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K. L. Hunt®' 7, M. Patel®2, D. P. Croft ®3, D. W. Franks?, P. A. Green®®,
F. J. Thompson®", R. A. Johnstone’, M. A. Cant®" & D. W. E. Sankey ®'2

A major goal in evolutionary biology is to elucidate common principles that
drive human and other animal societies to adopt either a warlike or peaceful
nature. One proposed explanation for the variation in aggression between
human societies is the democratic peace hypothesis. According to this theory,
autocracies are more warlike than democracies because autocratic leaders can
pursue fights for private gain. However, autocratic and democratic decision-
making processes are not unique to humans and are widely observed across a
diverse range of non-human animal societies. We use evolutionary game the-
ory to evaluate whether the logic of democratic peace may apply across taxa;
specifically adapting the classic Hawk-Dove model to consider conflict deci-
sions made by groups rather than individuals. We find support for the
democratic peace hypothesis without mechanisms involving complex human
institutions and discuss how these findings might be relevant to non-human
animal societies. We suggest that the degree to which collective decisions are
shared may explain variation in the intensity of intergroup conflict in nature.

The tendency to organise into groups and engage in collective violence
against other groups is a striking and destructive feature of human
behaviour'. Such intergroup conflicts have persisted for many tens or
hundreds of thousands of years, and continue take a tremendous toll
on human life*”. Therefore, understanding the root causes of inter-
group conflict is an issue of significant and urgent importance. Until
recently, intergroup conflict was seen as a particularly human phe-
nomenon, predicated on uniquely human cultural traits>>*°. Now,
however, our increasing understanding of intergroup conflict in other
animals has helped to illuminate the evolutionary forces that may have
shaped this phenomenon'®", Across taxa there is great variation in the
severity and frequency of intergroup conflict'>™, which provides an
opportunity to identify shared traits which drive societies towards war
or peace.

In human societies, a dominant explanation for variation in
interstate conflict is the democratic peace hypothesis, which proposes
that democracies are less prone to initiating interstate conflicts than
autocracies because shared decision-making acts as a restraint on
warmongering (or exploitative) leaders®>"2°, This hypothesis has
received widespread empirical support”® . For example, a recent
analysis of patterns of conflict among 186 countries over a 42-year
period found the statistical link between democracy and peace to be
five times stronger than that between smoking and lung cancer®. Until
now it has been assumed that democratic peace relies on uniquely
human institutions®?. However, in principle the logic of democratic
peace could apply to intergroup conflict among any biological groups
that exhibit shared or collective decision making, suggesting that the
hypothesis may have much broader scope across other taxa.
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Here, we use evolutionary game theory to explore the whether the
logic of democratic peace can be used to explain variation in inter-
group conflict in animal societies, in the absence of uniquely human
institutions. A large body of literature now demonstrates that collec-
tive movement decisions in animal societies can vary on a continuum
from being unshared (i.e., dictated by leaders®**;) or shared across the
group (i.e., democratic**™*). These democratic decisions are observed
when the majority can influence group movements more than any one
individual or subset of individuals. Shared and unshared collective
movement decisions could translate into collective decisions to initi-
ate conflict too. For example, if a leader was motivated to fight another
group, it could lead its group in a hostile move towards that rival’s
territory. Equally, in a shared decision-making context, if the majority
of a group prefer to avoid a fight, they may collectively form a con-
sensus to retreat and evade the rival. Both intergroup conflict and
collective movement decisions are observable across many taxa, from
bacteria*>** to primates®***, and therefore collectively deciding
whether to fight could be, in theory, achievable by a wide range of
social organisms.

Results and discussion

Model Overview

Given that many social organisms have the necessary prerequisites for
democratic peace, we explore whether evolution would favour such a
relationship in an evolutionary game theoretical model (based upon
the Hawk Dove game®) in which collectives rather than pairs compete
over resources. In an infinite population, groups of size N engage in
random pairwise encounters, in which each group collectively decides
to play either a peaceful (Dove) or aggressive (Hawk) strategy. Upon
meeting, two groups playing a Dove strategy will share a resource, V,
equally. If a Dove playing group meets a Hawk playing group it will
concede the resource to the Hawk (Hawk = V, Dove = 0). However, the
disadvantage to playing Hawk is that when two Hawk playing groups
meet, they will fight, resulting in costly losses, C, for one group (and
C>V), so playing Dove can be advantageous. Within each group,
individuals are divided into two distinct classes: a proportion € (chosen
at random) are assigned the role of leader, and the remaining pro-
portion 1-€ are assigned the role of follower. The social structure of
each group within the population (i.e., the proportion of leaders vs
followers) is the same and is defined at the outset of the model. Lea-
ders and followers differ in i) their influence on the group’s collective
decision, and ii) in the individual costs and benefits that they obtain as
a result intergroup interactions, as described in the following two
sections. See Table 1 for a summary of all model parameters.

