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Abstract
We consider a setting where a natural resource is jointly extracted in distinct
local areas, which are owned by separate groups of individuals extracting the
resource in their respective location. There are two types of collective action
problems, any area user’s individual extraction inducing an externality on
others in the same area (intra-area problem), while aggregate extraction
in one area induces an externality on each agent in other areas (inter-area
problem). The interplay between both types of externality is shown to
affect the results obtained in classical models of common-pool resources.
We show how the fundamentals (magnitude of the externalities, size of user
groups) affect the harvest strategies and welfare compared to the benchmark
commons problems. Finally, different initiatives (local cooperation, interarea agreements) are analyzed to assess whether they may alleviate the
problems, and to understand the conditions under which they do so.
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Introduction

A substantial body of analysis and evidence highlights mismanagement of commonpool resources (CPRs) such as fisheries, pastures, forests, groundwater, pollution
sinks, among other tragedies of the commons.1 A large literature suggests economic
instruments as solutions.2 Under certain conditions, the proposed instruments may
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even ”solve” the tragedy of the commons, and provide first-best outcomes.
Most CPR discussions, including the references quoted above, focus on how to
secure reductions among agents across the resource. An important feature is that
they rely on at least one of two different types of assumptions, which can be described as follows.3 A first part of the literature considers that the spatial domain
of the resource is entirely managed by one group of agents. As such, there is one
type of collective action problem: an agent’s extraction imposes negative externalities on others. Such a setting rules out interesting cases where different parts
of the spatial domain are managed by different groups of agents. A second part
of the literature acknowledges this issue, and stresses the importance of proposing spatially-explicit solutions to the commons problem (see Sanchirico and Wilen
(22) or Kaffine and Costello (11)). In such contributions the resource spreads
over distinct local areas, and each area is managed locally. Extraction in one area
imposes negative externalities on others. Yet, this type of contributions relies on
strong assumptions about the property rights structure: either each area is managed by a single owner, or no conflict of interest exists within a given area (the
preferences of all owners within an area are perfectly aligned). This leaves aside
interesting situations where there is a collective action problem within a given area.
The goal of this work is to reconcile the above two types of assumptions. This
article theoretically analyzes how the interaction of collective action problems both
within and between areas affect individual and group behavior. We thus consider
a setting where the spatial domain of a natural resource is not managed by a single
group. The resource is used jointly in local areas, and each local area is managed
by a different user group. Extraction within one area is competitive and results
in intra-area externality on the extractors in a given area. Moreover, extraction
in one area imposes negative externalities on the other locations (inter-area externality). As illustrative examples, one might think of neighbouring fisheries, forest
or oil concessions.
The main research questions of the present study can be described as follows.
First, does this interaction between collective action problems matter? That is,
are the conclusions of usual models of commons still valid? Second, if such interaction does matter, how does intra-group collective action impact inter-group
collective action (and vice versa)? Finally, does this in turn impact the effect of
cooperation and the emergence of intergroup agreements?
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Before describing our results, the relevance of accounting for interacting commons
may be explained by describing the existing trade-off. Focusing on the effect of
cooperation, one area group can locally cooperate and impose constraints on a
remote other area by, say, threatening to revert to non-cooperative extraction patterns. The larger the group, the larger the potential cost of the threat to the other
group, the more likely it will agree to cooperate. But the larger the cooperating
group, the more severe the internal collective action problem might be, and the
less likely this group will actually manage to cooperate. The relative severity of
both types of problems may thus impede the success of cooperation initiatives and
the effectiveness of inter-area agreements.
The present analysis shows that the conclusions of usual models of commons problem must be qualified. First, non-cooperative individual extraction levels may be
inefficiently low compared to the efficient outcome. Other qualification may be obtained (under specific conditions), for instance an agent’s extraction or payoff level
may increase with the size of the user group in the same area. Second, the effect of
potential remedies to the commons problem may differ significantly.4 Specifically,
it is proved that the effect of local cooperation, where there is cooperation within
one area and non cooperation both between the areas and within the other area,
is not always positive overall.5 Furthermore, conditions are provided that characterize settings where inter-area contractual agreements may work. Some further
insights are obtained on the features of model parameters (size of user groups,
inter- and intra-area externality) that foster the success of inter-area agreements.
The conclusions are shown to hinge on the interaction between the two collective action problems. Regarding local cooperation, the inefficiency problem is
shown to become more severe as the size of agents’ population increases in the
non-cooperating area, as the magnitude of inter-area externality increases, or as
the size of agents’ population in the cooperating area decreases. In such cases,
local cooperation may actually result in an increase in total extraction, or in lower
payoffs in certain areas (compared to the case of non cooperation).
Regarding the feasibility of inter-area contractual agreements, the analysis studies the factors that make such initiatives work when there are multiple separate
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groups. The focus will be put on self-consistent transfer schemes, more specifically an extreme case in which users in one area compensate the user group in the
other area for not extracting the resource. There are two reasons for such a focus.
First, the literature suggests that regulating activity (which is input-based) is more
appropriate than output-based instruments (such as quotas) when the ability to
monitor and to assess stocks is low, which is a valid assumption in many interesting cases (such as in many developing countries). Thus, focusing on a transfer
scheme resulting in no extraction activity in one area will provide insights about
the effectiveness of transfer schemes overall. Indeed, due to the significant increase
in transaction costs involved by a transfer scheme specifying positive extraction
levels in all areas, if the specific type of transfer schemes analyzed here fails to
emerge, this will cast doubts about the feasibility of inter-area agreements overall.
The second reason for such a focus is that it will provide a very interesting byproduct of the analysis of interacting commons, that is, a rationale for the emergence
of reserve-type initiatives relying on purely private incentives. Indeed, the use of
reserves is the object of extensive discussions in the literature on natural resource
management. This is actually part of a more general discussion in economics on
the rationale of the private supply of public (or collective) goods. The related
literature focuses on the use of such instrument as a conservation policy for either
land-based conservation initiatives (see for instance Ando et al. (1), Church et al.
(4), Armsworth et al. (2)) or marine reserve areas (see for instance White et al.
(29)). With respect to studies on land-based initiatives, most of them consider
exogenous costs of action or start from the assumption that they are the outcome
of expensive public processes. Another part of the literature has developed, and
consider contractual remedies to commons problems, where costs of action are endogenous (see Harstad and Mideksa (9) for a case of conservation contracts). Yet,
they start from the assumption that the principal of the relationship has intrinsic
preferences for conservation. By contrast, our analysis provides a rationale for the
emergence of reserve areas based purely on strategic incentives of private agents focusing on economic profits. Regarding marine reserve areas, they have been shown
to provide conservation benefits and even potential spillover benefits to adjacent
fisheries (Roberts et al. (20)). Yet, they are almost always implemented as long
and expensive public processes. The present results again stress the importance
to acknowledge existing interactions between commons problems.
The remainder of the paper is organized as follows. The model is presented in
Section 2, together with the characterizations of the non-cooperative and efficient
outcomes. The effects of model parameters on harvest levels and payoffs are provided in section 3, together with the comparison between the two equilibrium
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outcomes. Section 4 presents results on the potential solutions to the collective
action problems. Section 5 concludes. The proofs of all results are provided in an
Appendix at the end of the article.
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Model & benchmarks

2.1

The model

A natural resource is jointly extracted in distinct local areas A and B, which are
owned by two separate groups of individuals that extract the resource in their
respective location. This could model neighbouring fisheries, forest or oil concessions, among other examples. The size of the group i = A, B having rights over
the resource is denoted Ni . We consider a setting where a game is played simultaneously within and across areas. First, any area i owner’s individual extraction
induces a cost-type externality on others in the same area (intra-area externality modeled by parameter δii ). Second, aggregate extraction in area i induces a
cost-type externality on each agent in area j (inter-area externality modeled by
parameter δij ). Specifically, the payoff of a given agent i ∈ {1, ..., NA } is specified
as follows:
ΠA
(1)
i = axiA − xiA [Γ + δAA XA + δBA XB ] ,
P

where xiA denotes this agent’s extraction level, XA = j∈A xjA (respectively, XB )
the aggregate extraction level within group A (respectively, group B), and a and
Γ are positive parameters. Parameter δAA captures the external effects of the
other owners’ extraction levels on agent i’s payoff, while δBA captures the degree
of spatial linkage between the two locations.
The present common-property resource model is similar to that developed by
Walker et al. (28) and used in many other contributions6 , the main difference is
that we consider a CPR which is exploited by different groups having access to
different areas, and resulting extraction activities are characterized by potentially
differing externality parameters.7 Schnier (23) considers a related model of a spatially linked common property resource, but he does not account for the possibility
that separate groups of users may have access to the resource in different locations.
Moreover, his contribution relies mostly on experiments, and both contributions
differ notably in terms of the underlying research questions.8
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We proceed with the analysis as follows. In order to keep the exposition of the
results as simple as possible, we present some of them, namely Propositions 4, 7
and 10, for the case where δAA = δBB and δAB = δBA hold. They will be extended
to allow for a more general degree of heterogeneity, and provided as supplementary material at the end of the article. The main differences between the results
provided in the body of the article and their extended versions will be discussed following each extended result. Other findings will be provided in their most general
form, as their exposition remains reasonably simple.

