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Group-structured models often explain the evolution of prosocial activities
in terms of selection acting at both individual and group levels. Such
models do not typically consider how individuals’ behaviours may have
consequences beyond the boundaries of their groups. However, many
behaviours affect global environmental variables, including climate change
and ecosystem fragility. Against this background, we propose a simple
model of multi-level selection in the presence of global externalities. In our
model, group members can cooperate in a social dilemma with the potential
for group-level benefits. The actions of cooperators also have global conse-
quences, which can be positive (a global good) or negative (a global bad).
We use simulations to consider scenarios in which the effects of the global
externality either are evenly distributed, or have stronger influences on
either the rich or the poor. We find that the global externality promotes
the evolution of cooperation only if it either disproportionately benefits
the poor or disproportionately reduces the payoffs of the rich. If the global
externality primarily harms the poor, it undermines the evolution of proso-
cial behaviour. Understanding this effect is important given concerns that
poorer households are more vulnerable to climate change impacts.

This article is part of the theme issue ‘Evolution and sustainability:
gathering the strands for an Anthropocene synthesis’.
1. Introduction
Maintaining a common goodwithin groups requires individual sacrifice, creating
a temptation to free-ride on the efforts of others within a group. Sometimes, indi-
vidual behaviours will also create consequences beyond group boundaries,
affecting the population at large. The question we tackle in this paper is how
this type of global externality affects the evolution of cooperative behaviour in a
group-structured population. Will the global externality, arising from local
cooperation, enhance or undermine the evolution of local cooperation? Would
incentives of group members to cooperate change if defection by out-group
members generates a global bad (as opposed to a global good) that undermines
well-being (or reproductive fitness) of in-group members? These questions are
important in the context of climate change, where local cooperation or defection
can have global impacts. For instance, production and consumption in developed
countries drive the accumulation of greenhouse emissions, influencing the
climate. In turn, climate change affects developing countries most severely.
If global externalities have an impact on individual behaviours, crowding-
out pro-environmental behaviour, this would undermine the evolution of
cooperation and could enhance the process of environmental degradation.
Alternatively, if global externalities provide an additional incentive to cooperate,
for instance, by reducing greenhouse emissions or protecting natural resources,
emphasizing global impacts can help prevent the tragedy of commons. Previous
studies on the tragedy of the commons have focused on how rules evolve within
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groups that can help prevent resource degradation [1] or how
such rules and social norms emerge owing to cooperation and
competition at different levels of organization [2], but have not
considered global externalities. We argue that considering the
global effects of local cooperation can reveal circumstances
that may help us avoid the tragedy of the commons.

In this paper, we study the impact of global externalities on
the evolution of prosocial behaviour in public good games. In
public good games, cooperators contribute their endowments
to the common pool, which are then multiplied by a positive
factor and distributed equally among group members.
Thus, cooperators generate local benefits. In our model, they
additionally generate a global externality, which affects every-
one in the (global) population, across all groups. Note that
our use of the word ‘global’ throughout the paper simply
refers to the population across all groups (what population
biologists sometimes call the metapopulation). The model
dynamics proceed in discrete time steps, each of which
involves two stages in which agents’ behaviours lead to the
accrual ofwealth in the form of payoffs. In Stage 1, groupmem-
bers can either cooperate or defect. Within groups, cooperators
always receive lower payoffs than defectors because they bear
the costs of cooperation. However, members of all-cooperators
groups receive higher payoffs than of all-defectors groups
because of the local benefits from cooperation. In Stage 2,
global benefits are distributed based on payoffs received in
Stage 1.

The global externality can be either positive (a global
good) or negative (a global bad). In the first case, cooperators
generate global benefits that increase payoffs of everyone in
the population. In the second case, a global bad reduces
everyone’s payoffs. We study evolutionary dynamics of our
model under three distributions of the global externality:
uniform, proportional to payoffs, and inversely proportional
to payoffs. We will show that the externality promotes the
evolution of cooperation when the global good disproportio-
nately benefits the poor or when the global bad falls mostly
on the rich. When the externality affects everyone equally, it
has no impact on the evolution of cooperation. Moreover,
we show that the size of the global externality is less impor-
tant than its distribution for the evolution of cooperation. The
more the distribution is skewed in favour of the rich or the
poor, the greater the impact the global externality has on
prosocial behaviour.

Behavioural change and demand-side solutions have some
potential to reduce carbon dioxide emissions [3,4]. Such sol-
utions vary from investing in renewable energy (installing a
photovoltaic system), eating more sustainably (becoming veg-
etarian), buying electric vehicles or cycling to work instead of
using private motorized transport. All of these activities not
only come at a cost to those involved, but also bring
local benefits to all by reducing local pollution, and global
benefits by slowing down the accumulation of global emis-
sions. Both local and global pollution cause economic
damage that reduces overall economic growth [5], even if it cre-
ates short-term benefits for polluters. As a result, local
cooperation in the form of pollution prevention ensures
higher income for everyone in the long run. Acts of resource
conservation that allow the common pool resources to re-
grow can also be seen as cooperative. This makes groups
with many cooperators affluent in resources. Resource conser-
vation (or lack thereof) also has global consequences. For
example, deforestation in the Amazon results in significant
species loss and degradation of indigenous peoples’ incomes
and health. In addition, it negatively impacts carbon emissions
and the global water cycle. In scenarios where cooperators
cause global harm, cooperators will still contribute to the
greater economic prosperity of their group. However, this
local growth may come at the cost of an increase in CO2 emis-
sions and global temperature. Higher global temperature, in
turn, results in long-term economic losses due to climate
change that are distributed globally [6,7]. Our present study
indicates that the evolution of prosocial behaviour is under-
mined if the global externality primarily harms the poor.
Understanding this effect is important in the context of climate
policies and rising wealth inequality (e.g. [8]). There are con-
cerns that poorer households are more vulnerable to climate
change impacts [9,10]. Thus, if the distribution of climate
damages fall disproportionally onto the poor, it may under-
mine cooperation and push vulnerable groups into poverty
in the future.