Collective decisions

An individual’s strategy specifies its probability P, of playing Hawk as a
leader and its probability Pr of playing Hawk as a follower (so that it
plays Dove with probability 1 — P, as a leader or 1 — P as a follower).
These individual choices are combined into a single collective deci-
sion, whereby the entire group either plays Hawk, with probability P,
given in Eq. 1, or Dove, with probability 1 — P. However, all individuals
do not necessarily exert equal influence on this outcome. The leaders’
combined influence on P is proportional to P,&, while the followers’
combined influence is proportional to PrQ(1 — ¢), where 0 < Q< 1. P,
and Py correspond to the mean leader and follower strategy within
each group respectively. When Q =0, follower strategies are weighted
by zero, so only the leaders have influence, and the decision-making
structure can be described as an unshared consensus decision*. In
contrast, when Q=1, any given follower and any given leader both
have an equal share of influence, and the decision-making structure
can be described as a shared consensus decision*’. Note, our model
assumes that once a collective decision is made, the whole group
abides by the decision. Thus, our model is applicable to societies
where the possible benefits of defection are outweighed by the costs of

t47'48 49,50

punishmen
making®..

, isolation from the group*™’, or delays in decision-
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Distribution of costs and benefits

Leaders and followers are further differentiated by receiving different
shares of the total collective costs, C, and benefits, V, that their group
obtains, governed by the parameters d. and d, (where 0 <d.<1 and
0<d,<1; see Table 2 below). All groups in the population are para-
meterised with the same sharing rules, meaning they use the same
values of d. and d,. When d,. = 0.5, the individual costs paid by leaders,
C,;, and followers, Cr, are equal. But when d.> 0.5, leaders receive an
advantage by avoiding some of the costs of fighting incurred by fol-
lowers (C; < Cp) (Supplementary Fig. 1). This could be because leaders
are larger, tougher, better armoured, or able to take up safer positions
during the fight such as at the back of the group’”*?. Likewise, when
d,>0.5 leaders’ share of the benefit V,, is greater than that of the
groups’ followers, Vg This represents cases where leaders are socially
dominant to followers and able to displace them from contested
resources such as food or mates that obtained as a reward after
victory*>*5253 We also consider cases where followers pay lower costs,
d.<0.5, or gain more reward, d,<0.5, following the literature sug-
gesting that there can be greater costs associated with leadership>*~°.
We can use the values of C;, C, V; and Vrto calculate the probability of
hawk-playing that is evolutionarily stable when only one class of indi-
vidual, either leaders or followers, control group behaviour. Under
leader control, this evolutionary stable strategy is equal to V,/C;
(hereafter V,), whereas for followers it is equal to Vi/Cr (hereafter V).

The evolution of democratic peace (or democratic war)

We find that when the leaders are advantaged—meaning that V, > V—
they exhibit a higher probability of Hawk playing than the followers,
who play an overall more peaceful strategy (Fig. 1; Supplementary
Fig. 2). In these scenarios, our model supports the core prediction of
the democratic peace hypothesis, in that increasing the follower’s
share of the collective decision, Q, results in a decrease in the
aggressive Hawk-playing strategy of the population P.

The assumption that the leaders generally benefit more than the
followers is well supported in nature, because leadership is often
associated with older, dominant, or otherwise privileged individuals
who can benefit from priority of access to resources, including those
that are gained from fighting®>*. Similarly, leaders may be able to
lessen their individual costs of fighting relative to followers on account
of being larger, stronger, or being able to occupy safer positions
during the fight’*?°. However, if these assumptions are not met and
leadership is instead costly and disadvantageous relative to being a
follower™**** then increasing shared decision-making can instead
increase the hawkishness of the population in a phenomenon we
describe as “democratic war” (Supplementary Fig. 3). A key insight
from our model is that we find that democratic peace is only upheld
when leaders are advantaged relative to followers, otherwise democ-
racy has the opposite effect in increasing aggression in intergroup
interactions.

To better understand whether democratic peace or war is more
likely in a given biological system, it is useful to quantify the inter-
individual distribution of the costs and benefits (represented by the d,
and d, parameters). For example, one could measure whether proxies
for the costs of fighting, such as mortalities or injuries, are distributed
evenly among group members or are biased either towards or against
individuals with more decision-making responsibility. Similarly,
empiricists could measure how resources, such as food or reproduc-
tive opportunities, are shared after the conflict to approximate the
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Table 1| Parameter table

Parameter  Description

Q Shared decision parameter - the degree to which collective
decisions are shared from O = complete control by leaders to
1=equal share of decisions by leaders and followers

€ Proportion of leaders in each group. Proportion of followers =1- €
Number of individuals in each group. Note that N is assumed to be
sufficiently large such that Ne is an integer.

v The value of the contested resource

(¢} The total cost of losing a conflict

d, Distribution of V across the classes. Higher values indicate leaders
monopolising the resources (Fig. S1)

de Distribution of C across the classes. Higher values benefit leaders,

in that followers pay the majority of the costs (Fig. S1)

All of the above are defined and fixed at the outset of the model.

Table 2 | Sharing rule equations

Definition Equation
Cost paid by leader C = c(1-d.)
L™ Nd,(1—e)+ Ne(1—d,)
Cost paid by follower - Cd,
ey Cr = Nezi=e)+ Ne(=dr)
R ined by L = vd,
eward gained by leader Vv, = T
Reward gained by follower v, v(1-d,)

~ Ned, +N(i-d,)(-)

division rules used to determine how the benefits of fighting are
shared. An example of estimating these parameters in practice comes
from banded mongooses, where researchers observed that females,
who often act as leaders, are disproportionately less likely to die from
intergroup fighting (high d.) and are also more likely to gain from
mating opportunities (high d,)”. Given the females have both greater
decision-making influence and are advantaged (Supplementary Fig. 2),
the high levels of violent conflict observed in this system are consistent
with the predictions from our model (and that of ref. 13).

