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Abstract

The social organization of groups varies greatly across primate species, ranging from egali-
tarian to despotic. Moreover, the typical or average size of groups varies greatly across pri-
mate species. Yet we know little about how group size affects social organization across
primate species. Here we used the hawk-dove game (HDG) to model the evolution of social
organization as a function of maximum group size and used the evolved frequency of hawks
as a measure of egalitarian/despotism in societies. That is, the lower the frequency of
hawks, the more egalitarian a society is, and the higher the frequency of hawks, the more
despotic it is. To do this, we built an agent-based model in which agents live in groups and
play the HDG with fellow group members to obtain resources to reproduce offspring. Off-
spring inherit the strategy of their parent (hawk or dove) with a low mutation rate. When
groups reach a specified maximum size, they are randomly divided into two groups. We
show that the evolved frequency of hawks is dramatically lower for relatively small maximum
group sizes than predicted analytically for the HDG. We discuss the relevance of group size
for understanding and modeling primate social systems, including the transition from
hunter-gather societies to agricultural societies of the Neolithic era. We conclude that group
size should be included in our theoretical understanding of the organization of primate social
systems.

Introduction

Primate social systems are diverse, ranging from highly egalitarian to highly despotic. These
diverse social systems or societies are characterized by different degrees of cooperative and
competitive behaviors. Egalitarian societies are characterized by more cooperative behaviors
with less hierarchical organization, while despotic societies are characterized by more competi-
tive behaviors and dominance hierarchies [1]. The distribution of resources also marks the dis-
tinction between egalitarian and despotic societies. In more egalitarian societies, the
distribution of resources is more equitable, whereas, in more despotic societies, resources are
distributed less equitably [1]. This distinction is captured by the classification of primate social
systems along the tolerance-conciliation spectrum with four grades based on dominance styles:
despotic, tolerant, relaxed, and egalitarian [2]. Despotic species (grade 1) are more
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hierarchical, kin-based, and aggression is severe but rarely displayed by subordinates (e.g., rhe-
sus, M. mulatta, and Japanese, M. fuscata, macaques) [3]. In contrast, egalitarian species
(grade 4) are bi-directional with low-intensity aggression, displaying a low degree of asymme-
try in agonistic relationships, and are usually loose-kin societies (e.g., Tonkean, M. tonkeana,
and Moor, M. maura, macaques) [4, 5]. Finally, computational models of despotic and egali-
tarian societies have found that the degree to which a society is egalitarian emerges from the
intensity of aggression in conflicts [6, 7].

Human societies also range from despotic to egalitarian, and the degree to which societies
are despotic or egalitarian changes over space and time. For most of human evolution, people
lived in relatively egalitarian hunter-gather communities [8, 9]. The size of hunter-gatherer
communities was relatively small, usually less than 100 [10]. Egalitarianism readily evolved for
small groups in hunter-gatherer societies, but as group size increased, societies became more
hierarchical and less egalitarian [11]. Dominance hierarchies began to emerge with the start of
the agricultural revolution (i.e., the Neolithic revolution) when humans began accumulating
resources via the cultivation of food and the size of human groups increased [12, 13]. At that
time, extreme violence and homicide rates increased, which were more brutal than today [14].
Thus, the degree of egalitarianism changed over time in human societies, as did the size of
groups humans lived in. In particular, group size has mattered in human evolution and, more
generally, primate evolution [8, 15-17].

From an evolutionary perspective, theoretical insight into the social organization of socie-
ties may be achieved by assessing both the role of the intensity of aggression in conflicts in
interindividual conflicts and the role of group size on how egalitarian or despotic a species is.
The hawk-dove game (HDG) [18] provides a simple but rigorous model of intra-individual
aggression within societies and a model for how resources are distributed [4]. Though highly
simplified, the HDG has been used to model egalitarian and despotic societies in addition to
animal conflict more generally [19, 20].

In the HDG, individuals must decide how to divide a resource. Individuals playing the
hawk strategy fight with other hawks over resources at some cost to the hawk participants.
The cost of such conflicts is interpreted here as a measure of the intensity of aggression. If
the cost of competition is high, the intensity of aggression is high. If the costs are relatively
low, the intensity of aggression is low. Individuals playing the dove strategy do not fight
hawks but readily concede a resource with no conflict costs to themselves or their hawk
opponents. When doves contest a resource, they share it without conflict or cost. The HDG
can be readily solved for evolutionarily stable strategies or mixtures of strategies in a popu-
lation (see Eq 1 for the HDG payoff matrix). The degree to which a society is egalitarian or
despotic depends in this model on the frequency of hawks. The greater the proportion of
hawks, the more despotic the society, whereas the lower the proportion of hawks, the more
egalitarian a society is.

Hawk Dove

b—c b—c
Hawk 5 5 b,0 (1)
bb
D -z
ove 0,b 59

In the classical HDG, the evolutionarily stable frequency of hawks depends only on the
relationship between costs, ¢, and benefits, b. If the benefits, b, to hawks exceed the costs, c,
then a population will consist entirely of hawks and is entirely despotic. However, if the
costs of hawk-hawk conflicts are high such that ¢ > b, then both hawks and doves can stably
exist in a population. Indeed, the frequency of hawks in a population can be calculated from
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Eq 1 and is b/c. Thus, the higher the costs of aggression relative to the benefits, the more
egalitarian a given society will be. For example, a society composed of 75% doves would
require the cost of aggression to be four times greater than the benefit obtained by fighting
and winning. If, as assumed here, the cost of aggressive conflicts between hawks is a mea-
sure of the intensity of aggression, then an apparent paradox arises. On an HDG model of
despotic and egalitarian societies, societies are increasingly egalitarian due to the increasing
intensity of aggression of hawk-hawk conflicts. This result is not consistent with other theo-
retical results reporting that the degree to which a society is egalitarian emerges from lower
levels of intensity in aggressive conflicts [6, 7].

