoretical Population
Biology 46: 32-57. https://doi.org/10.1006/tpbi.1994.1018.

King, D. T., and T. C. Michot. 2002. “Distribution, Abundance and
Habitat Use of American White Pelicans in the Delta Region of
Mississippi and Along the Western Gulf of Mexico Coast.” Waterbirds
25:410-416.

8of 9

Ecology Letters, 2025


https://doi.org/10.1111/BRV.12540
https://doi.org/10.1111/BRV.12540
https://doi.org/10.1103/PhysRevE.51.R5220
https://doi.org/10.1111/1365-2656.13294
https://doi.org/10.1093/auk/119.2.446
https://doi.org/10.1098/rstb.2001.0993
https://doi.org/10.1098/rstb.2001.0993
https://doi.org/10.1111/1365-2435.13763
https://doi.org/10.1086/283001
https://doi.org/10.1086/283001
https://doi.org/10.1111/ele.12048
https://doi.org/10.1111/ele.12048
https://doi.org/10.4159/harvard.9780674430556
https://doi.org/10.4159/harvard.9780674430556
https://doi.org/10.1007/s12080-020-00470-x
https://doi.org/10.1111/j.1469-1795.2000.tb00113.x
https://doi.org/10.1111/j.1469-1795.2000.tb00113.x
https://doi.org/10.1111/J.1365-2656.2010.01775.X
https://doi.org/10.1034/j.1600-0706.2000.880322.x
https://doi.org/10.1034/j.1600-0706.2000.880322.x
https://doi.org/10.1098/rsbl.2017.0490
https://doi.org/10.1098/rsbl.2017.0490
https://doi.org/10.1111/j.1469-185X.1989.tb00636.x
https://doi.org/10.1111/j.1469-185X.1989.tb00636.x
https://doi.org/10.1890/08-0345.1
https://doi.org/10.1016/S0003-3472(85)80011-7
https://doi.org/10.1038/nature06177
https://doi.org/10.1098/rstb.2021.0145
https://doi.org/10.1098/rstb.2021.0145
https://doi.org/10.1371/journal.pone.0023438
https://doi.org/10.2307/3676721
https://doi.org/10.1016/0022-5193(64)90038-4
https://doi.org/10.1016/0022-5193(64)90038-4
https://doi.org/10.1126/science.aac6284
https://doi.org/10.1126/science.aac6284
https://doi.org/10.1139/Z02-059
https://doi.org/10.2307/3544516
https://doi.org/10.1002/ecs2.2456
https://doi.org/10.1006/tpbi.1994.1018

Lemoine, S., A. Preis, L. Samuni, C. Boesch, C. Crockford, and R. M.
Wittig. 2020. “Between-Group Competition Impacts Reproductive
Success in Wild Chimpanzees.” Current Biology 30: 312-318.e3. https://
doi.org/10.1016/j.cub.2019.11.039.

Lerch, B. A., and K. C. Abbott. 2024. “A Flexible Theory for the
Dynamics of Social Populations: Within-Group Density Dependence
and Between-Group Processes.” Ecological Monographs 94, no. 2: e1604.
https://doi.org/10.1002/ecm.1604.

Lerch, B. A., B. C. Nolting, and K. C. Abbott. 2018. “Why Are
Demographic Allee Effects So Rarely Seen in Social Animals?” Journal
of Animal Ecology 87: 1547-1559. https://doi.org/10.1111/1365-2656.
12889.

Levins, R. 1966. “The Strategy of Model Building in Population Biology.”
American Scientist 54: 421-431.

Lin, N., and C. D. Michener. 1972. “Evolution of Sociality in Insects.”
Quarterly Review of Biology 47: 131-159. https://doi.org/10.1086/
407216.

MacNulty, D. R., A. Tallian, D. R. Stahler, and D. W. Smith. 2014.
“Influence of Group Size on the Success of Wolves Hunting Bison.” PLoS
One 9: €112884. https://doi.org/10.1371/journal.pone.0112884.

Markham, A. C., L. R. Gesquiere, S. C. Alberts, and J. Altmann. 2015.
“Optimal Group Size in a Highly Social Mammal.” Proceedings of the
National Academy of Sciences 112, no. 48: 14882-14887. https://doi.org/
10.1073/pnas.1517794112.

Marquet, P. A., R. A. Quifiones, S. Abades, et al. 2005. “Scaling and
Power-Laws in Ecological Systems.” Journal of Experimental Biology
208: 1749-1769. https://doi.org/10.1242/jeb.01588.

