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The sustainable use of common pool resources (CPRs) such as fisheries constitutes

a major challenge for society. A large body of empirical studies conducted in discrete

time indicates that resource users are able to prevent the ‘tragedy of the commons’

under institutional arrangements that can promote cooperation. However, the variability

exhibited by the human behaviour and the dynamic nature of renewable resources

require continuous time experiments to fully explain the mechanisms underpinning

the sustainable use of resources. We conducted CPR experiments in continuous

time to investigate how the extraction behaviour of resource users changes in

real-time in response to changes in resource availability under communication and

no communication. We find that when communication is allowed, users adjust their

extraction efforts based on knowledge of previous resource availability. In contrast,

when communication is not allowed, users do not incorporate resource availability into

their utility function. These results suggest that communication does not merely provide

a forum for coordination but mediates a causal relationship between resource levels

and extraction behaviour. Our findings may help the development of effective resource

management policies.

Keywords: common pool resource, strategic behaviour, institutional arrangements, tragedy of the commons,

fishery, sustainability

1. INTRODUCTION

Many common pool renewable resources are exploited beyond their regenerative capacities. For
example, more than 33% of fish stocks around the world, which constitute a critical source of
food, nutrition and employment for millions of people, are fished at biologically unsustainable
levels (FAO, 2018). Despite a great variety of management tools (e.g., Marine Protected Areas
with many different characteristics in relation to restrictions, which can range from fishing only
specific species, or allowing limited recreational activities, to no-take, or even no-use) and policies
(e.g., fishing quotas, incentives, and different forms of participation of resource users to fishery
management decisions) are being adopted in many different contexts since decades, the state of
marine fisheries has continued to decline (Pauly and Zeller, 2016).
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Management procedures (Butterworth and Punt, 1999)
and, more specifically, Management Strategy Evaluation (MSE)
frameworks (Smith et al., 1999) have become widely used
in fishery management because they help to evaluate the
effectiveness of different policies at the ecosystem level and based
on multiple and conflicting objectives. With the integration of
observational data and simulation models, these frameworks
upgrade traditional management approaches by systematically
dealing with uncertainties and by accounting for the dynamic
nature of resource systems (Punt et al., 2016). Simulative tools
such as Agent-Based Models are also gaining popularity in
fishery management (e.g., Bailey et al., 2019; Owusu et al.,
2020). Agent-Based Models constitute a bottom-up modelling
approach that incorporates the behaviour of many heterogeneous
actors dynamically responding to changes in resource availability
and other social and economic aspects and are also used
in MSE frameworks (Burgess et al., 2020). These evaluation
frameworks are thus decision support tools for natural resource
managment, in which many components of the resource system
are modelled simultaneously to analyse the performance of given
management policies.

Whereas management procedures and evaluation frameworks
represent important operational tools for evaluating different
management measures against user- and resource-oriented
objectives, at a more fundamental level, common-pool resource
(CPR) game experiments have been used over the last
decades to understand the basic factors driving human-resource
interactions and have thus contributed to the definition of
governance and management measures for specific resource
systems (Ostrom et al., 1994). In particular, experimental
research on the governance of common-pool resources (CPR)
has enabled social scientists to disentagle the effects of multiple
factors on specific aspects of common pool resources like, for
example, user behaviour or resource levels (Ostrom, 2006),
and to replicate results with diverse participants (Falk and
Heckman, 2009). Experimental tools are particularly relevant
when the object of investigation is the causal relationship between
variables because in a laboratory setting the components of a
theoretical situation can be carefully established and all factors
can be controlled thus avoiding that they confound the analysis
(Ostrom, 2006).

Common Pool Resource (CPR) experiments have shown, for
example, that the "tragedy of the commons" (Hardin, 1968) can
be avoided, and that under certain institutional arrangements
(e.g., when participants can communicate) resource users can
cooperate to maintain the CPR at sustainable levels (Ostrom
et al., 1994). To account for resource dynamics, CPR experiments
incorporate resource levels, whether as a static or as a dynamic
externality. In the static case, the resource regenerates to its
original level at the beginning of every round. In the dynamic
case, the stock of the resource is taken over from one round to the
next, including its growth rate (Bru et al., 2003). In these round-
based experiments, resource users receive information on the
resource levels at the beginning of each round andmake decisions
on the effort they want to exert during harvest. As resource levels
and user efforts update only once per round, these experiments
can be understood as discrete time experiments. Discrete time

(or round based) experiments lack realism because in real-world
user-resource interactions the resource continuously changes and
users update their extraction behaviour repeatedly over time
(Brandt et al., 2017).