Network and graph studies have emphasized how different spatial structures influence or
promote the evolution of cooperation through playing evolutionary games [21-28]. Most stud-
ies have focused on the prisoner’s dilemma [21, 26, 29], a few on snowdrift (SDG, which has a
slightly different payoff matrix than the HDG) [22], or comparing both [30]. Most of them
concluded that cooperation thrives on spatial structures with either strong pairwise ties [24],
or high viscosity [27, 29], or a specific type of network [31, 32]. A central idea of these network
studies is that viscosity or assortment on networks plays a critical role in promoting coopera-
tion [29]. However, one theoretical result indicates that spatial structure inhibits cooperation,
particularly in the snowdrift game [22]. In their ABM model [22], specific spatial structures
reduce the frequency of cooperators in the SDG when filament-like clusters form while pro-
moting cooperation in PDG when compact clusters form. Although this study [22] concluded
that the differences emerge from the game types, these results imply that the cluster pattern
and size affect the degree of cooperation.

Prior analytical work on group size indicates that group size affects the frequency of cooper-
ators in threshold public goods games [33-36], which suggests that group size is also important
for other cooperative games. Here we theoretically investigated the effects of group size (i.e.,
clustering size) on egalitarian behavior in group-structured populations with HDG, which is
very similar to SDG. To do this, we systematically varied group size and the cost of hawk-hawk
conflicts. We developed an agent-based model for group-structured populations to investigate
how group size modulates the evolution of hawk frequencies. In this model, agents live in
groups and accumulate resources to reproduce by playing the HDG with their fellow agents.
Groups are characterized by a maximum size, which, when reached, causes the group to ran-
domly fission into two groups of approximately equal size. A group with only three members
fuses with another randomly selected group. Different benefit-cost ratios (b/c) were investi-
gated for different group sizes to determine how they both contribute to evolved frequencies of
hawks. As we show below, small-group size can dramatically reduce the frequency of hawks
and thus increase the degree of egalitarianism in a population. That is, the degree of egalitari-
anism can be significantly increased without increasing the cost of hawk-hawk conflicts when
groups are relatively small. This result aligns with our empirical and theoretical understanding
of egalitarian primate societies as typically structured by relatively small groups with lower lev-
els of intensity in aggressive conflicts.

Model
1. Model overview

A group-structured population model was developed to assess the effects of group size on the
frequency of hawks relative to the classical predictions of the HDG. Populations consisted of
groups of agents that played the HDG for resources to reproduce. Agents accumulated
resources over time, which they acquired by playing HDGs with other group members. When
an agent acquired sufficient resources to reproduce, T, it could produce a single offspring if
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the population was below its maximum capacity. When it reproduced, its offspring either
dispersed to another randomly selected group in the population with probability d or
remained in its parental group with probability 1 -d. To model only the effect of resource
accumulation by playing the HDG fitness (i.e., fecundity only), agents had an average life-
span, L, with variation among agents, unaffected by the accumulation of resources. The
model is graphically depicted in Fig 1. The key properties and functions of agents and
groups are described below.
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Fig 1. Overview of the model. The solid red circles indicate the hawks, and the blue circles indicate doves. Groups are
shown in yellow with agents in them. The reproductive process is illustrated by a cycle illustrating the accumulation of
resources and then reduction in resources when a reproductive event occurs (bottom).

https://doi.org/10.1371/journal.pone.0279545.g001
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Table 1. Fixed parameters, initial conditions, and parameter swept.

Parameters
Fixed

c
GSmin
Niax
Initial conditions
Ro

Lo

No
GSo
Swept
c

c
GSmax
d

Values Description Simulations
150 Average lifespan All
15 Lifespan SD All
30 Resources to reproduce All
0.01 Mutation rate All
0.0 Dispersal rate 2

6 Benefit All
8 Cost 3

3 Minimum group size 2,3
10,000 Maximum # of agents All
0 Starting resources All
uniform random integer [0, L] Age All
2400 (1200 hawks, 1200 doves) Population size All
No/(GSmax/2) Number of groups 2,3
6.5, 6.67, 8,10, 12, 14 Cost 1
6,8,12 Cost 2
12, 16, 20, 30, 40, 50, 60, 70, 80 Maximum group size 2,3
0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 Dispersal rate 3

https://doi.org/10.1371/journal.pone.0279545.t001

2. Populations

Populations were subdivided into groups with maximum (GS,.x) and minimum (GS,,;,,) sizes
(Table 1). The number of agents in a group changed over time as agents were born, died, or
dispersed to other groups. When a group reaches GS,,.y, the group fissions into two groups of
approximately equal size. When a group drops below GS,,;y, it fuses with a randomly selected
group from the population. Populations were limited by the total number of agents in the pop-
ulation, N x.

3. Agents

3.1 Hawk-dove game. Agents acquired resources to reproduce by playing HDGs with
other agents. Agents were pure hawks or doves; agents did not play mixed strategies. However,
a mixture of pure strategies could evolve in a population depending on the benefits (b) and
costs (¢) of playing. Their payoffs for all pairwise combinations of strategies are specified in Eq
(1). In this study, the benefit was assumed to be less than the cost of a flight according to the
classical hawk-dove game. On each time step, an agent played a randomly selected member of
its group and played at most one HDG per time-step. This implied that occasionally an agent
did not play on a given time step when a group had an odd number of agents.