2.2

Nash equilibrium versus socially efficient outcome

We first derive the Nash equilibrium and the cooperative outcome that correspond
to the initial model. In order to focus on the most interesting cases, we rule out
situations where cost-externalities may be so strong that some agents would extract
nothing at either the non cooperative equilibrium or the socially efficient outcome.
For a given agent i in group A, the corresponding optimality condition is:
a − [Γ + δAA (xiA + X−iA ) + δBA XB ] − δAA xiA = 0,

(2)

and a similar type of condition holds for any owner of resource B. Solving for the
equilibrium extraction levels, we obtain the following results:
Proposition 1. Assume that (NA + 1) δAA > NA δAB and (NB + 1) δBB > NB δBA
hold. Then the unique Nash equilibrium
of the game


 corresponds to vectors of
N
N
N
N
extraction levels x1A , ...., xNA A and x1B , ...., xNB B characterized as follows:
N
∀i ∈ A xN
iA = xA = (a − Γ)

(NB + 1) δBB − NB δBA
(NA + 1) (NB + 1) δAA δBB − NA NB δAB δBA

(3)

N
∀i ∈ B xN
iB = xB = (a − Γ)

(NA + 1) δAA − NA δAB
(NA + 1) (NB + 1) δAA δBB − NA NB δAB δBA

(4)

and

The first proposition provides a closed-form characterization of the equilibrium
extraction strategies. It is easily checked that there is no equilibrium where no
agent extracts a positive level of the resource in each area. Moreover, an equilibrium where agents in one area (say A) extracts some of the resource, while
nothing is extracted in the other area, requires that the externality imposed
on area B by area A is sufficiently strong, which is ruled out when condition
(NA + 1) δAA > NA δAB is satisfied. The characterization provided in Proposition
1 will be used extensively in the following analysis. The next result provides the
characterization of the full cooperation outcome.
6

BA
< mink=A,B δkk holds. Then the full
coProposition 2. Assume that δAB +δ
2

∗
∗
operation outcome correspond to vectors of extraction levels x1A , ...., xNA A and





x∗1B , ...., x∗NB B characterized as follows:
∀i ∈ A x∗iA = x∗A =

a − Γ 2δBB − (δAB + δBA )
NA 4δAA δBB − (δAB + δBA )2

(5)

∀i ∈ B x∗iB = x∗B =

a − Γ 2δAA − (δAB + δBA )
NB 4δAA δBB − (δAB + δBA )2

(6)

and

The reader should notice that the above efficient outcome is not unique: the
aggregate extraction levels in both areas are unique, but individual extraction
levels within each area are not. Yet, since all agents are identical within a given
area, it makes sense to focus on the outcome characterized by identical extraction
levels for these agents. Moreover, it is easily checked that amending the part
specifying the benefits in the expression of agents’ payoffs (expression 1) as axiA −
ε (xiA )2 , with ε positive but small, would result in a unique efficient outcome that
would get arbitrarily close to the outcome described in Proposition 2 as ε gets
arbitrarily small.9 In the next Section we will rely on these characterizations to
compare the full cooperation outcome with the case of non-cooperation.

3

The effect of fundamentals

In this section we will analyze how model parameters affect the agents’ harvest levels and payoffs. First, we will provide results of comparative statics on the agents’
equilibrium harvest levels. Second, the effect of parameters on the comparison
between non cooperative and cooperative outcomes will be analyzed. Finally, the
same analysis will be performed on the equilibrium payoffs.

3.1

Comparative statics

The first Proposition allows for detailed comparative statics results on the effects
of the various fundamentals (externality parameters, size of the populations) on
the non cooperative equilibrium outcome. Specifically, we have:
Proposition 3. Under the assumptions of Proposition 1, we have the following
comparative statics results: for i, j = A, B, i 6= j
9
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1. The individual level of extraction in area i decreases (respectively, increases)
with an increase in the intensity of within-area externality in this same area
(respectively, the other area):
∂xN
∂xN
i
i
< 0;
> 0;
∂δii
∂δjj
2. The individual level of extraction in area i increases (respectively, decreases)
with an increase in the intensity of inter-area externality from this same area
to the other one (respectively, from area j to area i):
∂xN
∂xN
i
i
> 0;
< 0;
∂δij
∂δji
3. The individual level of extraction in area i decreases as the number of agents
in area j increases:
∂xN
i
<0
∂Nj
4. The effect of an increase in the number of agents Ni in area i can be characterized as follows. We have:
∂xN
i
> 0 ⇐⇒ Nj δij δji > (Nj + 1) δii δjj
∂Ni
Cases 1, 2 and 3 in Proposition 3 are fairly intuitive. For instance, regarding
the effects of intra-area externality parameters, the main impact of an increase in
δii follows quite directly from the optimality condition, and tends to affect negatively the individual extraction level. By contrast, the main effect of a larger δjj
is indirect, and follows from the resulting decrease in overall extraction in area j:
each agent in area i then increases her own extraction.
The most interesting effect corresponds to the fourth case. Focusing on the case of
area A, the expression (and the corresponding optimality condition) of xN
A highlights the existing trade-off that relates to the effect of an increase in NA . The
first effect is direct, an increase in the number of agents in area A results in a
more intense within-area competitive effect, and is driven by a marginal increase
(NB + 1) δAA δBB , which lowers the extraction level. The second effect is indirect,
an increase in the number of agents results in higher external effects imposed on
the other area: the corresponding marginal impact is given by NB δAB δBA . This
results in lower aggregate extraction in area B, which in turn tends to increase individual extractions in area A. The net change follows from the trade off between
8

these two effects, and depends (as suggested by the previous reasoning) on an interplay between the number of agents in area B and the externality parameters.
In order to illustrate this interplay, we can focus on two polar cases. First, when
∂xN
δAB = δBA = 0 we obtain immediately that ∂Nii < 0 due to the second effect. By
δ then we deduce
contrast, when δAB = δBA = δ 0 , δAA = δBB = δ and δ 0 ≈ NNi +1
i
that (Ni + 1) δ 2 ≈
effect.

Ni
Ni +1

(δ 0 )2 < Ni (δ 0 )2 and thus

∂xN
i
∂Ni

> 0 holds due to the first

A final feature of the fourth case deserves some discussion. A necessary condition for this case to hold is that δij δji > δii δjj be satisfied. This requires that,
at least for one area, the magnitude of intra-area external effect be smaller than
that of the inter-area externality. This might look like a non-intuitive assumption
to make. Even though we do not intend to take a stance on this issue, we can
make two points. A first point is that ruling out or supporting this condition is an
entirely empirical question, and is outside the scope of this work. A second point
is that this type of condition might be descriptive of real world cases, where members of a large group inflict individually low intra group costs, but the aggregate
cross group effects on the other group are large. It might be consistent with very
asymmetric situations among areas, where extraction in (say) area j might have
small external effect both within area j and on area i, while the effect of individual
extraction in area i might have small intra-area external effect and yet aggregate
extraction in area i might have relatively strong effect on area j. This might be
consistent with an asymmetry in relative geographical locations.
Before moving on to the next stage of the analysis, one can notice that the usual
cases of commons problems are incompatible with the positive effect of larger sizes
of agents’ population on the effort level. Indeed, when NA = NB = 1 the problem
is degenerate, and when δAB = δBA = 0 then the indirect effect disappears.

3.2

Comparison between full cooperation and Nash equilibrium

We now consider the cases where the full cooperation and the non-cooperative
equilibrium outcomes are characterized by conditions (3)-(4) and (5)-(6). Thus,
we assume that the following conditions are satisfied simultaneously:
δAB + δBA
< min{δAA , δBB }.
2
(7)
As the analysis will highlight it, the comparison between both outcomes is more
complex than in the usual case of tragedy of the commons. Indeed, two problems
(NA + 1) δAA > NA δAB , (NB + 1) δBB > NB δBA ,

9

interact in the present setting: a classical commons problem within each area (due
to the common property regime), and a problem driven by aggregate interactions
between areas (due to spatial externalities). Depending on which dimension matters most, the comparison requires qualifications, as the next result will show it.
In order to keep the exposition as simple as possible, we present the result for
the case where δAA = δBB and δAB = δBA are satisfied. Moreover, to save on
notations, we focus on the case of area A, results for area B follow in an entirely
similar manner. Specifically, we obtain:
Proposition 4. Assume that conditions (7) are satisfied simultaneously, so that
the full cooperation and Nash equilibrium outcomes are characterized by (3)-(4)
and (5)-(6), and that δAA = δBB = δ while δAB = δBA = δ 0 are satisfied. We have
the following comparisons:
∗
• If NB ≤ 3NA − 1 then xN
A ≥ xA holds generically;
0
N
∗
∗
0
• If NB > 3NA − 1 then xN
A ≥ xA when δ ∈ [0, δ (δ, NA , NB )] and xA < xA
0
0
when δ 0 ∈ [δ (δ, NA , NB ) , δ[, where δ (δ, NA , NB ) increases as δ increases, as
NA increases, or as NB decreases.

This result can be explained as follows. Propositions 1 and 2 yield the following
expressions of harvest levels:
xN
A = (a − Γ)

a−Γ
(NB + 1) δ − NB δ 0
∗
,
x
=
A
2
2NA (δ + δ 0 )
(NA + 1) (NB + 1) δ 2 − NA NB (δ 0 )

where the second expression follows from straightforward simplifications. Due
to Proposition 3 we know that xN
A decreases as NB increases, while the efficient
10
harvest level is not affected. This suggests that sufficiently large values of NB
might be required for the non-cooperative harvest level to become smaller than
the efficient outcome. Yet this necessary condition is not sufficient: indeed, for
a−Γ
sufficiently small values of δ 0 , we obtain that xN
A gets close to (NA +1)δ which is
easily checked to be greater than x∗A . By contrast, when δ 0 gets sufficiently close
a−Γ
to δ, one obtains that xN
A gets close to δ(NA +NB +1) and the comparison with the
∗
socially efficient outcome then depends on the value of NB . Specifically, xN
A < xA
if and only if NB ≥ 3NA − 1 is satisfied. Thus, this highlights the existing trade-off
for sufficiently large values of NB : the non-cooperative harvest level will be greater
than the efficient one for low values of δ 0 , while the opposite will hold otherwise.
2
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With benefits in the expression of agents’ payoffs specified as axiA − ε (xiA ) with ε > 0
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Proposition 4 highlights a major difference with the classical commons problem:
the conclusion that over extraction will prevail under non cooperative extraction
does not always hold. The classical extraction problems studied in the literature
∗
correspond to cases where either NA = NB = 1 or δ 0 = 0 holds, and xN
A < xA cannot hold in such cases. This result is actually reinforced when intra- or inter-area
externality parameters may differ: some trade-off emerges in (say) area A when
the size of the user group in the other area is sufficiently large (compared to NA ),
when the within-area externality problem is more (but not too) severe in area B,
or when the inter-area externality problem is less severe for area B. Moreover,
the effect of intra-area externality differs qualitatively from that of inter-area externality. The reader is referred to Proposition 11 (stated in the Appendix) for
an extension of Proposition 4 that provides a precise statement and discussion of
these last conclusions.

3.3

How does the number of users affect welfare?

