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Abstract
Real world observations suggest that social norimt®aperation can be effective in overcoming
social dilemmas such as the joint management @na@n pool resource — but also that they
can be subject to slow erosion and sudden collafgeshow that these patterns of erosion and
collapse emerge endogenously in a model of a clogeununity harvesting a renewable natural
resource in which individual agents face the temato overexploit the resource, while a
cooperative harvesting norm spreads through thenuomty via interpersonal relations. We
analyze under what circumstances small changegynplrameters (including the size of the
community, and the rate of technological progresg)ger catastrophic transitions from
relatively high levels of cooperation to widespreadm violation — causing the social-ecological

system to collapse.
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1 Introduction

The history of mankind is one of gradual changenmironmental quality and natural resource
abundance, punctuated with sudden collapses of Igogns, species, ecosystems, and
sometimes even of entire civilizations [1,2]. Theshcommon example is the collapse of the
human population on Easter Island following theletgpn of forest resources [2,3]. To explain

patterns of gradual change and sudden collapsétéhnature has focused on the existence of
non-linear relationships in the dynamics of rendeaiatural resources. Examples of natural
systems characterized by non-linearities are thiosiefeature a minimum population size below
which extinction is inevitable [4,5], but also tleosith complex interactions between the various
components of the ecological system as is the ioager example, shallow lakes and semi-arid

ecosystems [6-8]. The strong non-linearities in dgeneration functions typically give rise to

the prediction that continued overharvesting of hsource results in a gradual demise of the
resource until a threshold — or tipping point +eached, beyond which collapse is inevitable and
subsequent system restoration is very costly, en @wnpossible [9].

In this paper we contribute to the literature mpihg points in social-ecological systems
by analyzing how social interactions between thersief a natural system affect its resilience.
Building on [10-13] we use evolutionary game thetwydevelop a model in which a finite
number of community members have access to a colgraamed renewable resource. As is the
case in the real world, we assume that the commopepty regime is such that community
members are allowed to harvest the resource, att tttey are not allowed to hire non-
community members to engage in resource harvesimg their own time constraint is binding
[14]. Next, natural regeneration is captured by tandard logistic growth function, and

community members can decide to act cooperativelyntiting their extraction, or not. Agents



55

60

65

70

75

are tempted to act non-cooperatively (also refet@das defecting) because of the higher
associated profits, but we also allow for the duiy that whenever a cooperator and a defector
meet, the cooperator may convince the defectanefbcial desirability of acting cooperatively.
The diffusion of social norms regarding harvestiisgy thus assumed to take place via
interpersonal relations, with cooperation beingntegious” [15-18]; see [19] for empirical
evidence in the context of renewable resourceTisie.modeling approach is consistent with the
experimental evidence that verbal expressions sifaditent can induce and sustain cooperation
in social dilemma situations [20], but the mechanisan also be interpreted as reflecting peer-
to-peer sanctions or rewards [21-23].

Our paper generates tipping points without exiijiegntroducing (strong) non-linearities in
the dynamics of either the ecological system or dbeial-economic system. The resource’s
logistic growth function implies that the percerdatpte of resource regeneration increases
linearly with resource scarcity, and the socialreraic system is self-stabilizing as well. If, for
whatever reason, the number of cooperators incsg#ise social pressure on defectors rises, but
the benefits of defecting are larger too. Despite &pparent stability of its two components, the
system can still generate positive feedbacks betwesm, giving rise to multiple equilibria. For
some range of parameter values the “good equihiitrican be very resilient to exogenous
shocks or external developments (such as populajromwth or technological progress in
harvesting), while the same exogenous changes thaesocial-ecological system to collapse if
the parameters are close enough to a critical ibtés The positive feedbacks (giving rise to
tipping points) emerge because the property rigegme implies that each community
member’s harvesting time endowment is finite. Ifexogenous shock causes a decline in the

resource stock, the socially optimal individual\esting effort level decreases. Cooperation thus
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requires agents to decrease their effort leveld,l@nce the temptation to defect increases with
resource scarcity. As a result, more cooperatocglddo defect, putting even more pressure on
the resource stock. This leads to a spiral of digpleand defection, and eventually, the system
flips to the “bad” equilibrium. The societal consegces of such a flip can be substantial
because the system exhibits hysteresis. Upon systdlapse, moving back to the “good
equilibrium” can be difficult and costly — if it i®asible at all.

We thus show that collapse can be caused by ersypal interactions and economic
constraints, rather than by the presence of inligreon-linear functional forms. In that sense,
our model is related to models that generatesrigpppints in a general equilibrium framework
because of interactions between economic sectath, imcreased harvesting in the resource
sector imposing a negative externality on anothemtos, resulting in even more intensive
resource harvesting [24,25]. Our focus on the $odjmamics at the community level is
especially relevant because of the role of soomms in community governance of common
pool resources such as fish, forests, or grazindsld26-28]. Our paper identifies a mechanism
why community resource management can be succassfidme situations and not in others,
and is even relevant for resources whose regeaeratnctions are not characterized by strong
non-linearities. As such, the mechanism may hawn lmme of the factors that contributed to
social-ecological collapses in the past [29,30]t B insights obtained by this paper may also
be relevant for today's policy makers. If centratizenforcement is cheap and effective,
community resource management is inefficient. Buthe monitoring and policing costs of
formal regulation are high (for example when it agly resources that are geographically
remote), community management may be more effi@asribng as the community’s support for

the social harvesting norms is sufficiently largad this paper provides insights into the “early
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warning signals” for the government to start ineamng to prevent collapse. In that sense the
paper also complements the literature in whichren& regulator aims to enforce property rights
[31,32].

Our paper is, however, not the first in notingttb@aupled social-ecological systems can be
inherently complex [33-35]. Iwasa et al. [36] arzaya system in which agents are more inclined
to undertake pollution-mitigating activities whemetenvironmental quality is poor, and also
when social pressure is high. In their model, aléve stable states occur when social pressure
increases strongly with the fraction of cooperatarthe community. This framework has been
extended to incorporate non-linear resource dymamscwell, leading to even richer dynamics
[37]. Taylor [25] develops a minimum viable popudat model in which resource extraction has
a negative effect on the profitability of a compgtisector, rendering extraction even more
attractive. Our paper is complementary to this aege in that we do not use any functional
forms that, by themselves, give rise to tippingpsiin our model collapse can occur because of
personal interactions, and the fact that individutine endowments are not infinite.

The setup of the paper is as follows. In sectione2present the model, focusing on the
mechanisms driving changes in the size of the resostock and on those affecting the number
of cooperating individuals in the community. Thealysis is fairly complex, and hence we
present the intuition behind the underlying mecsianin section 3, providing the proofs as well

as a numerical robustness analysis in sectionetioBeb concludes.

