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Abstract
This paper studies the role of social networks in the management of natural resources. We 
consider a finite number of agents who exploit a specific natural resource. Harvesting is 
subject to three external effects, namely resource stock externalities, crowding externalities, 
and collaboration spillovers. We show that the structure of the social network—defined by 
the presence of collaboration links between individual agents—determines the equilibrium 
and the optimal harvesting amount. We then allow the agents to make decisions about cre-
ating or eliminating cooperation links, which endogenizes the structure of the network and 
is proved to affect total harvesting and aggregate welfare. Conservation plans are shown to 
change the regulator’s objective and increase even further the gap between the decentral-
ized and the optimal outcomes. We show that the optimal policy depends explicitly on the 
structure of the network and the ‘centrality’ of the associated agents. Finally, introducing 
heterogeneity is proved to affect both individual profits and the incentives to create coop-
eration links.
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1 Introduction

Resource appropriators are usually not capable of designing rules that secure the sustain-
able use of the resource. However, they are all jointly affected by everything each one of 
them is doing. Resource use is so interconnected that all agents should take into account 
the choices of the rest of the agents when taking individual decisions. In the context of 
natural resources, this intragroup externality may imply both positive and negative effects. 
For example, if a fisher occupies a good fishing site, the second fisher arriving at the same 
location will have to find another site. If, however, the two fishers coordinate, they can 
agree in advance on who will occupy this site and who will move to another site. Along 
the same lines, when a fisher allocates time and material to improving some fishing area, 
those sites will be used by other fishers who will also enjoy the effort and money spent by 
the first user.

In this paper, we use a resource model that takes into account these intragroup externali-
ties and analyzes the resulting dependence of individual outcomes on group behavior. This 
dependence of individual outcomes on group behavior is known as “peer effects” in the 
literature of social networks. Social network models are used to analyze non-market inter-
actions. Thus, environmental and resource management issues—where externalities play a 
central role—can be clearly considered in the context of a social network. The nodes of the 
network could be polluting firms, or firms adopting clean technologies, agents harvesting 
an exhaustible or a renewable resource, countries emitting greenhouse gases and adopting 
mitigation or adaptation policies, or consumers engaging in polluting or pollution-reducing 
activities.

A particular characteristic of environmental networks is the fact that these networks 
can be characterized by strategic heterogeneity. That is, the network includes both stra-
tegic complementarities, emerging when the marginal payoff of an agent is increasing in 
the actions of her neighbors, and strategic substitutabilities, when the marginal payoff of 
an agent is decreasing in the actions of her neighbors. The first case may emerge in links 
indicating cost-reducing technology agreements and cooperation among agents. Examples 
of strategic substitutability could be the case of congestion effects, or increasing search 
or extraction costs when the stock of a resource exploited by the network is depleted. The 
study of this potential heterogeneity in a network context is shown to provide new insights 
in terms of market outcomes and policies to attain the social optimum.

In this paper, we examine how the creation of collaboration links between resource 
appropriators affects the exploitation of the resource. The presence or not of a collabora-
tion link between all the possible pairs of agents will determine the network structure. The 
key fact here is that resource users are tied together as long as they continue to share the 
same resource. As pointed out by Ostrom (1990) in her seminal analysis about collective 
action in common pool resources (CPR), when appropriators exploit a CPR independently 
(Fig. 1b), the total benefit obtained is lower compared to what they would achieve if they 
had decided to coordinate their strategies (Fig. 1a). This can lead either to lower returns 
or, in the worst case, in the destruction of the CPR. Thus, collective action is important in 
achieving the highest possible joint return.1

1 Collective action does not need to be associated with formal organizations. As pointed out in Ostrom 
(2004), collective action can be informal, where local networks or local groups organize and coordinate 
local action in order to achieve specific purposes.
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The different results under collective, subgroup or independent action are analyzed and 
policies that take into account the specific network structure are designed so as to promote 
the formation of the optimal network structure. This is particularly important in a CPR 
problem since the problem that CPR appropriators face is how to organize. In other words, 
how to change the situation where appropriators act independently to a new one, where 
they adopt a more collective action approach and enjoy higher joint benefits while at the 
same time reducing their joint harm. Formally, in this paper we study stable network struc-
tures in equilibrium, as well as at the optimum, and determine policies that can close the 
gap between the optimal and the market network structures.

More specifically, in this paper we consider a network consisting of a finite number 
of agents located at distinct spatial locations who exploit a depletable resource which is 
located at a site different than the locations of the agents. The exploited quantity of the 
resource is subject to three external effects: (1) Resource stock externalities, which occur 
when total private cost increases when resource stock decreases, (2) Crowding externali-
ties, which imply that cost is increasing in the harvesting of co-appropriators, and (3) col-
laboration or knowledge spillovers, which occur when agents are involved in some kind of 
collaboration activities by coordinating with the rest of the agents and thereby decreasing 
the negative effect of crowding externalities.2 The existence of externalities implies that the 
market outcome differs from the optimal one. More precisely, in equilibrium the involved 
agents maximize their private profits. On the contrary, at the optimum, the social planner 
maximizes the private value of the network, which is the sum of the agents’ payoffs, but 
at the same time she also takes into account the scarce nature of the resource by explicitly 
considering its conservation value. This could facilitate the discussions regarding conser-
vation versus development (e.g. Scullion et  al. 2016; Delgado-Serrano 2017), which are 
based on the fact that natural resources should not be treated in the same way as producible 
goods. Therefore one of the contributions of this paper is to show how the network struc-
ture and the associated payoffs are affected by this special nature of natural resources.

Congestion externalities are assumed to affect all users, regardless of whether they col-
laborate or not, and increase with the number of appropriators. The creation of collabo-
ration links between the appropriators is represented by a network: a link between two 

Fig. 1  White nodes: resource appropriators. Gray node: resource. a Collective action, b Independent action

2 For a discussion on external effects characterizing natural resource exploitation see Smith (1968, 1969).
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appropriators indicates that those two agents collaborate and agree on specific strategies 
that have to be followed when exploiting the resource. This can also be interpreted as 
efforts to reduce the magnitude of the congestion externality. Taking turns to exploit the 
resource, or agreeing on who will occupy specific harvesting sites, for example, requires 
some minimum collaboration among the agents, but at the same time, it reduces conges-
tion. The two opposing effects are illustrated in Fig. 1. In Fig. 1b, we can see the effect of 
congestion externalities: the more users exploit the resource, the higher the implied con-
gestion. In Fig. 1a, we can observe the case where all appropriators collaborate with each 
other. So apart from the fact that they all exploit the same resource (as in Fig. 1b), they also 
collaborate with each other, which results in a complete network structure.

This paper uses recent results from the theory of social networks (e.g. Ballester et al. 
2006; Helsley and Zenou 2014; Verdier and Zenou 2017) to study the impact of social 
interactions among resource users on the exploitation of natural resources. The need to 
incorporate social network analysis in this literature has been recently highlighted and dis-
cussed in related work (e.g. Carlsson and Sandström 2008; Bodin and Prell 2011). More 
precisely, collaboration among resource users has been shown to facilitate the spread and 
sharing of ecological knowledge within their community (Crona and Bodin 2006). Trust 
and cooperation between individual agents are important for the promotion of sustainable 
practices in natural resource management (Gray et  al. 2012). However, heterogeneity—
in terms, for example, of ethnic diversity—among individuals prevents the formation of 
social ties and creates challenges for collaboration across groups (Pomeroy et  al. 2007; 
Barnes et al. 2013). Thus, effective management requires the consideration not only of the 
biological and ecological characteristics of natural resources, but also of the social aspect 
of the system (Bodin and Prell 2011; Barnes et al. 2013). Experiments and qualitative field 
studies have confirmed the important role of social networks in the sustainable manage-
ment of natural resources.3 To the best of our knowledge, this is the first paper that uses the 
tools of the theory of social networks to analyse the impact of social interactions among 
resource users on the exploitation of a natural resource.

In this context, we study the market outcomes associated with specific network struc-
tures and eventually characterize the most efficient market structure. We also character-
ize the socially optimal network structure and examine policies under which market out-
comes will reproduce the social optimal structure. Our network game has an interior Nash 
equilibrium that is proportional to the Bonacich network centrality. Using this Bonacich 
measure allows us to express the relation between the equilibrium strategic behavior and 
the network topology. More precisely, we show that the individual agent’s equilibrium out-
come is related to the player’s position in the local interactions network. We also show that 
the aggregate equilibrium effort increases with the density and with the number of local 
interactions.

Our results have important policy implications. The main advantage and contribution of 
the network approach is that by identifying the efficient structure, desirable or non-desirable 

3 Crona and Bodin (2006) study the social interactions among fishermen in a coastal seascape in Kenya 
and show that communication occurs only between fishermen who use the same gear type, which prevented 
the exchange of ecological knowledge within the community. In a similar framework, Bodin and Crona 
(2008) show that homogeneity of the resource users and the social ties formed among them contribute to 
the successful management of natural resources. In a more recent study, Shreedhar et al. (2020) examine 
experimentally how the different relationships between group members (presented by complete or imperfect 
networks) can deter or promote over-appropriation depending on the possibilities to coordinate and punish 
the non-cooperative behaviour.
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links among the agents can be determined and policies can therefore be designed not just 
to control the level of externalities but also to control for the desired link structure among 
agents under strategic complementarities and substitutabilities. Disregarding the structure 
of the network—when this structure affects individual and aggregate profits—is shown to 
result in inefficient policies.

The rest of the paper is organized as follows. The next section presents the related litera-
ture. Section 3 presents the model and solves for the market outcome. Section 4 solves for 
the optimum, while in Sect. 5, we describe the dynamics of network formation. In Sect. 6 
we apply the theory in a small numbers network. Section 7 extends the model by introduc-
ing heterogeneity and the final section concludes the paper.

2  Related Literature

In order to study the dependence of individual outcomes on group behavior, we use the 
tools and the theory of social networks. Helsley and Zenou (2014) and Verdier and Zenou 
(2017) study how social interactions among individuals in a particular community affect 
their choice of geographic location or their education effort (strategic complementarity). 
Ballester et al. (2006) and Jackson and Zenou (2015) model network games that are char-
acterized by both local complementarities and global competitive effects. For overviews 
of how the network theory has been applied in different fields of economics see Ioannides 
(2012), Jackson (2014), Jackson and Zenou (2015) and Jackson et al. (2017).