Loudest voice prevails
A key finding from our model is that when followers have sufficient
influence, they can control the collective decision completely in their
favour, not because each follower has more influence than each leader,
but because followers are in the majority. When € < 0.5 (as in Fig. 1) the
combined influence of followers can outweigh the leaders’ strategy.
Intuitively, the control of leaders can be overturned by smaller values
of follower influence Q when the proportion of leaders ¢ is small, but
require much larger values of shared decision-making parameter Q, or
may not be overturned at all, when the proportion of leaders ¢ is large
(Fig. 2; also see Supplementary Fig. 4 for model outcomes over a
broader parameter space).

At both low and high levels of shared decision-making (Q) there is
a conspicuous absence of compromise, and outcomes are in favour of
either leader’s control or follower’s control respectively. This result
emerges because of a “loudest voice prevails” dynamic®**?, in which
both classes adopt obligate Hawk or Dove playing across much of the
parameter space, yet one class is unable to prevent the other from
achieving control. The loudest voice prevails outcome is similar to the
predicted resolution in other evolutionary conflicts. In models of
genomic imprinting, paternal and maternal genes may evolve all-or-
nothing expression to either be active or completely silenced®**’. In
eusocial Hymenoptera, colonies are observed to produce a majority of
males or females®’, which has the effect of driving the population ratio
of males to females towards their optima®’. Further parallels can be
found in humans, where political party members are known to elect

leader follower
control control

I~ ——

compromise

1.00 1

0.75

0.50 1

probability of playing Hawk

0.25-

0.00 1

025 050 075 1.00

shared decision parameter Q

0.00

Fig. 1| The evolution of democratic peace. The equilibrium individual strategy of
Hawk-playing for leaders (P, purple solid line) and followers (P, yellow solid line)
and the resulting collective probability of a group playing Hawk (P, green solid line)
are shown against shared decision parameter (Q). Leader Control. When leaders
wield full control over the group’s decision-making (Q = 0) the group’s probability
of playing Hawk (P) is equal to V, = V,/C; (dashed purple line). As Q increases above
0, the follower’s strategy (Pr) begins to have increased influence on the group’s
probability of playing Hawk (P). Leader strategies respond to compensate for this
increased follower influence by increasing their hawkishness (P;), which acts as an
anchor and ensure that the group’s strategy (P) does not deviate from the outcome
under leader control. This trend continues with increasing values of Q until the
leaders become obligate Hawk players (P, = 1), at which point they cannot increase
their strategy to become any more aggressive. Compromise. Once leaders have
become obligate Hawk players the group’s probability of Hawk-playing (P) begins
to decrease. The followers’ increasing influence works to sway the group’s strategy
(P) away from the leaders’ preference (V,) and towards the followers’ preference
(Vr, dashed yellow line). In compromise states, both classes are observed playing
strategies of either obligate Hawk or obligate Dove, for leaders or followers
respectively. Follower control. At higher values of shared decision-making para-
meter Q, followers will have sufficient influence over the decision-making process
to ensure that the group’s played strategy (P) matches the outcome that they favour
(Vp).For the highest values of Q the followers respond by increasing their likelihood
of playing Hawk (Pg). This adjustment is required to account for the diminishing
relative influence of the leader’s strategy (P;) on the group’s played strategy (P), and
to keep the group-level outcome in line with the follower-control outcome (V).
Parameter values: €=0.3, C=2V, d.=0.55, d,=0.55, N=100.

leaders with more extreme views than themselves to negotiate with
rivals because extreme views act as better negotiation anchors and
more often succeed in passing moderate legislation that is closer to the
party member’s original preference®’.

The success of extreme strategies in anchoring and controlling
the collective decision in our model is determined by the difference
between the extreme strategy (P=1for Hawk or P= 0 for Dove) and the
stable outcome under control of a given class (V; or Vg). When this
difference is low - i.e., the extreme strategy closely resembles the
stable outcome for a class - then that player class will be less successful
in controlling the decision outcome in their favour. For example, if a
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Fig. 2 | Follower control of decision is only possible when they are the majority
class and decisions are at least partially shared. Population level outcome for the
entire range of possible shared decision parameter values (Q) and leader propor-
tions (). Outcome given as the stable strategy under follower’s control (P=Vj, in
yellow), leader’s control (P=V,  in purple), or compromise (V< P<V,, in green).
Dashed line indicates the same parameter space as displayed in Fig. 1. Parameter
values C=2V, d.=0.55, d,=0.55, N=100. Note that epsilon (¢) has been treated in
the figure as a continuous variable, which is a reasonable approximation for a
sufficiently large value of N.

class’ stable probability of Hawk playing was equal to 0.2, an extreme
strategy for Dove (P, or Pr=0) would only have limited impact,
whereas an extreme strategy for Hawk (P, or Pr=1) would be more
effective at anchoring and controlling the collective decision. Impor-
tantly, in our model strategies are bounded between 1 and O, as a
group cannot play Hawk or Dove more than 100% of the time. This
represents an important distinction between models of collective
decision-making with bounded actions (as here) to models with con-
tinuous actions (e.g., decisions over the time to depart a foraging patch
- asin ref. 63).