2 The model
We assume that there d¥e> 1 agents in a community who have access to anmny-owned

natural resource. The right to extract is exclugivassociated with community membership;
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community members are not allowed to employ outsitie assist in harvesting [14]. The size of

the resource stock at tinhés denoted byX (t). Each agent is endowed with a fixed effort legel

which she can allocat® harvesting the common pool resource, or to terradtive economic

activity. The amount of effort agent(i = 1...N) allocates to resource harvesting at titrie
denoted bye(t). Assuming that the return to effort in the altéive economic activity is
constant and equal te, the income agenit derives from this activity at timé is equal to
w(&-e(}), where & g (tk "

The relationship between an individual agent'svbsting efforte () and the quantity of
resource goods harvestedh(t) is given by the Schaefer production function,
h(t) = gX(?) e(),whereq is a technology parameter. Assuming logistic glpwienoting the
intrinsic growth rate by and rescaling resource units such that the cayryapacity is equal to
unity, net natural growth of the resource is equalG(X(t)) = rX(t)(1- X(t)), and hence

resource growth is given by

N
(1) dX(t)/dt=rxXt)(1- X 1) - ax(®_ . e(d.
Regarding harvesting revenues, we assume thatroesgoods can be sold at a time-invariant
unit priceP so that agenits sales revenues aféh(t) = PgX() g }. Harvesting gives rise to an

intertemporal negative externality as excessiveaekbn today reduces the size of the available
resource stock tomorrow. This intertemporal conseqa of today’s harvesting is sometimes
referred to as the “Class | problem” [38]. “Clakgproblem” then refers to the problem caused by
instantaneous externalities, where an agent'smatuher harvesting effort in a specific period
negatively depends on the total effort put in by th—1 agents in the community in that same

period — think of congestion or crowding. In thiaper, we do not just account for the
6
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intertemporal externality; we also introduce artansaneous one (see below). We do so for two
reasons. First, while the intertemporal externatitgry be economically more severe in the real
world than the instantaneous ones, the latter ter important too [39-41]. Second, analyzing
the consequences of an instantaneous externalifgngopic) agents’ propensity to cooperate, is
much less complicated than in case of forward-legkagents trying to solve the intertemporal
externality, while the underlying mechanism thagxplored here is essentially the same.

We follow [42-44] by modeling the instantaneougatéve externality as a cost component

in the profit function. While gross harvesting inee is equal toPgX(f) (), we assume that
there are congestion costs that are dependentediotédd amount of effortH(t)) the community
puts into resource harvesting, wheE(t)EZLej(t). These congestion costs materialize
because agents have to search longer for good,spp&nd more money on fuel and
transportation, or because fishing nets may interd@d tear, etc. [42]. We thus assume that if an
agent puts in efforg(t), she incurs congestion costs equalvi(t)e(?) ,wherev reflects the

marginal costs of congestion associated with aumitsincrease in aggregate effolence, total

income earned by agenat timet is:

2 #M)=PaX(he()+ vWe &))- VB €) 2

! Note that the crowding costs are assumed indeperafethe wage rate, implying that we focus on aling
resulting in increased expenditures on for exarfyéor nets. We do so because in section 4.Ingetttie wage rate
equal to zero considerably facilitates the anadytieolutions. If congestion costs were assumedxtdusively
consist of forgone income from outside employmémtye would be no externality in section 4.1. Fonsistency
we thus need to assume that there are cost comjgooter than foregone income as well. As the wade is
assumed to be exogenous, making the congestios dependent on the wage rate increases complekitpwt
yielding additional insights. Therefore we choseapture the congestion costs by a specific cohstan

4 We model crowding as a cost component rather thHanthe production function (with crowding reducing
harvesting productivity; cf. [41,45]) to keep thedael analytically tractable. The latter modelingpagach would
imply that the harvesting production function egual(t)=(gX(9-v 1Y) g}, and hence the dynamics of the
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Usingo to denote the agents’ discount rate, social welfaaximization requires
() maxEje“"[PqX(t) E()+ w Ne E)- Vi )ﬂ d
0

subject toO<e(t)< e for all i, as well as (1). Hence, (3) allows us to captuoth the

intertemporal and the instantaneous externalfitié&en we focus on just the Class Il problem
(the instantaneous oned, » o (because agents are very impatient, or simplyusecthey are
unaware of the intertemporal externality); the cas€lass | but no Class Il problem can be
analyzed by settinge >0=0 andv = 0.

We assume that agents can choose between twodf/pehavior: to act cooperatively, or
to “defect”. All agents are aware of the social &#s of internalizing the (instantaneous and/or
the intertemporal) negative externalities, and safthem decide to act cooperatively. Those
who do, are assumed to put in their fair share, (L&) of the socially optimal aggregate
harvesting effort (that is, the one that solvesdi8gn the current size of). Others, however,
decide to act non-cooperatively because of theeniginofits associated with defection. Each
agent that defects is assumed to choose the &t that maximizes his private welfare level

given the aggregate amount of effort put in by Me'1 other agent8.Using superscript€ and

resource stock (see (1)) would be specifieddagt)/dt =X ¢)(1- X () -(aX(t)- v' E(t) E). The severity of the

crowding externality would then not just affect fiio but it would also shift the nullcline of thesource. This
would complicate the analytical solution substdiytivithout yielding any new insights, and hence dexided to
model the instantaneous externality via crowdingt€wather than via decreased harvesting prodtyctihat is

essential for our model is that agents are tempiedefect because of differences in profits betwaeting

cooperatively and selfishly, and this is the cdsene agent's effort decreases the returns othentageceive on
their harvesting effort, but also if it increashe per-unit harvesting costs of the other agents.

% From here onwards we omit time arguments, unlestting them may cause confusion.

* Most evolutionary game theory models on coopenatiod defection assume that effort levels choséndepend

on the behavioral mode chosen (cooperation, orctlefg, but not on the size of the resource std€k13]. In other
words, effort is either “high” or “low”, dependingn whether an individual is a cooperator or notouin model, the



D to respectively denote cooperators and defectioesabove assumptions imply that > 7°.
The prospect of having higher payoffs is what tesrgogents to start acting selfishly, and we
assume that agents are more likely to defect thgedais 7° as compared taz®. More

180 specifically we assume that the fraction of coofmegathat decide to defect at tirhés equal to

——F——— |, where C(t) denotes the number of cooperators at tinadg is
Ve ( X, C) ® P P
the percentage decreaseG(t) associated with a one unit decreaserfy 77°.°

Next, we assume that whenever a cooperator messggeator, there is a probabilitythat
the former succeeds in convincing the latter to embperatively. Assuming that social
185 encounters occur randomly, the probability of apmyator meeting a defector can be modeled as

a Poisson process. Using(t) = N - C(t) to denote the current number of defectors in the
community, the probability of an encounter takirlgce in time interval(t,t + At) is equal to
AC(t)D(t)At/ N, wherel is the Poisson parameter. Social pressure thusases the number of
cooperators byC(t+At) - C(t) =a C(t) D(t)At/ N, where a = Au. Using the continuous-time

190 equivalentand combining the effects of social pressure amgptation, we have:

allocation of effort is endogenous. This assumpisonot just realistic, it also is crucial for eapling under what
circumstances a community is able to maintain coatjm, and when cooperation collapses.

® Agents are not divisible, and denoting the changmoperators by @/dt implies a slight abuse of notation as this
suggests that we do not explicitly constrain thange to be an integer number. Similarly, the egiilim number
of cooperators is not exactly at the point whe@dtl= 0 (cf. equation (Al) in the Appendix), but thesfiinteger
number above th€ that solves @/dt = 0. Explicitly acknowledging indivisibilities confipates the notation without
affecting the essence of the results as long asuhwer of agents is sufficiently large (as assuiméhis paper).
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4 dC/dt=%C(N—C)—lgc{1_%j's

Equation (4) thus captures what we label “contagjicapperation with the temptation to defect”,
and relies essentially on three assumptions. Fshe agents are willing to uphold a social
extraction norm (doing what is optimal for the gnoas a whole), and try to impose social
pressure on non-cooperators to also start adhagitige norm [20,46,47]. Second, the propensity
to (dis)obey a cooperative norm depends on the twimop to defect, but also on whether
individuals have recently been exposed to coopaigtiminded agents. There is a vast literature
on the role of personal encounters in spreadingaknorms (see for example [48-51]). Face-to-
face communication is found to be very effective imducing cooperation in laboratory
experiments, and much more so than alternative smofileommunication [46]. Being confronted
with other people’s behavior conveys informationl amduces people to update their “best mode
of behavior” cf. [18,49]. Indeed, even subtle coépeer pressure are often enough to induce
rule-obeying behavior [48]. The idea of being watth(even if this is induced by mere
photographs of human eyes) tends to improve rubeptiance [52]. And if social interactions
are repetitive, the resulting behavior can becomecal norm [50] which may subsequently be
internalized [51]. The mechanisms by which coopenaspreads include moral persuasion,
social pressure and feelings of guilt [20,47,53/5dhird, the probability of a cooperator

meeting a defector follows a random Poisson procEss last assumption is more likely to be

®If a<B(N-1)/(2N), the system’s collapse resultsGr= 0 — see Proposition 1 in section 4.1 and equd#6i in
Appendix A3. IfC = 0, we have @/dt = 0 independent of whatever policy the regulataywant to undertake (see
(4)). This is neither plausible nor very interegtiand hence we assume tlmat S(N —-1)/ (2N).