We will conclude this section by discussing the effect of the number of users on
the welfare of the different groups. This is done by simple comparative statics
analysis. We have the following conclusion:
Proposition 5. Assume that conditions (NA + 1) δAA > NA δAB and (NB + 1) δBB >
N
NB δBA hold. Denote ΠN
A and ΠB the payoffs of any agent in, respectively, areas A
and B corresponding to the Nash equilibrium characterized in Proposition 1. Then
we have:
1. Regarding the effect on agents’ payoffs in area A
∂ΠN
A
> 0 ⇐⇒ (NB + 1) δAA δBB − NB δAB δBA < 0
∂NA

(8)

The effect of changes in NA depends on the spatial parameters and the size
of agents’ population in area B.
∂ΠN

2. Regarding the effect on agents’ payoffs in area B, we have ∂NBA ≤ 0: a
decrease in the number of agents in one area yields an increase in agents’
payoff in the other area.
The effect of changes in the size of the agents’ population in one area is unambiguous when looking at the agents’ payoffs in the other area. In this case, a
lower number of agents results in higher payoffs. The marginal effect of a change
in the size of the agents’ population in area A can be computed as follows:
∂ΠN
∂xN
∂xN
B
B
N
N
= −xB δBB (NB − 1)
+ δAB xA + NA A
∂NA
∂NA
∂NA
"

"

11

##

The first part in the bracketed expression on the right-hand side of the equality
reflects the effect due to changes in the aggregate extraction level in area B. Individual extraction level in area B decreases as NA increases, which implies that
the related effect on agents’ payoffs in this area is positive. The second part in
the bracketed expression characterizes the effect due to changes in the aggregate
extraction level in area A. Aggregate extraction level increases as NA increases,
and the related effect on agents’ payoffs in area B is thus negative. As long as
N
xN
A and xB are positive, the second effect dominates the first one, and the overall
effect on the agents’ payoffs in area B is negative.
By contrast, the marginal effect on the agents’ payoffs in area A depends on the
spatial parameters and the size of agents’ population in area B. Specifically, we
have:
"
#
N
N
N
∂x
∂X
∂x
∂ΠN
A
A
A
= xN
− δAA
− δBA NB B
A δAA
∂NA
∂NA
∂NA
∂NA
where XAN = NA xN
A which, after simplifications, yields:
∂ΠN
∂xN
∂xN
A
A
N
N
= −xA δAA xA + δAA (NA − 1)
+ δBA NB B
∂NA
∂NA
∂NA
"

#

The first part in the bracketed expression on the right-hand side of the equality
reflects the effect due to changes in the individual (first term) and the aggregate
(second term) extraction levels in area A. Changes in the individual extraction
level of the agent mitigate the effect of changes in the aggregate extraction level
in the area. Overall, the sign of the related effect depends on spatial parameters
and on NB . The second part in the bracketed expression highlights the effect due
to changes in the aggregate extraction level in area B. Aggregate extraction level
decreases as NA increases, and the related effect on agents’ payoffs in area A is thus
N
positive. As long as xN
A and xB are positive, the first effect dominates the second
one, and the overall effect on the agents’ payoffs in area A depends on the interplay
between spatial parameters and NB . In order to illustrate this interplay, we can
again focus on two polar cases. First, when δAB = δBA = 0 the indirect effect dis∂ΠN
appears and ∂NAA < 0 obtains. By contrast, when δAB = δBA = δ 0 , δAA = δBB = δ
and δ 0 ≈ NNBB+1 δ then we deduce that (NB + 1) δ 2 ≈ NNBB+1 (δ 0 )2 < NB (δ 0 )2 and thus
∂xN
i
∂Ni

> 0 holds due to the first effect.

Proposition 5 yields several interesting implications. First, there are cases for
which there is a specific conflict of interest between agents in different areas.
This is so when agents’ payoffs in area A are higher, while agents’ payoffs in
area B are lower, as the number of agents increases in area A. Second, when
12

(NB + 1) δAA δBB − NB δAB δBA > 0 is satisfied, agents in both areas benefit as the
number of agents decreases in area A: agents might then have incentives to compensate some of them to give up extracting the resource. We will come back to the
issue of self-consistent transfer schemes in a slightly different situation in the next
section. Finally, since usual commons problems correspond to either NA = NB = 1
or δAB = δBA = 0, they are incompatible with a positive effect of a larger size of
agents’ population on profits (as depicted in the first case in Proposition 5). As in
the fourth case in Proposition 4, this last conclusion requires a necessary condition
on the comparison between the magnitude of inter-area externalities and that of
intra-area externalities. We refer to the related discussion following the statement
of Proposition 4.

4

Potential solutions to the collective action problem

The main point of this contribution is to show the importance of existing interactions between commons problems. As highlighted in the previous section, several
classical results in commons problems can be reversed in such a setting: among
others, non cooperative harvest levels may be inefficiently low.
The next section will highlight the importance of existing interactions by showing
how it opens up new interesting research questions on the potential solutions to
collective action problems. Indeed, compared to the usual commons problems,
it will be shown that certain solutions may have significantly different effects.
Specifically, we will now consider two potential solutions to the problem of collective action, namely (i) local cooperation and (ii) self-consistent transfer schemes,
and analyze whether they might be effective and if so, we will characterize the
conditions under which they alleviate the problem. Case (i) assumes that agents
in a given area are able to solve their internal collective action problem: there
is cooperation within one area, and non cooperation both between the areas and
within the other area. Case (ii) will focus on one case, which is the object of
extensive discussions: private reserve areas. Here, instead of assuming that public
authorities select one of the two areas to become a reserve, we analyze whether
there are cases for which there exists a self consistent transfer scheme such that
agents in one area compensate the other agents for not extracting the resource in
the other area.
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4.1

Local cooperation

Again we consider the case where the non cooperative outcome is interior, that
is, the situation where it is characterized by Proposition 1. In order to allow for
the simplest comparison that is possible, we will characterize the conditions under
which the partial cooperation outcome is interior too. This is provided in the next
proposition:
Proposition 6. Assume that agents in area A cooperate locally, while there is
still non cooperation both within area B and between the two areas. Then, under
conditions
(NB + 1) δBB − NB δBA > 0, 2δAA > δAB
(9)


pc
the partial cooperation outcome correspond to vectors of extraction levels xpc
1A , ...., xNA A





pc
and xpc
1B , ...., xNB B characterized as follows:
pc
∀i ∈ A xpc
iA = xA =

(NB + 1) δBB − NB δBA
a−Γ
NA 2 (NB + 1) δAA δBB − NB δAB δBA

and
pc
∀i ∈ B xpc
iB = xB = (a − Γ)

2δAA − δAB
2 (NB + 1) δAA δBB − NB δAB δBA

(10)

(11)

The reader should notice that the above equilibrium is not unique: the aggregate extraction level in area A is unique, but individual extraction levels within
this area are not. Yet, since all agents in area A are identical, it makes sense to
focus on the outcome characterized by identical extraction levels for these agents.
We refer the reader to the discussion in Section 2 supporting the use of such assumption following Proposition 2 (see footnote 9).
The main point is now to assess the effects of local cooperation on extraction
levels and payoffs. This is done by comparing the outcome of Proposition 1 and
that of Proposition 6. Specifically, we assume cooperation in area A, and we
obtain:
Proposition 7. Assume that conditions (NB + 1) δBB > NB δBA and (NA + 1) δAA >
NA δAB are satisfied. Then, compared to non cooperation:
1. Local cooperation results in lower (respectively, higher) individual extraction
levels in area A (respectively, B).
2. The effect on total extraction level depends on the interplay between spatial
parameters and the size of the agents’ population in area B. Specifically,
when δAB ≤ δBA total extraction is higher under non cooperation. When
14



δAB > δBA total extraction is lower under non cooperation when NNBB+1 δBA <
δBB < NNBB+1 δAB and higher under non cooperation when δBB ≥ NNBB+1 δAB .
3. The effect on payoffs depends on the interplay between spatial parameters
and the size of the agents’ populations in both areas. Specifically, we have
N
Πpc
A ≤ ΠA when
√
NB
NA + NA NB
NA
δAB δBA < δAA δBB ≤
δAB δBA
NA + 1 NB + 1
NA − 1 NB + 1
N
and Πpc
A > ΠA for values of δAA and δBB such that the following condition
is satisfied:
√
NA + NA NB
δAA δBB >
δAB δBA .
NA − 1 NB + 1
Moreover, local cooperation in area A results in higher payoffs in area B
(compared to the case of full non-cooperation).

Proposition 7 provides several interesting insights on the effect of local cooperation. First, the effect of local cooperation does not always mitigate the collective
action problem in terms of the resulting extraction levels. Indeed, point 1 shows
that local cooperation results in lower extraction levels in area A, while Proposition 4 highlights that whether the efficient extraction levels are lower or higher
compared to the non-cooperative outcome depends on an interplay between spatial
parameters and the size of agents’ populations in both areas.
Secondly, the economic effect is not always positive overall. Specifically, while
local cooperation in area A unambiguously results in higher payoffs in area B,
the same conclusion does not always hold in area A. Looking at two polar cases
helps to illustrate this feature. When δAB = δBA = 0 we obtain immediately
N
that Πpc
δAA = δBB = δ, δ√AB = δBA = δ 0 and
A > ΠA holds. By contrast, when
√
δ we obtain that NAN+A −1NA NNBB+1 (δ 0 )2 ≈ NAN+A −1NA NNBB+1 δ 2 > δ 2 and
δ 0 ≈ mini=A,B NNi +1
i
N
thus Πpc
A < ΠA holds.
Specifically, point 3 in Proposition 7 highlights that agents’ payoffs in area A
are lower under local cooperation for intermediate values of the intra-area spatial
parameters:
√
NA
NB
NA + NA NB
δAB δBA < δAA δBB ≤
δAB δBA
NA + 1 NB + 1
NA − 1 NB + 1
It is easily checked that the size of the interval defined by the above inequalities
increases as the size of agents’ population in area B increases, as the values of
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inter-area parameters δAB and δBA increase, or as the size of agents’ population
in area A decreases. Thus, in any of such cases the inefficiency problem becomes
more likely: the effect of partial cooperation is negative and becomes more severe
on the specific area within which the collective action problem has been solved.
This conclusion implies that, absent appropriate financial schemes which would
target this area, the emergence of partial cooperation becomes less likely.
It is again interesting to contrast these results with the usual cases of commons
problems. When δAB = δBA = 0 it is easily checked that partial cooperation always improves the situation overall, as it results in a strict Pareto improvement
in area A and leaves area B unaffected. Obviously, when NA = NB = 1 local
cooperation does not have any meaning.