Interpretation for empirical systems

In our model, the empirical interpretation of the shared decision-
making parameter Q is intentionally left unspecified. This is because
we imagine different possible ways in which Q might vary both within,
and between, species. Firstly, we propose that Q could be a species-
specific parameter, in that it describes the distribution of decision-
making influence within a given animal society. In line with this, many
recent studies and comparative analyses have described the variation
in decision-making between different taxa as being more shared®*, or
unshared®*, which would correspond to higher and lower values of Q
respectively. For example, olive baboons (Papio anubis) make shared
consensus decisions when deciding where to travel as a group (Q=1)*,
whereas bottlenose dolphins (Tursiops sp.) make unshared consensus
decisions where males have disproportionate influence relative to the
rest of the group (Q<1)®. It is important to note that much of the
research in collective decision-making in animals has thus far focused
on group movement and foraging decisions®*3%*3%% It is largely
unknown to what extent the same decision-making rules, and there-
fore Q values, are generalisable across different contexts (but see
ref. 34). For example, meerkats (Suricata suricatta) initially share
the decision of when to stop foraging®, but dominant females then

dictate the decision of which burrow they go home to*. Leadership
dynamics in chimpanzees (Pan troglodytes) are similarly fluid with
different individuals wielding influence depending on the context of
group movement, within-group conflict resolution or between group
aggression® . As our model is focused on intergroup conflict, it is
important that future work considers the distribution of decision-
making (Q) within an intergroup conflict context, which may not be the
same as during other contexts (e.g., group foraging**°®).

Secondly, we consider the possibility that Q might vary within
social groups of the same species, based on the group’s unique com-
position of individuals. Leadership is often governed by the pheno-
types of individuals, such as their age®**'?***¢* gex* 4646571 or
personality’>*, and therefore the distribution of decision-making (Q)
within a social group may vary over time with changes to group
composition. For example, in a chimpanzee troop, their propensity to
engage in collective hunts declined after the death of an “impact
hunter””>’¢, which may reflect resultant changes to the decision-
making dynamics within the group. Although group hunting is differ-
ent to intergroup conflict, there are similarities between the two
behaviours””’%, and this example demonstrates how demographic
changes can influence collective decision-making and ultimately
group-level behaviours. Demographic changes might have the most
impact on the decision-making parameter (Q) when they involve the
presence or absence of key individuals in the group”. Such key indi-
viduals are known to catalyse intergroup violence, and the con-
centration of leadership towards key individuals may restrict the
influence that others have and result in more unshared deci-
sions (low Q)”".

Model assumptions

Our model relies on a number of simplifying assumptions. A first
assumption is that the way costs and benefits are divided among
individual group members is the same for every group in the popula-
tion. In nature, however, animal groups will vary widely in size and
composition, which may impact their collective decision-making in
ways described above. More dominant leaders, for instance, may be
better able to monopolise resources within their group **?*. This will
likely result in intergroup variation in the parameters d, and d, which
determine the bias in the division of the costs and benefits of fighting.
Such heterogeneity among groups would alter our results, potentially
favouring a more complex strategy in which both leaders and followers
adjust their level of aggression in response to the social structure and
composition of their current group (and potentially to the structure of
an opposing group as well, if they are able to assess this). A second
assumption is that the shared decision-making parameter (Q) and
the proportion of leaders in each group (€) are fixed and defined at the
outset of the model. An alternative approach could be to allow these
parameters to co-evolve with aggression as an emergent property of
the group. For example, an extended model might allow individuals in
a group to pay personal costs in return for more influence over the
group’s collective strategy. Such a model could represent animal
societies in which individuals engage in costly within-group competi-
tion to earn promotion to positions of leadership and influence.
However, note that there are arguments against assuming that there is
an intrinsic link between dominance and leadership®®. In contrast,
animal societies in which leadership is determined by traits such as
sex Aol or aged0l3t4tet gand in which groups exhibit a stable
demography, may better be represented by our current model in
which social and decision-making structures are pre-defined at the
outset.

We have shown that the sharing or decentralisation of collective
decision-making can promote more peaceful intergroup interactions
without the presence or requirement for complex human institutions.
This is not to say that institutions cannot or do not play a crucial role in
human societies, but they are not a prerequisite for democratic peace
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to emerge in the biological systems we have modelled. Democratic
peace can emerge from mechanisms of collective decision making
between individuals with varying levels of influence and incentives,
which are intrinsic properties of groups of humans and many other
social organisms, from microbes to primates.

Methods

Derivation of the model solution

We consider an infinite population whose members engage in collec-
tive, agonistic encounters. In each such encounter, two groups of size
N are assembled at random from the population. Within each group, a
fraction € of the individuals, chosen at random, are assigned the role of
leader, while the remaining fraction 1 - € are assigned the role of fol-
lower (we assume that eN is an integer). Each individual then chooses
for its group to play Hawk or Dove, and these individual decisions are
combined into a single collective choice for each group, as described
in the main text (with the decisions of followers being weighted by a
factor Q (<1) relative to those of leaders).