McDonald, M. M., C.D.Navarrete,and M. Van Vugt. 2012. “Evolutionand
the Psychology of Intergroup Conflict: The Male Warrior Hypothesis.”
Philosophical Transactions of the Royal Society, B: Biological Sciences
367: 670-679. https://doi.org/10.1098/rstb.2011.0301.

Molvar, E. M., and R. T. Bowyer. 1994. “Costs and Benefits of Group
Living in a Recently Social Ungulate: The Alaskan Moose.” Journal of
Mammalogy 75: 621-630. https://doi.org/10.2307/1382509.

Niwa, H.-S. 1998. “School Size Statistics of Fish.” Journal of Theoretical
Biology 195: 351-361.

Niwa, H.-S. 2003. “Power-Law Versus Exponential Distributions of
Animal Group Sizes.” Journal of Theoretical Biology 224: 451-457.

Packer, C., D. Scheel, and A. Pusey. 1990. “Why Lions Form Groups:
Food Is Not Enough.” American Naturalist 136: 1-19.

Pépin, D.,andJ.-F. Gerard. 2008. “Group Dynamics and Local Population
Density Dependence of Group Size in the Pyrenean Chamois, Rupicapra
pyrenaica.” Animal Behaviour 75, no. 2: 361-369. https://doi.org/10.
1016/j.anbehav.2006.09.030.

Pinheiro, J., and D. Bates. 2000. Mixed-Effects Models in S and S-PLUS.
Springer.

Puurtinen, M., and T. Mappes. 2008. “Between-Group Competition
and Human Cooperation.” Proceedings of the Royal Society B: Biological
Sciences 276, no. 1655: 355-360. https://doi.org/10.1098/rspb.2008.1060.

Queller, D. C. 1992. “A General Model for Kin Selection.” Evolution 46:
376-380. https://doi.org/10.1111/j.1558-5646.1992.tb02045.x.

R Core Team. 2022. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing.

Radford, A. N., and T. W. Fawcett. 2014. “Conflict Between Groups
Promotes Later Defense of a Critical Resource in a Cooperatively
Breeding Bird.” Current Biology 24: 2935-2939. https://doi.org/10.
1016/j.cub.2014.10.036.

Reeve, H. K., and B. Holldobler. 2007. “The Emergence of a
Superorganism Through Intergroup Competition.” Proceedings of the

National Academy of Sciences of the United States of America 104: 9736-
9740. https://doi.org/10.1073/PNAS.0703466104.

Riggs, D. S., J. A. Guarnieri, and S. Addelman. 1978. “Fitting Straight
Lines When Both Variables Are Subject to Error.” Life Sciences 22: 1305-
1360. https://doi.org/10.1016/0024-3205(78)90098-X.

Rohatgi, A. 2022. “WebplotDigitizer.”

Rubenstein, D. 1. 1978. Social Behavior, Perspectives in Ethology, edited
by P. P. G. Bateson and P. H. Klopfer, 205-231. Springer US. https://doi.
0rg/10.1007/978-1-4684-2901-5_9.

Ruch, J., L. Heinrich, T. Bilde, and J. M. Schneider. 2009. “Relatedness
Facilitates Cooperation in the Subsocial Spider, Stegodyphus
Tentoriicola.” BMC Evolutionary Biology 9, no. 1: 257. https://doi.org/10.
1186/1471-2148-9-257.

Salahshour, M. 2023. “Predator-Prey Power Laws: Trophic Interactions
Give Rise to Scale-Invariant Ecosystems.” New Journal of Physics 25, no.
12:123012. https://doi.org/10.1088/1367-2630/ad0d37.

Sjoberg, M., B. Albrectsen, and J. Hjdltén. 2000. “Truncated Power Laws:
A Tool for Understanding Aggregation Patterns in Animals?” Ecology
Letters 3: 90-94. https://doi.org/10.1046/j.1461-0248.2000.00113.x.

Smith, J. A., E. Donadio, O. R. Bidder, et al. 2020. “Where and When
to Hunt? Decomposing Predation Success of an Ambush Carnivore.”
Ecology 101: e03172. https://doi.org/10.1002/ecy.3172.

Sridhar, H., G. Beauchamp, and K. Shanker. 2009. “Why Do Birds
Participate in Mixed-Species Foraging Flocks? A Large-Scale
Synthesis.” Animal Behaviour 78: 337-347. https://doi.org/10.1016/].
anbehav.2009.05.008.

Stensland, E., A. Angerbjorn, and P. Berggren. 2003. “Mixed Species
Groups in Mammals.” Mammal Review 33: 205-223. https://doi.org/10.
1046/j.1365-2907.2003.00022.x.

