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Knowledge Asymmetries and Learning in Common Pools

Abstract

The role of environmental uncertainty has not been ignored in the common pool

literature but underlying most of this research is an explicit or implicit assump-

tion of symmetric uncertainty. I introduce asymmetric uncertainty by letting users

have access to private information about the resource and di¤er with respect to in-

formational precision. To what extent will the existence of knowledge asymmetries

in�uence exploitation decisions and overall welfare? If actions are unobservable

informational asymmetries per se do not in�uence behavior. However, if actions

are observable the distribution of uncertainty can have drastic implications for

exploitation decisions, the probability of resource collapse and consequently for

overall welfare.

Key Words: Common pool resources, Asymmetric uncertainty, Knowledge

spill-over.
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1 Introduction

Many natural resources have been exploited and degraded to the point where

we can no longer expect them to continue to produce a steady stream of goods

and services. There are for example empirical evidence that the world�s �sh stocks

are threatened by collapse, that more than 50 percent of grasslands are degraded,

that deforestation is widespread, resulting in extensive species and habitat loss.

[15]

Such resource degradation is often explained by referring to the institutional

structure of the resources. Many natural resources are so called common pool re-

sources. They are characterized by rivalry in consumption and non-excludability

among the users and when combined, these two characteristics are typically as-

sociated with ine¢ ciencies in terms of over-exploitation unless users manage to

cooperate. (See seminal work by Hardin [14] and Olson [19].)

The management problems associated with common pool resources have stim-

ulated much research and as a result there already exists an extensive theoretical,

experimental and empirical common pool literature devoted to investigate how

di¤erent factors in�uence individual choices and consequently the resource. (For

overviews, see Ostrom [20, 22], Ostrom et al. [21], Baland and Platteau [2], Brom-

ley [7], and Wade [25].)

The role of environmental uncertainty has not been ignored. Most common

pool systems are associated with environmental uncertainty. Whereas uncertainty

regarding the internal structure of the system (e.g. how the resource is a¤ected by

exploitation and other resources) can be reduced over time through extended use

and careful observation, uncertainty stemming from external factors (e.g. timing
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and quantity of rainfall, temperature variations and sudden outbreak of diseases)

cannot. Thus, some element of environmental uncertainty will always remain.

For example, there rarely exist direct mechanisms to determine the exact size or

replenishment rate of a natural resource. [20]

Empirical observations con�rm that uncertainty can complicate the exercise of

sustaining a common resource. (See discussions in Ostrom [20] and Agrawal [1])

The prevailing theoretical and experimental results are that an increase in the level

of uncertainty leads to higher exploitation variability and a higher probability of

resource collapse. (For an elaborate overview see Kopelman et al. [17].)

However, existing work has mainly focused on the case of symmetric uncer-

tainty. In reality, people tend to have access to di¤erent sources of information

and may also di¤er with respect to the skill of processing this information. The

symmetry of information could vary from situation to situation, as it depends on

how expensive it is to acquire information and on the rules for disseminating it

(for a more detailed discussion see Ostrom [20], pp 33). In a rivalry setting, agents

may have incentive to use their own and others�knowledge strategically, which

could have consequences for individual and overall welfare.

In this paper I relax the assumption of symmetric information and analyze how

asymmetric uncertainty can in�uence peoples�strategies and what consequences

there may be for the resource. To be able to make direct comparisons with ear-

lier results from the common pool literature I choose the probability of resource

collapse as welfare measure. Moreover, a social planner whose main priority is to

maintain the overall welfare of current and future generations should be more con-

cerned about the probability of resource collapse than the distribution of payo¤s.

The setup is the following. A well-de�ned group has exclusive access to a com-
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mon resource and each individual in this group makes an exploitation decision.

Users do not cooperate and make their exploitation decisions individually, which

results in over-exploitation in the standard common pool setting. In a worst case

scenario the exploitation can even cause a resource collapse associated with sub-

stantial losses. Exactly how much exploitation the resource can sustain without

collapsing is uncertain. I introduce asymmetric information by letting each agent

have access to private information of di¤erent quality about the matter, which is

common knowledge.

The setup chosen opens up for several possible interpretations. The resource

in question can be a non-renewable resource, in which case there is uncertainty

regarding the size of the resource, or it can be a renewable resource, in which case

the uncertainty could be related to replenishment rate. The resource can even

represent a renewable resource characterized by non-linear dynamics and multiple

stable states. If too much pressure is put on the resource there will be a �ip from

a "good" state to an alternate degraded state [24]. In this case the uncertainty

would be concerning where this �ip occurs, i.e. the location of the threshold.

Will the existence of informational asymmetries in�uence the ine¢ ciencies asso-

ciated with common pool management? This paper demonstrates that the answer

depends on whether actions are observable or not.

