Centre for Grantham Research Institute on
Climate Change Climate Change and
Economics and Policy the Environment

An ESRC Research Centre

Robustness of norm -driven cooperation in the
commons to environmental variability

Maja Schllter, Alessandro Tavoni and Simon Levin
January 2014

Centre for Climate Change Economics and Policy
Working Paper No. 163
Grantham Research Institute on Climate Change and
the Environment

Working Paper No. 146

I o N Mo
# e UNIVERSITY OF LEEDS i

Institute




The Centre for Climate Change Economics and Policy (CCCEP) was established
by the University of Leeds and the London School of Economics and Political
Science in 2008 to advance public and private action on climate change through
innovative, rigorous research. The Centre is funded by the UK Economic and Social
Research Council and has five inter-linked research programmes:

Developing climate science and economics

Climate change governance for a new global deal

Adaptation to climate change and human development

Governments, markets and climate change mitigation

The Munich Re Programme - Evaluating the economics of climate risks and
opportunities in the insurance sector

aOrwNPE

More information about the Centre for Climate Change Economics and Policy can be
found at: http://www.cccep.ac.uk.

The Grantham Research Institute on Climate Change a  nd the Environment was
established by the London School of Economics and Political Science in 2008 to
bring together international expertise on economics, finance, geography, the
environment, international development and political economy to create a world-
leading centre for policy-relevant research and training in climate change and the
environment. The Institute is funded by the Grantham Foundation for the Protection
of the Environment and the Global Green Growth Institute, and has five research
programmes:

Global response strategies

Green growth

Practical aspects of climate policy

Adaptation and development

Resource security

aOrwNE

More information about the Grantham Research Institute on Climate Change and the
Environment can be found at: http://www.Ise.ac.uk/grantham.

This working paper is intended to stimulate discussion within the research community
and among users of research, and its content may have been submitted for
publication in academic journals. It has been reviewed by at least one internal referee
before publication. The views expressed in this paper represent those of the
author(s) and do not necessarily represent those of the host institutions or funders.



Robustness of norm-driven cooperation in the commonsto environmental
variability

Maja Schliitef, Alessandro Tavohi& Simon Levir*°

!Stockholm Resilience Centre, Stockholm Universi§691 Stockholm, Sweden,
maja.schlueter@stockholmresilience.su.se

2Grantham Research Institute, London School of Ectcs London WC2A2AZ, England,

*Department of Ecology and Evolutionary Biology &nBeton University, Princeton, NJ
08544, US

4University Fellow, Resources for the Future, Wagton, DC 20036, USA

® Fellow, Beijer Institute of Ecological EconomiésO. Box 50005, SE-104 05 Stockholm,
Sweden

Abstract

Growing empirical evidence points to the importaoteocial horms for achieving
sustainable use of common pool resources (CPRjalSmrms can facilitate the cooperation
and collective action needed to sustainably shamranon resource. With global change,
however, the social and environmental conditiordeanvhich cooperation has evolved and
been maintained in the past may vary dramaticHlligher variability of resource availability
and more frequent extreme events, for instancépwiladditional pressure on cooperation,
possibly triggering its collapse, with detrimergffiects on the environment. In light of this,
the potential impact of climate change on confiigs recently received considerable
attention. Here we assess the robustness of nawendrooperation to changing resource
availability in a stylised model of community hastiag from a shared resource. The model is
a generalised representation of CPR extractiongiwdilows for social disapproval towards
norm-violators. We use an agent-based model teashe robustness of cooperative
outcomes to variable resource flows. Our resutlcate that both resource abundance and
low resource variability can lead to its unsusthieaise, while either scarcity or high
variability in the resource have the potentiastabilize cooperation. These findings provide
insights into possible effects of global changeselfr-governance of the commons. They also
indicate that there is no simple answer to the tipegvhether global change has the potential
to destabilize cooperation in natural resource asd,lead to environmental degradation and
possibly conflict.

Keywords: social-ecological system; cooperationyg) global change; collapse; common
pool resource



1. Introduction

Theoretical and empirical research has long beanaraed with finding ways to overcome
social dilemmas in natural resource use that arisen the individual short-term benefits
from resource exploitation lead users to colledyiewerharvest (e.g. Hardin, 1968, Dawes,
1980). While early research emphasized the neeglfegrnment control or privatisation
(Hardin 1968), recent empirical work has highlighteat communities are often capable of
overcoming the dilemma and achieve sustainableiresaise through self-governance
(Ostrom, 1990). Different mechanisms have beengseg for successful self-governance,
such as communication, monitoring and sanction®gtrom 1990, Gibson et al., 2005, Dixit
et al., 2012) or reciprocity (Dixit et al., 2012)strom (1990) and others (Janssen et al., 2010)
have found that successful communities often dastabbcial norms, i.e. “a rule or standard
of behaviour shared by members of a social grolpty(clopedia Britannica, 2005), to
discourage individual overharvesting. Norms hawen to be invaluable to create and
reinforce the behaviours needed to exploit a compamt resource sustainably, or to provide
a public good (Kinzig, 2013). Often, norms are ecdd through non-monetary sanctions,
rather than through coercion (Schliter and TheasB€l10). Theoretical research has shown
that norms can facilitate the evolution of cooperatbut do not guarantee it (e.g. Tavoni et
al., 2012).

