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A bottom-up institutional approach to cooperative
governance of risky commons

Vitor V. Vasconcelos?3, Francisco C. Santos™® and Jorge M. Pacheco*°*

Avoiding the effects of climate change may be framed as a
public goods dilemma’, in which the risk of future losses is
non-negligible?7, while realizing that the public good may be
far in the future®’-°. The limited success of existing attempts
to reach global cooperation has been also associated with a
lack of sanctioning institutions and mechanisms to deal with
those who do not contribute to the welfare of the planet or
fail to abide by agreements>'°->, Here we investigate the
emergence and impact of different types of sanctioning to
deter non-cooperative behaviour in climate agreements. We
show that a bottom-up approach, in which parties create local
institutions that punish free-riders, promotes the emergence
of widespread cooperation, mostly when risk perception is
low, as it is at present®’. On the contrary, global institutions
provide, at best, marginal improvements regarding overall
cooperation. Our results clearly suggest that a polycentric
approach involving multiple institutions is more effective than
that associated with a single, global one, indicating that such a
bottom-up, self-organization approach, set up at a local scale,
provides a better ground on which to attempt a solution for
such a complex and global dilemma.

To investigate the role of sanctioning institutions, let us consider
afinite (and small*) population of size Z where individuals interact
through what has been coined the collective-risk dilemma (CRD),
a threshold public goods game—akin to an N-person stag-hunt
or coordination game'*—that mimics the problem at stake?™*®.
Individuals organize groups of size N, in which each participant
may act as a cooperator (C), defector (D) or punisher (P). Each
individual starts with an initial endowment or benefit b. Cs and Ps
contribute a fraction ¢ of this benefit, the cost, to reach a common
goal, whereas Ds do not contribute. If the overall contribution in
the group is insufficient—that is, if the joint number of Cs and Ps
in the group is below n,,—everyone in that group will lose their
remaining endowments with a probability r (here understood as
the perception of risk of collective disaster?); otherwise, everyone
will keep whatever they have.

The scenario of present-day summits, in which all countries
meet in a single group with the aim of establishing long-term
goals and commitments by which all must abide’, is known to be
detrimental to cooperation®. Hence, it is better to establish smaller
groups focused on overcoming shorter-term goals, meant to be
revised and reassessed frequently. To this end, we model individual
decision-making as an interacting dynamical process, where indi-
viduals are embedded in a behavioural ecosystem'>™"7, such that
decisions and achievements of others influence one’s own decisions

through time'®*' (Methods and Supplementary Information for
further details). Behavioural experiments*>??, as well as other theo-
retical models****, have implemented thresholds through repeated
interactions, and other authors have highlighted the role played
by pledges and communication during negotiations>**, bringing
about additional layers of complexity to this problem (details and
comparison with other models in the Supplementary Information).

Besides contributing to this public good, Ps also contribute with
a punishment tax (77;) to an institution that, whenever endowed
with enough funding (n,7,) will effectively punish Ds by an amount
A. Hence, establishing an institution stands as a second-order
public good'”?°, which is only achieved above a certain threshold
number of contributors 1, (ref. 14). The fact that, in both cases,
contributors may pay a cost in vain increases the realism (and the
inherent complexity) of the decision process modelled here.

The institution need not be a global one (such as the United
Nations)—supported by all Ps in the population—that overviews all
group interactions in the population. Institutions may also be local,
group-wide, created by Ps within each group to enforce cooperation
in that group of individuals. Here we shall consider both cases.

In the absence of Ps, this model reduces to the evolutionary game
theoretical model® developed to investigate the general role of risk in
climate change agreements, and inspired in economic experiments*
that provided evidence on the unavoidable role of risk perception
in the context of climate change. Indeed, the theoretical model
not only corroborates the results of the economic experiments?,
but also allows one to extend the analysis to arbitrary group size,
risk perception and even group-networked agreements®. The new,
fundamental changes stemming from the introduction of Ps in this
behavioural ecosystem will allow us to assess the role of sanctioning
institutions in the presence of risk, a feature that has not been
studied before, neither theoretically nor experimentally.