When actions are unobservable the game is essentially a simultaneous moves

game where users make their exploitation decisions based on their own information

and expectations about their rivals� information. Under these speci�cations the

distribution of uncertainty per se does not in�uence individual exploitation deci-

sions or the probability of resource collapse. Consistent with conventional results

from the common pool literature the probability of resource collapse increases with
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the overall level of uncertainty. (See for example, Budescu et al. [8], Budescu et

al. [9].)

When actions are observable and sequential informational asymmetries in�u-

ence individual exploitation decisions and pro�ts. Although the probability of

resource collapse increases with the overall level of uncertainty, the distribution

of uncertainty matters as well. The order of moves is particularly relevant. If a

social planner can in�uence knowledge levels, the choice of who to target becomes

critical and sometimes non-trivial. These results all hinge on the information

spill-over within the model. Although information is private, the information of

a predecessor may spill-over to a follower through her action when actions are

sequential. The predecessor then has two pieces of information and bases her de-

cision both, which means that there are informational e¢ ciency gains that are

not present when actions are simultaneous. As a matter of fact, when there are

informational asymmetries, learning can mitigate the ine¢ ciency associated with

sequential actions.

The game takes place in a one-shot environment and one might have some

concerns about that. However, in a repeated environment players are assumed to

face exactly the same game in each period. If some variable, as for example the

information structure, changes over time, this is no longer true, as the structure

of the game has changed. This implies that a one-shot game could be a better

representation of reality than a repeated game. Moreover, even though the game

is a one-shot game, it could very well be the case that the users face a similar

(but not exactly the same) decision problem tomorrow and even if we account for

reputation e¤ects or communication e¤ects, it will not a¤ect the qualitative aspect

of the results.
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The remainder of this paper is organized as follows. Section 2 presents the

model. Section 3 is devoted to the analysis of the model and to the presentation

of the results. Section 4 concludes the paper.

2 The model

2.1 The economics of exploitation

Consider a group of n users with exclusive access to a common resource with

rivalry in consumption. The resource is question can for example be a �shing

ground, a water reserve, a forest patch or a common pasture. Each user i; where

i 2 I = f1; 2; :::; ng makes an exploitation decision hi 2 R; on this resource.

Let x 2 R; be some critical value of the resource that can be exploited without

causing a resource collapse. If total exploitation exceeds this critical value,
P

i2I

hi > x; there is a resource collapse with the implication that further consumption

possibilities are seriously diminished (they may even be lost). If total exploitation

does not exceed this critical value,
P

i2I hi � x exploitation is sustainable and the

resource can continue to produce goods and services.1

Formally common pool resource games can be seen as a special class of cournot

competition games [23]. This is also the approach adopted here. The payo¤ to

each user i can then be represented by the following function.

�i(:) = hi

�
x� hi �

P
j2I;j 6=i hj

�
1Note that both x and hi can be negative. A negative value of x could for example represent

the case where there already has been a resource collapse and where the objective is to minimize
the losses by choosing a "negative" level of exploitation, by for example making some investment
in the resource.
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This payo¤ function, which captures rivalry and consequences of a potential re-

source collapse, is equivalent to a standard cournot competition payo¤ function

assuming a linear demand function. If each user makes the exploitation deci-

sion independently to maximize own individual payo¤, the negative externality

imposed by one user on the other users will not be internalized. The result is

over-exploitation of the resource compared to the cooperative solution, generating

smaller payo¤s. In a worse case scenario it can even cause a resource collapse

associated with substantial losses for all users.

This payo¤ function also captures that exploitation decisions typically are pro-

portional to some cost. If there is no resource collapse each user can recover her

individual cost and make a positive pro�t proportional to her exploitation. How-

ever, in case of a resource breakdown, the cost incurred cannot be recovered and

the losses will be proportional to the exploitation level.

With this setup non-cooperative users over-exploit the resource and more so

when actions are sequential (see Table 1, derivations can be found in the appendix).

Table 1. Equilibrium outcomes when the resource is known.

Simultaneous order Sequential order Cooperation

k refers to order

Individual expl. hi =
x
n+1

hi =
x
2k

hi =
x
2n

Total expl.
P

i2I hi =
nx
n+1

P
i2I hi =

(2n�1)x
2n

P
i2I hi =

x
2

Prob. of collapse 0 0 0

In a simultaneous order game actions are unobservable and give rise to a strate-

gic uncertainty causing users to be more cautionary than under a sequential order
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game. In a sequential order game followers perfectly observe the actions taken by

predecessors and adjust their claims accordingly. Anticipating this, the predeces-

sors can take advantage of their positions and increase their claims.2

2.2 Introducing uncertainty

I introduce uncertainty by letting the critical value x be unknown. However,

each user has the same uninformative (improper) prior that x is uniformly distrib-

uted on the interval (�1;1) with probability density 1.3 Each user also observes

a private signal si; where si = x + "i and "i is normally distributed with mean

zero and variance vi: Signals are drawn independently. The expected value of each

error term is zero, implying that in expectation each agent will observe the cor-

rect resource size, x. Moreover, the probability that agent i receives the correct

signal, is given by Pr("i = 0); which translates to fi(0) = 1=
p
2�vi for the normal

distribution.

