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Recursos Comunes sin Tragedia: dinamicas de muestreo y
extraccion cooperativa de recursos

Juan Camilo Cardenas, César Mantilla y Rajiv Sethi

Resumen

Este trabajo reconsidera la evidencia experimental basada en juegos de recursos de uso comun desde la
perspectiva de un modelo de dindmica de muestreo. A pesar de ser libre de parametros, el modelo es
capaz de replicar algunas de las caracteristicas mas llamativas de los datos: distribuciones de frecuencia
monotonicas, el uso persistente de acciones estrictamente dominadas, y heterogeneidad estable en las
elecciones. Argumentamos que estos patrones no pueden ser completamente explicados por las teorias
existentes basadas en preferencias sociales y normas sociales, y que la dindmica de muestreo puede
proporcionar una explicacién complementaria util para explicar el comportamiento en los dilemas
sociales.
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1 Introduction

Common property, as distinct from open access, is a regime involving a well-defined set of
users, each of whom has rights to the extraction of an economically valuable resource. Many
inshore fisheries, grazing lands, forest areas, and water resources are accessed under these
conditions. The notion that such resources could be exploited in a manner that is sustainable
and reasonably efficient is supported by numerous case studies, as well as theoretical models

and experimental tests using subjects in the lab and the field.!

Experimental studies of common pool resource games have generally followed the protocol
introduced by Ostrom et al. (1992, 1994). These experiments involve a finite number of
rounds in which subjects take actions intended to mimic the extraction of a resource held
as common property. This involves a negative externality, since higher levels of extraction
reduce the marginal returns to extractive effort of all players. Standard equilibrium analysis

predicts over-extraction of the resource relative to efficient levels under these conditions.

The behavior of experimental subjects typically deviates substantially from this equilib-
rium prediction in a number of interesting respects. All available actions are chosen with
positive frequency, with strictly dominated actions being chosen persistently and often. The
frequency distribution has a monotonic structure with higher levels of extraction, which are
less individually costly, being selected more often. Average extraction is relatively stable

over time, lying below equilibrium levels but above efficient levels.

We argue in this paper that these patters cannot be adequately explained by existing
theories of other-regarding preferences or social norms and propose an alternative model
that appears to fit the data well. This alternative is based on the notion of sampling equilib-
rium, introduced by Osborne and Rubinstein (1998). The basic idea underlying a sampling
equilibrium is that individuals try out multiple actions, observe payoffs, and subsequently
adopt actions that were the most rewarding. A sampling equilibrium is then a distribution
of actions in a population that reproduces itself in the sense that the likelihood with which
that action is taken matches the probability with which it is the most rewarding under the

sampling procedure.

As demonstrated by Osborne and Rubinstein, a sampling equilibrium can involve the play

of strictly dominated strategies with positive probability. However, every pure strategy Nash

1See Ostrom (1990) for theory and evidence, Bromley (1992) for a collection of case studies, Ostrom et
al. (1992, 1994) for early experimental tests, Cardenas (2011) for more recent field experiments, and Sethi

and Somanathan (1996) for an evolutionary argument.



equilibrium is also a sampling equilibrium, so the model does not predict that dominated
actions must be played with positive probability. To obtain this stronger claim, one can
use a refinement of sampling equilibrium based on dynamic stability (Sethi, 2000). This
refinement can select a unique sampling equilibrium in many games, and this happens to be
the case in the prototypical common pool resource game. Significantly, the unique stable
sampling equilibrium in such games involves the play of dominated strategies with positive
probability, and implies a monotonic frequency distribution very much like those observed

in the data.

We establish these claims by examining data from a variety of experimental studies,
all involving common pool resource games. These include the classic studies of Ostrom et
al. (1994), as well as more recent implementations with different payoff specifications. We
find a striking congruence between predicted and observed frequency distributions in all
implementations that involve student populations, although there is some bias towards more
efficient actions relative to predictions based on stable sampling. For non-traditional subject
populations involving individuals who need to manage common pool resources effectively in
daily life, however, predictions based on sampling match the data less well. This is because
individuals from these latter populations manage to obtain greater efficiency in resource use

relative to student populations.

Our work contributes to a large literature on theoretical models of experimental behavior.
One strand of this literature develops the idea that the material payoffs faced by experimental
subjects do not accurately reflect their objective functions because they care about the entire
payoff distribution, and perhaps also because their utilities are belief dependent as in the
theory of psychological games.? A second class of models, especially well suited to the

analysis of repeated games, relies on reinforcement or other forms of real-time learning.?

