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Abstract

Motivated by recent discussions about the issue of risk perceptions for climate change related events,
we introduce a non-cooperative game setting where agents manage a common pool resource under a
potential risk, and agents exhibit different risk perceptions. We first highlight that risk and risk per-
ceptions have qualitatively differing impacts on optimal decisions. Then, focusing on the effect of the
polarization level and other population features, we show that the type of perception (overestimation,
underestimation) and the pre- and post-shift resource quality levels have first-order importance on the
qualitative nature of behavioral adjustments and on resource conservation. When there are non-uniform
perceptions within the population, the intra-group structure qualitatively affects the degree of resource
conservation. Moreover, science-based agents (using the probability estimate making consensus within
the scientific community) may react in non-monotone ways to changes in the polarization level. The size
of the science-based agents’ sub-population does not qualitatively affect how an increase in the polariza-
tion level impacts behavioral adjustments, even though it affects the magnitude of this change. Finally, it
is shown how risk perceptions affect the comparison between centralized and decentralized management,

and several policies are discussed based on their likely effects on welfare.
Keywords: Conservation, Risk perception, Environmental risk, Renewable resources, Dynamic games

JEL Classification: Q20, Q54, D91, C72

1 Introduction

Environmental systems are likely to undergo drastic changes in response to exogenous shocks such as
those driven by climate change. Several examples of these irreversible changes have been documented for
ecosystems characterized by the collective management of natural resources such as (among other examples)
fisheries, forests, groundwater (Costello and Ovando (2019); Oremus et al. (2020); Quaas et al. (2007)). Such

irreversible events typically occur following regime shifts, that is, sudden changes in the dynamics of the
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natural resource which occurrence is uncertain." There are multiple examples of such situations. A first
one is related to the possibility driven by climate change of a shutdown of thermohaline circulation (Arnell
et al. (2005)). The third IPCC assessment report stresses the possibility that fish stocks in the Northern
Atlantic Ocean would be negatively affected in an irreversible manner by such an event (especially for
thermally sensitive fish species). Other relevant examples relate to coral reef systems which may bleach due
to warming ocean temperatures (see Treloar (2019)) and get permanent damages with considerable impacts
on water quality and fish population (Tiller et al. (2019)), or to lakes which may shift from oligotrophic to
eutrophic conditions due to an adverse uncertain event (excessive Phosphorus input, Carpenter et al. (1999),
Scheffer (1998)).

In such situations agents usually exhibit heterogeneous views regarding the probability of occurrence of
the regime shift (Lee et al. (2015)). Among other features, certain reinforcing (feedback) effects leading to
irreversible changes in ecosystems may be overlooked by agents. We here consider three potential types of
agents. Science-based individuals rely on the probability estimate emerging from consensus within the scien-
tific community. Overestimating (o-type) agents rely on a higher estimate of occurrence probability. Finally,
underestimating (u-type) individuals always rely on a lower estimate of occurrence probability compared to
the estimate emerging from consensus within the scientific community. Such heterogeneity is often persistent
and differences in type may be interpreted as different perceptions: For events related to climate change
issues, few people tend to change their perception when new information is provided (about the features of
the events, see Douenne and Fabre (2022)).>

Most of the related literature has abstracted from the issue of risk perception. The purpose of this paper
is to analyze the effects of heterogeneous risk perception on individual behavioral adjustments and patterns
of common-pool resource conservation by proposing a simple model. Indeed, a more complex model would
be more real-world relevant but would not make a precise analysis of these effects possible. We thus remove
the usual assumption of a unique regime shift probability estimate shared by every agent and show that
assuming heterogeneous risk perceptions provides new insights about common pool resource management
and the public policies to be implemented.

To that end, we introduce perception heterogeneity and environmental risk in a non-cooperative dynamic
fish war game a la Levhari and Mirman (1980). We consider two cases: a first one where there is uniform
perception, and a second one where science-based, o-type and u-type individuals co-exist within the popula-
tion. We obtain several interesting results. First, risk and risk perception have qualitatively different effects
on the individual extraction strategies. Second, the type of perception and the pre- and post-shift resource
quality levels have first-order importance on the qualitative nature of behavioral adjustments and on the
pattern of resource conservation. Third, when there are non-uniform perceptions within the population, the
relative size of o-types and u-types’ sub-populations qualitatively affects the degree of resource conservation.
Moreover, science-based agents may react in non-monotone ways to changes in the polarization level. The
size of the science-based agents’ sub-population does not qualitatively impact the effect of changes in the
polarization level on behavioral adjustments, even though it affects their magnitude.

We then characterize the socially efficient extraction policy in order to analyze the potential inefficiencies
driven by decentralized management. The social planner may be populist and account for agents’ potential

perceptions, or she may be paternalist and does not take agents’ perceptions into account. The comparison

"We follow the description made by Scheffer et al. (2001).
2A recent experiment by Abdellaoui et al. (2011) also provides evidence supporting the possibility that individuals exhibit
heterogeneous risk perceptions.



between the pre- and post-shift resource quality levels qualitatively impacts both how the two social planner
perspectives compare at the individual and aggregate levels, and how decentralized and centralized man-
agement approaches differ at the sub-population levels. While the comparison between the two centralized
perspectives then mainly relates to the comparison of the sizes of o-types and u-types’ sub-populations, the
differences between centralized and decentralized management are more complex. For instance, while the
overall size of the population does not qualitatively affect the comparison between decentralized and populist
policies, there are cases where it does affect the comparison when the social planner is paternalist. While the
tragedy of the commons® arises at the aggregate level, it does not always emerge within all sub-populations®.
As such, a policy that would be designed on the basis of aggregate features only could face a serious accept-
ability problem. Indeed, if policy makers would only focus on aggregate scores, the use of a tax policy would
be put forward: depending on the population structure, such a policy would likely face strong opposition
that would not be based on social justice but on efficiency grounds. A sub-population could face a tax policy,
while efficiency would have called for the use of a subsidy. Thus, while some current policy-related discus-
sions focus on issues of social justice potentially raised by the existence of different perceptions, we highlight
that such perception heterogeneity could actually raise serious efficiency problems. Finally, based on the
comparison between the centralized and decentralized perspectives, several potential policies (some based on
the environmental fundamentals, others on agents’ perceptions) are discussed and contrasted depending on

their likely effects on welfare and on their appropriate designs.

To shed light on the economic consequences of environmental shocks, a sizable literature focuses on the
analysis of common-pool resource management under uncertainty (Bramoullé and Treich (2009); Costello
et al. (2001); Fesselmeyer and Santugini (2013); Polasky et al. (2011); Ren and Polasky (2014); Sethi et al.
(2005); Tsur and Zemel (1995); Mitra and Roy (2006)).° Ren and Polasky (2014) analyze the effect of
exogenous/endogenous risk on the extraction decision of an infinitely lived agent, whereas Lucchetti and
Santugini (2012) focus on the relationship between ownership risk and resource use and Fesselmeyer and
Santugini (2013) study the strategic management of a common pool resource. Quaas et al. (2013) analyze
the resilience of societies relying on natural resources when faced with exogenous shocks, while Quaas et al.
(2019) focus on the insurance value of common-pool natural resources. Diekert (2017) introduces a dynamic
game with a focus on a learning process related to the existence of a tipping point.® All these studies do not
take risk perceptions into account and provide contributions differing from ours since risk and risk perception
are shown to have qualitatively different effects on optimal extraction strategies. Another contribution (Agbo
(2014)) studies the role of agents’ heterogeneous beliefs about the future availability of a natural resources
on extraction patterns. Yet, the risk of a regime shift is not considered in Agbo (2014), and perceptions
are not accounted for either, since the regeneration of the natural resource depends on a stochastic variable
whose distribution is unknown to all agents, and the focus is put on the effect of learning. In order to
model perception, we follow some recent contributions analyzing the effect of such perceptions on economic
activities (Farhi and Gabaix (2020); Gabaix (2019)).

One of the main contributions of this paper is to show how the polarization level of the population

(as measured by the magnitude of the perception differences) results in different patterns of resource con-

3See Stavins (2001) for empirical evidence on tragedies of the commons.

“Dutta and Sundaram (1993) analyze cases where the tragedy of the commons may not occur and highlight that natural
resource overuse may not always be a straightforward outcome.

5The issues of uncertainty and irreversibility also matter significantly for the timing of environmental policy adoption (Ulph
and Ulph (1997)) or issues related to technological transfers (Elsayyad and Morath (2016)).