Previous work shows that the sustainability of CPRs
constitutes a long-standing challenge due to the highly dynamic
nature of ecosystems (Schill et al., 2015). A recent study focused
on the dynamic relationship between extraction effort and
resource availability (Safarzynska, 2018) found that resource
scarcity affects extraction behaviour. Besides this study and a
few other exceptions (Janssen et al., 2010; Oprea et al., 2011;
Bigoni et al., 2015), most of our experimental knowledge on
CPR managament is based on experiments conducted in discrete
time. Therefore, comparatively less attention has been devoted
so far on the causal links between resource levels and efforts
exerted by users under continuous time conditions. This aspect
is of crucial importance because the dynamic nature of both
human behaviours and ecological resources inherent to every
CPR system involves feedback that are not accounted for in
discrete time settings. While uncertainties related to resource
dynamics are widely studied, their effects on the behaviour of
users received less consideration (Fulton et al., 2012).

We conducted CPR experiments mimicking a fishery to
gain insights on the way resource dynamics interact with effort
dynamics. The experiments were conducted in continuous time
using the open-source software OGUMI, specifically designed
for this purpose (Brandt et al., 2017). In contrast to similar
existing software tools (see Janssen, 2014, for a review), which
focus on standard game theoretical situations (Pettit et al., 2014),
are difficult to run in the field (Goldstone and Ashpole, 2004),
or are not designed to capture real-time user responses to
dynamically varying resources (Fischbacher, 2007; Chen et al.,
2016), OGUMI produces high-frequency time-series that record
the instantaneous adaptive reaction of humans to changing
resource levels on mobile platforms (Brandt et al., 2017).
In our experiments, we considered two classic institutional
arrangements: communication and no communication (Balliet,
2010). We then used a stochastic process model to analyse the
causality between the data on extraction behaviour and resource
levels produced with our experiments. A fairly large body of
literature shows that communication increases cooperation due
to the beneficial effects of coordination (e.g., Ostrom, 2006;
Balliet, 2010; Oprea et al., 2014; Mantilla, 2015). Here we find
evidence that communication does not merely provide a forum
for coordination (e.g., Turner et al., 2014) but mediates a causal
relationship between resource levels and extraction behaviour
that leads to sustainable harvest.

2. EXPERIMENTAL DESIGN AND DATA
ANALYSIS

To investigate the dynamic relationship between resource and
effort levels, we conducted a CPR experiment with two classic and
well-studied treatments (see, for example, Ostrom, 2006), namely
communication and no communication. In the first treatment,
participants were invited to hold face-to-face discussions as the
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TABLE 1 | CPR treatments and demographic data.

Treatment No. of Age Gender Income

participants (m± sd) (males, females) (med, iqr, max)

Communication 32 35 ± 16 (22, 10) (1, 1, 6)

No communication 38 35 ± 14 (16, 22) (1, 1, 7)

The personal income level, in Euros and on an annual basis, is composed of items on a

7-point scale: 1 is < 8,000, 2 is from 8,000 to 15,000, 3 is from 15,000 to 20,000, 4 is

form 20,000 to 25,000, 5 is from 25,000 to 35,000, 6 is from 35,000 to 50,000, and 7

is above 50,000. m, mean; sd, standard deviation; med, median; iqr, interquartile range;

max, maximum.

experiment progressed, thus as the effort decisions were taking
place. In the second treatment, subjects were prohibited from
communicating with one another, thus effort decisions were
not affected by explicit group goals. Participants were seated
in the same room at about 3 m from each other. Face-to-
face communication involved continuous discussions on the
effort levels to exert and on the consequences that increasing
or decreasing efforts was having on the resource. Therefore, in
the treatment that allowed communication, participants decided
about their harvest in a cooperative manner.