The stochastic evolutionary dynamics of the population occurs
in the presence of errors, both in terms of errors of imitation®!
and in terms of behavioural mutations®, the latter accounting
for a free exploration of the possible strategies. We calculate the
pervasiveness in time of each possible behavioural composition
of the population, the so-called stationary distribution (Methods),
which allows the computation of the average fraction of groups that
successfully produce (or maintain) the public good—a quantity we
designate as group achievement, ng—and the prevalence in time
of a given type of institution—that is, the fraction of time the
population witnesses the presence of sanctioning institutions (local
or global)—a quantity we designate as institutions prevalence,
n. It is important to note that both quantities can be directly
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Figure 1| Group achievement 5¢ and institutions prevalence 7. a,b, The average fraction of groups that attain the public good (ng) as a function of
perception of risk (r; @) and behavioural exploration probability (u; b). Sanctions are enacted by a global institution (red lines and squares) or by local
institutions (blue lines and circles). Black lines and triangles: results obtained in the absence of any institution. ¢,d, Results for 5| as a function of risk r (¢)
and exploration u (d). Unlike global institutions, often associated with marginal improvements of cooperation, local institutions promote group
coordination to avoid a collective disaster, mostly for low perception of risk. The coordination threshold nyg is set to 75% of the group size, whereas local
(global) institutions are created whenever 25% of the group (population) contributes to its establishment. Other parameters: Z=100, N=4,¢/b=0.1,

[L:]/Z, T[f:O.3, JT{:0.03 andr=0.3.

compared with data extracted from experiments>*. In particular,
the empirical results obtained for the risk dependence* (in the
absence of any sanctioning) show that the group achievement (¢ in
our model) increases with the value of risk, correlating nicely with
the dependence shown in Fig. 1a with black lines and symbols.

In Fig. 1a the behaviour of 1 as a function of risk is shown in the
absence of any institutions (in black), under one global institution
(in red) and under local institutions (in blue). Comparison of the
black and red curves shows that global institutions provide, at best,
a marginal improvement compared with no institutions at all. This
result is surprising, given that most climate agreements attempt
to involve all countries at once*?, in which case a single, global
institution constitutes the most natural candidate (further details
in the Supplementary Information).

On the contrary, under local, group-wide, sanctioning insti-
tutions, associated with a distributed scenario in which global
sanctions will result from the joint role of a variety of institutions,
group achievement is substantially enhanced, in particular when it
is most needed: for low values of the perception of risk and when-
ever individuals face stringent requirements to avoid a collective
disaster (Fig. la), as has been pointed out to be the case in the
context of climate treaties'. One can also show (Supplementary

Information) that this result is even more pronounced in a scenario
encompassing (many) small groups (and institutions). This aspect
is particularly important, as the group size (N) defines both the
scale at which agreements should be attempted and the overall
scope of each institution.

The success of local institutions is closely connected with
their resilience. As shown in Fig. lc, local institutions prevail
for longer periods than a (single) global one, always promoting
more widespread cooperation than global ones. The efficiency and
prevalence of both kinds of institution, however, can be significantly
enhanced for high behavioural mutations (Fig. 1b,d), associated
with situations in which participants change their decisions more
frequently. This scenario may be relevant, given the multitude
of (often conflicting) factors that contribute to the process of
decision-making'>!*1%.

The dynamics associated with each type of institution is best
characterized by the full stationary distributions, plotted in Figs 2
and 3 and covering the entire configuration space mapped onto
the triangular simplexes, in which each (discrete) configuration
is represented by a circular dot. Darker dots indicate those
configurations visited more often, according to the colour gradient
scale indicated in each panel. In each dot the relative frequencies
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Figure 2 | Behaviour of the CRD in the full configuration space with three strategies—Cs, Ps and Ds—for the same parameters as in Fig. 1 and low risk
(r=0.2). a, Global institutions. b, Local institutions. The value of the stationary distribution at each configuration is shown using a grey scale; the
magnitude of the gradient of selection is shown using the blue-yellow-red scale indicated. For global institutions, the population-wide threshold is

indicated using a dashed orange line.
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Figure 3 | Behaviour of the CRD in the full configuration space with three strategies: Cs, Ps and Ds. a, Global institutions. b, Local institutions. We use the
same parameters as in Fig. 2, yet for high values of the perception of risk (r = 0.5, in this case), that is, a value of r above which most of the groups manage

to coordinate their action, even in the absence of institutions (Fig. 1a).

of Cs, Ds and Ps sum up to one, whereas each vertex of the
triangle is associated with monomorphic configurations. Arrows in
each simplex represent the most probable direction of evolution,
obtained from the computation of the two-dimensional gradient of
selection (Methods). We used a continuous colour code associated
with the likelihood of such transitions.

The two panels of Fig. 2 show representative examples of the
behavioural dynamics of Cs, Ds and Ps under global institutions
(Fig. 2a) and local institutions (Fig.2b), for low values of the
perception of risk (r =0.2). For global institutions (Fig. 2a) and
whenever the population starts below np (the punishment or
institution threshold value indicated by a horizontal, orange dashed
line), behavioural mutations allow the appearance of Ps in the
population (Supplementary Information for further details), such
that whenever the composition of the population lies above the
threshold line, Ps rapidly outcompete Ds (see arrows), leading the
population towards full cooperation, associated with the CP-edge of

the simplex. Once in this situation, however, Ps will be outcompeted
by Cs as now they contribute to support an institution that has
become useless. Hence, the global institution becomes unstable,
leading the population (slowly, as shown by the blue arrows along
the whole path) to a configuration that falls below the threshold
line again. Thus, for low perception of risk, a global institution
cannot be maintained for long periods (Fig. 1c) and, as shown by
the stationary distributions, the population will remain most of the
time under widespread defection. This, in turn, leads to the small
value of g reported in Fig. 2a.