Users di¤er with respect to knowledge. The di¤erence in knowledge levels

stems from the di¤erence in variances. One way to interpret knowledge levels is

by considering them to be given before signals are observed, users then ex ante

di¤er with respect to skill of processing information. The probability of �nding the

correct information, or put di¤erently, the probability of interpreting the observed

information correctly, is higher for a relatively knowledgeable user with a relatively

low variance. An alternative interpretation is the following. At the outset users

2These results are consistent with stackelberg competition for the sequential order game and
with cournot competition for the simultaneous order game. [11]

3The uninformative prior states that prior to the observed signals any value for x between
(�1;1) is "equally likely". It is improper because the actual density of such a prior is zero.
However, the posterior probabilities will still sum (or integrate) to 1 even if the prior values do
not, and so the priors only need to be speci�ed in the correct proportion. [5]
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Figure 1: Knowledge asymmetries

are identical, but then, each of them receives a signals and one user receives a

more informative signal (with a lower variance) than the other user and becomes

more knowledgeable.

By depicting probability densities for the error terms, Figure 1 illustrates

knowledge asymmetries for two users, where subscript K denotes the relatively

knowledgeable user (the expert henceforth) and subscript D denotes the relatively

ignorant user.

It is important to realize that although the exact content of users�respective

information remains private each user do have information on the other users�

informational precision.
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3 Analysis

To fully capture the e¤ect of knowledge asymmetries I compare equilibrium

outcomes for a simultaneous order game with a sequential order game.

When actions are simultaneous users do not observe each others claims and

base their respective decision on expectations only. This is also equivalent to a

sequential game with unobservable actions and could for example represent a case

of geographically distant �shermen sharing a common �shing ground.

When actions are sequential and observable the action of a user can potentially

reveal some information about her information to the followers - there may be in-

formational spill-overs, which could increase e¢ ciency as better informed decisions

can be made. When the order of moves is sequential it can represent a case when

the order of moves has been regulated beforehand or when there is some "natural"

ordering due to some environmental characteristic or institutional structure of the

resource. This could for example be the case of down-stream and up-stream users

sharing a common water reserve.

3.1 Unobservable actions - simultaneous order

If actions are unobservable each user maximizes her payo¤ individually given

her expectation about the other users. The solution concept is Bayesian Nash

Equilibrium (BNE) and the game is denoted �U (n) :

Proposition 1 In a BNE of the game �U (n) each user i; where i 2 f1; 2; :::; ng;

claims h�i =
si
n+1
: The probability of resource collapse given by

1� 1p
2�vz

Z x

�1
e�

u2

2vz du; (1)
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is increasing in overall level of uncertainty, vz; where vz =
Pn

i vi:

Unless otherwise stated, the proof of this proposition and the following are in

the Appendix. From Proposition 1 we know that the overall level of uncertainty is

simply the sum of individual levels of uncertainty, which leads us to the following

results.

Result 1 In a BNE of the game �U (n) ;the marginal contribution to the probabil-

ity of resource collapse is equal for all users irrespective of knowledge levels.

Each user takes her decision independently given her expectation about the

other users. Signals are unbiased estimators of the size of the resource which

implies that each user expects the other users to observe the same signal, which

further implies that the claims made will be independent of knowledge levels.

Result 2 In a BNE of the game �U (n) ; knowledge asymmetries per se do not

in�uence exploitation decisions, individual or overall welfare.

However, we know that the realized pro�t to each agent will be truly maximized

only if all users observe the correct signal, which is more likely the more precise the

signals are. Even if a user observes the true value of x, her utility is still decreasing

in the errors of the other users.

3.2 Observable actions - sequential order

For illustrative purposes I here analyze and present the case with two users.

However, Section 3.4 is devoted to analyzing to what extent the results obtained

for two users can be generalized to a case with n appropriators.
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The game played when actions are observable and taken in a sequential order

with observable actions is denoted �O(2): Users still di¤er with respect to knowl-

edge and know I let subscript L denote the leader and subscript F denote the

follower. Because users do not know each other�s signals, the start of the game

does not form a proper subgame until posterior beliefs have been speci�ed and

therefore we cannot test whether the continuation strategies constitute a Nash

equilibrium. This implies that players�beliefs about other players�actions must

be speci�ed as part of the equilibrium. The solution concept employed is Perfect

Bayesian Equilibrium (PBE). A strategy pro�le h = fhL; hFg and a belief system

� = f�L(x); �F (x)g constitute a PBE if each agents payo¤ is maximized given the

belief system and the other agents strategy, and if the belief system is consistent

with Bayes updating.4

I only consider fully separating pure strategy equilibria. Thus each exploitation

decision has an inverse function h�1i (:) that maps each claim to a unique signal

si.