A strategy in this context, denoted (P, Pr), specifies an individual's
probability of choosing Hawk as a leader and as a follower. We model
the evolution of this strategy using an adaptive dynamic approach,
based on the assumption that the population is typically mono-
morphic, but that evolution proceeds through the successive sub-
stitution of mutations of small effect, each of which sweeps to fixation
after successfully invading.

Consider a rare mutant type that adopts the strategy (P';, P'r), in
an otherwise monomorphic population that adopts the strategy (P,
Pr). Given our assumptions about the process of collective decision
making (described above in the main text), the probability that a group
of typical individuals in this population collectively choose to play
Hawk is given by:

_PierPO1-¢)
E+01-¢)

while the probability that a group containing a focal mutant individual
plays Hawk is given by

1

Q=P+ Nevaa—e Pt

)

if the focal individual is chosen as a leader, and

0]

Q=P+ Neroa—e Fr—Fr)

3

if it is chosen as a follower.

Making use of the above expressions, we can write the expected
payoff to an individual of the mutant type, denoted W (P';,P'¢,P,,Py)
as

W(P'L P e PLPE)=e(QP((VL - 1) /2) + QA - P)V,
+(1-Q)A-P)(V,/2)) +A &) (QP((Vr —Cr)/2)
+Qr(1— P+ (1-Qp)A—P)(Ve/2))

“4)

where V; and C; denote the individual benefits or costs obtained by a
leader if its group wins or loses an encounter (as defined in the main
text), and Vrand Cr are the corresponding values for a follower. In the
above expression, the first term, weighted by ¢, deals with the case in
which the focal mutant is assigned the role of leader, and the second
term, weighted by (1- €), the case in which the focal mutant is assigned
the role of follower. In the former case, the probability that the focal
group collectively plays Hawk is Q;, while the probability that the
opposing group (composed of typical individuals) collectively plays

Hawk is P. Thus with probability Q,P there is an escalated fight in which
each group obtains an expected collective payoff of (V- C)/2, and the
focal mutant leader an expected individual payoff of (V; - C;)/2; with
probability Q,(1-P) the focal group plays collectively plays Hawk and
claims the contested resource from the opposing group which col-
lectively plays Dove, yielding a payoff of V; for the focal mutant leader;
with probability (1-Q,)P the focal group plays Dove against the
opposing group’s Hawk and concedes the contested resource, so that
the focal mutant gains a payoff of 0; lastly, with probability (1-Q,) (1-P)
both groups play Dove and share the resource, with a payoff of V,/2 for
the focal mutant. The case in which the focal mutant is assigned the
role of follower can be analysed in a similar way.

We assume a simple adaptive dynamic under which the rate of
evolutionary change in either component of the population strategy
(P, Pp) is proportional the partial derivative of mutant fitness with
respect to that component where these derivatives are evaluated at
(P'1,P'r=P;,Pg), so that when 0<P <1 and O<P:<L

ow £

P12 5P, = INeraa ey L PG )

and

W 01-¢

PF‘aT’F‘zN(ema—s))(VF_PCF) ©

Hence P, >0 whenP<(V,/C,),and P, <OwhenP>(V,/C,), while
P->0 when P<(V/Cr), and P <0 when P> (V/Cp).

Recalling the definitions V,=V,/C, and V;=V;/C from the
main text, we see that if V, =V, then the nuliclines for P, and Pr
coincide, and the model yields a continuum of possible equilibria at
which P= I7L = I7F (as this same collective probability of playing Hawk
can be achieved through many different combinations of leader and
follower aggression - see salmon coloured outcomes in Fig. S4).
Otherwise, the null-clines do not intersect, so that no interior equili-
brium is possible at which 0 <P <1 and 0 <P, <1. Instead, the model
yields a unique stable equilibrium at which either P, or Pr or both take
an extreme value of 0 or 1 (see Supplementary Fig. 5 for an illustration
of these outcomes), as detailed below:

If 1> V,>V; >0, so that leaders are advantaged, then:
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v, —t=ee (o_7,), o<
p _ L € ( L) —oV,
’ T a-eV, @
0, 0<<=%)
(1-e)Ve
Pr = ~
~ ~ e(1-vy)
vF—ﬁ@— VF), 0> 0
Such that:
Vi Q<<-v) (leadercontrol)
1-eV,
p= R <(iv) <0< (V) (compromise) ®)
-9’ gy, (1-e)V,
17F. M < Q(followercontrol)
(1-e)Vg
5
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Conversely, if 1> V>V, > 0, so that followers are advantaged,
then:

VL _ 1-90 (1 _ VL) Q< —Vi _

P, = € a-ex1-v,)
0, 0> —N_

1-e)1-V,

(-ex1-Vy) ©)

1, O<—Ye

1-e1-,
P ={ ) ( C)(; £
% _L(o_v), Q> Ve
Fod-en d a-e1-Vy)

Such that:
Vv, 0<—Y _ (leadercontrol)
1-a-v,)

P={1- —¢ Vi <0< —Y_ (compromise) (10
erl1-9"  q_ga-v, <1—e><1—vp>( P ) 19
l7F, — ¥ __ < (followercontrol)

(1-e)1-Vy)

We also provide the same model presented as a simulation
(Supplementary Methods, Supplementary Fig. 6) that produces iden-
tical results as those presented in the manuscript using the analytical
approach.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Scripts, including those used to produce the model and generate the
data used in this manuscript, are all publicly available to download
from https://github.com/sankeydan/demoPeace2/.