We conducted the experiments at the Leibniz Centre for
Tropical Marine Research in Bremen, Germany, in August
2015 and February 2016. We recruited 70 participants through
an online platform for small jobs in Bremen. None of the
subjects had participated in an economic experiment before. All
subjects gave their informed consent for inclusion before they
participated in the study, and the experiments were conducted
anonymously. Participants were selected to reflect different
demographic characteristics with respect to age, gender, and
income (Table 1).

The experiments were conducted using OGUMI, a software
designed to run CPR experiments in continuous time (Brandt
et al., 2017). With OGUMI, the levels of a common fish pool are
updated in real-time while participants extract from the common
pool, according to the classic Schaefer’s model (Schaefer, 1991):

dR

dt
= G−H = µRR

(

1−
R

K

)

− qR

N
∑

i=1

Ei (1)

Where R is the resource level, t is time, G is the resource gross
growth, which is assumed to follow a logistic function with
carrying capacity K and maximum growth rate µR, H is the
harvest rate (i.e., the amount of fish extracted per time), N is
the total number of resource users (i.e., the participants in our
experiments), Ei is the fishing effort exerted by participant i, and
q is the catchability coefficient (defined as the fraction of the
resource fished per unit effort).

Three experimental sessions were run for each treatment
(Table 2). In all sessions, participants constantly received
(through the OGUMI screen) information on the status of the
resource, their individual harvest, and their earnings (payoffs).
Because resource uncertainty was beyond the scope of our
investigation, we assumed that participants had perfect and
continuous knowledge of the resource levels in both treatments.

TABLE 2 | Overview of the different experimental sessions per treatment and

average payoffs the participants earned during each session.

Treatment No. of participants Average payoff (e)

Communication

Session 1 10 14.53

Session 2 9 15.88

Session 3 13 13.44

No communication

Session 1 14 8.52

Session 2 9 12.27

Session 3 15 8.84

Final payoffs were determined by the individual harvests, which
were converted into Euros using a fixed rate. Assuming a
specific cost c per unit effort and a price p per fish unit,
the payoff per unit time of participant i was calculated
as follows:

Payoffi = pHi − cEi (2)

With individual harvest Hi = qREi. Complete information
on how the ecological and financial incentive models
(Equations 1 and 2, respectively) are parameterised is
provided in Supplementary Text. Fishing effort is defined
in our system as a non-dimensional index varying from
0 (equivalent to no effort and thus to no harvest) to 10
(equivalent to maximum effort), see Supplementary Text

for full details on model parameterisation. Each participant
independently decided on how much fishing effort to
exert, and could change this effort at any time during
the experiment. All changes in effort and their effects
on the resource level were updated instantaneously
in real-time.

Each experimental session involved the following steps: (1)
each participant received an Android tablet upon arrival; (2)
instructions were provided in writing and read aloud when all
participants were in the room; (3) a test experiment was run for
nearly 4min to allow participants to familiarise with the software;
(4) the actual CPR experiment was run for 10 min (600 s); (5)
participants answered a series of questions, which allowed us
to gather the demographic information mentioned above and
reported in Table 1. All experiments were run with an initial
resource level of 20 fish and a carrying capacity (K in Equation
1) of 100 fish.

From the time-series obtained in all sessions, we excluded
the first 100 s to remove confounding effects due to an initial
transient phase before average steady conditions are established
and potential delays with which participants started the game.
The time-series were then checked for stationarity, tested for
co-integration, and examined with respect to the order of
integration. We then applied the following vector autoregressive
(VAR) model:
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Rt = α1 +

m
∑

i=1

β1,i Rt−i +

m
∑

i=1

γ1,i Et−i

+ u1,t (3)

Et = α2 +

m
∑

i=1

β2,i Rt−i +

m
∑

i=1

γ2,i Et−i

+ u2,t (4)

where R, E represents resource and effort,
respectively; m is the lag-length; α1, α2 are constants;
β1,i···1,m, γ1,i···1,m, β2,i···2,m, γ2,i···2,m, are coefficients; and
u1,t , u2,t are white noise error terms.

