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APPROPRIATION EXTERNALITIES IN THE COMMONS:
L
THEORY AND E X P ~ A EVIDENCE
ABSTMCT
A common-pool resource (CPR) is defined as any resource in which exclusion
is difficult and consumption of resource units is rival. Examples of CPRs include
groundwater basins, fisheries, forests, grazing ranges, and irrigation systems in which
property rights -- or the ability to uphold such rights -- do not allow for privatization.
In situations where these characteristics exist, the predicted outcome is overuse of the
resource relative to the social optimum, commonly known as the "tragedy of the
commons." This dissertation combines the tools of game theory and experimental
methods to gain a broader understanding of the incentives that underlie this prediction.
First, an extensive analysis of a game theoretic CPR model is conducted. A
distinction is made between two types of appropriation externalities: those that are
restricted to a single period (time-independent), and those that occur across several
periods (time-dependent). This study examines the impact of various factors

--

including group size, heterogeneities, myopia, and the ability of appropriators to
commit to an extraction path -- on the predicted outcome of the CPR game. The
behavioral impacts of time-dependency and group size are then examined in a
controlled experimental setting designed to capture the essential features of the model.
While the equilibrium of the game theoretic model provides a fairly accurate
prediction of aggregate outcomes, it fails to satisfactorily explain behavior at the

individual level. Most notably, individual behavior in time-dependent designs is
characterized by qyopia, in the sense that subjects appear not to consider the full
impact of their cunrent decisions on future payoffs. This myopic behavior exacerbates
the predicted tragedy of the commons.
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CHAPTER1

An Introduction to the Tragedy of the Commons
I

/

This dissertation examines individual incentives facing appropriators from a
common-pool resource (CPR). A CPR is defied as any resource in which exclusion
is difficult, for either economic or political reasons, and resource units are
I

subtractable. Examples of CPRs include groundwater basins, fisheries, forests, grazing
ranges, and irrigation systems where designing an enforceable set of property rights
is challenging. Strict privatization of ownership rights to both the resource itself and
the output from the resource is rarely feasible. In situations where these characteristics
exist and where an enforceable set of property rights have not been established, the
predicted outcome is overuse of the resource relative to the social optimum. This
dissertation examines the incentives that underlie this prediction and the behavior of
individuals in controlled experimental settings designed to capture these incentives.
Hardin (1968) coined the term the "tragedy of the commons" to describe the
predicted overuse of a CPR. In his article entitled "The Tragedy of the Commons,"
Hardin illustrates the predicted fate of an open-access CPR with a metaphor of
herdsmen sharing a common grazing land:
The rational herdsman concludes that the only sensible course for him
to pursue is to add another animal to his herd. And another, and
another ... But this is the conclusion by each and every rational
herdsman sharing the commons. Therein is the tragedy. Each man is
locked into a system that compels him to increase his herd without
limit - in a world that is limited. Ruin is the destination toward which
all men rush, each pursuing his own best interest in a society that

'

I

,I

, +'

believes in the freedom of the commons. Freedom in the commons
brings ruin to all @. 1244).
Gordon (1954) provides a theoretical framework for the study of the tragedy
. ,

predicted by Hardin. In his model, the marginal productivity of an ocean fishery is

decreasing in the aggregate fishing effort of all fisherman. Thus, an increase in fishing
effort by one fisherman decreases the net benefits of others. Using this framework,
Gordon concludes that:
Common-property natural resources are free goods for the individual
and scarce goods for society. Under unregulated private exploitation,
they can yield no rent; that can be accomplished only by methods
which make them private property or public (government) property, in
either case subject to a u ed directing power @. 135).
Together, Hardin and Gordon provide an intuitively appealing argument that CPR
outcomes are inherently tragic and can be solved only by establishing private property
rights or through external regulation of resource use. Over the years, this logic has
been applied to a wide variety of natural and man-made resources. In Hardin's paper
alone, this metaphor is applied to population growth, grazing lands, fisheries, national
parks, air and water pollution, and the extinction of animal species.
While the incentives described by Hardin and Gordon may, to some degree,
be present in a wide variety of situations, there is a danger in assuming that each of

these situations is inherently tragic. As Simmons and Schwartz-Shea (1993) note:
A core reading in our graduate training in political economy was "The
nifi We were taught to look for commons
Tragedy of the common^.^'
problems in all kinds of social situations and, not surprisingly, we
found the commons problem to be ubiquitous. Specifically, as political
scientists, some of our professors used commons problems to justify
the state. Another part of our training, however, led us to examine

,

property rights solutions to commons problems. But cultural and
normative, or informal, solutions to commons problems were not
emphasized, implying, however, that culture and norms are seldom
powerful explanatory variables. In our own research, we found that
culture and norms are critical to the understanding of behavior and
commons @. 8).
Similarly, Ostrom (1990) challenges the notion that CPR outcomes are
inherently tragic, citing numerous field examples in which the appropriators of a CPR
have successfully avoided the tragedy of the commons through self-governance. Like
Simmons ahd lSchwartz-Shea, she emphasizes the role that informal institutions can
play in successful governance of the commons, arguing that the appropriators of a
resource often have a better knowledge of the resource and more incentive to solve
the CPR dilemma than do external regulators.
Even before Hardin, Cheung (1970) emphasized the potential for private
contracting in the commons. He contends that the tragedy of the commons is based
on the presumption of an absence of the right to contract, which may or may not be
valid. Rational users of a CPR will exclude "outsiders" to the point where the
marginal benefit of exclusion equals the marginal cost. Thus, contracting may provide
an alternative to privatization or external regulation as a means of solving the CPR
dilemma.
Clearly, the simple logic behind the tragedy of the commons fails to capture
the complexities involved in many CPR situations. In the years following Hardin's
influential article, game theoretic research has studied various subtleties associated
with CPR appropriation. For example, in a series of articles, Comes and Sandler

(1983), Comes, Mason, and Sandler (1986), and Mason, Sandler, and Comes (1988)

examine the issue of optimal group size in a CPR situation in which resource units are
sold in an imperfect market. They find that reducing the number of appropriators does
not necessarily increase total welfare; instead, the reduced severity of the CPR
externality that accompanies such a reduction must be balanced against the deadweight
loss of increased market concentration.
Gisser (1983) presents a different argument against limiting the number of
users of a CPR. He argues that in situations where appropriators receive declining
marginal benefits from the resource extraction, such as irrigators using a groundwater
aquifer, a benefit exists in spreading resource use to a larger number of appropriators.
This benefit must be weighed against increased severity of the CPR externality
associated with increasing the number of appropriators.
Game theoretic models have also addressed dynamic aspects of CPR use.
Extraction decisions in a CPR setting are often time-dependent in the sense that
current extraction impacts future net benefits. Several authors have shown that the
ability of appropriators to commit to an extraction path over time can substantially
influence the predicted outcome of a time-dependent CPR game @swaran and Lewis,
1984; Reinganum and Stokey, 1985; Negri, 1990; and Dixon, 1991).
While game theoretic models enable the researcher to examine the predicted
behavior in a CPR setting, it is an open question as to how well these predictions
translate into actual behavior. Recently, experimental methods have been used to
examine individual and group decision-making in controlled CPR environments. Such

methods enable the researcher to investigate behavior in laboratory settings designed
to capture key elements of corresponding game theoretic models. In CPR experiments

in which subjects act independently, the observed outcomes have generally been
consistent with the game theoretic equilibrium prediction of overuse. For example, in
experiments using a npated, time-independent CPR setting, Ostrom, Gardner, and
Walker (1994), Keser and Gardner (1996), and Walker, Gardner, Ostrom, and Herr
(1996) report that, at the aggregate level, the Nash equilibrium prediction describes
observed outcomes fairly well. Gardner, Moore, and Walker (1996) reach a similar
conclusion in experiments involving a time-dependent CPR setting.'
The following chapters of this dissertation investigate predicted and observed
behavior in CPR situations with minimal constraints on individual behavior. Using the
dynamic CPR game model developed by Gardner, Moore, and Walker (1996) as a
basis, this dissertation combines the tools of game theory and experimental methods
to gain a broader understanding of factors that impact behavior in a CPR setting. The
game theoretic model provides benchmark predictions for behavior, which can then
be compared with behavior observed in the experimental sessions.
Chapter 2 introduces the game theoretic model used throughout the
dissertation. A distinction is made between the time-independent game, where
extraction in the current period does not affect costs in future periods, and the timedependent game, where current extraction does increase extraction costs in future
periods. This chapter discusses the impact of various factors -- including group size,
heterogeneities, myopia, and the ability of appropriators to commit to an extraction

path -- on the outcome of the CPR game.
Chapter 3 examines the impact of time-dependency on observed behavior. This
chapter reports the results of laboratory experiments designed to capture the essential
features of a repeated time-independent game and a time-dependent supergame based
on the model discussed in Chapter 2. A potential for temporally myopic behavior
exists in the time-dependent game that does not exist in the time-independent game,
as it is possible for a subject to ignore the full impact of current extraction on histher
own future extraction costs. Myopic behavior results in a lower efficiency than that
obtained at the subgame perfect equilibrium. A primary focus of this experimental
study is the prevalence of myopic behavior in the time-dependent game.
Chapter 4 investigates the impact of groups size on individual behavior. This
chapter reports the results of laboratory experiments with groups of size n=3 and

n=7 using a repeated time-independent design based on the model discussed in
Chapter 2. The parameters are chosen so that groups of both sizes earn approximately
equal payoffs at the equilibrium of the game. The goal is to examine the possibility
that group size may affect behavior in ways not captured by the game theoretic model.
The final chapter summarizes the findings' of this dissertation and suggests
directions for future research.

ENDNOTES
1. Laboratory experiments have also been used to investigate the impact of institutions
designed to improve performance in experimental CPR settings. For example, in timeindependent CPR settings, the efficiency of resource use has been substantially
improved by introducing face-to-face communication (Ostrom, Gardner, and Walker,
1994) and voting mechanisms (Walker, Ostrom, Gardner, and Herr, 1996). In a timedependent setting, Gardner, Moore,and Walker (1996) frnd that observed efficiencies
are increased by limiting the number of users and by introducing stock quotas, which
limit the cumulative extraction level of individual subjects over the entire time
horizon.

CHAF'TER 2

The Dynamic CPR Model

I. INTRODUCTION
The use of common-pool resources (CPRs)generally implies the existence of
appropriation externalities, which arise whenever the appropriation by one individual
diminishes the net benefits received by others. An appropriation externality is timeindependent if its impact is restricted to within a single decision period. On the other
hand, an externality is time-dependent if its impacts exist within and across several
decision periods. This chapter investigates time-independent and time-dependent
externalities in the context of a CPR game model developed by Gardner, Moore, and
Walker (1996) (hereafter GMW).
GMW use the CPR game model primarily as a basis for an experimental study
of individual behavior in a CPR setting. This dissertation extends the analysis of
GMW both from an experimental and theoretical perspective. The GMW model
provides the foundation for the experiments reported in Chapters 3 and 4.
Furthermore, the current chapter examines theoretical properties of the GMW. This
model is closely related to the CPR model used as the basis for experiments reported
in Ostrom, Gardner, and Walker(1994). See Appendix A for a comparison of these
two models.
In this chapter, the time-independent and time-dependent cases of the model
are analyzed separately. In section 111, the time-independent case of the model is

examined in detail. In this section, the equilibrium and optimal solutions are derived
for symmetric and asymmetric cases of the time-independent game and the feasibility
of using proportional cutbacks from the equilibrium to improve CPR performance is
investigated. Section IV of addresses intertemporal issues related the appropriation of
a CPR within the context of the time-dependent case of the model. More specifically,
this section examines the impact of myopic behavior and the ability of players to
credibly commit to an extraction path on the efficiency of resource use. Before turning
to these issues, section 11 develops the general structure of the GMW model.

11. SYMMETRIC GMW MODEL

This section specifies the key equations of the GMW model. The essential
features of this model are: (1) the benefits received by each appropriator depend only
on the amount of the resource extracted by that appropriator, and (2) the extraction
by one appropriator increases the extraction costs of others in the current period and,
potentially, in future periods. Thus, an appropriation externality exists on the cost side
of the model. This type of model is appropriate in situations in which extraction costs
increase as the resource is depleted. For convenience, the CPR will be referred to as
a groundwater basin throughout this section; however, the same basic dynamic is
present in many other resources, including oil fields, forests, and fisheries.'
Consider the extraction from a groundwater aquifer of n identical
appropriators, indexed by i, over an exogenously determined number of periods, T.
The aquifer is described by the state variable, depth-to-water in period t, d,.

Appropriator i extracts an amount of water, x,, in period t, and each unit extracted
is assumed to increase the depth-to-water by one unit. In this setting, the depth-towater evolves according to the following discrete time equation:

4+1

= dt

+ Xt,

where X.,=Cj& is the total group extraction.
Water pumped to the surface is used in production, providing a benefit to
appropriator i in period t, given by:

B,(x,) = ax, - bx:,

(1)

where a and b are positive constants. This equation implies diminishing returns to
production at the surface, an assumption that accords with production experience from
aquifers like the Ogallala (Kim et al., 1989).
The marginal cost of pumping a unit of water to the surface, c,, evolves
according to the following equation:
Ct+l

where k

= ct

+ kXt.

(2)

> 0 is a cost parameter linking extraction cost to depth-to-water. The total

extraction cost incurred by appropriator i in period, t, C,, is the product of i's own
extraction level, and the average extraction cost in t, given by:
AC, = c, + - / 2 .

Thus, the total cost function faced by appropriator i in period t is given by:
C,(x,,X,, c,) = x,(c,

+

J2).

(3)

Together, the benefit and cost functions, ( 1 ) and (3), define a single-period net
benefit function for each appropriator,
10

ua(xD,XPc,) = OX, - bx; - xit(ct+ wj2).

(4)

For T> 1, the cost function (3)introduces a time-dependent externality into the
model, as the extraction of a unit by one appropriator increases by k/2 the average
cost of units extracted by all appropriators in period t and in all future periods. The
time-independent CPR game is a special case of the model in which the planning
horizon, T, is a single period.2 Thus, the externality that arises in equation ( 3 ) is
limited to within the single-period. For this reason, the time subscript will be dropped
when analyzing the time-independent game, so the net benefit function (4) can be
rewritten as:

ui(xiYXy
c0) = mi- bxi2- xi(c0

+ W2),

where co is the initial extraction cost.

111. TIME-INDEPENDENT CPR GAME

This section provides an extensive analysis of the time-independent case of the

GMW model described in section 11. First, the symmetric optimal and equilibrium
solutions of the time-independent game are derived. Then, an asymmetry is introduced
into the model, and the feasibility of using proportional cutbacks as a mechanism for
improving efficiency is examined.

Optimal Solution of the Symmetric Time-Independent Game
The optimal solution of the symmetric time-independent CPR game is the set
of extraction levels, <xl,x2,... ,x, >, that maximizes total group payoff. This solution
is derived by solving the following maximization problem:

maximize C, ui(xi,x)]

wrt

<x~&,,..-Jn>

where ui is given by (4'). To ensure that the optimal extraction level is strictly greater
than zero, the following condition must be satisfied:
a

> COY

(5)

where co is the initial extraction cost. Inequality (5) guarantees a positive net benefit
to the first unit of water withdrawn from ,the aquifer and will be assumed throughout.
The maximization problem is solved by invoking symmetry. The resulting
optimal individuaI extraction level is:
x; =

a - c,
2b + nk'

The optimal group resource value, V ,results when each player extracts at the level

given in (6):

v'=

n(a - CJ*
2(2b + nk) '

Each player receives an equal share of the optimal group resource value, y = V / n .

Equilibrium Solution of the Symmetric Time-Independent Game

By definition, the optimal solution maximizes the total group payoffs from the

CPR. This solution is not, however, an equilibrium of the game. At the optimal
solution, each player equates the marginal benefit of an additional unit with the
marginal social cost of this unit, which includes both private and external costs. In
equilibrium, a rational, self-interested player equates marginal benefits and marginal

12

private costs; thus, equilibrium extraction exceeds optimal extraction whenever
external costs exist.
The equilibrium solution requires that each player maximize individual payoffs
taking the actions of others as given. In particular, each player i solves a
maximization problem of the form:
maximize ui(xi,X)
where ui is given by (4').
The maximization problem is solved by invoking symmetry. The resulting
equilibrium individual extraction level is:

A comparison of (6) and (8) shows that for n > 1, x,">x,". In other words, the

equilibrium extraction level exceeds the socially optimal extraction level whenever
there is more than one player. The result of this overextraction is a dissipation of
potential payoffs from the resource. The equilibrium group resource value,

V,results

when each player extracts at the level given in (S), as shown below:

Each player receives an equal share of the equilibrium group resource value,

V;,e= V/n.

Comparison of Optimal and Equilibrium Solutions: Symmetric Case
In the special case in which n= 1, the optimal and equilibrium extraction levels
are equal. With only one player, there are no external costs; hence, marginal social
costs and marginal private costs coincide. Yet, in general, limiting access to the
resource to a single player does not maximize total welfare. The optimal resource
value, V',is monotonically increasing in n; thus, the maximum resource value cannot
be attained at n = l as in some other CPR games. Instead, the maximum resource

value is approached only as n becomes sufficiently large. This result is verified by
differentiating V with respect to n:

In contrast, it is possible for an increase in n to increase the equilibrium group
payoffs. This possibility arises due to the assumption that appropriators receive
declining marginal benefits from resource use. On the one hand, an increase in n
spreads the use of the resource to more users, which increases total group benefits.
On the other hand, an increase in n increases the severity of the cost externality.
Thus, an increase in n involves a tradeoff between an increase in total benefits and an
increase in the severity of the externality. The sign of the effect of an increase in n
on equilibrium group payoffs is determined by differentiating V with respect to n:

From (ll), it follows that V is maximized at n,-, = 1

+ 4bk and that V is increasing

in n for n < n,and decreasing in n thereafter.
Figure 1 displays V' and

V for a specific parameterization of the model

a = $0.867, b = $0.00875, c, = k = $0.01.