Much research on cooperation in CPRs has so fas$ad on the social aspects of the
dilemma while assuming strongly simplified and dansresource conditions. However,
social interactions, such as the enforcement ahedhat promote cooperation, do not take
place in a void or in a static environment. CPRsgrt of interlinked systems of humans and
nature (Berkes and Folke, 1998), so called socialegical systems (SES). SES develop over
time through interactions of individual agents thaitead to higher levels due to agents’
collective behaviour (Levin et al., 2012). Thesdude agent-agent interactions, e.g. when a
norm-follower observes a norm-violation by anothgent, and interactions between agents
and resources in the form of extraction, monitoongnaintenance activities. Therefore,
characteristics of the ecological system that afigent-resource interactions also shape
individual and collective behaviour in SES. Projarof the resource system that have
proven relevant in explaining successful self-goaace in social-ecological systems are,
among others, the productivity of a resource, tbility of the resource and its reproductive
rate (Ostrom 2009). Recent research on collectitierafor sustainable resource use hence
tries to take attributes of the resource systemastount, alongside with those of resource
users and governance systems (e.g. Ostrom, 20@66n®<2009, Hagedorn, 2008). Taking
the two-way interactions between social and biofgay®r ecological processes into account
can provide new insights for addressing issuesaof@enmental change (Agrawal and
Chhatre, 2011).

The impact of resource dynamics on local collecéiggon becomes even more relevant in the
face of large scale environmental or social cha@fjemate change, for instance, has the
potential to drastically alter the environmentahditions under which collective action for
sustainable resource use is achieved today.likely to change the quantity and variability

of resource flows, exacerbating existing resoucegcity and leading to more extreme events
(see e.g. Bates et al., 2008 and IPCC IntergovaertahBanel on Climate Change, 2007, p. 8
for the impact of climate change on water scaiicitgrid regions). Socio-political
developments and human migration have the potdotelter the needs for natural resources
such as land, water and marine resources, witmpiallg major impacts on today’s resource
use patterns. With increased demand or variatmititpes increased uncertainty, which can
put additional pressure on individual and collegtaction for communities that share joint
resources. This might lead to increased pressuténaentives for opportunistic behaviour in
situations where cooperative collective action wall-established before. The consequences
of these changes for CPR management are to adatget unknown, but it may be



reasonable to expect an increased likelihood operation breakdown when resource
variability and uncertainty increase.

This question has recently been the subject oéas®d attention in the climate change
debate, particularly with respect to whether clengttange will lead to an increase in political
instability and intra-state armed conflict (see élgiang et al., 2013). Results so far are
inconclusive, showing that scarcity and variabitign lead to an increase in conflict, but also
foster cooperation. Burke et al. (2009) link caztflncidences in Sub-Saharan Africa to
variation in temperature and argue that warmersykesd to increased likelihood of armed
conflict in Africa. They explain this by a decreasegricultural productivity and hence
economic performance. Hsiang et al. (2011) havaddbat the risk of civil conflicts doubles
during El Nino years in countries that are affedigdENSO. The abrupt change in climate
happening during an El Nino event seems to playnortant part in the outbreak of conflict;
however, it is too early to say whether climatengeawill have the same effect.

Similarly, there is an on-going debate about aneiase in the potential of war over water
with an increase in water stress due to climateaghaWhile some argue that the likelihood
of conflicts will increase (World Water AssessmPnbgramme, 2009, Kundzewicz and
Kowalczak, 2009, Serageldin, 2009, Zeitoun, 2008)ers point out that history has shown
that countries do not go to war over water butaatiolve their water issues through trade
(e.g. import of food) and international agreeméBernaby, 2009, Shamir, 2009, Dinar et al.,
2010). A study of cross-country waterways reved#ted cooperation by far outweighed
conflict (Barnaby 2009). Gizelis and Wooden (2046int out that governance, i.e. the ability
of the government to address problems of resowaity, can play a crucial role in whether
scarcity is likely to give rise to violent conflicthey caution against deterministic direct links
between resource state and conflict highlightiregithportance of domestic institutions in
determining how a community or nation will reacttoapid or slow change in resources.
Social norms are one form of domestic institutioat potentially influences a response to
environmental change.

The robustness of collective action to the impattlobal change thus remains an open
guestion. The aim of this paper is to investighterobustness of norm-driven cooperation in
a CPR to changing resource availability. To thid ee developed an agent-based model of a
community of norm-following and norm-violating hasters that share a common resource,
henceforth terme@P-norm. CP-norm allows us to model cooperation as it ge®from
individual interactions of resource users, andctmiduce features such as resource
variability. The model closely follows the analgianodel presented by Tavoni et al. (2012),
henceforth TSL, but differs in its approach to mdg community-level outcomes and
allows for the introduction of more realistic feig@s. Analyses of scenarios using CP-norm
reveal that the impact of resource variability ooeration can be twofold: leading to a
collapse of cooperation and resource levels orraihg cooperation, depending on the
magnitude of the fluctuations. Interestingly, wadfithat low resource variability can lead to
higher chances of overexploitation, relative to¢hse of certainty. The degree to which
norm-violators benefit from resource fluctuatioheough occasional high resource
availability decreases the willingness of co-opansato engage collectively in sanctioning the
norm-violators. As the capacity for collective actislowly erodes, the community passes a
threshold that leads to a rapid collapse of coderand overexploitation of the resource
base.

The remainder of the paper is organized as folléwst, we describe the main features of the
TSL and CP-norm models and compare the ensuindussogs from the two models

Second, we explore different scenarios of resouaciability and mean resource supply. We
conclude with a discussion of our findings in ligitother empirical and experimental
evidence, and discuss policy implications.