Our approach builds on the theoretical literature on group
selection. Group selection models have been widely
employed to study the evolution of cooperation and social
institutions (e.g. [11–13]). It has been shown that larger
between-group variance of a trait (i.e. prosocial behaviour)
compared with the variance of that trait within groups can
enhance the evolution of prosocial behaviour in structured
populations. Recently, the theory of cultural group selection
has achieved much attention in studies of sustainability
[14–16]. Such studies have shown that resource conservation
and supporting economic institutions co-evolve owing to
selection pressure operating on individuals and groups.
Although the idea that human cooperation has evolved
(whether genetically or culturally) through group selection
has raised some controversy, group selection is now widely
regarded as a theoretically relevant evolutionary force,
especially for cultural groups. It is beyond the scope of this
paper to discuss the debate [12,13,17–22]. To date, however,
the role of global externalities in the evolution of cooperation
via group selection has received little attention, though
notable exceptions include models of coalition-structured
governance [23,25]. Nevertheless, global externalities are par-
ticularly important in understanding cooperative behaviour
in modern humans. Groups often interact in the common
environment, which affects selection pressures in more than
one group or community at the time. For instance, empirical
studies show that environmental changes affect cooperation
in groups that manage shared resources [24]. In addition,
actions of groups or communities can have global conse-
quences affecting the entire population, such as in the case
of climate or resources.

Our study contributes to the literature on inequality,
cooperation and sustainability [24,25]. The relationship
between cooperation and inequality has been showed to be
U-shaped, meaning that cooperation persists at either low or
high levels of inequality [26]. Other studies show that changes
in the biosphere affect local inequalities, either through sudden
shocks, such as natural disasters, or through more gradual
environmental changes, e.g. by shifting climate patterns [25].
As a result, equity and sustainable behaviours co-evolve, affect-
ing pathways of change in socio-ecological systems [24].
Studies have also examined the effects of intergroup inequal-
ities on pro-environmental behaviour using common pool
resource experiments [27,28]. For example, the results of
Safarzynska & Sylwestrzak’s [28] experiment show that



royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

379:20220267

3

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

12
 N

ov
em

be
r 

20
23

 

when resources are unequal, members of low-endowment
groups are likely to overharvest resources in expectation of
donations from more affluent groups.

In this paper, we contribute to the literature on cultural
group selection and sustainability by studying the impact
of global externalities on the evolution of cooperation in
structured populations. We use model simulations to exam-
ine this issue, which allowed us to systematically compare
the effects of different distributions of global externalities
on prosocial behaviour. Such formal exercises are important
as empirical evidence typically comes from case studies that
are not directly comparable [29]. The main message of our
study is that reducing the unequal distribution of climate
impacts, as well as reducing inequality more generally,
promotes cooperation. Previous studies have focused on the
impact of the unequal distribution of climate damages
on economic growth [6], but have not yielded general
conclusions regarding its impact on prosocial behaviour.
We also investigated the effect of the global externality
on cooperation depending on the (initial) distribution of
wealth. We show that if the cost of cooperation is relatively
higher for poor individuals than for rich individuals, the
evolution of cooperation is undermined, regardless of the
distribution of the global externality. The remainder of this
paper is structured as follows. In §2, we briefly review litera-
ture on the evolution of cooperation by multi-level selection.
In §3, we present our theoretical setting and derive a funda-
mental condition of cooperation to evolve in the presence of
the global externality. In §4, we present simulation results.
Section 5 concludes.
2. The evolution of cooperation by multi-level
selection

Group selection provides a powerful conceptual framework
to study the evolutionary mechanisms acting on different
levels of organization [30–35]. In particular, cultural group
selection theory has been helpful in explaining diffusion of
prosocial behaviour, the evolution of different types of insti-
tutions and the emergence and persistence of sustainable
social–ecological states [11,21,32,34,36,37]. Cultural group
selection, as compared with group selection operating
solely on genes, involves cognitive learning and cultural
acquiring of social traits [12,21].

Formal models of the evolution of cooperation via cultural
group selection are very diverse. In particular, they differ
with respect to mechanisms of group selection and replication,
as well as games underlying interactions within groups. Typi-
cally, individuals within groups engage in either a cooperative
dilemma such as a public goods game [11,38,39] or a coordi-
nation game [40–42]. In coordination games, individuals can
choose between different strategies and the system dynamics
are characterized by multiple equilibria. For a novel group-
beneficial trait to evolve two things must occur [40]: (i) it
must become common in one population and (ii) it must
spread from that population to others.