In tbis parametehzation,

V reaches a maximum at n0=4.5. It is interesting to note

that the pquilibrium group payoff for n=20 exceeds the optimal payoff that results
when access is limited to a single player (n=l). Thus, in this parameterization,
granting exclusive ownership of the CPR to a single player is clearly not the policy
that will maximiie group payoff^.^
The interpretation of the parameters b and k can yield substantial insight into
the predicted behavior in a CPR setting. Broadly speaking, appropriation from a CPR
encompasses two separate activities on the part of the appropriators, the capture of
resource units and the use of these resource units. Appropriation externalities
generally arise during the capture activity. For example, in the case of groundwater
extraction the externality arises as irrigators pump water; in a fishery, the externality
arises as fishermen compete to catch fish, and so on. However, the benefits received
as appropriators use the captured resource units also play an important role in the
incentives of these appropriators.
In the GMW model, the parameter k measures the severity of the externality
related to capture, while b measures the extent to which net marginal benefits decrease
with the use of resource units. The severity of the CPR dilemma is inversely related
to the ratio b/k. Both parameters are assumed to be nonnegative; thus, the special case

in which b=O represents the most severe CPR situation possible. This case implies
that appropriators receive constant marginal net benefits from the use of resource
units, a situation that might arise when the appropriator sells resource units in a
competitive market. In many CPR situations, including fisheries, b/k may be quite
small. In these instances, the appropriate management policy is to limit access to the
resource. On the other hand, in the context of groundwater, Gisser (1983) essentially
argues that this ratio is quite large and concludes that total welfare could be increased
by allowing more irrigators to use the resource.

Proportional Cutbacks in the Symmetric CPR Game
Consider a situation in which n players participate in the CPR game described
by the symmetric, time-independent game. In the absence of external regulation,
noncooperative game theory predicts that each player will extract at the equilibrium
level given by (8). Suppose, however, that players are given the opportunity to form

an enforceable agreement whereby each cuts back extraction proportionally from the
equilibrium. Specifically, define a uniform proportional cutback from the equilibrium
(l-s) as a case in which each player i decreases extraction from

X:

to $xie, with

04 s I 1. For convenience of exposition, the term proportional cutback will hereafter
be taken to mean an agreement in which all players uniformly cutback from the

equilibrium by a specified proportion. Define the optimal proportional cutback (l-so)
as the cutback that maximizes group payoffs. Because both the equilibrium and group
optimum of the symmetric time-independent game are symmetric, the optimal
proportional cutback will lead players from the equilibrium to the group optimum,

16

with the scalar so given by:
so = XPIX;= [2b

+ (n+

l)kI2]/(2b + nk).

(12)

Note also that the optimal cutback is the preferred proportional cutback of all players.
Thus, if such a cutback could feasibly be monitored and enforced, one would expect
players to implement the optimal proportional cutback.
It has often been argued that the existence of asymmetries between players
decreases the likelihood that a cooperative agreement to limit extraction from the
resource will be reached (see, for example Johnson and Libecap, 1982; Wiggins and
Libecap, 1985; Libecap and Wiggins, 1985; and Libecap, 1995). Because both the
equilibrium and optimal allocations in an asymmetric game will generally be
asymmetric, it is possible that no proportional cutback from the equilibrium exists that
will lead to the optimal allocation. In particular, whenever the ratios of extraction for
various player types are different at the equilibrium allocation than at the optimal
allocation, no such cutback will exist. Furthermore, it may be the case that different
player types will prefer different proportional cutbacks. In such cases, the likelihood
of gaining agreement on any one proportional cutback is diminished. In the following
section, the complications arising from heterogeneous player types are addressed
within the context of an asymmetric version of the time-independent game.

Asymmetric CPR Game: Benchmark Solutions
Consider the game that results when a single asymmetry is introduced into the
time-independent game via the parameter, a, of the benefit function. Again, assume
that ,there are ordy two types of players, high value types (H-types) and low value

types (L-types). The benefit function defining H-types includes the parameter a,,
while the benefit function defining Ltypes includes the parameter a,, with:

aH> aL.
Each player type faces the same cost function, given by (3).

For notational convenience, let x, and x, denote the CPR extraction levels of
representative H- and Ltype individuals and X, and X, denote the aggregate extraction
of H- and Ltypes. Further, let X = X,

+ XL denote the total extraction by all

players. Let n, and nL be the number H- and L-type players. Finally, let u, and uL
denote individual net benefits and U, and

U' denote group net benefits. Given this

notation, the individual net benefits received by each player type are given by:

uH = a$, - bxz - xH(c0+ k.12)

(13)

uL = aLxL- bx: - xL(c0+ W2).
The optimal solution of this asymmetric game is derived by solving the
following maximization problem:
maximize U,

+ U,

wrt <xH,xL>.

The interior optimal solution has components satisfying the two fust-order conditions:

+ kn,)x," + knLxf = a, - co
knsHO+ (2b + knJxLo = aL (2b

Co.

The solution to (14) is given by:

(14)

Given the assumption that a, > a,, equations (13) and (15) imply that H-types extract
more from the resource and receive higher net benefits than Ltypes at the interior
optimal solution.
In addition to the interior solution, there are also two relevant corner solutions
that occur for certain parameterizations of the model. At the first corner solution, the
L-types are inactive, resulting in the following allocation:
xLO= 0
xHO= (aH- co)l(2b

+ kn,).

The corner solution (16) occurs whenever the value to the L-type is sufficiently low:

At the second corner solution, both types are inactive. This arises whenever

aH < co.

(I8)

When there is more than one user of the resource, the optimal solution of the
CPR game is not an equilibrium. Instead, the equilibrium solution of this game occurs
when H- and Ltypes simultaneously solve their respective maximization problems:

and

maximize u,

wrt e x H > ,

maximize u,

wrt e x L > .

The interior game equilibrium satisfies the system of first-order conditions:
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+ k(nH+l)/2]x He+ (knL/2)xc= a, - co
(kn,/2)xHe+ [2b + k(n,+ 1)/2]x; = aL - C,.
[2b

The solution to (19) is given by:

Again, given the assumption that a,

> a,,

(13) and (20) imply that H-types extract

more from the resource and receive higher net benefits than Ltypes at the interior
equilibrium.
In addition to the interior equilibrium, the possibility arises for two corner
equilibria for certain parameterizations of the model. At the first, the L-types are
inactive, resulting in the following allocation:
x," = 0
X$

+ k(llH+1)/2].

= (aH- co)l[2b

This equilibrium occurs when the L-type has sufficiently low value:

At the other corner equilibrium, both types are inactive. This corner solution arises
whenever inequality ( 18) holds.

Neither of the two corner solutions of the equilibrium are of much interest in
the discussion of the asymmetric CPR game. At the first corner solution, the game is
analogous to the symmetric CPR game with nH H-type players. The second corner
solution is particularly uninteresting as the CPR is not being used by either type.
Thus, throughout this discussion we restrict attention to parameterizations that yield
the interior equilibrium solution.

An important result that follows from equations (14) through (22) is *thatthe
ratio of extraction between H-types and Ltypes is smaller at the equilibrium than at
the optimal solution. More formally,

xHe/xLe< xJxLO.
The proof of (23) is given in Appendix B.

Proportional Cutbacks in the Asymmetric Game
Inequality (23) implies that Ltypes account for a higher proportion of the total
extraction at the equilibrium than at the optimal solution. Thus, it is impossible for
a proportional cutback from the equilibrium to result in the optimal solution. Even if
totaI extraction is reduced to the optimal level, the distribution of extraction between
player types will not be optimal.
A variety of proportional cutbacks concepts are relevant to the asymmetric

C
game. Here, three such cutbacks are described. First, let so be the scalar that
maximizes group utility among all cutbacks:
so = arg max < s >

u&x~

+ u,(sfl

Thus, (1-so) is the proportional cutback chosen by a utilitarian social welfare function

ri

!J

I,

i

!'
I

I

with equal distributional weights on the two types.
Next, let s, be the scalar that maximizes the H-type's utility among all

I

I

cutbacks:

s, = arg max < s > uR(sxe).
Thus, (l-s,) is the proportional cutback chosen by a utilitarian social welfare function
I

Similarly, let sL be the scalar that maximizes the Gtype's utility among all
I

sL = arg max

,.

<s > uL(sxe).

Thus, (l-sJ is the proportional cutback chosen by a utilitarian social welfare function

I

it

with full distributional weight on the Ltypes.

j;
IS<

These three concepts of proportional cutbacks will, in general, lead to different

1

cutback levels. The scalars associated with these proportional cutbacks are given by:
I

iE

1:

I'

so = (M+O)I(N+P)

II

It

:I

I

I,

E

M = (a, - c,)n$/

+

N = 2bnH(~H72k n ~ G r I 2

!
I

!

P=

+ knLx;X"/2.

Combining the assumption that a, > a, with the equations given in (24) and (25), one

I!,
L.

,Ij c

I

i
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can show that:
SH

> So > SL.

The proof of (26) is given in Appendix B.

Illustration of Proportional Cutbacks
In the following example, the proportional cutbacks and their efficiency and
payoff implications are discussed for various levels of asymmetry using a specific
parameterization of the asymmetric game.4 The parameters are chosen so that the
cutback favored by Ltypes, (1-s,), leads to efficiencies lower than equilibrium, when
the asymmetry is severe enough. This occurs only when nL is much larger than n,.
The following parameters are used:

a, = $1.00, nH = 1, n, = 100, b = k = c, = $0.01.
Different asymmetry levels are obtained by holding a, constant while varying the
value of a,. This value is varied from a, = a,, which corresponds to a symmetric
game, down to

0.17, the lowest value of a, at which L-types are active at the

equilibrium.
Figures 2 and 3 display the ability of proportional cutbacks to improve CPR
payoffs. Figure 2 plots the cutbacks (1-s,),
asymmetry range, 0 IaflaL S aK&"

(1-s,), and (1-so) over the entire

0.83. Notice that for small asymmetries,

the three cutbacks are nearly equal; in fact, as the asymmetry vanishes (araL = O),
the three cutbacks converge ,to:
,

1-s = 1 - [2b

'

+ (n+l)k/2]/(2b + nk),

which is the optimal cutback from the symmetric game given by (12). Figure 3

displays the efficiencies that would result if the cutbacks shown in Figure 2 were
implemented. For small asymmetries, each of the three cutbacks generates a
substantial efficiency improvement over Nash equilibrium; indeed, in the symmetric
case (aKaL = 0), each produces an outcome that is 100 % efficient. Thus, for small
asymmetries, proportional cutbacks enable players to substantially improve the
efficiency of resource use, with a relatively small margin for dispute over the cutback
level.
However, Figures 2 and 3 also suggest that problems arise with proportional
cutbacks as the asymmetry grows. Figure 2 shows that the divergence between (1-s,)
and (1-sJ increases as the level of asymmetry becomes greater. Furthermore, when
the difference between a, and a, is sufficiently large, the proportional cutback favored
by the Ltypes (1-s,) results in a lower efficiency than the Nash equilibrium. In
contrast, it is impossible for the cutbacks (1-s,) and (1-so) to lead to lower efficiencies
than equilibrium. The proof of this result is given in Appendix B.

The inferior outcomes favored by the L-types can be avoided if the H-type
player compensates the Ltypes in exchange for agreeing to the cutback (I-s,). Figure
4 plots the difference in total payoffs earned by the H-type and the L-types if the

preferred cutback -- (1-s,) for the H-type and (1-sJ for the L-types -- is implemented
rather than the cutback favored by the other type. Notice that for large asymmetries,
the H-type player has more to gain if (1-s,) is implemented rather than (1-s,) than the
Ltypes have to gain if (1-s,) hplemented rather than (1-s,). For example, at the
asymmetry level a ~ a ,= 0.75, the H-type player earns $2.73 more if (1-s,) is

implemented rather than (1-sJ. On the other hand, the Gtypes as a whole will earn
only $0.77 more (or less than a penny per player more) if (I-s,) is implemented rather
than (1-s,). Thus, when the asymmetry is large, there is enough surplus that the H-

type could compensate the Gtypes to accept (1-s,),

thereby producing a highly

efficient outcome. This suggests that, even for large asymmetries, the simple
mechanism of proportional cutbacks can be a powerful tool in improving the
efficiency of resource use if a suitable side-payment rule is adopted.

IV. TIME-DEPENDENT CPR GAME
While many important aspects of the CPR dilemma can be examined using the
time-independent game, a time-dependent game is required in order to address certain
dynamic issues that arise in many CPR situations. For example, assumptions regarding
the existence of intertemporally myopic behavior and the ability of players to commit
to extraction paths over time will lead to different solutions of a time-dependent game.
In this section, four different solution concepts are derived in the context of the GMW
model: the optimal solution, the myopic noncooperative solution, the normal form
equilibrium, and the symmetric subgame perfect equilibrium. Below, each of these
solution concepts is briefly described.
The optimal and myopic solutions represent opposite extremes in the extent to
which players incorporate the impact of their current actions on the present and future
costs of themselves and others. At the optimal solution, each player fully internalizes
the negative impact that current extraction has on his or her own extraction costs in

future periods, as well as on the current and future costs of other players. In contrast,
at the myopic solution, each player completely neglects the negative impact that his
or her current actions have on others, both in the current and future periods, as well

as the fact that current extraction increases his or her own costs in future periods.
In general, the optimal and myopic solutions are not equilibria of the timedependent game, although each can be supported as an equilibrium under certain
circumstances. For example, the optimal solution is an equilibrium of the game when
players are able to jointly sign an enforceable agreement at the beginning of the game
specifying the extraction of each player in each period. Similarly, the myopic solution
is an equilibrium of the game when all players completely discount future payoff^.^
Still, these concepts provide benchmarks for behavior in dynamic CPR games and
have received considerable attention in this literature.
The ability of players to credibly commit to an extraction path can substantially

influence the equilibrium of a CPR game. The normal form equilibrium and subgame
perfect equilibria, arise from opposite extreme assumptions regarding the ability of
players to make such commitment^.^ At the normal form equilibrium, it is assumed
that players can credibly commit to an extraction path over the entire lifetime of the
resource. In contrast, at the subgame perfect equilibrium, it is assumed that players
cannot credibly commit to extraction in any future period.
In many CPR situations, credible commitments are not available; indeed, this
lack of commitment in some sense defines the CPR dilemma. Even if credible
commitments are available, players would find it in their best interest to commit to

the optimal solution rather than the normal form equilibrium. Furthermore, while each
player has an incentive to stay on his or her committed extraction as long as all others
remain on theirs, players do not have an incentive to stay on this path if others
deviate. Thus, the normal form equilibrium neglects strategic implications. The
subgame perfect equilibrium takes into account %thesestrategic concerns and is
I

generally considered the more appropriate equilibrium concept for dynamic CPR
games. However, the normal form equilibrium generally generates a much simpler
expression than the subgame perfect equilibrium, which often takes the form of a set
of recursive equations (see Negri, 1990; and GMW).Thus, it is important to examine
the degree to which these outcomes differ.
Eswaran and Lewis (1984) and Reinganum and Stokey (1985) show that these
equilibrium concepts can result in substantially different outcomes in dynamic CPR
games. Both consider cases in which the optimal solution is obtained when players can
credibly commit to an extraction path over the entire life of the resource, but, when
no credible commitment is available, the resource is exhausted in the initial period.
However, as Negri (1990) notes, the extreme impact of the level of commitment
implied by these models is due, in part, to the fact that both models assume costless
extraction from the resource.
Negri (1990) and Dixon (1991) derive these equilibrium concepts in CPR
models that include increasing marginal extraction costs. Both find that under the two
extremes of exclusive ownership (n = 1) and open-access (n+ 00), the two equilibrium
concepts coincide but that for intermediate group sizes, the two equilibria do not

coincide. However, neither derives a general expression for the difference between
these equilibria for a general group size, n.
In this section, a general expression is given for this difference within the
context of the GMW time-dependent model. Recall that the GMW time-dependent
game is governed by the following single period net benefit function:
u,(x,,X,c,)

= ax,

- bx; - x,(cr

+ kXt/2).

(4)

where x, is the extraction by player i in period t, and X,=C,x, is the group extraction

in period t. The net benefit function (4) together with the dynamic cost equation (2)
define a time-dependent CPR game. Using this setup, the outcomes resulting from the
four solution concepts are shown below.

Optimal Solution
The optimal extraction path is symmetric and requires a constant extraction
level in each period from each player. This follows from the fact that individuals
receive declining marginal benefits in each period and that future net benefits are not
discounted. Appendix C derives the extraction level for each player i in each period
t given by the optimal solution:

Define the total group lifetime value of the resource by:

v. = cicr U&(X&
& c;)

(28)

where u, is given by (4). Then, at the optimal solution, the group lifetime value of the

resource is given by:

Note that as T -* m, both individual extraction, x,O, and group extraction,

X.p=Ej;, approach 0 for finite n. Furthermore, as T -r

00,

the group lifetime value

of the resource is given by:

Myopic Noncooperative Solution
The myopic solution results when players behave as if each period of the timedependent game is a single-period game. Thus, the myopic extraction level for player
i in period t, x,", is analogous to the equilibrium extraction level of the time-

independent game, given by (8), with an initial cost, c,:

In general, c, is based on the history of the game in all periods prior to t.
However, in period 1, the game has no history, which implies cl = kt&, and therefore
xilm, can be calculated directly from the specified parameters of the problem. As

shown in Appendix D, extraction diminishes exponentially over time, with:

for 1 5 n I 1 + 4b/k and 0 otherwise. From (32), it follows that for n = 1 + 4bk,
Am = 0, which implies that x,'"=O for t > 1. For n kq,, the aquifer is fully depleted

in period 1, and the T-period is essentially reduced to a single-period game.
Notice that xilmand A,, completely determine the myopic extraction path. In
period 1, each individual extracts xtlm, and, in each subsequent period, extraction
diminishes by A.,

Appendix E shows that, for any extraction path that diminishes

exponentially, the group lifetime value of the resource, V . is given by:

where X , =

is the group extraction in period 1. The group lifetime value of the

resource at the myopic solution is obtained by substituting xilmand ,A,, into (33).
Note that as T + 00, neither individual extraction, xfim,nor group extraction,

XP = CA"', approach 0 for finite n. Appendix E shows that for T

4

00, the

expression for the group lifetime value of the resource given by (33) simplifies to:

At the myopic solution, the group lifetime value of the resource as T -9 m is given

by:

where n, is the threshold number of players at which the resource is completely
depleted in a single period, and V a O
is the group lifetime value of the resource at the
optimal solution.

Normal Form Equilibrium
At the normal form equilibrium, players commit to a noncooperative strategy
prior to period 1, specifying an extraction path for the entire life of the resource.
Individuals are noncooperative in that they neglect the fact that their extraction
increases the costs of others. Players do not, however, neglect the fact that current
extraction increases their own future costs. Prior to period 1, player i chooses a
strategy x, = <x,,x,,

... J,>

v;:, = c, u,(x,,&,
As shown in Appendix F,

and

in order to maximize:
c,).

for 0

<p

= (n-l)kl(46)

< 1.