Code availability

Scripts, including those used to produce the model and generate the
data used in this manuscript, are all publicly available to download
from https://github.com/sankeydan/demoPeace2/.

References

1. Choi, J.-K. & Bowles, S. The coevolution of parochial altruism and
war. Science 318, 636-640 (2007).

2. Gat, A. War in Human Civilisation. (Oxford University Press,
Oxford, 2008).

3. Keeley, L. H. War Before Civilization: The Myth of the Peaceful
Savage. (Oxford University Press, Oxford, 1996).

4. Rummel, R. J. Death by Government. (Transaction Publishers, 1997).

5. Allen, M. W,, Bettinger, R. L., Codding, B. F., Jones, T. L. & Schwitalla,
A. W. Resource scarcity drives lethal aggression among prehistoric
hunter-gatherers in central California. Proc. Natl Acad. Sci. 113,
12120-12125 (2016).

6. Lahr, M. M. et al. Inter-group violence among early Holocene
hunter-gatherers of West Turkana, Kenya. Nature 529,
394-398 (2016).

7. Buzzell, E. & Preston, S. H. Mortality of American troops in the Irag
war. Popul. Dev. Rev. 33, 555-566 (2007).

8. Fearon, J. D. Rationalist explanations for war. Int. Organ. 49,
379-414 (1995).

9. Hames, R. Cultural and reproductive success and the causes of war:
a Yanomamo perspective. Evol. Hum. Behav. 41, 183-187 (2020).

10. Durrant, R. Collective violence: an evolutionary perspective.
Aggress. Violent Behav. 16, 428-436 (2011).

1. Glowacki, L., Wilson, M. L. & Wrangham, R. W. The evolutionary
anthropology of war. J. Econ. Behav. Organ 178, 963-982 (2020).

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Goncalves, I. B., Morris-Drake, A., Kennedy, P. & Radford, A. N. Fit-
ness consequences of outgroup conflict. Elife 11, €74550 (2022).
Johnstone, R. A., Cant, M. A., Cram, D. & Thompson, F. J. Exploitative
leaders incite intergroup warfare in a social mammal. Proc. Natl
Acad. Sci. 117, 29759-29766 (2020).

Wrangham, R. W., Wilson, M. L. & Muller, M. N. Comparative rates of
violence in chimpanzees and humans. Primates 47, 14-26 (2006).
Kant, I. To perpetual peace: a philosophical sketch (ed T. Humphrey)
(Hackett, 2003).

Paine, T. Rights of Man, Common Sense, and Other Political Writings.
(Oxford University Press, 2008).

Tocqueville, A. Democracy in America: And Two Essays on America.
(Penguin UK, 2003).

Mello, P. A. Democratic peace theory from Kant's ‘Perpetual Peace’
to democratic peace theoretical explanations for the democratic
peace (The SAGE Encyclopedia of War: Social Science Perspec-
tive, 2014).

Ray, J. L. Democracy and international conflict: an evaluation of the
democratic peace proposition (University of South Carolina

Press, 1995).

Sankey, D. W. E. et al. Leaders of war: modelling the evolution of
conflict among heterogeneous groups. Philos. Trans. R. Soc. B 377,
20210140 (2022).

Rummel, R. J. Democracies are less warlike than other regimes. Eur.
J. Int. Relat. 1, 457-479 (1995).

Benoit, K. Democracies really are more pacific (in general) reex-
amining regime type and war involvement. J. Confl. Resolut. 40,
636-657 (1996).

Dafoe, A., Oneal, J. R. & Russett, B. The democratic peace:
weighing the evidence and cautious inference. Int. Stud. Q. 57,
201-214 (2013).

Imai, K. & Lo, J. Robustness of empirical evidence for the demo-
cratic peace: a nonparametric sensitivity analysis. Int. Organ. 75,
901-919 (2021).

Russett, B. M. & Oneal, J. R. Triangulating Peace: Democracy,
Interdependence, and International Organizations. (WW Norton &
Company Incorporated, 2001).

Gartzke, E. The capitalist peace. Am. J. Pol. Sci. 51, 166-191 (2007).
Simpson, S. Making liberal use of Kant? Democratic peace theory
and perpetual peace. Int. Relat. 33, 109-128 (2019).

Smith, J. E. et al. Collective movements, leadership and consensus
costs at reunions in spotted hyaenas. Anim. Behav. 105,

187-200 (2015).

Lusseau, D. & Conradt, L. The emergence of unshared consensus
decisions in bottlenose dolphins. Behav. Ecol. Sociobiol. 63,
1067-1077 (2009).

McComb, K. et al. Leadership in elephants: the adaptive value of
age. Proc. R. Soc. Lond. B: Biol. Sci. 278, 3270-3276 (2011).

Brent, L. J. N. et al. Ecological knowledge, leadership, and the
evolution of menopause in killer whales. Curr. Biol. 25,

746-750 (2015).

Strandburg-Peshkin, A., Clutton-Brock, T. & Manser, M. B. Burrow
usage patterns and decision-making in meerkat groups. Behav.
Ecol. 31, 292-302 (2020).