In public good games, individuals contribute some of
their endowment to a common pool. Subsequently, all contri-
butions are multiplied by a factor and divided among
group members, so that the group’s total payoff is maximized
if everyone contributes. Yet, non-contributing, i.e. defection, is
a dominant strategy. As a result, within groups defection
spreads. However, if selection at the group level promotes
groups that are better off—i.e. those with more cooperators—
cooperation can evolve in the population if group selection
is sufficiently strong relative to individual selection. In this
context, policies that reduce the payoff disadvantage to coop-
erators (e.g. punishment imposed on defectors) within
groups or affect the group structure so that individuals are
more likely to interactwith their own type can help cooperation
to evolve [11,20,38,39].

A distinction can be drawn between formal group selec-
tion models in which higher-level selection emerges as a
by-product of individual interactions (e.g. [13]) versus those
in which there is an explicit top-down mechanism for
group selection. The specific mechanism of group selection
can take several possible forms, including: conflict, so that
groups with more defectors are more likely to lose in conflict
and be replaced by members of groups with more coopera-
tors [11,39,43–45]; cultural transmission, where institutions
of more successful groups are more likely to be imitated
by other groups [40,42,46–48]; and payoff-biased migration,
where individuals preferentially leave less successful
groups to join groups that are more successful [41,49].

An important class of models has shown that intergroup
conflict can promote the evolution of prosocial behaviour.
Welfare aligns the fate of group members, making individ-
uals cooperate to inflict force on other groups [36]. Results
from experiments conducted before, during and after the
2006 Israel–Hezbollah war indicate that during wartime
people are more willing to pay costs to punish defectors
and to reward cooperative behaviour [50]. In addition, war-
fare promotes the evolution of institutions, which enabled
large human groups to function without splitting up [51].
Bowles & Choi [46] propose a formal model to show how
altruism and parochialism, which captures hostility toward
out-group members, can co-evolve together owing to group
selection, although both behaviours reduce individual
payoffs. As another example, using a model of intergroup
conflict, Makowsky & Smaldino [45] show how institutions
that promote inequality may naturally divide a population
into a ruling class of non-cooperators and an underclass of
cooperators whose contributions sustain the group.

In cultural evolutionary theory, biased transmission
involves the adoption of cultural variants that enhance repro-
ductive success. Preferentially imitating behaviours that are
common in one’s social group has been referred to in the lit-
erature as conformist transmission [30]. Instead of copying
the most common strategies, individuals can also imitate
the most influential, knowledgeable or skillful behaviour.
Imitating ‘the most successful’ is known as prestige-biased
or success-biased transmission [52,53]. If individuals have
contact with out-group members, they may imitate the beha-
viours of members of more successful groups. In this way,
individual transmission can promote the evolution of
group-beneficial norms and institutions [40,42]. Other factors
that enhance the evolution of prosocial behaviour include
punishment of deviant behaviours or symbolic markers
that correlate with behavioural unobservable norms [21].
Studying the importance of these mechanisms for diffusion
of sustainable behaviours has recently received increasing
attention in the literature [37].

Finally, selective migration between groups can promote
the evolution of cooperation. Boyd & Richerson [41] show
that in the presence of non-random, payoff-biased migrations,
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the evolution of a group-beneficial trait depends on the relative
strength of migration and local adaptation. Group-beneficial
traits can evolve if local adaptation dominates migration. In
their model, when individuals migrate from a group with a
low level of prosocial behaviour to a group with a high
frequency of prosocial individuals, two things happen. First,
the level of prosociality decreases in the latter, while increasing
in the former group as a result of changes in the relative fre-
quencies of strategies between groups. This may reverse the
direction of migration. The process will continue until both
groups achieve the same average fitness. It is important to
note that payoff-biased migration is not effective in promoting
cooperation in group selection models that rely on cooperative
dilemmas such as public good games [54]. Here, defectors
always achieve higher fitness and thus diffuse within groups
over time. In such models, more migration reduces the
between-group variance compared with thewithin-group var-
iance, weakening the strength of group selection and thereby
making the evolution of cooperation less likely.
 B

379:20220267
3. A simple group selection model with the
global externality

The studies discussed in the previous section show the
conditions under which cooperation evolves in structured
populations. In particular, cooperation is favoured when
there is greater variance between groups relative to variance
within groups, when the cost-to-benefit ratio for cooperative
behaviour is smaller, and when there are more groups rela-
tive to the number of group members. In this section, we
examine how a global externality affects these previous
results. In §3a, we use the Price equation to understand a
general condition favouring the evolution of cooperation in
the presence of a global externality that affects every
member of the population. The Price equation is often used
to decompose evolutionary change into effects of within-
and between-group components [55]. Van Veelen [56]
points out that the Price equation is often misused to perform
statistics or to make predictions. We do not use the Price
equation for such purposes. We instead use it to decompose
evolutionary changes into within-group and between-group
variances to better understand the effects of the global
externality on cooperation, which we then verify with a
dynamic model. In particular, in §3b, we present a set-up of
the simulation model that includes additional components,
e.g. group conflict and mutation, and assumes a specific
distribution of a global externality. The results from
the model simulations could not be studied analytically
owing to the complexity of the model and the presence of
stochastic components.