Proposition 2 In a PBE of the game �O(2); the leader claims h�L = sL=2 and

the follower claims h�F = (�F (x)� hL) =2; where �F (x) = (vF=(vF + vL)) sL +

(vL=(vF + vL)) sF : The probability of resource collapse given by

1� 1p
2�vQ

Z x

�1
e
� u2

2vQ du; (2)

increases in overall level of uncertainty, vQ where vQ = vL (9vF + vL) = (vF + vL) :

Because signals are unbiased, each user expects that the other user observe the

4For a more formal de�nition see Fudenberg and Tirole [12].
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same signal. The leader will therefore follow the own signal and does not take the

knowledge levels into account when making her exploitation decision.

However, the action of the leader perfectly reveals her signal so the equilibrium

is fully separating, which means that there are no informational ine¢ ciencies.5

The follower has access to both signals and the weight attached to each signal

is determined by the variances according to Bayesian updating in a Gaussian

framework6, meaning that more weight will be attached to the signal of the expert.

If there were no asymmetries, equal weight would be attached to the signals.

Result 3 In a PBE of the game �O(2); the probability of resource collapse is lower

if the expert is the leader.

Proof. We know from Proposition 1 that the overall level of ignorance, vQ is

given by vQ = vL (9vF + vL) = (vF + vL) : It is then easy to verify that the overall

ignorance level is higher when the expert is second mover;

vK
9vD + vK
vD + vK

< vD
9vK + vD
vK + vD

: (3)

This result is intuitive. Regardless of ordering, the second mover has access

to the two pieces of information. However, the �rst mover only has one piece of

information. The most precise decision of a leader (and hence of the group) is

therefore obtained if the leader is also the expert.
5In informational economics, information ine¢ ciencies often translates to one of two extremes.

One extreme - imitating, so called herd behavior, implies that people will be doing what others
are doing rather than using their own information. The other extreme is no learning, where users
base their decisions on own information only. Banerjee [3] and Bikhchandani et al. [6] separately
and independently introduced social learning as rational behavior and with them the concept of
herding.

6See Chamley [10] for more details about Bayesian updating and social learning.
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3.3 Policy implications

Pro�ts of the users will be truly maximized only of all users observe the correct

value of x: Moreover, the probability of resource collapse increases in overall level

of uncertainty. It may therefore be in the interest of a social planner to reduce

the overall level of uncertainty if possible. If actions are unobservable and/or

simultaneous we know that the choice of who to target does not matter. When

actions are observable and sequential it does however. Because order matters for

the probability of resource collapse, the marginal contribution of users�variances

to the probability of resource collapse di¤ers. Suppose it is possible for a policy

maker to in�uence knowledge levels.7 Which knowledge level should be targeted?

A quali�ed guess is that one should target the leader. By doing so one would not

only increase the precision of the leader�s decision but through the informational

externalities one would also in�uence the knowledge level of the follower. This is

true if users do not di¤er with respect to knowledge, but not necessarily if there

are knowledge asymmetries.

Result 4 In a PBE of the game �F (2); reducing the variance of an expert leader

minimizes the probability of resource collapse. If the ignorant user is the leader

the variance of the ignorant leader should be reduced only if vD < 9
7
vK :

Proof. In order to reduce overall variance and thereby reducing probability of

resource collapse the knowledge level of the user with the highest marginal contri-

bution to overall ignorance should be targeted. One should therefore reduce the

7A policy maker could for example provide more accurate information to some of or all of the
users.

15



variance of the leader if
dvQ
dvL

>
dvQ
dvF

(4)

9v2F + 2vFvL + v
2
L

(vF + vL)
2 >

8v2L
(vF + vL)

2 (5)

which is true as long as vL < 9
7
vF :

Thus a social planner should always target an expert leader. A social planner

should also target an ignorant leader if the knowledge asymmetries are not big

enough. However, if the leader is ignorant and ignorant enough a social planner

should target the follower/expert. The intuition goes as follows. When the leader

is very ignorant and may exploit to the point where a resource collapse is likely

it is vital that the follower can make the most precise decision possible so that a

resource collapse can be avoided.

When there is no uncertainty the sequential order protocol is worse than the

simultaneous order protocol from a welfare perspective because the leader antici-

pates the follower�s best response and can take advantage of her position. When

there is uncertainty with respect to the resource this may not longer be true due

to informational e¢ ciency gains from learning.

Result 5 If the magnitude of the knowledge asymmetries is big enough, vK < 1
7
vD;

and if the expert user is the leader, the probability of resource collapse in the game

is lower under a sequential protocol �F (2) than under a simultaneous order protocol

�O(2):

Proof. I compare the probability of resource collapse for the simultaneous order

protocol with the sequential order protocol. From Propositions 1 and 2 we know
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that the probability of resource collapse increases in total variance so we can

restrict our comparison to variances. First assume that the leader is the expert,

vL = vK ; vF = vD: The total variance for the simultaneous order protocol is higher

if

vK + vD > vK
9vD + vK
vD + vK

; (6)

which holds if vK < 1
7
vD. Next assume that the ignorant agent is the leader,

vL = vD; vF = vK : The total variance for the simultaneous order protocol is higher

if

vK + vD > vD
9vK + vD
vK + vD

; (7)

which never holds.