For local institutions, however, the situation is quite different,
as shown in Fig. 2b. Comparison between Fig. 2a and Fig. 2b shows
that the role of the threshold line is not so pronounced in this case.
Considering that we need the same fraction of Ps (compared to
Fig. 2a) to make the institution efficient (25% in this example), but
now at the level of the group (and no longer at the level of the
population), it is possible that some (although not all) groups have
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enough Ps for sanctions to become effective. This leads to a marked
increase of 715, as in this case the population evolves towards regimes
of widespread cooperation. This happens because the population
will stabilize in configurations comprising a sizeable amount of Cs
together with enough Ps to prevent Ds from invading. The fact that
this happens for low values of risk r is important, given that, at
present, the perception of risk regarding climate issues is low™”.

For high values of the perception of risk, shown in Fig.3
(r =0.5), both local and global institutions marginally enhance
the positive prospects for cooperation already attained in the
absence of any institution, as for high risk the dynamics occurs
in the vicinity of the CD-edge of the simplex (Supplementary
Information). Notwithstanding, and because local institutions are
easier to emerge, they work as catalysers of collective action,
while helping to prevent the invasion of Ds, as shown in Fig. 2.
Neither local nor global institutions are robust to free-riding, a
result that has been recently confirmed experimentally®®. Finally,
behavioural mutations enhance the prevalence of configurations in
the inner part of the simplex, which in turn increases the chances
of having enough Ps to establish institutions and cooperation, as
previously shown in Fig. 1.

Our results support the conclusion that a decentralized,
polycentric, bottom-up approach'®, involving multiple institutions
instead of a single global one, provides better conditions both for
cooperation to thrive and for ensuring the maintenance of such
institutions. This result is particularly relevant whenever perception
of risk of collective disaster, alone, is not enough to ensure global
cooperation. In this case, local sanctioning institutions may provide
an escape hatch to the tragedy of the commons humanity is facing.
In this context, it is worth stressing that the mechanisms discussed
here operate optimally whenever groups are small. Present-daylocal
initiatives, such as the Western Climate Initiative?”, have started
with a small group of US states. As time went by, the Western
Climate Initiative group size has grown to include additional
Canadian states and Mexican provinces. Although the reasons and
motivations for such an evolution are comprehensible, one should
not overlook that larger groups are more difficult to coordinate into
widespread cooperation (Supplementary Information). Similar
dynamics, in which cooperation nucleating in a small group
expands into a larger and larger group, can be found in policies
beyond climate governance with mixed results, from the major
transitions in evolution® to the recent evolution of the European
Union, stressing the common ground shared by governance and
a variety of ecosystems'. In this context, it might be easier to
seek a multi-scale (and multi-step) process, in which coordination
is achieved in multiple small groups or climate blocks'?, before
aiming, if needed, at agreements encompassing larger groups
(or, alternatively, inter-group agreements). Hence, although most
causes of climate change result from the combined action of all
inhabitants of our planet, the solutions for such complex and global
dilemma may be easier to achieve at a much smaller scale!’. In light
of our results, the widely repeated motto ‘“Think globally, act locally’
would hardly seem more appropriate.

Methods

We consider a population of Z individuals, who set up groups of size N, in which
they engage in the CRD public goods game**, being capable of adopting one of the
three strategies: C, P and D. Following the discussion in the main text, the payoff
of an individual playing in a group in which there are jc Cs, jp Ps and N —jp —jc
Ds, can be written as Ilc = —c +bO (o +jp — 11p5) + (1 = r)b[1 — O(jc +jo — 1p) ],
ITp = ¢ — 7, and I = Tc +¢ — A for Cs, Ps and Ds, respectively. In the
equations above, O (k) is the Heaviside function (that is, ®(k) = 1 whenever

k > 0, being zero otherwise), 0 < 1,, < N is a positive integer not greater than

N, and r (the perception of risk) is a real parameter varying between 0 and 1;

the parameters ¢, 7, and b are all real positive; A corresponds to the punishment
function, which depends on whether the institution is global or local. For local
institutions, punishment acts at the group level, and A yields Aoy = 7¢© (jp — 11p),
which means that a punishment fine 77 is applied to each D in the group whenever