(a) The Price decomposition
Consider a population in which individuals may choose to
participate in a group-beneficial social activity at a personal
cost. Examples of such activities may include reducing meat
consumption or becoming a vegetarian, cycling to work
instead of using a car, or investing in solar panels. All of
these activities come at a personal cost but reduce local pol-
lution. In addition, they may entail modest reductions to
global temperature and carbon dioxide emissions if a critical
mass of adopters is achieved. Formally, in our model, a
population is divided into m groups, each of which contains
exactly n individuals. We consider only two pure strategies:
individuals are either cooperators (C) who engage in proso-
cial behaviour, or defectors (D) who do not. Engaging in
prosocial behaviour reduces payoffs of cooperators, but
brings benefits to everyone in their community. We will
often refer to acquired payoffs as wealth throughout the
paper—where wealth can represent any desirable material
resources. Individuals change their behaviour to adopt strat-
egies of more affluent persons, which has been referred to in
the literature as success-biased social learning [53]. Formally,
this is also mathematically equivalent to vertical transmission
in which more successful individuals have more offspring.
Within groups, the frequencies of strategies associated with
above-average payoffs increase over time. Cooperators incur
a cost c. The prosocial activity generates a local benefit b,
which is equally distributed among group members, so that
each member receives a benefit equal to b�pj, where pj is
the frequency of cooperators in group j.

If b > 0 > c and c . b=n, the scenario described heretofore
is a classic cooperative dilemma, i.e. the public goods game,
internal to each group. Here we extend the impact of social
behaviour beyond the boundaries of a single group. In par-
ticular, each cooperator in the population also generates a
global externality d. Thus, actions have social consequences
not only at the individual and local levels, but also at the
global level. To illustrate with an example, if d < 0, one
might think about the global externality as climate damages
that reduce wealth of individuals owing to some catastrophic
events. If d > 0, the externality captures a global good,
for instance, the engagement of social activists in climate
education, which not only creates knowledge in the local
community, but also contributes to global climate awareness.

The payoff to cooperators in group j is given by

wCj ¼ aþ b�pj � cþ d�p�sCj, ð3:1aÞ

while payoffs to defectors are

wDj ¼ aþ b�pj þ d�p�sDj, ð3:1bÞ

where a represent baseline payoffs, c is the cost of
cooperation, b represents local benefits of prosocial behav-
iour, d is the global, population-level externality resulting
from prosocial behaviour and p is the frequency of co-
operators in the population. This game is a general form,
but special cases involve more familiar games. For example,
if d = 0, the scenario is a familiar cooperation dilemma
without any consequences of group structure. In such
cases, cooperation cannot evolve without some mechanism
facilitating either assortment among cooperators or
punishment of defectors. In equations 3.1a,b, sCj and sDj

capture the shares of the global externality going to
cooperators and defectors in group j, respectively, with
n
P

j pjsCj þ (1� pj)sDj ¼ 1.
The change in the global frequency of cooperators can be

expressed as (see [57,58]:

Dp ¼
Pm

j¼1 pj(aþ b�pj � cþ d�p�sCj)
�w�m �

P
j pj
m

, ð3:2Þ

where the global frequency of cooperators is p ¼ P
j pj=m,
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and the mean wealth is equal to

�w ¼ 1
m

X
j

pj(aþ b�pj � cþ d�p�sCj)

þ (1� pj)(aþ b�pj þ d�p�sDj): ð3:3Þ
Using n

P
j pjsCj þ (1� pj)sDj ¼ 1, equation (3.3) reduces

to

�w ¼ 1
m

X
j

aþ b�pj � cpj þ d�p
n

� �
: ð3:4Þ

Equation (3.2) can be re-written as

�wDp ¼ 1
m

Xm
j¼1

pj(aþ b�pj � cþ d�p�sCj)

� 1
m

X
j

aþ b�pj � cpj þ d�p
n

� �P
j pj
m

:

ð3:5Þ

After simple transformations, using the following
notation: Var( pj) ¼ 1=m

P
j p

2
j �

P
j pj=m

P
j pj=m for the

between-group variance and Var( pij) ¼ 1=m
P

j( pj � p2j ) for
the within-group variance, it can be shown that (see elec-
tronic supplementary material, appendix A for derivations)

wDp ¼ (b� c)�Var( pj)� c�Var( pij)

þ dp
m

X
j

pjsCj � 1
n

P
j pj
m

0
@

1
A: ð3:6Þ

If each member of the group receives an equal share
of global benefits sCj ¼ sDj ¼ 1=mn, the last component of
equation (3.6) disappears, and the equation reduces to the
well-known formula wDp ¼ (b� c)�Var( pj)� c�Var( pij) (see
[59]). The idea behind this formula is simple: the larger the
difference between the benefits b and costs c of prosocial behav-
iour, the more likely cooperation is to evolve. The probability is
also greater if the between-group variance is large, meaning
that the groups are characterized by different compositions,
or the within-group variance is small. The former intensifies
the selection between groups, while the latter reduces selection
within-group, which works against cooperators.

According to equation (3.6), the global externality does
not affect within- or between-group selection in the case
where global benefits are distributed equally within the
population. The global externality promotes the evolution of
cooperation only if cooperators receive on average a larger
share of it (

P
j pjsCj � p=n > 0) for d > 0, or its smaller share

ðPj pjsCj � p=n , 0Þ for d < 0. Equation (3.6) presents the gen-
eral condition for the evolution of prosocial behaviour in the
presence of the global spillovers, which applies to any distri-
bution of the global externality. In §3b and §4, we will
compare the impact of the global externality distributed uni-
formly, proportionally and inversely proportionally to payoffs
within the population using model simulations.
(b) Simulation model
In this section, we conduct model simulations to examine
the impact of global externality on local cooperation. The
basic model set-up is the same as in §3a. The simulation
model specifies additional mechanisms such as group conflict
or mutation. Formally, we extend the simulation model by
Bowles et al. [11] by adding the global externality. In the
model, a population is subdivided into groups. Individuals
preferentially adopt strategies that generate above-average
payoffs. In each step, groups are matched in pairs and
engage in conflict with a certain probability. A group with
higher payoffs wins and repopulates a losing group. Coop-
erators engage in prosocial behaviour, which generates local
benefits for everyone in the group, but at a cost to themselves.
As a result, groups with many cooperators have higher
chances of winning in conflict. In this setting, we examine
the role of global externalities in the evolution of prosocial
behaviour.