Despite the critical importance of social networks on environmental issues, network 
theory has been neglected in environmental and resource economics literature. There are, 
though, some exceptions of recent theoretical contributions that include more explicit net-
work structures in their analysis. In this context, Conley and Udry (2001) study the role of 
social networks on the adoption of innovative, environmentally-friendly technologies by 
firms and show that high network density leads to the development of new technology and 
the diffusion of more sustainable management practices. In a more recent paper, Günther 
and Hellmann (2017) study the stability of International Environmental Agreements (IEA) 
when pollution has both a global and a local effect, where local pollution spillovers are 
represented by a network structure. Their main finding is that for stable IEAs to exist, the 
network structure needs to be balanced.

Closer to the present study is İlkiliç (2011), who uses a network model of common 
property resources with multiple sources and users to study how the exploitation of each 
source by a different number of users, as well as the connection of each user with one or 
more sources, leads to different levels of extraction by users and outflows from sources. 
Contrary to our paper where the network represents the collaboration links between the 
different appropriators, in İlkiliç (2011) the links connect users to a different number of 
sources. In other words, İlkiliç (2011) studies the right of different users to exploit a differ-
ent number of sources, while here, we explore the incentives of appropriators to collabo-
rate with the rest of the users and show how denser networks affect aggregate harvesting 
and aggregate profits.

Barnes et al. (2016a) study how the formation of social networks affects fishers’ behav-
ior and actions and show that fishers form subgroups with people of the same ethnicity, 
which is strongly correlated with shark bycatch. In particular, their analysis suggests that 
enhanced communication across segregated groups could have prevented the incidental 
catch of over 46,000 sharks between 2008 and 2012 in a single commercial fishery. Their 
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results suggest that having a better understanding of social interactions across resource 
users groups can lead to more sustainable environmental outcomes. Network analysis can 
thus shed more light on the interdependence of resource appropriators by analyzing the 
incentives of individual users to connect with the other users or not.

Recent contributions in the public good and natural resource management literature 
show that collective action can succeed. Experimental and empirical studies have high-
lighted the role of social integration and cooperation among resource users (e.g. Cavalcanti 
et al. 2010, 2013; Tembata and Takeuchi 2018). These studies show that individual agents 
can sustain collective action without the involvement of any governmental organization. 
Public good experiments indicate that the decision of an individual to collaborate depends 
on the level of collaboration of others (Fischbacher et  al. 2001). Thus, the presence of 
collaboration links between resource users is important. In the same context, a growing 
theoretical literature explores the role of networks in the provision of public goods (e.g. 
Bramoullé and Kranton 2007; Allouch 2015) which has important implications for the suc-
cessful cooperative self-governance of natural resources.

For a broad discussion on how networks can be used in order to facilitate the study of 
environmental issues see Currarini et al. (2016). The authors explain that the application of 
network economics to environmental and resource issues is still in its infancy and there are 
a lot of issues that need to be explored by using this new approach.

3  Cake‑Eating and Competitive Exploitation in a Network

3.1  Nash Equilibrium and Bonacich Centrality

We consider a depletable resource of fixed stock S that is exploited by n agents. Exploita-
tion lasts one period and harvest depends on the amount of effort, E,  that is made during 
harvesting and on the size of the resource stock, S. Then, the harvest function is given by:

where q is the “catchability-coefficient,” which can translate one unit of effort into one unit 
of harvest. Solving (1) with respect to E will give us:

When the resource is more scarce, the agents need to put more effort into harvesting it, 
which increases the private cost of harvesting 

(
1

2
�E2

i

)
 . Thus, the pay-off of agent i will be:

where p is the price of the resource which is taken as exogenous and � is a parameter 
associated with the private cost of harvesting. Along with the “own” net benefits of har-
vest, appropriators have to consider two more effects: the global interaction effect and the 
local interaction effect. The first one is interpreted as a global substitutability effect, which 
creates some type of congestion. The more the rest of the agents exploit the resource, the 

(1)H(E, S) = qES

(2)Ei =
Hi

qS

(3)
ui = pHi −

1

2

�

(qS)2
H2

i

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
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− �
n∑
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HiHj

⏟⏞⏟⏞⏟
global interaction effect

+ �
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gijHiHj

⏟⏞⏞⏞⏟⏞⏞⏞⏟
local interaction effect

,
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lower my benefit is. The second effect reflects the local complementarity component.4 That 
is, collaboration links between the agents decrease the magnitude of the congestion exter-
nality, since agents, for example, could coordinate and agree to take turns when exploit-
ing the resource.5 The marginal impacts of the global and the local interaction effect are 
denoted by � and �, respectively. In a resource context, it is more probable to have 𝛾 > 𝛿, 
meaning that the congestion effect dominates the positive externality. However, it is possi-
ble to have (and interesting to explore) the case where 𝛿 > 𝛾 , which implies that collabora-
tion outweighs congestion.

We set gii = 0 and 0 ≤ gij ≤ 1, for i ≠ j. For simplicity, gij will be either 0 when there is 
no link between nodes i and j,  or 1 when agents i and j decide to collaborate. The maximi-
zation problem can be written as:

In “Appendix A1”, we present the conditions that should be satisfied in order to have inte-
rior solutions. The equilibrium harvesting solves:

We will now define the Bonacich network centrality measure that will be used in the equi-
librium analysis.6 For this purpose, we will use the n-square adjacency matrix � that keeps 
track of all the direct connections in the network � . Thus, gij will show if agents i and j are 
directly connected ( gij = 1 ) or not ( gij = 0 ). In order to take into account the indirect con-
nection, we need to define the matrix �k , which is the kth power of �, with coefficient g[k]

ij
, 

where k is some integer. More specifically, g[k]
ij

⩾ 0 measures the number of paths of length 
k ≥ 1 in � from i to j. We can then define the matrix

where 𝛿 ≥ 0 is a scalar that takes low enough values and mij(g, 𝛿) =
∑+∞

k=0
𝛿kg[k]

ij
 are the ele-

ments of the matrix.7 The Bonacich centrality of network � is �(�,𝛿) = [�−𝛿�]−1 ⋅ �. The 
Bonacich centrality of node i is then bi(�, 𝛿) =

∑n

j=1
mij(�, 𝛿), which is the sum of all self-

loops and all the other loops, i.e., bi(�, 𝛿) = mii(�, 𝛿) +
∑n

j=1
j≠i

mij(�, 𝛿).

(4)

max
Hi

ui

subject to

n∑
j=1

Hj ≤ S , Hj ≥ 0.

(5)H∗
i
=

p − �
∑n

j=1
H∗

j
+ �

∑n

j=1
gijH

∗
j

�

q2S2
− �

.

(6)�(�, 𝛿) = [�−𝛿�]−1 =

+∞∑
k=0

𝛿k�k

4 For examples of modelling positive interactions in network models, see Jackson and Zenou (2015).
5 Here, we assume that � captures the collaboration benefits, net of collaboration costs. Alternatively, we 
could explicitly assume that the creation of collaboration links is costly and the cost to create or keep a col-
laboration link is equal to c. In this case, net collaboration benefits would be given by: � − c.
6 The Bonacich centrality (Bonacich 1987) measures the importance of the number of direct and indirect 
connections that an agent has with the rest of the agents.
7 𝛿 gives relatively lower weight to longer paths. The coefficients mij(g, 𝛿) =

∑+∞

k=0
𝛿kg[k]

ij
 of the �(�, 𝛿) 

matrix count the number of paths that start from i and end in j,  while the paths of length k are weighted by 
𝛿k.
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Let us assume that �1(�) is the largest eigenvalue of � , with 𝜆1(�) > 0 . Then if 
𝛽

q2S2
− 𝛾 > 𝛿𝜆1(�), we can show that there is a unique Nash equilibrium.8 We first define 

the square matrix of aggregate cross-effects: � = [�ij], as follows: 
� = −

�−�q2S2

q2S2
� − �� + ��, where � denotes the n-square matrix of ones. An interior Nash 

equilibrium in pure strategies �∗ ∈ ℝn
+
 is such that �ui

�Hi(�
∗)
= 0 and H∗

i
> 0 for all 

i = 1,… , n. If such an equilibrium exists, then it solves:

Let 𝛿 =
𝛿q2S2

𝛽−𝛾q2S2
. Solving for � and using the Bonacich centrality measure, we get the Nash 

equilibrium harvesting �∗9:

where b
(
�,

�q2S2

�−�q2S2

)
 is the sum of the unweighted Bonacich centralities of all players:

The Nash equilibrium harvesting of agent i is:

which is proportional to her Bonacich centrality in the social network. This leads to the fol-
lowing proposition:

Proposition 1 (Equilibrium harvesting) For any network �, if 𝛿𝜆1(�) <
𝛽

q2S2
− 𝛾 and 

S > p

𝛾−𝛿
, there exists a unique, interior Nash equilibrium in harvesting in which the har-

vesting amount by any agent i (given by (10)) is proportional to her Bonacich centrality.

Proof The conditions for interior solution can be found in “Appendix A1” and the full deri-
vation of the equilibrium in “Appendix A2”.   ◻

The Nash equilibrium harvesting H∗
i
(�) depends on individual i’s position in the social 

network, i.e. on the number of collaboration links she forms with the rest of the resource 
users. Expression (10) shows that more connected individuals extract a higher quantity of 

(7)− �⋅� =

[
� − �q2S2

q2S2
� + �� − ��

]
⋅� = p ⋅ �.

(8)�∗(�) =
p

�−�q2S2

q2S2
+ �b

(
�,

�q2S2

�−�q2S2

)�
(
�,

�q2S2

� − �q2S2

)
,

(9)
b

(
�,

�q2S2

� − �q2S2

)
= b1

(
�,

�q2S2

� − �q2S2

)

+ b2

(
�,

�q2S2

� − �q2S2

)
+⋯ + bn

(
�,

�q2S2

� − �q2S2

)
.

(10)H∗
i
(�) =

p

�−�q2S2

q2S2
+ �b

(
�,

�q2S2

�−�q2S2

)bi
(
�,

�q2S2

� − �q2S2

)
,

8 The condition 𝛽

q2S2
− 𝛾 > 𝛿𝜆1(�) requires that local complementarities are small enough compared to own 

concavity, that prevents multiple equilibria and also guarantees that 
[(

�

q2S2
− �

)
� − ��

]
 is invertible (see 

Ballester et al. 2006).
9 The derivation of the equilibrium harvesting can be found in “Appendix A2”.