2. A mode of norm-driven cooperation in the commons

We model a community of harvesters that collecyiesploit a shared resource such as a
groundwater reservoir, a fish population or a commasture. The community is composed
of norm-followers (or co-operators, C) that adhtera norm of sustainable resource
extraction, and norm violators (or defectors, Djttbxtract more than is socially optimal.
Cooperation in the community is facilitated, but goaranteed, by social disapproval
directed from co-operators towards norm violatve. use an agent-based modelling
approach to be explicit about the local interadibatween users and resources that create
observed community level patterns. By implementireggame-theoretic model as an agent-
based model we thus test the approximations of 8lemodel. At the same time, an agent-
based model that corresponds well with the anallytimdel provides us with a theoretically
sound basis on which we gradually build to add nmeaéism to the model that cannot be
captured in the game- theoretic approach.

TSL investigate conditions under which communityagtiproval of norm violators enables
sustainable resource use. Social disapproval ieeged as ostracism, e.g. a refusal of help or
access to social capital towards norm violatorschvbecreases the utility they receive from
resource use (see Tavoni et al. 2012 and Tabl@& Adei appendix for details on the ostracism
function). To fix ideas, one can think of this geis one where community members that
extract more groundwater to irrigate their croptBocially accepted will be refused
necessary harvesting machinery or access to a hwdakel to sell their goods. The
effectiveness and severity of the disapproval imeeewith the number of norm followers in
the community and the degree of the norm violatidowever, sanctioning only becomes
effective if the number of norm followers, and hettiee social capital in the community, is
sufficiently large (see Oses-Eraso and ViladriclaGR2007 for an example of the role of
social capital for social approval).

Norm followers pay a fixed cost for financing trenstions associated with social disapproval
that is independent of the number of norm violaiorthie community. Such cost can be
interpreted as an investment in the cooperatinghoonity’s social capital, as reflected by the
decreased payoff that norm followers receive fresource extraction compared to norm
violators, and by the increased effectiveness wétganing as the number of cooperators
increases. For a treatment where punishment castiractly linked to the number of
defectors, see Sethi and Somanathan (1996). Naratieins are observable through the
higher payoffs that violators receive from higha@se extraction. In the above example of
groundwater extraction, the violation is visibleahgh increased crop production.
Sanctioning takes place on the basis of equityiderations, leading norm followers to act
more strongly against individuals extracting wélbae the accepted norm (Fehr and
Fischbacher, 2002, Maier-Rigaud et al., 2010). Bylefling sanctioning by norm followers
as a function of the difference in payoffs, weallor graduated sanctioning, which has
proven to be an important feature of successféiggelerning systems (Cox et al., 2010,
Ostrom 1990, Ostrom, 2000, Sigmund et al., 20183dGated sanctioning implies that the
severity of sanctioning is adjusted according togbverity of the offence and its frequency.

The results of the TSL model indicate that the nenforced through ostracism can promote
cooperation and hence sustainable resource usetid@ommunity of co-operators is not
too small and the norm violation is not excessineases where the norm violation and the
community of co-operators are both large, nornofedirs and norm violators coexist. Here,
the reduction in utility resulting from social diga&oval is balanced by the gains that few
norm violators obtain from higher extraction ofesaurce that is only slightly overharvested
(due to the rather high resource productivity ia pinesence of a large share of co-operators).
When the community of norm followers is small tloem of sustainable resource use
succumbs and all members over-extract, leadinggource degradation.



The agent-based model differs from TSL in thakiilieitly models players as individual
agents that harvest the resource and update tragges through learning about other
agent’s strategies when they meet each other.&dwirce, which again can be thought of as
water from an aquifer used for irrigation, is mdeeélas a discrete-time version of the
resource dynamics of the TSL model:

Rews =R+ c—d(=) —q*E+R,
(Equ.1)

whereR, is the resource at timedthe inflow, 4 the natural discharge rai,, .. the
carrying capacityg the efficiency of extraction argl the total extraction effort of the
community.

Agents are either norm-followers with a sociallftiofal extraction strategy or norm-violators
with a higher extraction level. The magnitude &fa@rce over-extraction by the norm
violators, henceforth called the degree of cheatsepresented through the multiplism

£q = U+ £., Whereez ande, are the extractive effort levels of the defectomd co-operators,
respectively. The maximum degree of cheating cemeiin our analysis corresponds to the
resource extraction that maximises individual bies¢RNash equilibrium — see Tavoni et al.
(2012) for the calculations). Agents receive a [aliofrom exploiting the resource, which
increases with extraction level and productivitytiod resource. The productivity of the
resource is modelled using the widely used Cobbglxsuproduction function with
decreasing returns to scale (see Table Al forldetahe utility 7 agents receive from their
payoff depends on the level of ostracism they aposed to, which is a function of the level
of cooperation in the community and the payoffetiéinces: C enjoy the entire (lower) payoff
U- = m = 0, while D may see their higher payoff reduced duestracism:

Uy = mp — wH = 0 (where the ostracism function determining the 8aning effectiveness

w is described in Table A1, and the intensity oedébn is measured by = %).

A pair of players meets randomly to compare w#iti; ; and update their strategies. When

the utility of agent is below that of the opponent, it updates itstega by imitating the
strategy of agentwith a probability equal to the normalized utildifference (cf. Morgan,
2003).