3.2 Reproduction. Agents could reproduce when they accumulated sufficient resources
(by repeatedly playing the HDG) to reach a threshold level of resources (T). However, to main-
tain a population at no greater than its specified maximum capacity, Nyax, @ Moran [37] like
process was implemented such that an offspring agent entered the population only if the popu-
lation was below N,,,,,; otherwise, it did not (i.e., it dies). After a reproductive event (i.e.,
whether or not an agent’s offspring successfully entered the population), an agent’s resources
were reduced by the T resources required to produce an offspring. Offspring mutated to a
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different strategy (i.e., hawk — dove or dove — hawk) from their parent with probability m,;
otherwise, they inherited their parent’s strategy with probability 1 -m,. An offspring agent
entered its parental group or randomly dispersed to a randomly selected group in the popula-
tion with probability d.

3.3 Lifespan. All forms of adult mortality (i.e., predation, disease, etc.) were captured in a
lifespan distribution for a population. Using a Gaussian distribution with mean lifespan L and
standard deviation Lgp, values were randomly drawn from a Gaussian distribution for each
agent at birth and rounded to the nearest integer for its lifespan. Variation was introduced to
avoid synchronous reproduction (i.e., when most of the agents reproduced within one or a few
time-steps of each other). The mean lifespan, L, was selected so that, on average, agents would
have several reproductive events during their lifespan. (See Table 1). In some contexts, the dis-
tribution of lifespans (e.g., exponential lifespan distributions) can play a role in maintaining
cooperation [38], but here we used a Gaussian lifespan distribution only to avoid synchronous
reproduction, which we have observed when there is no variation in agent lifespans.

Simulations

The model was written in Java using the MASON agent-based library [39]. Each simulation
ran for 10”-time steps with 10 replicates for each treatment condition. At the start of a simula-
tion, the proportion of hawks to doves in each group was 50%, and the size of each group was
GSmax/2. Each simulation started with 2400 agents equally divided into 2400/(GS,.x/2) groups.
The initial age of agents was a uniform random integer in the range 0 to L, which distributed
agent reproduction out over time. Table 1 provides fixed parameters, initial conditions, and
values for parameter sweeps for all the simulations.

Three simulation studies were conducted to investigate how group size affects the evolution
of hawk frequencies as the cost of conflict, ¢, was varied. The first set of simulations (1) were
validation simulations aimed at establishing that the agent-based model yields the predicted
evolutionarily stable hawk frequencies (i.e., b/c when ¢ > b) in large mixing populations of
agents. Generic biological properties were implemented in these validation simulations, so the
prediction of evolutionary game theory can be tested under relatively realistic biological condi-
tions. The second set of simulation studies (2) investigated deviations from the predicted hawk
frequencies of b/c when ¢ was varied. Group size effects were systematically investigated in the
second set of simulations. The effects of group size were investigated by varying maximum
group sizes across simulations. In general, evolutionary stable states were expected to deviate
from the analytically predicted evolutionary stables states (calculated from the payoff matrix
alone, Eg. 1) as maximum group size changed. The third set of simulation studies (3) investi-
gated the effects of group size when offspring dispersal rate, d, was systematically varied. As
the dispersal rate, d, at birth increased, populations become more mixing. Thus, as dispersal
rates increase, hawk frequencies should approach the analytically predicted b/c equilibrium
frequency.

Results
1. Validation

With no population structure, any agent could play any other random agent in a population.
Under population mixing, all agents evolved to the analytically predicted hawk frequency of b/
c when ¢ > b except when b/c > 0.9 (Fig 2). When b/c > 0.9, doves were eliminated from simu-
lations due to finite population random effects (i.e., selecting agents for games, successful
reproductive events, and mutation). When doves were eliminated, because the payoftf for
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Fig 2. Validation simulations of theoretical evolutionary stable state (ESS) in hawk-dove game. The hawk
frequencies evolved to the predicted b/c when ¢ > b, except when b/c > 0.9. Dashed lines indicate the theoretically
predicted hawk frequencies, b/c. The benefit was held constant b = 6 across all simulations. The cost, ¢, was varied,
c= 14,12, 10, 8, 6.67, and 6.5, with predicted hawk frequencies of b/c = 0.43, 0.5, 0.6, 0.75, 0.9, and 0.92, respectively.

https://doi.org/10.1371/journal.pone.0279545.9002

cost

hawks was (b-c)/2 < 0, population went to extinction. Thus, with the exception of values of b/
¢ > 0.9, hawk frequencies evolved to the predicted b/c when ¢ > b.

2. Group size

When maximum group size was systematically varied (see Table 1), the simulated hawk fre-
quencies were lower than the predicted frequency, b/c. For the predicted hawk frequency of b/
¢ =6/12 = 0.5 and small maximum group sizes (GS.x = 12, 16, 20), the evolved stable hawk
frequencies ranged from 10% to 12% (Fig 3A). For larger maximum group sizes (GS .y = 30 to
80), evolved hawk frequencies increased about 2-4% with each increase of 10 in maximum
group size (Fig 3A). In all cases, evolved hawk frequencies were well below the predicted b/
¢=0.5. For b/c = 6/8 = 0.75, evolved hawk frequencies were much lower than the predicted
hawk frequency of b/c = 0.75 (Fig 3B). For the predicted hawk frequency of b/c = 6/6 = 1.0,
were at or below 0.5 for group sizes up to GSp.x = 30 (Fig 3C). Interestingly, unlike in the vali-
dation simulations with unstructured populations, populations never went extinct even for
GSpmax = 80 (Fig 3C).