We consider a population divided into m groups each
populated by n members. We initialize the population so
that each individual is randomly assigned to be a cooperator
or a defector, with equal probability. We compute payoffs in a
two-stage process. In Stage 1, individuals either cooperate or
defect. The initial payoff to an agent i in group j is calculated
without consideration of the global externality:

w1,ij ¼ aþ b�pj � c�pij, ð3:7Þ

where a is the baseline payoff, and b and c are local benefits
and costs of cooperation, respectively, pCj ¼ 1 if the individual
is a cooperator and 0 if they are a defector. In other words,
Stage 1 payoffs are determined entirely by the individual’s
behaviour strategy and by the frequency of cooperators
within their group.

Payoffs received in Stage 1 make individuals relatively
poor or wealthy. In Stage 2, global externalities are then dis-
tributed based on these Stage 1 payoffs, so that the global
externality affects the payoffs of everyone in the population.
Formally, we re-calculate payoffs as

w2,ij ¼ w1,ij þ d�p�si, ð3:8Þ

where si is the share of the global externality received by indi-
vidual i. We consider three distributions of the global
externality as a function of the Stage 1 payoffs (w1,ij): uniform,
proportional to payoffs, and inversely proportional to pay-
offs. The share of the global externality is calculated using a
modified function from Dennig et al. [6]:

si ¼ sij ¼ kg�fgij , ð3:9Þ

where kg ¼ 1=
P

j
P

i f
g
ij ensures that

P
j
P

isij ¼ 1, while
fij ¼ w1,ij=

1
nm �

P
j
P

iw1,ij

� �
is the relative Stage 1 payoff of

individual i. The coefficient γ captures the wealth elasticity
of global benefits/damages. If γ = 0, everyone receives an
equal share of global benefits, namely 1/mn. Elasticity γ < 0
implies that ‘poor’ individuals receive a larger share of
global benefits, whereas if elasticity γ > 0, they receive a
smaller share of it. The total share of the global externality
is constrained to sum to 1, n

P
j p jsCj þ (1� pj)sDj ¼ 1, with

sCj ¼
P

i[Csij and sDj ¼
P

i[Dsij.
Within groups, frequencies of cooperators change accord-

ing to the replicator dynamic standard in population biology:

_pj ¼ a�pj�(w2,Cj � �wj), ð3:10Þ

where a captures the strength of individual selection, i.e. how
fast behaviours generating the above-average payoffs diffuse
in the group, and �wj ¼ pjw2,Cj þ (1� pj)w2,Dj is the mean
wealth of group j.

After individuals revise their strategies, with some small
probability µ (the ‘mutation rate’), an individual changes
their strategy at random. With probability pcon, each group



Table 1. Model parameters and values.

parameter default value (range)

m number of groups 20 (5,50)

n group size 10 (5,30)

a baseline payoffs 10 (1,20)

γ wealth elasticity (−5,5)
b/c benefit-to-cost ratio 1.25

d global externality d is set in model simulations so

that dp=nm ¼ d̂, for p = 1;

in the baseline d̂ ¼ 2:5

pcon probability of conflict 0.05 (0.05–0.25)

µ mutation 0.01

α strength of within-

group (individual)

selection

0.5 (0.5–1)
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is selected for conflict, and competition takes places between
randomly matched groups. A group with higher total payoffs
wins and repopulates a losing group. Formally, each member
of the losing group becomes a cooperator with the probability
equal to the frequency of cooperators in the winning group or
a defector otherwise.

To examine the impact of the global externality on
cooperation, we consider seven scenarios:

1. The baseline scenario, in which we assume no global
externality (d = 0);

2. Scenario 1—‘an equal distribution of the global good’
with a global good (d > 0) distributed equally within the
population;

3. Scenario 2—‘the global good favouring the rich’ with a
global good (d > 0) that disproportionately benefits the
rich (γ > 0);

4. Scenario 3—‘the global good favouring the poor’ with a
global good (d > 0) that disproportionately benefits the
poor (γ < 0);

5. Scenario 4—‘an equal distribution of the global bad’ with
a global bad (d < 0) that is evenly distributed within the
population;

6. Scenario 5—‘the global bad disfavouring the rich’ with a
global bad (d < 0) that disproportionately reduces payoffs
of the rich (γ > 0);

7. Scenario 6—‘the global bad disfavouring the poor’ with a
global bad (d < 0) that disproportionately reduces payoffs
of the poor (γ < 0).

4. Simulation results
In this section, we usemodel simulations to study the evolution
of cooperation under different distributions of the global extern-
ality. Unless stated otherwise, we report the mean frequencies
of cooperators over time (between 1st and 2500th time step)
from 25 simulations conducted for the same initial conditions
with different initial seeds.1 Table 1 summarizes the baseline
values of the parameters, which we took from Bowles et al.
[11] with the exception to parameters related to the global
externality: γ and d. We focus on how different distributions
of the global externality affect the evolution of cooperation.
To study this, we assume parameter values in the baseline
scenario for which cooperation evolved in Bowles et al. [11].
Our results hold qualitatively for any benefit-to-cost ratio that
led to cooperation in that study; we have opted not to explore
this ratio systematically.2 Model simulations were conducted
using the Laboratory for Simulation Development software
(https://www.labsimdev.org/).