N > jp > np > 0. For global institutions, punishment acts at the population
level; in a population with ic Cs, ip Ps and Z —ip —ic Ds, the punishment
function for global institutions can be written as Agopa = 777 @ (ip — 1p), applying
a punishment fine 77; now to every D in the population, whenever Z > ip > np > 0.
Finally, the fitness fx of an individual adopting a given strategy, X, will be
associated with the average payoff of that strategy in the population. This can be
computed for a given strategy in a configuration i = {ic, ip, ip} using a multivariate
hypergeometric sampling (without replacement; Supplementary Information

for details). The number of individuals adopting a given strategy will evolve in
time according to a stochastic birth—death process combined with the pairwise
comparison rule?', which describes the social dynamics of Cs, Ps and Ds in a
finite population. Under pairwise comparison, each individual of strategy X
adopts the strategy Y of a randomly selected member of the population, with
probability given by the Fermi function (1+efx=))~! where 8 controls the
intensity of selection (8 =5.0 in all figures). In addition, we consider that, with

a mutation probability u, individuals adopt a randomly chosen strategy. As the
evolution of the system depends only on its actual configuration, evolutionary
dynamics can be described as a Markov process over a two-dimensional space.
Its probability distribution function, p;(t), which provides information on the
prevalence of each configuration at time ¢, obeys a master equation, a gain—loss
equation involving the transition rates between all accessible configurations.

The stationary distribution p; is then obtained by reducing the master equation
to an eigenvector search problem (Supplementary Information for details).
Another central quantity, which portrays the overall evolutionary dynamics in
the space of all possible configurations, is the gradient of selection A,;. For each
configuration i, we compute the most likely path the population will follow,
resorting to the probability to increase (decrease) by one the number of individuals
adopting a strategy Si, T, (T*" ) in each time step. In addition, for each possible
configuration i, we make use of multivariate hypergeometric sampling to compute
both the (average) fraction of groups that reach n,, contributors, that is, that
successfully achieve the public good—which we designate by ag(i)—and the
(average) fraction of groups that reach n, punishers (for local institutions) or
whether for that configuration i a global institution will be formed—in both
cases, we designate this quantity by a; (). Average group achievement—ng—and
institution prevalence—n—are then computed averaging over all possible
configurations 7, each weighted with the corresponding stationary distribution:
N = Ziﬁia(;(i) and n= Z,‘pial(i)~
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1. Collective risk dilemma and pool punishment

Following the discussion in the main text the payoff an individual within a group of j,.

Cs, jp Psand N — j, — j. Ds, can be written as

M. =—c+b®(.+j, —n,)+(1-b [[-OGc+j, -n,,)] (D
I, =1, -7, @
IT, =II. +c—-A 3)

. _ O(k 0) . . . .
In the Equations above, @(k)={ s, is the Heaviside function, 0<n, <N a

positive integer, and r is a real number between 0 and 1; the parameters ¢, x,, and b are
all positive real numbers. In Eq. 3, A corresponds to the “punishment function”, which
depends on whether the institution is global or local. For local institutions punishment
acts at the group level, and A yields

A=m,0(j,-n,) “4)
which means that a punishment fine 7, is applied to each D in the group whenever

Jp2n,.
For global institutions punishment acts at the population level; in a population with i,
Cs, i, Ps and Z—i, —i. Ds, the punishment function for global institutions can be

written as
A=7x, O3, —n,) (5)

applying a punishment fine 7, now to every D in the population, whenever i, 2n,,.

If one models individual decision process as purely rational (as is usually done in
conventional game theoretical analysis), one will ignore existing evidence that peer-
influence plays a determinant role in strategy revision'”. Hence, we assume here a

simpler, short-term behavioural revision process conveniently modelled in the framework
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of evolutionary game theory. As a result, our framework allows agreements to become
vulnerable to (or to benefit from) such short-term behavioural updates, as individuals
assess the consequences of their choices. Thus, our approach contrasts with that
implemented in behavioural experiments4'7 and alternative theoretical models®’, where a
repeated-game scenario is implemented, involving a wide repertoire of strategies and
contingency plans4'”. As a result, theoretical models are no longer amenable to be dealt
with analytically®.

In fact, short-term commitments and strategy revision are presumably more realistic.
The fact that different countries (and different political actors in each country) do not
agree on long term policiesls, suggests that defining short term time scales may prove
beneficial, giving decision makers more room to change their mind and (hopefully) reach
a consensus. This is also the best framework in which to adopt an evolutionary game
theoretical approach, as we do here. Such an approach has been employed before,
although sanctioning institutions have not been analysedl(””. Needless to say, other
mechanisms are certainly relevant, and may even prove crucial, given the time frame at
stakels, as discussed at length in Refs. %1213 14 this context, our work provides the
barest framework establishing conditions that naturally favour widespread cooperation in
attempting to mitigate the adverse effects of global warming.