" Another mechanism often cited are punishments5[238]. Although our model does not cover the opfior
costly punishment, it is straightforward to seet thath gradual change and sudden collapse canrmrajed by a
model with costly punishment. All what we need tliese to materialize is a countervailing forcedefection.

10
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met in some circumstances (e.g., when defectorsickntheir harvests so that cooperators can
only indentify defectors “in the field”) but not &l — allowing for targeted encounters would be

an interesting extension of the model.

3  Gradual changesin cooperation and resour ce conservation, and sudden collapse

The analysis of why the social-ecological systejn(4). is characterized by multiple equilibria is
complicated. Because of this, we first provideititaition behind the mechanism in this section,
and present all the proofs and robustness chedke inext.

The mechanism giving rise to positive feedbacks mwltiple equilibria is as follows. To
maintain cooperation, social pressure should bécgaritly large, and the temptation to defect
should be sufficiently small; see (4). The strengjtlsocial pressure is a function of the number
of cooperators: the larger @& the larger the pressure on defectors to chargeliehavior. The
temptation to defect is also a function of the nemtf cooperators. For givetithe temptation
to defect (weakly) increases with because of the following. Solving (3), cooperatai® to
maximize the (net present value of the) total amooh resource rents accruing to the
community. They take into account the (instantase@nd/or intertemporal) negative
externalities associated with their harvestingvéotis, and hence they put in less effort into
harvesting than defectoreq < e°).2 The largerC, the larger the available amount of resource

rents, and hence the more tempting it is to defedtappropriate these rents.

8 Recall that we assume that all agents know theentiresource stock and the socially optimal efirel is public
knowledge. Furthermore, defectors can infer the emof cooperators, for example by observing tl&mn net
returns to harvesting (from which they can derikie total amount of harvesting effort put in by test of the

11



230 So, the temptation to defect depend<Corbut it is a function of the size of the remaining
stock as well. Perhaps surprisingly, the smaMerthe larger is the temptation to defect.
Cooperators take into account the negative hangstxternalities and switch to interior effort
levels at an earlier stage of resource depletian tiefectors. Thus® / € falls with resource
depletion, and so does® / 77° (becaused7r/ de>0 unless all rents have been dissipated). Hence,

235 the temptation to defect is larger the largeC snd the smaller iX.

With these mechanisms in mind, we now addresgjtiestion why the social-ecological
system may experience periods of gradual changestypated by sudden collapse. Suppose that,
for a given set of parameters, the net social maftdiarvesting productivity is larger than the
wage rate even if all agents harvest as much asde (€ = € for alli = 1...N). Then it is

240 socially optimal for each agent to put @& This would be the case if the community is fairly
small (smallN), if the outside wage rate is not too high (sm3ll if the rate of regeneration is

fairly high (r large), etc. Let us usé(r,P,g N,v,wd) to denote the critical time (or effort)

endowment at which the socially optimal individe#fort level (and hence®) is exactly equal

to & in steady stat®.That means that there is no social dilemma as lasg< CIQF

245 e° = €° = esothatrr® = 7° (see (2)), and hence, in steady st&te;, N (cf. (4)).

So how do exogenous developments such as teclmamgless or population growth affect

the critical effort endowmené,(+) for which €“ = &? An increase ing or N amplifies the —

community). These assumptions are fairly standareconomics but not necessarily very realistic. Eosv, note
that our results hold as long as cooperators chtmvser effort levels than defectors. Hence, all meed is that
defectors try to appropriate (part of) the resousmgs created by other community members actingpetively,
and this assumption is likely to be met in the watld too.

9 Hence, & is a function of all system parameters excepndf. As long ase® = & there is no temptation to
defect, and hence the probability of a cooperadorimcing a defector to become cooperative, is iteni too.

12



effective — labor input in harvesting® (+)/0q<0'® and & (+)/dN<0. The largeN or g, the
lower the socially optimal individual effort levelnd hence the smaller the critical effort
250 endowment level for which a social dilemma matezés.
As long as the parameter set is such #hag(*) we have full cooperation, and increases
in N or g result in a gradual decrease in the size of theuree stock, because (effective) labor
input in harvesting increases. If exogenous devetys inN, g, or any other parameter cause

é () to fall below &, the social dilemma emerges and cooperators chotesgor effort levels.

255 We then havee” < € =& and we also haver® < 7° (cf. (2)). As long as2-g(*) is positive
but sufficiently close to zero, the decrease inpewation and resource conservation is small,
because temptation to defect is smallXas large) while the probability of a defector megta
cooperator, is high (&8 is large).
However, we can identify a tipping poirg,(r, P, g N, v, wo a ,5). where the same gradual
260 changes cause the social-ecological system topsala-or the system to be in steady state, we
need K/dt = 0 and &/dt = 0 (cf. (1) and (4)). At&(*), the steady state is stable, but the
nullclines ofX andC are just tangent. That means that any chanfjgdnor any other parameter
can cause the equilibrium to disappear, triggeaisgiral of defection and resource depletion. As
before, changes itN or g cause cooperators to reduce their harvesting eféwels, while
265 defectors continue to allocate their entire timel@wvment to harvesting. As a resuif / 77°
decreases, some cooperators defect, aggregatestwagveffort increases, and the resource stock

is reduced further. This induces cooperators tagedheir harvesting effort even more, thus

10 At least, forq>+/2rv/ P; see Appendix 3.

13



270

275

280

285

resulting in an even stronger decrease in the pagtb, and a spiral of defection and resource
depletion unfolds. This positive feedback mechanggwes rise to a rapid deterioration of both
cooperation and the resource stock, and the negapiral is stopped only when (almost) all
rents have been dissipated. That is, if the avenag@rivate return on harvesting effort is equal

to the wage rate (possibly zero), such that defe@ce indifferent between putting an extra unit
of effort into harvesting, or not. Hence, &(*) falls below & the system moves from an
equilibrium with reasonably high levels of coopamatand resource conservation (the “good
equilibrium”), to one characterized by little coopion and near-complete rent dissipation (the
“bad equilibrium”)**

The typical pattern is depicted in Figure 1. Oa torizontal axis we plog/ €(¢), which
portrays the strength of the social dilemma andhenvertical axe€ andX (in Panels A and B,

respectively). We plo€/ §(¢) rather than jus€ to emphasize that a changeainy parameter

can cause the number of equilibria to change —usttchanges iré itself. The straight lines
connect the system’s stable steady states thatgemarder various parameter constellations,
while the dashed lines indicate unstable steadgstahere are two branches of stable equilibria
(for bothC andX), an upper and a lower branch. An equilibrium tedaon the lower branch is
characterized by very low levels of cooperation aith relatively small resource stocks — all

resource rents have been dissipated, and henceefse to this equilibrium as the “bad

' Note that, unlikeg,, & is a function ofx andj — as well as of all other system parame@(®,q,N,v,wJ). The
larger the steady-state number of cooperatordather the defectors’ optimal amount of effort, drahce the more

likely it is that a given time endowmerdt is binding. Hence, the probability of a defectacifig a binding time
constraint is smaller the largerdsand the smaller i8 (cf. (4) and also (A12) in Appendix A3).