229Natural Resource Management: A Network Perspective  

1 3

the resource, compared to less connected agents. Intuitively, it is easier for more connected 
resource users to coordinate with their neighbors, take turns to extract the resource and 
avoid congestion.10 It is easy to show that H∗

i
(�) increases with the price of the resource, 

p,  and the aggregate resource stock, S,  but decreases when the private cost of extraction, �, 
and the negative effect of congestion, � , increase. The role of � is discussed in Proposition 3.

Let us now discuss how the density of the network affects aggregate resource use. 
Assume that there are two symmetric networks, � and �′, that include the same individuals. 
Assume, also, that all the agents who are connected in � are also connected in �′, but there 
is at least one pair of agents (say m+1 and m + 1) who are directly connected in �′, but not 
in �, i.e. ��

m,m+1
= 1 and �m,m+1 = 0. Then, we show in Proposition 2 that aggregate resource 

use is higher in �′ than in �.

Proposition 2 (Aggregate harvesting) Let � and �′ be symmetric such that �′ ≥ �. Then, ∑
i H

∗
i
(��) >

∑
i H

∗
i
(�), if 𝛿𝜆1(�) <

𝛽

q2S2
− 𝛾 and 𝛿𝜆1(��) <

𝛽

q2S2
− 𝛾 .

Proof The proof is available in “Appendix A3” where we show that a more dense network 
leads to higher aggregate harvesting. This is because in a more dense network, appropria-
tors form more collaboration links with their competitors, which allows them to reduce the 
magnitude of the congestion effect. Thus, market efficiency leads to higher aggregate har-
vesting in �′ than in �.   ◻

3.2  Examples

3.2.1  A 3‑Agent Star Network

To illustrate our results, we continue with a simple example of three unconnected agents 
who exploit the resource, as illustrated in Fig. 2a. Here, we assume that there is no local 
interaction effect, meaning that resource appropriators act independently. The arrows in 
Fig. 2 show that all three agents are exploiting the same resource, creating some congestion 
externality.

Notice that since the agents are not connected, the adjacency matrix � is a (3 × 3) 
zero matrix, so � = �−1 = � and the Bonacich centrality vector is the vector of ones 
� = (1, 1, 1). Using (10), we can now compute the agents’ harvesting amounts (with 
b = 3) ∶

(a) (b) (c)

Fig. 2  A 3-agent resource network

10 Here taking turns does not imply a dynamic framework, as the sequence of extraction does not matter.



230 E. Kyriakopoulou, A. Xepapadeas 

1 3

In the case where there is no congestion, or in the case of a single user, price equals private 
marginal cost, p = �

(
Hi

q2S2

)
, which leads to HNC

i
=

pq2S2

�
. It is easy to see that congestion 

makes harvesting more costly, which leads to a reduction in the equilibrium amount of 
harvesting:

Thus, H∗
i
< HNC

i
 , for any 𝛾 > 0.

Individual profits under the presence of this negative externality are given by:

while aggregate profits are given by:

3.2.2  A 3‑Agent Full Network

Let us now analyze the case illustrated in Fig. 2b above, where all agents are linked to 
each other, creating collaboration links. The adjacency matrix of this network is given 
by:

and the corresponding Bonacich centralities are given by the vector:

Harvesting for each agent is symmetric and given by:

It is easy to see that �Hi > H∗
i
, meaning that the fully connected network leads to higher use 

of the resource than the unconnected network. Individual equilibrium payoffs are given by:

(11)H∗
i
=

pq2S2

� + 2�q2S2

(12)
dH∗

i

d𝛾
= −

2pq4S4(
𝛽 + 2𝛾q2S2

)2 < 0

(13)u∗
i
=

p2q2S2�

2(� + 2�q2S2)2

(14)u∗
T
=

3p2q2S2�

2(� + 2�q2S2)2

� =

⎡⎢⎢⎣

0 1 1

1 0 1

1 1 0

⎤⎥⎥⎦

(15)� =

(
� − �q2S2

� − (� + 2�)q2S2
,

� − �q2S2

� − (� + 2�)q2S2
,

� − �q2S2

� − (� + 2�)q2S2

)

(16)Ĥi =
pq2S2

� + 2(� − �)q2S2

(17)ûi =
p2q2S2𝛽

2(𝛽 + 2(𝛾 − 𝛿)q2S2)2
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while aggregate profits are given by:

We can now illustrate Proposition 2 by considering the aggregate harvesting, H∗
T
=
∑3

i=1
H∗
i
, 

and profits of the star network (14) and the corresponding ones of the full network, 
ĤT =

∑3

i=1
Ĥi, and (18). Not surprisingly, �HT > H∗

T
 and ûT > u∗

T
, which confirms the fact 

that denser networks generate more aggregate profits that correspond to a higher harvesting 
amount than less dense networks.

3.2.3  Partly Connected Network: Two Types of Agents

Lastly, we study the case illustrated in Fig. 2c where two of the agents (say 1 and 2) create 
a collaboration link while the third agent acts independently. The adjacency matrix � in 
this case is:

and the vector of Bonacich centralities of the three players is:

Harvesting for symmetric agents 1 and 2 is:

while for agent 3:

Individual payoffs are given by:

Notice that:

(18)ûT =
3p2q2S2𝛽

2(𝛽 + 2(𝛾 − 𝛿)q2S2)2

� =

⎡⎢⎢⎣

0 1 0

1 0 0

0 0 0

⎤⎥⎥⎦

(19)� =

(
� − �q2S2

� − (� + �)q2S2
,

� − �q2S2

� − (� + �)q2S2
, 1

)

(20)H̃1,2 =
pq2S2(𝛽 − 𝛾q2S2)

𝛽2 + (𝛾 − 𝛿)𝛽q2S2 − 2𝛾2q4S4

(21)H̃3 =
pq2S2(𝛽 − (𝛾 + 𝛿)q2S2)

𝛽2 + (𝛾 − 𝛿)𝛽q2S2 − 2𝛾2q4S4

(22)ũ1,2 =
𝛽p2q2S2(𝛽 − 𝛾q2S2)2

2(𝛽2 + (𝛾 − 𝛿)𝛽q2S2 − 2𝛾2q4S4)2

(23)ũ3 =
𝛽p2q2S2(𝛽 − (𝛾 + 𝛿)q2S2)2

2(𝛽2 + (𝛾 − 𝛿)𝛽q2S2 − 2𝛾2q4S4)2

(24)ũ3 = ũ1,2
(𝛽 − (𝛾 + 𝛿)q2S2)2

(𝛽 − 𝛾q2S2)2
< ũ1,2
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which shows that, as expected, the unconnected agent enjoys lower profits in equilibrium 
compared to the connected agents, while aggregate profits are:

For appropriators 1 and 2, individual profits in the fully connected network (b) are higher 
than those in the partly connected network (c), which in turn, are higher than the ones asso-
ciated with the unconnected network (a), i.e., û1,2 > ũ1,2 > u∗

1,2
. What is interesting here is 

the case of the third appropriator. While the full connected network structure gives her the 
highest profits, ( ̂u3 > ũ3 and û3 > u∗

3
), the comparison between profits in the partly con-

nected network and profits in the unconnected network leads to a more surprising result. 
More precisely, for the “independent” appropriator, profits in the unconnected network are 
unambiguously higher than profits in the partly connected network (i.e., u∗

3
> ũ3) . This is 

explained by the fact that the first two agents enjoy higher profits resulting from higher 
harvesting when they connect, which puts the last agent in a disadvantageous position. This 
leads to the following result.

Proposition 3 (Intensity of local interactions) Assume a partly connected network, where 
gij = 1, for some pairs of agents and gij = 0 for some other pairs. Then, stronger local 
interactions (i.e., higher � value), will increase the individual profits of connected agents 
(say i), 𝜕ũi∕𝜕𝛿 > 0, while the opposite is true for the individual profits of unconnected 
agents (say j),  𝜕ũj∕𝜕𝛿 < 0.

Proof The proof is available in “Appendix A.4” for an n-agent network.   ◻

This is an interesting result that analyses the relationship between network structure (the 
presence or absence of collaboration links between the agents) and the intensity of local 
interactions. It says that in the case of a partly connected network, an increase in the inten-
sity of local interactions affects connected and unconnected agents differently. The former 
enjoy higher profits, while the latter have lower profits. This is, to the best of our knowl-
edge, a new theoretical result that needs to be tested in different resource communities. In 
network games without global interactions effects, it has been shown that an increase in the 
intensity of social interactions increases individual profits of all the agents in the network 
(see for example, Helsley and Zenou 2014; Verdier and Zenou 2017). The presence of con-
gestion externalities in our model, that characterizes the use of natural resources, increases 
the gap between the profits of connected and unconnected agents when � increases. In 
fact, when � increases, the harvesting cost of connected agents decreases while the cost of 
unconnected agents is relatively higher which leads to lower profits.

4  Optimal Cake‑Eating in the Network

4.1  Conservation and Optimal Use of the Resource

When the global interaction effect is larger than the local interaction effect, the nega-
tive congestion externality dominates and there is too much extraction at the Nash 

(25)ũT =
𝛽p2q2S2(2(𝛽 − 𝛾q2S2)2 + (𝛽 − (𝛾 + 𝛿)q2S2)2)

2(𝛽2 + (𝛾 − 𝛿)𝛽q2S2 − 2𝛾2q4S4)2
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equilibrium compared to the social optimum outcome, since individuals ignore the 
negative externality that their effort has on others. Also, the appropriators do not con-
sider the scarce nature of the resource which leads to even further increases in the gap 
between the market and the optimal harvest. Then, there is room for government inter-
vention which can take the form of a Pigouvian tax.

The regulator’s objective is to maximize the sum of individual payoffs and at the 
same time consider the welfare loss that is associated with the reduction in the stock of 
the resource. If 𝜅 > 0 denotes the (per unit) value of the unharvested resource then the 
social planner chooses H1,H2, … ,Hn to maximize total welfare:

The first-order necessary conditions for an interior solution are:

It is clear that for 𝛾 > 𝛿, Ho
i
< H∗

i
, i.e., individuals are harvesting too much at the Nash 

equilibrium as compared to the social optimum outcome.
In matrix form,

The higher the interest of the regulator with respect to the conservation of the resource 
( 𝜅 > 0), the lower the optimal individual (and aggregate) harvesting amount, since 
𝜕Ho

i

𝜕𝜅
= −

q2S2

𝛽−2𝛾q2S2
< 0 . This captures the fact that society has a benefit from preserving part 

of the natural resource for future use, which implies lower harvesting at the optimum. 