Aj
|l +|5l

fa,=U—-U <0= g —e with probability=

2 andi, j € {C, D}

(Equ. 2)

We use a pairwise updating rate (one random agelates each time step) as it is common in
simulations of evolutionary games, however we abgaored higher updating rates, i.e.
settings where more than one agent updates itegjravithin a single time step (see Figure
Al in Appendix). A detailed model description usthg ODD+D protocol (Muller et al.,

2013) can be found in Table A2 in the Appendix. pheameters and variables for the
simulations are given in Table Al.

3. Results

3.1.Comparison of the two models
The discrete agent-based model largely reprodieesesults of the TSL model as described
above, where cooperation or coexistence of co-tmeravith a few defectors prevails when
the initial number of co-operators in the commutstiarge enough (see Figure A2 for a
comparison with the TSL model). Differences betwtentwo models occur when conditions
are such that the random encounter of two agents@zasionally lead to a collapse of



cooperation where in most instances coexistencajpse Coexistence of both strategies is
created by two opposing feedback loops (Figurar)ncrease in the relative proportion of C
and hence a decrease in total extraction effodsléa increasing returns per effort, which
increases payoffs for C and D. At the same timmarease in the frequency of C and an
increase in the payoff difference increases th@bpressure D individuals are exposed to,
which reduces their utility. Finally, if the commtynsocial capital is low, sustainable
resource extraction cannot be maintained and defeptevail (left side of figure A2a and b).
In this state the resource is heavily overexploitad payoffs are much lower (Figure A3a).
The community composition has significant effeatg@source levels as figure A3b shows.
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Figure 1: The two main feedbacks driving the dyrenaf the coupled system. When cooperators
increase, then the inner positive social feedback leads to a further increase in co-operatorgewh
the outer negative ecological feedback loop leadmtincrease in defectors. The relative strengtths
the two feedback loops determine the evolutiorhefdystem to all-D, all-C or a mixed equilibrium.
Note that a “+” indicates a positive relationshgtween the two variables (e.g. when a increasalksdb
increases), while a “-” indicates a negative relaghip (e.g. when a increases, b decreases).
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Figure 2: a) Level of cooperation in CP-norm coprsding to the TSL model with omega asymptote:
h= 0.34 (ostracism functiora(f.} = hete?e ), values in cells represent average values abénd
simulation, red cells indicate an all-D equilibriudark blue an all-C and light blue a mixed
equilibrium; results are mean values of 50 simatatuns. In case where the system converges to
either all-D or mixed equilibrium the results repgat the mean of the value that the system congderge
to in >=50% of the runs; b) Maximum sanctioningOt83. C) Levels of cooperation with increasing
levels of maximum sanctioning (h) for an initiaFf6.7 and different degrees of cheating. (

The maximum amount of sanctioning the communityioéiict on a norm violator when its
social capital is high determines the region ofxigience of both strategies (Figure 2). If we



slightly decrease the maximum sanctioning amourtamthrive over the whole range of
initial C for a region with relatively high degreecheating (Figure 2b) where there was
coexistence before (Figure 2a). In this regiontieefits from overharvesting are still high
enough (i.e. resource productivity is not too laavputweigh the costs of ostracism inflicted
by a community with an initially large number of-operators. A reduction in the amount of
sanctioning co-operators can apply lowers theiacty to reduce the resource benefits of
defectors, who therefore can thrive no matter hengd the community of co-operators. Once
over-harvesting becomes excessine3.6), however, the decrease in resource produgctivi
reduces the advantage of the defectors and madmsitiore susceptible to the costs of social
disapproval. In this region, coexistence with agprately 70% norm followers obtains over
a range of initial proportion of co-operators. Thsults indicate the sensitivity of the
coexistence of norm followers and violators toghrength of the community social pressure
or the degree of resource over-exploitation. Wiendegree of cheating is too high resource
productivity becomes too low, reducing the addaidmenefits defectors obtain from resource
over-extraction. At the same time the sanctionipgd-operators is non-linear and increases
with the degree of cheating, which also works agtailefectors and enables coexistence to
thrive when cheating is very high. The sensitivifyfhe coexistence to the maximum amount
of sanctioning increases with the degree of chgdtingure 2c). The higher the degree of
cheating the higher the maximum sanctioning neédethable coexistence. However, as
cheating increases resource productivity decreasebat with very high levels of cheating
(e.g. 380%) coexistence occurs at lower levelsntsoning.

The agreement between the game-theoretic analyditha agent-based simulations suggests
that we can deploy the potential of CP-norm foatge complexity to go beyond validation of
the analytical model and introduce more realigatdires. The robustness of the TSL model
to assumptions about the specific functional foofnthe ostracism or resource functions has
additionally been confirmed by (Lade et al., 2013)ey show that the qualitative behaviour
of the model remains the same even when the cstnaamd the resource outflow functions
are linear in the proportion of co-operators ootgse level, respectively.

3.2.Impact of variable resource inflow
The TSL model and the above results assume thainasinflow is constant. In reality,
however, resource dynamics are rarely constarfiumuate intra- and inter-annually. We
model variable resource infloiv as a random Gaussian variable with mgand standard

deviationg. The outflow rated varies according to the inflow.