These two distinct approaches have been merged in recent work by Arifovic and Ledyard
(2012), who embed social preferences in a learning model with the goal of accounting for
the basic stylized facts emerging from public goods experiments. Social preferences are
introduced by allowing for individuals to care about both efficiency and envy, where the

former is represented by average payoffs and the latter by any shortfall in one’s own payoff

2Specific forms of other-regarding preferences capturing concerns for fairness and reciprocity have been
proposed by Levine (1998), Fehr and Schmidt (1999), Bolton and Ockenfels (2000), Charness and Rabin
(2002), and Cox et al. (2007). Belief-dependent utilities play a central role in Rabin (1993), Dufwenberg
and Kirchsteiger (2004), and Falk and Fischbacher (2006), all of whom employ the theoretical construct of

psychological games (Geanakoplos et al. 1989).
3See Erev and Roth (1998), Roth and Erev (1995), Hanaki et al. (2005), and Arifovic et al. (2006) for

examples.



relative to the average. Learning is modeled as follows. At each period there is a finite
list of remembered actions from which choices are made in accordance with a probability
measure. The items on this list need not be unique: a given action can have multiple
replicates. Replication in each period takes place on the basis of hypothetical performance
in the immediately preceding period, with an action that would have performed poorly being
replaced by one that would have done better. This measure of hypothetical performance
also determines which action is played in any given period, with higher valued actions being
selected with greater likelihood. In addition, the list of remembered actions itself changes

over time, as incumbent items are replaced by novel ones with some probability.

The approach taken in the present paper disregards social preferences entirely, and our
model of stable sampling equilibrium is parameter free. In contrast, the Arifovic and Led-
yard model has six free parameters. The parameter independence of our model is both a
strength and a weakness. We are able to replicate certain aspects of observed behavior with
high precision without imposing any parameter restrictions at all, which we view as a pos-
itive feature of the model. However, this comes at a cost, since the data do indicate that
social preferences matter, and especially so for populations whose livelihoods depend on the
effective management of common pool resources. In principle, an extension of the stable
sampling equilibrium framework to allow for social preferences should be a straightforward

task, and one that seems worth exploring in future research.

The rest of the paper is organized as follows. Section 2 introduces the basic structure
of a common pool resource game and takes a first look at the data from one experimen-
tal implementation. The concept of sampling equilibrium is then introduced in Section 3,
together with the refinement that sharpens the predictions of the model. We examine the
congruence between predicted and actual frequency distributions for student data in Section
4, and consider the data from villagers with common property management experience in 5.

Section 7 concludes.

2 Experimental Common Pool Resource Games

The basic structure of a common pool resource game is as follows. There are n players, each
of whom faces a set of ordered actions {ej,e; + 1,...,e,,}, interpreted as levels of resource
extraction. It is typically assumed that e; is either 0 or 1. The action chosen by player i is
denoted x;, and the aggregate extraction level is



n

X:Z(L’j

j=1
The payoffs to each player depend only on her own action and the aggregate action, and

may be written
m = g(x;, X).

The function ¢ is increasing in the first argument and decreasing in the second. That is,
given a level of aggregate extraction, those with higher individual extraction levels get higher
payoffs, but an increase in one person’s extraction level lowers the payoff of all others. This
external effect results in a divergence between individual incentives and collective interests,

and equilibria with inefficiently high levels of extraction under standard assumptions.

Various versions of this game have been studied experimentally, following the pioneer-
ing work of Ostrom et al. (1992, 1994). There are five aspects of behavior that emerge
consistently in this set of experiments: all available actions are chosen with non-negligible
frequency in the subject population as a whole, more individually costly actions are cho-
sen with lower frequency, most subjects choose a variety of strategies over the ten rounds,
the average level of extraction within groups is stable over time and intermediate between
efficient and equilibrium levels, and the heterogeneity in action choice does no appear to
diminish over the rounds. We shall argue that the concept of stable sampling equilibrium

accounts for this set of stylized facts.

As motivation for the model, we begin by describing the findings from one implementation
of a common pool resource experiment (Cardenas, 2004) and discuss the data from other
studies in Section 4. Consider the following payoff function:

b2
T = ar; — ;’ + ¢(ne, — X), (1)

where a,b, and ¢ are positive constants. The first two terms reflect private benefits and
costs arising from one’s extraction level, while the third term captures the negative effect of

higher aggregate extraction on each individual’s payoff.