Thus, individual extraction diminishes exponentially at the normal form
equilibrium, as in the case of the myopic solution. A comparison of the myopic
solutions given by (31) and (32) to the normal form solutions given by (36) and (37)
shows that x f

S

xam and AN 2 Am. This implies that the resource is depleted less

quickly at the normal form equilibrium than at the myopic solution as long as n <TI,,.
For n l n o , AN = A,,, = 0;in other words, the threshold number of players at which
the resource is completely depleted in a single period is the same for the myopic and
normal form equilibrium solutions.
The values of xiIN and AN completely determine the normal form equilibrium
extraction path. In period 1, each individual extracts xi:,

and, in each subsequent

period, extraction diminishes by A,. The group lifetime value of the resource at the
normal form equilibrium is obtained by substituting xi: and AN into (33).
Appendix F shows that, as T -*

00, neither

individual extraction, x/, nor

group extraction, XF, approach 0 for finite n. In addition, Appendix E show that, as

T -, 03, the group lifetime value of the resource at the normal form equilibrium is
given by:

A comparison of equations (34) and (38), shows that, as T -*

00,

V a N> V." for

n <no, and V e N= V."' for n=no. Recall that equations (34) and (38), which define

these values, only hold for n Ino. For n >no, the game becomes a single period, timeindependent game, and both of these solution concepts coincide with the timeindependent equilibrium solution.

Subgame Perfect Equilibrium
1

At the subgame perfect equilibrium, each player adopts a decision rule based

I

on a relevant state variable (in this case the initial cost of extraction in a period, cJ,
taking the decision rules of others as given. In this symmetric game, the subgame
perfect equilibrium requires that all players adopt the same decision rule.
The subgame perfect equilibrium is calculated through backward induction
using the single-period net benefit function, (4), as well as the transition equation (2).
In particular, it can be shown that the subgame perfect extraction level for player i in
any period t, takes the form:

xi: = Lt(a - c,),

(39)

and that the value of the resource at the subganie perfect equilibrium takes the form:

V t = K,(a - cJ2.

(40)

For this game model, the proportionality factors, L, and K,, are given by the

nonlinear recursive equations:

and

Kt = L, - (2b

+ nk)L:/2 + K,+,(l - nkZJ2.

A detailed derivation of equations (39) through (42) is given in Appendix G.

(42)

A transversality condition d e f i n g the value of the resource in period T+1 is
required to sohe for the subgame perfect equilibrium extraction path. Assume that
resource has no value in period T+1. This implies that:

KT+,= 0.

(43)

The subgame perfect equilibrium is derived recursively beginning in period T+1 by
substituting (43) into (42) to obtain &, which is then used to calculate K,. With this
as a starting point, the entire path can be determined recursively. For n > 1, the
subgame perfect equilibrium path involves relatively high depletion rates in the initial
periods that diminish nearly exponentially over time and approach zero in later
periods. At the subgame perfect equilibrium, the resource is depleted more slowly
than at the myopic solution, but more quickly than at the nonnal form equilibrium.
Figure 5 shows the lifetime value of the resource, V, resulting from each of
the four solution concepts over planning horizons ranging in length from T=l to

T=100 for the parameters:
a = $4.08, b = $0.09, k = c, = $0.01.
Note that V approaches a steady state value for each of the four solutions. This steady
state represents the lifetime resource value as T -. 00.
The fact that the subgame perfect equilibrium reaches a steady state implies
that, for T sufficiently large, Lt+, -* Lt = L and Kt+, -* Kt = K, where L, and Kt are
defined by equations (41) and (42). Lt+,

-+

Lt = L implies that:

xir+JC/x; = Xc = 1- nkL.
In other words, as T -*

00,

(44)

the subgame perfect path is exponentially declining, just
34
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I

like the myopic and normal form paths. It remains to solve for the individual

i

extraction level in period 1 , xi, = L(a-c,). This is accomplished by solving (41) and
(42) for their steady state values. These values are obtained by solving the following

I

nonlinear system of equations:

and

K = L - (2b

+ n k ) ~ ~+/ 2K(l - nkLI2.

The solution of these equations yields:

for 0 < p = (n-l)kl(4b) < 1.' Note that

p

is increasing in n and that p=l when

n=n,,. For n >4, which implies p > 1, the resource is completely depleted in the
initial period. Appendix G gives a detailed derivation of equations (44) through (46).
Given this value of L, the subgarne perfect path is defined by:

-

and

xi: = L(a c,)

(47)

A, = 1 - nkL.

(48)

Finally, as shown in Appendix G, the lifetime resource value produced by the
subgame perfect equilibrium is given by the following approximation:

Comparison of Solution Concepts
The formulations of lifetime resource value as T -, oo given in equations (30),
(34), (38), and (49) provide a basis for considering the efficiency implications of the

various noncooperativesolution concepts. In particular, the efficiencies associated with
these concepts are:

and

F =

+ l)l(2nd.

(Q,

I

Note that if %=n (which implies p = I), each of ,theseefficiencies equals (n+l)l(2n).
The other extreme, where no is large relative to n (which implies p 4 ) , generates the
largest differences between these concepts. In particular, for no large relative to n,

and

E" -* 0.5.

Clearly, as n increases, the differences between these solution concepts diminish, even
when no is large relative to n. From (51), the maximum difference between the
efficiencies implied by the normal form equilibrium and the subgame perfect
equilibrium is given by:

- Ee < (n-1)l(4$-2n).
The difference approaches 0 as n increases. Thus, while the subgame perfect
equilibrium may be the more appropriate solution concept in dynamic CPR situations,
the normal form equilibrium generally provides a fairly accurate approximation.
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Finally, it is now possible to consider the efficiency implication of moving
from a time-independent game to relative to an timedependent game with an infinite
horizon. In particular, the efficiency of a time-independent game, E ~ is, obtained by
dividing equation (9) by equation (7):

The time-dependent equilibrium efficiency cannot exceed:
= (n+ 1)/2n.

In Appendix H, it is shown that E= > p,implying that time-dependency exacerbates
the CPR dilemma.

V. CONCLUSIONS
This chapter investigates the incentives that underlie predicted behavior in a
CPR setting within the context of the dynamic CPR game model developed by
Gardner, Moore, and Walker (1996). In doing so, some interesting insights have been
gained regarding the predicted behavior of individuals facing this type of CPR
situation and regarding alternative theoretical benchmarks.
As shown, classifying an appropriation externality as either a benefits-side or
cost-side externality is a matter of interpretation. A more important consideration in
a CPR situation is the severity of the externality associated with the capture of
resource units - regardless of whether it is a cost or benefit side externality - relative

to the rate at which the marginal private net benefits from the use resource units
declines. In the GMW model, the relative size of these factors is captured by ratio,
b/k. This ratio is directly related to the group size that will maximize group payoffs
at the equilibrium of the noncooperative game, n, = 1

+ 4b/k. Clearly, when b/k is

small, which is likely to occur in situations where resource units are sold in a
competitive market, restricting access will likely increase total welfare. On the other
hand, when b/k is large, this policy prescription can lower total welfare.
Further, the group size noted above, n, = 1

+ 4b/k,

also represents the

maximum number of players that can extract from the resource noncooperatively
without depleting it completely in the initial period. In this case, the timedependent
game degenerates into a time-independent game. For group sizes smaller than no, the
presence or absence of myopic behavior and the ability for players to credibly commit
to an extraction path influences the noncooperative outcome. However, as the group
size increases toward 4 these differences vanish. In any case, the difference in the
efficiencies resulting from the normal form equilibrium, where players can credibly
commit to an extraction path, and the subgame perfect equilibrium, where players
cannot commit, is less than (n-l)/(4$-2n). This difference is substantially smaller than
the difference obtained in previous research by Eswaran and Lewis (1984) and
Reinganurn and Stokey (1985).
The following two chapters of this dissertation report the results of laboratory
experiments designed to capture the essential features of the model discussed in this
chapter. In particular, the experiments reported in Chapter 3 examine subject behavior

in both time-independent and timedependent settings. Chapter 4 investigates the
behavioral impact of group size by reporting the results of time-independent
experiments using groups of size 3 and 7.
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APPENDIX A
Comparison of the GMW and OGW Games
The Ostrom, Gardner, and Walker (1994) game (hereafter OGW) captures the
essential features of Gordon's (1954) classic fisheries model. Below, these features are
summarized. Throughout this discussion, the OGW parameters will be highlighted in
bold to distinguish them from the GMW parameters, which will appear in italics.
The OGW game can be summarized in the following manner. Assume that n players
have access to a CPR. Each player i has an endowment of resources e to invest in
either the CPR or an outside opportunity. The payoffs that player i receives from the
CPR depends on both his or her own level of investment, xi,and the total group
investment, X=Ciq. The total group payoffs from the CPR are given by the quadratic
function:

where a and b are positive parameters. Each player i receives a percentage of the
group payoffs from the CPR equal to the amount of resources he or she invests in the
CPR divided by the total resources invested by all players, xi/X. Thus, the payoffs
received from the CPR by player i are given by:

Note that the benefit function (A.1) introduces an externality into the OGW game. If
player i increases xi by one unit, this increases the total group investment, X, by one
unit. This increase in X decreases the total payoff of each other player j by bxj.
It is assumed that all resources not invested in the CPR are invested in the outside
opportunity, which provides a constant marginal payoff of w. Thus, if player i invests
xi into the CPR, l$s or her remaining resources, e-x,, are invested in the outside
opportunity, producing a benefit of w(e-xi) from the outside opportunity. Combining
the payoffs received from the CPR and the outside opportunity, the total payoffs
received by player i are given by:

In comparison, recall that the net benefit function in the time-independent GMW game
is given by:

From this discussion, it is clear that differences between the OGW and GMW games
do exist. First, in the GMW game, the strategy of player i is an extraction level, xi,
while in the OGW game, the strategy is the amount of resources invested in the CPR,
xi. In either case, the extraction or the investment of input resources yields an output
of CPR resource units, which then provide benefits to the players. In this comparison,
the different interpretations of what the strategies xiand xirepresent will be ignored.
Second, the externality in the GMW game appears on cost side of the game, while the
externality in the OGW game arises on the benefit side. Finally, OGW game includes
an endowment and an outside opportunity that are not included in the GMW game.
In the discussion that follows, it is argued that these differences do not impact the
equilibrium strategy.
In order to see the similarity between the GMW and OGW games, consider the frstorder conditions of the maximization problems involving (4') and (A.2), which
represent the necessary conditions for the equilibria of these games:
and

(a-c,) - 2bxi - (k/2)(x,+X) = 0
(a-w) - b(x,+X) = 0

From (A.3), the equilibrium strategies x," and
parameterization:

a

coincide under the following

= a, b = k/2,w = c,, and b = 0.

Note that while the equilibrium strategies x: and xi' coincide under this
parameterization, the total payoffs received by the players of the two games do not.
The players in the OGW game receive an extra payoff we from their endowment thaf
is not received by players in the GMW game.
However, the endowment, e, does not show up in the first-order condition of the
OGW game. Thus, from a strategic standpoint, e functions primarily as an upper
constraint on the strategy xi. Unless this constraint binds, e will not impact the
equilibrium strategy. Furthermore, in the strategic sense, the payoff from the outside
opportunity serves as an opportunity cost of resources not invested in the CPR. If one
interprets e to be the upper constraint on xiand the constant marginal payoff from the
outside opportunity, w, to be a constant cost of CPR extraction, then a cost function
for the OGW game can be defined as:

Together, the cost function (A.4) and benefit function (A.l) define a net benefit
function for player i, given by:

u,(q,X) = ax, - q(w+bX).

(A.3

The net benefit function (A.5) corresponds to the net yieMfrom the CPR discussed in
OGW. From equations (AS) and (47, it follows that the net yield from the CPR to
an individual in the OGW game is equivalent to the net individual benefits in the
GMW game under the parameterization:

a = a, b = k/2, w = c,, and b = 0.
Continuing with the interpretation of the payoff ftom the outside opportunity the cost
function of the game, consider a quadratic, rather than linear, cost function:

Ci(xi) = wx,-

ax,*.

With this cost function, the equilibrium strategy and net individual benefits in the
GMW game coincide with the equilibrium strategy and individual net yield from the
CPR in the OGW game under the following parameterization:

a = a, b = k/2, w = c,, and d = b.
Again, the total payoffs received by players in these two games do not coincide with
these parameters. The players of the OGW game still receive a payoff, we, not
received by the players of the GMW game. Nevertheless, these two games, which are
framed in very different contexts, are, in a strategic sense, quite similar.
An important byproduct of the comparison of these two games is that it enables one
to more broadly interpret the GMW game. In particular, this comparison highlights
the fact that the strict distinction between benefit and cost externalities in the
development of these games is somewhat arbitrary. For example, in the GMW game
the parameter b, which determines the slope of the marginal private benefit curve, can
alternatively be interpreted as a measure of the slope of an increasing marginal private
cost curve, or as a measure of some combination of increasing marginal private cost
and declining marginal private benefit. Similarly, the parameter k, which measures the
severity of the external cost, can be interpreted to measure externalities on either the
benefit or cost side or some combination of the two. The important distinction in the
GMW game is that the parameter b measures the rate of decline of private net
benefits, while k measures the severity of the externality.

APPENDIX B
Proofs Related to Asymmetric Game
Prove that:

Proof: Both sides of this inequality are undefined when players inequality (18)
from the text holds. Therefore, we restrict attention to the case in which
inequality (18) does not hold. Low types are inactive in a larger area of the
parameter space in the optimal solution than in the equilibrium solution.
Whenever low types are inactive at the optimal solution but not at the
equilibrium solution, the inequality holds. Finally, equations (15) and (20)
from the text can be manipulated to show that the inequality holds at the
interior solution.

Proof: A comparison of cutbacks makes sense only for interior equilibria.
Therefore, attention is restricted to this region. Recall that a, > a,;
furthermore, equation (20) from the text, which defines the interior optimal
solution, can be manipulated to yield x," 1 x," in the event that both types are
active. From these inequalities, it follows immediately that M/N 2 O/P. For
any values of M, N, 0, and P such that M/N 2 O/P, it must be the case that
M/N2 (M+ O)I(N+P)1O/P. Combined with the definitions given in (24) and
(25) in the text, this proves that s, 2 so 2 s,.
The cutbacks so and sHalways results in a higher group payoff than the equilibrium
group payoff.

Proof: By definition, so is the scalar that, when applied to the equilibrium
allocation produces .the largest group payoffs. Since so= 1 is a possible value
of so, it must be the case that the payoff resulting from so is at least as high as
the equilibrium payoff. In order to prove that sHincreases group payoffs, I will
show that any value of s in the range [so,l]increases the group payoffs. This,
combined with the fact that s, 2 so will prove the proposition.
Let U(sx") denote the total rent earned from the resource when a cutback of
(1-s)from the equilibrium allocation is implemented. The total group payoffs
resulting from a proportional cutback (I-s) is given by:

From this equation, it can be shown that the derivative of U ( d ) with respect
to s is less than zero for s > so. This proves that any value of s in the range
[s,,l] increases the group payoffs and hence proves the proposition.

APPENDIX C
Optimal Solutions
The optimal extraction path is derived by maximizing the group lifetime resource
value:
Max E&,(B,

- C,)

(c.1)

wrt C x , >,

where B, and C, are given in equations (1) and (3) of the text. The key insight used
in solving this problem is that the optimal path requires that each individual to extract
the same amount in each period. This is due to ,thedeclining marginal and the fact that
future benefits are not discounted.
Consider first the benefits side of expression (C. I), CJJI,. In each period t, total
group benefits are given by:
EP, = (ax,, - bx,?)
= aC,x,

+ (G

- bxz12)+ ... + (ax, - b)x:

(c.2)

- bC&.

Let X, = &xi,. By symmetry, x,, = x, =

... = x,

= Xin. This implies that:

Therefore, in each period, total benefits are given by:

Using (C.3), total group benefits over the entire lifetime of the resource are given by:

Denote by X . = CJ., the aggregate extraction of all individuals over the lifetime of
the resource. Because the optimal extraction path requires constant extraction in each
period, X.,= X., = ... = X., = X,./T.This implies that:

Therefore, when extraction is constant over time, total benefits received over the
lifetime of the resource are given by:

I
I

Unlike total group benefits, the total extraction costs incurred over the lifetime of the
resource depend only on the level of total extraction, independent of the distribution
of this extraction over time. The average cost of extraction associated with an
extraction level (X.) is given by:

Thus, the total cost of extracting X..resource units is given by:

Using (C.5) and (C.6), the maximization problem (C. 1) can be rewritten in the
following manner:

Max (a - c,)X.. - [bl(nT) + k/2]X..2

wrt x...

( c .7)

The first-order condition of this maximization is:
a

- cl =

[2bl(nr)

+ k]X...

Therefore,

Individual extraction in each period, x,", is derived by dividing X a 0by nT:
(C. 10)

The group lifetime value of the resource, V.",is calculated by substituting X . O into the
expression that is maximized in (C.7). In particular,

(C. 11)

APPENDIX D
Derivation of A,,
The parameter that specifies the rate at which myopic extractiondiminishes over time,
A,, is calculated in the following manner. As shown in the text, the myopic extraction
level for player i in period t, x,", is given by:

The rate at which extraction diminishes is given by:

= (a - c, - &)/(a
= 1 - kX,l(a - c,).

.

But, from (D I),

Therefore,

- c,)

APPENDIX E

V..for Exponentially Decreasing Extraction Paths
0

Finite T
Assume the noncooperative game lasts more than one period; which is equivalent to
assuming that n < 1 +4b/k = no.Then,(B.4) and (B.6) from Appendix C imply that:

For an extraction path that declines exponentially,

(x,+,)I(xS= A,
for all t = 1,2,...,T-1. This implies that:

for all t = 1,2,...,T, where X.,is the total group extraction in period 1. Using
equation(E.2),

Similarly,

cg:

+ + A4 + .. + A2T-2)

= Xe12(1 A2

Substituting (E.3) and (E.4) into(E.l)

s

yields:

Infinite T (T-.+ 00)
As T -. 00, AT + 0, and (E.5) simplifies considerably. In particular,

Myopic Solution
As shown in Appendix D, X I mand A, are given by:

and

Am

- 2b

- (n-l)k/2

2b + (n+l)@2'

This implies that:

and

l+hm =

4b + k
2b + (n+l)kQ'

Substituting the expressions given in (E.7) and (E.8) into (E.6) yields:

II

where n, = 1

+ 4bk.