5See also Diekert and Nieminen (2015) for another potential effect of climate change, namely, a shift in the spatial distribution
of the resource.



servation. Differently from the case of uniform perception, when several types of perception co-exist the
polarization level has an interesting non-linear impact on science-based individuals’ extractions. Our study
thus complements an interesting literature focusing on the implications of risky events on natural resource
conservation. Sakamoto (2014) provides a game setting where he shows how an endogenous regime shift
probability alters the equilibrium structure and provides conditions under which a precautionary behavior
emerges for the management of a common pool resource. A recent contribution by Costello et al. (2019)
focuses on the spatial dimensions of the management of a common pool resource under the risk of a regime
shift: the main question is how the regime shift probability affects the allocation of extraction levels in
different patches. Miller and Nkuiya (2016) examines the relationship between the risk of a regime shift
and the emergence of coalition formation between harvesters: conditions on the regime shift probabilities
are provided under which harvesters have incentives to join or exit a coalition. Wagener (2003) analyzes
the complex dynamics of resource extraction patterns in a shallow lake problem investigated by Méler et al.
(2003). Based on a body of literature exploring the issue of heterogeneous risk perceptions and considering
the problem of decentralized extraction decisions within a common pool resource setting, we shed light on
the link between the existence of risk perceptions and individual behavioral adjustments, their consequences

for resource conservation and related implications for policy choice and design.

The remainder of the paper is organized as follows. In Section 2 we introduce the model. In section 3
we consider the generic case where agents have different types of perceptions, and we characterize the non-
cooperative equilibrium outcomes. We then focus on the specific case where there is a uniform perception
within the agents’ population, as it allows to describe the main mechanisms at work and the main intuitions.
We then come back to the generic case to highlight the resulting qualitative differences (for instance, the
non-monotone effect of the polarization level on science-based agents’ extraction levels). The socially efficient
policies are characterized and compared with the decentralized outcome in Section 4, which in turn allows
us to discuss several policies in Section 5 based on their likely effects on welfare. Section 6 concludes. All

proofs are relegated to the end of the paper in an appendix.

2 Setting of the problem

We extend the model of Fesselmeyer and Santugini (2013) to allow for risk perceptions. Let us consider
the Great Fish War dynamic game in which N agents derive utility from the extraction of a common and
renewable resource within a discrete time infinite horizon setting. Formally, let y; be the available stock of
renewable resource at the beginning of period ¢. The stock evolves at the beginning of period ¢+ 1 according

to the biological rule

Yir1 = Ui (1)

where a € (0,1] models resource availability: An increase in « in a given time period reduces the
availability of the exploited resource in all future periods. At ¢ = 0 the stock is below the carrying capacity
(yo < 1). This functional form is extensively used in the literature on dynamic common-pool resource games
(Fesselmeyer and Santugini (2013); Breton and Keoula (2014, 2011); Levhari and Mirman (1980); Kwon
(2006)).

During period t, if agent j extracts a quantity c;; of the natural resource, she derives utility u; (¢;¢) =

¢lnc;, with ¢ > 0. The parameter ¢ denotes the quality of the natural resource: A higher ¢ implies a higher



utility and marginal utility of extraction. The present extraction decisions of the N agents affects the future

stock level. Using (1), the stock of the natural resource evolves according to the following rule

(o3

N
Ye+1 = | Yt — ch,t (2)
j=1

N N
where a total of )" ¢; is extracted in period ¢ by the agents and y; — >~ ¢; + denotes the remaining stock
=1

Jj= J=1
which is left to yield the stock y;11 at the beginning of period ¢ + 1. In this setup, parameters o and ¢ are

constant over time.

Let us introduce the environmental risk: resource characteristics ¢ and a now depend on the state of
the environment s; in the following manner. Given state of environment s;, the resource available at the

beginning of date t is

St

N
yerr = | Y — Y (3)
j=1
and extracting c;; yields agent ¢ the utility level u; (¢;¢) = ¢slnc;, at period t. We here consider

a potential regime shift that, if it occurs, will affect the availability and quality levels of the resource.
The process characterizing the regime shift can be described as follows. There are two possible states:
st € {a1, a0} where 0 < a3 < 1 and 0 < ag < 1. State «; represents the state of the environment prior
to the regime shift. State s denotes the state of the environment following the regime shift. After the
occurrence of the shift, the natural resource is more scarce and available at the rate as.

The probability of the regime shift is p € (0,1]. In other words, if the state of the environment is a;,
then there is a constant probability p that there will be a permanent shift in the next periods. Probability
p might not be the "exact" occurrence probability but rather a probability estimate that results from a
consensus within the scientific community. Indeed, one cannot derive probability p from the frequency of

event occurrence since the regime shift is irreversible once it occurs.” We make the following assumption:
Assumption 1. Prs;y; =as | st =a1] =pand Pris;y; = as | st =ag] =1

The first part of the assumption implies that if the economy is in state as, it will remain in this state
forever. Moreover, we assume that the agents’ extraction activity does not influence the regime shift probabil-
ity. As explained in Fesselmeyer and Santugini (2013), one example is the abrupt shutdown of thermohaline
circulation, which permanently affects stock of fishes in the North Atlantic Ocean. This assumption is also
consistent with any situation where the risk is driven by the effects of climate change and the agents’ extrac-
tion of the common-pool resource has a negligible effect on the risk probability. It could be interesting to
analyze cases where the effects of the shift are reversible, while it may occur repeatedly in the future. Our
paper is a first step in the analysis of the impact of perception for natural resource management problems,
and as such we keep the model as simple as possible. Yet, we would not expect fundamental qualitative

changes in such settings, as long as there is no learning: the reversibility of the shift might weaken some of

7"One potential way to derive this estimate could be by somehow relying on the frequency of this shift occurring in a large
sample of settings sharing similar characteristics than ours. There are other ways to construct the estimate, we abstract from
discussing this point as it is not the focus of this paper.



the effects analyzed here, but the fact that the shift could repeat in the future might reinforce them on the
other hand.

We now introduce a second assumption:
Assumption 2. ¢; > ¢2 and a3 < ao

Thus, the effect of an environmental shift is twofold. The quality of the natural resource decreases:
¢1 > ¢2. Moreover, its availability decreases following the shift: as > a;.

A remark is that the functional form we use is quite conventional in the existing literature (Fesselmeyer
and Santugini (2013), Levhari and Mirman (1980), Breton and Keoula (2014)). The literature on regime
shifts considered the change in the carrying capacity of the resource stock instead of the changes in its
regenerative capacity (Polasky et al. (2011)). Indeed, for the analytical tractability of our model, we assume
the carrying capacity equal to one and a concave regeneration function in line with the existing literature.
It would be interesting to extend the analysis by considering a shift in the carrying capacity and comparing

both cases. This is left for future research.

We next introduce the final feature: risk perception. The existence of risk perception is documented
in different situations, one is related to climate change related risks (see Lee et al. (2015) for instance).
There have been several recent contributions in the economics literature on how to model heterogeneous risk
perceptions, we follow Gabaix (2019) or Farhi and Gabaix (2020) in terms of the modeling assumptions. Later
on in the analysis, we will assume that agents may overestimate or underestimate the probability of occurrence
of the regime shift compared to its true value p. Following Gabaix (2019), an overestimating/underestimating

agent perceives the value of the regime shift probability as follows

P = (1= m)p+ma (4)

where x denotes the default value (prior mean) and parameter m the magnitude of risk perception, so that
m = 0 corresponds to science-based individuals while m = 1 corresponds to agents exhibiting full perception.
When the prior mean z is higher (lower) than the true value p, an agent overestimates (underestimates)
the occurrence of the regime shift. We consider risk perceptions: agents do not revise their estimate of the
regime shift occurrence as time goes by. We will denote the sub-population of overestimating agents by N,
the sub-population of underestimating agents by N*, and by N7 the sub-population of agents who have a

science-based perception of the regime shift probability. The following figure provides an illustration®:

Underestimation Overestimation
Perceived Perceived
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020 r

0151

0.75-
010 r
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Figure 1: Underestimation (z < p)) and overestimation (x > p) of the regime shift probability

8The parameter values for overestimation is x = 0.9, m = 0.8 and for underestimation = = 0.1, m = 0.8.



The case of science-based individuals might be understood as one where there is a reasonable scientific
consensus on an estimate of the probability, and science-based agents follow it. Heterogeneous perceptions
might emerge for different reasons: manipulations of the agents’ beliefs about environmental issues by envi-
ronmental or political lobbies (McCright and Dunlap (2003)); individual or collective denial of environmental
problems (Opotow and Weiss (2000)). The main feature here is that we analyze persistent differences in
perception, that is, cases where individuals do not change their perception when new information is provided.

We assume that agents know the distribution of types in the population.®

3 The analysis

Since we consider a decentralized and dynamic setting, we focus on Markov Perfect Nash equilibria, and
more specifically on linear strategies Markov Perfect equilibria (although non-linear equilibria might exist).
We will show that there exists a unique linear Markov Perfect Nash equilibrium: since it is stationary we

hereafter drop script ¢ when characterizing the equilibrium.