4.2

What makes inter-area agreements work?

The second type of solution to the collective action problem that we will consider
relies on self-consistent transfer schemes. The focus will be put on an extreme case
in which users in one area compensate the user group in the other area for not
extracting the resource. As explained in the introduction, there are two reasons
for such a focus. Studying a transfer scheme resulting in no extraction activity in
one area will provide insights about the effectiveness of transfer schemes overall: if
this type of contractual agreements fails to emerge, this will cast doubts about the
feasibility of arrangements specifying positive extraction levels in all areas (due to
the significant increase in transaction costs). Moreover, this part will provide a
very interesting result in terms of policy implications, as it will suggest a rationale
for the emergence of reserve-type initiatives relying on purely private incentives.
The support of reserves based on conservation motives or on public initiatives is
being discussed extensively (see for instance Roberts et al. (20)).
We now analyze if inter-area agreements can emerge when based on private initiatives and, if so, the conditions under which it is more likely to emerge. In order to
do so, we consider the situation where area A is sanctuarized, that is, the situation where no agent extracts the resource in this area. The sanctuarization of area
A will emerge from private initiatives if and only if there exists a self-consistent
transfer scheme, that is, a scheme that satisfies the following features:
• The transfer scheme induces a non-cooperative game that induces agents in
area A to choose to not harvest the resource.
• The transfer compensates agents in area A for the absence of revenue derived
from the extraction activity. They decide to comply with the arrangement
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as long as they obtain payoffs at least equal to those under non-cooperative
extraction activities in both areas.
• The transfer makes the agents in area B at least as well off as compared to
the case of non-cooperative extraction activities in both areas.
The above description highlights that an appropriate transfer scheme should possess both an incentive part, which induces agents in both areas to choose appropriate harvest levels, and a fixed part, which makes agents in both areas at least
as well off compared to the case of non cooperative extraction activities. The first
step thus consists in characterizing the non-cooperative game under the transfer
scheme, and to prove that the unique outcome is that agents in area B extracts
(some of) the resource, while there is no extraction activity within area A. More
specifically, in order to assess the potential emergence of a reserve based on private
initiatives, we will first characterize the incentive part of the scheme that enables
to implement a given target level of harvest x̂B by each agent in area B.11 We
obtain the following result:
Proposition 8. Assume that conditions (NA + 1) δAA > NA δAB and (NB + 1) δBB >
NB δBA hold, and consider the common-property setting induced by the transfer
scheme defined by, for any i ∈ B and j ∈ A:
τiB (x1A , ..., xNA A , x1B , .., xNB B ) =
P

= xiB [(NB + 1) x̂B − (a − Γ)] −

l∈A

xlA

NB

[δBA NB x̂B − (a − Γ)] − TiB

and
τjA (x1A , ..., xNA A , x1B , .., xNB B ) =
P

= xjA [δBA NB x̂B − (a − Γ)] −

l∈B

xlB

P

[(NB + 1) δBB NB x̂B − (a − Γ)] +

l∈B

TlB

NA
NA
where TiB is the fixed part of the transfer corresponding to agent i in area B,
and x̂B is a given target level of harvest. Then the resulting
equilibrium outcome



s
s
corresponds to vectors of extraction levels x1A , ..., xNA A and xs1B , ..., xsNB B such
that, for all j ∈ A and i ∈ B:
xsjA = xsA = 0, xsiB = xsB = x̂B ;

(12)

In other words, the transfer scheme induces the emergence of a reserve in area A.
11

Since all agents in area B are identical, the case of an identical level of harvest makes sense.
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The assumptions of Proposition 8 both imply the existence and uniqueness
of the equilibrium outcome corresponding to non cooperation both within and
between areas. Indeed, this is required to proceed with the full characterization of
the scheme: the full non-cooperative outcome will constitute the status-quo and
be used to define the participation constraint. Now, looking at the game induced
by the transfer scheme, the resulting equilibrium payoffs are, for any i ∈ B and
j∈A








ΠsiB = xsiB [a − Γ − δBB XBs − δAB XAs ] + τiB xs1A , ..., xsNA A , xs1B , ..., xsNB B
and
ΠsjA = xsjA [a − Γ − δAA XAs − δBA XBs ] + τjA xs1A , ..., xsNA A , xs1B , ..., xsNB B
which, using Proposition 8, yield:
ΠsiB = δBB (x̂B )2 − TiB
and

P

NB
TlB
=
x̂B [(a − Γ) − (NB + 1) δBB x̂B ] + l∈B
NA
NA
Proposition 8 highlights that the scheme is budget balanced (immediate from its
characterization), and implements the desired outcome provided that the agents
choose to comply with the terms of the scheme. Moreover, it highlights that such
a transfer scheme does not have any meaning in the usual cases of commons problems: indeed, if there is no inter-area externality (in particular, if δBA = 0) then
the scheme characterized above is not well-defined. This again stresses the importance of accounting for existing interactions between commons problems.
ΠsjA

The last step is thus to analyze the conditions under which all agents have incentives to participate. That is, we want to characterize the conditions under
which there exist fixed payments TiB for i = 1, ..., NB such that all agents are
at least as well off as under full non-cooperation, which defines the status-quo
scenario. This is the goal of the next result:
Proposition 9. Assume that conditions (NA + 1) δAA > NA δAB and (NB + 1) δBB >
NB δBA hold. Then there exist values of x̂B > 0 such that the transfer scheme
defined in Proposition 8 is self-consistent if and only the following condition is
satisfied:
[(NA + 1) (NB + 1) δAA δBB − NA NB δAB δBA ]2 >
h

i

4 NB (δBB )2 [(NA + 1) δAA − NA δAB ]2 + NA δAA δBB [(NB + 1) δBB − NB δBA ]2
(13)
In such cases, there exist fixed parts of the transfer scheme {TiB }i∈B such that all
agents are at least as well off as under full non cooperation.
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Proposition 9 provides several interesting conclusions. First, it allows to characterize the cases in which inter-area agreements may work and a reserve can
emerge based on private initiatives. Moreover, it shows that the corresponding
existence condition results from an interplay between the model parameters. This
condition is easily checked to be non vacuous.12 Secondly, even if its form is quite
complex, this condition allows for further analysis of the features of area A that
foster the emergence of such private initiatives. Indeed, we can analyze (at least
partially) the situations where condition (13) is satisfied, and thus the effect of specific parameters on the potential rationality of private initiatives. In order to keep
the exposition as simple as possible, we will focus on the case where δAA = δBB
and δAB = δBA hold.13 We obtain the following result:
Proposition 10. Assume that conditions (NA + 1) δAA > NA δAB and (NB + 1) δBB >
NB δBA hold. Moreover, assume that δAA = δBB = δ and δAB = δBA = δ 0 hold.
Then we have:
1. When δ = δ 0 a reserve based on private initiatives always Pareto dominates
the full non-cooperative outcome.
2. When NA = NB = N a reserve based on private initiatives Pareto dominates
the full non-cooperative outcome
√
−(N +1)+2 2N
δ provided N ≤ 5;
N
value of δ 0 ∈]0, NN+1 δ[ otherwise.

• When δ 0 >
• for any

This result provides several interesting implications. First, when the only
source of potential heterogeneity is the size of the agents’ populations in both
areas, the transfer scheme is always consistent. Using the conclusions provided in
Proposition 3, since a larger population in area B unambiguously decreases the
non-cooperative extraction levels and the corresponding payoffs in area A, a larger
population in area B corresponds to a less profitable status-quo scenario for agents
in area A. This makes the emergence of self-consistent transfer schemes more
likely. By contrast, the effect of a larger population in area A on extraction levels
in the status-quo scenario (and on the resulting payoffs) depends on the interplay
between NB and the within and between-area externality parameters. As such,
whether situations characterized by larger populations in area A are more or less
desirable for the emergence of a reserve in this same area depends on this trade-off.
Secondly, when externality parameters are potentielly heterogeneous, the situation becomes more complex, and a trade-off emerges. When the size of agents’
12
13

A +1
B +1
For instance, it is easily checked that δAB ≈ NN
δAA and δBA ≈ NN
δBB satisfy it.
A
B
An extended version is provided as supplementary material at the end of the article.
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populations in both areas remain small, looking at the polar cases where either
δ 0 = 0 or δ 0 ≈ NN+1 δ highlights the trade off. Indeed, in the first case, when δ 0
is sufficiently small we obtain immediately that condition (13) is not satisfied,
and the transfer scheme is not self-consistent. By contrast, when δ 0 is sufficiently
large (δ 0 ≈ NN+1 δ) then condition (13) is always satisfied, and the transfer scheme
is always self-consistent. Thus, depending on the size of agents’ populations, a
trade-off exists regarding the relative intensities of intra and inter-area externalities. This interplay between the sizes of agents’ populations and the externality
parameters is actually reinforced when one analyzes the problem allowing for more
heterogeneity between parameters. This is shown in the supplementary material
(in Proposition 12 in the Appendix).