As long as n¢ > a, aggregate payoffs are maximized when all individuals ¢ choose the
lowest extraction level z; = 1, and any symmetric action profile other than this is Pareto-
dominated. In addition, if a > ¢ and b is sufficiently small, then equilibrium extraction
levels will be inefficiently high. Experimental parameters were set as follows: a = 60, b = 5,
¢ =20, n =5 and e, = 8 Under these conditions the choice of x; = 8 is a dominant

strategy, while social surplus is maximized if z; = 1 is chosen by all players. The social



dilemma then appears in its starkest form: efficiency demands minimum extraction while

maximum extraction is a dominant strategy.

Each session consisted of ten rounds, during which all participants had access to a payoff
table based on the function (1); see Table A.1 in the Appendix. Individuals chose extraction
levels (columns of the table) simultaneously in each of the rounds. At the end of each round,
once all choices had been made, the aggregate extraction level was computed and announced
publicly. Given this information, each subject was able to deduce her individual payoff from
the table, by looking at the corresponding row and the chosen column. This was the only

communication received by the subjects after each round.*
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Figure 1: Distribution of strategies for the student sample in Cardenas (2004)

Based on this protocol, Cardenas (2004) reports results from two subject populations:
students and villagers.> The latter set of participants are drawn from communities in which

management of resources held as common property is a routine and economically important

4Many of the experiments described here and in Section 4 had a second stage designed to uncover the
effects of different institutions: one-shot and repeated communication, pecuniary and non-pecuniary penalties
and endogenous rule-making. Although the first stage provides a baseline for the analysis of the effects of
institutions introduced in the second stage, it also constitutes an independent source of analysis of human
behavior in absence of coordination mechanisms. As we show below, there is remarkable consistency across

experimental studies in the first-stage data.
SExperiments based on the same payoff function are also reported in Rodriguez et al. (2008) and Cérdenas

(2011).



activity. Here we present the student data, and defer discussion of the field data to Section
5.

Figure 1 displays the distribution of strategies aggregated by participants and rounds.
In general, higher extraction levels are chosen with greater frequency, and the dominant
action (maximum extraction) is chosen about one-fifth of the time. These aggregates mask
considerable variation in action choice at the individual level across rounds: about 70% of
subjects chose maximum extraction at least once, while less than 1% chose this action in

every round.

The considerable variability across rounds in actions chosen by given individuals is re-
vealed in Figure 2. A negligible proportion of individuals limited themselves to a single
action. About 88% of subjects chose at least four distinct actions across the ten rounds, and
about 72% chose at least five. This suggests considerable experimentation on the part of

subjects.

30 T

20 b

15} 1

Percentage

1 2 3 4 5 6 7 8
Number of different strategies chosen in 10 rounds

Figure 2: Different choices used by a player in 10 rounds

Next consider the manner in which the average action choice varies over rounds, shown in
Figure 3. We see neither a convergence to the equilibrium action, nor to the efficient action.

In fact, the average extraction level remains quite steady at an intermediate level.

It is conceivable that the intermediate extraction level seen in Figure 3 reflects conver-

gence to an equilibrium of a different game, obtained by transforming the material payoffs



in the table to allow for social preferences. Models of inequality aversion, for instance could
predict intermediate extraction levels with suitably calibrated parameters. Alternatively, it
is possible that the intermediate extraction level seen in the figure corresponds to a norm
that restrains pure self-interest and promotes efficiency, but not to the extent of attaining

welfare maximization of the group.

[NRNERNI Nasheq.
m— Students
r  mf= 1 Social opt.

5 — —~—~——

Average extraction

Round

Figure 3: Average level of extraction over time

However, each of these explanations would require a decline in the variability of actions
within groups as coordination on a social preference equilibrium or norm guided focal point
were attained. This is not what we see in the data. Figure 4 shows that the within-group
variance does not seem converge to zero, or even to diminish systematically over time. The
left panel corresponds to the dynamics of the within-group standard deviation for the first
ten rounds for the complete sample. We observe that the average standard deviation per
group per round lies between 1.6 and 2.6 units throughout. To get a sense of what these
magnitudes mean, note that a standard deviation of 1.6 would obtain if the the five players
chose five different but consecutive actions. Higher values are obtained if the actions are
even further dispersed: the choices {1,4,5,6,7} would generate a standard deviation of 2.3,

still below the upper bound in the data.