14
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equilibrium”. The upper branch connects all the ddoequilibria” — those characterized by

relatively high levels o€ andX.

<Insert Figure 1 about here>

Because we plot the ratié/ g(e) on the horizontal axis, a move to the right can be
interpreted as an intensification of the sociakmiia, possibly the result of an exogenous
increase ing but it may also be the result of an exogenouseas® in for exampldl or g. If
é/g(*) <1, the social dilemma is absent and we heve & and hence&C = N. Any increases in
€, N, g, etc. just result in a gradual decrease in the sfzthe resource stock — the system is
always in the good equilibrium; see Panels A and Bigure 1. Ifé/ () >1, a social dilemma
materializes, because” < & becomes socially optimal while it is privately apél to continue
putting in € (that is, e =®. Cooperation then decreases as the temptation &ztdieicreases,
but the resource stock itself does not fall by muidins is because cooperators compensate for
the extra effort put in by the new defectors byading lower effort levels themselves, thus
limiting the increase in aggregate harvesting &ffAs long asé is below a second threshold
level (or tipping point) &(r, P, q N, v, wo a ,B), there is just one stable equilibrium, the good. one
If €é>g(+) there is also just one equilibrium — the bad dhe(s) <e<’g(*) the system is in
either the bad or the good equilibrium, dependingtlee history of parameter changes — the

system is located on the upper (lower) branch & flystem approaches(s) from below

(above).

15
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Starting from a situation in whiceé<g(+), small changes i, N or any other parameter

result in small changes i€ and X as the system moves along the upper branch ofestabl
equilibria — until @é=g(+). When the system moves beyold g(), the same small changes
result in the social-ecological system collapsimghie bad equilibrium. Upon collapse the social-
ecological system is in the locally stable bad Eopium, and the system can only flip back to

the good one if effective labor time becomes scagzn (that is, ifj, N etc. fall such thaé/ §

decreases towards unity). For the system to flgkba the good equilibrium on the upper branch

it is insufficient to restoré<g(+). Only if & falls below the second tipping poiré(e), defectors

are sufficiently constrained in their harvestinfpgf that they are unable to appropriate all the
extra rents accruing from additional cooperationo@eration increases, the resource is exploited
less intensively, and the stock recovers. That mehat the difference between” and 7°
decreases, while the subsequent increase in thberurh cooperators causes the social pressure
on defectors to increase too. As a result, a passéipiral of cooperation and resource restoration

pushes the system back to the good equilibriumhemupper branches of Figure 1.

4  Analysis

Having provided the intuition why the system is retdéerized by a positive feedback, we now
proceed as follows. In section 4.1 we analyze #s® avhere (i) agents are assumed to be aware
of the instantaneous externality (the Class Il fgot) but not of the intertemporal one (the Class

| problem), and (ii) there is no outside employmepportunity. That means that we assume
v>0,w=0 and d - «. These assumptions enable us to present the filtaral solution, and

the results correspond perfectly with Figure 1 enésd above.

16
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The assumptions of agents being myopic and fullpeddent on the resource are
analytically convenient but maybe not always equattalistic. Therefore, we relax the
assumption of no external labor market in sectiéh Analytically solving the case @f > 0 is
cumbersome, and hence we rely on numerical metftodether with a robustness analysis
testing whether the mechanism is the same for @dkiple drivers of change — population
growth, technical progress, etc.). In section 4e3drop the assumption of agents being ignorant

of the intertemporal externalifyhat is, we then assumg= 0).

4.1 Cooperation and collapse when agents are myopic and dependent on the resource

In this subsection we assume that community mendreraware of the instantaneous crowding
externality (the Class Il problem) but that they mat take the intertemporal externality (the
Class | problem) into account — because they atefully informed about the dynamics of
resource regeneration, or simply because they gapim Letting 0 - o in (3), the relevant
benchmark for cooperation is the aggregate effevell E that maximizes the community’s
instantaneous aggregate income while taking intowat the Class Il problem:

(5) E(X):maxE{PqXE+ W Ne- B- VE‘ o< E ﬁe

Following Bischi et al. [59], we assume that coepers always put in their fair share of the

aggregate efforte®(X) = B X)/ N. Solving (5) and dividing biX, we have:

é if Xz(w+ 2N§ /Pq),
6) €(X)= Pé\%‘” it wi/(Pax X<( w 2vNp/(PQ
0 if €X<w [Rq).
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Defectors chooseg (OSQ < @ to maximize individual profits, as given in (2).sidg
E, Ezj¢i e to denote the total amount of effort put in by tNe-1 other agents, a defector’s

best response (BR) function is

(7) (X, E)= min{PXq_ W—% E, ,%.

Noting that E; = C€& +( D-1) € and using (6), the equilibrium effort of defecti®s

5 i X>ﬂ+2vN(N— C+1De
~ Pq Pg(2N-Q

(X, 0= (PXq-W(2N-Q . w_,_w 2vN(N-C+l)e

2VN(N- C+1) Pq Pg P2N ¢

(8)

0 it OX <V

Pq

Note that the harvesting effort of defectors degemubothX andC.

Having derived the effort levels of cooperatord defectors, we now analyze under what
circumstances the social-ecological system is chaniaed by multiple steady states. To
maintain analytical tractability we set= 0 in the rest of this subsection — but see seeti@rior
the case wherev > 0. Settingw = 0 is mathematically convenient because it substiti

facilitates the analysis of the social dynamicembodied in equation (4.

2 The temptation to defect is a (decreasing) functib = / z°. Substitutinge® and €” into (2) and taking the
: ° _ (PgX—-w- vE) €+ Vi
ratio, we have— = =,
m°  (PgX-w- VB &+ ik

in (6) and (8).

and hencer® /z° =€/ €° if w = 0, wheree® and €° are identified
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In steady state we havfdt = 0 and €C/dt = 0 (cf. (1) and (4)), and the (relative) levels o
effort chosen by cooperators and defectors crycatfiect both the location and slope of these

two nullclines. Hence we first state the followibgmma:

Lemma 1. Effort levels of cooperatorsand defectorsin (C,X) spaceif w=0and 6—x
In (C,X) space we can identify three regions (denotedA2Land R3) that differ in the effort
levels chosen by the cooperators and defectors:

(OR1) If x »2N€
Pq

, we havee® (X)=€( X §="¢

2vN(N-C+1) e_  2Ne

(9.R2) If pa(2N- 0 “oq

, we havee” ( X) < €( X §="gandde® /aX >0;

—_— T C —_—
<2N(N C+l)e,wehaveec(x)<é’(xQ<At,withe—D N=C+l n(C)

9.R3) If X
(O-R3) Pg(2N-C) e® 2N-C

andoe®/0X=n(Q o€ /d X>0.
Proof: This follows immediately from insertingv = O into (6) and (8) and noting that

N-C+1
(C)="n=c

<lforallN>1.m
In region 1 (R1) the resource is sufficiently abamidso that there is no social dilemma (yet). In
R2 defectors still allocate all their availablecetfto harvesting, but cooperators choose interior

effort levels — and the latter type’s effort lex@kmaller, the lower the remaining resource stock.