Figure 1a,b compares the mean global frequency of
cooperators in model simulations characterized by different
magnitudes of the global externality (d ) and the wealth elas-
ticity of the global externality (γ). Unless stated otherwise, we
set d so that it satisfies a condition dp=nm ¼ d̂ (for p = 1). We
keep d̂ equal to the same value regardless of group size n and
number of groups m, to allow for meaningful comparisons
between different scenarios. Parameter d̂ can be thought of
as the ‘maximum’ amount of the global externality received
per person if everyone engages in prosocial behaviour ( p =
1), under the assumption of equal distribution. In model
simulations, everyone typically receives much less than this
as the global frequency of cooperation rarely reaches 100%.
In figure 1a, we examine the impact of different values of d̂
on the evolution of cooperation for γ = |1|, while in figure 1b,
we keep d̂ constant but increase the value of elasticity γ. We
assume strong within-group selection in these model simu-
lations (α = 1). Figure 1c,d do the same for moderate selection
pressure within groups (α = 0.5). The results reveal that the
size of global benefits has a negligible impact on the evolution
of cooperation when γ = |1| (figure 1a,c). On the other hand,
increasing the skewness of the distribution (γ) can have a sig-
nificant impact on global cooperation. Comparing figure 1b–d
shows that an increase in γ affects cooperation more, the
slower individual selection is. These results can be explained
by the last component of equation (3.6). The equation shows
that an increase in d promotes the evolution of cooperation
only if the share of benefits received by cooperators is suffi-
ciently high (

P
j pjsCj � 1=n

P
j pj=m). Thus, the distribution

of the global externality is more important than its size for
the evolution of global cooperation.

Figure 2a–f examine the impact of increasing the strength of
individual (α) versus group selection (pcon), group size (n) and
number of groups (m) on the evolution of cooperation under
different distributions of the global externality. In each figure,
we compare the impact of the global externality in
the cases where d is positive (d > 0, a global good) or negative
(d < 0, a global bad) under three damage/benefit distributions
γ = {−5,0,5}, which together with the baseline scenario (d = 0)
result in seven possibilities.

Our most important findings can be summarized as fol-
lows. First, there are no differences in the global frequencies
of cooperation between the baseline model simulations and
model simulations under an equal distribution of the global
externality, regardless of whether the externality is positive
or negative (Scenarios 1 and 4). Second, the global externality
promotes the evolution of cooperation compared with the
baseline model only under two conditions: (i) with the
global good disproportionately favouring the poor in Scen-
ario 3 (d > 0 and γ < 0), which implies that that ‘poor’
individuals receive a larger share of the global benefits, and
(ii) in Scenario 5, in which the global bad disproportionately

https://www.labsimdev.org/
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Figure 1. The distribution of the global externality, not its size, affects cooperation in the population. In the left panels, γ = ± 1; in the right panels, d̂ = ± 2.5.
Comparing the bottom row with the top row shows that cooperation is more strongly favoured when group selection is stronger relative to individual-level selection.
Each data point summarizes the mean over 2500 time steps from 25 simulations conducted for the same initial conditions. (Online version in colour.)
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harms the rich (d < 0 and γ > 0). The impact of the global
externality on global cooperation is larger under the second
condition compared with other scenarios. Finally, if the
‘global bad’ disproportionately affects the poor (Scenario 6),
as is expected with climate change impacts, the global extern-
ality reduces global cooperation. A similar effect occurs if
the global externality benefits disproportionately the rich
(Scenario 2).

Figure 2a replicates the findings from Bowles et al. [11]
that intergroup conflict promotes cooperation. However,
we show that this result is strongly influenced by the distri-
bution of the global externality. If the global benefits of
cooperation are directed back toward cooperators, overall
cooperation can be increased with substantially less inter-
group conflict. On the other hand, redistribution that
favours the already-wealthy hurts cooperation and requires
additional intergroup conflict to recover baseline levels of
global cooperation.

Figure 2a,b show that these results are robust to different
strengths of group versus individual selection. In general,
the weaker the within-group selection (α) or the stronger the
between-group selection (pcon) is, the higher cooperation
becomes. This replicates the most important finding from
group selectionmodels [60,61]. In addition, our results indicate
that the effect of individual and group selection depends on the
distribution of the global externality: it is stronger in Scenarios
3 and 5, and weaker in Scenarios 2 and 6.