N o m l Form Equilibriuj

The derivations of AN and X: are given in Appendix F. As T -. 00, these values are:

ana

I

I

n,iv

-+

- -- (l+p)(pnk)

where p = (n-l)k/4b.Note that p

I

l+p

9

k

< 1 for n < q.(E. 10) implies that:
( E .1 1 )

Substituting the (E. 10) and ( E . 1 1 ) into (E.6) yields:

But, 2bpk = (n-1)/2,therefore,

APPENDIX F
Normal Form Equilibrium Solutions
The normal form equilibrium requires that each player to commit to an extraction path
prior to period 1 that maximizes his or her own payoffs over the life of the resource
taking the actions of others as given, In other words, each player i solves ,the
following maximization problem:

Max CP2- E,C,

wrt <xil,x,,. .. ,xiT>

(F. 1)

where X , = C,x, is the group extraction in period t.
The total benefits received by i over the lifetime of the resource are given by ,the
following expression:

Similarly, the total costs incurred by i over the lifetime of the resource are given by
the following expression:

Substitute (F.2) and (F.3) into the maximization problem (F.1). For each player, this
maximization problem involves T first-order conditions of the following form:
1

+... +xiT) = 0

1.

wrt xi,:

(a-c,) - 2bxil - k/2(xil+X.,) - k(x, +x,

wrt x,:

(a-cl) -

wrt x,:

(a-cl) - k(X.,+X.,)

wrt xT-,:

(a-cl) - k(X.1+X.2+...+ K T - , ) - 2bxlT-,- k/2(xlT-,+XT-,) - kxlT = 0

wrt xiT:

(a-cl) - k(x.l+Xs2+... + R T - , ) - 2bxiT- k/2(xiT+x4 = 0.

el- 2bx, - k/2(x,+X.,) - k(x13+ q 4 + . .. +x,)

q\

=0

- 2bq3 - k/2(xa+X.,) - k(xi4+x, +... +xiT) = 0
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By symmetry, X,= nx, for all t = 1,2,...,T. Substituting this expression into the first
order conditions above, the first-order condition with respect to x, is of the form:

In particular, consider the first-order conditions with respect to x, and x,:

+ (n + l)k/2]xil +

+ k(x, +xi4+... +xiT) = a - cl
nkx,, + [2b + (n + l)k/2]x, + k(x, +xi4+... +xu) = a - cl.

[2b

wrt x,:
wrt x,:

kx,

(F.3
(F.6)

Subtracting (F.6) from (F.5) yields:
[2b - (n-l)k/2]xil = [2b

+ (n-l)k/2]xa,

(F.7)

which implies that:

where p - (n-l)k/4b. Furthermore, the same expression holds for any periods t and
t 1. In other words, for t = 1,2,...,T-1,

+

The value of X, given in (F.8) can be substituted into (F.5) to obtain an expression
for xi,, *theextraction of player i in period 1. Specifically, (F.5) can be rewritten as:

+ (n-l)k12]xil + k(xi,+x, +... +xiT) = a - c,
2b(l+p)xil+kxil(l+X,+?$+ ...+k z l ) = a - c ,
2b(l +p)xil + kxil(l-kNT)/(l-AN)
= a - c1

[2b
=)

3

But, from (F.8),

Therefore,

-

+ (1-XNT)k(l+pk1/2p = a - c,
x,,k(l +p)[2bR + (1-u)12p]= a - q
x&(l +p)[4bpR + 1-G]= (a - c,)2p.
2b(l +p)xil

But, by the defmition of p,
4bpk = n-1.

Therefore,
Ail

=

'

k

(1 +p)(n-A?

Note that h I 1, so that, as T -, ao, hT + 0. This implies that, as the
horizon becomes infiite,

APPENDIX G
Subgame Perfect Equilibrium Solutions
Recursive Solutions
In the text, it is asserted that the subgarne perfect extraction level and remaining
resource value for player i in period t are of the form:

and

x t = L,(a - c,)

(G. 1)

Vit = K,(a - cJ2.

(G.2)

Furthermore, it is asserted .that the proportionality factors, Lt and Kt, are given by the
nonlinear recursive equations:

and

Kt = L, - (b

+ nk/2)(LJ2 + K,+,(l- nkL,J2.

(G.4)

These assertions are proven below using mathematical induction. The structure of the
proof is as follows. It will be shown that equations (G.l) through (G.4) hold for at
least one period, namely period T. It is then shown that if equations (G.l) through
(G.4) hold for period t, then they necessarily hold for period t-1. By doing so, this
will prove that these equations hold in all periods t = T, T-1,. ..,l.
At the subgame perfect equilibrium, each player i chooses an extraction level in each
period t, that maximizes the total remaining value of the resource to that individual.
The remaining value of the resource to i in period t is given by the following
recursive equation:

The transversality condition states ,thatthe resource has no value in period T+ 1. Thus,
in period T, the remaining value of the resource is given by:

The equilibrium extraction level in period T is then equivalent to the single-period,
time-independent equilibrium extraction level given in the text, with the initial
marginal cost equal to c,. In particular,

and

V,C =

(2b + k)(a

- c,)~

2[2b + (n+l)&212'

Note that (G.7) and (G.8) can be obtained by substituting KT+,= 0 into (G.3) and
(G.4). Thus, equations (G.l) through (G.4) hold for period T.

+

Now, assume that these equations hold in period t 1. It must be shown that this
implies that these equations must hold in period t. If .these equations hold in period
t+ 1, then the maximization problem solved by each player i in period t is given by:
Max

V, = ((ax, - bx;)

- xJ(c, + (kI2)X;J + K,+,(a - c,,,)~

wrt x,.

, +w,
the maximization problem can

Rearranging terms and using the fact that c,+ = c,
be rewritten as:
Max

Vit= (a - c;)x, - bx: - (k/2)x&.,

+ K,+,[(a- c,) - Wtl2wrt x,.

(G.9)

The first-order condition for player i produced by (G.9) is given by:
x,(26

+ kl2) + X.,(k/2 - 2k?g+,)= (a - c,)(l - ZkK,,,).

(G. 10)

By symmetry, X ; = n G , thus, (G. 10) can be rewritten as:

Thus,

which implies that

This verifies equations (G.1) and (G.3) for period t. Using symmetry and the fact that
xt=L,(a - c,), the expression for V8 given in (G.9) can be rewritten as:

1
1

I

This proves equation (G.2). Furthermore, this implies that:

.

which proves equation ((5.4).

Nonrecursive Solutions ('I
,'
00)
As T-. 00, L, and Kt approach steady-state values. In other words, L, -.L,+, = L and
Kt -* Kt+, = K. Below, the steady-state values of L and K are derived.

,

First, note that L, -* L,+ = L implies that:

- -

-

= [(a c, nkL(a - c,)]l(a c,)

It remains to calculate the L. The first step in this process is to substitute L = L,and

K = Kt+,into equation(G.3):

-

1

- 2kK

2b(l- p) + nk(1-2kK) '

where p = (n-l)k/4b.
Next, substitute L = Lt and K = Kt = Kt+,into (G.4):

K = L - (b + nk/2)L2 + K(l - nkL)2,
K[1-(l-nkL)2]=L[1-(b+nk/2)L]

(G.12)

(G.13)

The value of L is derived by substituting K from equation (G. 12) into equation (G. 1 I).
To simplify the derivation, derive the numerator and denominator of this expression
separately.

Numerator

numerator

-

= 1 2kK

-

2(n-1) + L[2b - nk(n- 1)]
n(2 - nkL)

(G.14.)
Denominator
denominator = 2b(l - p )

+ nk(1 - 2kK),

(G. 15)

Note that 1 - 2kK is given by (G. 14). Substituting this expression into (G.15) yields:
denominator = 2b(l

- p) + 2bnk

n(2

-

(G.16)

The value of L is calculated by dividing the numerator, given by (G.14), by the
denominator, given by (G.16).The result is:

*

M?[n(l + p )

- 11 - L(2 + 4p - lln) + 4pl(nk) = 0 .

(G.17)

The roots of this quadratic equation are found using the quadratic formula. In
particular,

(G.18)
where A = k[n(l+p)- 11

(G.19)

-B = 2(1+2p) - lln
and

C = 4pl(nk)

.

But,

B2 - 4AC

-

= 4(1 +2p)2 4(1 f2p)ln

- 16p(l + p - lln)

+ llnz

+ 16p - 8pln + 411 - lln + 1/(2n)2]
- 16p2- 16p + 16pln
= 16p2

Substituting (G.19) and (G.20) into (G.18) yields:

The solution with the " +" sign preceding the square root can be eliminated because
it yields a value of L greater than (nk)". From (G.11), it is clear that a value of L
greater than (nk)-' implies that A, is less than this, which would imply negative
extraction in all periods beyond period 1. Thus, the resulting value of L is given by:

The subgame perfect equilibrium extraction of an individual in period 1, x ile is
obtained directly from (G.21):

Furthermore, the rate at which extraction diminishes is given by:

Finally, the group lifetime value of the resource produced by the subgame perfect
equilibrium, V." = nK(a - c , ) ~is obtained by substituting L into(G.13)to obtain K.
The result is a complicated expression. In the text, I have given a much simpler
approximate expression for this value:

which results in an efficiency relative the optimal solution of:

This expression slightly underestimates the efficiency at the subgame perfect
equilibrium. To see this, consider the following example with n = 2 and k = 1. In
order for the resource to last more than one period, b > 0.25 (recall n, = 1 4b/k).
Below, the exact and approximate efficiencies for various values of b.

+

b
Exact ADDroximate Difference

The largest absolute difference the approximate and exact efficiency observed for any
value of b is -0.0053, which occurs at b = 0.75. Thus, at n = 2, this efficiency
approximation is correct within approximately one-half of a percent. Furthermore, as
n increases, accuracy of this approximation increases. At n = 3, the largest error
occurs at b = 1.25, which results in a difference of -0.0028. At n = 10, the largest
difference is -0.0003.

APPENDM H
Proof that En

> EN

From the text,

P = (2b + nk)(2b + k)

(H.1 )

[2b + (n+1)k/212

l?'+

(n+l)l(2n) as T-

(H.
2)

00,

for n Ih.Recall that for n > h,the entire resource is depleted in the initial period
at all of the noncooperative solutions. Thus, when this is the case, the group resource
value at any of noncooperative solutions of the time-dependent game is equal to the
equilibrium group resource value of the time-independent game. On the other hand,
the optimal resource value is monotonically increasing T; hence for n > no, it must
be the case that E~ > EN.
Consider the case where n 5

no. From (H.1 ) it follows that:

4b2 + 2bk + nk(2b+k)
4b 2 + 2bk + (n+1)'k2/4

*

=,

E==>

nk(2b+k)
2bnk + ( n + 1 ) ~ k ~ / 4

E==>

4n(2b+k)
8bn + (n+l)'k

E ~ > 4n(2b+k)
4n(2b+k) + ( n - ~ ) ~ k

Given (H. 2) and (H. 3) it is the case that En
(4n)(2n)(2b+k)
u

(4n)(n-1)(2b+k)

u

(4n)(2bk

u

2nn,>n2-1.

> (4n)(n+ 1)(2b+k)
> (n+ l)(n-1)2k

+ 1 ) > (n+ l)(n-1)

> I?

if and only if:

+ (n+ l)(n-1)2k
I'

I"

1'1..

1;

I
I
I

I

But, no > n, therefore,(H.4)holds if and only if
n2 + 1

> 0.

Clearly, (H.5) holds for n

> 0; hence, it must be the case that En > @'.

(H.5)

ENDNOTES
1. The following convention will be used in referring to the users of the resource. In
this section, where the model is specified in the context of a groundwater aquifer,
users are referred to as "appropriators. " In later sections, where the solutions of the
CPR game are presented and discussed, users are referred to as "players. " Finally,
in later chapters, where the results of laboratory experiments are reported, the users
are referred to as "subjects. "
2. Alternatively, the time-independent game may be viewed as a case in which the
resource fully replenishes after each period.
3. Another useful measure of the severity of the inefficiency caused by overextraction
is the equilibrium efficiency of resource use, E. This measure is defined as the
equilibrium group resource value divided by the optimal resource value:

In both the time-independent and time-dependent games, efficiency is monotonically
decreasing in n.
4. Efficiency is defined as the total payoffs earned by all players divided by the total
payoffs earned at the optimal solution.

5. Gordon (1954) concludes that fully discounting the future may be a rational
response of fishermen to the open-access conditions of an ocean fishery. He notes,
"wealth that is free for all is valued by none because he who is foolhardy enough to
wait for its proper time of use will only find that it has been taken by another... the
fish in the sea are valueless to the fisherman, because there is no assurance that they
will be left for him tomorrow if they are left behind today." (p. 135) For n
sufficiently large, Gordon's analysis applies to the GMW time-dependent game. In
particular, for n 1 n = 1 46/72, the resource will be depleted of all of its profitable
resource units in the initial period, regardless of the discount factor.

+

6. The norma1 form and subgame perfect equilibria described here are often referred
to as the open-loop and closed-loop solutions, respectively.
7. There is a second solution to this set of equations involving the positive root;
however, this solution leads to a value of L > (nit)". This solution would lead to
he< 0; therefore, this is not a feasible solution in this context.

CHAPTER 3
An Experimental Study of Time-Independent and Time-Dependent
Externalities in the Commons

I. INTRODUCTION
As discussed in Chapter 2, the use of common-pool resources (CPRs) generally
implies the existence of appropriation externalities. From a behavioral perspective, it
is important to make a distinction between two types of appropriation externalities:
those that are strictly restricted to within a period (time-independent), and those that
occur within and across several periods (time-dependent). One important result from
Chapter 2 is that, in theory, time-dependency exacerbates the CPR problem. More
specifically, the efficiency of resource use at the subgame perfect equilibrium of a
CPR time-dependent game is lower than that of a time-independent game with the
same parameter values.
From a behavioral standpoint, the nature of the time-dependent game may lead
to an even lower efficiency than that predicted by the subgame perfect equilibrium.
In particular, a potential for temporally myopic behavior exists in the time-dependent
game that does not exist in the time-independent game. In theory, each player
considers the full impact of current extraction on his/her own future extraction costs
when devising an equilibrium strategy to the time-dependent game. In practice,
however, such a solution process is difficult, and players may instead opt for a
myopic strategy, ignoring the future costs of their actions.
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This chapter examines the behavioral implications of these two types of
externalities separately. Using laboratory experiments designed to capture the essential
elements of the model described in Chapter 2, the behavior of subjects is examined
in the context of both a repeated time-independent game and a time-dependent
supergame. One motivation for this type of study is that a set of policies designed to
address one type of externality may fail to address the other, particularly if the
behavioral impacts are sufficiently different.
The remainder of this chapter is organized as follows. Section II reviews the
important elements of the CPR game model analyzed in Chapter 2. Section III
presents the experimental design and decision setting. Section IV provides laboratory
results and discussion. Section V offers concluding comments.

II. GAME MODEL of a CPR
Consider a CPR extraction game played by a group of n identical players. The
players, indexed by i, extract from the resource over an exogenously determined
number of periods, T. In each period t, player i makes a single extraction decision,
xu. The benefits received by player i in period t are given by:
(1)
Thus, the benefits received by each player are a function of his or her own extraction
only. On the other hand, the costs incurred by a player are a function of his or her
extraction and the total group extraction, X = Σ i x u . In particular, the cost incurred by
player i in period t is given by:
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(2)
where the initial cost of extraction, ct, evolves according to the equation:
(3)
Together, equations (1) and (2) define a single-period net benefit function for each
player:

(4)
The payoff function (4), together with the dynamic cost equation (3) define an
extensive form game. Below, the extraction paths and resulting resource values are
presented for the following three benchmark outcomes of this game: the joint payoff
maximization outcome (MAX), the symmetric subgame perfect equilibrium outcome
(SSPE), and the myopic outcome (MYOP).
The MAX outcome requires a constant extraction level in each period from
each player, xu = x°, with:

(5)

The resulting value of the resource to each player i is then given by:

(6)

The MAX extraction level and resource value for the time-independent game are
calculated by substituting T = 1 into equations (5) and (6). Note that behavior
consistent with MAX does not correspond to a noncooperative game equilibrium. Still,
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it provides a benchmark for calibrating observed payoffs. In particular, it allows one
to measure the efficiency of play, given by the ratio of observed total payoffs to
maximum total payoffs.
At the SSPE, the extraction path of each individual is governed by a decision
rule strategy based on the observable state variable, ct. This strategy is calculated
through backward induction using the single-period net benefit function, (4), as well
as the transition equation (3). The SSPE extraction level for player i in any period t,
takes the form:
xite = Lt(a - ct),

(7)

and the value of the resource at the SSPE takes the form:
Vite(ct) = Kt(a -

ct)2.

(8)

The proportionality factors, Lt and Kt, are given by the nonlinear recursive equations:
(9)

(10)

and

A transversality condition defining the value of the resource in period T+1 is
needed in order to solve for the SSPE extraction path. Assume that the resource has
no value in period T+l. This implies:
KT+l = 0.