For the treatment that showed co-integrated variables,
we specified a VAR with an error-correction term (VECM)
as follows:

1Rt =

m−1
∑

i=1

β1,i 1Rt−i +

m−1
∑

i=1

γ1,i 1Et−i − λ1 ECTt−1

+ u1,t (5)

1Et =

m−1
∑

i=1

β2,i 1Rt−i +

m−1
∑

i=1

γ2,i 1Et−i − λ2 ECTt−1

+ u2,t (6)

where 1 is the difference operator; ECT is the error-correction
term; and λ1, λ2 are the error-correction coefficients. The
optimal lag length m of the model was chosen based on the
Schwarz Information Criterion.

On the estimated VAR model, we conducted an impulse
response analysis to study the dynamic interaction between
the variables in both treatments. Finally, we tested a causal
relationship between the variables. Specifically, we tested whether
previous knowledge on resource levels showed a cause-and-effect
relationship with current effort levels using the Toda-Yamamoto
approach (Toda and Yamamoto, 1995):

Rt = α1 +

k=m+dmax
∑

i=1

β1,i Rt−i +

k=m+dmax
∑

i=1

γ1,i Et−i + u1,t (7)

Et = α2 +

k=m+dmax
∑

i=1

β2,i Rt−i +

k=m+dmax
∑

i=1

γ2,i Et−i + u2,t (8)

where dmax is the maximal order of integration of the variables.
Causality between resource and effort exists if the null hypothesis
Ho: β2,1 = β2,2 = · · · = β2,m 6= 0 is verified. The
Toda-Yamamoto approach is a sophisticated and well-established
econometric test that involves estimating a VAR model in
levels of the variables irrespective of whether the time series is
integrated or co-integrated. In contrast to conventional causality
tests, such as the standard Granger’s test, which estimates a
VAR model in the first differences of the variables (Granger,
1969), the Toda-Yamamoto test has the potential to overcome
the problem of invalid asymptotic critical values when causality
tests are performed in the presence of non-stationary or even
co-integrated variables.

Empirical evidence shows that in laboratory experiments
non-standard subjects display similar behavioural patterns to
resource users and that they are appropriate subjects for
examining human behaviour in relation to public policy design
(Janssen et al., 2011; Exadaktylos et al., 2013). Based on this
evidence and following the recommendations of Harrison and
List (2004), we undertook artefactual field experiments where
subjects were drawn randomly from the streets. This approach
(which is alternative to the more common and easier approach
of using students) provided us with some variability in socio-
demographic characteristics, such as age, gender, and income,
thus allowing us to assemble a heterogeneous population also in
terms of time preferences. In doing so, we created a "convenience
sample" of subjects with a good degree of heterogeneity and, thus,
some level of generalisability.

3. RESULTS AND DISCUSSION

Participants were able to consistently maintain a mean resource
level of about 44 fishes (i.e., 44% of carrying capacity) when
communication was allowed (Figure 1A), and of about 18 fishes
(i.e., 18% of carrying capacity) when communication was not
allowed (Figure 1C). Also, average earnings per session were
higher under communication than under no-communication
(Table 2). By defining sustainable conditions those that, in
relative terms, are characterised by (1) resource levels closer
to carrying capacity and (2) higher earnings, we found that
participants harvested more sustainably under communication
than under no-communication. In the last few seconds
of the experiments, participants did not see any need in
preserving the resource because they knew the experiments
were about to end (a well-known end-game effect; see, for
example, Janssen et al., 2010), thus resource levels reached
minimum values. The final values of the resource were
32 and 12 fishes for, respectively, the communication and
no-communication treatments.

On a qualitative ground, our experiments showed that
when effort is high, resource levels are low and vice versa
under both treatments (Figures 1A,C). From a quantitative
point of view, the results of our experiments showed that
resource levels were on average 2.5 times higher (t =

−5.89, p < 0.02) and effort levels were on average
1.5 times lower (t = 5.75, p < 0.02) for the
treatment allowing communication compared to the treatment
not allowing communication (Supplementary Table 1). Under
communication, both resource and effort were non-stationary at
levels but became stationary after first difference, i.e., integrated
of order one (Supplementary Tables 2, 3). However, under
no communication, resource was non-stationary at levels but
became stationary after first difference, i.e., integrated of order
one, and effort was stationary at levels, i.e., integrated of order
zero (Supplementary Tables 4, 5).