Another interesting observation concerns the “stock effect”: 
𝜕HD

i

𝜕S
>

𝜕Ho
i

𝜕S
> 0, where HD

i
 and 

Ho
i
 are the optimal harvesting amounts when � = 0 and 𝜅 > 0, respectively. This shows that 

increases in the stock of the resource will increase HD
i

 to a larger extent compared to the 
“optimal harvesting under preservation”, Ho

i
 . In the second case, the trade-off between the 

benefit of harvesting a higher amount of the resource versus the benefit of preserving part 
of it leads to a lower resource exploitation. In other words, when the benefits of preserving 
part of the resource are taken into account by the social planner, the optimal harvesting 
amount is shown to be lower.

Note that the solution of the optimal cake-eating (28) is conditional on the exist-
ing network structure. In other words, in the maximization problem above the regulator 
does not choose the density of the network since the network structure is taken as given. 
Thus, the question remains: is there any socially optimal network structure? To answer 
this question, the social planner should determine, in addition to the optimal harvesting, 
an optimal link configuration, such as:

(26)max
�o

Wo(�o, �) = max
Hi

n∑
i=1

ui(H
o
i
, g) + �

(
S −

n∑
i=1

Ho
i

)

(27)

p − � −
�

q2S2
Hi + 2�Hi − 2�

�n

j=1
Hj + 2�

�n

j=1
gijHj = 0

Ho
i

=
p − � − 2�

∑n

j=1
Ho

j
+ 2�

∑n

j=1
gijH

o
j

�

q2S2
− 2�

(28)�o(�) =
p − �

�−2�q2S2

q2S2
+ 2�b

(
�,

2�q2S2

�−2�q2S2

)�
(
�,

2�q2S2

� − 2�q2S2

)

{g∗
ij
}, i, j = 1,… , n, gii = 0.
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Thus, the full social optimum, including the optimal network structure, will be determined 
by the solution to the problem:

This is a concave mixed-integer, nonlinear optimization problem (MI-NLOP) and its solu-
tions can be obtained using numerical optimization methods. In Sect. 7 below, we solve 
this problem numerically and derive both the optimal harvesting amount and the optimal 
network structure.

4.2  Optimal Policy

As discussed above, the optimal policy, in the case where the congestion effect dominates 
the positive externality, will take the form of a Pigouvian tax. This tax will depend explic-
itly on the network centrality of the agent and will internalize the net congestion externality 
that an agent imposes on the rest of the agents when harvesting a unit of the resource. In 
other words, an agent who is much more engaged in coordination/collaboration efforts try-
ing to reduce the negative congestion effect will have to pay a lower amount in the form of 
taxation than an agent who acts more “independently”.

If �o
i
(�) denotes the optimal tax per unit of harvest, it is clear from the comparison 

between the equilibrium and the optimal FOC that the optimal tax is given by:

for � ≥ 0. More central agents are connected to a higher number of appropriators, which 
increases the term 

�
�
∑n

j=1
gijH

o
j

�
 in the RHS of Eq. (30). This implies a lower agent-spe-

cific tax as compared to the tax imposed on a “less-connected” agent.
The timing will be as follows: first, the government will announce a tax per unit of 

resource extracted that will be equal to �o
i
(�) ≥ �, for each individual i = 1,… , n. Then i 

will choose the amount of the resource use that will maximize her payoff:

This allows the social planner to restore the optimum as an equilibrium outcome and to 
“punish” collaborative agents relatively less. The optimal policy is stricter in case the 
regulator follows a conservation plan that takes into account the value of the unharvested 
resource ( 𝜅 > 0).

To determine the tax and express it in terms of Bonacich centrality, we follow the pro-
cess below. When the regulator imposes a tax �i per unit Hi, the agents take the tax rate as 
given and maximize their profits. Then, the Nash equilibrium ( �∗

� ) under a non-uniform tax 
should solve:

(29)
max
�,�

Wo(�, �) = max
Hi,gij

n∑
i=1

ui(Hi, gij) + �

(
S −

n∑
i=1

Hi

)

subject to gii = 0, gij ∈ {0, 1}, i, j = 1,… , n, i ≠ j.

(30)�o
i
(�) = �

n∑
j≠i

Ho
j
− �

n∑
j=1

gijH
o
j
+ �

(31)ui =
(
p − �o

i

)
Hi −

1

2

(
�

q2S2

)
H2

i
− �

n∑
j≠i

HiHj + �
n∑
j=1

gijHiHj
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where � is the vector of agent-specific taxes, �=
(
�1,… �n

)
.

In “Appendix A.5” we show that the harvesting amount is given by:

where ��
(
�,

�q2S2

�−�q2S2

)
= �(�,

�q2S2

�−�q2S2
) ⋅ � is the weighted Bonacich centrality, and the vec-

tor of the optimal tax is:11

It is clear from both (30) and (34) that the optimal policy is an agent-specific tax, which 
depends on the centrality of each agent. This leads to the following proposition:

Proposition 4 (Optimal level of taxation) Assuming that 𝛿𝜆1(�) <
𝛽

q2S2
− 𝛾 , then a tax of 

the form �o
i
(�) = �

∑n

j≠i
Ho

j
− �

∑n

j=1
gijH

o
j
+ � will implement the optimal allocation as an 

equilibrium outcome. The social planner will impose lower taxes on more central agents in 
the network.

Proof When the regulator announces a tax per unit of resource extracted which is equal 
to �o

i
(�), then agents maximize their payoffs given by (31). It is easy to see that the first-

order condition derived by (31) is the same as the optimal FOC given by (27). That is, the 
equilibrium harvesting amount when an agent-specific tax is enforced, �o

i
(�) , is equal to the 

optimal harvesting amount.   ◻

Proposition 5 (Taxes and network structure) (1) Partly Connected Network: The optimal 
harvesting as an equilibrium outcome can only be achieved by using the agent-specific 
taxation described in Proposition 3. Uniform taxes do not lead to the optimal amount of 
harvesting. (2) Full or Unconnected Network and Symmetric Agents: The tax is, however, 
uniform when all the agents are connected to each other or when there are no collabora-
tion links between the resource users.

Proof (1) Agents can be heterogeneous with respect to the number of links they form with 
their co-appropriators, which implies that the individual net congestion externality is dif-
ferent for different agents. However, the optimal taxation should fully internalize this exter-
nality, which means that different levels of the associated external effect lead to different 
tax levels. Also, the derived equilibrium level of resource exploitation is unique, and any 
other level of taxation will not satisfy the zero profit condition for the same amount of the 
resource harvested, and will not constitute an equilibrium outcome. (2) In the particular 
case of symmetric agents who are all connected to each other, the optimal tax, as it is given 
by (30), is uniform. Symmetry ( Ho = Ho

j
, j = 1,… n) and full network of n agents implies 

(32)− �⋅�∗
� =

[
� − �q2S2

q2S2
� + �� − ��

]
⋅�∗

� = p − �

(33)�∗
� (�) =

1

�−�q2S2

q2S2
+ �b

(
�,

�q2S2

�−�q2S2

)
[
p�

(
�,

�q2S2

� − �q2S2

)
− ��

(
�,

�q2S2

� − �q2S2

)]

(34)� =

[
� − �q2S2

q2S2
+ �b

(
𝐠,

�q2S2

� − �q2S2

)][
𝐌(𝐠,

�q2S2

� − �q2S2
)

]−1
(𝐇∗ −𝐇o)

11 This is in line with Remark 1 of Ballester et al. (2006) which explains the case of heterogeneous agents.
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that the optimal tax becomes 𝜏o = (𝛾 − 𝛿)(n − 1)Ho + 𝜅, which is lower than the optimal 
tax of the unconnected network ( �o∗ = �(n − 1)Ho + �).   ◻

Note that the optimal policy, as described above, will restore the first best in a given 
network structure. However, it will not induce the optimal network structure. If the existing 
stable market structure for the network is different from the optimal structure then the regu-
lator will have to implement the optimal structure with other instruments (e.g., command 
and control).

An alternative policy instrument that is proposed in similar contexts is the use of per-
mits. In terms of our model, if permits are to be used then the number of permits should 
restrict the use of the resource and the optimal number of permits should be equal to �o. 
In other words, the number of permits will be equal to the total amount of harvesting at the 
optimum. However, permits trading (if allowed) would result in an equilibrium price level 
which would be the same for all the agents. On the contrary, in the case of taxation, appro-
priators pay an agent-specific per-unit tax, which, as has been extensively explained above, 
differs with respect to their centrality in the network. Thus, it is clear that tradable permits 
can only be used as a second-best instrument.

4.3  Example

4.3.1  A 3‑Agent Star Network

The difference between the market and the optimal outcomes can be illustrated in the small 
numbers network. Let us use the 3-agent example that was presented above (Sect. 3.2) and 
derive the optimum in the presence of the global interaction effect. In this case, the regula-
tor will choose H1,H2,H3, to maximize total welfare. Then, the optimal use of the resource 
is given by:

and the optimal level of aggregate profits:

Comparing the market (11) and the optimal harvesting (35) in a network where there is 
only one negative externality, namely congestion, it is easy to see that harvesting is lower 
at the optimum. Agents should reduce the amount of the resource they are exploiting in 
order to reduce the negative effects that are imposed on the rest of the agents. A tax per 
unit of output that will fully internalize the damage caused by congestion will increase the 
cost of harvesting and will reduce the use of the resource to the optimal level.

(35)HS
i
=

pq2S2

� + 4�q2S2
,

(36)W(HS
i
) =

6�p2q4S4

(� + 4�q2S2)2
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4.3.2  A 3‑Agent Full Network

Let us now turn to the case where all externalities are present and agents have created col-
laboration links between each other. The regulator takes into account these positive local 
interactions and the optimal use of the resource is given by:

while the optimal value of the network is given by:

It is interesting to again compare the optimal use of the resource, with the decentralized 
use in the corresponding case, Ĥi =

pq2S2

�+2(�−�)q2S2
. If the global interaction effect, � , is higher 

than the local interaction effect, �, the use of the resource will be smaller at the optimum 
than in the decentralized case, ĤS

i
< Ĥi. Internalizing the net congestion effect leads to 

lower use of the resource at the optimum. Notice that the optimal value of the network (or 
else aggregate welfare) under the presence of two externalities (given by 38) is higher than 
the optimal value of the network under congestion externality (described by 36) which 
clearly shows that the regulator has an incentive to enforce policies that will promote the 
collaboration between the agents.