To rule out the possibility that ten rounds are too few for convergence to obtain, the right
panel of the figure shows data for three sessions in which interaction occurred over twenty
rounds rather than ten. Again we see that that the variance of actions is maintained at a

roughly constant level throughout.



Avg. Standard Deviation (within group) by round
Avg. Standard Deviation (within group) by round

Figure 4: Average standard deviation (by group) over time

The distribution of actions chosen by participants and the stability over time of both the
mean and the variance of this distribution suggest that conventional models based on social
preferences cannot fully account for the data. In particular, the heterogeneity of actions
at the level of an individual is suggestive of sampling and action selection in response to
observed payoffs. We next describe a model of sampling equilibrium and a refinement based
on dynamic stability that together predict a distribution of actions with full support and

monotonic frequencies very much like that seen in Figure 1.

3 Sampling Equilibrium

The key idea underlying the concept of sampling equilibrium is that when faced with a novel
strategic situation, individuals will experiment with actions, observe outcomes, and choose
among available choices based on realized payoffs. The problem of selecting an action is
viewed, in effect, as a multi-armed bandit problem in which a given probability distribution
over the actions of others determines the consequences of any given choice by the subject in
question. A sampling equilibrium is a distribution which is self-generating, in the sense that
the probability of selecting an action conditional on this distribution matches the probability

with which this action is taken in the distribution.

Formally, consider a symmetric game with actions {ey,...,e,}, and let 7 = (711, ..., Tp)
denote some arbitrary probability distribution over these actions. Now suppose that a player

samples each of the actions exactly once and, on each such trial, her opponent plays the

10



mixed strategy given by 7. Once all actions have been sampled, each will be associated with
a realized payoff. Suppose that the player who is sampling selects the action with the highest
realized payoff, breaking ties with uniform probability. Let w;(7) denote the probability that
action e; is selected under this procedure. One interpretation of w;(7) is that it denotes the
probability that action e; is selected when one’s opponent at each step of the sampling

procedure is independently drawn from a large population in which a proportion m; always

play e;.

A sampling equilibrium is simply a mixed strategy n* that satisfies

w;(m*) =7}

for all 7. That is, for each action e;, the likelihood that it will be selected is equal to the
likelihood with which is it currently being played. This may be interpreted as a steady
state of a dynamic process in which a large incumbent population is choosing actions in the
proportions 7, ..., T,, while new entrants choose actions in accordance with wy (), ..., w, (7).
Such a dynamic process is implicit in the justification for sampling equilibrium offered by

Osborne and Rubinstein, and requires that the rates of change 7; satisfy
7; > 0if and only if w;(7) > m;. (2)

Stability with respect to this dynamic process can be used as a criterion for selection among

multiple sampling equilibria.

The set of sampling equilibria can be large. It is easily seen, for instance, that every
strict Nash equilibrium is also a sampling equilibrium. But sampling equilibria can also be
surprising, and involve the choice of actions that are strictly dominated. In fact, this can
occur even in sampling equilibria that are stable with respect to the dynamics (2). The

following example, taken from Osborne and Rubinstein (1998), illustrates.

Consider the two player, three action symmetric game with payoffs as follows. Each

individual has three actions, {1,2,3}, with payoff matrix given by

o N O
Ot = W
N = O

There is a dominant strategy equilibrium at (0, 0, 1) which is also a sampling equilibrium and
yields each player a payoff of 2. But there is a second sampling equilibrium at (0.20, 0.28,0.52)
in which both strictly dominated actions are played with positive probability. It turns out

that only the latter equilibrium is stable under the dynamics (2). In fact, the basin of

11



attraction of this equilibrium is the entire unit simplex, excluding the single point (0,0, 1).
That is, trajectories from any initial state m # (0,0, 1) converge to the sampling equilibrium

in which dominated actions are played with positive probability.

To get some intuition for why this is the case, consider an initial state 7 = (g,¢,1 —
2¢). We shall show that if ¢ is sufficiently small, so the initial state is close to the unique
Nash equilibrium, trajectories move away from this equilibrium. That is, the unique Nash
equilibrium of the game is dynamically unstable. To see this, consider the events under
which the third action will be selected under the sampling procedure when one’s opponent
at each stage is independently drawn from a population playing in accordance with 7. There
are three such mutually exclusive events: (i) the opponent takes action 3 in all three samples,
(ii) the opponent takes action 2 when action 3 is sampled, and does not take action 1 when
either action 1 or action 2 are sampled, and (iii) the opponent takes action 1 when action 3

is sampled. Summing the probabilities of these three events, we obtain
ws(z) = (1 —26)* +e(1 —¢)? +e.
Expanding this expression and collecting terms yields
ws(r) = 1 — 4e + o(e?),

where o(g?) represents terms that are of order €* or higher. Hence for ¢ sufficiently small,
wz(x) < 1—2e = x3, so &3 < 1. The sampling dynamics result in a movement away from

the dominant strategy equilibrium.®

Figure 5 depicts the unique stable sampling equilibrium of this game. Two features of
this equilibrium are notable. All strategies, including those that are strictly dominated are
played with positive probability. And the probabilities increase monotonically, with less

individually costly actions being played with higher probability.