In R3 both types choose interior effort levels twé < € < &). The three regions are crucial
when drawing the phase planes of the system; spards 2A and 2B. The two boundaries

between the three regimes are depicted usinguahinierrupted lines. The horizontal one is the
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boundary between R1 and F{Z( :Z\F/)—I(\;ej, and the downward-sloping concave line is the

2VN(N-C+1)®e
boundary between R2 and FE:X = ( ) J

Pg(2N-C)

The nuliclines ofC and X are also depicted in Figures 2A and 2B, and tloeiations and
slopes are derived in Lemmas 2 and 3 below. Beforag that, two things should be noted
about regions R1-R3. First, because defectors ehaaterior effort levels in R3, we can
conclude that (almost) all resource rents are pis$sd in this region — if not, it would pay for
selfish agents to put in extra effdftThis implies that the aggregate payoff of the camity
decreases when the system moves from R1 to R&ntladler the resource stock, the lower the
aggregate welfare, and the higher the need for eratipn. Second, the payoff ratig" / z°

decreases when the system moves from R1 to R3n8etiwe payoff ratioz® /z° decreases

when the system moves from R1 to R3. The instanta@et marginal benefits of harvesting

(PgX - vE cf. (2)) are the same for all agents, and hetfcez® =€ / €°. From (9.R1)-(9.R3)

we infer thatz® / z® is equal to unity in R1, that it decreases whenstiock is being depleted in

R2, and that it reaches its minimum (and remainsstamt) as soon as the system is in R3.
Hence, while the need for cooperation increasesiie system moves down from R1 via R2 to
R3, the temptation to defect increases too. Hawegtified the three regions, let us now have a

closer look at the@/dt = O isocline; see also Figure 2A.

'3 Indeed, for allw=0 and using (6) and (8) we have=(PgX—- w/ vin R3 becaus¢ N -C)/(N- C+1)=1.
Inserting this into (2) we have = (PqX— w-\ Pgx- W/ )/ er Wwe Vforalli=1..N.
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Lemma 2: The dynamics of cooperation and defection if w =0 and d—w

Lemma 2.1In (C,X) space, the nullcline of the number of cooperatdesoted a§:(X)|dc,m=0,
consists of three segments:

* N RL, C(X)| 4 g0 = N,

* IN R2, C(X)| . qe =K(X) < N with dk /dX >0 andd’« /dx? = 0,

* IN R3, C(X)| /40 =K <<N.

dc(X)

PN

€ lacra=0

Lemma 2.20 X >0, < 0 with the inequality being strict in R2.

Lemma 2.3For givenX, dC/dt > (<) 0 if C < (>) C( X)|

dC/dt=0"

Proof: See appendix Alm

<Insert Figure 2 about here>

Lemma 2.1 indicates that th&€ait = O isocline consists of three segments. In R1 RBahis
nullcline is vertical in C,X) space, while it is an upward-sloping linear fumatin R2; see also
Figure 2A. The intuition is straightforward. Lemrhamplies that the temptation to defect in R2
is high whenX is small, and hence the equilibrium number of coajoes is smaller the lower is
X. The nullcline of cooperation is vertical @ = N in R1 because the temptation to defect is
zero, while it is vertical in R3 because hefé € is a function ofC but not ofX; see (9.R3).

Next, Lemma 2.2 states that the larger is thereéflodowmente, the more the @/dt = 0
isocline is located to the left il€(X) space in R2. The larger & the less constrained defectors
are in their harvesting activities, the larger temptation to defect and hence the smaller the

equilibrium number of cooperators that can be susthat anyX.
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Finally, Lemma 2.3 states that the nullclineCos an attractor. For any givefy the larger
420 is C, the larger the temptation to defect (becakgs smaller), and the smaller the number of
defectors becoming cooperators (as there arevelatiew defectors). Hence, for a giv&rnthe

strength of social pressure is larger (smallen) tihe temptation to defect@is small (large).

Let us now derive theXddt = 0 isocline, which we denote by(C)| . ,._,-

425 Lemma 3: Thedynamicsof the resource stock if w=0and d—x

.~ _IPq/N _. _
Lemma 3.1if esm=%, X ()| g g0 =¥ > 2VNE/ Pg

Lemma 3.21f €>8&, X(C)|,, .., does not exist in R1 and hence consists of justswgments:
¢ INR2, X(C)| 4 g0 =¥(O) <2VNe ( P for all C, with dy /dC > 0,y /dC? < C,
* In R3, X(O)] y_, =¥ << 2VN&/ ( PQ.

dX (C)

€ dX /dt=0

430 Lemma 3.3if €>¢, <0.

Lemma 3.4For anyC, dX/dt > (<) O for all X < (>) X(C)

dX/dt=0"

Proof: See appendix A

Lemma 3.1 states that &< g(*) — see section 3 — the steady state must be logated: the
435 total amount of effort availableNé) is too small for the community to be able to draawd the

resource stock to a level below the one where lséingebecomes a social dilemma. The case of

€>#g(*) (as described in Lemma 3.2) is more interesting, ia depicted in Figure 2B. In that

case, the equilibria are located in R2 or evendR8, never in R1. That means that the nullcline
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of X then consists of two segments, one in each refudR2 it is upward-sloping (and concave).
The larger isC, the lower isE, and hence the larger the resource stock thabeasustained in
equilibrium. However, in R3 th¥ nulicline is (almost) horizontal because here géirds choose
interior harvesting effort levels: if one defecttecides to start acting cooperatively, the decrease
in E is negligible because all other defectors increlase effort levels in response.

Regarding the location oddt = 0, Lemma 3.3 states that it is located fartheh®&3outh
in (C,X) space the larger 8. The larger the effort endowment, the less agamsonstrained in
their harvesting, and hence (for ev&yand keeping everything else constant) the smailer t
equilibrium size of the resource stock. And regagdihe dynamics of resource regeneration,
Lemma 3.4 states that the nullclineXofs an attractor. For an, the lower isX, the smaller the
aggregate quantity harvested (because of lowerggtg effort, and because of lower marginal
productivity of effort), and the higher percentagsource growth rate; cf. (1). That means that
for givenC, regeneration is larger (smaller) than the quahigtrvested iX is small (large).

Having derived the shape and location of the twdchnes, we can determine the

number of steady states of the system. Visual cigpeof Figure 2 suggests that the nullclines

can intersect once, twice or three times. Propsiti proves the existence of multiple equilibria.

Proposition 1. For any set of parametefs,P,q,N,v,a,5), three critical effort levels can be

identified, €,(¢), &(*), and&,(*) (with &(*) <&(*) <g(*)), for which the following holds:

Proposition 1.1:The social-ecological system has just one noratriglobally stable steady

state C,X) for each@l[&(), ()], where
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- (C.X)=(N,(r-eNg/ §=(G, X) if 8<8(),
¢ (C,X)=(C, X)if &(-)<e<g), whereC,<C and X, < X, and

« (C,X)=(C, %) if &> &(+), whereC,<C, and X, < X,
Proposition 1.2:The social-ecological system is characterizedhpget non-trivial steady states
(two stable ones and one unstable steady sta@&)(iB(+), g(+));

Proof: See appendix A&.

<Insert Figure 3 about here>

Depending on the values éfr, P, g, N, , # andv, there may be one or two stable steady states
(and zero or one unstable ones). For simplicityusevary justé and keep all other parameters
constant, so tha&(*), &(*) and &(*) remain constant too. IE<§(*) there is no social
dilemma (see Lemma 3.1) so tli@&t N in steady state, and the resource stock is drawm do

the level where resource regeneration is equahéomaximum quantity the community can

harvest*

The analysis is more interesting when the commguiaites a social dilemma. Figure 3
shows the nuliclines for the different qualitativases ofé> §(*). Lemmas 2.2 and 3.3 imply

that the higher i€ (for a given set of parameters), the more thechindé of the social system

(dC/dt = 0) is located to the North-West and the morenthiécline of the resource stockXdtit =

14 ; N o= ; _
Just substltutezi:lef = Neinto (1), set &/dt = 0, and solve.
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0) is located to the South-East.éf(*) < €< g(*), the nuliclines intersect once in R2 giving rise
to just one equilibrium@,,Xy); see Figure 3A.