King, A. J., Douglas, C. M. S., Huchard, E., Isaac, N. J. B. & Cowlishaw,
G. Dominance and affiliation mediate despotism in a social primate.
Curr. Biol. 18, 1833-1838 (2008).

Smith, J. E. et al. Leadership in mammalian societies: emergence,
distribution, power, and payoff. Trends Ecol. Evol. 31, 54-66 (2016).
Strandburg-Peshkin, A., Farine, D. R., Couzin, I. D. & Crofoot, M. C.
Shared decision-making drives collective movement in wild
baboons. Science 348, 1358-1361 (2015).

Papageorgiou, D. & Farine, D. R. Shared decision-making allows
subordinates to lead when dominants monopolize resources. Sci.
Adv. 6, eaba5881 (2020).

Nature Communications | (2024)15:6583


https://github.com/sankeydan/demoPeace2/
https://github.com/sankeydan/demoPeace2/

Article

https://doi.org/10.1038/s41467-024-50621-5

37.

38.

39.

40.

4.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Yomosa, M., Mizuguchi, T., Vasarhelyi, G. & Nagy, M. Coordinated
behaviour in pigeon flocks. PLoS ONE 10, 1-17 (2015).

Whitehead, H. Consensus movements by groups of sperm whales.
Mar. Mamm. Sci. 32, 1402-1415 (2016).

Gall, G. E. C., Strandburg-Peshkin, A., Clutton-Brock, T. H. & Manser,
M. B. As dusk falls: collective decisions about the return to sleeping
sites in meerkats. Anim. Behav. 132, 91-99 (2017).

Walker, R. H., King, A. J., McNutt, J. W. & Jordan, N. R. Sneeze to
leave: African wild dogs (Lycaon pictus) use variable quorum
thresholds facilitated by sneezes in collective decisions. Proc. R.
Soc. B: Biol. Sci. 284, 20170347 (2017).

Furuichi, T. Variation in intergroup relationships among species and
among and within local populations of African apes. Int. J. Primatol.
M4, 203-223 (2020).

Popat, R., Cornforth, D. M., McNally, L. & Brown, S. P. Collective
sensing and collective responses in quorum-sensing bacteria. J. R.
Soc. Interface 12, 20140882 (2015).

Granato, E. T., Meiller-Legrand, T. A. & Foster, K. R. The evolution
and ecology of bacterial warfare. Curr. Biol. 29, R521-R537 (2019).
Tokuyama, N. & Furuichi, T. Leadership of old females in collective
departures in wild bonobos (Pan paniscus) at Wamba. Behav. Ecol.
Sociobiol. 71, 1-10 (2017).

Maynard Smith, J. & Price George, R. The logic of animal conflict.
Nature 246, 15-18 (1973).

Pyritz, L. W., King, A. J., Sueur, C. & Fichtel, C. Reaching a con-
sensus: terminology and concepts used in coordination and
decision-making research. Int. J. Primatol. 32, 1268-1278 (2011).
Mathew, S. & Boyd, R. Punishment sustains large-scale cooperation in
prestate warfare. Proc. Natl Acad. Sci. USA 108, 11375-11380

(20Mm).

Arseneau-Robar, T. J. M. et al. Female monkeys use both the carrot
and the stick to promote male participation in intergroup fights.
Proc. R. Soc. B: Biol. Sci. 283, 20161817 (2016).

Kingma, S. A., Santema, P., Taborsky, M. & Komdeur, J. Group
augmentation and the evolution of cooperation. Trends Ecol. Evol.
29, 476-484 (2014).

Saaksvuori, L. Intergroup conflict, ostracism, and the evolution of
cooperation under free migration. Behav. Ecol. Sociobiol. 68,
1311-1319 (2014).

Gavrilets, S., Auerbach, J., & Van Vugt, M. Convergence to con-
sensus in heterogeneous groups and the emergence of informal
leadership. Sci. Rep. 6, 1-10 (2016).

Glowacki, L. & Wrangham, R. Warfare and reproductive success in a
tribal population. Proc. Natl Acad. Sci. USA 112, 348-353 (2015).
Gavrilets, S. & Fortunato, L. A solution to the collective action pro-
blem in between-group conflict with within-group inequality. Nat.
Commun. 5, 1-11 (2014).

loannou, C. C., Rocque, F., Herbert-Read, J. E., Duffield, C. & Firth, J.
A. Predators attacking virtual prey reveal the costs and benefits of
leadership. Proc. Natl Acad. Sci. 116, 8925-8930 (2019).
Johnstone, R. A. & Manica, A. Evolution of personality differences in
leadership. Proc. Natl Acad. Sci. USA 108, 8373-8378 (2011).
Rands, S. A., Cowlishaw, G., Pettifor, R. A., Rowcliffe, J. M. & John-
stone, R. A. Spontaneous emergence of leaders and followers in
foraging pairs. Nature 423, 432-434 (2003).

Heinsohn, R. & Packer, C. Complex cooperative strategies in group-
territorial African Lion. Science 269, 1260-1263 (1995).

Haig, D. Parental antagonism, relatedness asymmetries, and
genomic imprinting. Proc. R. Soc. Lond. B Biol. Sci. 264,
1657-1662 (1997).

Haig, D. Placental hormones, genomic imprinting, and maternal—
fetal communication. J. Evol. Biol. 9, 357-380 (1996).