One might conjecture that stable sampling equilibria have the same structure for public
goods games more generally. This is only partially true: the characteristics of stable sampling
equilibria depend on the number of players and details of the payoff function. Strictly
dominated actions cannot be played in a stable sampling equilibrium of a game unless the sum

of the number of players and the number of actions is at least five.” For public goods games

6This argument does not depend on the dominated actions being played with the same probability in the
initial state. For a proof of the claim that that the sampling equilibrium in which dominated strategies are

played with positive probability is the unique stable equilibrium, see Sethi (2000).
"Hence the unique stable sampling equilibrium in the prisoners’ dilemma is simply the dominant strategy

equilibrium.

12
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Figure 5: The unique stable sampling equilibrium for the 2 x 3 public goods game.

with many players and actions, the payoff function matters. Specifically, if the efficiency
gains from contribution are too low, then the dominant strategy equilibrium is also the
unique stable sampling equilibrium. Otherwise the frequency distribution has a monotonic

structure very much like that in Figure 5.8

The same exercise can be carried out for the common pool resource game with payoff
function (1), used in the Cardenas (2004) experiments. Again we find two sampling equilibria,
one of which is the dominant strategy equilibrium while the other has full support. The latter
equilibrium is shown in Figure 6. As in the case of the above example, the dominant strategy
equilibrium is unstable under the sampling dynamics, while the equilibrium depicted in the
figure is stable. All trajectories originating at a disequilbrium point converge to the unique

stable equilibrium depicted in the figure.

The qualitative features of the theoretically predicted distribution in Figure 6 bear a
striking resemblance to the empirical distribution of actions shown in Figure 1. In both
cases all available actions are chosen with positive probability, and less individually costly
actions are chosen more frequently. The dominant action is chosen 24% of the time in the

theoretical distribution, and 20% of the time in the data. There is some bias towards more

8Figure A.1 in the appendix shows the unique stable sampling equilibria for three public goods games with

different payoff functions: in two of the three cases dominated actions are played with positive probability.

13
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Figure 6: The unique stable sampling equilibrium for the 5 x 8 CPR game.

efficient outcomes relative to the prediction of the stable sampling equilibrium. In particular,
the efficient action is chosen less than 2% of the time in the predicted distribution, but almost
6% of the time in the data.

We next show that this degree of consistency between theoretical and empirical frequen-

cies arises in a number of other experiments.

4 Predicticted and Observed Extraction Levels

The predicted and observed extraction levels for the data discussed in Section 2 are shown
in Figure 7. (This simply combines information from Figures 6 and Figure 1 into a single
picture.) The qualitative features of the two distributions are similar, but the systematic
bias towards more efficient actions is clear. The empirical distribution is flatter than the
predicted distribution: for low extraction levels we observe realized frequencies larger than
the predicted probabilities, while for high extraction levels we have the reverse. These
differences suggest that other-regarding preferences and social norms also play a role in the

determination of behavior.

14
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Figure 7: Predicted (sampling equilibrium) and realized distributions

Very similar patterns arise when one compares predicted and observed outcomes using
data from other experiments. First consider the design used by Ostrom et al. (1994). Eight
participants, each endowed with 10 tokens, had to divide these between two markets: one
with a fixed rate of return and another with a rate dependent on the total amount invested
by the group. With x; € {0, ..., 10} denoting the amount invested in the latter market, the

payoff to individual ¢ and action profile z was:
x;
() = wle — ) + 2 (X)

if X > 0 and m;(x) = we otherwise. The function f, representing total output from the

common pool resource, was given by
f(X)=0.23X —0.0025X?,

and the fixed rate of return from the outside option was set at w = 0.05. The unique
Nash equilibrium action of this game is z; = 8, while aggregate payoffs are maximized if
X = 36, corresponding to average extraction is z; = 4.5. Hence both equilibrium and

efficient extraction levels are interior.