An important class of group selection models has shown
that cooperation diffuses more rapidly the smaller the groups
are [43,62,63] or if selection operates on more groups [13].
Figure 2c illustrates that this is also the case in ourmodel regard-
less of the distribution of the global externality and its sign
(positive/negative). There is one exception. If the probability
of conflict is sufficiently large (pcon ¼ 0:125 in figure 2d), the
effect of group selection dominates within-group selection, off-
setting the negative impact of group size on cooperation in the
scenario in which the global bad disproportionately hurts the
rich.3 In group selection models, an increase in the group size
requires an increase in the b/c ratio for cooperation to evolve
[13]. A larger b/c ratio attenuates the selection pressure against
cooperators in larger groups. Similarly, the global externality
for d < 0 and γ > 0 (or d > 0 and γ < 0) reduces the payoff disad-
vantage to cooperation within groups. Simultaneously, it
increases between-group variances as the global externality
affects payoffs of cooperators and defectors in different
groups. Typically, the largest payoffs are received by defectors
in groups dominated by cooperators, but also by cooperators
in such groups.
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proportionately favour the poor over the rich. (e) The effect of redistribution favouring cooperators is highly affected by the number of groups. In the figure, γ is the
wealth elasticity of the global externality, α is the strength of individual selection and pcon captures the probability of intergroup conflict. Each data point
summarizes the mean over 2500 time steps from 25 simulations conducted for the same initial conditions. (Online version in colour.)
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Finally, in all model simulations, we re-adjusted parameter
d so that the value of d̂, which can be thought of as benefits per
person, is the same in all model simulations. The only excep-
tion concerns figure 2e, where we examine the impact of
keeping d constant despite increasing the number of groups.
This implies that the size of the global externality per person
declines with the number of groups. The results show that a
sufficiently high global externality promotes the evolution of
cooperation only in small groups in Scenarios 3 and 5. This
result appears to be driven by the fact that the value of extern-
ality, d, was connected to the population size in our model, and
so the per capita externality decreased with the number of
groups, m. Thus, cooperation decreases when the same
reward is distributed among more individuals.

(a) Global bad generated by defectors
How would our predictions change if the global externality
were generated by defectors rather than cooperators? In this
case, the condition for the evolution of cooperation in
equation (3.6) would become:

wDp ¼ (b� c)�Var( pj)� c�Var( pij)

þ dp
m

X
j

(1� pj)sCj � 1
n

P
j pj
m

0
@

1
A: ð4:1Þ

Equation (4.1) implies that theglobal bad (d< 0) generatedby
defectors promotes cooperation if

P
j(1� pj)sCj ,

P
j pj=mn.

As a result, the global externality has two opposing effects
on cooperation here: more defectors increase benefits to
cooperation (if d> 0), but simultaneously reduce the frequency
of prosocial behaviour. In the model version, where the global
externality was caused by actions of cooperators, these effects
enhanced each other. As a result, for each damage distribution,
cooperation is greater if the global externality is generated by
cooperators compared with non-cooperators, as illustrated in
figure 3.

Model simulations show that other general findings from
our study are qualitatively unaffected by this modification:
the higher the probability of conflict, the smaller the group
size, or the more groups, the higher cooperation in prosocial
behaviour becomes (we do not show these results). In gen-
eral, global cooperation increases if a negative externality
caused by behaviour of defectors disproportionately reduces
the payoffs of the rich individuals compared with the
situation where the global bad affects everyone in the popu-
lation equally or the poor disproportionately (figure 3).

(b) Unequal wealth
In ourmodel, payoffs received from the public good determine
who is better off (more affluent) than others. However, people
are often poor or rich for reasons that are unrelated to their be-
haviour in social dilemmas. In this section, we examine how
our results are affected by different initial distributions of
wealth. To this end, we conduct additional model simulations,
where we replace the parameter a, describing baseline payoffs
in equations (3.7) and (3.8), by an individual-level parameter aij,
representing the baseline payoff for individual i in group j.
We consider four scenarios: we draw the parameter aij for
each individual i in group j from the uniform distribution
U(1,10), and compare the results with simulations in which
parameter aij is drawn from the uniform distribution with
much larger mean U(11,20). These result in stronger and
weaker selection, respectively. In particular, selection is
weaker when a larger portion of total fitness comes from base-
line payoffs. In addition, we run model simulations in which
parameter aij ¼ aj is drawn separately for each group j from
either U(1,10) or Uð11,20).

The parameter aij distributed at the individual level can be
interpreted as reflecting the global distribution of initial wealth,
which favours some individuals over others owing to heredity
or luck, i.e. being born into a wealthy family. The distribution
of the parameter aj at the group level describes a situation in
which some countries/groups are generally better off because
of differences in the level of economic development. As a result,
members of wealthy groups earn more, regardless of their
efforts/contributions to the public good, owing to historical
contingencies in economic development or having access to
more abundant resources.

Figure 4a,b present the results from such additional model
simulations in the caseswhere the baseline fitness is distributed
at the individual or group level, respectively. Each figure panel
compares the mean global frequency of cooperators between
the baseline scenario, where a is constant (a = 10), with the
results of model simulations conducted under strong selection,
where aij or aj is drawn from U(1,10), and weak selection,
where aij or aj is drawn from U(11,20). Other parameters are
equal to their baseline values as described in table 1 with the
exception of the probability of conflict, which we set to
pcon ¼ 0:125. This is motivated by the fact that for this value
of the parameter, the distribution of the global externality has
a strong impact on the global frequency of cooperation
(figure 2a).