3. Natal dispersal

As the natal dispersal rate increased, evolved hawk frequencies approached the predicted hawk
frequency of b/c = 0.75, except for smaller maximum group sizes, which overshot the predicted
hawk frequency (Fig 4). Interestingly, for small GS,,,.x (i-e., 12, 16, 20, 30), dispersal rates
greater than 0.5 are required for the frequency of hawks to converge on b/c = 0.75. It is also
interesting that for small GS,,,,, hawk frequencies overshoot b/c = 0.75 for dispersal rates over
0.7 (Fig 4). Though not investigated here, these overshoots may have been due to the dispersal
of hawks into groups with higher-than-expected frequencies of hawks.
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Discussion

Group size resulted in dramatically lower hawk frequencies than predicted by the benefit-to-
cost ratio, b/c, for the HDG. This was especially true for populations with small GS,,.x. Natal
dispersal rates reduced dove frequencies by eliminating the effects of group size. These results
align with previous work [40], which investigated the impact of mobility radius and probability
on cooperation—using Monte Carlo simulations of the prisoner’s dilemma and the snowdrift
game. They [40] found that either increasing the likelihood of mobility or the radius of proba-
bility reduces network reciprocity and cooperation. In our case, the dispersal rate, d, can be
viewed as one kind of wide-range mobility, which also reduces cooperation. Range and proba-
bility of mobility and natal dispersal share a similar effect on population structure: movement
breaks down network reciprocity in their can and group structure in ours. Finally, our results
demonstrate that small group structure promotes cooperation, which parallels the finding that
local movement can promote cooperation [40].

Nevertheless, the effect of small group size on reducing predicted hawk frequencies are
robust for high rates of dispersal (Fig 3). Even when half of all offspring born disperse to
another random group at birth, hawk frequencies evolved below the predicted frequency of b/
¢ = 0.75 for very small group sizes (see Fig 4). These results demonstrate that the size of groups
plays a dramatic role in the evolved frequency of hawks. This further suggests that more egali-
tarian societies could evolve without extremely high costs, ¢, of conflicts if group sizes are rela-
tively small. For example, as illustrated in Fig 4, hawk frequencies evolved to about 10% to 12%
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of the population for small group sizes even though the predicted frequency was b/c = 0.5. For
this case, the cost of conflict, ¢, was twice the benefit, b. However, in the classical HDG, for b/c
to fall in the range of 10% to 12% hawks in a population, the cost of hawk conflicts must be 8
to 9 times greater than the benefits for hawk frequencies to be in the range of 10% to 12%.
Thus, if the HDG approximately models the range of despotic to egalitarian societies as previ-
ously postulated [4, 20], small group size is one way to evolve more egalitarian societies while
keeping the intensity of aggression low. Theoretically, these simulation results help reconcile
the predictions of the classical HDG that low frequencies of hawks require high costs of con-
flict with Hemerlrijk’s [6, 7, 41] DomWorld model, where low levels of aggression characterize
egalitarian societies.

In comparing our results with Hauert and Doebell’s SDG model [22], they found that spa-
tial structure filament-like clusters failed to promote cooperative strategies in the snow drift
game or HDG. Still, cooperation was promoted in the prisoner’s dilemma game with compact
cluster formations. Our results demonstrated that small group structure dramatically pro-
moted cooperative strategies (i.e., doves) in HDG. These two seemly opposite results do not
conflict. Agents in our model were confined to groups, which are equivalent to complete
graphs and more like compact clusters in Hauert’s Hauert and Doebell’s prisoner’s dilemma
game model than filament-like structures. For small groups where everyone can interact with
everyone else, cooperative strategies will tend to do better. Our results also echo previous net-
work studies that demonstrate cooperation thrives in the networks with strong pairwise ties
[24] or structural viscosity [29, 42]. In short, spatial structure does not reduce cooperation but
promotes it as long as individuals can form groups.

These results suggest that relatively small social groups or subgroups should characterize
more egalitarian primate societies. Egalitarian primate species, such as bonobos, stump-tailed
macaques (Macaca arctoides), and Tonkean macaques, generally maintain relatively small
group or subgroup sizes [43-45]. For example, bonobos live in small groups and subgroups of
2-15 individuals [43]. Bonobos are highly egalitarian, tend not to resolve conflicts through
aggression, and are willing to provide food to strangers and express empathy [46]. Even though
male bonobos have larger body sizes than females, they do not dominate females as chimpan-
zees do [44]. In general, bonobos exhibit low aggression intensity and maintain an egalitarian
society [44, 47]. Tonkean macaques are also relatively egalitarian as their gradient of domi-
nance is weak [45], and their group size fluctuates between 10-30 individuals over time.
Stump-tailed macaques are in the middle of the egalitarian-despotic spectrum and display low
aggression with loose hierarchical organization [2]. Their troop size was reported to range
between two or three and up to 60 individuals [48], slightly larger than bonobos’. Compared to
bonobos, stump-tailed macaques show some hierarchical organization: male individuals some-
times form a strict hierarchy through fighting but can reconcile quickly [49].

In contrast, Japanese macaques and rhesus macaques are both despotic species with higher
aggression and less cooperative behaviors. They live in relatively large groups compared to
more egalitarian species. The average group size of rhesus macaque is 41.3 [50, 51], but they
can range from 22 to 176 [50, 52]. Japanese macaques have an average group size of 40.8 indi-
viduals, but they can range to 161 individuals [3].

In the evolution of human societies, early hunter-gatherer groups were largely egalitarian,
while more recent human societies have shifted towards more hierarchical organizations [53].
In more egalitarianism hunter-gatherers groups, individuals share food regardless of their abil-
ity and generally do not accumulate wealth or property inheritance [54]. The Neolithic era
marked the transition from small, egalitarian bands to larger settlements with increased hierar-
chical organization [9, 53, 55]. Our results have implications for two theoretical approaches to
explaining the transition from predominantly egalitarian to hierarchical societies of the
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Neolithic era. The first approach emphasizes the important role of resource surplus in decreas-
ing the value of generosity and sharing [56]. In this approach, the hierarchical organization of
societies emerges with intra-group conflict over the control of resources. Our results indicate
that group size may also play an important role. All things being equal, as the size of groups
increases, so does the frequency of hawks and intra-group conflict. The abundance of
resources will increase group size, but the increase in group size will contribute to inter-group
conflict and thus hierarchy. Another approach focuses on the problem of coordination to
achieve cooperative benefits [53, 57-59]. For example, Perret et al. [53] used an evolutionary
modeling approach to show that if the cost time in consensus decision-making is great, hierar-
chical decision-making can evolve in societies even though it results in resource inequalities
among individuals. Interestingly, steep hierarchies evolved only as group size became large in
their model.