The variable n, imposes a minimum number of contributions needed to achieve a

common goals’17 or an intermediate climate target’. In line with a previous model’,
individuals engage in several (preferably small scale) CRD games with the aim of
coordinating to establish short term goals in each of them. The extent to which
individuals cooperate in these games will ultimately dictate the solution (or not) of the

(long term) problem of Climate Change.
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To let the entire population form a single group engaging in the CRD is detrimental to
cooperation”, and hence it is much better to establish smaller (eventually local) groups
focussing on coordinating to overcome more modest, common interest and shorter term
targets. Short-term commitments are meant to be revised and re-assessed frequently in
subsequent instances of the CRD game, whereby individual decisions may naturally
change in time. Because individual decisions are known to all in the population, it is
natural to assume that previous decisions will influence future decisions, which also
means that communication between participants actually takes place in such a setting.
Although such type of communication is different from, e.g., that studied explicitly in
Ref.", there is some correspondence between these two forms of “pre-play”
signalling31’32. Needless to say, a detailed theoretical model of the process of pre-play
communication would require signalling to be explicitly incorporated (honest signalling
would perhaps suffice, in face of the results of Ref. 1), which would render the model
analytically intractable®. In this sense, the present model, making information of
individuals’ successes and failures available to all between different games, can be
understood as a first (and much simpler) step in that direction. For this reason, we model
individual decision making as an interacting dynamical process, such that decisions and
achievements of others may influence one’s own decisions through time***. Such

(stochastic) dynamical system is discussed in detail in the following section.

2. Evolutionary dynamics in finite populations

We consider a population of Z individuals. Each individual can adopt one of s+1

strategies: S,,...,S,,, such that, at each time-step 7z, we have a given configuration (or

s+1°

state) i(¢) ={i,"--,i;,--~,i;} of a population, specified by the number of individuals

4 NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange
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adopting each particular strategy (we need only the first s strategies — and hence, an s-
dimensional simplex — as the frequency of players using strategy s+1 can be obtained
through normalization). The fitness of a strategy will be associated, as usual™, with the
average payoff of any individual using this strategy. Let j={j,---,j,,-=-,j,} be the
configuration of players in a group of size N and (j; ji=¢g) designating any group
configuration in which there are specifically g players with strategy ji; with these

definitions, we may write down the average fitness of a strategy S, in a population

. . L . 9,17,40-43
characterized by configuration i, s, (i), as

7 -1 “1 G =N-D 'k_l s+1 .l
fsk<i>=(N_j ) Hsk(j>(’j jH(’.j ©

G7 jp=0) 1=0\J1
(l1#k)

where TI1 5, ( j) stands for the payoff of a strategy S in a group with composition j.

For each configuration i, we may also compute other population-wide variables of
interest making use of variants of Eq. 6. In particular, the average fraction of groups ag(i)
that reach n,, contributors (see Methods and previous section) is obtained replacing

Hsk (j) by O(j. +j, —n,,) in Eq. 6 for the case of 3 strategies (s=2, Cs, Ps and Ds) and
by O(j.—n,,) for the case 2 strategies (s=1, Cs and Ds). Similarly, the average fraction
of groups aj(i) that reach n, punishers (for local institutions) is also provided by Eq. 6
with I ( j) replaced by O(j, —n,). For global institutions, ai(i) is simply given by
O®, —n ,)» as described in the previous section and main text.

Strategies evolve according to a mutation-selection process. At each time step, the
strategy of one randomly selected individual X is updated. With probability #, X
undergoes a mutation, adopting a strategy drawn randomly from the space of available

strategies. With probability 1— g, another randomly selected individual Y acts as a
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potential role model of X. The probability that X adopts the strategy of Y equals
Q= [1+eﬁ Ux ’f”]_l , whereas X maintains the strategy with probability 1—¢ . We use f

and f, to denote the fitness of individual X and Y, respectively. This update rule is

B4 The parameter >0, measures the

known as the pairwise comparison rule
contribution of fitness to the update process, i.e., the selection pressure. In the limit of

strong selection (  — o), the probability ¢ is either zero or one, depending on how f,
compares with f,. In the limit of weak selection (f—0), @ is always equal to 1/2,
irrespective of the fitness of X and Y.