3.1 Non-cooperative equilibria

We first characterize interior MPNE in the general case. The number of science-based agents is N7, and
there are N° o-type and N* u-type individuals. The total population size is thus N = N7 + N* 4+ N°. The

pre-shift value function of a type-l agent is:

%
N
Vi (y) = max ¢1lne; + (1 - pl) A% Yy —cp — ch
OSCzSy*ZCk kL
k£l
N oz
+p'oVs | (y—a = o (5)
k£l
In the subsequent period, this agent anticipates the occurrence of the shift with probability p'. Her value
function in state 2 (once the regime shift has occurred) is then:
N @z
Vy (y) = max - ¢zlne; + Vil ly—a=> (6)
0<er<y—) ok kel
k£l

Regarding the expressions of pre- and post-shift value functions, the difference is that a type-l agent takes

into account the extraction of natural resources of the other types of agents. We obtain:

Proposition 1.There exists a unique linear MPNE, which is characterized as follows: o-type, u-type and

science-based agents extract the following amounts of the natural resource:

h125%
—— - = ga*y (7)
2jZozu + ¢1 [NT 202y + NOzjzy + N¥z;2,)

9o (y) =y

9For certain situations it could well be that agents "agree to disagree" on their risk perceptions. It could be interesting in
future research to consider situations where involved agents’ biases could be influenced by those of other agents, for instance,
through decision-making processes aimed at collectively addressing the potential occurrence of the shift.
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Proof. See Appendix (A)

We will first restrict the analysis to the "uniform" perception case where science-based agents co-exist

with agents exhibiting only one type of perception.

3.2 Uniform perception

The number of science-based agents’ sub-population is N7 and there are N* o-type (or u-type) individuals
with ¢ = u or i = 0. The size of the whole population is thus N = N7 + N?. We obtain:

o1y 1 Nic;

» NI+ (1 —p)ajord + pabasd 1 NI+ (1 —p)ajard + pabasd

Indirect effect
$1y o $1N7¢; _
¢1N* + (1 —p¥)ajaid + pSajasd  ¢1 N+ (1 —p%)ajard + pJasand

Indirect effect

9i (y) =¢i = (11)

In expression (10) one notices that the second term relates to the effect of o-type (u-type) individuals’
decisions on the science-based agents’ extraction decisions. Using Proposition 1 we deduce that there exists a
unique linear MPNE. At this equilibrium, any science-based agent j and o-type (u-type) individual 7 extract

the following amount, respectively:

1— Niy
9; (ZU) = ¢ (‘W) Yy (12)

9 (y) ="y (13)

where v = (¢1Nj+zj)(¢1]$}frjzi)7(¢l)2N,-Nj , 2z = (1= p') aiday +plabdas and z; = (1 — p) ajday + paddas.

The only term that depends on the o-type (u-type) individuals’ risk perception p’ is the term ~. The
expressions of optimal extraction strategies highlight that o-types (u-types) and science-based agents react
to a change in the magnitude of the polarization level m in an opposite way, the formal proof is provided
in Appendix B. A first important point to be highlighted is that risk perception and risk have qualitatively
different effects. Specifically, we now highlight that higher risk perception and higher risk do not have the
same effect on individual resource extraction decisions and hence on the aggregate extraction level. In this
sense as well, our paper thus differs from Fesselmeyer and Santugini (2013). We do so by analyzing the effect
of risk on the extraction decisions of science-based agents and o-type individuals, since in this case larger

values of m will result in a larger difference between p and the o-types’ estimate.



Proposition 2. Higher risk perception and higher risk do mot have the same qualitative impact on
individual resource extraction decisions.

Proof. See Appendix C

To understand this result, let us focus on the effects of a marginal increase in the polarization level m

and of a marginal increase in the regime probability on the extraction rate of an o-type individual. We have:

8go (y) _ ¢1 ?),Zq:z [¢>1Nj +Zj] Yy <0 e ¢1 < ¢2a2 (1 — 50[1)

Om = (N 4 2) (01N + 2) — (602NN ar (1= az)

(14)

Equation (14) shows that the effect of the polarization level m on the extraction level of o-type individuals
is negative when the quality of the natural resource after the regime shift is sufficiently high. The threshold

is independent of the polarization level m. By contrast, the effect of a higher risk is:

%Z;¢1szo —Zj %zpo [¢1Nj + Zj]
(619 + 2;) ($1N* + z) — (¢1)2N'NIJ?
It can be checked that the impact of the probability is not monotone and thus qualitatively different

990
g@;y) = d1y

(15)

from the effect of higher risk perceptions. Indeed, when m gets close to zero (individual perceptions get close
to science-based estimates) it can be checked that 89571()9) < 0 when ¢; < d)Q% is satisfied. When m

increases and gets close to one, o-type individuals perceive a lower marginal increase (discounted by (1 —m))

of the probability, which results in a lower value of %—zp“ together with a higher value of m. This in turn
i 920 : 990 (y) az(l—dou) :
results in 5, getting close to zero and oy > 0 when ¢1 < ¢ a1 (1=6ay) 18 satisfied.
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Figure 2: Effect of polarization m through the effect of the probability p on natural resource extraction

When the value of parameter m is low, the elasticity of term z; is higher, which is likely to make 69571()9)
positive. This result is interesting as it shows that a higher risk perception and a higher risk do not yield
the same qualitative conclusions. This is one reason for why we will later come back to the generic case to
understand the interactions between different groups (in the next subsection). We now use Proposition 1
to assess the effect of an increase in the polarization level of the population, as measured by an increase in
the magnitude of polarization level m. We also assess how the number of o-type (u-type) individuals and
science-based agent affects the aggregate extraction of the resource (thus keeping N constant, denoting the

size of the science-based agents’ sub-population by N — N%). We obtain:

Proposition 3. (i) Before the shift occurs, an o-type indvidual’s (science-based agent’s) extraction level



increases (decreases) as m increases if and only if ¢1 > % holds. Aggregate extraction increases as

either m or the number of o-type individuals increases if and only if ¢ > % holds.
it) The same conclusions than in point (i) apply to the case of u-type individuals if and only if po < ¢1 <

asz(1—day)
7;1(1_5;2)2 holds.

Proof. See Appendix (D)

In order to understand this result, one should compare the marginal cost of extraction for each type of

agent. We derive the ratio of marginal utility by using the corresponding optimality conditions:

-
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The right hand side of equality (16) corresponds to the ratio of marginal cost of natural resource ex-
ploitation for o-type (or u-type) individuals and science-based agents. The left hand side corresponds to the
ratio of marginal utility of resource extraction. The term p®a%da; may be interpreted as a discounted weight
awarded by an o-type (or u-type) individual to the state before regime shift, accounting for the regeneration
rate of the environment «, and the risk perception parameter p°. A higher perceived probability p® results
in a higher weight related to the situation before the regime shift Vi (y). This in turn implies that the weight
(1 — p%)aida; related to the option to stay in the same state 1 V{(y) decreases. The same applies to the

terms related to a science-based agent.

We first discuss the case when p® > p holds. Let us come back to the right-hand side of (16). A higher
polarization level m decreases the ratio through the effect on term p* (daloy — dazad) if alday > dagab
holds, which is the case if condition ¢; > %

costs of extraction related to o-type individuals and science-based agents decreases. As a result, an o-type

is satisfied. This implies that the ratio of the marginal

individual increases her extraction level as the situation becomes more polarized (m increases). The same
reasoning applies to a u-type individual. If condition a%da; > dasab is satisfied, a u-type individual decreases
her natural extraction rate before shift as the situation becomes more polarized. This is so because the ratio
of marginal costs of extraction between o-type individuals and science-based agents (see right-hand side of

equation (16)) increases when parameter m increases.

Proposition 3 also highlights that the effect of parameter m on the aggregate extraction level does not
depend on the population structure: the effect resulting from o-type (or u-type) individuals’ optimal decisions
drives the effect on aggregate extraction. In the case of o-type individuals, their marginal cost of extraction

is lower, and this implies that their extraction level is higher. Now to understand the effect of N*, we use

9 (N'gi + (N — N*) g;) 89 vif, . N=N'g,
_ —gi—gi+ NI (Y 17
IN’ 9= 9+ ( TN gi) )
where gﬁﬂ = 7% (21 — 22) y. An increase in N* has two effects. First, the distribution of o-type (u-

type) individuals and science-based agents changes with respect to N? (an increase in the number of o-type
individuals) . Second, it affects the optimal extraction levels g; and g;. The term g; — g; can be interpreted
as the direct effect (the composition effect). The term 38 N i (1 + N ;[N ' %) is the indirect effect through
the effect on equilibrium extractions. If g; > g; then the composition effect is positive. This implies that
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z1 > z2 holds (see equation (16)). Therefore, the indirect effect is negative. The conclusion is that the two

effects work in opposite directions. In the present setting the indirect effect offsets the direct effect.

