


Appropriation Externalities in the Commons:
Repetition, Time Dependence, and Group Size

1. Introduction

A common-pool resource (CPR) is any resource in which exclusion is either economically or

politically infeasible. CPRs include groundwater basins, fisheries, forests, grazing ranges, and

irrigation systems around the world in which property rights (or the ability to uphold such rights) do

not allow for privatization. An appropriation externality is present in the CPR whenever the

appropriation activity by one individual affects the net returns to appropriation activities by other

individuals. For instance, in a groundwater basin, pumping by one individual increases the depth to

water, and hence, cost of pumping, to other appropriators. It is precisely this sort of cost-side

externality that we study here.1

One can distinguish between two kinds of appropriation externalities arising on the cost side:

those that are restricted to within a period (time independent), and those that stretch over several

periods (time dependent). More precisely, when there are crowding effects during a period which lead

to increases in appropriation costs which do not carry over to future periods, there is a time

independent externality. When the crowding affects affect both intra and inter-period appropriation

costs there is a time dependent externality. One of the goals of this paper is to separate the effects of

these two types of externalities. One policy motivation for this type of analysis is that a set of policies

that addresses one type of externality may fail to address another type, if the two types are of a

sufficiently different nature, or if there are behavioral regularities peculiar to one. Thus, they may

require very different policy responses in an overall attempt to improve economic performance.

In this study, we separate these two types of externalities by examining behavior in a time

independent game that is repeated and in a time-dependent supergame. By studying both types of

games in an experimental laboratory, we can examine the relative impacts of the two externalities

separately. We also investigate the role of group size in these two environments. It has long been held
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Solve this optimization problem for each individual appropriator by dynamic programming.

Let Vit(ct) denote the optimal value of the resource to producer i at time t, given that the depth to

water is ct. The recursive equation defining the value function is given by:

(17) Vit(ct) = max Uit(xit) - Cit(xit,Xt,ct) + V i t+1(c t+1).

The transversality condition for this problem is that the value of the resource to producer i after time

T is zero, regardless of the depth to water:

(18) V I t + 1 = 0.

It remains to find the form of the optimal value function Vit(ct). Consider the last period T. One can

show, differentiating (17), and using (18), that the optimal decision in the last period is given by:

(19) xIt = (a - cT - B)/(2b + (n+l)A).

Further, the optimal value function for the last period is given by:

(20) VIt(cT) = 0.5(a - cT - B)2/(2b + (n+l)A).

In the event that T = 1, the last period is the only period and (20) gives us the equilibrium.

One can show by mathematical induction that for general time t, the equilibrium decision

function takes the form:

(21) xit = Lit(a - ct - B)

and the equilibrium value function takes the form:

(22) Vit(ct) = Kit(a - ct - B)2.

The proportionality factors Lit and Kit in equations (21) and (22) are given by the nonlinear recursive

equations:

(23) Lit = (1 - 2kKit+1)/(2b +(n+ 1)A - 2k2nKit+1)

and

(24) Kit = Lit - (b + Na)Lit
2 + K i t+1(l - knLit)

2.

One derives the symmetric subgame perfect equilibrium by starting the recursion with (18),

substituting (18) into (23) to get LIt, substituting LIt into (24) to get KIt, and working back from there
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to the beginning, t = 1. Equations (20) and (21) represent the first two steps of the solution process.

Since this is a symmetric equilibrium, the solution for appropriator i is the same for all

appropriators. Note that the recursive equations (23) and (24) are different from those defining the

optimal solution. Thus, the subgame perfect equilibrium is not an optimum. Suppose that the program

is one period long (T=l). Then the equilibrium and the optimum both start at C1. Comparing (11)

and (23), one has that:

(25) nLil = l/(2b/n + ((n+l)/n)A) > l/(2b/n + 2A) = Lt.

The subgame perfect equilibrium for T= l implies over appropriation relative to the optimal solution.

This continues to hold true for T> 1. The subgame perfect path is virtually exponential, thus differing

markedly from the optimal path's constant depletion rate. Initial periods have very high depletion

rates, while later periods have almost no depletion. This is precisely the phenomenon of "racing for

the water." At this equilibrium, each appropriator has an incentive to deplete the relatively cheap

water at the top of the aquifer before other agents capture it. This equilibrium produces a lower

payoff from the water resource.