Riss =Ri+é-d(=) —q#E. R,
(Equ.3)

We first study the impact of resource fluctuatiémsthe scenario with lower maximum
sanctioning costsh(= 0.333). Low variability (z = 1) destabilizes coexistence at the
boundaries between coexistence and defector eduiitiin regions with high degrees of
cheating (high:) (Figure 3a). The region of coexistence shrin&sulting in a larger range of
cheating where cooperation cannot be achievedrencesource is severely overharvested.
High variability at high degrees of cheating, oa tontrary, destabilizes the defector
equilibrium (Figure 3b). Here the region of defentthat under constant conditions reaches
over the whole range of initial C levels largelgapears, i.e. the majority of runs lead to
coexistence. Hence, with high resource variabiligznorm can be maintained most of the
times even when norm violations are large (givext the initial level of social capital in the
community is large enough). Next to that the petiags of cooperators in the coexistence is
slightly higher.
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Figure 3: Results of simulations for maximum saonttig parameter (omega asymptote): h=0.333; a)
low resource variabilitys = 17; b) high resource variabilitye = 10); average of 50 simulation runs,
results are counted as cooperative when at le&stdi@he runs converge to a mixed equilibrium

The transition from the variability enhancing deifec to its enhancing cooperation for
different levels of maximum sanctioning can be sedfigure 4, which depicts the
percentage of runs that converge to cooperati@oexistence with increasing inflow
variability. For the scenario with lower maximunmstioning levels, the transition happens
arounds = 10 where about 50% of the runs converge to coexistéfigure 4b). Beyond this
level of variability the coexistence region als@amds to areas with lower initial proportions
of C (Figure 4a and 4b) and the proportion of cerafors in the coexistence state increases
(not shown).
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Figure 4: Percentage of cooperative solutions imitheasing resource variability (measured in teoins
standard deviations from c) at a fixed degree ebtihgy: = 3. a) Maximum sanctioning parameter
(omega asymptote): h=0.34, b) Maximum sanctioniagmeter (omega asymptote): h=0.333; red
colour indicates that 0% of runs result in a coapiee solution.

With high inflow fluctuations, agents benefit fraandom high flow events; however, in the
longer term they receive less payoff because teeage resource productivity is lower. This
is a consequence of the concavity of the resoumdugtivity function, and hence the utilities
(see also Tavoni et al. 2012 for the same effetitéranalytical model). Norm violators at the
same time are still subject to the same costs@ékdisapproval, which are not affected by
resource dynamics. This leads to a disadvantagééanorm violators and allows the co-
operators to thrive and the mixed equilibrium tadree increasingly stable. A few norm
violators switch strategy until the gains from agploitation and the costs of social
disapproval balance out. The increase in the ctemge region as well as the increase of
cooperation in the coexistence state is consistghtthe results of Tavoni et al. (2012).

Low levels of variability on the contrary can letada sudden collapse of cooperation. While
D and C benefit from occasional high flow eventsehas well, the longer term reduction in
payoff is not as pronounced as with higher resouvacmbility. A high flow event thus
provides an advantage for the norm violator, insirgathe probability of a norm follower
switching strategy. This initiates a slow procelsshanging proportions of co-operators in the
mixed equilibrium as co-operators increasingly stviio the defector strategy. Increasing



defection slowly degrades the resource up to atpdiere a situation of high resource inflow
and subsequent increase in defection can tip ttersyinto the defector equilibrium. This is
accelerated by the decrease in social capital andensanctioning capacity of the community,
which further destabilizes coexistence and resulitse collapse of cooperation.

3.3.Impact of changes in average resource flows
Environmental change might not only lead to higlaiability but also to changes in the
average quantity of a natural resource. Lade €2@l3) investigates collapses of cooperation
in the TSL model that arise through increasingomfbr changes in other properties of the
system such as the costs of effort. Their reshltsvghat decreasing resource availability
increases cooperation while increasing resourcitadildly can lead to a collapse of
cooperation and resources. The former is similar $duation of high inflow variability
where the average resource availability is reduaile the latter corresponds to the effects
of small variation where short term high abundasfoesources benefits defectors.

Our analysis confirms that the collapse of coopemawith increasing mean resource inflow
occurs across the whole range of initial densiifeso-operators (Figure 5a, results for inflow
values >50). Decreases in the mean inflow on tiracy lead to coexistence at lower initial
densities of cooperation and an increase in thebeuwf co-operators (Figure 5a). This is
contrary to the scenarios with high resource vdiiglivhere the probability of coexistence
increases but the proportion of co-operators resiairgely constant around 70% (Figure 5b).
At resource inflows of 20 or lower the state ofdafection disappears and coexistence with
approximately 60% co-operators prevails independetite initial proportion of cooperation
as overharvesting does not pay off any longer.
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Figure 5: Level of cooperation with a) increaseman inflow (c) and b) increases in standard
deviation of c=50h = 0.333, x = 3.0; average of 30 simulation runs, results are calate
cooperative when at least 50% of the runs conviergemixed equilibrium. Note that figure 5b
represents the same simulation as Figure 4b, hawiédepicts the average level of cooperation in
runs that converge to coexistence, not the pergerafiruns that converge to coexistence.

A comparison of both effects (Figure 6) reveald #raincrease in mean inflow will always
lead to dominance of defectors and hence resoottzpse no matter how strong resource
fluctuations are, except for a very small regiorerghthe increase in mean inflow is low
(c=55) and fluctuations are higix & 15). Similarly a decrease in mean resource inflow
always promotes cooperation, even at low resouluctuations. Here, high levels of
fluctuations merely lead to an increase in the ithe§ co-operators in the coexistence.
Hence the effect of changes in the mean infloviranger than the effect of inflow variation,
but they act synergistically as an increase intflatons decreases mean resource availability.
Collapse of cooperation as observed with low inffaxtuations does not occur any longer
because of the stronger effect of the increaseaperation with decreasing mean inflow.
Hence, the benefits that defectors experience fesource variability are not as pronounced
as when mean inflow is constant.
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Figure 6: Level of cooperation for a comparisorefiéct of resource variability versus changes in
mean inflowh = 0,333, p = 3.0, f_ i = 0.8; average of 30 simulation runs, results are calate
cooperative when at least 50% of the runs conviergemixed equilibrium.