3.3 Coexistence of several types of perception

We come back to the general case so that we now analyze the qualitative differences when one introduces

non-uniform perception. We first consider the effect of an increase in the polarization level:

Proposition 4.7) When ¢, < % a science-based agent’s extraction together with the welfare of
this sub- populatwn increase, and the aggregate extraction level decreases, as m increases if and only if

%Z > —Z ((j:;z hold, with z. = QZT forr =o0,u. When ¢ > % the same conclusions apply if and

only if x= N < —Z“ Z") hold.
it) o-type and u-type individuals react in opposite ways to an increase in the magnitude of the polarization.
Proof. See Appendix (E)
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Figure 3: Resource extractions as functions of m
The main qualitative difference when allowing for non-uniform perceptions is as follows. First, when

there is a uniform perception within the population, the intra-group structure does not qualitatively affect

individual behavioral adjustments. However, under non-uniform perceptions, this internal structure has an
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effect. Indeed, the extraction rate of a science-based agent is g;(y) = I\f;(;y;gogg)?;ﬁii’;gi)) 5 and thus the
1 —p)ajar 202

marginal effect of an increase in m is as follows:

dg;(y) 1 o 990(v) 4N d9u(y)

— . . 18
om Nigy + (1 —p)alaid + pabasd om om (18)

Expression (18) highlights that the effect of m on the science-based agents’ extraction rate is driven by
the number of o-type and u-type individuals and by the direct effect of m on these agents’ optimal decision.
Another important implication of Proposition 4 is that science-based agents may exhibit non-monotone

behaviors (see Figure (3)) as the polarization level changes: Specifically, g; might initially éncrease for low
)

polarization levels and decrease for high enough values of m.'® The term N° aga"ély + Nv 8%’;2"’) in expression
(18) is either positive or negative since both marginal effects have opposite signs. The marginal effect on the

aggregate extraction is

. / 2 270 / 2w
O (Nt N+ Nigs) _ (20 () N 4 2, (20)° N¥)
= — 24
om Y [2j 202y + 01 (NI 202y + NOzjzy, + J\f“zjzu)]2

(19)

The effect of m on the aggregate extraction is thus driven by the value of ratio x—z as stated in Proposition
4. The intuition is as follows. For sufficienly low ratio of pre- to post-shift resource quality levels, o-type
(u-type) individuals’ dynamic marginal costs get higher (lower) compared to that of science-based individuals
as the polarization level increases, and their extraction level decreases (increases). The effect on aggregate
extraction is then driven by the magnitude of the spillover resulting from each type of individuals. When the
size of the o-type individuals’ population is high enough compared to that of u-type individuals, the effect

on aggregate extraction is then negative. Finally, the marginal effect is:

by, (0072 (4 ()7 N+ 20, (20) NY) o0
om (22020 + @1 (NI 2o2 + NOzjzy + N“zjzu)]2

As such, a larger sub-population of science-based agents only affects the magnitude of the change in the

extraction level, but it does not affect whether the change is positive or negative.

4 Social optimum versus decentralized management

We will characterize the socially efficient extraction path and then contrast it with decentralized extraction
policies. We provide details on the notion of optimality we will use since there exist different perceptions in
the society. The social planner’s problem is to maximize the sum of the agents’ individual value functions
vazl Vi1 and here two scenarios are considered. In the first one, the social planner is populist and accounts
for the agents’ perceptions. In the second one, the social planner is paternalistic: the agents’ perceptions

are unaccounted for.

4.1 The socially efficient policy: two perspectives

For a populist social planner, the conjecture is that the pre-shift and post-shift value functions satisfy
Vi(y) = alin(y) + b} and V2(y) = a?in(y) + b7 for any agent i. We thus have:

19The parameter values are z, = 0.9, £, = 0.15, § = 0.25, az = 0.5, a1 = 0.45, p = 0.5, ¢1 = 1, ¢o = 0.9 The proof of the
general claim about non-monotonicity is available upon request.
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N o ‘ N N o N a2
> [admy +b]] = max 3 l%lm +(1-p") 6V} ((y - ZCk) ) +ploVy? ((y - ZCk) )] (21)
¢ k=1 k=1

i=1 i=1

subject to 0 < Zjvzl ¢; <y and

N N N oz
Z ablny + bh] = = max Z ld)glncz + V2 ((y - Z ck> )] (22)
k=1

=1 =1

By constrast, a paternalistic social planner only uses the occurrence probability based on the scientific con-

sensus. We obtain the following result:

Proposition 5. i) The solution to the populist social planner’s program is characterized by a uniform

level of extraction within the entire population:

g5 (y) = g5 (y) = g8 (y) = Ty (23)
where 17 = 1 = é1 - b1 .
b1 +0pkan —22 N+ ) Np1+N2o+Nizj+Nvzy

Nei+Y [(1 pysan ST kg 2 P1+D ey

it) The solution to the paternalistic social planner’s program is characterized by a uniform level of extraction

within the entire population:

9" (y) = 5"y (24)

pat _ ¢1 [1—ba1(1—p)|(1—-da)
N  ¢1(1—-baz)+dpazps *

Proof. See Appendix (F).

where [y

Even though agents exhibit heterogeneous perceptions and the social planner accounts for these percep-
tions, all agents follow the same extraction policy. This is due to an externality effect: each agent has to
account for those with different perceptions than his own, and follows the same extraction pattern. Let us
briefly contrast the two perspectives. First, when ¢ < %d)g holds then gP°P(y) > gP%(y) if and
Ne 2 :’_;Z holds. Indeed, under this condition z; < 2z, and z; > 2, hold, and the expressions of

gP°P(y) > gP**(y) imply that a populist planner would implement a higher extraction policy if and only if

N¥(zj — zu) + N°(2j — 2,) > 0 holds. A similar argument implies that, when the ratio % is large enough

then the same conclusion follows if and only if Z is low enough. Intuitively, when the pre-shift resource
quality level is low enough, the effect of a given agent gets larger as the polarization level increases. In
the populist policy this implies that, compared to u-type individuals, a science-based agent results in a
decrease in aggregate extraction. The same property goes for the effect of an o-type individual compared to

N
e must be

a science-based agent. Then, for a populist policy to yield higher extraction levels, the ratio

large enough.

4.2 Comparison with the decentralized outcome

In this subsection, we compare the socially efficient and decentralized policies. We will then rely on this

comparison in order to derive policy implications. We first have:
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Proposition 6. Consider the case where several types of perception coexist, and assume that ¢1 <
%qﬁg is satisfied. We have:

o u-type individuals extract more under decentralization than under a social planner policy.

=,

e Under a populist planner o-type individuals extract more under decentralization if and only if N° is
large enough. Under a paternalistic planner they extract less under decentralization when N <

holds. When N > 22 they extract more under decentralization if and only if N° is large enough.
J

o When J]\\,]—O s large enough science-based agents extract more under decentralization. Otherwise they

extract more under decentralization provided N7 is large enough.

e Decentralized management always results in a sub-optimally high aggregate extraction level.

Proof: See Appendix (G).
Oég(l*(gal)
ai(1-daz)

Since the interpretation remains consistent, we provide some discussion on the first case under a populist

The case where ¢; > ¢2 is similar with the roles of u-type and o-type agents being reversed.
social planner. When pre-shift resource quality level is low enough, a u-type individual puts more weight
on the pre-shift state than the other categories, and the population is characterized by the highest extrac-
tion level under decentralization. The effect of a centralized policy is to internalize part of the externalities
driven by decentralization: it only decreases the level of extraction corresponding to this sub-population.
By contrast, o-type individuals are characterized by the lowest extraction levels under decentralization. A
populist policy, even though it accounts for agents’ perceptions, still induces a uniform extraction level
within the population. Whether this level lies above or below the corresponding level under decentralization
depends on the magnitude of the externality driven by this sub-population. As such, when the size of this
sub-group lies above a threshold value, decentralized management results in suboptimally high extraction

levels. It is interesting to notice that the magnitude of the polarization affects the level of the threshold value.

The case of science-based agents is more complex. The comparison then depends on the relative size of
the o-type and u-type individuals’ sub-populations. When the ratio of the number of o-type to that of
u-type individuals is large enough, the dominant effect is still driven by the negative externality resulting
from decentralized management, and science-based agents extract more than under a populist policy. When
this ratio is small enough, the spillover effect imposed by u-type individuals on the science-based popula-
tion is dominant: their higher extraction levels induce science-based agents to potentially decrease their
decentralized extraction levels. It then comes back to the science-based agents’ population size: When it
is large enough the classical conclusion prevails. When it is small enough, the spillover effect prevails and

science-based agents extract less under decentralization than under a populist planner policy.