5

Conclusion

The problem of CPR management has received a lot of attention from researchers
in many disciplines, including economics. Yet, until recent years, most studies
tend to focus on how to secure reductions among agents across the resource. By
contrast, this article theoretically analyzes how the interaction of collective action
problems both within and between areas affect individual and group behavior.
We focus on the interaction between these two types of collective action problem, and shows that the conclusions of usual models of commons problem should
be qualified. Depending on the relative severity of both types of problem, noncooperative management may result in inefficiently low individual harvest levels.
Moreover, potential solutions may not have the same effect than in usual commons
problems too. Indeed, it is shown that local cooperation does not always improve
the situation overall. Specific conditions are provided that characterize the cases
where it is actually effective. Moreover, inter-area agreements may be more or less
effective depending on the specifics of the situation at hand. Finally, accounting
for interactions between collective action problems may provide a rationale for the
emergence of reserve-type initiatives based purely on strategic incentives of private agents focusing on economic profits. All together, these results highlight the
importance of accounting for the existing interactions between commons problems.
The goal of this work was to assess the main differences that emerge when such
interactions are acknowledged. As such, the corresponding model has been kept
relatively simple, and we abstracted from several issues. For instance, allowing for
asymmetric information and introducing dynamic considerations would constitute
interesting and important extensions that deserve future research.
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Appendix
Proof of Proposition 1
The optimality conditions are necessary and sufficient, and given by, for any i ∈ A and j ∈ B:
a − Γ − δAA XA − δBA XB − δAA xiA + λiA = 0
and
a − Γ − δBB XB − δAB XA − δBB xjB + λjB = 0,
where λiA ≥ 0 and λjB ≥ 0 are the lagrangian parameters associated to each optimality condition. First, it is easily checked that there is no equilibrium where no agent in each group
extracts a positive level of the resource. Second, there cannot be an equilibrium outcome for
which λiA > 0 and xlA > 0 simultaneously (and the same holds for area B). Otherwise, we
would have:
a − Γ − δAA XA − δBA XB < 0
while
a − Γ − δAA XA − δBA XB = δAA xlA > 0,
which is a contradiction. Now, if there is one equilibrium such that xN
iA > 0 for any i ∈ A while
λjB > 0 for any j ∈ B, then one has:
N
a − Γ − δAB XA
<0

while
N
N
a − Γ − δAA XA
= δAA xN
iA = δAA xlA ,
N
N
which in turn implies that xN
iA = xlA = xA for any i and l ∈ A. Rewriting, we obtain:

xN
A =
and
NA

a−Γ
(NA + 1) δAA

a−Γ
a−Γ
>
(NA + 1) δAA
δAB

or
NA δAB > (NA + 1) δAA ,
which is ruled out by assumption, a contradiction. The symmetric case for area B is ruled out
in a similar way. All together, this implies that one must have λiA = 0 = λjB for all i ∈ A
N
N
and j ∈ B, and more specifically that xN
iA = xlA = xA > 0 for any i and l ∈ A, and the same
property holds within area B. Now, coming back to the optimality conditions and solving for
N
xN
A and xB , we obtain the desired expressions, which concludes the proof.
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Proof of Proposition 2
The proof is omitted, as it follows mainly from the same type of calculations than in the proof
of Proposition 1, except that the problem here is to maximize the sum of all agents’ payoffs over
the two areas.

Proof of Proposition 3
We prove the proposition for the case of a representative agent in area A, the conclusions will
follow similarly for the case of agents in area B.
We use the expression of xN
A provided in Proposition 1, and we denote D := (NA + 1) (NB + 1) δAA δBB −
NA NB δAB δBA . First, we differentiate with respect to δAA , and we obtain:
a−Γ
∂xN
A
(NA + 1) (NB + 1) δBB [(NB + 1) δBB − NB δBA ]
=−
∂δAA
D2
Since δBB and (NB + 1) δBB − NB δBA are positive by assumption, we conclude that the effect
of δAA is negative. Now, differentiating with respect to δBB we obtain:
∂xN
a−Γ
A
=
(NB + 1) NB δBA [(NA + 1) δAA − NA δAB ]
∂δBB
D2
Since δAA and (NA + 1) δAA − NA δAB are positive by assumption, we conclude that the effect
of δBB is positive. This concludes the proof of the first point in the proposition.
Differentiating with respect to δAB and δBA we obtain, respectively:
∂xN
a−Γ
∂xN
a−Γ
A
A
N
N
δ
[(N
+
1)
δ
−
N
δ
]
;
NB (NB + 1) δBA [(NA + 1) δAA − NA δAB ]
=
=−
A
B
BA
B
BB
B
BA
∂δAB
D2
∂δBA
D2
∂xN

A
> 0 and
Arguments similar to those in the first point yield immediately that ∂δAB
satisfied. This concludes the proof of the second point in the proposition.
Differentiating with respect to NB we obtain:

∂xN
A
∂δBA

< 0 are

∂xN
a−Γ
A
δBB δBA [(NB + 1) δBB − NB δBA ]
=−
∂NB
D2
We conclude immediately that the effect of an increase in NB is negative. This concludes the
proof of the third point in the proposition.
Finally, differentiating with respect to NA we obtain:
∂xN
a−Γ
A
[(NB + 1) δBB − NB δBA ] [NB δAB δBA − (NB + 1) δAA δBB ]
=
∂NA
D2
∂xN

Since (NB + 1) δBB − NB δBA > 0 by assumption, we deduce that ∂NAA > 0 if and only if
NB δAB δBA − (NB + 1) δAA δBB > 0 is satisfied. This concludes the proof.

Proof of Proposition 4
We have:
∗
xN
A − xA =

(NB + 1) δBB − NB δBA
2δ
− (δAB + δBA )
h BB
i
−
2
(NA + 1) (NB + 1) δAA δBB − NA NB δAB δBA
NA 4δAA δBB − (δAB + δBA )
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Since the denominators of both terms are positive (by Propositions 1 and 2 respectively), rewriting the above expression as a single fraction its sign is given by that of the nominator, that
is:
h
i
2
NA [(NB + 1) δBB − NB δBA ] 4δAA δBB − (δAB + δBA )
− [2δBB − (δAB + δBA )] [(NA + 1) (NB + 1) δAA δBB − NA NB δAB δBA ]

(14)

We now provide the proof of the different cases in Proposition 4.
In case 1, using its assumptions to rewrite expression (14) allows to conclude that the sign
∗
of xN
A − xA is given by that of:
h
i
h
i
2
2
NA [(NB + 1) δ − NB δ 0 ] 4δ 2 − 4 (δ 0 ) − [2δ − 2δ 0 ] (NA + 1) (NB + 1) δ 2 − NA NB (δ 0 )
or, simplifying:
h
i
2
2NA [(NB + 1) δ − NB δ 0 ] (δ + δ 0 ) − (NA + 1) (NB + 1) δ 2 − NA NB (δ 0 ) .
This expression can be rewritten to deduce:
2

∗
2
0
0
xN
A ≥ xA ⇐⇒ (NB + 1) (NA − 1) δ + 2NA δδ − NA NB (δ ) ≥ 0,

where the second term is a polynomial function of δ 0 (keeping in mind that 0 ≤ δ 0 ≤ δ by
conditions (7)). Solving it, we obtain:
q
2
N
+
(NA ) + NA NB (NB + 1) (NA − 1)
A
0
∗
0
=
δ
}].
xN
≥
x
≥
0
⇐⇒
δ
∈
[0,
min{δ,
δ
A
A
NA NB
√
N + (NA )2 +NA NB (NB +1)(NA −1)
<
To conclude the proof of this first case, it then remains to notice that A
NA NB
1 if and only if NB > 3NA − 1 holds. Moreover, the conclusions on the effect of the parameters
on δ 0 follow from straightforward differentiations, which are thus omitted.

Proof of Proposition 5
We first differentiate the agents’ payoffs in area A with respect to NA , accounting for the optimality conditions characterizing xN
A:


∂ΠN
∂xN
∂xN
N
N
A
A
B
= xA −δAA xA − δAA (NA − 1)
− δBA NB
∂NA
∂NA
∂NA
N
Differentiating the expressions of xN
A and xB with respect to NA and simplifying, we obtain:

∂ΠN
a−Γ
A
= 2xN
δAA [(NB + 1) δAA δBB − NB δAB δBA ] [NB δBA − (NB + 1) δBB ]
A
∂NA
D2
with D := (NA + 1) (NB + 1) δAA δBB − NA NB δAB δBA and we can now conclude as follows. The
second term between brackets on the right hand side of the equality is negative by assumption.
∂ΠN
Since δAA > 0 by assumption, this implies that ∂NAA < 0 if and only if (NB + 1) δAA δBB −
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NB δAB δBA > 0holds. This concludes the proof of the first case of the proposition.
Similar calculations yield:
∂ΠN
a−Γ
B
δAA δBB δAB [(NB + 1) δBB − NB δBA ]
= −2xN
B
∂NA
D2
The term between brackets on the right hand side of the equality is positive by assumption.
∂ΠN
This implies that ∂NBA ≤ 0 is always satisfied, with strict inequality if and only if the externality
parameter δAB is positive (since δAA and δBB are positive by assumption). This concludes the
proof.

Proof of Proposition 6
It is immediately checked that the first order conditions are necessary and sufficient, and given
by:
pc
pc
a − Γ − 2δAA XA
− δBA XB
+ λlA = 0
for any agent l ∈ A and
pc
pc
a − Γ − δAB XA
− δBB XB
− δBB xpc
iB + λiB = 0

for any agent i ∈ B. The reasoning used in the proof of Proposition 1 allows quickly to conclude
pc
pc
that xpc
iB = xjB = xB for any i and j ∈ B, and that (NB + 1) δBB > NB δBA rules out the
possibility of a corner solution xlA = 0 while 2δAA > δAB rules out the possibility of a corner
pc
solution xiB = 0. Solving the system of optimality conditions for XA
and xpc
B yields the desired
expressions, keeping in mind that xpc
lA =

pc
XA
NA

in the statement of the proposition.