For the sake of mathematical convenience, analysis of evolutionary dynamics in finite
populations and arbitrary number of strategies have been mostly dealt with either in the

9,38,40,45-47

limit of rare mutations — in which the population will never contain more than

two different strategies simultaneously — and/or in the limit of weak selection
(-0 y*+5:444834 "Here we do not restrict our analysis to any of these approximations.
Instead, as the pairwise comparison relies solely on the present configuration of the
population35, the dynamics of i(¢) ={i,....i,} corresponds to a Markov process over a

35,46,50,55-57

s—dimensional space , and hence its probability density function, p,(t), i.e., the

prevalence of each configuration at time #, evolves in time according to the Master-
Equationss,

pi(t+7)—p(t) = Z{Tﬁvpiv(t) -Tpi(D)} (N

a gain-loss equation that allows one to compute the evolution of p;(f) given the
transition probabilities per unit time between configurations i and i', 7;;and 7j;,. The

stationary distribution p; analysed in the main text, is obtained by making the left side

6 NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange
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zero, which transforms Eq. 7 into an eigenvector search problem™, namely, the
eigenvector associated with the eigenvalue 1 of the transition matrix A :[T, j] .

Besides providing the prevalence in time of each configuration i, the stationary

distribution p, also allows the direct computation of an average measure of group

achievement (7¢) and institution prevalence (#;) given by 7], =Zﬁaa(i) and

n = Zifaia ,(1), respectively, where a(i) and ag(i) were defined before.

We are then left with the task of computing the transition probabilities among all
possible configurations that define A. The nature of the birth-death process we defined
imposes that, if the configuration of strategies at a given time is

i={ijni i, =N—ij—.—i},

s+

it can only move to a configuration

V={ipini '=N—ii—cmi}={i +6,.ni + 0.},
where either all §, are zero, or only two of them are non-zero being, respectively, 1 and
—1. When all §, =0, the configuration remains unchanged, i'=i, and the transition

probability corresponding to this event can be calculated from the remaining transitions

as T

= l—zi,ﬁTi.i. The missing transition probabilities are associated with events in

which an element with a given strategy, S,, changes into another specific strategy, S, ,

which, for the pairwise comparison rule with an arbitrary mutation rate [, is given by

i i op )Y i
Ts s, =(1—ﬂ)[g’ﬁ(1+eﬂ(f’ ! )T }rﬂs—’z- ®)
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Hence, for a given configuration i={i,...,i;}, we can compute the probability to

increase (decrease) by one the number of individuals adopting a strategy S,, which we
denote by T,’** and T,* ", as

St
Ti = Z ];{ilr,...,ik Eloig) ©)

LIV SN A

These transitions constitute a central quantity to compute the gradient of selection

(V,) — i.e., the most likely path the population will follow when leaving configuration i
— as pictured in the main text.

In a 2-strategy case, each configuration i — e.g., i Cs and Z-i Ds — would have two

neighbours, and therefore two possible transitions, one with one C more (i —i+1) and

another with one C less (i —i—1). Hence, we will have V, =T,  .(i)— (i), where

C—>D

T, ()=~ ,u)[; ; 1(1 +ePlUoie ) }+ Y7, for the probability to increase from i

to i+1 Cs and TC_)D(i):(l—,u)[ég_i(l+e (e fD) }+,u— for the probability to

decrease to i-1°%.

For the 3-strategy case — e.g., when configurations are given by i={i.,i,}, standing
for the number of Cs, Ps (and Z—ic—ip Ds) — the evolutionary dynamics occurs in a 2-
dimensional simplex (see Figures 2 and 3 in the main text). To every adjacent

configuration i' in the simplex (the ones accessible in a single update), we associate a

vector with magnitude 7;; and with the direction of i'—i. Performing the sum of these

11

vectors leads to a new local vector, V,, which contains information about all possible
transitions, and which can be written as

V.= - Dae + T =T, (10)

8 NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange
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where uc (up) are unit vectors defining a basis of the 2 dimensional simplex in which

evolution proceeds (see Fig. S1). The entries of V,; correspond to a balance of transitions

along each direction and, therefore, we call V; the gradient of selection (or drift)*.

Figure S1 | Local representation of the phase space and possible transitions for a bi-dimensional
one-step process. A vector can be associated with every transition between the element i and each

adjacent element. The sum of these vectors corresponds to the gradient of selection, V;, in the

configuration i, i.e., the drift (see above).