Stevenson, P. R., and M. C. Castellanos. 2001. “Feeding Rates and
Daily Path Range of the Colombian Woolly Monkeys as Evidence for
Between- and Within-Group Competition.” Folia Primatologica 71:
399-408. https://doi.org/10.1159/000052737.

Sumpter, D., and S. Pratt. 2003. “A Modelling Framework for
Understanding Social Insect Foraging.” Behavioral Ecology and
Sociobiology 53: 131-144. https://doi.org/10.1007/s00265-002-0549-0.

Vandermeer, J., and I. Perfecto. 2006. “A Keystone Mutualism Drives
Pattern in a Power Function.” Science 311: 1000-1002. https://doi.org/
10.1126/science.1121432.

Viscido, S. V., J. K. Parrish, and D. Griinbaum. 2005. “The Effect of
Population Size and Number of Influential Neighbors on the Emergent
Properties of Fish Schools.” Ecological Modelling 183: 347-363. https://
doi.org/10.1016/j.ecolmodel.2004.08.019.

Wamiti, W., N. Gichuki, D. A. Sigana, P. Njoroge, G. Nowald, and D.
Fox. 2021. “Population, Flocking Behaviour and Habitat Selection of the
Grey Crowned Crane Balearica regulorum at Lake Ol'Bolossat Basin,
Kenya.” Journal of East African Ornithology 41: 13-23.

West, S. A., S. P. Diggle, A. Buckling, A. Gardner, and A. S. Griffin. 2007.
“The Social Lives of Microbes.” Annual Review of Ecology, Evolution,
and Systematics 38: 53-77. https://doi.org/10.1146/annurev.ecolsys.38.
091206.095740.

Yip, E. C., K. S. Powers, and L. Avilés. 2008. “Cooperative Capture
of Large Prey Solves Scaling Challenge Faced by Spider Societies.”
Proceedings of the National Academy of Sciences 105, no. 33: 11818-
11822. https://doi.org/10.1073/pnas.0710603105.

Supporting Information

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

90f9


https://doi.org/10.1016/j.cub.2019.11.039
https://doi.org/10.1016/j.cub.2019.11.039
https://doi.org/10.1002/ecm.1604
https://doi.org/10.1111/1365-2656.12889
https://doi.org/10.1111/1365-2656.12889
https://doi.org/10.1086/407216
https://doi.org/10.1086/407216
https://doi.org/10.1371/journal.pone.0112884
https://doi.org/10.1073/pnas.1517794112
https://doi.org/10.1073/pnas.1517794112
https://doi.org/10.1242/jeb.01588
https://doi.org/10.1098/rstb.2011.0301
https://doi.org/10.2307/1382509
https://doi.org/10.1016/j.anbehav.2006.09.030
https://doi.org/10.1016/j.anbehav.2006.09.030
https://doi.org/10.1098/rspb.2008.1060
https://doi.org/10.1111/j.1558-5646.1992.tb02045.x
https://doi.org/10.1016/j.cub.2014.10.036
https://doi.org/10.1016/j.cub.2014.10.036
https://doi.org/10.1073/PNAS.0703466104
https://doi.org/10.1016/0024-3205(78)90098-X
https://doi.org/10.1007/978-1-4684-2901-5_9
https://doi.org/10.1007/978-1-4684-2901-5_9
https://doi.org/10.1186/1471-2148-9-257
https://doi.org/10.1186/1471-2148-9-257
https://doi.org/10.1088/1367-2630/ad0d37
https://doi.org/10.1046/j.1461-0248.2000.00113.x
https://doi.org/10.1002/ecy.3172
https://doi.org/10.1016/j.anbehav.2009.05.008
https://doi.org/10.1016/j.anbehav.2009.05.008
https://doi.org/10.1046/j.1365-2907.2003.00022.x
https://doi.org/10.1046/j.1365-2907.2003.00022.x
https://doi.org/10.1159/000052737
https://doi.org/10.1007/s00265-002-0549-0
https://doi.org/10.1126/science.1121432
https://doi.org/10.1126/science.1121432
https://doi.org/10.1016/j.ecolmodel.2004.08.019
https://doi.org/10.1016/j.ecolmodel.2004.08.019
https://doi.org/10.1146/annurev.ecolsys.38.091206.095740
https://doi.org/10.1146/annurev.ecolsys.38.091206.095740
https://doi.org/10.1073/pnas.0710603105

	Ecological Interactions Drive a Power-Law Relationship Between Group Size and Population Density in Social Foragers
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Modelling Group Size in Foragers
	2.2   |   Empirical Data and Modelling

	3   |   Results
	3.1   |   Theoretical Relationships Between Group Size and Population Density
	3.2   |   Empirical Relationship Between Group Size and Population Density

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Data Availability Statement
	Peer Review
	References