Proof of Proposition 7
Concerning individual extraction levels, using the expressions provided in Proposition1 and 6 we
deduce that:
pc
xN
A ≥ xA ⇐⇒ NA ≥ 1
which is always satisfied. Regarding extraction levels in area B, we obtain: and
pc
xN
B ≥ xB ⇐⇒

(NA + 1) δAA − NA δAB
2δAA − δAB
≥
(NA + 1) (NB + 1) δAA δBB − NA NB δAB δBA
2 (NB + 1) δAA δBB − NB δAB δBA

which can be rewritten and simplified as
pc
xN
B ≥ xB ⇐⇒ δAA δAB (NA − 1) [NB δBA − (NB + 1) δBB ] ≥ 0,

which is only satisfied when NA = 1 or δAB = 0, since the term between brackets is negative by
assumption. This concludes the proof of the first point.
pc
N
Regarding the effect on total extraction levels, denoting X pc = NA xpc
=
A + NB xB and X
N
N
NA xA + NB xB we have:
X pc ≤ X N
⇐⇒

(NB + 1) δBB − NB δBA + 2NB δAA − NB δAB
NA (NB + 1) δBB − NA NB (δAB + δBA ) + NB (NA + 1) δAA
≤
2 (NB + 1) δAA δBB − NB δAB δBA
(NA + 1) (NB + 1) δAA δBB − NA NB δAB δBA
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Rewritting and simplifying, we obtain:
h
i
2
2
2
X pc ≤ X N ⇐⇒ (NA − 1) − (NB + 1) (δBB ) + NB (NB + 1) (δAB + δBA ) δBB − (NB ) δAB δBA ≤ 0.
The term between brackets is a polynomial expression of δBB : solving for δBB , there are two
cases:
• If δAB ≤ δBA then the term between brackets is non-positive if and only if δBB ≥
is satisfied, which is the case by assumption;
• If δAB > δBA then the term between brackets is positive if δBB satisfies
B
δBB < NN
δAB and non-positive otherwise.
B +1

NB
NB +1 δBA

NB
NB +1 δBA

<

This concludes the proof of the second point in the proposition.
Finally, we compute the difference between agents’ payoffs in area A under the two outcomes.
Regarding the fully non-cooperative case, accounting for the first order conditions satisfied by
xN
A and simplifying, we obtain:

N 2
ΠN
.
A = δAA xA
Regarding the case of partial cooperation, accounting for the first order conditions satisfied by
xpc
A and simplifying, we obtain:
pc 2
Πpc
A = δAA NA (xA ) .
Denoting D = (NA + 1) (NB + 1) δAA δBB − NA NB δAB δBA and M = 2 (NB + 1) δAA δBB −
NB δAB δBA we can now compute the difference as follows:
2

N
Πpc
A − ΠA =

δAA (NA − 1) [(NB + 1) δBB − NB δBA ]
P (δAA δBB )
NA D 2 M 2

where
2

2

2

2

P (δAA δBB ) = (NA − 1) (NB + 1) (δAA δBB ) −2NA NB (NB + 1) δAB δBA δAA δBB +(NB ) NA (δAB δBA )
N
To derive the sign of Πpc
A − ΠA it suffices to analyze the sign of P (δAA δBB ). Since this is
N
a polynomial
expression of δAA δBB we obtain that Πpc
A √ ≥ ΠA when either (i) δAA δBB ≤
√
NB NA − NA
NB NA + NA
NB +1 NA −1 δAB δBA holds or (ii) δAA δBB ≥ NB +1 NA −1 δAB δBA is satisfied. By assumpNB
NA
tion we know that δAA δBB > NA +1 NB +1 δAB δBA is satisfied, and it is easily checked that

√
NB NA − NA
rules out
NB +1 NA −1 δAB δBA is satisfied whenever NA ≥ 1 holds. This
√
pc
NB
NB NA + NA
NA
N
case (i) and implies that ΠA < ΠA when NA +1 NB +1 δAB δBA < δAA δBB < NB +1 NA −1 δAB δBA
N
is satisfied, and that Πpc
A ≥ ΠA otherwise. This concludes the comparison of agents’ payoffs in
NA
NB
NA +1 NB +1 δAB δBA

≥

area A.
Now regarding agents’ payoffs in area B, accounting for the first order conditions satisfied by xN
A
and simplifying, we obtain in the full non-cooperative case:

N 2
ΠN
.
B = δBB xB
Regarding the case of partial cooperation, accounting for the first order condition satisfied by
xpc
B and simplifying, we obtain:
pc 2
Πpc
B = δBB (xB ) .
This now implies that we have:
h
 i
 pc

pc 2
N
N 2
N
Πpc
−
Π
=
δ
(x
)
−
x
= δBB xpc
xB − xN
BB
B
B
B
B
B
B + xB
N
From the first point in Proposition 7 we know that xpc
B − xB ≥ 0 is satisfied, which implies that
pc
N
ΠB − ΠB ≥ 0 holds. This concludes the proof.
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Proof of Proposition 8
Considering the game induced by the transfer scheme and differentiating, we obtain the following
optimality conditions, for j ∈ A and i ∈ B:
s
s
a − Γ − δAA XA
− δBA XB
− δAA xsjA +

∂τjA
+ λjA = 0,
∂xjA

s
s
a − Γ − δBB XB
− δAB XA
− δBB xsiB +

∂τiB
+ λiB = 0,
∂xiB

and

where λjA and λiB denote the lagrangian parameters associated to the first order conditions of
agents j ∈ A and i ∈ B. Using the expressions of the transfers we obtain:
s
s
a − Γ − δAA XA
− δBA XB
− δAA xsjA + δBA NB x̂B − (a − Γ) + λjA = 0,

and
s
s
a − Γ − δBB XB
− δAB XA
− δBB xsiB + (NB + 1) δBB x̂B − (a − Γ) + λiB = 0,

We now proceed by contradiction and assume that xjA > 0 for some j ∈ A. This implies that:
s
s
−δAA XA
− δBA XB
− δAA xsjA + δBA NB x̂B = 0,

which in turn implies that the extraction levels of all other agents in A must be positive as well,
and that xslA = xsjA = xsA for any agent l ∈ A (l 6= j). Now assume that xsiB = 0 for some i ∈ B,
we obtain:
s
s
−δBB XB
− δAB XA
+ (NB + 1) δBB x̂B ≤ 0,
which in turn implies that necessarily xskB = 0 for any k ∈ B as well. All together, the two
optimality conditions imply that one must have:
(NB + 1) δBB x̂B − δAB NA xsA ≤ 0
while
δBA NB x̂B = δAA (NA + 1) xsA
δBA NA NB
and combining these two conditions allows to deduce that necessarily (NB + 1) δBB x̂B ≤ δAB
(NA +1)δAA x̂B
must hold which, since x̂B is positive, implies that (NA + 1) (NB + 1) δAA δBB −NA NB δAB δBA ≤
0 must hold, which contradicts the assumptions of Proposition 8.

Now assume that xsiB > 0 for some i ∈ B: coming back to the corresponding optimality condition,
we obtain:
s
s
−δBB XB
− δAB XA
− δBB xsiB + (NB + 1) δBB x̂B + λiB = 0,
which implies that all other agents in area B finds it optimal to choose a positive extraction
level, and that xslB = xsiB = xsB for any agent j ∈ B (l 6= i). The optimality condition can thus
be rewritten as:
s
(NB + 1) δBB x̂B = δAB XA
+ δBB (NB + 1) xsB
or
x̂B − xsB =

NA δAB
xs ,
(NB + 1) δBB A
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while the optimality condition related to agents in area A imply that x̂B − xsB =
which, since xsA > 0 holds, implies:

NA δAB
s
(NB +1)δBB xA

NA δAB
NA δAB
=
,
(NB + 1) δBB
(NB + 1) δBB
which contradicts the assumptions in Proposition 8, as they imply that (NA + 1) (NB + 1) δAA δBB −
NA NB δAB δBA > 0 is satisfied. We conclude by contradiction that xsjA > 0 for some j ∈ A is
impossible.
Thus the equilibrium outcome of the game results in xsjA = xsA = 0 for all agents j in area
A. This implies that there is necessarily some agent, say i, in area B such that xsiB > 0 holds.
Now the optimality condition related to agent i ∈ B writes
s
−δBB XB
− δBB xsiB + (NB + 1) δBB x̂B = 0.

This implies necessarily that xslB > 0 for any other agent l in area B, and thus xslB = xsiB = xsB .
Rewriting the optimality condition for agent i we finally obtain:
(NB + 1) δBB x̂B = NB δBB xsB + δBB xsB ,
thus xsB = x̂B and this concludes the proof.

Proof of Proposition 9
Using Proposition 8 the transfer scheme induces the following equilibrium payoffs, for j ∈ A and
i ∈ B:
2
ΠsiB = δBB (x̂B ) − TiB
and
ΠsjA

NB
x̂B [(a − Γ) − (NB + 1) δBB x̂B ] +
=
NA

P

TlB
NA

l∈B

Now, using Proposition 1 the payoffs corresponding to the full non-cooperative outcome are
provided by the following expressions:
N
ΠN
A = δAA xA

2

N
, ΠN
B = δBB xB

2

,

N
with xN
A and xB characterized by expressions (3) and (4) respectively. Now, the transfer scheme
will be self-consistent if and only if the fixed payments {TiB }i∈B are defined such that the scheme
makes all agents at least as well as under full non cooperation, that is, for any j ∈ A and i ∈ B:
s
N
ΠsjA ≥ ΠN
A , ΠiB ≥ ΠB

Using the expressions of equilibrium payoffs, and considering equal treatment of agents in area
B, we obtain TiB = TB and
h
2 i
2
δBB (x̂B ) − xN
≥ TB
B
and
TB ≥

2
NA
δAA xN
− x̂B [(a − Γ) − (NB + 1) δBB x̂B ] .
A
NB
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Now the transfer scheme will be self-consistent if and only if there exists a non vacuous interval
of values of TB that satisfy these two inequalities. This is equivalent to showing
h
2 i NA
2
2
δAA xN
δBB (x̂B ) − xN
>
− x̂B [(a − Γ) − (NB + 1) δBB x̂B ] ,
B
A
NB
which can be rewritten as


2 NA

2
N 2
δ
−NB δBB (x̂B ) + (a − Γ) x̂B − δBB xN
x
+
> 0.
AA
B
A
NB
This is a polynomial expression of x̂B , which can be solved explicitly. To get x̂B > 0 a necessary
and sufficient condition is that



 2 NA
2
N 2
δ
x
> 0,
(15)
∆ = (a − Γ) − 4NB δBB δBB xN
+
AA
A
B
NB
√

√

∆ (a−Γ)+ ∆
because any x̂B ∈] (a−Γ)−
2NB δBB , 2NB δBB [ will then satisfy the requirement. Using expressions (3)
and (4) and rewritting condition (15) we obtain condition (13), which concludes the proof.