Our results suggest that group size may have played a critical role in the evolution (i.e., bio-
logical and cultural) of human cooperation. Both the theories mentioned in the previous para-
graph are based on the co-evolution of food surplus and increasing group size. However, the
impact of group size in current research is still underestimated. The inevitability formation of
leadership hierarchies for large-scale human cooperation is a major focus of anthropological
research. Still, such leadership mechanisms have not solved issues of conflict and unfairness in
these large-scale cooperative societies.

Our results provide insight into why hunter-gatherers foragers who form small groups are
more egalitarian than modern humans living in large communities. Moreover, our results sug-
gest that large-group cooperative issues may at least be partially solvable with subgroup struc-
ture. To elaborate on the latter point, modern human societies do not typically have strict
linear hierarchies with severe conflict. Today, while societies are hierarchical many maintain
some egalitarianism. For instance, corporate structures are hierarchical, often large-scaled,
and cooperative. Within hierarchical corporate structures, there are many levels of employees
with supervisors and subordinates. However, within a level, team members usually share equal
responsibility and power, which is a more egalitarian organization. For example, Super7 uses
small teams with a size of seven [60]. Stephen Robbins concluded that teams of more than 12
people had difficulty building trust and function [61]. Individuals in larger teams also perform
worse than those in smaller team [62].

Small group size is beneficial for cooperation in many ways. For instance, small group size
may be critical to forming egalitarian societies in primates. Small group size provides a natural
umbrella for vulnerable cooperators to survive in the population. Empirical research supports
the view that egalitarianism co-evolved with small group size in some primate species, hunter-
gatherer societies, and perhaps even some modern hierarchical human societies.

In the future, the effect of group size on social systems can be investigated in other evolu-
tionary games to examine if group size is a general mechanism for the biological or cultural
evolution of cooperative behavior across different types of cooperative games. Another inter-
esting direction for research would be varying payoffs in the HDG, which would introduce
greater biological realism [63].

Acknowledgments

We thank Matt Miller, Aviva Blonder, and Sydney Wood for comments on earlier drafts of
this manuscript.

Author Contributions
Conceptualization: Kai-Yin Lin, Jeffrey C. Schank.

PLOS ONE | https://doi.org/10.1371/journal.pone.0279545 December 27, 2022 11/14


https://doi.org/10.1371/journal.pone.0279545

PLOS ONE

Small group size promotes egalitarianism

Data curation: Kai-Yin Lin.

Formal analysis: Kai-Yin Lin.

Investigation: Kai-Yin Lin, Jeffrey C. Schank.
Methodology: Kai-Yin Lin, Jeffrey C. Schank.

Project administration: Jeffrey C. Schank.

Software: Kai-Yin Lin.

Supervision: Jeffrey C. Schank.
Validation: Kai-Yin Lin, Jeffrey C. Schank.
Visualization: Kai-Yin Lin, Jeffrey C. Schank.

Writing - original draft: Kai-Yin Lin.

Writing - review & editing: Jeffrey C. Schank.

References

1.

10.

11.

12
13.

14.

15.

Vehrencamp SL. A model for the evolution of despotic versus egalitarian societies. Anim Behav. 1983;
31(3):667-82.

Thierry B, Singh M, Kaumanns W. Macaque societies: a model for the study of social organization.
Cambridge; New York, NY: Cambridge University Press; 2004.

Fooden J, Aimi M. Systematic Review of Japanese Macaques, Macaca fuscata (). Fieldiana Zool. 2005
Mar 1; 2005(104):1-198.

Matsumura S. The Evolution of “Egalitarian” and “Despotic” Social Systems Among Macaques. Pri-
mates [Internet]. 1999; 40(January):23-31. https://doi.org/10.1007/BF02557699 PMID: 23179529

Matsumura S. Relaxed Dominance Relations among Female Moor Macaques (Macaca maurus) in
Their Natural Habitat, South Sulawesi, Indonesia. Folia Primatol. 1998; 69(6):346—56. https://doi.org/
10.1159/000021650 PMID: 9885335

Hemelrijk CK. An individual-orientated model of the emergence of despotic and egalitarian societies.
Proc R Soc London Ser B Biol Sci. 1999 Feb 22; 266(1417):361-9. https://doi.org/10.1098/rspb.1999.
0646

Hemelrijk CK, Kappeler PM, Puga-Gonzalez |. The self-organization of social complexity in group-living
animals: Lessons from the DomWorld model. Elsevier Academic Press; 2017.

Boyd R, Richerson PJ. Culture and the evolution of human cooperation. Philos Trans R Soc Lond B Biol
Sci. 2009 Nov 12; 364(1533):3281-8. https://doi.org/10.1098/rsth.2009.0134 PMID: 19805434

Boehm C. Hierarchy in the forest: the evolution of egalitarian behavior. Cambridge, Mass.: Harvard
Univ. Press; 2001.

Layton R O’Hara S, Bilsborough A. Antiquity and Social Functions of Multilevel Social Organization
Among Human Hunter-Gatherers. Int J Primatol. 2012; 33(5):1215-45.

Kohler TA, Smith ME, Bogaard A, Feinman GM, Peterson CE, Betzenhauser A, et al. Greater post-Neo-
lithic wealth disparities in Eurasia than in North America and Mesoamerica. Nature. 2017; 551
(7682):619—-22. https://doi.org/10.1038/nature24646 PMID: 29143817

Lewin R. Human evolution: an illustrated introduction. Malden (Mass.): Blackwell publ.; 2005. 288 p.