(11)

The SSPE is derived recursively beginning in period T+1 by substituting (11) into (9)
to obtain LT, which is then used to calculate KT. With this as a starting point, the
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entire path can be determined recursively. For n > 1, the SSPE path involves relatively
high depletion rates in the initial periods that diminish nearly exponentially over time
and approach zero in later periods. In the literature on groundwater extraction, this
phenomenon is commonly known as "racing for the water," as each player acts on his
or her incentive to deplete the relatively less expensive water at the top of the aquifer
before others do so.
The SSPE extraction level and resource value of the time-independent game
are calculated from equations (7)-(ll), as in period T of the time-dependent game. In
particular, it can be shown that in the time-independent game:

(12)

and

The MYOP outcome results when players behave myopically, neglecting the
fact that current extraction decreases the future value of the resource. The MYOP
extraction level for player i in period t, xitm, is analogous to equation (12), given the
initial cost, ct:

(14)

Similarly, the payoff received by player i in any period t, πitm, is equivalent to the

73

single-period equilibrium value of the resource in (13), given ct:
(15)

In general, ct is based on the history of the game in all periods prior to t.
However, in period 1, the game has no history, which implies c1 = kd1; Thus, xi1m,
can be calculated directly from the parameterization of the problem. Extraction
diminishes exponentially over time, with:

(16)

for n < n0 = 1 + 4b/k and 0 otherwise. Relative to the SSPE, the MYOP outcome
results in lower payoffs, due to a more intense race for the resource.

m. EXPEREMENTAL DESIGN
The experimental environment is designed to capture the essential elements of
the game defined by equations (l)-(4). The extraction of players is replaced by token
orders of subjects. A subject earns cash benefits based on his or her token order,
according to a specified parameterization of equation (1). Similarly, a subject incurs
costs based on both his or her own token order and the group token order, according
to equation (2).
Both a time-independent and a time-dependent setting are examined. In each
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setting, the incremental cost parameter, k, defines the increase in the marginal token
cost within a given decision round. However, the two settings differ with respect to
the base token cost, ct, that is used across decision rounds. Consider, for example,
a case in which both the base token cost in round 1 and the incremental cost
parameter are $0.01. 1 In the time-independent setting, the base token cost is reset to
$0.01 at the beginning of each round. In the time-dependent setting, the base token
cost in any round is equal to the cost of the last token ordered in the previous round
plus $0.01. Thus, in the time-dependent setting, token costs are monotonically
increasing throughout the experiment.
Design Conditions and Parameterization
A design condition is defined by the values of the parameters (a,b,c1,k,n,T)
and by whether a time-independent or time-dependent setting is used. Five different
design conditions are considered; three are time-independent and two are timedependent. Table I presents the parameters used in each design condition.
The three time-independent designs are denoted TIN2 (time-independent,
n=2), TIN5-High (time-independent, n=5, high efficiency at SSPE), and TIN5-Low
(time-independent, n = 5 , low efficiency at SSPE). The parameters of the TIN5-High
design produce an SSPE efficiency of 79.3%, which is considerably higher than the
59.5% produced by the TIN5-Low design.
The two time-dependent designs are denoted TDN2 (time-dependent, n=2) and
TDN5 (time-dependent, n=5). The benefit parameters of the TDN2 and TDN5
designs were chosen so that the SSPE efficiencies were approximately equal.
75

Table I also displays the per capita MAX and SSPE token orders for the timeindependent designs and the efficiency at the SSPE for all designs. Table II displays
the per capita token order by round for MAX, SSPE, and MYOP in the timedependent designs. Note the intensification in the number of tokens ordered in the
initial round when moving from MAX to SSPE to MYOP.
Experimental Implementation
All experiments were conducted at Indiana University utilizing the NovaNet
computer system. Subjects were recruited from a pool of undergraduates who had
previously participated in experimental sessions using a similar design condition.2
Prior to volunteering, subjects were informed that they would participate in a decisionmaking experiment similar to the one in which they had previously participated,
lasting approximately 1.5 hours.3
Each experimental session was conducted in the following manner. A sufficient
number of subjects were recruited so that two or three groups could participate
simultaneously. At the beginning of each session, subjects were asked to privately
read through a series of computerized instructions and to complete two practice
examples after finishing the instructions.4 After each subject had successfully
completed the examples, all subjects proceeded to the first decision round.
Experimenters were available at all times during the experiment to answer questions.
During an experimental session, each subject participated in two experimental
series. In the time-independent sessions, a series consisted of 10 repetitions of the oneshot constituent game. In the time-dependent sessions, a series consisted of a single,
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10-round supergame. In the time-dependent sessions, it was possible for a series to
end prior to round 10; in particular, if the base token cost ever became high enough
to prohibit positive profits, the series would end. Hereafter, the two series within each
experimental session will be referred to as Series 1 and Series 2.
Prior to Series 1, subjects were assigned to groups without being told the
identity of the other group members. Each group participated in Series 1 using one
of the five design conditions. The subjects were then randomly regrouped, and each
of the new groups participated in Series 2 using the same parametric design condition.
In sessions where n=2, subjects were informed that they were not grouped with the
same person in Series 2. In sessions where n=5, subjects were informed that their
Series 2 group would not be the same as their Series 1 group. Subjects were explicitly
informed of the number of rounds in a series, but they were not informed before
Series 1 that a second series would follow. At the beginning of Series 2, however,
subjects were informed the experiment would end following that series.
Decision Setting
In each decision round, each subject independently made a token order for that
round. Individual token orders were restricted to integer values in the range [0,80].5
As shown in Tables I and II, the SSPE token orders for the time-independent designs
range from 16 to 21, and the largest token order predicted by any of the solution
concepts in the time-dependent designs is 41.
All subjects made token orders simultaneously. Subjects were provided with
a benefits table, which presented the total benefits that an individual would receive for
77

each possible token order in the allowable range. Subjects were also explicitly
informed of how individual costs would be calculated. The instructions specified that
the total cost to a subject in a given round would equal the average token cost in that
round multiplied by the number of tokens ordered by the subject and that the average
token cost would be a function of the total group token order.6 Furthermore, the
instructions specified the formula used to calculate both the average cost and the total
cost incurred by a subject. The benefit and cost values were expressed in terms of
"computer dollars," and subjects were given the exchange rate that would be used to
convert computer earnings into US dollars. The parameters, together with the
exchange rate, were chosen to produce individual payoffs at MAX of approximately
$1 per round.
Subjects were informed of the size of the group in which they were playing,
and it was common information that each member of the group faced the same benefit
function and average token cost. Prior to each decision round, subjects were informed
of the base token cost for that round. Following each decision round, each subject was
informed of the total number of tokens ordered by the group, the average token cost,
and his or her own profits for that round. Subjects could review the results of any
previous round at any point during the decision-making process.

IV. EXPERIMENTAL RESULTS
Table III summarizes the experimental sessions. A total of seven experimental
sessions were conducted, each involving the simultaneous participation of multiple
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decision-making groups. Together, these sessions produced a total of 32 experimental
series. The results are presented in the form of summary observations.
Observation 1: In the time-independent designs, the individual token orders more
closely follow the SSPE prediction than the MAX prediction.
Figure 1 displays the mean, minimum, and maximum individual token order
by round for each series, pooling across all individuals in a given design. Despite the
considerable variability of individual token orders displayed in Figure 1, the mean
token orders provide support for Observation 1. More precisely, in the TIN2 design,
the mean token order is closer to the SSPE token order than to the MAX token order
in all 20 rounds. Similarly, the mean token order is closer to the SSPE prediction in
13 of the 20 rounds of the TIN5-High design, as well as in 19 of the 20 rounds of the
TIN5-Low design.
Table IV provides further support for Observation 1. Each entry of this table
displays the mean squared deviation (MSD) of individual token orders from predicted
token orders (either MAX or SSPE) for a single group over a 10 round series. Thus,
each row of the table provides a comparison of the MSD from the SSPE prediction
and the MAX prediction for a particular group. The smaller of the two MSDs for a
group is denoted by a "*". For 16 of the 22 groups reported in Table IV, the MSD
from the SSPE prediction is smaller than the MSD from the MAX prediction. Under
the null hypothesis that it is equally likely for either of the two outcomes (MAX or
SSPE) to result in the smaller MSD, the probability that the SSPE prediction results
in the smaller MSD in 16 or more of the 22 observations is 0.026.7
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Observation 2: In the time-dependent designs, individual token orders more closely
follow the MYOP path than either the SSPE or MAX paths.
Figure 2 displays the token order path of each time-dependent group by design
and series. Note that token orders generally decay over time. This pattern is consistent
with both the MYOP and SSPE paths, but inconsistent with the constant path predicted
by MAX, suggesting that the MYOP and SSPE paths organize the individual token
order data better than the MAX path.
Table V addresses this issue by computing the MSD of individual token orders
from the three benchmark paths. This table presents analogous information regarding
individual token orders in the time-dependent designs as Table IV does for the timeindependent designs. In particular, each entry of this table displays the MSD of the
individual token orders of a group from the specified solution path (MAX, SSPE, or
MYOP) over an entire series. The smallest of the three MSDs for a group is denoted
by a "*". For 8 of the 10 groups reported in Table V, the MSD from the MYOP path
is smaller than the MSD from either the SSPE or MAX path. Under the null
hypothesis that it is equally likely for any of the three outcomes (MAX, SSPE, or
MYOP) to result in the smallest MSD, the probability that the smallest MSD is from
the MYOP path in 8 or more of the 10 observations is 0.004.8
Observation 3: In the time-independent designs, the ratio of observed group payoffs
to the SSPE predicted group payoffs, r, increases as the SSPE predicted efficiency
decreases.
Table VI displays the ratio, r, of observed group payoffs to SSPE predicted
group payoffs for each group in each series. The SSPE predicted efficiencies for the
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TIN2, TIN5-High, and TIN5-Low designs are 94.5%, 79.3%, and 59.5%,
respectively. Meanwhile, the respective overall value of r for each design is 0.940,
1.043, and 1.235.9 Thus, as the SSPE efficiency decreases, r tends to increase. Using
a two-sided Mann-Whitney test with a = .05, one can reject the null hypothesis that
r is the same in the TIN2 and TIN5-Low designs. However, similar hypotheses
comparing the TIN2 and TIN5-High designs and comparing the TIN5-High and TIN5Low designs cannot be rejected.10
Observation 4: The value of r in the time-independent designs is significantly higher
than the value of r in the time-dependent designs.
From Table VI, the mean value of r across all time-independent groups is
1.085, compared to 0.849 for the time-dependent groups. Thus, overall, timeindependent groups earn more than the SSPE predicted payoffs, while time-dependent
groups earn less than the SSPE predicted payoffs. Using a two-sided Mann-Whitney
test with a = .05, one can reject the null hypothesis that r is the same in the timeindependent and time-dependent designs.11

V. CONCLUSIONS
This chapter focuses attention on appropriation externalities that exist in the use
of common-pool resources. Such externalities arise when the cost of appropriation is
a function of all players' appropriation. A comparison is made between timeindependent externalities, which are restricted to within a single period, and timedependent externalities, which carry over to future periods.
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The benchmark predictions of the theoretical model are examined for several
time-independent and time-dependent designs in an experimental setting based on the
theoretical model. The results of these experiments generate two principal findings.
First, subject behavior is consistently closer to the symmetric subgame perfect
equilibrium prediction than to the efficient outcome, both in the time-independent and
time-dependent designs. Second, relative to the symmetric subgame perfect
equilibrium prediction, the payoffs observed in the time-dependent designs are
significantly lower than those observed in the time-independent design. The lower
payoffs observed in the time-dependent designs may be attributed, in part, to myopic
behavior. Tests comparing the goodness-of-fit of individual token orders by subjects
to equilibrium and myopic behavior consistently favor the latter.
These results have important policy implications. First, they suggest that, in
a world with minimal institutional constraints on behavior, the tragedy of the
commons indeed exists. Further, the presence of myopic behavior in a time-dependent
setting exacerbates this problem. Even rational appropriators, who factor all costs,
current and future, into extraction decisions, may be forced into a more severe race
for the resource if they believe others might be myopic. Appropriation from many
natural resources -- including groundwater, oil fields, fisheries, and forests -- involves
time-dependent externalities. The results of these experiments suggest the need for
future research investigating the prevalence of myopic behavior in such decision
environments and the potential for institutional arrangements to improve performance
by containing this behavior.
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TABLE I
Parameterization of Laboratory Experiments
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TABLE II
Solutions Paths for Time-Dependent Designs
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TABLE HI
Summary of Experimental Sessions
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TABLE IV
Mean Squared Deviation of Individual Token Orders from
Solution Paths for Time-Independent Sessions1

1

Each entry in this table represents the mean squared deviation of the individual
token orders of a given group from the corresponding solution path. For
example, in the "SSPE" column, each entry represents the following
calculation for a single series of a single group:

* Denotes the solution path that results in the lowest mean squared deviation for
a group in a given series.
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TABLE V
Mean Squared Deviation of Individual Token Orders from
Solution Paths for Time-Dependent Sessions1

1

As in Table IV, each entry in this table represents the mean squared deviation
of the individual token orders of a given group from the corresponding
solution path. For example, in the "SSPE" column, each entry represents the
following calculation for a single series of a single group:

* Denotes the solution path that results in the lowest mean squared deviation for
a group in a given series.
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TABLE VI
Ratio of Observed to SSPE Group Payoffs
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FIGURE 1
Individual Token Orders: Low, High, and Mean
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FIGURE 2
Time Dependent Designs: Group Token Orders
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APPENDIX A
Time-Independent Instructions and Handouts
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Computerized Instructions
Before entering the instructions, you need to be assigned an identification number.
Please press the -NEXT- key:
Your identification number is 1.
Please type your last name after the arrow and then press the -NEXT- key. This
information will aid us in paying you at the end of the experiment.
HERR ok
Thank You: Please Press -NEXT- to proceed. Press -BACK- to redo your name.

This is an experiment in decision making. The National Science Foundation has
provided funds for conducting this experiment. The instructions are designed to inform
you of the types of decisions you will be making and the results of those
decisions. All profits you make during the experiment will be totalled and paid to you
in privacy in cash at the end of the experiment. If you have any questions concerning
the instructions feel free to raise your hand and one of the experiment monitors will
assist you.
Press -NEXT- to Proceed

IMPORTANT NOTICE: You should consider all monetary values (including your
profits) as "computer dollars." At the end of the experiment we will pay
you in cash an amount equal 0.250 times your computer earnings.
For example:
1) If your computer earnings are $100, we would pay you 0.250 * $100 = $25.00.
2) If your computer earnings are $10, we would pay you 0.250 * $10 = $2.50.
Are there any questions on this point?
If not, Press -NEXT-
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The experiment consists of a sequence of decision rounds. There is 1 other participant
in this experiment. In each round, you will be asked to place an order
for tokens. Tokens ordered in one round cannot be carried over to other rounds.
Why would you want to order tokens? Because you can earn money from those
tokens.
Tokens you order each round will earn you a cash BENEFIT which we describe
below. But, any tokens you order will also COST you money, which we also describe
below.
Press -NEXT- to Proceed

CASH BENEFITS FROM TOKENS YOU ORDER
Each token you order earns you a cash return. The Cash Benefits you earn for various
token orders will be displayed to you as the "Token Benefits Table." This table is the
same for every participant and the same for each decision round.
Press -NEXT- to see the "BENEFITS FROM TOKENS" table.
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BENEFITS FROM ALTERNATIVE TOKEN ORDERS
Toks=Tokens Ordered and Bens=Total $ Benefits for each order

This table shows "cash benefits" for various token orders. For example, let's say you
order 10 tokens in a given decision round. That token order will earn you BENEFITS
of $4.20. Press -NEXT- to continue.

Study this table carefully. If you have any questions raise your hand and one of the
experiment monitors will help you. Note, this table will be readily available to you
during the experiment. If you don't have questions, Please press -NEXT-

Ordering "tokens" earns you a CASH BENEFIT. BUT, you must pay for all tokens
that your order. Press -NEXT- to see how your COSTS are calculated.
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TOKEN COSTS
At the beginning of each round, the computer will display a BASE COST for tokens
that are ordered in that round.
The BASE COST is the cost of the first token ordered in that round. Each additional
token ordered in that round costs $0.01 more than the previous token ordered. The
Base Cost in each decision round will equal $0.01.
Assume 30 tokens are ordered by the group in a given decision round. The 1st token
costs $0.01. The 2nd token costs $0.02. The 3rd token costs $0.03, and so on, until
the 30th token, which costs $0.30.
The TOTAL COSTS to the group for all 30 tokens ordered in that round would thus
be:
$0.01 + 0.02+...$0.30=$4.65,
for an average token cost of $0.155 per token.
Press -NEXT- for further discussion of TOKEN COSTS
Press -BACK- to Review.

In a decision round, what YOU PAY for tokens that you order equals the number of
tokens you order times the Average Token Cost for that round. Further, the Average
Token Cost for that round depends on how many tokens you order, as well as how
many tokens other individuals order.
In the example just shown, the Average Token Cost was $0.155 per token. Now let's
assume you had ordered 6 of the 30 tokens ordered by the group. Your token costs
would thus be 6 X $0.155 = $0.930.
In any given decision round, it will always be the case that your Average Token Cost
is greater than the Base Cost, but less than the highest token cost in that round.
Further, the AVERAGE Token Cost in a round will be the same for each participant.
But, the TOTAL Token Cost per round will be different for each
participant if participants place orders for a different number of tokens.
Press -NEXT- for more discussion on TOKEN COSTS
Press -BACK- to REVIEW
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TOKEN COSTS
Please look at the printed materials you were handed at the beginning of the
experiment and find the table labeled "COST OF TOKENS." This table shows how
token costs change as more and more tokens are ordered by the group. Starting at the
BASE COST of $0.01, each token ordered by the group costs $0.01 more than the
previous token.
NOTE: The "average token cost" in a given decision round can easily be computed
as:
[(Base Cost)+(Cost of the Last Token Ordered in the Round)]/2
Do you have any questions regarding computing "token costs?" If so raise your hand,
otherwise Press -NEXT- to continue the instructions. Or, press -BACK- to
review.

FINAL COMMENTS
In each round of the experiment, every participant faces an identical BENEFITS
schedule for tokens they order, the same BASE COST for tokens they order, and the
same AVERAGE TOKEN COST. Earnings in the experiment may differ between
participants because they may place different orders for tokens.
Press -NEXT- to continue "FINAL COMMENTS"
Press -BACK- to review
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FINAL COMMENTS "CONTINUED"
NOTICE: The experiment will last 10 Rounds.
At the beginning of each round, you will be asked to enter a "TOKEN ORDER" on
the computer. After all participants have placed an order, the computer will tabulate
orders, compute token benefits and token costs, and then inform you of:
1) the total number of tokens ordered by the group,
2) the average token cost for the round,
3) your total BENEFITS for the round,
4) your total COSTS for the round, and
5) your total PROFITS for the round.
Press -NEXT- for a Practice Example
Press -BACK- to Review

PRACTICE EXAMPLES:
The practice examples are designed to insure that you understand how BENEFITS
AND TOKENS COSTS are computed. Please turn to the "blue" handout entitled
"PRACTICE EXAMPLES." Please complete this "questionnaire" and then raise your
hand. Or, if you have any questions on how to complete the questionnaire, raise your
hand.
For your use, a copy of the "BENEFITS" table and the "TOKEN COSTS" table are
also included in your packet. When you have completed your practice examples and
have had them checked by an experimenter:
Press -NEXT- to see a summary of "experimental procedures," or Press -BACK- if
you wish to review any part of the instructions.

97

EXPERIMENTAL PROCEDURES and CONSEQUENCES: A SUMMARY
1)

At the beginning of a decision round, the BASE TOKEN COST will
be displayed to each individual. The Base Cost is the cost of the first
token sold in that round AND IS THE SAME FOR ALL
PARTICIPANTS. Each additional token costs $0.01 more than the
previous token.

2)

At the beginning of each round, each individual will place a token
order. The more tokens an individual orders the greater the AVERAGE
TOKEN COST to that individual and to ALL OTHER INDIVIDUALS.

3)

Tokens cannot be carried over to future rounds.

4)

The computer will total all token orders, compute the "average token
cost", and then compute the "total token cost" for each individual.