Finally, at the aggregate level, the dominant effect is mainly driven by the negative externalities result-
ing from decentralized management, and the tragedy of the commons emerges at the overall population

level. We now discuss some differences induced by the two approaches adopted for centralized management.

First, when the qualitative conclusions are similar for both approaches, the magnitude of the threshold values
related to the size of sub-populations differs in both cases. A more qualitative difference is that the size
of the overall population might have a direct effect on the comparison when the planner is a paternalist.
Specifically, it might affect the comparison for the sub-population characterized by the lowest extraction lev-

els under decentralization. When the size of the overall population lies below a threshold value, the spillover
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effect induced by the other sub-populations (which tends to decrease extraction levels) outweighs the di-
rect externality effect driven by decentralization (which results in higher extraction levels). Decentralized

management then always results in lower extraction levels compared to a centralized policy.

5 Policy discussions and implications

5.1 Some direct implications of the results

The results are useful to discuss an important issue related to the form a public policy should take to
solve the efficiency problem. There are several insights resulting from the previous comparisons. First, the
comparison between the pre- and post-shift resource quality levels has first-order importance as it qualita-
tively impacts both how the two social planner perspectives compare and how decentralized and centralized
management approaches differ. Policy discussions that would not account for these fundamentals would miss
an important part of the problem. Second, while the overall size of the population does not qualitatively
affect the comparison between decentralized and populist management policies, there are cases where it does
affect the comparison when the social planner is paternalistic. Third, while the tragedy of the commons
still arises at the aggregate level for the two centralized perspectives, it does not arise at all sub-population
levels. A policy that would be designed relying on aggregate properties only could face a serious acceptability
problem. If policy makers focus on aggregate scores they would propose the use of a tax policy: depending
on the population composition, such a policy would face strong opposition that would not be based on social
justice but on efficiency grounds. Specifically, a sub-population could face a tax policy while efficiency would
have called for the use of a subsidy. While many policy-related discussions tend to focus on issues of social
justice potentially raised by the existence of different perceptions, we highlight this could also raise serious

efficiency problems at the sub-population levels.

Now we discuss the effects of some potentially available policies. There are different instruments that
might be designed to tackle the externalities caused by risk perceptions. Here we discuss interventions aimed
at decreasing aggregate extraction: indeed, we know from Proposition 11 that aggregate extraction is al-
ways suboptimally high. As such, policy interventions that would result in an overall decrease in aggregate
extraction would have a positive effect on social welfare (even though they might not result in a Pareto im-
provement). We do not introduce the costs of implementing a policy, but rather focus on discussing whether

the qualitative effect of certain policies is likely to be positive.'!

5.2 Adaptation and mitigation policies

In our setting adaptation policies would consist in diminishing the negative effects of the shift on the
resource. They could consist in either changing the post-shift quality level of the resource from ®5 to @5
such that ®; — &9 > &1 — @F or affecting its availability ao such that the post-shift availability becomes a5
such that oy < a5 < ae. We thus need to understand the comparative statics effects of either increasing @4

or decreasing as on the decentralized aggregate extraction level. We obtain the following result:

Proposition 7. An adaptation policy aimed at increasing the post-shift quality level of the resource will
positively affect social welfare (that is, decreases aggregate extraction). By contrast, an adaptation policy

aimed at decreasing s will have a negative effect on welfare.

We thus only focus on cases where the change would partially internalize the existing externality.
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See Appendix (H).

An overall implication is that adaptation policies might be effective when focused on the resource quality
level, but might be counterproductive when focused on the post-shift availability of the resource. This result
follows in a direct manner from the characterizations provided in Proposition 1. For instance, the effect
of ®5 on the aggregate extraction is negative, implying that increasing the post-shift quality level results
in decreasing the equilibrium aggregate extraction level. As we know that the socially optimal aggregate
extraction level is always lower than the decentralized one, the effect of such an adaptation policy is positive.
Moving on to mitigation policies, they would consist in decreasing the occurrence probability of the shift. A

question arises: does this policy affect science-based agents only, or does it affect all agents?

Proposition 8. The qualitative effect of a mitigation policy is the same whether it affects all agents or
science-based agents only. Its effectiveness is ambiguous and depends on the relative values of growth and
quality parameters: specifically, it will positively affect social welfare when ®, > %@2 is satisfied.

Proof: See Appendix (I).

Again, relying on the characterizations provided in Proposition 1, focusing on the case where the policy
affects all agents, the change in aggregate extraction is driven by the opposite effect on (1 —p')dara’ + p'dal,
(interpreted in condition (16) as the marginal cost of natural resource harvesting by a I-type agent, [ = j, 0, u).
This change is - [aai (=0 al +0ab)+(1—p')day 8(%}, where the first term denotes the direct effect of the policy

on the agent’s perception, and the second term denotes the indirect effect on the value related to staying in

the no-shift state. Aggregate extraction will thus decrease as p decreases when ¢ — oo tgg; > 0 holds:
a mitigation policy will be effective at increasing social welfare when the ratio of pre- to post-shift resource
quality levels is large enough. This highlights one advantage of adaptation policies over mitigation policies

when the focus is put on the wedge between resource quality levels.

5.3 Convincing u-type individuals, or making the population more cohesive?

A public authority may consider a policy aimed at targeting the u-type individuals to affect their risk
perception. We focus on a stylized form of the instrument which consists in shifting the distribution of
types within the agents’ population: the authority may, at some cost, affect the initial distribution of agents
(N7, N°, N*) and change it as (N7 + N¢, N°, N* — N¢). What would be the effect of such a policy?

Proposition 9. The effectiveness of a policy aimed at convincing u-type individuals is ambiguous and

depends on the relative values of growth and quality parameters: it positively affect social welfare when
By < 22U=20 D, holds.

Proof: See Appendix (J).

The implication of this result is that policies aimed at influencing u-type individuals might be counter-
productive in certain cases, namely when the ratio of pre- to post-shift resource quality levels is large enough.
Moreover, it suggests that such a type of policy and mitigation policies are unlikely to be complementary,
as they might be effective only for different cases (with respect to the relative quality levels of the resource).
Another approach would aim at making the population more cohesive, which would correspond to a policy

aimed at decreasing the polarization level as modeled by parameter m.

Proposition 10. The effectiveness of a policy aimed at making the population more cohesive is ambiguous

as it both depends on the relative values of growth and quality parameters and is group-specific (that is,
ag(lféal)

it depends on the type distribution). Specifically, when ®; < (I)Qm

is satisfied, the policy will be
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o 2 0z
effective when J]\\;— < (Z—°> —2=- (the ratio of o-type to u-type individuals is low enough). By contrast, when

Zq
v am

o, > @2% is satisfied, the policy will be effective when %Z < (2)2 _%Zj? holds.

Proof: See Appendix (K).

The effectiveness of a policy aimed at making the population more cohesive is ambiguous as it both
depends on the environmental fundamentals and on the population structure. In particular, the effectiveness
does depend on the relative share of o-type and u-type individuals. This is in stark contrast with respect to

the other policies discussed here.

6 Conclusion

We analyze the effects of introducing risk perceptions in a group of agents managing a renewable resource.
First, the type of perception and the pre- and post-shift resource quality levels have first-order importance.
Second, when there are non-uniform perceptions, the group structure qualitatively affects the degree of
resource conservation. The science-based agents may also react in non-monotone ways to changes in the
polarization level. Moreover, the size of the science-based agents’ sub-population does not qualitatively
affect how an increase in the polarization level impacts behavioral adjustments, even though it affects the
magnitude of this change. We then characterize the socially efficient extraction policies. The comparison
between the pre- and post-shift resource quality levels qualitatively impacts both the comparison between
the two social planner perspectives, and the comparison between decentralized and centralized management
approaches. While the comparison between the two centralized perspectives mainly relates the relative sizes
of the o-type and u-type individuals’ sub-populations, the differences between centralized and decentralized
management are more complex. For instance, the overall size of the population may affect it. Thirdly, while
the tragedy of the commons arises at the aggregate level, it does not always emerge at the sub-population
level. As such, a policy designed on the basis of aggregate features only could face serious acceptability
problems. Indeed, the use of a tax policy could be put forward in such situations. Yet, depending on
the population distribution, some sub-populations should face a subsidy for efficiency reasons. As such,
perceptions could actually raise serious efficiency problems and not only issues of social justice. Several
other potential policies (based on the environmental fundamentals or on agents’ perceptions) are discussed
and contrasted depending on their likely effects on welfare and on their appropriate designs.