An increase iné beyond () causes alternative stable states to emerge inaimger

é(*) <e<g(*); see Figure 3B> As stated in Proposition 1.2, there are then tiegpalibria,
two of which are located in R2 (denotégh,X,) and C2s,X28)), and one in R3,{3,X3). Of these,
(C2,X2) andCg,X3) are locally stable, whileQzg,Xz8) is unstable. Whe increases in the range

€(*)<e<g(*), the nuliclines shift as indicated by Lemmas 212 3.3, C2,X2) and Czs,Xzg)

move towards each other, coincide (whér &(*)), and then disappear (whed>g(*)),
implying that Cs,Xs) is the only remaining equilibrium — as depictedrigure 3C*®*’

Figure 3 reveals the exact mechanics giving nsthé bifurcation diagrams presented in
Figure 1'® For €<@(*) there is no social dilemma and just one stabldlibgium, (Cy,X1),
located in R1. The system is located on the upperdnes of Panels A and B in Figure 1, with

C1=N. If &(*)<e<ge), Figure 3A applies, and there is a unique equilitar (C,,Xy) in the

North-East of R2 (implyingC; < N). In Figures 1A and 1B this equilibrium is located the

% n fact, € (+) is defined as a fold bifurcation at which the “beglilibrium” (C3,X5) is located on the boundary

between R2 and R3, where cooperators choose inteifiort levels but where the defectors’ effort staint is
weakly binding; see equation (A7) in appendix A3.
% Here, €,(+) is defined as a fold bifurcation at which two wliiles are tangent in R2 (implying that the

cooperators choose interior effort levels wheréaseffort constrain of defectors is strictly binglinsee equation
(A12) in appendix A3.

" The relevance of the time constraint (relativehe rest of the system’s parameters) is immediattdgr from
Lemma 1 and Proposition 1. If agents have unlimésunts of effort at their disposal, the effoudls chosen are,
by definition, interior, and then Lemma 1 indicathat the system is always in R3. In Figure 2 Rd R2 are no
longer relevant, and the isoclines in R3 just iseet just once — see also Proposition 1 and Apgpefdi With
unlimited time endowments (that is, if agents cae butside labor), the system is de facto opemrss;cand hence
the bad equilibrium is its unique steady state.

18 Indeed, Figure 1 is the numerical solution to @halytical results obtained in section 4.1 usifg0.71,N=100,
P=50,000,0=0.01,v=1,r = 0.8,a=0.1 ands=0.2.
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upper branches. B> 8§(*) Figure 3C applies(s,Xs) in R3 is the unique equilibrium (implying
that X3 is very close to the Nash equilibrium steady statek), and it is located on the lower
branches of Panels A and B in Figure 1. And patbeddency emerges in the system because of
the fact that there are two stable equilibria inecg (*) < €< g(*) ; see Figure 3B. Whether the
system is in equilibrium@,,X;) or rather in Cs3,X3), depends on whether the system approaches
the threshold from a situation in whi&x g(¢), or rather€> g(*). In the first case, the system

is in the good equilibrium@;,X;) — on the upper branches in Figure 1 — until ltapses when
exogenous changes move the system beyond tippiimg pg*), when the positive feedback
identified in section 3 brings the system downhe bad equilibriumGs,Xs).° Having passed
&(+), reversion of the exogenous changes does not atitmiy move the system back to the
good equilibrium C,,X,) because @3,X3) is stable. The jump back t&4X,) only occurs if
parameters change so much th@s,X3) disappears (which happens whets Xs) hits the

boundary between R2 and R3 — that is, wBeng(*) ); compare Figures 3C and 3A.

4.2 Collapsetriggered by various external changesif w> 0 and 6—x
In this subsection we relax the assumptionwvof 0, and we also explore whether the system’s
properties are dependent on the underlying causeBamge — increases in time endowments,

technical progress, population growth, etc. Witkr O we need to resort to a numerical analysis,

19 Note that because> 0 collapse does not result in the complete digpletf the resource. We ha¥g > 0 because
all rents have disappeared before the resourcepletdd. However, the fall to the bad equilibriuiiti sonstitutes a
crisis, as defined by Taylor [25]: “a dramatic, »pected, and [largely] irreversible worsening od #nvironment
leading to significant welfare losses”. Even if@om of social capital does not necessarily leacbtoplete resource
depletion, the welfare consequences can still hendtic for some or even all stakeholders invol&@].[For cases
in which the model does result in complete exhauastif the stock, see section 4.3.
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but we show that the presence of labor marketssléadesults that are qualitatively very similar

to those obtained in sections 3 and 4.1; see Fifure

<Insert Figure 4 about here>

Figures 4A and 4B show the internal equilibria®fand X for different values of the effort
endowmenté if w > 0 andé—w. As stated before, Figure 1 plots the casw of 0 andd— oo,

and comparing Figures 1A and 1B to Figures 4A aBdréveals that withw > 0 the social-
ecological system behaves in qualitatively the samg as withw = 0 as analyzed in sections 3
and 4.1. A positive feedback emerges because atredun the size of the resource stock
induces cooperators to spend less time harvestimg),the subsequent decrease in the payoff
ratio 77° / m° causes the number of cooperators to decreaserrinthe social pressure to act
cooperatively falls, the number of cooperatorssfadind then the resource stock falls even more —
triggering even more defection.

The main novel insight obtained from this analyg@ngw > 0 is that cooperation
increases ife—g(*) continues to increase after collapse; see Figarerldis (small) increase in
cooperation materializes becausm, _ 77°/7° =1 if w> 0. If €>8&, the social-ecological
system is in the bad equilibrium (where all agertieose interior effort levels), and hence
increases iré or decreases ig,(*) only increase the amount of money earned at therread
labor markets, where the same wage rate appliesdperators and defectors alike. Hence, the

larger €é-&(*), the larger the income share of wages earnedeagtternal labor market, and

hence the closer the payoff ratif / 77° is to unity. That means that the increase in coaijmm

following environmental collapse should not be ipteted as a sign that the system is moving
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back to a better equilibrium. Similarly, if the 3% has collapsed, the regulator should not be
concerned about the fact that policies aimed atdied €—&(*) below zero (for example by
decreasingj or by subsidizing outside employment) actuallyuhessin adecreasan cooperation

— reducingé-g(*) reduces the wage share in total income and hericderr® increases, so that

it becomes more tempting to defect. As was the sasggure 1, the system only flips back to
the good equilibrium i€ falls below&(*) .

Having established that qualitatively the samégpas emerge fov > 0 as forw = 0 (with
0—x), we probe further into the robustness of our ltesand interpretations by numerically
solving the system when changing the various kegmaters, and then especiailyN, v anda.
Figures 4C-4F indicate that increases in the héinggesechnology parameteg)(and in the size
of the populationl) yield qualitatively similar patterns as wheérincreases — not surprisingly,
the only difference is thakK continues to fall wherg increases (Figure 4D). Next, if the
instantaneous externality becomes more severe i§hdtv is larger), the steady-state resource
stock tends to be larger (Figure 4H) while the Blguum number of cooperators tends to be
smaller (Figure 4G). The largervsthe higher the need for cooperation, but alsaribee costly
it is to cooperate. So the increaseXiim Figure 4H does not occur because of an increa€e
but in spite of a decrease therédfThe consequences of changesainthe social pressure

parameter, are presented in Figures 41 and 4J eTigees show that for low initial levels af

2 |nterestingly, the welfare effects of higher crémgl costsv are ambiguous. While an increase\iralways
decreases welfare in regions 1 and 3, it may isereeelfare in region 2. The presence of crowdingtcoeduces
aggregate effort, and hence higlealways attenuate the stock externality (the Clagsoblem). We find that in
region 2 the welfare increases resulting from #uced intertemporal externality can dominate tle#éare costs
associated with larger instantaneous crowding cdtsonly for intermediate levels ef Hence, our results are
similar to those established empirically by [61eise of the shrimp fishery in North Carolina.
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increases in the strength of persuasion do not haweh impact on eithe€ or X — until «
reaches a tipping point. After crossing this thaghhe system jumps to a much higher level of
both cooperation and resource conservation, andytstem is also quite robust against possible
weakening of social pressure.dfhas increased sufficiently for the system to fbpthe good
equilibrium, a can fall substantially before the system flipskbtx the bad equilibrium. Again,
this is a direct result of the system exhibitingpadative stable states.