5)

The computer will then display: (1) the group's total token order for
that round, (2) each individual's own average and total token costs for
that round, (3) each individual's own total benefits, total costs, and
total profits for that round, and (4) each individual's own profits totaled
over all decision rounds.

IF YOU HAVE ANY QUESTIONS - RAISE YOUR HAND. OTHERWISE, PRESS
-NEXT- TO PROCEED
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Handouts Given to Subjects in Time-Independent Designs
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CONSENT FORM
This experiment is one in a series of experiments being conducted to investigate
individual decision making. Funding for this experiment has been provided by
several agencies of the Federal Government.
Having reviewed the instructions for this experiment, we are required by Indiana
University procedures to record your formal consent to participate in this experiment.
Your participation in the experiment involves making investment decisions as
described in the instructions. At the end of the experiment, you will be paid your
earnings privately in cash. Your individual decisions will remain anonymous to the
group. Your identity will never be identified as part of the published results from this
experiment. The experiment is expected to last from one to two hours.
If you have any questions concerning the experiment please feel free to ask the
experimenter. Your participation is voluntary. If you wish not to participate, please
inform the experimenter now. Otherwise, please sign the consent statement below.
I have received a copy of this consent form. My participation in this research study
is completely voluntary. I may choose not to participate or may withdraw at any time
without prejudice concerning any future contact I may have with any of the
researchers. I wish to participate in this experiment:
Signed

Date

If you wish further information concerning this experiment, contact:
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COST TABLE
THIS TABLE DISPLAYS THE SPECIFIC COST PER TOKEN FOR TOKENS PURCHASED BY THE GROUP
TOKEN NUMBER (COST)
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PRACTICE EXAMPLES
These examples are for illustrative purposes only. The numbers used in the example
have been chosen to simplify the illustration.
EXAMPLE 1:
Assume you are in the 1st Round of the Experiment. Suppose you place an order for
10 Tokens and the other member of the group orders 14 Tokens - for a total group
order of 24 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST this round?
4) What will be YOUR TOTAL TOKEN COSTS this round?
5) What would be YOUR PROFIT for this round? _ _ _ _ _ _
EXAMPLE 2:
Assume you are in the 4th Round of the Experiment. Suppose you place an order for
50 Tokens and the other member of the group orders 35 Tokens - for a total group
order of 85 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST this round?
4) What will be YOUR TOTAL TOKEN COSTS this round?
5) What would be YOUR PROFIT for this round? __

ARE THERE ANY QUESTIONS?
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Before entering the instructions, you need to be assigned an identification number.
Please press the -NEXT- key:
Your identification number is 1.
Please type your last name after the arrow and then press the -NEXT- key. This
information will aid us in paying you at the end of the experiment.
HERR ok
Thank You: Please Press -NEXT- to proceed. Press -BACK- to redo your name.

This is an experiment in decision making. The National Science Foundation has
provided funds for conducting this experiment. The instructions are designed to inform
you of the types of decisions you will be making and the results of those
decisions. All profits you make during the experiment will be totalled and paid to you
in privacy in cash at the end of the experiment. If you have any questions concerning
the instructions feel free to raise your hand and one of the experiment monitors will
assist you.
Press -NEXT- to Proceed

IMPORTANT NOTICE: You should consider all monetary values (including your
profits) as "computer dollars." At the end of the experiment we will pay
you in cash an amount equal 0.250 times your computer earnings.
For example:
1) If your computer earnings are $100, we would pay you 0.250 * $100 = $25.00.
2) If your computer earnings are $10, we would pay you 0.250 * $10 = $2.50.
Are there any questions on this point?
If not, Press -NEXT-
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The experiment consists of a sequence of decision rounds. There is 1 other participant
in this experiment. In each round, you will be asked to place an order
for tokens. Tokens ordered in one round cannot be carried over to other rounds.
Why would you want to order tokens? Because you can earn money from those
tokens.
Tokens you order each round will earn you a cash BENEFIT which we describe
below. But, any tokens you order will also COST you money, which we also describe
below.
Press -NEXT- to Proceed

CASH BENEFITS FROM TOKENS YOU ORDER
Each token you order earns you a cash return. The Cash Benefits you earn for various
token orders will be displayed to you as the "Token Benefits Table." This table is the
same for every participant and the same for each decision round.
Press -NEXT- to see the "BENEFITS FROM TOKENS" table.
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BENEFITS FROM ALTERNATIVE TOKEN ORDERS
Toks=Tokens Ordered and Bens=Total $ Benefits for each order

This table shows "cash benefits" for various token orders. For example, let's say you
order 10 tokens in a given decision round. That token order will earn you BENEFITS
of $12.22. Press -NEXT- to continue.

Study this table carefully. If you have any questions raise your hand and one of the
experiment monitors will help you. Note, this table will be readily available to you
during the experiment. If you don't have questions, Please press -NEXT-

Ordering "tokens" earns you a CASH BENEFIT. BUT, you must pay for all tokens
that your order. Press -NEXT- to see how your COSTS are calculated.
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TOKEN COSTS
At the beginning of each round, the computer will display a BASE COST for tokens
that are ordered in that round.
The BASE COST is the cost of the first token ordered in that round. Each additional
token ordered in that round costs $0.01 more than the previous token ordered. The
Base Cost in each decision round will equal $0.01.
Assume 30 tokens are ordered by the group in a given decision round. The 1st token
costs $0.01. The 2nd token costs $0.02. The 3rd token costs $0.03, and so on, until
the 30th token, which costs $0.30.
The TOTAL COSTS to the group for all 30 tokens ordered in that round would thus
be:
$0.01+$0.02+...$0.30=$4.65,
for an average token cost of $0.155 per token.
Press -NEXT- for further discussion of TOKEN COSTS
Press -BACK- to Review.

In a decision round, what YOU PAY for tokens that you order equals the number of
tokens you order times the Average Token Cost for that round. Further, the Average
Token Cost for that round depends on how many tokens you order, as well as how
many tokens other individuals order.
In the example just shown, the Average Token Cost was $0,155 per token. Now let's
assume you had ordered 6 of the 30 tokens ordered by the group. Your token costs
would thus be 6 X $0.155 = $0.930.
In any given decision round, it will always be the case that your Average Token Cost
is greater than the Base Cost, but less than the highest token cost in that round.
Further, the AVERAGE Token Cost in a round will be the same for each participant.
But, the TOTAL Token Cost per round will be different for each participant if
participants place orders for a different number of tokens.
Press -NEXT- for more discussion on TOKEN COSTS
Press -BACK- to REVIEW
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Each round, the BASE COST for that round will be $0.01 higher than the cost of the
LAST token ordered in the previous round. This means that token costs will only GO
UP during the experiment, NEVER DOWN. Tokens purchased earlier in the
experiment will always be cheaper than tokens purchased later in the experiment.
In the example just discussed, the base cost of tokens in the first round was $0.01 and
30 tokens were ordered. This meant the last (the 30th) token ordered in that round had
a cost of $0.30. This means that the base cost in the second round would be:
$0.30+$0.01=$0.31.
Thus, the first token ordered in the second round would cost $0.31. The second would
cost $0.32, the third $0.33, etc.
Let's assume that 20 tokens were ordered in the second round, with a base cost of
$0.31. This means that the total token cost for that round would be:
$0.31+$0.32+...$0.50=$ 8.10,
with an average token cost of $0.41 per token. Press -NEXT- for more discussion on
TOKEN COSTS. Press -BACK- to REVIEW

TOKEN COSTS
Please look at the printed materials you were handed at the beginning of the
experiment and find the table labeled "COST OF TOKENS." This table shows how
token costs change as more and more tokens are ordered by the group. Starting at the
BASE COST for a given decision round each token ordered by the group costs $0.01
more than the previous token.
NOTE: The "average token cost" in a given decision round can easily be computed
as:
[(Base Cost)+(Cost of the last Token Ordered in the Round)]/2.
Do you have any questions regarding computing "token costs?" If so raise your hand,
otherwise Press -NEXT- to continue the instructions. Or, press -BACK- to review.
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FINAL COMMENTS
In each round of the experiment, every participant faces an identical BENEFITS
schedule for tokens they order, the same BASE COST for tokens they order, and the
same AVERAGE TOKEN COST. Earnings in the experiment may differ between
participants because they may place different orders for tokens.
Press -NEXT- to continue "FINAL COMMENTS"
Press -BACK- to review

FINAL COMMENTS "CONTINUED"
NOTICE: The experiment will last up to 10 Rounds. But, if the BASE TOKEN COST
ever reaches a level at which individuals cannot earn a positive profit in subsequent
rounds, the experiment will end.
At the beginning of each round, you will be informed of the BASE COST for that
round and asked to enter a "TOKEN ORDER" on the computer. After all participants
have placed an order, the computer will tabulate orders, compute token benefits and
token costs, and then inform you of:
1) the total number of tokens ordered by the group,
2) the average token cost for the round,
3) your total BENEFITS for the round,
4) your total COSTS for the round, and
5) your total PROFITS for the round.
Press -NEXT- for a Practice Example. Press -BACK- to Review
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PRACTICE EXAMPLES:
The practice examples are designed to insure that you understand how BENEFITS
AND TOKENS COSTS are computed. Please turn to the "blue" handout entitled
"PRACTICE EXAMPLES." Please complete this "questionnaire" and then raise your
hand. Or, if you have any questions on how to complete the questionnaire, raise your
hand.
For your use, a copy of the "BENEFITS" table and the "TOKEN COSTS" table are
also included in your packet. When you have completed your practice examples and
have had them checked by an experimenter:
Press -NEXT- to see a summary of "experimental procedures," or Press -BACK- if
you wish to review any part of the instructions.
EXPERIMENTAL PROCEDURES and CONSEQUENCES: A SUMMARY
1)

At the beginning of a decision round, the BASE TOKEN COST will
be displayed to each individual. The Base Cost is the cost of the first
token sold in that round AND IS THE SAME FOR ALL
PARTICIPANTS. Each additional token costs $0.01 more than the
previous token.

2)

At the beginning of each round, each individual will place a token
order. The more tokens an individual orders the greater the AVERAGE
TOKEN COST to that individual and to ALL OTHER INDIVIDUALS.

3)

Tokens cannot be carried over to future rounds.

4)

The computer will total all token orders, compute the "average token
cost", and then compute the "total token cost" for each individual.

5)

The computer will then display: (1) the group's total token order for
that round, (2) each individual's own average and total token costs for
that round, (3) each individual's own total benefits, total costs, and
total profits for that round, and (4) each individual's own profits totaled
over all decision rounds.

IF YOU HAVE ANY QUESTIONS - RAISE YOUR HAND. OTHERWISE, PRESS
-NEXT- TO PROCEED.
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Handouts Given to Subjects in Time-Dependent Designs
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CONSENT FORM
This experiment is one in a series of experiments being conducted to investigate
individual decision making. Funding for this experiment has been provided by
several agencies of the Federal Government.
Having reviewed the instructions for this experiment, we are required by Indiana
University procedures to record your formal consent to participate in this experiment.
Your participation in the experiment involves making investment decisions as
described in the instructions. At the end of the experiment, you will be paid your
earnings privately in cash. Your individual decisions will remain anonymous to the
group. Your identity will never be identified as part of the published results from this
experiment. The experiment is expected to last from one to two hours.
If you have any questions concerning the experiment please feel free to ask the
experimenter. Your participation is voluntary. If you wish not to participate, please
inform the experimenter now. Otherwise, please sign the consent statement below.
I have received a copy of this consent form. My participation in this research study
is completely voluntary. I may choose not to participate or may withdraw at any time
without prejudice concerning any future contact I may have with any of the
researchers. I wish to participate in this experiment:
Signed

Date

If you wish further information concerning this experiment, contact:
James M. Walker
Dept. of Economics
Ballantine 805
Phone: 855-2760

Roy Gardner
Dept. of Economics
Ballantine 822
Phone: 855-8974

If you have questions regarding your rights as a subject, contact:
Research Risk Office
Human Subjects Committee
Bryan 10
Bloomington, Indiana 47405
Phone: 855-3067
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COST TABLE
THIS TABLE DISPLAYS THE SPECIFIC COST PER TOKEN FOR TOKENS PURCHASED BY THE GROUP
TOKEN NUMBER (COST)
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PRACTICE EXAMPLES
These examples are for illustrative purposes only. The numbers used in the example have been
chosen to simplify the illustration.
EXAMPLE 1:
Assume you are in the 4th Round of the Experiment and by the end of the 3rd Round the
group had ordered a total of 30 Tokens.
Now suppose you place an order for 10 Tokens and the other member of the group orders an
additional 14 Tokens - for a total group order of 24 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST in this round?
4) What will be YOUR TOTAL TOKEN COSTS this round?
5) What would be YOUR PROFIT for this round?
EXAMPLE 2:
Assume you are in the 4th Round of the Experiment and by the end of the 3rd Round the
group had ordered a total of 120 Tokens.
Now suppose you place an order for 10 Tokens and the other member of the group orders an
additional 14 Tokens - for a total group order of 24 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST in this round?
4) What will be YOUR TOTAL TOKEN COSTS this round?
5) What would be YOUR PROFIT for this round?
ARE THERE ANY QUESTIONS?
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ENDNOTES
1. In fact, this is the case in four of the five design conditions. In the remaining
design condition, the base cost and incremental token cost are set at $0.05.
2. In all but one design condition, subjects had previously participated in an
experimental session using the same design condition. The exception is the TIN5Low design, where no "inexperienced" sessions were conducted. The subjects
participating in these experiments were experienced in the TIN5-High design, and
were therefore familiar with the general setup of the experiment. The rationale for
not reporting the results of the inexperienced sessions is related to the complexity
of the decision task facing the subjects. It appears that substantial learning takes
place as subjects become more experienced in the decision environment. In
general, in experiments with inexperienced subjects, greater variability in token
orders is observed.
3. For each experimental session, more subjects were recruited than were actually
needed, in case some volunteers did not show. In cases where the number of
individuals who showed up exceeded the number needed for the experiment, "overrecruited" subjects were paid $5 to leave without participating in the experiment.
4. Appendix A provides the computerized instructions and handouts used in the timeindependent designs. Appendix B provides the same information for the timedependent designs.
5. In the TDN5 design token orders were limited to the range [0,50]. This is due
to the fact that the specific benefit parameters of this design implied that individual
token orders larger than 45 would result in negative total benefits.
6. Recall that for the TIN5-Low design, the base cost and cost increment were
$0.05 rather than $0.01.
7. The exact probability is (110,056)(1/2)22 and is calculated in the following
manner. Define "success" as an observation in which the MSD from the SSPE path
is smaller than the MSD from the MAX path. Under the null hypothesis that it is
equally likely for either of the two outcomes to result in the smaller MSD, the
probability of success (and failure) is 1/2. In our data, success is observed in 16 of
the 22 observations. There are 110,056 potential combinations that lead to 16 or
more successes in 22 observations. Thus, under the null hypothesis, the probability
of observing at least 16 successes is (110,056)(1/2)22.
8. The exact probability is (224)/(59,049) and is calculated in the following
manner. Define "success" as an observation in which the MSD of individual token
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orders from the MYOP path is smaller than that produced by either of the other
two solution paths. Under the null hypothesis that it is equally likely for any of the
three solution paths to result in the smallest MSD, the probability of success is 1/3,
and the probability of failure is 2/3. In our data, success is observed in 8 of the 10
observations. There 56 potential combinations that lead to 8, 9, or 10 successes in
10 trials. Thus, under the null hypothesis, the probability of observing at least 8
successes is (l/3)8(2/3)2(56) = (224)/(59,049).
9. In other words, the average observed group payoff is 6.0% the SSPE payoff for
TIN2 groups, 4.3% above SSPE for TIN5-High groups, and 23.5% above SSPE
for TIN5-Low groups.
10. Given the data reported in Table VI, the Mann-Whitney U statistic in the test
between the TIN2 and TIN5-Low designs is U=5. In the test between the TIN2 and
TIN5-High designs, U= 17. Finally, in the test between the TIN5-High and TIN5-Low
designs, U=18.
11. Given the data reported in Table VI, the Mann-Whitney U statistic in the test
between the time-dependent and time-independent designs is U=23.
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CHAPTER 4
An Experimental Study of Group Size Effects in the Commons

I. INTRODUCTION
In many CPR game models, the aggregate equilibrium rent earned from the
resource by the group is monotonically decreasing in the number of appropriators
(see, for example, Gordon, 1954; Cheung, 1970; and Ostrom, Gardner, and Walker,
1994). In contrast, in the time-independent case of the CPR game model examined in
detail in Chapter 2, the aggregate equilibrium rent is increasing in group size, n, for
n sufficiently small. The crucial assumption leading to this result is that individuals
receive declining marginal benefits from the resource.
In a CPR setting, the possibility exists that group size can impact individual
behavior in ways not captured by the CPR game model discussed in Chapter 2.
Indeed, in a setting quite similar to that of a CPR, oligopolistic competition between
firms, it is widely argued that the ability of firms to collude is inversely related to
group size. For example, Selten (1973) presents a model in which groups of four
always form a cartel, while groups of six or more almost never do. As Cheung (1970)
notes, the incentive of firms to restrict entry and output in an imperfect market is
quite similar to the incentive of CPR appropriators to limit access to, and extraction
from, the resource. Furthermore, field studies have shown that successful selfgovernance of a CPR is more likely to occur with small, as opposed to large, user
groups (see Ostrom, 1990).
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This chapter examines the impact of group size on individual behavior in an
experimental CPR setting. In particular, experiments are conducted using the timeindependent setting described in Chapter 3 with groups of size n=3 and n=7. These
groups face the same benefit and cost parameters, which are chosen so that
equilibrium group payoffs are approximately the same for the two group sizes. If
observed payoffs are markedly different for the two group sizes, this would suggest
the existence of group size effects not captured by the noncooperative theory as stated.
The remainder of this chapter is organized in the following manner. Section
II reviews the important elements of the time-independent game analyzed in Chapter
2 of this dissertation. Section III presents the experimental design and decision setting.
Section IV provides laboratory results and discussion. Section V offers concluding
comments.