The experiments involved 56 participants divided into seven groups. In each group,
subjects interacted initially for 10 rounds without any kind of communication, receiving
feedback only about the aggregate extraction level after each round. The realized frequency
distribution is shown in Figure 8, together with the prediction based on the unique stable

sampling equilibrium for this particular set of payoffs.

15
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Figure 8: Predicted and Observed Extraction Frequencies for Ostrom et al. (1994)

For this specification the sampling equilibrium predicts that the lowest three extraction
levels {0, 1,2} will not be chosen with positive frequency. Then the predicted frequencies
rise monotonically from close to zero to 22% for extraction level 9, before declining slightly
at the highest extraction level. Comparing predicted with realized frequencies, we again find
broad qualitative agreement. The lowest three extraction levels are each chosen less than 1%
of the time, and frequencies rise monotonically thereafter, with the exception of a decline at

extraction level 9.

Finally consider the results reported in Carpenter and Cérdenas (2011) for a common
pool resource game with 8 players, 9 extraction levels {0, ..., 8}, and following payoff function

(originally used in Cardenas et al., 2000):

(@) = k Kq _ X;) + (wi - §X2> +w(e— xi)}n.

Parameters were set as follows: w = 30, v = 97.2, ¢ = 3.2, ¢ = 1372.8; k = 2.38 x 10~* and
1n = 2. In this case the Nash equilibrium extraction levels are x; = 6, while aggregate payoffs
are maximized when and x; = 1. As in Ostrom et al. (1994), both efficient and equilibrium

extraction levels are interior.

Experimental data are available for five sessions with 24 participants in each, for a total of

120 subjects, all college students. In each session participants were divided into three groups

16
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Figure 9: Predicted and Observed Extraction Frequencies for Carpenter and Cérdenas (2011)

of eight. Extraction decisions were made over 15 rounds, generating 1,800 observations.
Observed and predicted frequencies for each extraction level are displayed in Figure 9, again
using the unique stable sampling equilibrium as the basis for prediction. The predicted
frequencies increase monotonically at all extraction levels, and observed frequencies follow
the same pattern with the exception of extraction levels 6-7. Recall that this effect arose
also in the Ostrom et al. (1994) data, and it appears that individuals choosing high levels
of extraction are inclined to choose the highest available. This is, in fact, a myopic best
response at all action profiles. Nevertheless, this action is chosen just 21% of the time,

compared to the sampling equilibrium prediction of 17%.°

To summarize, qualitative predictions based on the concept of a stable sampling equilib-
rium fit data on common pool resource games conducted with student participants across a
range of implementations. We turn next to data from the field-lab, with subjects drawn from
populations whose livelihoods depend on the effective management of economically valuable

resources held as common property.

9Furthermore, changes over time in the within-group standard deviation of actions is similar across the

three experiments; see Figure A.2 in the appendix.
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Figure 10: Predicted (sampling equilibrium) and realized distributions for separate samples of

villagers and students

5 Evidence from the Field-Lab

The experiment described in Section 2 was implemented with two distinct subject pools.
The data from urban students has already been discussed, and we now examine the data
from a population of villagers for whom common pool resource management is a routine

activity.

Figure 10 shows the frequency distribution for the both subject populations, alongside the
predictions based on the unique stable sampling equilibrium for this game. As noted above,
there is a close correspondence between the student data and the predicted frequencies,
although subjects appear to choose somewhat lower extraction levels (and hence achieve

slightly improved efficiency) relative to the sampling equilibrium.

This effect is considerably more pronounced in the population of villagers. Although all
extraction levels are chosen with positive frequency by both groups, villagers are less likely to
choose the dominant strategy, and more likely to choose efficient extraction. The dominant
action was chosen 15% of the time by villagers and 19% of the time by students. One-third
of villagers never choose this action at any round. In contrast, the socially optimal action

was chosen 12% of the time by villagers, about twice as often as it was selceted by students.
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Average extraction by villagers was maintained at around 4.5 units, while the within-group
standard deviation was held between 1.7 and 2.3. As with the student data, there is little sign
of convergence to a single extraction level. Furthermore, there is little difference across the
two subject pools in the number of different actions chosen by individuals: 74% of villagers

and 72% of students chose at least five distinct actions over the course of the ten rounds.

These results suggest that social preferences or norms of restraint play a greater role
among villagers than they do among the pool of urban students, mitigating the effects of
sampling dynamics. Put differently, any explanation of behavior based on sampling needs
to take into account the fact that subjects have other-regarding preferences, and that these

may differ systematically across different populations.