3. Experimental Design and Decision Setting

The experimental design focuses on three conditions: (1) a "time independent" baseline where

group size (n) equals 2, T = 1, the constituent game is repeated 10 times, then subjects are regrouped

and a second series of 10 decisions rounds is conducted, (2) a group size treatment where n=5, T = l ,

the constituent game is repeated 10 times, then subjects are regrouped and a second series of 10

decision rounds is conducted, and (3) a "time dependent" treatment where n=2 and T=10, then

subjects are regrouped and a second series is conducted. In sessions where n=2, subjects were

informed that they would not be playing against the same person in the second series of decisions. In

sessions where n=5, subjects were informed that no group would remain the same in the second

series of decisions. Subjects were not informed before the first series of 10 decision rounds that a



second series would follow. However, at the beginning of the second series, subjects were informed

the second series would be the last series.

Decision Setting

The laboratory strategy space can be summarized as follows. Subject i makes a decision xit in

each round t. The decision xit is itself integer-valued with a lower bound of 0 and an upper bound

given as a constraint dependent upon the parameters of the particular session. The units of the

decision are called "tokens." Payoffs according to the net benefit function are evaluated at integer

values of the arguments of that function.3

The decision problem faced by the subjects in the time independent environment can be

summarized as follows.

Each subject had a single decision to make each round, namely how many tokens to order.
Each knew their individual benefit function (expressed in tabular form). A base token cost of
$0.01 was stipulated for each decision round. The instructions explained that token cost
increased by $0.01 for each token ordered by the group and token cost for an individual in a
given round would be the average token cost for that round times the number of tokens the
individual ordered in that round. All subjects made purchasing decisions simultaneously.
Subjects were explicitly informed of the number of rounds in the series. After each decision
round, subjects were informed of the total number of tokens ordered by the group, the cost
per token for that round, and their profits for that round.

The decision problem faced by the subjects in the time dependent environment can be

summarized as follows.

Each subject had a single decision to make each round, namely how many tokens to order.
Each knew their individual benefit function (expressed in tabular form). A base token cost of
$0.01 was stipulated for round 1. The instructions explained that token cost increased by
$0.01 for each token ordered by the group and token cost for an individual in a given round
would be the average token cost for that round times the number of tokens the individual
ordered in that round. The base cost for the next round was computed by adding one to the
aggregate number of tokens ordered in previous rounds, and then multiplying this total by
$0.01. All subjects made purchasing decisions simultaneously. Subjects were explicitly
informed of the maximum number of rounds in the experiment. After each decision round,
subjects were informed of the total number of tokens ordered by the group, the cost per token
for that round, the new base cost for tokens purchased in the next round, and their profits for
that round. Subjects were also told if the base token cost ever reached a level where there was
no possibility of earning positive returns to buying tokens, the experiment would end.



Parameterizations

The parameters k = l , C1 = 0, A = B = 0.5 govern equation (1) and are the same for all

experiments. Remaining parameters and other important design considerations are shown in Tables 1

and 2. In each treatment condition the parameters of the benefit function were adjusted so that per

capita earnings at the group optimal strategy were approximately equal. Subjects were informed that

all values were in "computer dollars" and the exchange rate between computer dollars and U.S dollars

was 4 computer dollars = $1 U.S.

For the time independent CPR game played 10 times, the repeated game optimum is the one-

shot optimum played 10 times, and the subgame perfect equilibrium path is the one-shot game

equilibrium played 10 times. With only two players, the one-shot optimum and equilibrium are rather

close together, both in strategy space (17 vs. 21 tokens) and in "computer dollars" ($37.90 vs.

$35.80). In particular, the coefficient of resource utilization (CRU, Debreu [1951]) is 94% at the

subgame perfect equilibrium. As shown in Table 1, relative to n = 2, the repeated game treatment

with n = 5 gives a slightly higher optimal value ($38.70), but a somewhat lower optimal individual

withdrawal rate (11). In contrast to n = 2, the valuations generated by the subgame perfect equilibria

are significantly lower than optimum with n = 5. Per capita payoff to each appropriator at the

subgame perfect equilibrium is only $30.70, for an implied efficiency of $30.70/$38.70 = 79.3%.

Thus, according to subgame perfection, an increase in group size from 2 to 5 on a CPR of

comparable optimal value will lead to an efficiency loss of about 15% (94.5% - 79.3%).