4.3.3  Optimal Taxation

We can now calculate the optimal taxation for all the network structures presented in 
Fig. 2. This tax will restore the optimum for a given network structure. In the case of sym-
metric agents, in a star network (Fig. 2a), the optimal tax is the same for all individuals and 
is equal to:

while in the full network (Fig. 2b), the optimal tax is clearly lower than the one imposed on 
the appropriators of the star network, or:

In the partly connected network (Fig. 2c), the tax imposed on the connected agents (1 and 
2) is different than the one imposed on the unconnected agent. In particular, the connected 
agents have to pay a per unit of harvest tax, equal to:

where Ω = �2 + 2(� − �)�q2S2 − 8�2q4S4, while the unconnected agent will pay a higher 
tax given by:

(37)ĤS
i
=

pq2S2

𝛽 + 4(𝛾 − 𝛿)q2S2

(38)W(ĤS
i
) =

6(𝛾 − 𝛿)p2q4S4

(𝛽 + 4(𝛾 − 𝛿)q2S2)2

(39)tS =
2�pq2S2

� + 4�q2S2

(40)tF =
2(𝛾 − 𝛿)pq2S2

𝛽 + 4(𝛾 − 𝛿)q2S2
< tS

(41)t1,2 =
pq2S2

[
�(2� − �) − 4�2q2S2

]
Ω
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The higher tax punishes agent 3 in the partly connected network for the externality she 
imposes on the rest of the agents, without making any effort to reduce the magnitude of 
the externality (since gi3 = 0,for i = 1, 2) . In other words, agent 3 now has a stronger incen-
tive to create a link with the other two appropriators since non-collaboration implies a 
higher cost. The comparison of agent-specific taxes in the three network structures gives: 
tS > t1,2 > tF for agents 1 and 2, and t3 > tS > tF for agent 3. It is clear that it is more costly 
for agent 3 to stay unconnected in the partly connected network as compared to the star 
network.

5  Dynamics of Network Formation

In this section we examine whether the appropriators in our resource network will decide 
to create or sever links. We develop a simplified framework where at the beginning of the 
period the agents, given full information about congestion costs and cooperation spillovers, 
are going to decide to create new links or sever existing cooperation links. Their decisions 
will determine the structure of the network at the end of the period.12

The same approach can be applied to determine the socially efficient network structure. 
The regulator decides at the beginning of the period to retain or sever cooperation links 
using as an objective the maximization of aggregate payoffs plus the conservation value 
of the resource. The structure of the network at the end of the period will characterize the 
socially efficient network structure. If this structure is different from the efficient “market 
structure” the regulator has an incentive to intervene in order to provide incentive schemes 
which will attain the socially efficient market structure.

5.1  Market Network Structure

Assume that at the beginning of the period the network is star-shaped, that is, no coop-
eration links exist. For simplicity, we will use the 3-agent example presented above, but 
our results can be generalized in an n-agent network. Let u∗

i

(
�S ∣ −ij

)
, i, j = 1, 2, 3 , i ≠ j, 

denote the maximized payoff of each agent, given that no links exist, with �S the vector of 
profit-maximizing harvesting when the network is star-shaped. For cooperation to emerge 
it should be profitable for both agents. Then, the following results can be stated, where � 
denotes the vector of profit-maximizing harvesting at each network structure, +ij means 
that the link ij is created and −ij means that the link is not created, for i, j = 1, 2, 3 , i ≠ j.

(42)t3 =
2pq2S2𝛾(𝛽 − 2q2S2𝛾)

Ω
> t1,2

12 It should be noted that this not a fully dynamic set-up. A fully dynamic set-up would consider a multi-
period problem and examine the convergence to a stable network structure. Such a problem has been stud-
ied by Watts (2001) and Jackson and Watts (2002). In these papers, the payoff functions were, however, rel-
atively simple and allowed analytic results. We regard our approach to the problem as a first-order approach 
with the development of a fully dynamic model being the next stage of our research.
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a If 

 then, there will be a link between 1 and 2 but not with 3.
  Note that it is possible to have: 

 but there will be no cooperation with 3 since this is not profitable for the other agents. 
Any equilibrium should satisfy the pairwise stability condition, which accounts for the 
mutual approval of both agents. Similar inequalities hold in the case where any two 
agents find it profitable to connect without including the third one.

  Notice that if 

 agent 3 could bribe agents 1 and 2 in order to convince them to cooperate with her.
b If 

 then, all agents create cooperation links.
c If 

 no cooperation links are created and the star-shaped network will remain until the end 
of the period.

The networks created in cases (a)–(c) are pairwise stable in the sense of Jackson and 
Wolinsky (1996). The efficiency of the network depends on the maximization of the indi-
vidual payoffs:

The strongly efficient network is the one that implies the maximum aggregate payoffs, or:

In our resource problem with homogeneous agents, denser networks always increase aggre-
gate harvesting and payoffs (see Proposition 2), since they decrease the magnitude of the 
congestion externality. As a result, the strongly efficient network is always the fully con-
nected one. This is in line with the empirical literature where it has been shown that nat-
ural resource management is more effective and efficient if resource users participate in 

u1(� ∣ +12,−13) > u∗
1

(
�S ∣ −ij

)
and u1(� ∣ +12,−13) > u1(� ∣ +ij),

u2(� ∣ +21,−23) > u∗
2

(
�S ∣ −ij

)
and u2(� ∣ +21,−23) > u2(� ∣ +ij),

u3(� ∣ +ij) > u∗
3

(
�S ∣ −ij

)

or, u3(� ∣ +13,−23) > u∗
3

(
�S ∣ −ij

)

or, u3(� ∣ +23,−13) > u∗
3

(
�S ∣ −ij

)

[
u3(� ∣ +13,−23) − u∗

3

(
�S ∣ −ij

)]
> [u1(� ∣ +12,−13) − u1(� ∣ +ij)][

u3(� ∣ +23,−13) − u∗
3

(
�S ∣ −ij

)]
>
[
u2(� ∣ +21,−23) − u2(� ∣ +ij)

]

ui(� ∣ +ij) > u∗
i

(
�S ∣ −ij

)
, i, j = 1, 2, 3 , i ≠ j,

ui(� ∣ +ij) < u∗
i

(
�S ∣ −ij

)
, i, j = 1, 2, 3 , i ≠ j,

(43)uM
h
=

3∑
i=1

uih , h = a, b, c

(44)uM
h
= argmax

h

3∑
i=1

uih , h = a, b, c
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planning processes and communicate with their peers (see e.g. Layzer 2008; Kubo and 
Supriyanto 2010; Ramirez-Sanchez 2011). Introducing heterogeneity though (see Sects. 6, 
7) can lead to different outcomes.

6  Extensions: Introducing Heterogeneity

Our theoretical model in Sect. 3 can provide useful insights on how collective action can 
lead to more efficient use of natural resources. To derive our results we assumed that indi-
vidual agents are homogeneous. However, it is important to bear in mind that resource 
communities are rarely one coherent group of appropriators; rather, they are defined by 
subgroups with different perceptions, interests, extractions costs, and amount of influence 
(Agrawal and Gibson 1999; Carlsson and Berkes 2005; Nygren 2005; Crona and Bodin 
2011). In this section, we will change this assumption, and we will show how heterogene-
ity, in terms of geographical distance to the resource and firms’ size, affects the equilibrium 
harvesting amount and the network structure. In the next section we will use numerical 
examples to show how heterogeneity affects the incentives of individual agents to collabo-
rate with the rest of the resource users.

6.1  Costly Transportation

Let us assume now that the transportation of the resource is costly and the cost depends on 
the geographical distance between the agent and the resource. Until now, we had assumed 
that the agents involved in the exploitation of the resource were homogeneous. Costly 
transportation introduces heterogeneity in the model, since agents who locate further away 
from the resource have to pay a higher transportation cost, which increases the total cost of 
harvesting, affects their harvesting decisions and decreases their payoffs.

Let li ∈ (0, 1] represent the location of the agent i, defined as her distance from the 
resource, and � represents the marginal transportation cost.

Then, using the notation p̂i = p − 𝜉li, Eq. (7) becomes:

or,

By inverting the matrix (46) and doing some calculations that are described in “Appendix 
A.6”, we get:

where ��̂
(
�,

𝛿q2S2

𝛽−𝛾q2S2

)
 is the weighted Bonacich centrality:

(45)− 𝚺⋅𝐇 =

[
� − �q2S2

q2S2
𝐈 + �𝐔 − �𝐆

]
⋅𝐇 = �̂�

(46)
� − �q2S2

q2S2

[
𝐈 −

�q2S2

� − �q2S2
𝐆

]
⋅𝐇∗ = �̂� − �H∗

⋅ 𝟏

(47)𝐇∗(𝚺) =
1

�−�q2S2

q2S2
+ �b

(
𝐠,

�q2S2

�−�q2S2

)𝐛�̂�
(
𝐠,

�q2S2

� − �q2S2

)
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and � is the vector of individual locations. The equilibrium condition (47) shows that higher 
transportation cost increases the cost of harvesting and leads to lower use of the resource. 
This implies that agents who are located further away find it profitable to harvest a smaller 
amount of the resource compared to those that are located closer to the resource.

It is interesting to explore whether transportation costs and heterogeneity will make the 
formation of links easier, meaning that the agents will have a higher incentive to collabo-
rate with each other. In order to do so we need to compare individual payoffs in different 
cases. If ūi , u∗∗i  denotes the payoff of agent i in a fully connected and unconnected network, 
respectively, with heterogeneity then transportation costs make the formation of links eas-
ier iff:

That is, heterogeneity creates a larger difference between the payoffs of the fully connected 
network ( ̄ui) and the corresponding ones of the star network ( u∗∗

i
) . In terms of the ine-

quality above, the LHS shows the difference between the payoffs of the connected and the 
unconnected network in case of heterogeneity, while the RHS shows the same difference in 
case all agents locate at an equal distance from the resource (or more generally, when trans-
portation is not costly or the per unit cost is not very high). Numerical simulations will 
give a clearer idea of whether heterogeneity could facilitate the creation of links between 
the agents.