4. Discussion and Conclusions

We have investigated the robustness of cooperatiarcommunity of harvesters exploiting a
resource where a norm of sustainable resourcectiginas maintained through social
disapproval of norm violators. Under constant reseinflow conditions the community
engages in full cooperation and sustainable resause when the community social capital is
large enough to disapprove effectively of norm aiots and the violation is not too high. If
norm violations are high, the community cannotaustull cooperation but a few norm
violators coexist because of the benefits of ovedsting when resource conditions are good.
If the social capital of the community is low, cepation cannot establish and resources are
heavily overexploited. Social disapproval is thuseaessary but not sufficient condition for
cooperation and hence collective action for suatdmresource use to emerge.

Our results also indicate that under certain cambtthe maximum level of sanctioning a
community with high social capital can adminisatnorm-violator can be critical for the
persistence of cooperation. Here, a slight decrefagee utility loss norm-violators

experience through social disapproval can leadcwllapse of cooperation. This confirms
theoretical and experimental studies that inditdaé the severity of sanctioning plays an
important role in the evolution of cooperation (geg Jiang et al., 2013, Shimao and
Nakamaru, 2013, Iwasa and Lee, 2013) and its #&taplnsink and Ruijs, 2008). The
sensitivity of cooperation to the details of thead#ning mechanism also raises the question
of how the strength of sanctioning, i.e. the degrfesocial disapproval, emerges and how
results may differ if different community members anore or less vulnerable to the social
disapproval exerted on them by the norm followEtgure work may profitably investigate
these issues in an agent-based model, or expeahwarfteld settings. Another important
aspect is the consideration of direct costs forctramunity members that engage in
sanctioning that is dependent on the number ofctlefe Testing these results in the presence
of other models of costly sanctioning would représa important extension.



Collective action that tolerates a few norm-viotatand thus achieves resource use that is
close to socially optimal under constant resouts@litions can abruptly collapse when
resource flows are subject to small fluctuatiorige Tollapse is accompanied by the loss of
the social norm and collapse of the resource. Alsnw@iease in resource variability as a
consequence of climate change, change in resosecpaiterns or internal dynamics of a
biological resource such as a fish population thaseases the probability of a breakdown of
cooperation in a previously well-functioning comritynlt does so by providing short term
advantages for norm violators in situations whesoueces are more abundant than usually.
Our own field observations of water withdrawal iiigation in Uzbekistan have shown that
uncertainty of water availability can lead to ogpaistic behaviour where actors take out as
much water as possible in order to insure agairtatd low water availability. Similarly,
Brockhurst et al. (2007) found that cooperation agsb bacteria breaks down at low levels of
disturbance because of an accumulation of chedettseir model cooperative traits most
readily evolve under an intermediate level of distéunce. Under a high disturbance regime
cooperation cannot evolve, because the threshaolsit§geabove which cooperation provides a
group benefit is never reached as their growtlorgicuously interrupted. In our case
cooperation cannot evolve independent of the madeibf the disturbance when there is low
initial levels of cooperation, and hence a lackadial capital to effectively disapprove of
norm-violators

Perhaps surprisingly, cooperation is stabilized sudtlen breakdowns no longer occur once
the size of the variability crosses a certain thoés (and the initial proportion of cooperation
is large enough). Under conditions of high resowam@ability, norm violators are at a
disadvantage because they experience much lauggudkions in payoffs than norm
followers, while still experiencing the same amoohsocial disapproval. This reduction of
utility decreases the probability that a norm fakw changes strategy allowing the social
norm to persist. Ansink and Ruijs (2008), usingaeng-theoretic model, have found that
increased variability can have both positive angatige effects on the stability of treaties for
transboundary water sharing. They point out thatctiaracteristic of the agreement, the
benefit functions of the actors and the distributd political power play an important role in
determining the stability of an agreement. Simylaih an empirical investigation of
transboundary river basin management Dinar eR@lLL®) found that river basins with high
precipitation and runoff variability show highewéds of cooperation than those with low
variability. However, when variability becomes taoge, voluntary cooperation (expressed in
terms of likelihood of treaty formation and numlbétreaties) becomes less likely. They
explain the non-linear relationship between waitgap$y variability and cooperation by the
fact that cooperation enhancing mechanisms sutla@ds may not be effective at all levels of
variability.

Furthermore, in our study the robustness of codiperin situations where norm followers
and norm violators coexist is very sensitive toramease in the mean level of the resource, as
a small increase in the replenishment rate carecaliseakdown of cooperation. With an
increase in resource supply the additional bentifdgsa norm violator receives from
overharvesting outweigh the negative effects ofadalisapproval. With every additional
community member using more resource the norm tuerodes, similarly to what happens
with low resource variability. A decrease in resmuavailability, on the other hand, promotes
cooperation as the risk of income loss through canity disapproval is high and outweighs
the benefits of overharvesting. Under conditionsesburce scarcity, cooperation is thus a
viable strategy that most community members adtoer€he decrease in resource availability
also leads to coexistence of norm-followers wifeva norm-violators at lower levels of

initial social capital in the community. While thisovides some hope for sustainable CPR
use under conditions of environmental change piiaias to be tested empirically whether
strong community norms can enhance the robustriiesgperation to decreasing resource
availability.