Table 2 displays the optimal and subgame perfect equilibrium withdrawal paths for the time

dependent case. The optimal path requires each individual to appropriate 6 units each round. Along

the subgame equilibrium path, each individual appropriates 33.83 units in the first round, 16.25 units

in the second round, 7.81 in the third. By round 7, the equilibrium path predicts zero appropriation

levels. As shown in Table 1, the time-dependent game with n = 2 and T = 10 has an optimal value

of $39.10 per player, and subgame perfect equilibrium paying $29.76 per player. The implied
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efficiency of equilibrium is $29.76/$39.10 = 76.1%. Thus, according to subgame perfection, the

addition of an intertemporal externality on a CPR of comparable optimal value will lead to an

efficiency loss of about 18% (94.5% - 76.1%).

Subjects

All experiments were conducted at Indiana University utilizing the NovaNet computer system.

Volunteers were recruited from undergraduate introductory economics courses. Before volunteering,

subjects were informed they would participate in a decision making experiment, would be paid in

cash, and they could expect the experiment to last between 1 and 1.5 hours. Subjects privately went

through a series of instructions (available from the authors upon request) and had the opportunity to

ask the experimenter a question at any time during the experiment. Subjects were informed they

would be paid privately in cash at the end of the experiment.

4. Experimental Results and Discussion

Results are reported for a total of 28 experimental series conducted over the three design

conditions: (1) six series using the time independent, n=2 (TI, n=2) baseline condition, (2) sixteen

series using the time independent, n=5 (TI, n=5) group size treatment, and (3) six series using the

time dependent treatment with n=2 (TD, n=2). The 28 series were conducted in the following

fashion.

Initially, one set of experiments was conducted for each of the three design conditions using

subjects chosen from large lecture Introductory Economics classes. In this context, a "set" of

experiments refers to one experimental sitting. Using the Novanet system, up to three groups of

experiments can be run simultaneously. Each of the initial experiments involved three groups, each

participating in two series. Thus, each "set" of initial experiments actually consisted of six series

experiments.

Because of the low efficiencies observed in the initial time independent group size
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experiments, we conducted two additional sets of experiments using this treatment. In the first set of

additional experiments, subjects were drawn from the initial group size experiments. This set of

experiments will be referred to as the experienced-nonhonors group size experiments. We had hoped

to bring back all 15 of the original group size subjects; however, only 13 of these subjects were

available limiting us to two groups of n=5.4 In the second set of additional group size experiments,

subjects were recruited from honors introductory economics courses. These experiments will be

referred to as the inexperienced-honors group size experiments.

Overview of Experimental Results

The results from the experiments described above will be discussed in detail during the

colloquium. The discussion will center around the following five key observations drawn from the

experimental data.

Observation 1: The efficiencies observed in both time independent treatments (baseline and group size)

were well below the Nash equilibrium predicted efficiencies.

Observation 2: The efficiencies observed in the inexperienced, time independent treatments (initial

group size and inexperienced-honors group size) were particularly low.

Observation 3: The efficiencies observed in the time independent treatments tended to increase with

experience.

Observation 4: The average efficiency observed in the time dependent treatment was close to the Nash

equilibrium predicted efficiency.

Observation 5: The average efficiency observed in the time dependent treatment increased with

experience; however, this increase was not as marked as the increase in efficiencies observed with
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experience in the time independent treatments.

These observations are supported by the experimental data presented in Tables 3-7 and

Figures 1 and 2, which have been included in this packet. These tables and figures will provide the

basis for much of the colloquium discussion.
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Endnotes

1. See Ostrom, Gardner, and Walker (1994) for a more extensive discussion of the structure of
externalities related to appropriation in CPRs.

2. This section is based on Gardner, Moore, and Walker (1994),

3. It would have been preferable to have parameterized an experimental design with the subgame
perfect equilibrium path and the optimal path each taking on integer values at each point at time.
Given the complexity of this decision problem, meeting each of these criteria was impossible.

4. Compared to the initial experimental session in which this group participated, efficiencies were
higher and token orders were lower when part of the group returned as experienced subjects. We
were concerned that the subjects that returned for the additional experiments had exhibited lower
token orders and higher profits than those who did not participate in the second experiment. This is
simply not the case; the subjects used in the second experiment actually earned lower profits and
averaged higher token orders than those who did not participate in the second experiment.
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