6 Statistical Tests

The visual correspondence between observed and predicted extraction levels is striking, but
falls short of a statistical test of the model. We now turn to more a more formal analysis of

the match between theory and data.

Table 1 summarizes some of the key features of the four experimental designs, including
Nash equilibrium and efficient per-capita extraction levels. It also provides some descriptive
statistics. The average extraction in all cases lies between the efficient and equilibrium levels,
and shows no sign of increasing or diminishing over the time. The within group standard
deviation of actions also appears to be stable, and the mean number of actions samples is

large relative to the cardinality of the action set in all cases.

Cérdenas (2004): Ostrom, Gardner Carpenter and Cérdenas (2004):

students and Walker (1994)  Cérdenas (2011) villagers
Number of subjects 230 56 120 705
Subjects per group 5 8 8 5
Number of rounds 10 10 10 10
Action set {1,...,8} {0,...,10} {0,...,8} {1,...,8}
Nash equilibrium 8 8 6 8
Efficient per-capita extraction 1 4.5 1 1
Avg. extraction level: Rounds 1-5 5.16 7.56 4.53 4.60
Avg. extraction level: Rounds 6-10 5.31 7.86 4.71 4.45
Std. dev. (within groups): Rounds 1-5 1.96 2.11 241 2.08
Std. dev. (within groups): Rounds 6-10 1.94 1.93 2.48 2.14
Actions sampled in 10 rounds (mean) 5.37 4.93 4.76 5.49

Table 1: Summary Statistics for the four experiments
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Table 2 reports pairwise correlations between observed and predicted frequencies at each
level of resource extraction. For all three student samples the correlations are statistically
significant, and for the first two columns they are extremely high. This is the case despite
substantial differences in payoff functions, resulting in a boundary equilibrium in one case and
interior equilibria in the other two. The villager data shows no correlation at all, however,
since observed extraction levels were much more uniformly distributed and hence biased
towards efficient levels. These findings are consistent with the visual impression obtained in
Figures 7-10.

Cérdenas (2004):  Ostrom, Gardner Carpenter and Cérdenas (2004):

students and Walker (1994)  Cérdenas (2011) villagers
Correlation 0.9749%*** 0.9375%** 0.7924** 0.0454
(0.0000) (0.0000) (0.0109) (0.9150)

% 5001, ** p<0.05, * p<0.1

Table 2: Pearson correlation between realized and predicted distributions

Table 3 reports results from a regression of observed versus predicted frequencies. Here
the prediction is a slope not different from unity, and lower slopes are indicative of a bias
towards efficiency. We easily reject the hypothesis that the slopes equal zero for the three
student experiments, though not for the one with villagers. Furthermore, we cannot reject
the hypothesis that the slope is 1 for the Ostrom et al. (1994) and Carpenter and Cardenas
(2011) data, although this test has little power. All four point estimates for the slope are
below 1, again suggesting that the omission of social preferences from our model comes at a

cost.

Cérdenas (2004):  Ostrom, Gardner Carpenter and Cérdenas (2004):

students and Walker (1994)  Cardenas (2011) villagers
Slope (B1) 0.528%** 0.887*** 0.707** 0.00709
(0.0468) (0.153) (0.246) (0.0750)
Constant 5.901%** 1.025* 3.252 12.41%%*
(0.640) (0.538) (1.830) (0.797)
Observations 8 11 9 8
R-squared 0.950 0.879 0.628 0.002
Ho: 1 =1 101.76 1.42 0.54 175.23
(0.0001) (0.2727) (0.4804) (0.0000)

Robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1

Table 3: OLS regression: Observed frequency versus predicted probability

Finally, we separately regress observed and predicted frequencies on the extraction level

using a quadratic specification to allow for nonlinearities. This allows us to compare the
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estimated coefficients for the observed data to the estimated coefficients for the predicted

frequencies. The results are shown in Table Table 4.