II. GAME MODEL of a CPR
Consider a CPR extraction game played by a group of n identical players,
indexed by i. Each player i makes a single extraction decision, xi. The benefits
received by player i:

(1)
Thus, the benefits received by each player are a function of his or her own extraction
only. On the other hand, the costs incurred by a player are a function of his or her
extraction and the total group extraction. In particular, the cost incurred by player i
is given by:
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A comparison of (5) and (6) shows that for n > 1, xie > xio. In other words,
the equilibrium extraction level exceeds the socially optimal extraction level whenever
there are multiple appropriators. The result of this overextraction is a dissipation of
potential payoffs from the resource. The equilibrium group resource value, V, results
when each appropriator extracts at the level given in (6), as shown below:

(7)

Each appropriator receives an equal share of the equilibrium group resource value,

HI. EXPERIMENTAL DESIGN
The experimental environment is designed to capture the essential elements of
the game defined by equations (l)-(3). The extraction of players is replaced by token
orders of subjects. A subject earns cash benefits based on his or her token order,
according to a specified parameterization of equation (1). Similarly, a subject incurs
costs based on both his or her own token order and the group token order, according
to equation (2). The remainder of this section details the design conditions,
parameters, experimental implementation, and decision setting.
Design Conditions and Parameters
A design condition is defined by: (1) the exchange rate used to convert
"computer dollars" into U.S. currency; (2) the group size (n); and (3) the values of
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the benefit and cost parameters, (a,b,co,k). The benefit and cost parameters are
presented in computer dollars, and subjects are explicitly given the exchange rate used
to convert their computer earnings into cash. In each design, the group size is either
n=3 or n=7. In order to isolate the effect of group size on subject behavior, the same
cost and benefit parameters are used in all designs. The parameters are chosen so that
the equilibrium group payoff is approximately the same for each group size. This is
shown by the equilibrium group payoff curve of Figure 1, which plots the group value
of the resource at the equilibrium and optimal solution for various group sizes. Note
that the equilibrium group payoffs for n=3 ($21.82) are approximately equal to the
equilibrium group payoffs for n=l ($21.66).
Three design conditions are considered: (1) N3a, with a group size of n=3 and
an exchange rate of 0.25 (in other words, 1 computer dollar converts to 0.25 U.S.
dollars); (2) N3b, with a group size of n=3 and an exchange rate of 0.125; (3) and
N7, with a group size of n—7 and an exchange rate of 0.25. Thus, the only two
features distinguishing the three designs are group size (n=3 or n=7) and exchange
rate (0.25 or 0.125).1
Each design condition involves a total of 30 decision rounds, which are
separated into three experimental series of 10 rounds. The same benefit parameters
are used in all 30 rounds; however, the cost parameters vary by series. Series 1
(Rounds 1-10) consists of 10 repetitions of the constituent game where the incremental
cost parameter and the base token cost for each round are set at $0.01. Series 2
(Rounds 11-20) consists of 10 repetitions of the constituent game with both cost
126

parameters set to $0.02 rather than $0.01. 2 Finally, Series 3 (Rounds 21-30) consists
of 10 repetitions of the constituent game with the cost parameters reset to $0.01.
Table I specifies the parameters used in Series 1 and 3 for each design, and
Table II contains the same information for Series 2. These tables also give the optimal
and equilibrium token orders and payoffs for each design. The payoffs are reported
in terms of computer dollars, with the exchange rates given in the last row.
Experimental Implementation and Decision Setting
All experiments were conducted at Indiana University using the NovaNet
computer system. Subjects were recruited from undergraduate introductory economics
courses. Prior to volunteering, subjects were informed that they would participate in
a decision-making experiment that would last approximately 1.5 hours in which they
would earn cash based on their decisions and the decisions of others.
The experimental sessions were conducted in the following manner. A
sufficient number of subjects were recruited so that two or three groups could
participate simultaneously. At the beginning of each session, each subject was
assigned to a group without being told the identity of the other group members.
Subjects remained in the same group for all 30 decision rounds. Prior to the first
decision round, subjects were asked to privately read through a series of computerized
instructions and to complete several practice examples.3 After each subject had
successfully completed the examples, all subjects proceeded to the first decision
round. Experimenters were available at all times during the experiment to answer
questions.
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In each decision round, each subject made a single token order, which was
restricted to integer values in the range [0,80]. All subjects made token orders
simultaneously. Subjects were provided with a benefits table, which presented the total
benefits that an individual would receive for each possible token order in the allowable
range. Subjects were also explicitly informed of how individual costs would be
calculated. The instructions specified that the total cost to a subject in a given round
would equal the average token cost in that round multiplied by the number of tokens
ordered by the subject and that the average token cost would be a function of the total
group token order. Furthermore, the instructions specified the formula used to
calculate both the average cost and the total cost incurred by a subject. The benefit
and cost values were expressed in terms of "computer dollars," and subjects were
given the exchange rate used to convert computer earnings into US dollars.
Subjects were explicitly informed of the number of people in their group, the
number of rounds in the series, and that each subject in their group faced the same
benefit function and average token cost. Following each decision round, subjects were
informed of the total number of tokens ordered by the group, the cost per token, and
their own profits for that round.

IV. EXPERIMENTAL RESULTS
The experiments reported in this paper were conducted in two phases. Nine
groups participated in Phase I. Each group participated in only one experimental
session using a single design condition. A total of three groups participated in each
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of the three design conditions. Six additional groups participated in Phase II. Three
groups participated in N3b design and three in the N7 design; the N3a design was not
implemented in Phase II. The subjects participating in Phase II had not participated
in the Phase I experiments. The primary difference between the two phases is that in
Phase II, subjects participated in five practice decision rounds prior to Series 1.
Following these practice rounds, Phase II subjects participated in three experimental
series of 10 rounds, just as their Phase I counterparts.
The remainder of this section reports the results of the Phase I experiments,
followed by the Phase II results. Throughout, the results are presented in the form of
summary observations.
Phase I Results
Observation 1-1: The Phase I group payoffs are significantly below the equilibrium
group payoff.
Table III displays the Phase I group payoffs. Each individual entry of this table
represents the total payoff (in computer dollars) earned by a group over a 10 round
series. The ratio of the observed group payoff to the equilibrium group payoff, r, is
also shown in parentheses next to each group payoff entry. Aggregating over all 30
rounds of the experiment, the mean value of r for the N3a, N3b, and N7 groups is
0.93, 0.87, and 0.40, respectively, and, for eight of the nine groups, r is less than 1.
Using a two-sided Wilcoxon signed-rank test with α=.01, one can reject the null
hypothesis that r equals 1.4
In later decision rounds, r tends to increase. In Series 1, the mean value of r
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for N3 groups (rN3) and for N7 groups (rN7) are 0.87 and 0.09, respectively, and, for
all nine groups, r is less than 1.5 Meanwhile, in Series 3, rN3 and rN7 increase to 0.94
and 0.90, and, for two of the nine groups, r exceeds 1. Still, using a two-sided
Wilcoxon signed-rank test with α=. 10, one can reject the null hypothesis that r equals
1 for each of the three series separately.6
Observation I-2: In Phase I, rN7 is significantly lower than rN3.
Aggregating over all 30 rounds, r N 7 =0.40, compared to r N 3 =0.90. Clearly,
Group 1 of the N7 design, which lost $125.10 in computer dollars over the course of
the experiment, contributed heavily to the low value of rN7.7 However, even excluding
this group, the combined value of rN7 for the two remaining groups is only 0.72,
which is still well below rN3. Using a two-sided Mann-Whitney test with α=.05, one
can reject the null hypothesis that rN7 and rN3 are equal.8
The difference between rN3 and rN7 diminishes with experience. Aggregating
over Series 1 and 2, r N7 =.05 (0.65 excluding Group 1), compared to r N 3 =0.88. In
contrast, in Series 3, the mean values of rN7 and rN3 are nearly equal (0.90 vs 0.94).
Using a two-sided Mann-Whitney test with a = . 1 0 , one cannot reject the null
hypothesis that rN7 and rN3 are equal for Series 2 and 3. 9
Observation I-3: Contrary to the equilibrium prediction, the per round mean token
order of the N3 individuals is less than that of the N7 individuals in each of the first
five decision rounds of Phase I.
As shown in Tables I and II, the equilibrium individual token order in the N3
designs exceeds that of the N7 designs. However, Figure 2, which plots the mean
token orders of the N3 and N7 individuals in the Phase I experiments, shows that the
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mean token order of the N3 individuals is less than that of the N7 individuals in each
of the first five rounds.10 Furthermore, using a two-sided Mann-Whitney test with
α=.05, one can reject the null hypothesis that the token orders of the N3 and N7
individuals are equal in Rounds 1 and 2. 1 1 In all rounds after Round 5, the mean
token order for the N3 individuals exceeds that of the N7 individuals in each round,
suggesting that, with experience, subjects learn to make decisions that are more
consistent with the equilibrium prediction.
Observation I-4: In Phase I, the mean individual token orders of both the N3 and the
N7 individuals tend toward the equilibrium token order with experience, but from
different directions. The mean N3 token order approaches equilibrium from below,
while the mean N7 token order approaches it from above.
Figure 3, which plots the deviation of the mean token orders of the N3 and N7
individuals from the corresponding equilibrium token order, shows that the mean
token order of the N3 individuals is below the equilibrium order in each of the first
13 rounds and in 18 of the first 20 rounds. In contrast, the mean token order of the
N7 individuals is above the equilibrium token order in each of the first 11 rounds and
in 17 of the first 20 rounds. Under the null hypothesis that it is equally likely for the
mean token order in any round to be above or below the equilibrium, the probability
of observing the mean greater than the equilibrium in 18 or more rounds out of 20 is
approximately .0002, while the probability of observing the mean less than the
equilibrium in 17 or more rounds out of 20 is approximately .0013. 12 Thus, in the
first 20 rounds of the experiment, the token orders of the N3 individuals relative to
the equilibrium prediction is markedly different than that of the N7 individuals. In the
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final 10 rounds of the experiment, this contrast between the token orders of the N3
and N7 individuals is not observed.
Summary of Phase I Experimental Results
In Phase I, the N7 group payoffs are significantly lower, relative to the
equilibrium prediction, than the N3 group payoffs. It appears that the first five
decision rounds play a crucial role in this difference in payoffs. In these five rounds,
the mean token order of the N7 individuals exceeds that of the N3 individuals,
contrary to the equilibrium prediction. As a result of the large token orders of the N7
individuals, the three N7 groups combined for negative earnings of $99.87 in
computer dollars in the first five rounds. In the remaining five rounds of Series 1,
these three groups combined for positive earnings of $155.37. In contrast, in Rounds
1-5 and 6-10, the N3 groups earned $280.35 and $237.28, respectively.13 It is
possible that the initial negative earnings impact the individual decisions of group
members in later rounds. In particular, subjects may attempt to "make up" for initial
losses through higher token orders. The Phase II experiments were conducted to
address this possibility.
Phase II results
In the Phase II sessions, subjects played five practice rounds prior to Series 1.
They were informed that the computer payoffs earned or lost in these practice rounds
would not be added to, or deducted from, the payoffs earned in the rest of the
experiment. The parameters used in Phase II were identical to those used in the Phase
I sessions. Series 1 parameters were used in the five practice rounds. In the remainder
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of this section, the results of the Phase II experiments are presented in a manner that
is parallel with the presentation of the Phase I results. In particular, Observations II-1,
II-2, II-3, and II-4 from the Phase II experiments correspond directly to Observations
I-1, I-2, I-3, and I-4 from the Phase I experiments.
Observation II-1: The Phase II group payoffs are significantly below the equilibrium
group payoff.14
Table IV displays the Phase II group payoffs and corresponding values of r.
Aggregating over all 30 rounds of the experiment, rN3 and rN7 are 0.81 and 0.87,
respectively, and, for five of the six groups, r is less than 1. Using a two-sided
Wilcoxon signed-rank test with α=. 10, one can reject the null hypothesis that r equals
1.15 The value of r tends to increase in the later decision rounds. In Series 1, rN3 and
rN7 are 0.75 and 0.74; meanwhile, in Series 3, rN3 and rN7 are 0.89 and 0.92. Using
a two-sided Wilcoxon signed-rank test with α=. 10, one can reject the null hypothesis
that r equals 1 for Series 1 and 3, but not for Series 2. 1 6
The observation of payoffs below the equilibrium payoff level is consistent
with the results of Phase I. Combining the results of the two phases provides strong
evidence that observed payoffs are significantly below the equilibrium levels. Using
a two-sided Wilcoxon signed-rank test with α=.01, one can reject the null hypothesis
that the cumulative value of r over 30 rounds equals one for the pooled Phase I and
17

Phase II data. Furthermore, using a Wilcoxon signed-rank test with a = . 0 5 , one
can reject the null hypothesis that r equals 1, for each individual series separately.18
Thus, one robust result from the Phase I and II experiments is that the observed
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payoffs are significantly below the equilibrium payoffs predicted by noncooperative
game theory.
Observation II-2: In Phase II, rN7 groups is slightly higher than rN3.
Aggregating over all 30 rounds, rN3 and rN7 are 0.81 and 0.87; thus, relative
to the equilibrium prediction, N7 group payoffs are slightly higher than N3 group
payoffs in Phase II. This is in contrast to Phase I, where N7 group payoffs are
significantly lower than N3 group payoffs. On average, N7 payoffs are substantially
higher in Phase II than Phase I ($456.22 vs. $211.05),19 while N3 payoffs are
slightly lower in Phase II than Phase I ($452.47 vs. $506.96).
Table V displays the Phase I and Phase II payoffs by series. It is interesting
to note that the mean payoffs earned by N7 groups in the five practice rounds of
Phase II (-$62.77) are comparable to those earned by N7 groups in the first five
rounds of Series 1 in Phase I (-$33.29). However, in the decision rounds that count,
N7 group payoffs are substantially higher in Phase II than in Phase I.
Observation II-3: The mean token order of the N3 individuals exceeds the mean token
order of the N7 individuals in every non-practice round of Phase II.
Figure 4 plots the mean individual token orders for the N3 and N7 individuals
in the Phase II experiments. Recall that in Phase I, the mean token order of the N3
individuals is less than that of the N7 individuals in each of the first five rounds. In
contrast, Figure 4 shows that in Phase II, the mean token order of the N3 individuals
exceeds that of the N7 individuals in all non-practice rounds. However, it is
interesting to note that in two of the five practice rounds of Phase II, the mean token
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order of the N3 individuals is less than that of the N7 individuals. In this respect,
individual behavior observed in the five practice rounds of Phase II is similar to the
behavior observed in the first five rounds of Phase I.
Observation 11-4: In Phase II, the mean token order of both the N3 and the N7
individuals tends toward the equilibrium token order with experience. However, in
contrast to Phase I, the mean token orders do not appear to approach the equilibrium
from any particular direction.
Figure 5, which plots the deviation of the mean individual token orders of the
N3 and N7 individuals from the corresponding equilibrium token order, shows that
the mean token orders of the N3 and N7 individuals vary both above and below the
equilibrium. The mean N3 (N7) token order is below the equilibrium in 5 (5) of the
10 rounds of Series 1, in 7 (6) of the 10 rounds of Series 2, and in 7 (6) of the 10
rounds of Series 3. Thus, in Phase II, there is no distinguishable trend in the direction
of the deviation of individual token orders from the equilibrium. This is in contrast
to Phase I, in which the mean token order for the N3 individuals is below the
equilibrium in each of the first 13 rounds, and the mean token order of the N7
individuals is above the equilibrium in each of the first 11 rounds. However, in the
five practice rounds, a pattern similar to that of Phase I is observed. The mean token
order of the N3 individuals is below the equilibrium, and the mean token order of the
N7 individuals above the equilibrium, in each of the five practice rounds.
Summary of Phase II Experimental Results
In Phase II, the N7 group payoffs are slightly higher than the N3 group
payoffs. This is in contrast to Phase I, where the N7 group payoffs are significantly
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lower than the N3 group payoffs. The individual token orders and group payoffs
observed in the five practice rounds of Phase II are similar to those observed in the
first five rounds of the N7 sessions of Phase I. However, the fact that the losses
resulting from these practice rounds were forgiven appears to have enabled N7 groups
to earn substantially higher cumulative payoffs in Phase II than in Phase I. In contrast,
the practice rounds seemed to have little impact on N3 payoffs and individual token
orders. The N3 group payoffs are slightly lower in Phase II than in Phase I.

V. CONCLUSIONS
The primary goal of this chapter is to examine whether, in an experimental
common-pool resource setting, group size impacts behavior in ways not captured by
the noncooperative game theoretic analysis of Chapter 2.
Laboratory experiments are conducted in which groups of size n=3 (N3) and
n=7 (N7) face the same parametric conditions. The experiments yield several
important results. First, the observed group payoffs of both group sizes are
significantly below the predicted equilibrium payoffs. Although payoffs do increase
with experience, they remain significantly below the equilibrium level even in later
rounds. Because both N3 groups and N7 groups earn payoffs below the equilibrium
prediction, these results provide little support for the notion that small groups are
likely to coordinate on cooperative strategies to improve payoffs above those predicted
by noncooperative game theory.20
In the Phase I experiments, N7 groups earn significantly lower payoffs than
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N3 groups. This is due, in part, to negative payoffs earned in the first five rounds of
the experiment. Nevertheless, the relative to equilibrium payoffs, the mean group
payoffs for N7 groups are lower than those of N3 groups in each of the three
experimental series. This difference in payoffs between N7 and N3 groups vanishes
in Phase II, where subjects participate in five practice rounds prior to Series 1. In
fact, in Phase II, N7 groups earn slightly higher payoffs than N3 groups. The practice
rounds seem to help N7 groups to earn higher payoffs, but have little effect on the
payoffs of N3 groups.
Although the token orders of the N7 and N3 individuals relative to the
equilibrium prediction differ substantially in the initial rounds of the experiment, the
results of these experiments generally suggest that no significant group size effects
exist once subjects gain sufficient experience. In the later rounds of the experiment,
the aggregate token orders and efficiencies of both N3 and N7 groups closely follow
the equilibrium prediction.