The results in figure 4 indicate that increasing the mean of
the distribution from which the parameter aij is drawn reduces
the impact of the global externality on the level of cooperation,
regardless of whether the parameter aij is distributed at the
level of individuals or of groups. In the case where the par-
ameter aij is drawn at the individual level from Uð1,10)
(strong selection), the more/less the distribution of the global
good/bad is skewed towards the poor, the greater the global
cooperation. Thus, our general findings are not affected by
this scenario. Nevertheless, for each Scenario 1–7, the global
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Figure 4. The evolution of cooperation under different distributions of initial wealth. The leftmost data points in each panel represent the standard model above in
which all agents receive a baseline payoff of a = 10. (a) Each agent independently draws a baseline payoff. (b) Baseline payoff varies between groups in which each
individual has the same baseline payoff. As before, γ is the wealth elasticity of the global externality, d is the strength of global externality. Each data point
summarizes the mean over 2500 time steps from 25 simulations conducted for the same initial conditions. (Online version in colour.)
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frequency of cooperation is lower in model simulations with
heterogeneous baseline payoffs ðaijÞ compared with model
simulations, where a is constant (figure 4a). The parameter aj
distributed at the group level undermines further the
impact of the global externality on cooperation. This can be
explained by the fact that the parameter aij distributed at the
individual level changes the selection pressure against coop-
erators within groups, which is not the case if the parameter
aj is distributed at the group level. In electronic supplementary
material, appendix B, we present additional results from
the sensitivity analysis, where we draw the parameter aij
from the normal distribution N(mA,sA). In supplementary
material, figure B1(a–c), we compare the results from model
simulations with the mean mA equal to 5, 10 and 15, respect-
ively. In each figure panel (a–c), we increase the variance of
baseline payoffs. The results indicate that the impact of the
global externality on the cooperation is weaker, the greater
the variance, and the weaker the selection. However, the
main result of our study regarding the impact (direction) of
the global externality on cooperation is not affected; only the
magnitude of the effect is affected by increasing the variance
of baseline payoffs, at least for a sufficiently small variance.
5. Conclusion
Our results show that if local behaviours have consequences
beyond group boundaries, the evolution of cooperation in the
population can be affected via the global impacts of those
behaviours. We have used a simple model of multi-level
selection to derive the general condition for the evolution of
prosocial behaviour in the presence of a global externality.
We showed that a global externality has no effect on
within-group or between-group selection when it is evenly
distributed among all members of the population, regardless
of the magnitude of the externality. This makes sense, since a
trait that affects every member of a population equally will
have no effect on relative fitness and thus cannot influence
selection between individuals. However, if the global extern-
ality is distributed unequally in the population, it can have a
large impact on prosocial behaviour. Cooperators evolve
when the global good disproportionately benefits the poor
or when the global bad falls disproportionately on the
rich—in other words, when the benefits of cooperation are
bestowed preferentially on those most likely to themselves
be prosocial (and therefore relatively poorer than more selfish
individuals). This effect is stronger the more skewed the
distribution of the global externality is.

One of the most important implications of our model is that
when the global bad disproportionately affects the poor, the
evolution of cooperation is undermined. In general, cooperators
are relatively poorer than other group members because they
bear the costs of financing the public good that benefits every-
one. However, groups with many cooperators are better off,
i.e. everyone in such groups receives higher payoffs compared
with groups dominated by defectors. If climate damage dispro-
portionately reduces cooperators’ payoffs, this prevents group
selection from promoting groups with many cooperators. In
this context, our results provide another argument for increas-
ing efforts to mitigate climate change. It has been shown that
when climate change primarily affects the poor, greater mitiga-
tion efforts are needed than when damages are proportional to
income [6]. Our analysis reveals that under an unequal distri-
bution of climate damages, climate change not only reduces
payoffs but also undermines prosocial behaviour. Reducing
the inequality that results from the unequal effects of climate
change, e.g. through subsidies, could reduce the negative
effect of this type of inequality on cooperation.

Our results have been shown to depend on the distribution
of initial wealth. We can interpret payoff differences imposed
exogenously on individuals as those caused by historical con-
tingencies in economic development or by differences in
natural resources between groups. When factors other than
payoffs in social dilemmas determine individual wealth, over-
all cooperation may be reduced; this has also been found by
other researchers (e.g. [64]). Ruttan & Borgerhoff Mulder
[65], for example, showed that if the wealthy benefit more
from cooperation than the poor, initial (exogenous) differences
in wealth can promote cooperation via coercion. Although in
our study wealth inequality undermines cooperation, it does
not entirely eliminate the effect of global externalities. This is
especially true under strong selection, when initial wealth is
distributed among population members from a distribution
with a low mean. This latter assumption may imply fairly
low levels of global wealth or natural resources. This in turn
suggests that the global externality is particularly important
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in the early stages of economic development, or that it may
become more important in the future with progressing
(global) resource scarcity.

Our approach provides a first step in studying the role of
global externalities in the evolution of prosocial behaviour. In
future studies, it will be important to examine different distri-
butions of global benefits, such as when the distribution
depends on behaviours (strategies) rather than payoffs as in
our study, or to examine the distribution of global external-
ities at the group instead of individual level. Extending the
model to more than two levels of selection or including
other behaviours that have been shown to influence prosocial
behaviour, such as punishment or migration, may also pro-
vide new insights into the conditions under which prosocial
behaviour evolves.
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Endnotes
1We conducted 100 simulations for selected parameter settings with
different initial seeds. The results did not differ between 25 and 100
repetitions.
2Values of wealth elasticity (γ) and global externality per person (d̂)
would need to be adjusted for each benefits-to-cost ratio. For
example, the smaller the benefits-to-cost ratio, the lower global
benefits per person are needed to achieve the same level of
cooperation.
3In figure 2c, pcon = 0.05, which we increase to pcon = 0.125 in
figure 2d. Increasing pcon further would lessen the negative impact
of group size on cooperation also in the scenario where the global
benefits favour the poor.
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