Jean-Pierre B-A. When the World’s Population Took Off: The Springboard of the Neolithic Demographic
Transition. Science. 2011 Jul 29; 333(6042):560—1. https://doi.org/10.1126/science. 1208880 PMID:
21798934

Meyer C, Lohr C, Gronenborn D, Alt KW. The massacre mass grave of Schéneck-Kilianstadten reveals
new insights into collective violence in Early Neolithic Central Europe. Proc Natl Acad Sci U S A. 2015
Sep 8; 112(36):11217-22.

Lehmann J, Boesch C. To fission or to fusion: effects of community size on wild chimpanzee (Pan trog-
lodytes verus) social organisation. Behav Ecol Sociobiol. 2004; 56(3):207—16. https://doi.org/10.1007/
s00265-004-0781-x

PLOS ONE | https://doi.org/10.1371/journal.pone.0279545 December 27, 2022 12/14


https://doi.org/10.1007/BF02557699
http://www.ncbi.nlm.nih.gov/pubmed/23179529
https://doi.org/10.1159/000021650
https://doi.org/10.1159/000021650
http://www.ncbi.nlm.nih.gov/pubmed/9885335
https://doi.org/10.1098/rspb.1999.0646
https://doi.org/10.1098/rspb.1999.0646
https://doi.org/10.1098/rstb.2009.0134
http://www.ncbi.nlm.nih.gov/pubmed/19805434
https://doi.org/10.1038/nature24646
http://www.ncbi.nlm.nih.gov/pubmed/29143817
https://doi.org/10.1126/science.1208880
http://www.ncbi.nlm.nih.gov/pubmed/21798934
https://doi.org/10.1007/s00265-004-0781-x
https://doi.org/10.1007/s00265-004-0781-x
https://doi.org/10.1371/journal.pone.0279545

PLOS ONE

Small group size promotes egalitarianism

16.

17.

18.
19.

20.

21.

22,

23.

24,

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Suchak M, Eppley TM, Campbell MW, Feldman RA, Quarles LF, de Waal FBM. How chimpanzees
cooperate in a competitive world. Proc Natl Acad Sci. 2016 Sep 6; 113(36):10215-20. https://doi.org/
10.1073/pnas.1611826113 PMID: 27551075

Chapman CA, Chapman LJ. Constraints on group size in red colobus and red-tailed guenons: Examin-
ing the generality of the ecological constraints model. Int J Primatol. 2000; 21(4):565—-85.

Smith JM, Price GR. The logic of animal conflict. Nature. 1973; 246(5427):15-8.

Gavrilets S. On the evolutionary origins of the egalitarian syndrome. Proc Natl Acad Sci. 2012 Aug 28;
109(35):14069 LP- 14074. https://doi.org/10.1073/pnas. 1201718109 PMID: 22891349

Hooper PL, Kaplan HS, Jaeggi A V. Gains to cooperation drive the evolution of egalitarianism. Nat Hum
Behav. 2021; 5(7):847-56. https://doi.org/10.1038/s41562-021-01059-y PMID: 33649461

Fehl K, van der Post DJ, Semmann D. Co-evolution of behaviour and social network structure promotes
human cooperation. Ecol Lett. 2011; 14(6):546-51. hitps://doi.org/10.1111/j.1461-0248.2011.01615.x
PMID: 21463459

Hauert C, Doebeli M. Spatial structure often inhibits the evolution of cooperation in the snowdrift game.
Nature. 2004; 428(6983):643—6. https://doi.org/10.1038/nature02360 PMID: 15074318

Lieberman E, Hauert C, Nowak MA. Evolutionary dynamics on graphs. Nature. 2005; 433(7023):312—-6.
https://doi.org/10.1038/nature03204 PMID: 15662424

Allen B, Lippner G, Chen YT, Fotouhi B, Momeni N, Yau ST, et al. Evolutionary dynamics on any popu-
lation structure. Nature. 2017; 544(7649):227-30. https://doi.org/10.1038/nature21723 PMID:
28355181

Nowak MA, May RM. Evolutionary games and spatial chaos. Nature. 1992; 359(6398):826-9.

Gracia-Lazaro C, Ferrer A, Ruiz G, Tarancon A, Cuesta JA, Sanchez A, et al. Heterogeneous networks
do not promote cooperation when humans play a Prisoner’s Dilemma. Proc Natl Acad Sci. 2012 Aug 7;
109(32):12922 LP—-12926. https://doi.org/10.1073/pnas. 1206681109 PMID: 22773811

Ohtsuki H, Hauert C, Lieberman E, Nowak MA. A simple rule for the evolution of cooperation on graphs
and social networks. Nature. 2006; 441(7092):502-5. https://doi.org/10.1038/nature04605 PMID:
16724065

Pi B, Zeng Z, Feng M, Kurths J. Evolutionary multigame with conformists and profiteers based on
dynamic complex networks. Chaos An Interdiscip J Nonlinear Sci. 2022 Feb 1; 32(2):23117. https://doi.
org/10.1063/5.0081954 PMID: 35232054

Grimm V, Mengel F. Cooperation in viscous populations-Experimental evidence. Games Econ Behav.
2009; 66(1):202—20. https://doi.org/10.1016/j.geb.2008.05.005

Perc M. Evolution of cooperation on scale-free networks subject to error and attack. New J Phys. 2009;
11: 033027. https://doi.org/10.1088/1367-2630/11/3/033027

Santos FC, Pacheco JM. Scale-Free Networks Provide a Unifying Framework for the Emergence of
Cooperation. Phys Rev Lett. 2005 Aug; 95(9):98104. https://doi.org/10.1103/PhysRevlLett.95.098104
PMID: 16197256

Roscoe P. Social Signaling and the Organization of Small-Scale Society: The Case of Contact-Era New
Guinea. J Archaeol Method Theory. 2009; 16(2):69—-116. https://doi.org/10.1007/s10816-009-9062-3

Pefa J, Noldeke G. Group size effects in social evolution. J Theor Biol. 2018; 457:211-20. https://doi.
org/10.1016/).jtbi.2018.08.004 PMID: 30172687

Noldeke G, Pefia J. Group size and collective action in a binary contribution game. J Math Econ. 2020;
88:42-51.