This paper is a first step in the analysis of natural resource management problems driven by risk percep-
tions. We focus on the case of a one-shot irreversible regime shift: it could be interesting to analyze cases
where the effects of the shift are reversible, while it may occur repeatedly in the future. We would not expect
fundamentally different findings, as long as there is no learning: the reversibility of the shift might weaken
some of the effects analyzed here, but the fact that the shift could repeat in the future might reinforce them
on the other hand. The in-depth analysis of different types of policy instruments (combining economic and
psychological interventions, as suggested by Stern (2011)) could also constitute a next step. Finally, it could

also be worth studying different types of perception and their implications for resource management.
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Appendix

A Proof of Proposition 1.

A.1 Post-shift problem

Plugging Vy =*"7 (y) = ajlny + b} into (6) yields

Vi(y) = max  ¢olne + dagabln [y — ¢ — g cr | + obh (25)
0<e<y—Y .k k#l
k£l
. o . e ¢ a”za2§ . ]
with [ = o, u, j , the first-order conditions are o = y=Nic—Nucu=Noc, and solving for ¢;, ¢, and ¢,
7 o u u
Paasa a a

Cu =Y U0 w . J - 0,J [T | ;cj:cu%;cozcu% (26)

Niaya$ + Neayay + N4afas + ayagaidas ay ag

Using (26) and (25) yields V; =" (y) = ¢alne, (y) + 6azabin (y — Nic; (y) — N°¢, (y) — Ney (y)) + 605
Then, we deduce quickly that

r=jiou _ P2 r=jow _ P2lnc, + dasabln (1 — Njcj — N°c, — Nucu)
1—day 2 1—46

A.2 Pre-shift problem

Plugging the conjecture szo’“’j (y) = aflny + b] we obtain the pre-shift value function of a type-l agent
(I=7j,0,u)

Viy)= max ¢ilng + (1—p")donailn [y—c — ch
0<ar<y—> ck k£l
kAl
! ! e — PRARY/ Ly
+pdasasln |y — ¢ ch +6 (1 —p') by + 6p'by (27)
k£l

¢1 _ (1—p")donai+p"dazay

The first-order conditions are o = y=Nic,—Noco—Nic:

and solving for g;, g, and g,, we obtain:

g (y) =y ¢1Zj2u _ gdecy.g (y) =y (;51ij0 _ gdecy
° ZjZozy + $1 (NI 2oz + NOzjzy + N¥2z;2,] o I 2jZozy + 01 [N 2o2y + NOzjzy + N¥2,2,) “
D120%
9 (y) =y = = gy

2j%0%u + 01 (NI 202y + NO2zjzy + N¥zj2,

where

zj = [(1 — p)dand) +p5a2a]2} 120 = [(1 — p°)daral + p°dasad]; z, = [(1 — p*)daraf + p“dasal]
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Using the conjecture V; =" (y) = a}Iny + b} , we write the value of the problem before shift
V{:O’u’j (y) = d1lng, (y)+((1 — p") dazal + p"dasal) In (y (1 — Nogdee — Nugdee Njg;lec))+5 (1 —p")bi+0p"b5
Then, we can write

g = Lt poasay - _ ¢nlng!*c + (1 - p") daraf + p"dagay) In (1 — N°ggec — N*gie® — NYgi*c) + dp"bj
o1 —-@a—-p)da ! 1—-6(1—pr)

To prove uniqueness, agent r’s post-shift first-order condition is so:

Dy v
hg_a(vg (VY = h2=> " h)* | aa(Y —h} =D B3> "1 =0
v J#r

Thus the post-shift value function of agent 7 now satisfies Vy (V') = ®alnh2(Y)+5Vy ((Y —R2(Y) — D i h3(Y))* )
Differentiating both sides with respect to Y we obtain:

2y/
() = G Doy | < B20r) = SR | an1- 02 ()= S 0 R =S )

JF#r J#r J#r
Using the first order condition, this simplifies to:
(V3)' (V) =8(Vg) | (Y =h3(Y) = D B3 (V)2 | aa(1 =Y (W) (Y)Y = h2(Y) =Y h3 (V)™
J#T J#ET J#£T

Again, using the first order condition, we have:

(VY0 =83 [ 0 =B = S0 | call=3 Y )Y =)= B = s (1= 308 (v)

j#r J#r j#r j#r

This condition must hold for any state Y, so evaluating it for Y = (Yt — h2(Y;) — >t h3 (Y})) * we obtain:

NV 120V 2 azy _ D9 9 2(y,))o2
(V) (Ye=h7 (V) j;hj(n)) ) hg_(m_hg(m_th%))%)( ;m« 2(v) gh (Y2)°2))

And the first order condition finally writes as:

(I>2 (1)2 2\/ 2 2 (e 2 2 az—1

Now, within the class of linear strategies MPNE we know that h2(Y;) = g2Y; for any agent r, and so:

1= 60[272
1- Z_j g5
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—(N— 1)9

This necessarily implies that g2 = g2 for any agent  and thus g? is characterized by 1 = Saun -~y . We
deduce that 1_(1\;2_1)92 = 1j§a2’ Coming back at the pre-shift stage, a type-r agent’s function is:
Vi(Y) = max Oylnh) + (1= p )oVy [ (Y =kl =D hh)™
OSHSY*Z;@#T h.} J#ET
+pTOVE [ (Y — Rl =Y hp)*
i#r
Using the same reasoning than in the post-shift case, the first-order condition can be rewritten as:
o
R
)
(1=p")d0n (Yi=hy(Y) =D b5 (Y™ 7A=Y () (Vi=hr (V) =Y by (YN ™) i — S~ iy
2 2 Z HV — ) = 52, S (V)™)

Dy

+p"San(Y;—h(Yz) Zh yaz=1( Z(iﬂ) ((Yi=hp (Y1) Zhl Y;) az)hz(( —hE(Y)) — 32, hE (1))

J#r J#T JF#ET

For each type of agents it can be checked that the first-order condition is identical, and thus we are looking
for (within the class of linear MPNE) h}(Y) = g;?lecY7 hL(Y) = g2¢Y and hl(Y) = g¢°Y, respectively. The

corresponding first-order conditions can then be rewritten as

(1 _ p)501‘1)1[1 _ (Nj _ 1) dec — Nug dec _ N° dec] +p6a2q)2gdecl (1\;2 1g>
1— NJ ;_iec _ Noggec — Nu gec

1=

for any science-based agent,

(1 _pu)(salq)l[l _ (Nu _ 1) dec N] de(‘ _ N° de('] +p5a2¢> gdecl ( 92—1)92
¢, = 1— NiJ gdec _ No ((jiec _ Nuggec

for any u-type individual, and

(1 o p0)5011<131[1 o (No o 1) dec Nj dec o Nuggec] p5a2,1) go (N 1)9

(b =
! 1-— N]gglec _ Noggec _ Nuggec
for any o-type individual. Now plugging 17(1\;;1)92 = };a and equating the right hand side terms of all
three conditions, we deduce that gd¢¢ = ZJ dec and gdec = d"“ hold. Plugging these two equalities into

dec dec dec

the first condition we obtain the desired expressmns of g5°, gu and g5

B Proof of the statement

We differentiate equations (12) and (13) with respect to m

99; (y) . o y_f?gi(y) :ﬁy
om NI+ 2,77 Om om
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Thus m affects the science-based agents and o-type individuals’ extraction levels in opposite way.

C Proof of Proposition 2.

The only thing that remains to show is to notice that:

A —%2_ (1 —§aq) —
% = 0; 82’0 — 5(1.0 _ p) 2 1—6a2( al) §1¢1 (29)
om om [1—(1—=p°)dai]
and
0z _504241_¢62(72(1—5oz1) — o Dz, o a2 (1 — don) — an .
e T 73 g, =0(l-m) e (30)
P [1 = (1 =p)dan] P [1— (1 —p°)day]

We thus conclude (as (z° — p) > 0) that BZGL >0 if and only if a5~ ‘b;a (1 —0daq) — a1y > 0 or
qbl ¢2 3?8 gm; is satisfied. Moreover, we conclude that > 0 and 820 > 0 if and only if ¢ < (;320‘2(17&“)

a1 1 60(2)

The rest of the proof then follows.

D Proof of Proposition 3.

In order to simplify the exposition, we write g; instead of g; (y). The reader is reminded that we have

95 (y) = b1 (w%(m)

)i 0) = () (31)
Y2
where 1 (m) = (¢1N7+zl)(¢1N1¢—>|-ngl(m)) SN 0 22 (m) = (1 _ pS) aldoy +pakday , o = ¢ NI 4+ 2
and z; = (1 — p) a}day + palday. We obtain agl(y) =, (m)y; % _N ¢1 vy (M) y.
P121 (¢1N1+z1)z;(m)

We then obtain 7, (m) = — (T 7o) (01N 22 0m)— (00 PNV ) and the expression of z9 (m) is

o1+ (m(z —p) + p) dasas
— (1= (m(z —p)+p))da

Differentiating equation (32) with respect to m yields

22 0m) = (1= (o =) + ) 0 ( ) =)+ et (32

zl(m): a—|—b+c—|—d
’ [1— (1= (m(z—p)+p))dai]®

where

a=—(z—p)do (¢1 4 (m(z — p) + p) dazas) (1 — (1 = (m (x — p) + p)) daz)
b=+ (x—p)day (1 - (m(z —p)+p))dazal (1 — (1 — (m(z — p) +p)) daz)

c=—(z—p)(1—(m(@—p)+p)) (61)* ($1 + (m (z — p) + p) dorza})
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d =+ (2 —p) bazaj (1 — (1 — (m (z — p) +p)) da1)”

So for o-type individuals (z — p > 0 holds) ¢; < ¢2% <= z5(m) >0 and ~i(m) < 0. Then this
implies 8%? < 0 and % > 0. The other case follows from similar arguments.