Thus, learning combined with knowledge asymmetries mitigates and may even

reduce the ine¢ ciency associated with sequential order, but only if the knowledge-

able is �rst mover. Thus, it may be in the interest of a social planner to be a

carrier of information if actions are unobservable.

3.4 Increasing the number of appropriators

This section is devoted to analyze and discuss if and how some of the results

obtained for the sequential order case can be generalized to an extended case where

there are more than two users. However, I will not fully characterize equilibrium

outcomes, as this is not necessary for the purpose of this section.

Now suppose that there are n users making exploitation decisions in a pre-

determined order. The users di¤er with respect to knowledge. I let subscript 1

denote the �rst player, subscript 2 the second and so on, i 2 f1; 2; :::k; :::n:g. The

last appropriator maximizes the following function:
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max
hn
En[hn(x� hn �

Pn�1
j=1 hj)] (8)

where
Pn�1

j=1 hj is the sum of observed claims by the predecessors. The �rst order

condition reads:

En(x�
Pn�1

j=1 hj � 2hn) = 0 (9)

Note that En(x) = �n(x): This implies that the best response of user n is given

by:

hn =
�n(x)�

Pn�1
j=1 hj

2
(10)

where

�n(x) =

Pn
i=1

�
1
vi

�
siPn

j=1 vj
(11)

(See appendix for derivation). Following the procedure employed for the sequential

game with complete information we can derive a general best response function

and a belief for the k : th user;

hk =
�k(x)�

Pk�1
j=1 hj

2
; (12)

�k(x) =

Pk
i=1

si
viPk

j=1
1
vj

(13)

From the best response function we can note a few things. First, user k0s expec-

tation about x is given by the belief derived from Bayes rule. We can also note

that the �rst user only base her decision on the own signal, �1(x) = s1; whereas

the follower has two signals to base her decision on, the third user three signal and

so on. This means that followers will be able to make more precise decisions than
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predecessors.

From an overall welfare perspective it is then best is the �rst user is the most

knowledgeable, that would ensure the most precise decision for a �rst user. The

second user has two signals, the own signal and the signal of the leader. The most

precise decision of a second user can then only be guaranteed if the second user is

the second most knowledgeable user and so on.

The probability of resource collapse is given by Pr
�P

i2I hi < x
�
: First note

that

nP
i=1

hi =
nP
k=1

�
�k(x)�

Pi�1
j=1 hk

�
2

(14)

Substitute �k(x) with the expression above (11) and make use of the fact that

si = x + "i: We can note that this expression is a linear combination of the error

terms meaning that the probability of resource collapse can be written as follows.

Pr
�P

i2I �i"i < x
�

(15)

where �i is a weight attached to each error term. The exact value of each weight

will depend on the exact distribution of knowledge. Probability of resource collapse

is given by

1� 1p
2�v!

Z x

�1
e�

u2

2v! du (16)

where ! =
P

i2I �
2
i vi: We can then see that the probability of resource collapse is

increasing in overall level of uncertainty (see proof of Proposition 1).
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4 Concluding remarks

The purpose of this paper was to analyze how knowledge asymmetries in�uence

individual decisions and consequently the overall welfare in a typical common pool

resource setting. Our main �nding is that knowledge asymmetries matter and one

should not only be concerned with the overall level of uncertainty when analyzing

and recommending remedies concerning problems as these.

Studies from the lab and the �eld both highlight the importance of reducing

environmental uncertainty in common pools. This is not in any way contradictory

to the conclusions one should draw from this paper. The conclusion from this

paper is certainly not to enhance environmental uncertainty. Instead, this paper

demonstrates that when analyzing such settings and/or suggesting policies for re-

ducing the ine¢ ciencies associated with them, one should not only be concerned

about the level of environmental uncertainty, but also the distribution of uncer-

tainty, as it matters too. For example, while reducing environmental uncertainty,

keeping knowledge heterogeneity, �let the experts be experts�, might be a good

strategy compared to an approach aiming at equalizing knowledge.

However, the results presented here need to be studied empirically. As far

as I understand there are no empirical studies devoted to this and I only know

of one related experimental study. Lindahl and Johannesson [16] study a one-

shot sequential game of �xed ordering between two players, where players make

claims on a common resource. They introduce asymmetric uncertainty by letting

the �rst mover be privately informed about the resource size. The second mover

only knows the probability distribution, which is common knowledge. They �nd

that asymmetric uncertainty does not increase the probability of over-exploitation.
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However, to be able to draw more rigorous conclusions, one also needs to relax the

assumption of full information for the �rst mover, and one should probably also

include more than two appropriators and test a simultaneous order protocol as

well as a sequential order protocol.