Pefa J, Noéldeke G, Lehmann L. Evolutionary dynamics of collective action in spatially structured popu-
lations. J Theor Biol. 2015; 382:122-36. https://doi.org/10.1016/j.jtbi.2015.06.039 PMID: 26151588

Jiang L-L, Gao J, Chen Z, Li W-J, Kurths J. Reducing the bystander effect via decreasing group size to
solve the collective-risk social dilemma. Appl Math Comput. 2021; 410:126445. https://doi.org/10.1016/
j.amc.2021.126445

Karlin S, McGregor J. On a Genetics Model of Moran. Math Proc Cambridge Philos Soc.1962; 58
(2):299-311.

Zeng Z, Li Y, Feng M. The spatial inheritance enhances cooperation in weak prisoner’s dilemmas with
agents’ exponential lifespan. Phys A Stat Mech its Appl. 2022; 593:126968. https://doi.org/10.1016/j.
physa.2022.126968

Luke S, Cioffi-Revilla C, Panait L, Sullivan K, Balan G. MASON: A Multiagent Simulation Environment.
Simulation. 2005 Jul 1; 81(7):517-27. https://doi.org/10.1177/0037549705058073

Li W-J, Chen Z, Jin K-Z, Wang J, Yuan L, Gu C, et al. Options for mobility and network reciprocity to
jointly yield robust cooperation in social dilemmas. Appl Math Comput. 2022; 435:127456. https://doi.
org/10.1016/j.amc.2022.127456

PLOS ONE | https://doi.org/10.1371/journal.pone.0279545 December 27, 2022 13/14


https://doi.org/10.1073/pnas.1611826113
https://doi.org/10.1073/pnas.1611826113
http://www.ncbi.nlm.nih.gov/pubmed/27551075
https://doi.org/10.1073/pnas.1201718109
http://www.ncbi.nlm.nih.gov/pubmed/22891349
https://doi.org/10.1038/s41562-021-01059-y
http://www.ncbi.nlm.nih.gov/pubmed/33649461
https://doi.org/10.1111/j.1461-0248.2011.01615.x
http://www.ncbi.nlm.nih.gov/pubmed/21463459
https://doi.org/10.1038/nature02360
http://www.ncbi.nlm.nih.gov/pubmed/15074318
https://doi.org/10.1038/nature03204
http://www.ncbi.nlm.nih.gov/pubmed/15662424
https://doi.org/10.1038/nature21723
http://www.ncbi.nlm.nih.gov/pubmed/28355181
https://doi.org/10.1073/pnas.1206681109
http://www.ncbi.nlm.nih.gov/pubmed/22773811
https://doi.org/10.1038/nature04605
http://www.ncbi.nlm.nih.gov/pubmed/16724065
https://doi.org/10.1063/5.0081954
https://doi.org/10.1063/5.0081954
http://www.ncbi.nlm.nih.gov/pubmed/35232054
https://doi.org/10.1016/j.geb.2008.05.005
https://doi.org/10.1088/1367-2630/11/3/033027
https://doi.org/10.1103/PhysRevLett.95.098104
http://www.ncbi.nlm.nih.gov/pubmed/16197256
https://doi.org/10.1007/s10816-009-9062-3
https://doi.org/10.1016/j.jtbi.2018.08.004
https://doi.org/10.1016/j.jtbi.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30172687
https://doi.org/10.1016/j.jtbi.2015.06.039
http://www.ncbi.nlm.nih.gov/pubmed/26151588
https://doi.org/10.1016/j.amc.2021.126445
https://doi.org/10.1016/j.amc.2021.126445
https://doi.org/10.1016/j.physa.2022.126968
https://doi.org/10.1016/j.physa.2022.126968
https://doi.org/10.1177/0037549705058073
https://doi.org/10.1016/j.amc.2022.127456
https://doi.org/10.1016/j.amc.2022.127456
https://doi.org/10.1371/journal.pone.0279545

PLOS ONE

Small group size promotes egalitarianism

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

van Haeringen E, Hemelrijk C. Hierarchical development of dominance through the winner-loser effect
and socio-spatial structure. PLoS One. 2022 Feb 2; 17(2):e0243877. https://doi.org/10.1371/journal.
pone.0243877 PMID: 35108262

Grabowska-Zhang AM, Hinde CA, Garroway CJ, Sheldon BC. Wherever | may roam: social viscosity
and kin affiliation in a wild population despite natal dispersal. Behav Ecol. 2016 Jan 1; 27(4):1263-8.
https://doi.org/10.1093/beheco/arw042 PMID: 27418755

Furuichi T, Idani G, lhobe H, Kuroda S, Kitamura K, Mori A, et al. Population Dynamics of Wild Bonobos
(Pan paniscus) at Wamba. Int J Primatol. 1998; 19(6):1029—43. https://doi.org/10.1023/
A:1020326304074

Palagi E. Social play in bonobos (Pan paniscus) and chimpanzees (Pan troglodytes): Implications for
natural social systems and interindividual relationships. Am J Phys Anthropol. 2006 Mar 1; 129:418-26.
https://doi.org/10.1002/ajpa.20289 PMID: 16323189

Thierry B. Feedback loop between kinship and dominance: the macaque model. J Theor Biol. 1990;
145(4):511-22. https://doi.org/10.1016/s0022-5193(05)80485-0 PMID: 2246899

Tan J, Ariely D, Hare B. Bonobos respond prosocially toward members of other groups. Sci Rep. 2017;
7(1):14733. https://doi.org/10.1038/s41598-017-15320-w PMID: 29116154

Stanford CB. Predation and Male Bonds in Primate Societies. Behaviour. 1998; 135(4):513-33. https://
doi.org/10.1163/156853998793066212

Fooden J. The bear macaque, Macaca arctoides: a systematic review. J Hum Evol. 1990; 19(6):607—
86.