To proceed with the case of the aggregate extraction, we first differentiate g; and g; with respect to m.
We can write'? 25 — N"a%"iﬁ) + (N = N % or 8?—7(3) = 4, (m) N? (1 — (N = N¥) %) y < 0 where

72 = ¢1 N7 + z;. From the proof of Proposition 2, when x — p > 0 is satisfied we know that

’ (%) (1—50&1)
7 (m) <0 <= ¢ < ¢2m

We deduce that g% > 0 if and only if either 74 > 0 and ﬁ > (N - Ni) or 75 <0 and % < (N - Ni)
hold. Yet, from the definition of v» we deduce that (N - N 1) < % always holds. All together 3—3’1 >0 if

and only if v > 0 holds or ¢; > (bg%. The other case follows from similar arguments.
Regarding the effect of N, we obtain aag"i]\(,;’-’) = (g;(,ﬂ) Y 8g§\§%’) = —¢1 (’% + (%g\’;)) y where g}(fi =

2 . .
— ((?;3)221 (21 — 22) and k1 = ¢129 (N — ]\”) + ¢121N" + z12o. We now rewrite the total extraction rate as

Nig;i+ (N —N%) g; = N'g; (1 + N;,fw %). Since the ratio % does not depend on N?, we obtain:

d(Nigi+ (N —N%)g;) - 89 N —Nig; N
- =g+ N\—2 1 EAERLAR QS — 33
N (9 + am)( TN gi> NiJi (33)
>0
We deduce that 5;‘@ = fgi% (21 — 22) and thus 6(N19i+a(llv\fi—1w)gj) =g Zz(z};*@)_ We Obtain n— =
p—p® —¢rdon(l_daz)tdsdan(l_dar) . u-type individuals p—p® > 0 and thus z; > 2 (also o gi+a(]]vvi_N )os) >

1-bas [1—(1—p)dai][1—(1—pS)dai]
0) if and only if —¢1da (1 — dag) + Padas (1 — dag) > 0 holds or ¢ < QZ)Q%. The other case follows

from similar arguments.

E Proof of Proposition 4.

i) We differentiate g; (y) = yZJ_ZOZHH)I[szf;jfﬁ%zwdvuzjzo] = g}j“y with respect to m

dg; o1 (z;zu + zoz;)
om yzjzozu + 1 (Nizozy + N2jzy + N¥z;i2,,)

D120%u zjz;zu + zjzoz; + ¢ (sz;zu + szoz; + NOZ;Z]‘ + N"zjz;ﬂ
[2j202u + 01 (NI 202y + NOzjzy + N“zjzu)]2

-y (34)

After arranging all terms, we obtain

60y (PN ) )

99; _,,
om [2j202u + 01 (NI 202y + NOzjzy + N“zjzu)]2

(35)

If ¢y < 22020=990) o have 2, > 0. Thus % > 0 if and only if N° > —Zu(z)"N" 0145, We know from

ay(1-dag) 2, (zu)?

2We use either df or f to denote the (partial) derivative of function f.
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the proof of Proposition 1 that a science-based agent’s value function satisfies Vlj Y)= a{ln(Y) + b{ where
®1+pdaz STQW

J_
17— 1—-(1-p)daq and
[ ° J P ZjZoZu ¥l
o= (I)llnz]zozu-Hb [Noz]zl:-&-ZN U220+ NI Z02u] +0 | (1= p)ana + pas 1—52042} lnzjzozu-*"i’l[N"Zj;u+N”ZjZo+NjZozu] +opby
b 1-6(1-p)
g ®alng®+éan R In[1-Ng?] . . v o 9
with b5 = T2 . It is easily checked that 32 = 0 due to the characterization of g=. We
also deduce that Za = 0 holds, and thus %‘:n gfn with
E . o _agdee
ab_{ @137;1" + 5[(1 — p)ala{ +pa271752a2]7é?;"
om 1-0(1-p)
8-‘7{15'; dec
. Jm . Bz, [NO(ZU)2 8z0+Nu(zn)28% 3 ac;m o Bz, [NO(zu)z (9zo+N (z )2 (’)zu]
We obtain that g(jc_lec = ijozu_’@lw z]z“+Nuzjzo+J\?jzozu] while — C?dec - zozu(z]zo;u-i-in[N z]zu+N“szo+NJzozu])
and the sign of gfi is thus given by that of
8gdec , _8GdEC
o J 0.
(P g‘;;;lc +5[(1 - )alal +pa2m] Gdencl
o
o +(5(1 —plaa®i + poo = Oz NO(z)? 202 +N(z,)? 20z,
! 2ozu|1 — (1 — p)day] (zj2ozu + ®1[N°2jzy + N¥2zj2zo + NJ o2, om om

We conclude that the sign of % is given by that of N"(zu)Q% + N"(zo)ng;;. Since

0z, . o(z" — p) P,
om = = (1= ppaerl? | *21 = ga L~ 0) alcpl}

we conclude that, when &, < 221=9916, i5 satisfied then az“ < 0 and az" > 0 are satisfied. Then 6b1 >0

) a1 1—das
if and only if ]]\\;—: > (;—z) _522*7 when ®; < Zf i gzl (I>2 is satisfied. By contrast, when ®; > gf i gz;q)
satisfied then G2y %n > (%)2 _%?3? is satisfied.
-
ii) We obtain g-‘z;; = g%% — 9 (;)22;; ‘?ﬁ;{ = g%j—i —gj (zZTJ)"’Z; then using equation (35) and arranging

terms yields

a9, h17j [(ﬁlsz“ (zoz; - zuz;) —(z0)% 2, (z + ¢1Nj)} 9. 12 {(blsz“ (z;zu - z;zo) —(20)° 2, (z + ¢1Nj)}

om (2j202u + 01 (NJ 202y + NOzjzy + N“zjzu))2 "om (2j2Z02u + 01 (NJ 202y + NOzjzy + N“zjzu))2
36

If oy < %, then z, > 0 and z, < 0. It follows that % < 0 and % > 0. The same argument

applies also when ¢ > % and we obtain z; <0 and z; > 0.
We now rewrite the total extraction as N°g, + Ng, + N’g; = g, (N"*Z—; + N+ Nj) then differen-

tiating with respect to m and using % = 2L and % = 2L yield
J J

Zy
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8N00+Nuu+Nj 1 6 1 o u j N"’/ NO/
(N°g 9 9) _ 09; <N09+N“9+NJ> — 955 | — %+ % (37)
om om gj 9j (2u) (%0)

. ’ !’ .
(N°go+N"gu+Nig;) — (¢ )2 . (zo(zu)2N°+z7‘,(zo)2N7)
om - 1 J [zjzozu-ﬁ-qﬁl(Njzozu—i-NOiju-ﬁ-N“'zjzu)]z

We finally obtain 0 > 0 if and only if

’

2
N° . N° _Zy [ Zo ; Praz(1—day)
Mo satisfies 1 < = (Zu) and ¢, satisfies ¢1 > =S50

F Proof of Proposition 5.

i) Plugging Zjvzl {a{lny + bjl] into (21) we obtain:

N

N
Z {a%lny + b%} = max Z [d)gh’leg + dasalln <y — Z c;ﬁg) + 6bY
7 j=1 k=1

(38)

Jj=1

The first order conditions are (Zgﬂ (5042(1’5) Cj2 + P2 Zivzl cr2 = ¢2y. We deduce that cjo = c;0 = 2
[por P2
2 N¢'2+(ZkN:1 5&2(1]5

for any i # j and we conclude that c; = y;y — Nca = ¢5Py where 57 =

pop _ (Zszl 5a2a§)

© Noo+ (Yo, Sazab

) and

) Arranging terms in (38) yields

k=1

Z {aglny + b;} = Z [(d)g + (50@@%) Iny + dazallngt® + b, + (bglnlgoﬂ (39)

j=1 j=1
From (39), consistency yields aé = 1_¢52a2 and bé = 6a2a;1nq§1(f;¢2lnlg‘”" Coming back to the expressions

of I5°? and ¢5°? we now obtain
N k
1—-5 (Zk:l (5a2a2)
por — o2 = B = N = 6ay (40)
N + (Zkzl 5a2a’5) Noz + (Zkzl 6a2a§)