Pamilo, P. & Rosengren, R. Sex ratio strategies in Formica ants.
Oikos 40 24-35 (1983).

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

Boomsma, J. J. & Grafen, A. Colony-level sex ratio selection in the
eusocial Hymenoptera. J. Evol. Biol. 4, 383-407 (1991).

King, D. C. & Zeckhauser, R. J. Punching and counter-punching in
the US Congress: why party leaders tend to be extremists. In Pre-
sented at the Conference on Leadership 2002: Bridging the Gap
Between Theory and Practice (The Center for Public Leadership,
2002).

Davis, G. H., Crofoot, M. C. & Farine, D. R. Using optimal foraging
theory to infer how groups make collective decisions. Trends Ecol.
Evol. 37, 942-952 (2022).

Lee, H. C. & Teichroeb, J. A. Partially shared consensus decision
making and distributed leadership in vervet monkeys: older
females lead the group to forage. Am. J. Phys. Anthropol. 161,
580-590 (2016).

Stanford, C. B. The social behavior of chimpanzees and bonobos:
empirical evidence and shifting assumptions. Curr. Anthropol. 39,
399-420 (1998).

Wrangham, R. W. & Glowacki, L. Intergroup aggression in chim-
panzees and war in nomadic hunter-gatherers. Hum. Nat. 23,
5-29 (2012).

Goodall, J. The chimpanzees of Gombe: Patterns of behavior
(Cambridge Mass, 1986).

Smith, J. E. et al. Sex bias in intergroup conflict and collective
movements among social mammals: male warriors and female
guides. Philos. Trans. R. Soc. B 377, 20210142 (2022).

Smith, J. E., Ortiz, C. A., Buhbe, M. T. & van Vugt, M. Obstacles and
opportunities for female leadership in mammalian societies: a
comparative perspective. Leadersh. Q 31, 101267 (2020).
Ceccarelli, E., Rangel Negrin, A., Coyohua-Fuentes, A., Canales-
Espinosa, D. & Dias, P. A. D. Sex differences in leadership during
group movement in mantled howler monkeys (Alouatta palliata).
Am. J. Primatol. 82, €23099 (2020).

Tecot, S. R. & Romine, N. K. Leading ladies: leadership of group
movements in a pair-living, co-dominant, monomorphic primate
across reproductive stages and fruit availability seasons. Am. J.
Primatol. 74, 591-601 (2012).

Kurvers, R. H. J. M. et al. Personality differences explain leadership
in barnacle geese. Anim. Behav. 78, 447-453 (2009).

Nakayama, S., Harcourt, J. L. & Johnstone, R. A. Initiative, personality
and leadership in pairs of foraging fish. Plos ONE. 7, e36606 (2012).
Sasaki, T. et al. Personality and the collective: Bold homing pigeons
occupy higher leadership ranks in flocks. Philos. Trans. R. Soc. B:
Biol. Sci. 373, 20170038 (2017).

Gilby, I. C., Eberly, L. E. & Wrangham, R. W. Economic profitability of
social predation among wild chimpanzees: individual variation
promotes cooperation. Anim. Behav. 75, 351-360 (2008).

Gilby, I. C. et al. Impact hunters’ catalyse cooperative hunting in two
wild chimpanzee communities. Philos. Trans. R. Soc. B: Biol. Sci.
370, 20150005 (2015).

Glowacki, L. & McDermott, R. Key individuals catalyse intergroup
violence. Philos. Trans. R. Soc. B 377, 20210141 (2022).

Massaro, A. P. et al. Correlates of individual participation in
boundary patrols by male chimpanzees. Philos. Trans. R. Soc. B 377,
20210151 (2022).

Acknowledgements

Work was funded by a NERC standard grant awarded to M.A.C., D.P.C.,
F.J.T., D.W.F.,, and R.A.J. entitled Leaders of war: the evolution of col-
lective decision-making in the face of intergroup conflict. Grant Refer-
ence NE/S009914/1. F.J.T. is additionally funded by a NERC Independent
Research Fellowship NE/V014471/1. We would like to thank the Uni-
versity of Exeter’s Behavioural Discussion Group and Mike Cant’s Socialis
Lab for insightful discussions. We would also like to thank Liz Greenyer
for useful discussion and Hattie Lavender for proof-reading.

Nature Communications | (2024)15:6583



Article

https://doi.org/10.1038/s41467-024-50621-5

Author contributions

Conceptualisation by K.L.H. and D.W.E.S. with support from M.A.C.
Writing the manuscript: K.L.H. and D.W.E.S., with input from M.P., D.P.C.,
D.W.F., P.A.G., F.J.T., M.A.C., and R.A.J. Coding and data analysis:
D.W.E.S. and K.L.H., with input from M.P., M.A.C., and R.A.J.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-50621-5.

Correspondence and requests for materials should be addressed to
K. L. Hunt or D. W. E. Sankey.

Peer review information Nature Communications thanks Cameron Hall
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:6583


https://doi.org/10.1038/s41467-024-50621-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The evolution of democratic peace in animal societies
	Results and discussion
	Model Overview
	Collective decisions
	Distribution of costs and benefits
	The evolution of democratic peace (or democratic war)
	Loudest voice prevails
	Interpretation for empirical systems
	Model assumptions

	Methods
	Derivation of the model solution
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