Bard Russon, Kim A., Parker, Sue Taylor AE. Reaching into thought: the minds of the great apes. Cam-
bridge: University Press; 1998.

Hasan MK, Aziz MA, Alam SMR, Kawamoto Y, Engel LJ-, Kyes RC, et al. Distribution of Rhesus
Macaques (Macaca mulatta) in Bangladesh: Inter-population Variation in Group Size and Composition.
Primate Conserv. 2013 Feb 1; 26(1):125-32. https://doi.org/10.1896/052.026.0103

Fooden J. Systematic review of the rhesus macaque, Macaca mulatta (Zimmermann, 1780). Chicago,
lIl.: Field Museum of Natural History; 2000.

Else JG. Primate ecology and conservation. Cambridge: Cambridge University Press; 1986.

Perret C, Hart E, Powers ST. From disorganized equality to efficient hierarchy: how group size drives
the evolution of hierarchy in human societies. Proc R Soc B Biol Sci. 2020 Jun 10; 287
(1928):20200693. https://doi.org/10.1098/rspb.2020.0693 PMID: 32486980

Calmettes G, Weiss JN. The emergence of egalitarianism in a model of early human societies. Heliyon.
2017; 3(11):e00451. https://doi.org/10.1016/j.heliyon.2017.e00451 PMID: 29264410

Powers ST, Lehmann L. An evolutionary model explaining the Neolithic transition from egalitarianism to
leadership and despotism. Proc R Soc B Biol Sci. 2014 Sep 22; 281(1791):20141349. https://doi.org/
10.1098/rspb.2014.1349 PMID: 25100704

von Rueden C. Making and unmaking egalitarianism in small-scale human societies. Curr Opin Psy-
chol. 2020; 33:167—71. https://doi.org/10.1016/j.copsyc.2019.07.037 PMID: 31446301

Van Vugt M. Evolutionary Origins of Leadership and Followership. Personal Soc Psychol Rev. 2006
Nov 1; 10(4):354—71. https://doi.org/10.1207/s15327957pspr1004_5 PMID: 17201593

Hooper PL, Kaplan HS, Boone JL. A theory of leadership in human cooperative groups. J Theor Biol.
2010; 265(4):633-46. https://doi.org/10.1016/].jtbi.2010.05.034 PMID: 20665973

King AJ, Johnson DDP, Van Vugt M. The Origins and Evolution of Leadership. Curr Biol. 2009; 19(19):
R911-6. https://doi.org/10.1016/j.cub.2009.07.027 PMID: 19825357

Van Dijk Msc MR. Super7 Operations: the Next Step For Lean In Financial Services. iUniverse.Com;
2013.

Robbins SP. Essentials of organizational behavior. New York: Pearson; 2018.

Mueller JS. Why individuals in larger teams perform worse. Organ Behav Hum Decis Process. 2012;
117(1):111-24.

Zeng Z, Li Q, Feng M. Spatial evolution of cooperation with variable payoffs. Chaos An Interdiscip J
Nonlinear Sci. 2022 Jul 1; 32(7):73118. https://doi.org/10.1063/5.0099444 PMID: 35907736

PLOS ONE | https://doi.org/10.1371/journal.pone.0279545 December 27, 2022 14/14


https://doi.org/10.1371/journal.pone.0243877
https://doi.org/10.1371/journal.pone.0243877
http://www.ncbi.nlm.nih.gov/pubmed/35108262
https://doi.org/10.1093/beheco/arw042
http://www.ncbi.nlm.nih.gov/pubmed/27418755
https://doi.org/10.1023/A%3A1020326304074
https://doi.org/10.1023/A%3A1020326304074
https://doi.org/10.1002/ajpa.20289
http://www.ncbi.nlm.nih.gov/pubmed/16323189
https://doi.org/10.1016/s0022-5193%2805%2980485-0
http://www.ncbi.nlm.nih.gov/pubmed/2246899
https://doi.org/10.1038/s41598-017-15320-w
http://www.ncbi.nlm.nih.gov/pubmed/29116154
https://doi.org/10.1163/156853998793066212
https://doi.org/10.1163/156853998793066212
https://doi.org/10.1896/052.026.0103
https://doi.org/10.1098/rspb.2020.0693
http://www.ncbi.nlm.nih.gov/pubmed/32486980
https://doi.org/10.1016/j.heliyon.2017.e00451
http://www.ncbi.nlm.nih.gov/pubmed/29264410
https://doi.org/10.1098/rspb.2014.1349
https://doi.org/10.1098/rspb.2014.1349
http://www.ncbi.nlm.nih.gov/pubmed/25100704
https://doi.org/10.1016/j.copsyc.2019.07.037
http://www.ncbi.nlm.nih.gov/pubmed/31446301
https://doi.org/10.1207/s15327957pspr1004%5F5
http://www.ncbi.nlm.nih.gov/pubmed/17201593
https://doi.org/10.1016/j.jtbi.2010.05.034
http://www.ncbi.nlm.nih.gov/pubmed/20665973
https://doi.org/10.1016/j.cub.2009.07.027
http://www.ncbi.nlm.nih.gov/pubmed/19825357
http://iUniverse.Com
https://doi.org/10.1063/5.0099444
http://www.ncbi.nlm.nih.gov/pubmed/35907736
https://doi.org/10.1371/journal.pone.0279545