Exogenous developments in the system parametagwealrise to the same dynamics as do
changes irg itself — see section 4.1. All qualitative reswltsained analytically assuming= 0
carry over to the case of > 0 (with 6—), and also the policy implications remain unchahge
If X is observed to stabilize at an intermediately Heytel this is no guarantee that the system is

resilient against shocks. And if the system hadapekd, restoring the system to the good

equilibrium requires changing the system parameigch thatt << g(*) .

4.3 Ecosystem collapse when agents are awar e of both the Class| and Il problems (6>0)

Let us now consider the case where the communitylmees are aware of both the instantaneous
and intertemporal externality. Each defector takés account the instantaneous externaliy
caused by the effort decisions of all community rhers, but ignores both the instantaneous and
intertemporal consequences of his actions on thHémgeof others. Hence, the best response
function of defectors is still given by (7). Cooptrs put in their fair share of the socially
optimal aggregate harvesting effort, taking inteaamt the two types of externalities. Hence,
they solve (3) whered=0. Let us useZ to denote the socially optimal steady state @fel

variable z when agents take into account both the Class |1@ads Il problem of resource

harvesting. It is fairly straightforward to determai ):((-),Ii(-) and &°() = I:E(-)/ N (see
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appendix A4). But it is very difficult to derive ehsocially optimal trajectories towardé(e) ,

and it is also not very likely that communitiesthe real world are able to do that. Therefore, we

assume that cooperators adopt a simple stock-depetdrvest strategy [62,63] by using a

linear feedback control rule” =max{ a+ bX,Q ! Figure 5 presents the numerical results.

<Insert Figure 5 about here>

The bifurcation diagrams presented in Figure Scarditatively identical to those in Figures 1
and 4% Indeed, the underlying mechanism is the same:irts®ntaneous profits earned by
defectors are always at least as high as thosed&ycooperators, socially optimal harvesting
decreases with stock size, and the time constcaases to be binding for defectors at a stock
size that is lower than the stock size at whichpewators start choosing interior effort levels.

The main difference is that maintaining cooperai®even more difficult than in the case
in which agents are unaware of the intertemponalClass |) externality. Compared to the case
of agents being myopic, the cooperators reduce #fiart levels even more for eve¥/because
they now take both externalities into account. Thrtans that for givel® the payoff ratio
71° | 1° is even lower, and hence (i) collapse occurs sofee, all else equal, at lower levels of

€, g, N, etc.), and (ii) the number of cooperators inlihd equilibrium is even smaller. This may

2L We assume cooperators adopt adaptive managenoethiaga < 0 andb > 0) aimed at steering the system towards

the optimal steady state. Furthermae@ndb are set such that each cooperator invéﬁ(s) when X = )~(('). Our
results carry over to the more realistic case wkiegeoptimal steady state is not exactly known typerators.
22 parameter values a®=0.05,a=- 0.3,b= 1.2 All other parameters are as before.
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explain why communities are better able at overognthe crowding externality than at solving
the intertemporal one [64,65].

Finally, note that while the collapse of the sbteieological system did not result in the
total demise of the resource, setting- v = 0 in the intertemporal problem the resourceuiky f
exhausted if the system falls to its bad equiliridVhile the static externality (or a positive
wage rate) makes it uneconomical to actually deplle¢ resource, the intertemporal one does
not: as long as the instantaneous benefits of kangeare positive, defectors continue to extract,

and even the last unit will be harvested if thaamystem collapses.

5. Conclusions
We developed a model of renewable resource use hithwagents can decide to act
cooperatively with respect to resource harvestingoehave selfishly. Adherence to social
harvesting norms can spread through the commuretalse of interpersonal relationships
between cooperators and defectors (because theeffdrgnto convince the latter of the social
desirability of acting cooperatively), but commuynmhembers also always face the temptation to
act non-cooperatively — because of the higher sofihe resulting social-ecological system is
characterized by multiple equilibria, so that snchlinges in key parameters (such as population
growth and technological progress) can trigger stegghic transitions from relatively high
levels of cooperation to widespread norm violattocausing the demise of the resource. Our
setup is unique in that tipping points emerge etreugh both the ecological and the social-
economic systems, by themselves, are inherenthesta

Positive feedback relationships occur in our mdoetause of the fact that, in closed

communities, the amount of labor a community mendaer allocate to resource harvesting is
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necessarily finite because the property right sgstesually does not allow members to hire
external labor. If the resource becomes scarcer,ekample due to unfavorable climatic
conditions, the cooperators in the community deseetheir harvesting effort while defectors
continue to allocate all their available time tovesting — if the net private marginal benefits of
harvesting are strictly positive. A decrease inglme of the resource thus increases the relative
profitability of defecting, and makes cooperatime® more costly. Fewer cooperators are unable
to maintain sufficient social pressure, thus trigage even stronger defection and resource
depletion. Thus, a positive feedback between teeuree stock and the number of cooperators
emerges endogenously — possibly resulting in thlepse of the social-ecological system.

Our model is purely theoretical in nature, budaes yield an important policy implication.
If a regulator is monitoring the ecological systeshe must be aware of potential collapses of
cooperation in communities having access to renkewedsources even if there are no non-
linearities in the resource dynamics themselvesnidddng the system is important because it is
characterized by hysteresis. Upon collapse, itoissufficient to reverse the small exogenous
change that caused the system to collapse. Mouiameasures are needed to generate a

spiral of increasing cooperation and resource reggion — possibly at very high cost.

Appendix Al: Proof of Lemma 2

Proof of Lemma 2.1Erom (4) we havelC / dt- 0 if a(N-C)/ Nzﬁ[l—g) Becausav = 0,

<

we haverr® / 1° =€°/ €°; see (2). Using (6) and (8) and setting 0, we have(ec, eD) =(%"9
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i XZZVNé, (ec,eD)=(%,Aj . 2VN(N—C+1) e<x<2v_Ne, and
Pq 2vN Pg(2N-C) Pq
2VN ' N- C+1) 2vN Pq(2N- Q)

Inserting 77° / 1° = e° / €° into (4) and setting@/dt = 0, we have

N it xz2/Ne
Pq
2v(a-pB)Ne+ B P _ . R
(A1) C(X)|soram0 = ( (a ﬁ)Ae+,3 qX)EK(X)<N " 2vN(N-C+1) esx<2V—Ne,
Ve P2 N-Q Pq
EN_E N2+478N(N_1)EI_(<K(X) if OSX<2VN(N_C+1)e
2 2 a Pg(2N-C)

Proof of Lemma 2.2ZThis can trivially be inferred from (Al).

Proof of Lemma 2.3Defining V =a(N-C)/ N-3(1- € ( X/ &( C ¥) and using (8), we have

dV /dC<O0for all X. Therefore, for an, dC/dtZO if CzC( X)|dc/dt:0. n
Appendix A2: Proof of Lemma 3
Inserting (6) and (8) into (1) and settiwg= O, we have
r( £X)-qgNe i 2Ne
Pq
) .. 2UN(N-C+1) €
(A2) TIdt r(l—X)—q(—CPqX+(N—C) j g 2N Jo, g 2Ne
X 2vN Pq2N-Q Pq
2VN(N-C+1) e
r(1-X)-Pg*XZ(C)/v if & X< ( )
Pg(2N-C)

where Z(C) = N-C+C/@2N) =1.