Users do not cooperate, which here also means that they do not share infor-

mation through communication (it is only through actions that information spill

over). In a setting where users share information the knowledge levels of all users

would naturally be the same, and within this setting it would be the knowledge

level implied by Bayesian updating. From the results obtained here it is fairly easy

to deduce that whereas communication would decrease the probability of resource

collapse in a simultaneous order game, it is not necessarily so when actions are

sequential.

A natural extension of the model would be to let knowledge levels be endoge-

nous by allowing agents to acquire additional knowledge at some speci�c cost.

Depending on whether the new knowledge levels are observed by the rival, and on

the cost associated with knowledge acquisition, it could be in the interest of at

least one of the agents to acquire knowledge. It could for example be worthwhile

for the leader to improve on her informational precision, and by extension also

the precision of the follower, because the probability of resource collapse would

decrease. Note that there would be too little knowledge acquisition because the

leader would equate marginal cost of knowledge acquisition with private marginal

bene�t.

Throughout the paper, I have considered the case of agents sharing a common

pool resource. However, given the simplicity and generality of the setup, the results

should also hold for other types of resource dilemmas. Consider for example the
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mirror image of the common pool resource problem, public good provision where

the provision threshold is uncertain.

References

[1] A. Agrawal, Common Resources and Institutional Sustainability, in "The

Drama of the Commons" (E. Ostrom, T. Dietz, N. Dol�ak, P.C. Stern, S. Stovich

and E.U. Weber, Eds), National Research Council, Committee on the Human

Dimensions of Global Change, Division of Behavioral and Social Sciences and

Education, National Academy Press, Washington DC (2002).

[2] J. M. Baland and J. P. Platteau, "Halting Degradation of Natural Re-

sources. "Is There a Role for Rural Communities?" Oxford University Press,

Oxford, (1996).

[3] A. Banerjee, A Simple Model of Herd Behavior, Q. J. Econom. 107, 797-817

(1992).

[4] P. Berck, and K. Sydsæter, "Economists�Mathematical Manual, 2nd edi-

tion", Springer-Verlag, Heidelberg, (1993)

[5] J. O. Berger, "Statistical Decision Theory and Bayesian Analysis, 2nd edi-

tion", Springer-Verlag, New York, (1985).

[6] S. Bikhchandani, D. Hirschleifer and I. Welch, A Theory of Fads, Fashion,

Custom and Cultural Change as Information Cascades, J Polit. Econ. 100, 992-

1026 (1992).

[7] C. P. Chamley "Rational Herds - Economic Models of Social Learning."

Cambridge University Press, New York. (2004)

[8] D. W. Bromley, "Making the Commons Work: Theory Practice and Policy",

22



ICS Press, San Francisco CA (1992).

[9] D. V. Budescu, A. Rapoport, and R. Suleiman, Common Pool Resource

Dilemmas under Uncertainty: Qualitative Tests of Equilibrium Solutions. Game.

Econom Behav. 10, 171-201 (1995a).

[10] D. V. Budescu, R. Suleiman, and A. Rapoport. Positional and Group Size

E¤ects in Resource Dilemmas with Uncertainty. Organ. Behav. Hum. Dec. 6,

225-238 (1995b).

[11] J. Church and R Ware, "Industrial Organization, a Strategic Approach",

McGraw-Hill, New York, (2000).

[12] D. Fudenberg and J Tirole, " Game Theory." The MIT Press, Cambridge,

(2000).

[13] W. Greene, "Econometric Analysis, 3rd edition", Prentice-Hall Inc. New

Jersey, (2000).

[14] G. Hardin, The Tragedy of the Commons, Science, 162, 1243-1248 (1968).

[15] MEA, "Millennium Ecosystem Assessment, Ecosystems and Human Well-

being: Synthesis", Washington DC, Island Press, (2005).

[16] T. Lindahl and M. Johannesson, Bargaining over a Common Resource with

Private Information, Scand. J. Econom. 111, 549-567, (2009).

[17] S. Kopelman, J. M. Weber and D. M. Messick, Factors In�uencing Cooper-

ation in Commons Dilemmas: A Review of Experimental Psychological Research,

in "The Drama of the Commons" (E. Ostrom, T. Dietz, N. Dol�ak, P.C. Stern,

S. Stovich and E.U. Weber, Eds.), National Research Council, Committee on the

Human Dimensions of Global Change, Division of Behavioral and Social Sciences

and Education, National Academy Press, Washington DC (2002).

[18] D. M. Messick, S. T. Allison and C. D. Samuelson, Framing and Com-

23



munication E¤ects on Group Members Responses to Environmental and Social

Uncertainty, in "Applied Behavioral Economics, vol. 2" (S. Maital, Ed.) Wheat-

sheaf, Brighton, (1988).