Proof of Proposition 10
First, when δAA = δBB = δAB = δBA then condition (13) can be simplified as
2

(NA + NB − 1) > 0,
which is always satisfied.
Secondly, when NA = NB = N condition (13) can be simplified as follows:
2

[(N + 1) δ + N δ 0 ] > 8N δ 2
or


2
N 2 − 6N + 1 δ 2 + 2N (N + 1) δδ 0 + N 2 (δ 0 ) > 0,

which is a polynomial expression of parameter √δ 0 . Solving for δ 0 , we obtain that condition (13)
is satisfied if and only if δ 0 ∈] max{0, −(N +1)+2
N

2N

√

−(N +1)+2 2N
δ
N

since
the proof.

δ}, NN+1 δ[ is satisfied. We can now conclude,

≥ 0 is easily checked to hold if and only if N ≤ 5 is satisfied. This concludes

Supplementary material
Extension of Proposition 4
In order to assess the qualitative effect of each type of fundamentals (within-area externality
parameter, between-area externality parameter, size of the populations), we successively consider
two additional situations, where only one parameter is allowed to differ from one area to the other.
Moreover, to save on notations, we focus on the case of area A, results for area B will follow in
an entirely similar manner.
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Proposition 11. Assume that conditions (7) are satisfied simultaneously, so that the full cooperation and Nash equilibrium outcomes are characterized by (3)-(4) and (5)-(6). We have the
following comparisons:
1. Assume δAB = δBA = δ 0 while NA = NB = N :
2

2

2

2

0
< δAA δBB < NN2 −1 (δ 0 ) then there exists
• When δAA ∈] NN−1
2 δBB , δBB [ while (δ )
∗
0
N
∗
0
δ AA ∈]0, δAA [ such that xN
A ≥ xA when δ ∈ [0, δ AA ] and xA < xA when δ ∈
]δ AA , δAA [;
∗
• Otherwise xN
A ≥ xA holds generically.

2. Finally, assume δAA = δBB = δ while NA = NB = N :
N
∗
∗
• When δAB < δBA then xN
A ≥ xA when δBA ∈ [δAB , δ BA ] while xA < xA when
N +1
δBA ∈]δ BA , N δ[, where δ BA increases as δ increases, or as δAB increases. The
effect of N on δ BA is ambiguous and depends on the interplay between δ, δAB and
N.
∗
• When δAB ≥ δBA then xN
A ≥ xA holds generically.

Proof. In case 1, using its assumptions (among others, δAA > δ 0 and δBB > δ 0 are satisfied) to
∗
rewrite expression (14) allows to conclude that the sign of xN
A − xA is given by that of:
h
i
h
i
2
2
2
2N [(N + 1) δBB − N δ 0 ] δAA δBB − (δ 0 ) − [δBB − δ 0 ] (N + 1) δAA δBB − N 2 (δ 0 )
This expression can be rewritten to deduce:
∗
0
0
0
xN
A ≥ xA ⇐⇒ 2N δBB δ (δAA − δ ) + (δBB − δ )

h

i

2
N 2 − 1 δAA δBB − N 2 (δ 0 ) ≥ 0,

(16)

which is a polynomial function Φ(δ 0 ) of δ 0 (keeping in mind that 0 ≤ δ 0 ≤ min{δAA , δBB } by
conditions (7)). When δAA ≥ δBB we deduce immediately that
h
i

2
2
Φ(δ 0 ) ≥ (δBB − δ 0 ) 2N δBB δ 0 + N 2 − 1 (δBB ) − N 2 (δ 0 )
= (δBB − δ 0 ) [(N + 1) δBB − N δ 0 ] [(N − 1) δBB + N δ 0 ] > 0,
∗
which allows to conclude that xN
A > xA then. Now, when δAA < δBB we deduce quickly from
N2
0 2
∗
(16) that a necessary condition for xN
A < xA to hold is that δAA δBB < N 2 −1 (δ ) is satisfied.
Now, differentiating Φ(δ 0 ) with respect to δ 0 , we obtain:



2
Φ0 (δ 0 ) = 3N 2 (δ 0 ) − 2N (N + 2) δBB δ 0 + 2N − N 2 + 1 δAA δBB
The term on the right hand side of the equality is a polynomial function: solving it for δ 0 we
obtain
Φ0 (δ 0 ) ≤ 0 ⇐⇒ δ 0 ∈ [δ10 , δ20 ],
p
p
(N +2)δBB − δBB [(N +2)2 δBB −3δAA (2N −N 2 +1)]
(N +2)δBB + δBB [(N +2)2 δBB −3δAA (2N −N 2 +1)]
0
=
where δ10 =
and
δ
.
2
3N
3N
The first conclusions are that, when 2N −N 2 +1 ≤ 0 holds (which is the case if and only if N ≥ 3)
then δ10 ≤ 0 is satisfied, and that δ20 > δAA as δAA < δBB is satisfied. These two conclusions
imply that Φ0 (δ 0 ) ≤ 0 on [0, δAA [ for N ≥ 3 and Φ0 (δ 0 ) is non-negative on [0, δ10 ] and negative on
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]δ10 , δAA [ when N ≤ 2 is satisfied. We obtain quickly that P hi(0) > 0 holds, and finally, looking
at Φ(δ 0 → δAA ) we obtain:
h
i


2
2
Φ(δ 0 → δAA ) = δAA N 2 (δAA ) − 2N 2 − 1 δAA δBB + N 2 − 1 (δBB )
Solving for δAA we deduce that Φ(δ 0 → δAA ) < 0 if and only if δAA lies in the interval
2
] NN−1
2 δBB , δBB [. Together with the monotonicity of function Φ this implies that there exists
δ AA ∈]0, δAA [ such that Φ ≥ 0 for δ 0 ∈ [0, δ AA ] and Φ < 0 for δ 0 ∈]δ AA , δAA [ if and only if
2
δAA ∈] NN−1
2 δBB , δBB [ is satisfied. Otherwise Φ is non-negative. This concludes the proof of the
first case.
In the second case, using its assumptions to rewrite expression (14) allows to conclude that
∗
the sign of xN
A − xA is given by that of:
h
i
2
N [(N + 1) δ − N δBA ] [2δ + (δAB + δBA )] − (N + 1) δ 2 − N 2 δAB δBA
This expression can be rewritten to deduce:
2

∗
2
2
xN
A ≥ xA ⇐⇒ (N + 1) (N − 1) δ − N (N − 1) δδBA + N (N + 1) δδAB − N (δBA ) ≥ 0,

which is a polynomial function P (δBA ) of δBA . Solving for δBA we obtain:
q
2
− (N − 1) δ + (N − 1) δ 2 + 4 (N + 1) δ [N δAB + (N − 1) δ]
].
P (δBA ) ≥ 0 ⇐⇒ δBA ∈ [0, δ BA =
2N
(17)
The above expression of δ BA yields the following implications:
√
N +1
N +1
N2 − N + 1
2 + N2 + 3
δ ⇐⇒ δAB ≤
δ; δ BA ≤ δ ⇐⇒ δAB ≤
δ; δ BA ≤ δAB ⇐⇒ δAB ≥
δ.
N
N
N (N + 1)
N
(18)
In case 2, conditions (7)) are equivalent to either (i) δAB ≤ δBA and δAB < δ while δBA < NN+1 δ,
or (ii) δAB > δBA and δBA < δ while δAB < NN+1 δ. We prove the result in these two sub-cases.
Regarding sub-case (i), the first inequality in (18) yields the conclusion that δ BA ≤ NN+1 δ is
satisfied,
while the last inequality in (18) yields the conclusion that δ BA ≥ δAB holds (since
√
2+ N 2 +3
δ > NN+1 δ > δAB are satisfied). Using (17) then allows to conclude. The effect of δ and
N
of δAB on δ BA follows from direct differentiations. Regarding the effect of N , differentiating and
∂δ BA
is given by that of the following expression:
simplifying, we obtain that the sign of ∂N
δ BA ≤

−

q

2

(N − 1) δ 2 + 4δ (N + 1) [N δAB + (N − 1) δ] − 2N δAB + (N + 3) δ
∂δ

BA
< 0 when −2N δAB + (N + 3) δ ≤ 0 is satisfied. Otherwise,
A first conclusion is that ∂N
∂δ BA
≥
0
if
and
only
if
the
following
inequality is satisfied:
∂N

2

(N + 1) (3 − N ) δ 2 + N 2 (δAB ) − 2N (N + 2) δδAB ≥ 0.
Solving for δAB we conclude that
δAB ∈]δ (N +2)−

√

∂δ BA
∂N

2N 2 +2N +1 N +3
, 2N δ[
N

is satisfied. It is easily
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√

∂δ BA
2N 2 +2N +1
and ∂N
< 0 when
N
√
(N +2)− 2N 2 +2N +1
checked that
>0
N

≥ 0 when δAB ≤ δ (N +2)−

∂δ

BA
depends on the interplay between δ, δAB
if and only if N ≤ 2 holds. Thus, the sign of ∂N
and N . This concludes the proof of the first sub-case. Regarding the second sub-case, the last
inequality in (18) allows again to conclude that P (δBA ) ≥ 0 holds generically. This concludes
the proof of the second case.

Several remarks are worth noticing. Regarding the first case, a first point is that low values
of δ 0 correspond to the classical conclusion: indeed, in such a situation this case is similar to the
first one, and the conclusion follows similarly. When looking at large values of δ 0 , if δAA ≥ δBB
this amounts to looking at δ 0 → δBB , but this implies that the efficient outcome gets close to
zero, and obviously the classical conclusion obtains. By contrast, when δAA < δBB we can look
a−Γ (N +1)δBB −N δAA
while x∗A
at situations where δ 0 → δAA is satisfied. Then xN
A gets close to δAA (N +1)2 δ
−N 2 δ
BB

AA

a−Γ
gets close to 2N
δAA , and the comparison with the socially efficient outcome depends on the interplay between the within-area externality parameters and the size of the populations. Specifically,
∗
2
2
xN
A < xA can be satisfied only if N − 1 δBB < N δAA holds: there is some heterogeneity along
this dimension, but the degree of heterogeneity is not too high.