" It can be shown that V; corresponds to the first coefficient of the Kramers-Moyal expansion of

the Master Equation for this birth-death process which, in the limit N—+oo, gives the drift term of
the Fokker-Planck equation and the corresponding meaning of the most probable direction.
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3. Evolutionary dynamics in populations with two strategies

A natural first step to describe the role of sanctioning defectors is to understand in detail
the evolutionary dynamics of populations in which only one of the cooperating strategies
is present in the population — namely Ps and Ds, and Cs and Ds. In the absence of Ps,
we recover the N-person CRD game recently proposed”, where the risk of collective
failure is explicitly introduced and where it is was shown how the perception of risk
plays a central role in the emergence of cooperation. The different panels in Fig. S2 show
the stationary probability distribution function together with the gradient of selection V,
for populations in which only 2 strategies are present — Cs and Ds (left) and Ps and Ds
(right). Whenever V, =0 is zero, at i,., the transition probabilities to a configuration with
more Ds and to a configuration with fewer Ds are the same. Furthermore, if the
configuration to the right (decreasing the number of Ds) has a negative (positive) V; and
the one to the left has a positive (negative) V;, this system is preferentially pushed into
(pulled out of) this configuration. Intuitively, the configurations with less Cs, to the left
of iz, tend to have their number of Cs increase (decrease), whereas the configurations to
the right, with more Cs, tend to have less (more). In this sense, those configurations
associated with i,. are analogous to the stable (unstable) fixed points obtained from the
replicator equation39, the stable analogues being probability attractors (repellers). Hence,
the maximum of the stationary distribution is nearly coincident with the configuration zC ,
whenever the gradient crosses zero with negative slope. Consequently, the population
will spend most of the time around i. .

Fig. S2 shows how risk (decreasing from top to bottom) plays a crucial role in the

overall population dynamics, given the sensitivity of cooperation to risk. The left panels

10 NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange
© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nclimate1927

DOI: 10:1038/NCLIMATE1927 SUPPLEMENTARY INFORMATION

reproduce the scenarios obtained in the absence of Ps”, which will be used here as

references.

0.08
004 |H r=0.50 r=0.50 | oo
= 002 “ '
-g. 0.00 hhhuuun 0.04
o 0.02
% b “I“T 0.00
o =u.
7] 0.0 0.2 0.4 0.6 0.8 1.0 0.8 1.0
=
[}
e M r=0.25 r=0.25 | 0.04
-
o))
& 00 ““[ Hm 0.02
g 0.00 [[InIt”"H!uu--........... ““Th 0.00
=
3 .0.05 -0.02
0
'_E 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
7
© ] 0.10
%‘l 0.01 r=0.00 r=0.00 0.08
c .
3 “h =
- .
© hrr HI
el 0.00 ff’!O..----.....o.oooooooooo 0-02
@ ””””nn“”""!ﬂnu-u. 0.00
-0.05 | -0.02

00 02 04 06 08 1000 02 04 06 08 10
fraction of Cs fraction of Ps

Figure S2 | The role of risk in populations made of Cs and Ds (left), and Ps and Ds (right) under
local institutions. From top to bottom, each panel shows the stationary distributions (black
vertical lines) and respective gradients of selection (blue solid curves) for r = 0.5, r = 0.25 and r

= 0. (Z=40, N=10, n,,=5, b=1, ¢=0.1, 7=0.02, 7=0.1, n,=3, u=1/Zand § = 5).

The right panels show the impact of punishment on the levels of cooperation —
implemented here in the local institution version, see Eq. 4 — as Ps now co-evolve with
Ds in the population. In the absence of risk (bottom), the gradient of selection is nearly
half as negative compared to the reference scenario. This means that the strength with
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which the population is driven into defection is smaller and, as a result, the stationary
distribution grows a heavy tail towards punishment, meaning that the population actually
spends a significant amount of time in configurations with less than 50% Ds. This is a
rather impressive result, revealing the power of punishrnent20 in hindering (in this case)
defection. As we increase risk (center and top panels) populations adopt more and more
the punishment behaviour.

An overall view of the results is provided in Fig. S3, where we plot the internal roots
of the gradient of selection for different values of ». We compare again the two strategies

against Ds: Cs and Ps with local institutions.

1.0
8
0.8
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w 0.6
o //—’/‘—’_
— \
© 04 - e
e o i - -
g -----.-.....:T.::‘.‘.::::-:. -----
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-
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0.0 0.2 0.4 0.6 0.8 1.0

Figure S3 | Interior roots ic of the gradient of selection for populations made of Cs and Ds (red
lines), and Ps and Ds (blue lines) under local institutions. For each value of r, the solid (dashed)
lines represent the finite analogues of stable (unstable) fixed points, that is, probability attractors

(repellers). (Z=40, N=10, n,, =5, b=1, c=0.1, 7,=0.02, ;= 0.1, n, =3, u = 1/Z and f = 5).