In the pre-shift problem we plug Zjvzl [a{ Iny + bﬂ and we obtain

N N N N
) [a]ﬂny + bﬂ =max ) [¢llncj,l +(1-p') banailn (y - %1) +p’dazadln (3/ - ZCN) + (1=p7) 6b] + /b
Ci,1
j=1 k=1 k=1

j=1 g =

(41)

2 [(1-)sanat+psad]
972511 Ck,1

j # i and the optimality conditions can be rewritten as

The first order conditions are f—ll = . We deduce that c¢j1 = ¢;1 = ¢ for any
~J )

N
52 (09 k) ] = )
k=1
Using (42) we conclude that ¢; = [{""y and y — Ney = i’y where 17" = N¢1+Z;V:1((lib;k)éa1alf+l7k6al2c)
N —pF)éarak ksak
and ¢;” = 2oy ({12 )b p00s) , thus

Novt) o, ((-ph)sarat+pat)
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N N
Z[a{lny—f—b{] = Z[((bﬁ-(l—pj)6a1a{—i—pjéaga%)lny—i—((l—pj)6a1a{—i—pjéaga%)lanOp—i—(bllnl]l’Op—l—pjébg—i—(l—pj)(5b{]

Jj=1 Jj=1

(43)
i i / $1-+p7daza prpldoe i aral+p’daza lnqp°P+¢1lan°p+p]6bJ
From (43) consistency yields a] = § 1(1;) = )26‘:51 = 1—(1—pj;6£12 b= ((1=r') o (f)pz -
Coming back to the expressions of I[Y°” and ¢/°?, we obtain:
N k $1+0p o2 R
PP = 1 PP = 2l =p )5041#1“)2 +pF 5a21 -
1 N k\§ ¢1+pFas 1 MQ kg » 41 N Mg br+opFas 1_¢>M2 ks o
Noy+ 3 4 [(1 = p) M T ara—ph). TP 0421 2] Ny + > [(1 =) U T PRoae

The proof of point ii) follows directly from point i).

G Proof of Proposition 6.

We first consider the case of a populist social planner. We have:
glec(y) > gPP(y) <= ¢1 [Nqu (25 — 20) + N¥2j (24 — zo)] + 22y [Njzj + (N — 1) 2z, + N%2,] > 0 (44)

Condition ¢; < %d)g is necessary and sufficient to ensure that z; < z, and 2, < 2, hold. The first

term in the above sum is thus negative, while the second one is positive. When ¢; > %ﬁal)@ holds
1 D‘2

zj > %o and 2z, > z, hold. Both terms in the above sum are positive, and the second conclusion follows:

Niz, |61 (20— ) = ()°] + N2 61 (0 — 2) = (2)°]

20%j 2y

glec(y) > gPP(y) <= N° — 1>

We now have:

9i(Y) 2 ¢PP(y) <= d1 [NV 20 (27 — 2zu) + N°2j (20 — 2u)] + 270 [Njzj + (N* = 1) 2y + N°zo] 2 0
The conclusions follow from similar arguments. We also have:

95 (y) = g"P(y) <= 61 [IN°zu (20 — 25) + N"20 (20 — 2)] + 2uz0 [N*2u + (N7 — 1) 2; + N°2] > 0

We conclude by noticing (when ®; < Még) that N° > N*Ze2=2¢ implies that giec(y) < gPr(y)
holds, and that otherwise gdec(y) > gP°P(y) holds if and only if N7 is large enough. The aggregate extraction

will be sub-optimally high if and only if:

Nizozy + N°zjzy + N2z, S N
ZjZozu + @1 [NT 202y + NOzjzy + N¥zj2] — N1+ Nizj+ Nz, + Ntz,

which always holds. For a paternalistic social planner the proof follows from similar arguments, with:

ggec (y) > gpat(y) = ¢1 [szU( - ZO) + Nuzj ( )} + 2z 2y [sz - zo] >0
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g;f“' (y) > gP"(y) <= ¢ [szo (zj — 2u) + N°zj (20 — zu)] + 220 [Nzj — 2, > 0

g;lec (y) > gpat(y) = ¢ [Nozu (Zo - Zj) +N"%, (Zu - Zj)] + (N - 1) ZoZuZj = 0

N7 zozu+N°zjzu+N"z;2,

Finally, the aggregate extraction will be sub-optimally high if and only if — o1 (N7 2omu t Nz, 70 £ N2 70] >
jco*u ocu Jru J=o

N¢+sz which always holds.

H Proof of Proposition 7.

The decentralized aggregate extraction level is given by G4¢¢(Y) = [1 ET—— Nozj;j‘f}(,uzj% T szozu]:| Y.

N 9z z z
We obtai G (y) 7<1>1[NJ(ZoZu,)2%+N“(ZjZo)2 SR+ N°(252)” §52]
n 0P, - (25 2020+ ®1[N°2j 20 + N¥ 220+ Ni 24 2,,])2

dec
for any r = j,0,u we conclude that MT&(Y) < 0 so a policy aimed at increasing ®5 would result in lower

. Bzp _ J YD)
Y. Since 9%y — (1—daz)[1—(1—p")oc] >0

aggregate extraction. Differentiating with respect to as:

j 0z; u Zu o Zo
DG ec(Y) o D[NV (zozu)2aa'2 + N (zjzo)22a2 + N (iju)ang]Y
Oay (2j202u + ®1[N°2jzy + N¥2j2, + szozu])2

0z,
Oap

policy aimed at decreasing as would result in a higher decentralized aggregate extraction level.

” dec
for any r = j,0,u is given by that of ’(’15257(353 > 0 we conclude that 6667,()/) <0soa

Since the sign of -

I Proof of Proposition 8.

Let us first consider the case where the mitigation policy affects all agents. Differentiating the decentral-

ized aggregate extraction level with respect to p:

j 0z; u Zu o Zo
aGec(Y) _ _<I>1[NJ (zozu)QW +N (zjzo)Z%—p +N (zjzu)z%p ]Y
op (2j202y + ®1[N°2j2y + N¥zj2, + szozu])2

Since the sign of %Z; for any r = j, 0, u is given by that of (1 —m)J (0421_@7%&(1 —day) — alq)l) we conclude

dec
that %Z; > 0 if and only if ®; < QQ% is satisfied. We would then obtain BGT(Y) < 0 so a policy
aimed at decreasing p would result in a higher aggregate extraction level. By contrast, such a policy would
result in a lower decentralized aggregate extraction level when ®; > @g% is satisfied. Let us now
assume that the mitigation policy affects science-based agents only: This would correspond to a case where
% =0 for » = 0, u and thus
D
dGdee(y) NI (2024 )* 52 v
Jp (2j202u + ®1[N°zjzy + N¥zjz, + szozu])2

The remainder of the proof is entirely similar.
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J Proof of Proposition 9.

The aggregate extraction level corresponding to the initial population structure is G4¢(Y"). If the distri-

bution is affected and becomes (N7 + N¢, N° N* — N¢) then the aggregate extraction level becomes

ZjZo%u

G(Y)=|1- ,
(¥) ZjZozy + P1[N°zjzy + (N — N°)zjzo + (N7 + N¢)zo2y]

To be effective the policy must result in G¢(Y) < G¥°(Y) or 2oz, < 202 OF 2, < 2;, which holds (as p* < p)
)

if and only if %i; >0 or 60@%(1 —daq) — 0a1 Py > 0 so finally @ < %@z.

K Proof of Proposition 10.

aGdec(y P1[NY(z; 20 20zqy +N(z;2q 29z¢ . . ) .
We have 8m( ) = —(ZjZoi+q£ff;o)zjZ’Z‘JrNuZE_ZZ];])WZLZ]u])2 Y. Since the sign of %2;; for any r = o,u is

. 1-6
given by that of (z" — p) (50@1?722(1 —day) — 5a1(I>1) we conclude that, when ®; < @2% holds

then gfrj > 0 while % < 0 holds. In order for the policy to be effective % > 0 has to hold

Zu 2 Nu

° 2 9z °
(decreasing m results in lower aggregate extraction) or % < (Z—") —2=, which can be rewritten as N <
om

2 u o\ 2
(Z—") o G:gzl(ljpu)) . The first and third ratios on the right hand side term of the inequality are
1(1-p*)

Zu x°—p

greater than one, while the second one might be greater or smaller than one (depending on the relative

values of z° and z*). By contrast, when ®; > @2% holds then % < 0 while gfg > 0 holds. In order

dec w 2 _ dzo
for the policy to be effective Maim(y) > 0 has to hold or ]]\\;o < (i—‘;) om.
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