Importantly, changes in average resource avaitglaiid variance can have positive and
negative effects on cooperation and hence sustainedource use depending on the direction
and degree of environmental change. Both empiaicdlother theoretical research has come
to similar conclusions. Additionally, several steslhighlight that the role of institutions in
mitigating the effect of climate-induced resourcarsity (Gizelis et al. 2010) or the types of
institutions and possibilities for renegotiatiomn@nk and Ruijs 2008) should not be
underestimated. Dinar et al. (2010) also highltbktrole of the institutional settings and
capacity within nation states for facilitating emrimental cooperation. Informal rules such as
the social norm modelled here play an importard fot the establishment of cooperation and
may also be relevant for maintaining cooperatioteumesource scarcity, as we can see in our
theoretical modelling. The complex and non-linedeliplay of social dynamics through
disapproval of norm violators with the ecologicghdmics through the rewards actors get
from resource use determine the success or fafureoperative strategies. It is thus
important to take the coupling between the socidl ecological subsystems into account
when analysing and governing social-ecologicalesysttowards sustainable resource use.

Overall, our results indicate that there is nonapte answer to the question whether
environmental change and its impact on naturaluess has the potential to destabilize
cooperation in natural resource use and lead tw@maental degradation (and possibly
conflict). In situations where communities have sbeial capital to maintain cooperation
through social disapproval of norm violators, asmaael here, the magnitude of the
variability determines whether cooperation is dafitaed or enhanced. Reinforcing feedbacks
between increase in returns from resource expioitand decrease in effectiveness of
sanctioning can cause collapse, or lead to highaperation when increasing resource
scarcity strengthens social norms. The effechglyodepends on the magnitude of the
resource variability. Policies to enhance the d@damapacity of natural resource use,
particularly of CPRs, should thus take social noamd their role in (informally) stabilizing
cooperation and hence collective action in a comiyimo account. Enhancing the social
norms and their effect on benefits of norm violatoan potentially increase the adaptive
capacity of the community to future increase irougse scarcity.

The modelling approach presented here allowed diseasl the dynamics arising from the
coupling of social and ecological processes byieilyltaking into account changes in
community structure and agent behaviour causedhagges in resource conditions and vice
versa. Particularly the former are often negleatestudies of regime shifts that focus solely
on the ecological system and treat the social syatea driver. This can lead to misleading
results if the system studied is truly coupled asd@monstrate here and in Lade et al. (2013).
These are theoretical results based on specificrgstons about the behaviour of resource
users (e.g. imitation of better-performing stragsyi resource dynamics and mechanisms of
cooperation. A next step in further exploring thkerof environmental variability in coupled
SES will be to test these results in the laboraéogy the field in order to get more realistic
insights into the effect of resource scarcity aadability on the robustness of cooperation.

Acknowledgements

We would like to thank Steven Lade for valuable omnts on the manuscript. MS
acknowledges funding by the European Research @aunuer the European Union’s
Seventh Framework Programme (FP/2007-2013)/ERQ ggarement no. 283950 SES-
LINK and a core grant to the Stockholm Resilieneat@ by Mistra. SAL was supported

by National Science Foundation grants EF- 1137B®A4$/1260/0955699, and GEO-
1211972. AT is supported by the Centre for Clir@t@nge Economics and Policy, which is
funded by the UK Economic and Social Research Gb(lBERC) and Munich Re.



References

Agrawal, A., Chhatre, A., 2011. Against mono-consagialism: Multiple outcomes
and their drivers in social-ecological systems.b@ldnvironmental Change
21, 1-3.

Ansink, E., Ruijs, A., 2008. Climate Change and$i&bility of Water Allocation
Agreements. Environmental and Resource Economic848L-266.

Barnaby, W., 2009. Do nations go to war over walafure 458, 282—-283.

Bates, B.C., Kundzewicz, Z.W., Wu, S., Palutikofi§g, 2008. Climate Change and
Water.Technical Paper of the Intergovernmental Pam€limate Change.
IPCC Secretariat, Geneva.

Berkes, F., Folke, C. (Eds.), 1998. Linking Soeaiatl Ecological Systems:
Management Practices and Social Mechanisms fodBgilResilience.
Cambridge University Press, Cambridge.

Brockhurst, M.A., Buckling, A., Gardner, A., 200Zooperation Peaks at
Intermediate Disturbance. Current Biology 17, 7635-7

Burke, M.B., Miguel, E., Satyanath, S., Dykema,.Jl&bell, D.B., 2009. Warming
increases the risk of civil war in Africa. Procasgh of the National Academy
of Sciences 106, 20670-20674.

Cox, M., Arnold, G., Tomas, S.V., 2010. A reviewdsfsign principles for
community-based natural resource management. Bcalog) Society 15, 38.

Dawes, R.M., 1980. Social dilemmas. Annual reviéwsychology 31, 169-193.

Dinar, A., Blankespoor, B., Dinar, S., KurukulagaiP., 2010. Does precipitation
and runoff variability affect treaty cooperatiorntween states sharing
international bilateral rivers? Ecological Econosné®, 2568—2581.

Dixit, A.K., Levin, S.A., Rubenstein, D.I., 2012eBiprocal insurance among Kenyan
pastoralists. Theoretical Ecology 6, 173-187.