Using the three agent example analyzed above, we can compare the case of costly trans-
portation to one that involves no cost. In particular, the comparison between the payoffs of 
the connected network in both of these cases leads to the following condition:

where � = (� − �)∕
(

�−�q2S2

q2S2
+ 2� − �

)
 and 0 < 𝜆 < 1. Inequality (49) shows that costly 

transportation can, surprisingly, be more profitable for agent i than non-costly transporta-
tion, iff the distance between agent i and the resource is smaller than the sum of the dis-
tance between the rest of the agents and the resource, multiplied by a positive number �. It 
is interesting to notice that � is increasing in � and decreasing in �. That is, it is easier for 
agent i to obtain higher profits under costly transportation when the negative congestion 
effect is stronger or when she enjoys lower benefits from collaborating with the rest of the 
agents. In general, costly transportation can be shown to be beneficial for the agent who is 
located closer to the resource. Note that the per unit transportation cost, �, does not affect 
this result. The only thing that matters is how much “closer ” to the resource agent i is 
located compared to the co-appropriators.

(48)
bp̂i

(
�,

𝛿q2S2

𝛽 − 𝛾q2S2

)
=

[
� −

𝛿q2S2

𝛽 − 𝛾q2S2
�

]−1(
p − 𝜉li

)

= pbi

(
�,

𝛿q2S2

𝛽 − 𝛾q2S2

)
− 𝜉�(�,

𝛿q2S2

𝛽 − 𝛾q2S2
) ⋅ �

ūi(� ∣ +ij) − u∗∗
i

(
�S ∣ −ij

)
> ûi(� ∣ +ij) − u∗

i

(
�S ∣ −ij

)

(49)

ūi(� ∣ +ij) > ûi(� ∣ +ij) ⇒

li∑
j≠i lj

<
𝛾 − 𝛿�

𝛽−𝛾q2S2

q2S2
+ 2𝛾 − 𝛿

� ⇒

li < 𝜆
�

j≠i
lj
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6.2  The Size of Firms

A second interesting case that introduces heterogeneity in the model is the case where the 
agents, or the exploiting firms, are of different size. Let us assume here that there is one big 
firm, the “leader” (L) and a number of smaller ones (F) of equal size, the “followers.” In 
terms of our modeling, this will lead to different private costs. In particular, the marginal 
cost of the larger firm will be lower than the corresponding cost of the smaller firms, i.e., 
𝛽L < 𝛽F .

If such an equilibrium exists, then it solves:13

where

By using simple algebra, the equilibrium resource use is given by:14

where Φ denotes the matrix: Φ =
[(

1

q2S2

)
�−1� +

((
1

q2S2
− �

)
+ �H∗b

)
�
]
.

The numerical exercise of Sect. 7 will provide interesting insights into the incentives of 
the two types of agents to connect or not. More specifically, we will see that if the leader 
has a large competitive advantage, by being able to produce at a much lower cost (in which 
case �L is significantly lower than �F) , and uses advance technology, meaning that smaller 
firms would benefit more from collaborating with the leader rather than the opposite 
( 𝛿L < 𝛿F), then there is no incentive for the large firm to collaborate with the competitors. 

(50)− �⋅� =

[(
1

q2S2

)
� − �� + �� − ��

]
⋅� = p ⋅ �.

� =

⎛⎜⎜⎝

�L ⋯ 0

⋮ ⋱ ⋮

0 ⋯ �F

⎞⎟⎟⎠

(51)�∗ = pΦ−1�

(
�,

�q2S2

1 − �q2S2

)

Table 1  Bonacich measure  (bi), individual harvesting amount  (Hi) and individual profits  (ui) for the four 
network structures of (Figure 3)

Agent type bi Hi ui bi Hi ui

(a) (b)
1 1 0.30364 0.22128 1.0021 0.30427 0.22220
2 1 0.30364 0.22128 1 0.30363 0.22127

(c) (d) Equilibrium
1 1.0146 0.30806 �.����� 1.01486 0.30801 0.22768
2 1.0021 0.30425 0.22216 1.01486 0.30801 �.�����

14 The steps are available in “Appendix A.7”

13 Here the condition of existence becomes: 𝛽L
q2S2

− 𝛾 > 𝛿𝜆1(�).
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In this case, the leading firm will keep exploiting a large part of the resource without being 
willing to share any knowledge with the followers.

If the regulator wants to protect the smaller appropriators and works toward the forma-
tion of a fully connected network, she will have to impose a stricter regulation to the large 
firm, in the form of taxation, which will fully internalize the negative congestion effects 
that she imposes on the rest of the appropriators. This is in line with our policy analysis 
above.

7  Numerical Example

7.1  Symmetric Agents

Let us provide some more insightful examples by using an 8-agent network and solve for 
the market and the optimal solution numerically. In Fig. 3, we consider four different net-
work structures: the star network (a), the case where there is only one collaboration link 

Fig. 3  Symmetric agents: parameter values: S = 5, q = 0.1, β = 1.2, δ = 0.01, γ = 0.02, p = 1.5
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between two agents (b), the case where one agent is connected to the rest of the agents (c), 
and the full network (d). Table 1 gives the Bonacich measure, the individual harvesting 
amount and the corresponding individual profits for the four network structures shown in 
Fig. 3. In Table 1, Agent Type 1 refers to agent 1 in Fig. 3, while Agent Type 2 refers to 
the rest of the agents. It is easy to observe that all the agents enjoy the highest profits in 
the full network, apart from agent 1 whose profits are higher in network (c). This network, 
though, is not pairwise stable, since all agents will find it profitable to connect with each 
other which will lead to network (d), which is the pairwise stable equilibrium of this game.

By solving the full optimal problem given by (29) numerically, where the planner will 
determine both the optimal harvesting amount and the optimal link configuration, we find 
that the optimal network structure is the equilibrium one, or else the full network. This is 
the case for any value of � ≥ 0 . When the equilibrium network structure coincides with the 
optimal one, the planner only needs to control for the level of individual harvest by imple-
menting the optimal agent-specific tax. In this numerical example, the optimal, individual 
harvesting amount is 0.30364 (or 0.28340 in conservation, with � = 0.1 ) < H

(d)

i
.

7.2  Asymmetric Agents

7.2.1  The Size of the Firms

Not surprisingly, in the case of symmetric agents, the full network is shown to be the pair-
wise stable equilibrium, as well as the optimal network configuration. We will now show 
that introducing asymmetry in the game could lead to different results, where the market 
structure is different from the optimal one. In such a case, as explained above, the planner, 

Table 2  Individual harvesting amount  (Hi) and individual profits  (ui) for the three network structures of 
(Figure 4)

Agent Type Hi ui Hi ui Hi ui

(a) (b) Equilibrium (c)
1 0.2999 0.2159 0.3036 0.2213 0.3061 �.����

2 1.2150 �.���� 1.2145 0.8851 1.2144 0.8849

Fig. 4  Asymmetric agents: firms of different size. Parameter values: S = 5, q = 0.1, βi = 1.2, β2 = 0.3, δi = 
0.01, δ2 = 0.0001, γ = 0.02, p = 1.5 , i = 1,3,...,8
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along with the agent-specific taxation that aims to restrict individual harvesting, should use 
some other policy instrument to create or sever collaboration links between the agents.

Figure  4 illustrates the case where there is a big player in the market (agent 2) and 
seven smaller resource users. The leading firm has a cost advantage, and thus her private 
cost of harvesting is lower than the corresponding one of the rest of the agents, 𝛽2 < 𝛽i, 
i = 1, 3,… 8. Also, the benefit of the larger player when collaborating with the rest of the 
agents is lower, indicating the fact that she already uses some more advance technology in 
the harvesting of the resource and thus the exchange of knowledge benefits more firms of 
smaller size ( 𝛿2 < 𝛿i, i = 1, 3,… 8).

The results in this case are interesting. As shown in Table  2, individual profits for 
smaller users (Agent Type 1) are higher in the case of the full network (c), followed by 
the corresponding ones in the partly connected network (where small users are connected 
only to each other without including the big player), while profits are lower in the star net-
work (a). This is not the case, though, for the big firm. In particular, the big player enjoys 
the highest profits in the star network. It is not profitable for her to connect to any smaller 
user, while the highest profits for her are associated with the network where there are no 
collaboration links between any agent, i.e.,   u(a)

2
> u

(b)

2
> u

(c)

2
. However, the star network 

violates the pairwise stability condition. This is why the profits of the rest of the agents are 
higher in the full network, followed by the partly-connected network, and then by the star 
network, i.e.,  u(a)

i
< u

(b)

i
< u

(c)

i
. So, although the big player will decide not to connect with 

the rest of the agents (which impedes the creation of a full network), the small players will 
still have an incentive to collaborate with each other. Thus, the pairwise stable equilibrium 
configuration is the partly connected network (b).

Deriving numerically the optimal network structure,  we observe that the full network 
is the optimal one. In this case (with � = 0) , the optimal harvesting amount of the small 
agents is equal to 0.2975 < H

(b)

i
 and the corresponding one for the big agent is 1.198 < H

(b)

2
. 

The planner will have to come up with policies that will incentivize the big player to cre-
ate collaboration links with the smaller ones (such as a subsidy per new link created). The 
communication failure of heterogeneous agents is in line with the findings of the experi-
mental literature (e.g. Hackett et al. 1994; Gangadharan et al. 2017; Lacomba et al. 2017), 
according to which it is more difficult for heterogeneous populations to reach efficient out-
comes. More precisely, related work confirms our theoretical findings and suggests that 
actors occupying central positions between subgroups may impede collaboration because 
they may be uninterested in fostering joint action or unwilling to share their advanced 
knowledge or technology (Bodin and Crona 2009). Thus, identifying these actors, bringing 
them into the decision making process and encouraging their collaboration with the rest of 
the users is likely to benefit the long-term sustainability of the resource system, which can 
be classified as a ‘network intervention’ (Valente 2012).

Table 3  Individual harvesting amount  (Hi) and individual profits  (ui) for the three network structures of 
(Figure 5)

Agent Type Hi ui Hi ui Hi ui

(a) (b) (c) Equilibrium
1 0.2002 0.0962 0.2001 0.0961 0.2042 �.����

2 0.2421 0.1406 0.2419 0.1405 0.2459 �.����

3 0.2839 0.1876 0.2868 0.1974 0.2877 �.����
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7.2.2  The Effect of Geographical Distance

When the transportation of the resource is costly, the distance between the exploiting agent 
and the resource matters. Here, we explore the case where two of the agents are located 
further away, while the remaining six agents are located at an equal distance from the 
resource. More specifically, we assume that the distance between agent 1 and the resource 
is the longest ( l1 = 0.5), followed by agent 2 who is located a bit closer ( l2 = 0.3) and then 
the rest of the agents positioned even closer to the resource ( li = 0.1, i = 3,… , 8).