The CRD played between Cs and Ds, shows two kinds of behaviours. In the first
scenario, for low values of the perception of risk, the system is driven into a
configuration in which defection dominates. As one increases the perception of risk, one

reaches a critical value above which the analogues of stable and unstable fixed points
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emerge, allowing the system to spend longer periods of time in more cooperative
configurations. Note that the stable point drives the population into configurations in

which Ds are a minority.
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Figure S4 | Effect of punishment under local institutions and sensitivity to risk. The top panels
show the internal roots of V; as functions of the punishment fine 7;; the bottom panels show the

same quantity now as a function of the punishment tax, z; left panels show results for low =,
(top) and low =y, (bottom), respectively, whereas right panels show results for high values of these
parameters. Different line colours represent increasing values of risk: =0 with black lines, r=0.5
with red lines and r=1 with blue lines, respectively. (Z=40, N=10, ¢=0.1, b=1, n,,=5, n,=3, =5.0
and u=1/7).

Whenever Ps co-evolve with Ds, we also obtain a change in the relative size of the
basins of attraction, in particular for low values of risk, as the critical perception of risk r
needed to create a cooperative basin of attraction decreases. Furthermore, with Ps, the
stable equilibrium where few Ds co-exist with Ps occurs for lower fraction of Ds.
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Overall, this means that the population will spend a greater amount of the time in a more
cooperative configuration. Additionally, and compared to Cs, Ps also push the unstable
fix point to lower fractions of Ds, rendering collective coordination an easier task.

In Fig. S4 we adopt the same notation scheme of Fig. S3 to show the dependence of the
position of the internal roots of V, on the punishment fine 7y and punishment tax . This
analysis is repeated for different values of risk (low risk, »=0.0, black lines; intermediate
risk, r=0.5, red lines; high risk, »=1.0, blue lines).

In the top panels we see how 7y affects the positions of the fixed points, for both low
(left panel) and high (right panel) punishment fine m,. As expected, if the taxes for the
maintenance of institutions are low, a considerable amount of punishers pervades;
however, as we increase the tax, punishment eventually fades. When the punishment fine
applied to the Ds is smaller, punishment vanishes for smaller values of the tax (left
panel).

In the bottom panels we show how the punishment tax r, affects the positions of the
internal roots of V;, for both low (left panel) and high (right panel) punishment fine . If

the tax for the punishment institution is low enough, a small punishment fine leads to the
appearance of a coexistence root further away from the full defection configuration.
However, if the punishment fine is high, once again we regain the two different
scenarios: for very low (or none) punishment tax, the population falls into the tragedy of
the commons, whereas above a critical value the coexistence point will arise. Both left
and right panels show that a small increase on the punishment tax can drastically wipe-
out defection. As a final point, all panels contain the location of the internal roots for the
three values of risk indicated before, showing the importance of risk in the emergence

collective action.
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4. Group size dependence in the 3-strategy case

As discussed in the main text, one does not expect that all the parties (e.g. countries,
regions or cities™) will be willing to pay in order to punish others, despite being perhaps
willing to undertake the necessary measures to mitigate climate change effects (Cs). In
other words, an analysis of a 2-strategy case fails to provide a complete overview of the
overall dynamics, as players who are willing to pay towards mitigating the climate
change effects may free-ride in a 2" order cooperation dilemma, by refusing to pay a tax
in order to create an institution (local or global), able to punish defectors. Consequently,
in the main text we discussed the evolutionary dynamics of the population considering
the entire set of strategies (Cs, Ps and Ds), from which we showed that the adoption of
multiple institutions instead of a single, global one provides better conditions for
cooperation to thrive.

In this context, the group size N constitutes an important variable, as it defines not
only the scale at which agreements should be tried but also the overall dimension and
scope of each institution. In particular, a local sanctioning system converges to a single
global institution whenever N — Z . Hence, one should expect that the evolutionary
advantage provided by a polycentric approach vanishes for increasing N. Fig. S5 shows,
however, that the results in the main text are robust, as local institutions provide a
significant advantage in the promotion of cooperation for a wide range of values of N,
when compared with a global institution. Furthermore, for a given group size, local
institutions are always able to promote higher group achievements for lower values of

risk.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange 15
© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nclimate1927

SUPPLEMENTARY INFORMATION

16

global local global local
N=4 —-—- ---- —— N=12
N=8 ---- —— - N=16

group achievement

Figure S5 | Group achievement for different group sizes and institution types. Group
achievement — 776 —standing for the average fraction of groups that are able to attain the public
good, is shown as a function of the perception of risk (r) for global institutions (dashed lines) and
local institutions (full lines). Each colour corresponds to a different group size, as indicated. The
coordination threshold (n,,) is set to 75% of the group size, whereas local (global) institutions are
created whenever 25% of the group (population) contributes to its establishment. Punishment tax
is =0.03, whereas the punishment fine for defecting is m=0.3. Other parameters: Z=100, N=4,
¢/b=0.1, u=1/7=0.01.
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