Encyclopedia Britannica, DVD Edition. ed, 2005 .nckclopaedia Britannica, Inc.,
Chicago, lllinois, USA.

Fehr, E., Fischbacher, U., 2002. Why social prefege matter—the impact of non-
selfish motives on competition, cooperation aneimives. The economic
journal 112, C1-C33.

Gibson, C.C., Williams, J.T., Ostrom, E., 2005. dloenforcement and Better
Forests. World Development 33, 273—-284.

Gizelis, T.-l., Wooden, A.E., 2010. Water resouraestitutions, &amp; intrastate
conflict. Political Geography 29, 444-453.

Hagedorn, K., 2008. Particular requirements fotitusonal analysis in nature-related
sectors. European Review of Agricultural Econon38s357-384.

Hardin, G., 1968. The tragedy of the commons. S&62, 1243-1248.

Hsiang, S.M., Burke, M., Miguel, E., 2013. Quanitity the Influence of Climate on
Human Conflict. Science 341, 1235367-1235367.

Hsiang, S.M., Meng, K.C., Cane, M.A., 2011. Ciwhdlicts are associated with the
global climate. Nature 476, 438-441.

IPCC Intergovernmental Panel on Climate Change7 2B@ergovernmental panel on
climate change fourth assessment report, climaagd Synthesis report,
summary for policymakers.



Iwasa, Y., Lee, J.-H., 2013. Graduated punishneeefficient in resource
management if people are heterogeneous. Jourfidlenfretical Biology 333,
117-125.

Janssen, M.A., Holahan, R., Lee, A., Ostrom, EL02Qab Experiments for the Study
of Social-Ecological Systems. Science 328, 613 —617

Jiang, L.-L., Perc, M., Szolnoki, A., 2013. If Caption Is Likely Punish Mildly:
Insights from Economic Experiments Based on theasinét Game. PL0oS
ONE 8, e64677.

Kinzig, A., 2013. Social Norms and Global Enviromited Challenges: The Complex
Interaction of Behaviors, Values, and Policy. BieBce 63, 164—-175.

Kundzewicz, Z.W., Kowalczak, P., 2009. The potdribawater conflict is on the
increase. Nature 459, 31-31.

Lade, S.J., Tavoni, A., Levin, S.A., Schliter, BD13. Regime shifts in a social-
ecological system. Theoretical Ecology 6, 359-372.

Levin, S., Xepapadeas, T., Crépin, A.-S., Norbédrgde Zeeuw, A., Folke, C.,
Hughes, T., Arrow, K., Barrett, S., Daily, G., BbH, P., Kautsky, N., Maler,
K.-G., Polasky, S., Troell, M., Vincent, J.R., WatkB., 2012. Social-
ecological systems as complex adaptive systemselngdand policy
implications. Environment and Development Economi@s111-132.

Maier-Rigaud, F.P., Martinsson, P., Staffiero,Z0]10. Ostracism and the provision
of a public good: experimental evidence. Journ&ainomic Behavior &
Organization 73, 387—-395.

Morgan, J., 2003. Pairwise competition and theicapr equation. Bulletin of
Mathematical Biology 65, 1163-1172.

Mduller, B., Bohn, F., Drel3ler, G., Groeneveld Klagssert, C., Martin, R., Schliter,
M., Schulze, J., Weise, H., Schwarz, N., 2013. Besg human decisions in
agent-based models — ODD + D, an extension of B @rotocol.
Environmental Modelling & Software 48, 37-48.

Oses-Eraso, N., Viladrich-Grau, M., 2007. On th&t@uability of common property
resources. Journal of Environmental Economics anddgement 53, 393—
410.

Ostrom, E., 1990. Governing the commons. The emoludf institutions for
collective action. Cambridge University Press, Néwvk, New York, USA.

Ostrom, E., 2000. Collective action and the evolubf social norms. The Journal of
Economic Perspectives 14, 137-158.

Ostrom, E., 2007. A diagnostic approach for goiagdnd panaceas. Proceedings of
the National Academy of Sciences 104, 15181.

Ostrom, E., 2009. A General Framework for Analyzggstainability of Social-
Ecological Systems. Science 325, 419-422.

Schliter, A., Theesfeld, I., 2010. The grammamsfitutions: The challenge of
distinguishing between strategies, norms, and r&dasonality and Society
22, 445-475.

Serageldin, 1., 2009. Water: conflicts set to anghin as well as between states.
Nature 459, 163.

Sethi, R., Somanathan, E., 1996. The evolutiorooias norms in common property
resource use. AMERICAN ECONOMIC REVIEW 86, 766—788.

Shamir, U., 2009. Water is a source of cooperatiathmer than war. Nature 459, 31—
31.



Shimao, H., Nakamaru, M., 2013. Strict or Gradu&adishment? Effect of
Punishment Strictness on the Evolution of Coopemnati Continuous Public
Goods Games. PLoS ONE 8, e59894.

Sigmund, K., De Silva, H., Traulsen, A., Hauert, Z010. Social learning promotes
institutions for governing the commons. Nature 48&l—863.

Tavoni, A., Schliter, M., Levin, S., 2012. The sua¥ of the conformist: Social
pressure and renewable resource management. Jotifitedoretical Biology
299, 152-161.

World Water Assessment Programme, 2009. The UN#&tns World Water
Development Report 3: Water in a Changing World BECO, Paris, London.

Zeitoun, M., 2009. Water: resistance on the roomeards a fair share for all. Nature
459, 163-163.