The results, which correspond to the network configurations shown in Fig. 5, are pre-
sented in Table 3. More precisely, when the agents that are located closer to the resource 
create collaboration links, the profits of the unconnected agents decrease ( u(b)

i
< u

(a)

i
, for 

Fig. 5  Asymmetric agents: costly transportation. Parameter values: S = 5, q = 0.1, β = 1.2, δ = 0.01, γ = 
0.02, p = 1.5 ,  l1 = 0.5,  l2 = 0.3,  l3 = 0.1

Table 4  Bonacich measure (bi),  
individual harvesting amount 
 (Hi) and individual profits  (ui) 
for the two network structures of 
(Figure 6)

Agent Type bi Hi ui bi Hi ui

(a) (b) Equilibrium
1 1 0.3036 0.221 1.0042 0.3048 �.���

4 1 0.3036 0.221 1.0084 0.3061 �.���

Fig. 6  Asymmetric agents: costly coordination. Parameter values: S = 5, q = 0.1, β = 1.2, δ(A) = 0.01, 
δ(B) = 0.01, γ = 0.02, p = 1.5
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i = 1, 2), while the profits of the connected ones increase ( u(b)
i

> u
(a)

i
, for i = 3,… , 8). In 

this case, the unconnected agents have an incentive to connect to the rest of the agents and 
enjoy higher profits, since u(c)

i
> u

(a),(b)

i
, i.e., network (c) implies higher profits for all the 

agents. It is shown that the full connected network is also the optimal network structure.
Note that here we have assumed that any cost that is associated with the creation of 

collaboration links between the appropriators does not depend on the distance between 
them. If, however, connecting to a distant appropriator implies higher cost for the ones 
that are located closer to the resource (or closer to some other group of appropriators), 
then the incentives to collaborate become weaker. In such a case, we might observe 
the formation of subgroups, which is the case illustrated in Fig. 6. In particular, in the 
case where the benefits of collaboration are outweighed by the costs of connecting to 
some more distant appropriators, the agents find it profitable to connect only to nearby 
resource users. Thus, in our specific numerical example, we observe the formation of 
two subgroups: A (agents 1, 2 and 3) and B (agents 4, 5, 6, 7 and 8), which include 
agents that are located in the “neighborhood.” The subgroup formation is more prof-
itable for all the agents of the two groups ( u(b)

i
> u

(a)

i
 in Table  4). In such a case, the 

planner should subsidize the “costly collaboration” in order to attain a full network of 
appropriators.

Note that the example of Fig. 6 can also illustrate the case where resource users form 
subgroups with people of the same ethnicity, as in Barnes et al. (2016a). Even though it 
is optimal to promote communication across segregated groups, which can prevent the 
overexploitation of natural resources, communication barriers between groups of different 
cultures impede the full network formation and lead to less sustainable environmental out-
comes. Thus, understanding the social interactions across resource users and exploring the 
case-specific incentives to connect or not to other users can help the policy makers design 
policies that will secure the sustainable use of the natural resources.

8  Conclusion

In this paper, we use network theory to study the market and the optimal outcomes in a 
natural resource management problem. The externalities characterizing the exploitation of 
the resource under study, in the form of collaboration links, crowding effects, and resource 
stock effects, along with the conservation plan of the regulator, open the gap between 
decentralized and optimal harvesting. Different network structures have been studied and 
show how harvesting and aggregate welfare are affected. We also analyze the incentives of 
harvesting agents with respect to the formation or elimination of cooperative links, which 
determine the equilibrium network configurations. We show that homogeneous agents 
always have a strong incentive to move from an unconnected to a fully connected network, 
which is not necessarily the case when agents are heterogeneous.

Heterogeneity with respect to the distance of each agent to the resource, which implies 
higher transportation costs for the agents who are located further away, changes the har-
vesting amounts and the individual and aggregate payoffs. This also leads to different views 
regarding how profitable or not the cooperation between the harvesting agents is. We also 
show that the size of the firms matters. Thus, large appropriators, with lower extraction 
costs and advance technology, have weaker or no incentives to connect to the rest of the 
appropriators. Related work on fisheries has shown that acquiring and exchanging informa-
tion between heterogeneous groups creates conflicting incentives. In fact, there are strong 
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incentives for the withholding and strategic use of information and new knowledge, which 
is not likely to be shared because it can increase the fishing efficiency of others (Wilson 
1990; Barnes et al. 2016b). It is thus important for decision makers to ensure that informa-
tion is disseminated reaching different groups and that ties exist between all those resource 
users groups (Barnes et al. 2013).

Finally, in this paper, we show that the special nature of natural resources, when taken 
into account in the planner’s problem, opens the gap between equilibrium and optimal har-
vesting. In particular, the more the regulator focuses on the conservation of the resource, 
the lower the optimal harvesting amount and the larger the gap between the market and 
the optimal harvesting. Moreover, our model helps us examine and determine the optimal 
structure of the resource network. When the optimal network structure has been identi-
fied, we will be able to design policies that are more in line with the scarce nature of the 
resources, prevent the overexploitation and promote the formation or the elimination of 
collaboration links between the appropriators. These policies can include both price-based 
instruments and direct regulations. Permits are already used in many countries for fish-
ing and hunting. Our analysis suggests that collaborative behaviour among resource users 
should be (indirectly) subsidized, which could imply lower tax or permit price for collec-
tive action. Direct regulations were discussed above and refer to the efforts of decisions 
makers to ensure the existence of ties between different groups of resource users. Other 
ways of securing the sustainable use of the resource include monitoring and punishment by 
co-appropriators. Then, network analysis is used in order to describe the social ties among 
resource users who have the responsibility to monitor and punish each other in case of 
non-cooperative behaviour. According to the experimental literature, dense networks can 
prevent over-appropriation when such action is observed by everyone, but they can also 
encourage it when punishers struggle to coordinate and monitor non-cooperative behav-
iours (Shreedhar et al. 2020). Thus, identifying the efficient size and structure of the net-
work is fundamental for the sustainable handling of resources.

The theoretical consideration of the impact of social networks in the management of 
natural resources can improve our understanding of the connection between social inter-
actions and environmental outcomes. Thus, in view of a growing body of experimental 
and empirical literature on the impact of social interactions on large scale environmental 
outcomes, our paper can provide testable predictions that will facilitate the study of local 
interaction networks.

We recognize that the resource use is not a static problem. However, this is a first 
attempt to use the theory of network economics in order to study a natural resource man-
agement problem. Resource dynamics can be explicitly introduced in the problem by 
assuming, for example, that

where F
(
St
)
 is a standard resource-growth function. The network for the entire planning 

horizon can be regarded in this case as a multilayer network (e.g., Boccaletti et al. 2014). 
For the multilayer network, each time period t ≥ 0 can be interpreted as representing a dif-
ferent network layer and each node on a layer can represent an appropriator at a given point 
in time who maximizes discounted profits. Intralayer connections are links among agents at 
a given point in time and can thus be interpreted as collaboration links as in the static net-
work. Interlayer connections, on the other hand, follow the path of each harvester for t ≥ 0. 
Severance of an interlayer connection for an agent i can be interpreted as having the agent 

(52)St+1 − St = F
(
St
)
−

n∑
j=1

Hj(t), S0 given,
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stop harvesting. The dynamic network problem can in principle be analyzed using dynamic 
optimization methods. The dynamic framework introduces new interesting issues which 
relate to the way that intralayer and interlayer links evolve in socially optimal solutions and 
market equilibrium. This undoubtedly is an interesting area for further research.

Appendix A.1

Proof of non-exhaustion We solve the maximization problem (3) by assuming that we have 
n symmetric agents. The Lagrangian function of the first agent is stated as:

The necessary conditions are:

Let NC1(i) denote the first condition on the first line etc.
NC1(iii): H1 = 0 or p − �

(qS)2
H1 − �

n∑
j≠1

Hj + �
n∑
j≠1

Hj = �

Suppose H1 = 0 (and by symmetry, H2 = ⋯ = Hn = 0). Then:

𝜆 > 0 means that NC2(i): H1 +
n∑
j≠1

Hj − S = 0.But since Hi = 0 for all i,  then S = 0,which is 

a contradiction because we have assumed that there is a positive stock of the resource. So, 
we have Hi > 0 and p − �

(qS)2
H1 − �

n∑
j≠1

Hj + �
n∑
j≠1

Hj = �.

From NC2(iii): we have either 𝜆 > 0 and H1 +
n∑
j≠1

Hj − S = 0 , or � = 0 and 

H1 +
n∑
j≠1

Hj − S ≤ 0

If 𝜆 > 0, then p − 𝛽

(qS)2
H1 − 𝛾

n∑
j≠1

Hj + 𝛿
n∑
j≠1

Hj > 0 ⇒ p
���

MR

>
𝛽

(qS)2
H1 + (𝛾 − 𝛿)

n�
j≠1

Hj

���������������������������������
MC

Thus, 𝜆 > 0 at the solution is not optimal because it implies that the marginal revenue is 
higher than the marginal cost of production (including the net congestion cost). So, we need to 
examine � = 0 at the solution. When � = 0 and H > 0 ∶

(1.1)L = pH1 −
1

2

�

(qS)2
H2

1
− �

n∑
j≠1

H1Hj + �
n∑
j≠1

H1Hj + �(S − H1 −

n∑
j≠1

Hj)

p−
�

(qS)2
H1−�

n∑
j≠1

Hj+�
n∑
j≠1

Hj−� ≤ 0, H1⩾ 0, H1

(
p−

�

(qS)2
H1−�

n∑
j≠1

Hj+�
n∑
j≠1

Hj−�

)
= 0(NC1)

H1+

n∑
j≠1

Hj−S ≤ 0, � ⩾ 0, �

(
S − H1−

n∑
j≠1

Hj

)
= 0(NC2)

NC1(i): p −
𝛽

(qS)2
H1 − 𝛾

n∑
j≠1

Hj + 𝛿
n∑
j≠1

Hj − 𝜆 < 0 ⇒

p − 𝜆 < 0 ⇒ 0 < p < 𝜆
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Also, when � = 0, NC2(i): H1+
n∑
j≠1

Hj−S ≤ 0. Non-exhaustion implies that:

Symmetry allows us to solve NC1(ia) [and NC1(ib)] wrt H = H1 = ⋯ = Hi for n agents:

For S > nH ⇒ S > np
𝛽

(qS)2
+(n−1)(𝛾−𝛿)

⇒
p

S
< 𝛽

n(qS)2
+

(n−1)(𝛾−𝛿)

n
.