[19] M. Olson, "The Logic of Collective Action: Public Goods and the Theory

of Groups", Harvard University Press, Cambridge, MA, (1965).

[20] E. Ostrom, "Governing the Commons, the Evolution of Institutions for

Collective Action", Cambridge University Press, Cambridge, (1990).

[21] E. Ostrom, T. Dietz, N. Dol�ak, P.C. Stern, S. Stovich and E.U. Weber

(Eds). "The Drama of the Commons", National Research Council, Committee

on the Human Dimensions of Global Change, Division of Behavioral and Social

Sciences and Education, National Academy Press, Washington DC, (2002).

[22] E. Ostrom, Collective Action and the Evolution of Social Norms, J. of

Econom Perspect. 14, 137-158 (2000).

[23] L. K. Sandal and S. I. Steinshamn, Dynamic Cournot-competetive Har-

vesting of a Common Pool Resource, J. Econom. Dynam. Control 28, 1781-1799

(2004).

[24] W. Ste¤en, A. Sanderson, P. D. Tyson, J. Jäger, P. A. Matson, III B.

Morre, F. Old�eld, K. Richardson, H. J. Schellnhuber, II B. L. Turner, and R.

J. Wasson, "Global Change and the Earth System - A Planet under Pressure",

Springer-Verlag, Heidelberg, (2004).

[25] R. Wade, "Village Republics,: Economics Conditions for Collective Action

in South India", ICS Press, San Francisco, CA, (1994).

24



Appendix

Preliminaries

The optimal resource exploitation of a common pool resource with n users is

obtained by choosing exploitation levels, fh1; h2;:::; hng in order to maximize the

sum of payo¤s,

max
fh1;h2;:::;hng

(
Pn

i hi(x�
Pn

i hi)): (A1)

We derive the �rst order conditions;

for all i 2 I : x� 2
P

j2I;j 6=i hj � 2hi = 0; (A2)

and then obtain best response functions

for all i 2 I : hi =
x� 2

P
j2I;j 6=i hj

2
: (A3)

By symmetry we obtain optimal individual exploitation levels;

for all i 2 I : h�i =
x

2n
: (A4)

Total exploitation is then Pn
i h

�
i =

x

2
: (A5)

In a simultaneous order common pool resource game each user choose exploitation

level hi in order to maximize individual payo¤.

max
hi
(hi(x� hi �

P
j2I;j 6=i hj)) (A6)
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The best response function for user i is

hi =
x�

P
j2I;j 6=i hj

2
: (A7)

By symmetry we obtain equilibrium individual exploitation levels;

h�i =
x

n+ 1
: (A8)

Total exploitation is Pn
i h

�
i =

xn

n+ 1
: (A9)

In a sequential order common pool resource game the last appropriator maximizes

her individual payo¤ function by choosing exploitation level hn given observed

exploitation levels by predecessors
Pn�1

j=1 hj.

max
hn
(hn(x� hn �

Pn�1
j=1 hj)) (A10)

The best response function is given by;

hn =
x�

Pn�1
i=1 hj
2

: (A11)

Anticipating this the next to last appropriator solve the following problem;

max
hn�1

(hn�1(x� hn�1 �
x�

Pn�1
i=1 hj
2

�
Pn�2

j=1 hj)): (A12)

The �rst order condition is given by;
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x� 2hn�1 �
x�

Pn�2
i=1 hj � 2hn�1
2

�
Pn�2

j=1 hj = 0; (A13)

The best response of the next to last user is then given by;

hn�1 =
x�

Pn�2
j=1 hj

2
: (A14)

Applying the same argument we can derive the general best response for the kth

appropriator;

hk =
x�

Pk�1
j=1 hj

2
: (A15)

This implies that we can derive an equilibrium exploitation level of the �rst user;

h1 =
x
2
; and moving forward for the second user; h2 = x

4
and so on. The equilibrium

individual exploitation level for the kth appropriator is thus given by

h�k =
x

2k
: (A16)

Total exploitation is given by

Pn
i h

�
i =

x (2n � 1)
2n

: (A17)

Simultaneous order - unobservable actions

Proof of Proposition 1. Each user i observes the signal si and then choose

the exploitation level which maximizes her expected payo¤ given the exploitation
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decision by all other users,
P

j2I;j 6=i hj.

max
hi
Ei

h
hi

�
x� hi �

P
j2I;j 6=i hj

�i
(A18)

The �rst order condition is;

Ei

h
x� 2hi �

P
j2I;j 6=i hj

i
= 0: (A19)

Note that Ei(x) = si: From equation (A19) we obtain a best response for agent i,

hi =
�
si �

P
j2I;j 6=i hj

�
=2. (A20)

Signals are unbiased and each agent expects the other agents to observe the same

signal so "by symmetry" we obtain an equivalent best response for each agent,

i 2 I: We can then solve for equilibrium claims which is given by h�i = si= (n+ 1)

for all i 2 I:

The probability of a resource collapse is given by Pr(
Pn

i hi > x): Substituting

for the equilibrium strategies and make use of the fact that si = x + "i; the

probability of resource collapse can be rewritten as Pr (
Pn

i "i > x) : The sum of

normally distributed variables is normal. For example if "i � N(0; vi) and "j �

N(0; vj) then "i + "j � N(0; vi + vj) (Green, 2000): The probability of resource

collapse is therefore given by

1� FZ(x) = 1�
1p
2�vz

Z x

�1
e�

u2

2vz du (A21)

where vz =
Pn

i vi: The derivative of the probability of resource collapse with
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respect to total variance, vz is given by:

1

4

p
2

p
�v

5
2
z

�
vz

Z x

�1
e�

1
2
u2

vz du�
Z x

�1
u2e�

1
2
u2

vz du

�
(A22)

Because e�
1
2
u2

vz and u2e�
1
2
u2

vz are both continuous and di¤erentiable functions we

can use the constant rule and make use of the fact that the sum of two integrals

are the integral of two sums (Berck and Sydsæter, 1993).

lim
t!�1

�
vz

Z x

t

e�
1
2
u2

vz du�
Z x

t

u2e�
1
2
u2

vz du

�
= lim

t!�1

Z x

t

�
e�

1
2
u2

vz

�
vz � u2

��
du

(A23)

Through integration we obtain

�
uvze

� 1
2
u2

vz

�x
t

= lim
t!�1

�
xvze

� 1
2
x2

vz � tvze�
1
2
(t)2

vz

�
; (A24)

which is equal to

vz lim
t!1

te
1
2
t2

vz + vzxe
� 1
2vz

x2 = vzxe
� 1
2vz

x2 ; (A25)

which is positive for positive values of vz and x:

Observable actions - sequential ordering

Proof of Proposition 2. Given the exploitation level hL by the leader, the

follower solves the following problem;

max
rF
EF [hF (x� hL � hF )]: (A26)

29



The �rst order condition is

EF [(x� hL � 2hF )] = 0: (A27)

Note that EF (x) = �F (x): This implies that the best response of the follower is

given by;

hF = (�F (x)� hL) =2; (A28)

where

�F (x) =
vF

vF + vL
sL +

vL
vF + vL

sF ; (A29)

according to Bayes updating. The leader anticipates the best response of the

follower and solves the following problem;

max
hL

EL

�
hL

�
x� hL �

�
�F (x)� hL

2

���
: (A30)

For ease of exposition let vF= (vF + vL) = VF and vL= (vF + vL) = VL; the �rst

order condition is then;

EL

��
x� 2hL �

sFVF + sLVL � 2hL
2

��
= 0: (A31)

We know that because signals are both unbiased estimators of the true state,

EL(sF j sL) = sL, moreover EL(x) = sL. The �rst order condition then reads

sL � 2hL �
sL � 2hL

2
= 0: (A32)
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Solving for hL we obtain the equilibrium strategy of the leader,

h�L =
sL
2
: (A33)

By substitution we obtain the equilibrium strategy of the follower,

h�F =
vL

vF + vL

sF
2
+

vF
vF + vL

sL
2
� sL
4
: (A34)

The Probability of resource collapse is given by

Pr

�
x+ "L
2

+
x+ "L
2

vF
(vF + vL)

+
x+ "F
2

vL
(vF + vL)

� x+ "L
4

> x

�
; (A35)

which is equal to

Pr

�
"L
3vF + vL
vF + vL

+ "F
2vL

vF + vL
> x

�
: (A36)

We know that if " � N(0; vi) and a is a real number, then "ia � N(0; via2); :(Green,

2000). This implies that

"L
3vF + vL
vF + vL

+ "F
2vL

vF + vL
� N

�
0; vL

9vF + vL
vF + vL

�
: (A37)

We let vQ = vL 9vF+vLvF+vL
: The probability of resource collapse can then be written as

follows;

1� FQ(x) = 1�
1p
2�vQ

Z x

�1
e
� u2

2vQ du: (A38)

We know from the proof of Proposition 1 that probability of resource collapse is

increasing in overall ignorance, vQ:
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Increasing the number of appropriators

Consider the following belief system consistent with Bayes updating.

� = f�2; �1; :::; �ng =

8>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>:

�1 = s1

�2 =
s1v2+s2v1
v1+v2

�3 =
�2v3+s3v�2
v�2+v3

= s1v2v3+s2v1v3+s3v1v2
v1v2+v1v3+v2v3

...

�k =
�k�1v�k+�kv�k�1

v�k+v�k�1

...

�n

(A39)

The variance of the k:th belief is given by:

v�k =
v�k�1v�k
v�k�1 + v�k

(A40)

Dividing the nominator and denominator with the product of variances, we

obtain that

�k =

Pk
i=1

si
viPk

j=1
1
vj

(A41)

v�k =
1Pk
j=1

1
vj

(A42)
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