N-C+1
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Proof of Lemma 3.1Combining X = 2vN&/(Pq and dX /dt=[r(1~X)-qNg| X=C, we have

B R .~ _IPqQ/N _ .
X(O)| ;e = (r— NGd/ r= if and only |fesm= .

Proof of Lemma 3.2:If é>§, a corollary of Lemma 3.1 is thatX/dt<0 for all

X = 2vNe/ ( PqQ. Using (A2) we have

does not exist if X > 2vNe ,
Pq
2vN[r-g&(N- Q . 2UN(N-C+1)e 2vN@
(A3) X(O) =0 = [ ]E‘/I(C) if ( ) SX<—0 -,
2rvN + Pf C Pd2N- Q Pq
2UN(N- C+1) ¢
zv—r it gx<2¥ ( )e
PG?Z(O) + vr Pd2N- g

2
The nulicline is concave in R2 fér> & becauseax(%)cdzx’dt:‘) >O,a X(acggx’d:% 0. And because

vr

Z(C) =1 the nulicline is (almost) horizontal in R3, Witki(C) 4 /q=0 = =
q°+vr

Y.

Proof of Lemma 3.3From (A3) we have%so in R2, and%=o in R3.
& &

Proof of Lemma 3.4Defining W = r(1- X) - q( CE(XN+(N-GQB( ¢ )() and using (6) and (8),

we havedW /dX < Q for all C. Therefore, for ang, dX /dtz 0 for all X . X(C)|dxldt:0 .u

Appendix A3: Proof of Proposition 1

(i) For X = 2vNe/ ( Pg we havee® = €° = &; see (6) and (8). Using (A1) and (A2) we have

(A4) (C, X)=(N,(r-eNg/ 1,
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and this is an equilibrium in R1 if and only X, =(r—éNg/ r=2vNe ( P{. Solving for &,

, X.) is an equilibrium if and only ifs—— =
(C, X)) q y v+ Pq &

rPeq/ N _ .

(i) For X <2vN( N- C+1) “e/( P42 N ¢) we have, from (A1) and (A3) respectively,

_3 1.2, 4N(N-1) _
C(X)|dC/dt=O ) N _E\/ N°+ a and X(C)|dxldt:0 -

vr

—————_ Combining, we have
Pq Z(O+ vr

2rv\/ﬁ(x/ﬁ\/aN+4,B( N-1) +a (2- N))

(A3) X3:(2va+ Pq2(2N—1))\/a N+ 43( N—J)—\/E\/_N( 2r{ N- 9+ Pg( 2N $)

(AB) C, :§N——1\/N2+4—'B(N2— N >0,
2 2 a

and this is an equilibrium iX, < 2N(N-G +1) € Solving, (C,, X;) is an equilibrium in R3 iff
Pg(2N-G)
(A7) &2 PrPg :

aN (v+ P)+ B(2rNvr PG (2N-3)~Ja Nfa N 45( N3 ( v PY

2IN(N-C+1)® 2VNE 2v(a - B) Ne+ B Pgx

(iii) For Pq(2N-C) < X< q ,we haveC(X)| ., 4., = e

(see (Al)) and

2vN|r—g& N-
X(O)| g g0 = 2[r\r/N je;qz CQ] (see (A3)). Combining and definin® = Pf +2rv, we have

\/ém-\{\/g\/abl\(4?\3+4 rPvq+ P é)+4,8 PY rPg” eN)Q\/T\/e_(M' QB ﬁa
(A8) X, = )

BP*q’

\/W(\/aéN(4 P\ +4rPvdf + P°-q4)+4,8 Pd( quAeNQh/E\/T\é_(\I Pe 2 )}
(Ag) C2: 2\/5\/5'3(]2 ’
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@m.\{ﬁ\/a‘eh(4?6+4rpva+ B &)+a8 PY rPg” eNQ Ve (o -2 ﬁ);

(A10) X,z = - B8P
\/ﬁ(\/aéN(4|2v2+4ercf+ F?é‘)+4ﬂ P4( I’PquNph/E\/T\é_(\IZ v ?’)q)
(A11) Co="— NN :

We haveX, = X,;,C, = C,; (and hence just one equilibrium in R2) iff

46rP%qg° .

N(4ﬂPq2(2rv+ qu)—a(4r\,( rv+ Pcf)+ P (j)) &.

(A12) &=

If €>& (A8)-(A11) do not have real roots; in that caser¢hare no equilibria in R2. < & we

2N(N- G, +1)
PQ(ZN_ C28)

have > X,g, and then(C,, X,)is the only equilibrium in R2. If§ <e<'g

there are two equilibrig(C,, X,)and (C,;, X,5)) in R2.

(iv) Combining (i)-(iii), if €<@ the system’s equilibrium i§C, X;) as defined in (A4), if
€, < e< e there is just one equilibriun(C,, X,) as defined in (A8) and (A9)), &> & there is
just one equilibrium (C;, X;) as defined in (A5) and (A6)), and & <e< g there are three

equilibria ((C,, X,), (C,s, X,5) and (C;, X;) as defined in (A5)-(A6) and (A8)-(AlM.

Appendix A4: The socially optimal steady statein the presence of both externalities
Writing down the current value Hamiltonian of (8king the appropriate first derivates, setting

all time derivatives equal to zero and solving, sbeially optimal steady state levelsEband X

(denoted byé and)%) are implicitly determined by the following two egftons:
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2 ~ = 5 5
PAXE % -qE

(A13) O0-r=—— =
PgX-w-2VvE

(Al4) E= r(1— f() /q,

and where, in the optimum, each cooperator 8ets I:E/ N X and E are then equal to

(A15) )2_\/52Q2—25r(P2q4—Pq2(3qw+4n)—2r\( aw 2n))+ F(Qr ql -3 @ (@ a
) 4r(Pq2+rv)

(A16) g - N|0*Q? - 257(Pq’ - Pet(3awr 41— 2n{ qw 21))+ F( @ a)f -3 N@ Nr3 P aw2
4q(Pq2+rv)

whereQ = P¢f +21v.
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Figure 1. Bifurcation diagram showing internal equilibriatbe humber of cooperato& (panel A) and
the resource stock (panel B) for different values @&/ g, reflecting the strength of the social dilemma.
Stable equilibria are connected by solid lines,talle equilibria are connected by dashed linessDot

denote the two tipping pointg /& and &,/ &, and the pointé, / § =1, where the social dilemma

materializes.
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Figure 2. The nullclines (dashed lines) and direction vectdrthe number of cooperators (panel A) and

of the resource stock (panel B). The three differegions are separated by solid lifes.

% Trivial nullclines (dC/dt= 0 atC = 0 anddX /dt = Oat X = 0) are not shown.
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Figure 3. Phase planes showing the nuliclines (dashed litles),egion boundaries (solid lines) and the

vector fields for different values . In panel A (& <&<%) and C (é>8) there is only one stable

equilibrium, while panel Bé < &< g) exhibits alternative stable stafés.

24 parameter values as in footnote 18 and the faarainpeteré equals 0.689 in panel A, 0.713 in panel B, an& 0.7
(panel C). Again, the trivial nullclines are notosin. Note that the intersection point aC/dt=0 and the

horizontal axis X = 0) and the intersection point X / dt = 0 and the vertical axisQ = 0) are equilibria too, and
so is the origin of the system; cf. (1) and (4).tAsse three equilibria are unstable, we omit thethis figure.
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Figure 4. Bifurcation diagrams showing internal equilibria tfe number of cooperatoS and the
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Figure 5. Bifurcation diagrams showing internal equilibria tfe number of cooperatoS and the
resource stocK for different values of the effort endowmedand withw=0.1 when agents are aware of

both the Class | and Class Il externalitié&:0.0S). Stable equilibria are connected by solid lines,

860 unstable equilibria are connected by dashed lem&s dots denote the tipping points.
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