137

Table I
Experimental Design for Rounds 1-10 and 21-30

1

G = Group Payoffs per round; I = G/n = Individual Payoffs per round. All
payoffs are in computer dollars per round. To calculate the corresponding
payoffs in U.S. currency, multiply by the appropriate exchange rate, which is
given on the bottom row of this table.
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Table II
Experimental Design for Rounds 11-20

1

G = Group Payoffs per round; I = G/n = Individual Payoffs per round. All
payoffs are in computer dollars per round. To calculate the corresponding
payoffs in U.S. currency, multiply by the appropriate exchange rate, which is
given on the bottom row of this table.
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APPENDIX A
Handouts Given to Subjects
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CONSENT FORM
This experiment is one in a series of experiments being conducted to investigate
individual decision making. Funding for this experiment has been provided by several
agencies of the Federal Government.
Having reviewed the instructions for this experiment, we are required by Indiana
University procedures to record your formal consent to participate in this experiment.
Your participation in the experiment involves making investment decisions as
described in the instructions. At the end of the experiment, you will be paid your
earnings privately in cash. Your individual decisions will remain anonymous to the
group. Your identity will never be identified as part of the published results from this
experiment. The experiment is expected to last from one to two hours.
If you have any questions concerning the experiment please feel free to ask the
experimenter. Your participation is voluntary. If you wish not to participate, please
inform the experimenter now. Otherwise, please sign the consent statement below.
I have received a copy of this consent form. My participation in this research study
is completely voluntary. I may choose not to participate or may withdraw at any time
without prejudice concerning any future contact I may have with any of the
researchers. I wish to participate in this experiment:
Signed

Date

If you wish further information concerning this experiment, contact:
James M. Walker
Dept. of Economics
Ballantine 805
Phone: 855-2760

Roy Gardner
Dept. of Economics
Ballantine 822
Phone: 855-8974

If you have questions regarding your rights as a subject, contact:
Research Risk Office
Human Subjects Committee
Bryan 10
Bloomington, Indiana 47405
Phone: 855-3067
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COST TABLE
THIS TABLE DISPLAYS THE SPECIFIC COST PER TOKEN FOR TOKENS PURCHASED BY THE GROUP
TOKEN NUMBER (COST)
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PRACTICE EXAMPLES
N = 3 , Base cost = $0.01, Increment = $0.01
These examples are for illustrative purposes only. The numbers used in the example
have been chosen to simplify the illustration.
EXAMPLE 1:
Assume you are in the 1st Round of the Experiment. Suppose you place an order for
10 Tokens and the other members of the group order 56 Tokens - for a total group
order of 66 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST this round?
4) What will be YOUR TOTAL TOKEN COSTS this round? _ _ _ _ _
5) What would be YOUR PROFIT for this round?
EXAMPLE 2:
Assume you are in the 4th Round of the Experiment. Suppose you place an order for
40 Tokens and the other members of the group order 100 Tokens - for a total group
order of 140 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST this round?
4) What will be YOUR TOTAL TOKEN COSTS this round?
5) What would be YOUR PROFIT for this round?
ARE THERE ANY QUESTIONS?
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PRACTICE EXAMPLES (CONT)
N = 3 , Base cost = $0.01, Increment = $0.01
The following two examples are given in order to illustrate the payoffs associated with
potential token order combinations. The numbers used in the example have been
chosen to simplify the illustration.
EXAMPLE 3:
Suppose that in a given round each player orders 10 tokens, so that the total group
token order is 30. (Note: it will generally NOT be the case that all players order the
same number of tokens, this is simply an example). The following table calculates the
payoff for each player.

EXAMPLE 4:
Suppose that in a given round, player 1 orders 20 tokens, player 2 orders 40 tokens,
and player 3 orders 60 tokens, so that the total group token order is 120. The
following table calculates the payoff for each player.
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PRACTICE EXAMPLES
N = 3 , Base cost = $0.02, Increment = $0.02
These examples are for illustrative purposes only. The numbers used in the example
have been chosen to simplify the illustration.
EXAMPLE 1:
Assume you are in the 1st Round of the Experiment. Suppose you place an order for
10 Tokens and the other members of the group order 56 Tokens - for a total group
order of 66 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST this round?
4) What will be YOUR TOTAL TOKEN COSTS this round?
5) What would be YOUR PROFIT for this round?
EXAMPLE 2:
Assume you are in the 4th Round of the Experiment. Suppose you place an order for
40 Tokens and the other members of the group order 100 Tokens - for a total group
order of 140 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST this round?
4) What will be YOUR TOTAL TOKEN COSTS this round?
5) What would be YOUR PROFIT for this round?
ARE THERE ANY QUESTIONS?
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PRACTICE EXAMPLES
N = 3 , Base cost = $0.02, Increment = $0.02
The following two examples are given in order to illustrate the payoffs associated with
potential token order combinations. The numbers used in the example have been
chosen to simplify the illustration.
EXAMPLE 5:
Suppose that in a given round each player orders 10 tokens, so that the total group
token order is 30. (Note: it will generally NOT be the case that all players order the
same number of tokens, this is simply an example). The following table calculates the
payoff for each player.

EXAMPLE 6:
Suppose that in a given round, player 1 orders 20 tokens, player 2 orders 40 tokens,
and player 3 orders 60 tokens, so that the total group token order is 120. The
following table calculates the payoff for each player.
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PRACTICE EXAMPLES
N7, Base cost = $0.01, Increment = $0.01
These examples are for illustrative purposes only. The numbers used in the example
have been chosen to simplify the illustration.
EXAMPLE 1:
Assume you are in the 1st Round of the Experiment. Suppose you place an order for
10 Tokens and the other members of the group order 56 Tokens - for a total group
order of 66 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST this round?
4) What will be YOUR TOTAL TOKEN COSTS this round?
5) What would be YOUR PROFIT for this round?
EXAMPLE 2:
Assume you are in the 4th Round of the Experiment. Suppose you place an order for
40 Tokens and the other members of the group order 100 Tokens - for a total group
order of 140 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST this round?
4) What will be YOUR TOTAL TOKEN COSTS this round?
5) What would be YOUR PROFIT for this round?
ARE THERE ANY QUESTIONS?
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PRACTICE EXAMPLES (CONT)
N7, Base Cost = $0.01, Increment = $0.01
The following two examples are given in order to illustrate the payoffs associated with
potential token order combinations. The numbers used in the example have been
chosen to simplify the illustration.
EXAMPLE 3:
Suppose that in a given round EACH PLAYER ORDERS 10 TOKENS. (Note: it will
generally NOT be the case that all players order the same number of tokens, this is
simply an example). The following table calculates the payoff for each player.
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PRACTICE EXAMPLES (CONT)
N7, Base Cost = $0.01, Increment = $0.01

Suppose that in a given round, player 1 orders 10 tokens, player 2 orders 20 tokens,
player 3 orders 30 tokens, player 4 orders 40 tokens, player 5 orders 50 tokens,
player 6 orders 60 tokens, and player 7 orders 70 tokens. The following table
calculates the payoff for each player.

Also note that parentheses indicate negative payoffs.
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PRACTICE EXAMPLES
N7, Base cost = $0.02, Increment = $0.02
These examples are for illustrative purposes only. The numbers used in the example
have been chosen to simplify the illustration.
EXAMPLE 1:
Assume you are in the 1st Round of the Experiment. Suppose you place an order for
10 Tokens and the other members of the group order 56 Tokens - for a total group
order of 66 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST this round?
4) What will be YOUR TOTAL TOKEN COSTS this round?
5) What would be YOUR PROFIT for this round?
EXAMPLE 2:
Assume you are in the 4th Round of the Experiment. Suppose you place an order for
40 Tokens and the other members of the group order 100 Tokens - for a total group
order of 140 Tokens.
Using the BENEFITS AND COSTS TABLE:
1) What will be your CASH BENEFIT?
2) What will be the BASE COST for the first token ordered in this round?
3) What will be the AVERAGE TOKEN COST this round?
4) What will be YOUR TOTAL TOKEN COSTS this round?
5) What would be YOUR PROFIT for this round?
ARE THERE ANY QUESTIONS?
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PRACTICE EXAMPLES (CONT)
Base Cost = $0.02, Increment = $0.02
The following two examples are given in order to illustrate the payoffs associated with
potential token order combinations. The numbers used in the example have been
chosen to simplify the illustration.
EXAMPLE 3:
Suppose that in a given round EACH PLAYER ORDERS 10 TOKENS. (Note: it will
generally NOT be the case that all players order the same number of tokens, this is
simply an example). The following table calculates the payoff for each player.
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PRACTICE EXAMPLES (CONT)
Base Cost = $0.02, Increment = $0.02
EXAMPLE 4:
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APPENDIX B

This appendix lists the Novanet experiment names in "watermon" with experiments
reported in this chapter.

Phase I, N3a:

Experiment 21, groups 1,2,3

Phase I, N3b:

Experiment 23, groups 1,2
Experiment 24, group 2

Phase I, N7:

Experiment 22, groups 1,2
Experiment 24, group 1

Phase II, N3:

Experiment 27, group 2
Experiment 28, group 2
Experiment 29, group 2

Phase II, N7:

Experiment 27, group 1
Experiment 28, group 1
Experiment 29, group 1
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ENDNOTES
1. The different exchange rates are employed for the following reason. When groups
of n=3 and n=7 earn roughly the same payoffs at the equilibrium, the equilibrium
payoffs of individuals in the n=3 group are over twice as large as that of the
individuals in the n=7 group. The exchange rate in the N3b design is reduced by 50%
to control for this potential difference in individual payoffs.
2. This increase in the cost parameters from $0.01 to $0.02 is not the focus of the
present study. These experiments also served as trainers for subsequent experiments
in which the cost parameters were varied.
3. The computerized instructions used in these experiments were the same as those
used in the time-independent experiments reported in Chapter 3. These instructions
are shown in Appendix A of Chapter 3. However, different handouts were given to
subjects. The handouts used in these experiments are given in Appendix A of this
chapter.
4. The test statistic is T=2.
5. In Table III, there is little difference between the computer payoffs earned by
groups in the N3a design compared to groups in the N3b design. For this reason, the
results of the N3a and N3b design will be pooled and reported as results of N3 groups
for the remainder of the results section.
6. The test statistics for Series 1, 2, and 3 are T=0, T=7, and T=8, respectively.
7. Subjects were told that if they earned negative profits in the experiment they would
not be required to pay the experimenters the amount of their losses; instead, they were
told that they would simply earn no money for the experiment.
8. The test statistic is £7=1.
9. The test statistics for Series 2 and 3 are U=3 and U=7, respectively. For Series
1, £7=1; therefore, in Series 1, the null hypothesis that rN3 and rN7 can be rejected at
α=.05.
10. Due to a computer malfunction, the Series I individual token order data for Phase
I subjects participating in the N3a design was lost. Thus, the N3 token orders for this
Series 1 shown in Figures 2 and 3 include only the token orders of the 9 subjects in
the N3b design. The Series 2 and 3 data shown in these figures includes the orders
of all 18 of the N3 subjects.

163

11. The test statistics in Rounds 1 and 2 are U=41 and U=48.5, respectively.
Because both sample sizes are larger than 8, the distribution of U is closely
approximated by the normal distribution. The relevant z-statistics for Rounds 1 and
2 are z=-2.42 and z=-2.08. Thus, the null hypothesis that the individual token orders
for the N3 and N7 individuals are the same can be rejected at α=.05 for Rounds 1
and 2.
12. The exact probabilities are 211/1,048,576 and 1351/1,048,576 and are calculated
in the following manner. Define "success" to be the observation of a mean greater
than the equilibrium prediction in a given round. Under the null hypothesis, the
probability of success and the probability of failure both equal 0.5. In 20 independent
trials, the number of combinations producing exactly 20, 19, 18, or 17 successes or
failures is 1, 20, 190, and 1140, respectively. Thus, the probability of observing 18
or more successes in 20 trials is (.5)20(211), and the probability of observing 17 or
20
more failures is (.5) (1351),
13. The per period earnings for the N3a groups was also lost for Series 1 due to the
computer malfunction. Thus, the N3 group earnings for Rounds 1-5 and 6-10 include
only the N3b groups.
14. Unless otherwise stated, observed group payoffs throughout this section do not
include the five practice rounds.
15. The test statistic is T=2.
16. The test statistics for Series 1, 2, and 3 are T=0, T=6, and T=2, respectively.
17. The test statistic is T=6.
18. The test statistics for Series 1, 2, and 3 are T=0, T=25, and T=14, respectively.
19. A comparison of Tables 4 and 6 shows the dramatic increase in the payoffs earned
by N7 groups in Phase II as compared to Phase I. However, with the sample size
(three Phase I N7 groups and three Phase II N7 groups), the difference between the
N7 Phase I and II means would be significant using the Mann-Whitney test only if the
three Phase I groups ranked 1, 2, and 3 when the six Phase I and II N7 payoffs are
ranked in ascending order. In reality, the Phase I groups rank 1, 3, and 4. Thus,
while the Phase II payoffs are considerably higher than the Phase I payoffs for N7
groups, I have been careful to use the term "substantially higher" rather than
"significantly higher.M
20. This result needs to be qualified. In some sense, even the groups of three in this
experimental design were not "small." In the context of collusive behavior, smallness
generally implies the existence of mechanisms through which the members of the
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group can coordinate their actions. In this experimental design, no such mechanisms
exist. In other experimental studies in coordinating mechanisms such as face-to-face
communication (Ostrom, Gardner, and Walker, 1994) or voting mechanisms (Walker,
Gardner, Ostrom, and Herr, 1996) exist, groups of seven and eight are able to
coordinate on efficiency-improving strategies.
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CHAPTER 5
Concluding Comments

This dissertation examines the behavior of individuals appropriating from a
common-pool resource (CPR) using the tools of game theory and experimental
methods. The game theoretic CPR model developed by Gardner, Moore, and Walker
(GMW) provides a foundation for both the theoretical and experimental analyses. This
dissertation builds on the work by GMW by providing an extensive study of the
properties of the game theoretic model (Chapter 2) and experimental studies of the
impacts of time-dependency (Chapter 3) and group size (Chapter 4) in a CPR setting.
The GMW model attempts to capture important elements of the CPR dilemma.
The benefits received by player i in period t depend only on i's own extraction, xit:

(1)
while the costs incurred by i depend on his or her own extraction as well as the total
group extraction, Xt:
(2)
Thus, the individual net benefit function in each period, t, is made up of two
components, one of which depends only on the extraction of the individual, Bit, and
the other, which also depends on individual and group extraction, Cit.
Chapter 2 derives several important properties of the GMW model. The first
relates to the number of appropriators using the resource (group size) that maximizes
the equilibrium group payoffs from the resource. This group size is an important
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consideration in situations where it is feasible to limit access to the resource but not
to monitor the extraction of individuals allowed to extract from the resource. In the
time-independent game, equilibrium group payoffs are maximized at the group size:
(3)
Note that no is increasing b, but decreasing in k. From (1), b can be interpreted as the
rate at which marginal benefits decrease due to an increase in an individual's own
extraction. In other words, b measures the extent to which an individual will limit his
or her own extraction, regardless of the extraction of others. On the other hand, k is
a measure of the severity of the externality, as shown in (2).
With these interpretations of b and k, it is not surprising that n0 is increasing
b and decreasing in k. For larger values of b, there are greater gains from spreading
resource use among many appropriators; thus, it makes sense that n0 is increasing in
b. Conversely, for severe externality levels, k, equilibrium group payoffs will reach
a maximum at smaller group sizes. Equation (3) provides insight into the preferred
group size in a CPR setting. This equation is consistent with Gisser (1983), who
argues that the existence of declining marginal benefits in groundwater pumping
implies the possibility that total welfare can be increased by increasing the number of
irrigators. It is also consistent with the notion that when resource units are sold in a
competitive market, which leads to a small value of b, restricting access will likely
increase total welfare.
This group size, n0, which maximizes equilibrium group payoffs, is in contrast
to the group size that would maximize social welfare if all externalities were
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internalized by players or by a planner. In this model, due to declining marginal
benefits, the group size that maximizes social welfare is infinite for b > 0.
A second important theoretical result relates to the ability of players commit
to an extraction path in the time-dependent game. Eswaran and Lewis (1984) and
Reinganum and Stokey (1985) present CPR models in which the ability of players to
commit to an extraction path has an extreme impact on the equilibrium of the CPR
game. Chapter 2 shows that, in the context of the GMW game, this ability to commit
does impact the equilibrium, but not as severely as suggested by these other authors.
In particular, it is shown that the difference the efficiencies obtained when players can
commit (EN) as compared to when they cannot (JET) is given by:
(4)
It is easily seen from (4) that the efficiency difference vanishes as the group size, n,
gets large. Thus, the results reported by Eswaran and Lewis (1984) and Reinganum
and Stokey (1985) should be considered as an extreme case.
The experimental studies reported in Chapters 3 and 4 provide important
insights into the behavior of individuals in CPR settings. Chapter 3 focuses on the
behavioral impact of time-dependency in a CPR setting. Two principal findings
emerge from this study. First, observed behavior is consistently closer to the subgame
perfect equilibrium prediction than to the efficient outcome, both in the timeindependent and time-dependent designs. Second, relative to the subgame perfect
equilibrium prediction, the payoffs observed in the time-dependent designs are
significantly lower than those observed in the time-independent design. It appears that
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the lower payoffs observed in the time-dependent designs are due, at least in part, to
myopic behavior by subjects. Indeed, the individual token orders more closely follow
the myopic path than either the subgame perfect equilibrium or optimal paths for eight
of the ten time-dependent groups.
The experiments reported in Chapter 4 focus on impact of group size in the
time-independent CPR setting. The primary finding of this study is that, once subjects
gain sufficient experience, there are no significant differences in the behavior of
individuals participating in groups of size 72=3 as compared to those participating in
groups of size n=7. However, in the initial rounds of the experiment, the individuals
in the n=3 groups order more tokens than individuals in 72=7 groups, contrary to the
equilibrium prediction. As a result, the 72=3 groups earn consistently higher payoffs
in the initial rounds than the n=7 groups. With experience, aggregate token orders
of both n=3 and 72=7 groups tend toward the equilibrium prediction; however, the
two groups approach this level from different directions. The groups of 72=3 tend to
approach the equilibrium prediction from below, while the groups of 72=7 approach
this prediction from above.
The results of these experimental studies have important policy implications.
First, they suggest that, in a world with minimal institutional constraints on behavior,
the tragedy of the commons indeed exists. In both studies, the equilibrium provides
a reasonable prediction of behavior at the aggregate level. The myopic behavior
observed in the time-dependent setting further exacerbates this problem. In addition,
the low payoffs earned by groups of 72=7 further suggests that subjects in an
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experimental CPR setting fail to fully consider the costs that their actions impose on
themselves, as well as others. The results of these experiments suggest that future
research is needed to investigate the prevalence of myopic behavior in such decision
environments and the potential for institutional arrangements to improve performance
by containing this behavior.
This dissertation contributes to the literature on CPRs in the following ways.
The CPR game model attempts to capture the essential features of CPR dilemmas
occurring in the field. Within the context of this model, simple formulas are derived
to address the impacts of group size, heterogeneity, and the ability of players to
commit to an extraction path on the equilibria of the game. These formulas give
insight into the magnitude of these impacts as a function of the parameters of the
model. Furthermore, the experiments reported in this dissertation represent a new
approach to studying the CPR dilemma. To this point, few authors have conducted
CPR experiments, however, such experiments provide an excellent opportunity to
examine behavior under various physical and institutional CPR environments.
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