Cérdenas (2004): Ostrom, Gardner Carpenter and Cérdenas (2004):
students and Walker (1994) Cérdenas (2011) villagers
Observed  Predicted Observed Predicted Observed  Predicted  Observed Predicted
Extraction 2.776%* 3.643%** 0.669 0.975 0.679 2.488%** -0.981 3.643%**
(0.851) (0.681) (1.140) (0.867) (1.312) (0.125) (0.955) (0.681)
Extraction? -0.115 -0.0357 0.179 0.171%* 0.0754 -0.0942%** 0.116 -0.0357
(0.0923)  (0.0739)  (0.110)  (0.0835)  (0.158) (0.0150) (0.104)  (0.0739)
Constant 2.930 -2.982%* -0.532 -1.780 6.688%* 3.204%%* 13.96%*** -2.982%*
(1.669) (1.336) (2.450) (1.864) (2.251) (0.214) (1.873) (1.336)
Observations 8 8 11 11 9 9 8 8
R-squared 0.948 0.990 0.894 0.945 0.686 0.998 0.210 0.990
Hausman test 205.15%** 1.30 2.78 508.77***
(0.0000) (0.5210) (0.2489) (0.0000)

Standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1

Table 4: OLS regression: Frequencies (observed and predicted) versus extraction

As before, the student samples exhibit strong similarities between observed and predicted
coefficients. A Hausman test may be used to compare the regression coefficients, based on
the null hypothesis that coefficients are the same across the two specifications. The Hausman
statistic will be insignificant if the observed and predicted frequencies are sufficiently similar.
We fail to reject the hypothesis of identical coefficients for the Ostrom et al. (1994) and
Carpenter and Cérdenas (2011) data, but reject it for both populations studied by Cérdenas
(2004).

To summarize, the statistical tests confirm what visual inspection led us to believe:
that the concept of stable sampling equilibrium can explain a great deal of the variation in
frequencies from the student samples. Even here, however, there is a bias towards efficiency

that cannot be captured without some appeal to social preferences.

7 Conclusions

Our goal in this paper has been to argue that a simple model of behavior based on the
dynamics of sampling can be used, in conjunction with other hypothesis, to help account for
experimental regularities. Even without incorporating other-regarding preferences, qualita-
tive predictions based on stable sampling equilibrium match observed patterns remarkably

well. In particular, the predicted monotonicity of the frequency distribution in these environ-
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ments appears as a consistent and striking feature of the data when one restricts attention

to student subject pools.

We do not claim that the concept of stable sampling equilibrium alone can account for the
experimental findings; it is clear that social preferences and norms also play a role, especially
for populations with high dependence on common property. Our purpose, rather, has been
to bring to the attention of experimental researchers a versatile theoretical construct that
might be very effective in accounting for observed data when used in conjunction with other

approaches.

Merging a theory of social preferences with sampling dynamics seems both tractable and
worthwhile, although the resulting model will clearly not be parameter-free. Furthermore,
the concept of stable sampling dynamics is versatile and can be applied to any normal
form game. Testing predictions based on this hypothesis in other settings is accordingly an

interesting and potentially fruitful area for future research.
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A Appendix

My level of extraction

Average

1 2 3 4 5 6 7 8 extraction

from others

4 758 790 818 840 858 870 878 880
5 738 770 798 820 838 850 858 860
6 718 750 778 800 818 830 838 840
7 698 730 758 780 798 810 818 820
8 678 710 738 760 778 790 798 800
9 658 690 718 740 758 770 778 780
10 638 670 698 720 738 750 758 760
11 618 650 678 700 718 730 738 740
12 598 630 658 680 698 710 718 720
13 578 610 638 660 678 690 698 700
14 558 590 618 640 658 670 678 680
15 538 570 598 620 638 650 658 660
16 518 550 578 600 618 630 638 640
17 498 530 558 580 598 610 618 620
478 510 538 560 578 590 598 600
19 458 490 518 540 558 570 578 580
20 438 470 498 520 538 550 558 560
21 418 450 478 500 518 530 538 540
22 398 430 458 480 498 510 518 520
23 378 410 438 460 478 490 498 500
24 358 390 418 440 458 470 478 480
25 338 370 398 420 438 450 458 460
26 318 350 378 400 418 430 438 440
27 298 330 358 380 398 410 418 420
28 278 310 338 360 378 390 398 400
29 258 290 318 340 358 370 378 380
30 238 270 298 320 338 350 358 360
31 218 250 278 300 318 330 338 340
32 198 230 258 280 298 310 318 320

Their level of extraction
=
[o)e]
0000 0 NN NNOOOOOTOO UL Lttt P DD W WWWNNNNIRR

Table A.1: Payoff table
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Figure A.1: Sampling equilibrium for Voluntary Contribution Mechanisms (VCM) with five play-
ers, an endowment of 25 tokens to invest in the private or in the common fund, and three different
levels for the MPCR
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