The second case can be explained easily when δAB ≥ δBA is satisfied. Indeed, coming back
to Proposition 3 we know that xN
A increases as δBA increases, which implies that
xN
A ≥ (a − Γ)

(N + 1) δ − N δBA
(N +

2
1) δ 2

−

N2

2

(δBA )

=

(a − Γ)
(N + 1) δ + N δBA

and the comparison with x∗A follows easily then. By contrast, when δAB < δBA holds, the
conclusion depends on the value of δBA . When it is low, that is, close to δAB , the situation is
similar to the case of homogeneous areas, and the classical conclusion follows. When it is high
(close to NN+1 δ according to the assumptions), then xN
A gets arbitrarily small (when the difference
(a−Γ)
∗
δBA − δAB is sufficiently large) while xA = N (2δ+δAB +δBA ) does not become so.

Extension of Proposition 10
Proposition 12. Assume that conditions (NA + 1) δAA > NA δAB and (NB + 1) δBB > NB δBA
hold. Then we have:
1. When NA = NB = N and δAA = δBB = δ a reserve based on private initiatives Pareto
dominates the full non-cooperative outcome:

√ 
N
• When min{ N4+1 δ, NN+1 1 − 2N
δ} ≤ δBA < NN+1 δ is satisfied;

√ 
N
• When δBA < min{ N4+1 δ, NN+1 1 − 2N
δ} there exists δ AB ∈]0, NN+1 δ[ such that
Pareto dominance holds when δAB ∈ [δ AB , NN+1 δ[ is satisfied;
2. When NA = NB = N and δAB = δBA = δ 0 a reserve based on private initiatives Pareto
dominates the full non cooperative outcome:
• Provided that both δBB ≤

(N +1)2 +2N 0
δ
N +1

– Either conditions N ≥ 3 and δ 0 ≥

holds and
4
N +1 δBB

are satisfied,

– Or there exists δ AA > NN+1 δ 0 such that Pareto dominance holds for δAA > δ AA .
When N ≥ 6 then δ AA belongs to ] NN+1 δ 0 , δBB ].
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2

+2N 0
δ is satisfied, there exists δ AA > NN+1 δ 0 such
• Provided that δBB > (N +1)
N +1
that Pareto dominance holds for δAA > δ AA . When N ≥ 6 then δ AA belongs to
] NN+1 δ 0 , δBB [.

Proof. Now, when NA = NB = N and δAA = δBB = δ we can rewrite condition 13 as Φ(δAB ) >
0, where
h
i2
2
Φ(δAB ) = (N + 1) δ 2 − N 2 δAB δBA
h
i
2
2
−4 N δ 2 [(N + 1) δ − N δAB ] + N δ 2 [(N + 1) δ − N δBA ]
Simple differentiations yield:
h
h
ii
2
Φ0 (δAB ) = 2N 2 4δ 2 [(N + 1) δ − N δAB ] − δBA (N + 1) δ 2 − N 2 δAB δBA
and

h
i
2
Φ00 (δAB ) = 2N 3 −4δ 2 + N (δBA )
√2 δ
N
N +1
N δ)

Regarding the first sub-case, when δBA ≥

then Φ00 ≥ 0, which implies that Φ0 is non de-

creasing which, together with Φ0 (δBA →
≤ 0, implies that Φ0 is non increasing. Finally,
N +1
since Φ(δBA → N δ) is easily checked to be non negative, this implies that Φ ≥ 0. Now, when
4
√2 δ then Φ00 < 0 and Φ0 ≤ 0 (since Φ0 (0) ≤ 0), which finally implies that Φ ≥ 0
N +1 δ ≤ δBA <
N
by using the same argument than when δBA ≥ √2N δ is satisfied, and concludes the proof of the
first sub-case.
When δBA < N4+1 δ we know that Φ00 ≤ 0 and Φ0 (0) > 0 which, combined with Φ0 (δBA →
N +1
N +1
0
0
N δ) ≤ 0, implies that there exists δAB ∈]0, N δ[ such that Φ increases on ]0, δAB ] and
N +1
N +1
0
decreases on ]δAB , N δ[. Since Φ(δAB → N δ) ≥ 0 this in turn implies that there exists
0
δ AB ∈ [0, δAB
[ such that Φ ≤ 0 on [0, δ AB ] and Φ > 0 on ]δ AB , NN+1 δ] if and only if Φ(0) is
negative; otherwise we conclude that Φ ≥ 0. We obtain:
h
i

2
2
Φ(0) = δ 2 (N + 1) N 2 − 6N + 1 + 8N 2 (N + 1) δδBA − 4N 3 (δBA ) ,
which is a polynomial expression
of δBA . Solving it, we obtain the

 following conclusion: Φ(0) < 0
√

√

N
N
when either δBA < δ NN+1 1 − 2N
or δBA > δ NN+1 1 + 2N
is satisfied, and Φ(0) ≥ 0 when





√
√
√ 
N
N
N
δBA ∈ [δ NN+1 1 − 2N
, δ NN+1 1 + 2N
] holds. All together, noting that NN+1 1 + 2N
δ>
N +1
N δ

is always satisfied, this concludes the proofs of the second and third sub-cases.

Finally, when NA = NB = N and δAB = δBA = δ 0 , again rewriting condition 13 as Φ(δAA ) > 0
and differentiating, we obtain:
h
i
2
2
2
2
Φ0 (δAA ) = 2 (N + 1) δBB (N + 1) δAA δBB − N 2 (δ 0 ) −8N (N + 1) (δBB ) [(N + 1) δAA − N δ 0 ]
2

−4N δBB [(N + 1) δBB − N δ 0 ]
and
2

2

2

Φ00 (δAA ) = 2 (N + 1) (δBB ) (N − 1) ,
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which is non negative. This implies that Φ0 increases. We obtain quickly:
o
i
hn
N
2
Φ0 (δAA →
δ 0 ) = 2N δBB [(N + 1) δBB − N δ 0 ] (N + 1) + 2N δ 0 − 2 (N + 1) δBB
N +1
2

+1) +2N
is satisfied. We first
This implies that Φ0 (δAA → NN+1 δ 0 ) ≥ 0 if and only if δBB ≤ (N2(N
+1)
0
prove the Proposition in this case. Thus we deduce that Φ ≥ 0, which implies that Φ increases
as δAA increases. We obtain:


N
4
2
Φ(δAA →
δ 0 ) = N 2 δ 0 [(N + 1) δBB − N δ 0 ] δ 0 −
δBB
N +1
N +1

Since δBB > NN+1 δ 0 by assumption, we deduce that δ 0 − N4+1 δBB is negative if and only if
either N ≤ 2 or N ≥ 3 and δ 0 < N4+1 δBB . Thus, when N ≥ 3 and δ 0 ≥ N4+1 δBB we deduce that
Φ(δAA → NN+1 δ 0 ) ≥ 0 and in turn that Φ ≥ 0 in this case. Otherwise, we know that, when δAA ≥
2
2
2
2
δBB and large enough, we deduce easily that Φ(δAA ) ≈ (N + 1) (N − 1) (δAA ) (δBB ) ≥ 0,
N
0
which implies that there exists δ AA > N +1 δ such that Φ ≥ 0 for δAA ≥ δ AA . More specifically,
computing Φ(δAA = δBB ) we obtain:
h
i

2
2
2
N 2 − 6N + 1 (δBB ) + 2N (N + 1) δB Bδ 0 + N 2 (δ 0 )
Φ(δBB ) = [(N + 1) δBB − N δ 0 ]
√

√

2N
2N
Solving for δ 0 we obtain that Φ(δBB ) ≥ 0 when δ 0 ≥ − NN+1 +2 N
δBB , and − NN+1 +2 N
δBB ≤
0 when N > 5. This implies that δ AA ≤ δBB when N > 5 is satisfied. This concludes the proof
of the first sub-case.

Finally, when δBB >
0

(N +1)2 +2N
2(N +1)

then Φ0 (δAA →
2

N
0
N +1 δ )

2

< 0 and, when δAA ≥ δBB and large
2

enough we have Φ (δAA ) ≈ 2 (N + 1) (δBB ) δAA (N − 1) ≥ 0, which implies that there exists
δ A A > NN+1 δ 0 such that Φ is non increasing on ] NN+1 δ 0 , δ A A] and then increasing. Since we have


4
N
δ 0 ) = N 2 δ 0 [(N + 1) δBB − N δ 0 ] δ 0 −
δBB < 0
Φ(δAA →
N +1
N +1
and still
2

2

2

2

Φ(δ) ≈ (N + 1) (N − 1) (δAA ) (δBB ) ≥ 0
There exists δ AA > NN+1 δ 0 such that Φ ≥ 0 for δAA ≥ δ AA . Similarly than in the first sub-case,
we conclude this time that Φ(δAA = δBB ) > 0 when N > 5 is satisfied, which implies that
δ AA < δBB and concludes the proof of the second sub-case.
This extended result allows for several interesting comments. First, the case of potentially
differing inter-area externality parameters exhibits qualitatively different features. When the intensity of the externality imposed by area B on area A is sufficiently strong, the transfer scheme
defined in Proposition 8 will ensure a Pareto improvement over the case of non-cooperation. In
such situations, the higher the value of δBA , the lower the level of non-cooperative extractions
in area A in the status-quo scenario (according to Proposition 3). Thus, this corresponds to
situations where the status-quo results in low extraction levels and, as such, to fairly low payoffs
within area A. This makes it fairly simple to compensate agents within this area. By contrast,
when the value of δBA is sufficiently low, there is a trade-off and a self-consistent transfer scheme
is not always feasible. Whether such a scheme exists will depend on the intensity of the externality imposed by area A on area B. Due to the effect of δAB on extraction levels in both areas,
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a sufficiently high value of δAB is required to balance the low value of δBA .
Secondly, the case of potentially differing within-area externality parameters is more complicated. Compared to the second case, low intensities of within-area externality for at least one
area is not a sufficient property to ensure the feasibility of an appropriate transfer scheme. When
the intensity of within-area externality is not too high (compared to the inter-area externality), a
sufficient condition is then that the intensity of the other types of externality be sufficiently large.
This is equivalent to sufficiently large number of agents and intensity of inter-area externality:
yet, if both conditions are not met simultaneously, the feasibility of a transfer scheme is not
ensured. It then requires that the within-area externality is sufficiently strong in area A, so that
the effects driven by low values of δBB be balanced. Finally, when the value of δBB is sufficiently
high (still compared to δ 0 ), the feasibility of setting area A as a reserve becomes relatively more
difficult to achieve: the externality within area A must then be sufficiently strong.
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