If n → ∞, then p

S
< (𝛾 − 𝛿) ⇒ S > p

(𝛾−𝛿)
. Table  5 summarizes the condition for non-

exhaustion for a different number of appropriators in the two extreme network structures: the 
full and the star network.

We can show that p

(𝛾−𝛿)
>

√
4𝛽[(1−n)𝛾−𝛿]+n2p2q2−npq

2q(𝛾−𝛿)(n−1)
, which allows us to use the LHS of the 

inequality in Proposition 1.

Appendix A.2

Nash equilibrium harvesting
The matrix 

[
�−�q2S2

q2S2
� + �� − ��

]
 in (7) is generically nonsingular and the equation (7) has 

a unique generic solution in ℝn
+
, denoted by �∗. Since � is an n-square matrix of ones, 

� ⋅�∗ = H∗�. Then,

NC1(ia): p −
�

(qS)2
H1 − �

n∑
j≠1

Hj + �
n∑
j≠1

Hj = 0, in the full network.

NC1(ib): p −
�

(qS)2
H1 − �

n∑
j≠1

Hj = 0, in the star network.

NC2(i) ∶ H1+

n∑
j≠1

Hj−S < 0

(1.2)p −
�

(qS)2
H − �(n − 1)H + �(n − 1)H = 0

(1.3)H =
p

�

(qS)2
+ (n − 1)(� − �)

(2.1)
[
� − �q2S2

q2S2
� + �� − ��

]
⋅�∗ = p ⋅ �

(2.2)
� − �q2S2

q2S2

[
� −

�q2S2

� − �q2S2
�

]
⋅�∗ = (p − �H∗) ⋅ �

Table 5  Conditions for non-
exhaustion in the full and star 
networks

Number of 
agents

1 n n → ∞

Full S > 𝛽

pq2 S >
√
4𝛽[(1−n)𝛾−𝛿]+n2p2q2−npq

2q(𝛾−𝛿)(n−1)
S > p

(𝛾−𝛿)

Star S > 𝛽

pq2 S >
√
4𝛽(1−n)𝛾+n2p2q2−npq

2q𝛾(n−1)
S > p

𝛾
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By inverting the matrix, we get:

Appendix A.3

Aggregate harvesting 
To prove Proposition 2, let us assume that we have a partly connected network, �, where 

agents i = 1,… ,m are connected and j = m + 1,… , n are unconnected. Then, from (8), we 
can calculate individual harvesting for two representative agents of the two groups, say agent 1 
and m + 1 . In particular, H∗

1
(�) =

p

�−�q2S2

q2S2
+�b

(
�,

�q2S2

�−�q2S2

)b1
(
�,

�q2S2

�−�q2S2

)
 and 

H∗
m+1

(�) =
p

�−�q2S2

q2S2
+�b

(
�,

�q2S2

�−�q2S2

) , since the Bonacich centrality of the unconnected agent is equal 

to 1,  while b1
(
�,

𝛿q2S2

𝛽−𝛾q2S2

)
> 1. If agent m + 1 now connects to agents i = 1,… ,m, the two 

groups of connected and unconnected agents will be i = 1,… ,m + 1 and j = m + 2,… , n 
respectively. This is a denser network, say �′, since agent m + 1 is now connected to all agents 
i = 1,… ,m. The new harvesting amounts of the two agents are now: 

H∗
1
(��) =

p

�−�q2S2

q2S2
+�b

(
�� ,

�q2S2

�−�q2S2

)b1
(
��,

�q2S2

�−�q2S2

)
 and H∗

m+1
(��) =

p

�−�q2S2

q2S2
+�b

(
��,

�q2S2

�−�q2S2

) 

bm+1

(
��,

�q2S2

�−�q2S2

)
, which are clearly higher than before. The same is true for the sum of the 

associated harvesting amounts of the two networks: 
∑

i H
∗
i
(��) >

∑
i H

∗
i
(�).

Appendix A.4

Local Interactions Effect
We prove that stronger local interactions increase the profits of connected agents (say i) and 

decrease the profits of unconnected agents (say j). For this purpose, we assume that we have 
a number of N appropriators, of whom n are connected to each other and m are unconnected. 
The adjacency matrix � is:

(2.3)

� − �q2S2

q2S2
�∗ = (p − �H∗)

[
� −

�q2S2

� − �q2S2
�

]−1
⋅ �

� − �q2S2

q2S2
�∗ = (p − �H∗)�

(
�,

�q2S2

� − �q2S2

)

�∗(�) =
p

�−�q2S2

q2S2
+ �b

(
�,

�q2S2

�−�q2S2

)�
(
�,

�q2S2

� − �q2S2

)

� =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1 1 ... 1 0 0 ... 0

1 0 1 ... 1 0 0 ... 0

1 1 0 ... 1 0 0 ... 0

... ... ... ... ... ... ... ... ...

1 1 1 ... 0 0 0 ... 0

0 0 0 ... 0 0 0 ... 0

0 0 0 ... 0 0 0 ... 0

... ... ... ... ... ... ... ... ...

0 0 0 ... 0 0 0 ... 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦



252 E. Kyriakopoulou, A. Xepapadeas 

1 3

The profits of the agents i and j are, then, given by:

where Δ = 𝛽2 + 𝛽q2S2[(n + m − 2)𝛾 − (n − 1)𝛿] − 𝛾q4S4[(n + m − 1)𝛾 + (n − 1)(m − 1)𝛿)] > 0. Taking 
the derivative wrt � ∶

and

Appendix A.5

Optimal Taxation, Bonacich Centrality
We show how we derive the equilibrium harvesting amount under taxes in matrix form. 

The Nash equilibrium under a non-uniform tax solves:

Then,

By inverting the matrix, we get:

(4.1)ũi =
𝛽p2q2S2(𝛽 − 𝛾q2S2)2

2Δ2

(4.2)ũj =
𝛽p2q2S2(𝛽 − [𝛾 − (n − 1)𝛿]q2S2)2

2Δ2

(4.3)
𝜕ũi
𝜕𝛿

=
𝛽p2q4S4(n − 1)(𝛽 − 𝛾q2S2)2(𝛽 + (m − 1)𝛾q2S2)

Δ3
> 0,

(4.4)
𝜕ũj

𝜕𝛿
= −

𝛽𝛾p2q6S6n(n − 1)(𝛽 − 𝛾q2S2)(𝛽 − [𝛾 + (n − 1)𝛿]q2S2)

Δ3
< 0.

(5.1)
− �⋅�∗

� =

[
� − �q2S2

q2S2
� + �� − ��

]
⋅�∗

� = p − �

�=
(
�1,… �n

)

(5.2)
[
� − �q2S2

q2S2
� + �� − ��

]
⋅�∗

� = p − �

(5.3)
� − �q2S2

q2S2

[
� −

�q2S2

� − �q2S2
�

]
⋅�∗

� = (p − �H∗) ⋅ � − �

(5.4)
� − �q2S2

q2S2
�∗

� = (p − �H∗)

[
� −

�q2S2

� − �q2S2
�

]−1
⋅ �−

[
� −

�q2S2

� − �q2S2
�

]−1
⋅ �

(5.5)
� − �q2S2

q2S2
�∗

� = (p − �H∗)�

(
�,

�q2S2

� − �q2S2

)
− ��

(
�,

�q2S2

� − �q2S2

)

(5.6)

[
� − �q2S2

q2S2
+ �b

(
�,

�q2S2

� − �q2S2

)]
�∗

� = p�

(
�,

�q2S2

� − �q2S2

)
− ��

(
�,

�q2S2

� − �q2S2

)
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where ��
(
�,

�q2S2

�−�q2S2

)
=
[
� −

�q2S2

�−�q2S2
�
]−1

⋅ � = �(�,
�q2S2

�−�q2S2
) ⋅ � is the weighted Bonacich 

centrality (look also at Remark 1 of Ballester et al. 2006).
Then the optimal tax should solve:

Using the values for �∗,�o, we obtain:

and finally the vector of the optimal tax is:

Appendix A.6

Costly Transportation
We show how we get the equilibrium harvesting amount in matrix form.
By inverting the matrix (46), we get:

Appendix A.7

The size of firms
In order to solve the problem (50), we define the matrix � such that � = � + �. Then,

(5.7)�∗
� (�) =

1

�−�q2S2

q2S2
+ �b

(
�,

�q2S2

�−�q2S2

)
[
p�

(
�,

�q2S2

� − �q2S2

)
− ��

(
�,

�q2S2

� − �q2S2

)]

(5.8)�∗
� = �o.

(5.9)�∗ −�o =
�(�,

�q2S2

�−�q2S2
) ⋅ �

�−�q2S2

q2S2
+ �b

(
�,

�q2S2

�−�q2S2

)

(5.10)� =

[
� − �q2S2

q2S2
+ �b

(
𝐠,

�q2S2

� − �q2S2

)][
𝐌(𝐠,

�q2S2

� − �q2S2
)

]−1
(𝐇∗ −𝐇o).

(6.1)
𝛽 − 𝛾q2S2

q2S2
�∗ =

[
� −

𝛿q2S2

𝛽 − 𝛾q2S2
�

]−1
�̂ − 𝛾H∗

[
� −

𝛿q2S2

𝛽 − 𝛾q2S2
�

]−1
⋅ �

(6.2)
𝛽 − 𝛾q2S2

q2S2
�∗ = ��̂

(
�,

𝛿q2S2

𝛽 − 𝛾q2S2

)
− 𝛾H∗b

(
�,

𝛿q2S2

𝛽 − 𝛾q2S2

)

(6.3)
[
𝛽 − 𝛾q2S2

q2S2
+ 𝛾b

(
�,

𝛿q2S2

𝛽 − 𝛾q2S2

)]
�∗ = ��̂

(
�,

𝛿q2S2

𝛽 − 𝛾q2S2

)

(6.4)�∗(�) =
1

𝛽−𝛾q2S2

q2S2
+ 𝛾b

(
�,

𝛿q2S2

𝛽−𝛾q2S2

)��̂
(
�,

𝛿q2S2

𝛽 − 𝛾q2S2

)
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Next, we define �(�, a) =
[
�−

�q2S2

1−�q2S2
�
]
 and multiply (7.2) by �−1 to obtain:

If we define the matrix Φ =
[(

1

q2S2

)
�−1� +

((
1

q2S2
− �

)
+ �H∗b

)
�
]
, the equilibrium har-

vesting becomes:
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