The results of the cointegration test (Supplementary Table 6)
suggests that the null hypothesis of a single cointegration vector
for the communication treatment cannot be rejected. Thus, we
conducted a VECM for the communication treatment and a VAR
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FIGURE 1 | Summary of results. Time-series of resource and effort levels obtained with the CPR experiments under (A) communication and (C) no communication.

Resource and effort blue and red lines, respectively, in (A,C) are averages of the three experimental sessions we run for each treatment, see Table 2. The carrying

capacity is set to 100 fishes in all sessions. Impulse response analysis showing responses of effort to changes in resource levels for (B) communication and (D) no

communication (red lines). The dashed lines represent the 95% confidence intervals and the continuous horizontal lines mark the zero.

TABLE 3 | Results of the causality test using the Toda-Yamamoto approach.

Null hypothesis (Ho) χ
2 value df p-values Decision

Communication

Resource does not change effort 12.10 3 0.01 Reject Ho

No communication

Resource does not change effort 1.90 3 0.59 Cannot reject Ho

for the no communication treatment (the model parameters and
tests are presented in Supplementary Tables 7–10).

Figure 1B shows that for the communication treatment,
an unanticipated change in resource level significantly and
permanently lowers effort in the first 20 s. A different pattern
emerged for the no communication treatment, whereby efforts
responded only temporarily and with a slight (albeit significant)
decline in the first 12 s (Figure 1D). In addition, the Toda-
Yamamoto causality test indicated that the lagged values of
the resource levels significantly predict effort levels for the
treatment allowing communication (χ2 = 12.10, p = 0.01,
Table 3). In contrast, the lagged resource level had no significant
impact on effort when communication was not allowed (χ2 =

1.90, p = 0.59, Table 3).
The fact that changes in resource levels have permanent

effects on effort levels only when communication is
allowed constitute a novel result in the field of common

pool resource experiments, indicating that as long as
participants communicate among each other, the long-
term relationship between resource and effort levels creates
sustainable conditions.

Human behaviour is considered a key source of uncertainty
in fisheries management because unexpected behaviours can lead
to unintended management outcomes (Fulton et al., 2012). Over
the past years, CPR experiments studying the impacts of different
institutional arrangements on harvest behaviour have received
a great deal of attention. However, besides a few exceptions
(e.g., Janssen, 2010; Owusu et al., 2019), all these experiments
are conducted in discrete time. Due to the dynamic nature
of ecological resources and because the behaviour of users in
continuous time is different from what is expected in discrete
time (Bigoni et al., 2015), continuous time experiments are able to
capture the coupled dynamics between resource levels and effort
and should thus produce more realistic results.

By conducting continuous-time CPR experiments mimicking
a fishery, we revealed a causal relationship between resource
levels and effort under the communication treatment. The
role of communication in promoting cooperation is well
established (Balliet, 2010). Our results, however, add to
this knowledge by showing that effort levels respond to
dynamic changes in resource levels when communication is
allowed. We suggest that the ubiquitous variation observed
in cooperation (McClung et al., 2017) is not exclusively
related to either the human sphere (e.g., harvest behaviour)
or the ecological sphere (e.g., resource characteristics and
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variability) but is a result of the coupled dynamics of the
user-resource system.

The relevance of our findings encompasses different aspects.
First, in the specific context of common pool resource
experiments, the outcome that resource levels are dynamically
coupled to variability in effort substantiates the need to move
away from the traditional approach of running experiments in
discrete time. Second, the study also confirms that our open-
software OGUMI is a useful tool for running common pool
resource experiments in continuous time. OGUMI, moreover,
can be further developed and expanded to include specific
features of fisheries. For example, effort, which is now simply
connected to the ammount of fish extracted from the common
pool, can be related to effective costs associated to fuel
consumption, crew, or licencing fees in order to run laboratory
experiments under more realistic conditions. Also, the ecological
model underpinning the common pool in OGUMI can be further
developed to simulate local resource patchiness and multiple fish
species or to focus on specific, high-value species (e.g., bluefin
tuna) for which consumers are willing to pay high enough prices
so that even if abundances decline fishing is still profitable. Third,
although only a small piece in the much broader and more
complex puzzle of fishery management, the mechanistic link we
found, i.e., the fact that effort levels respond to resource levels
under communication, can be used to constrain simulative tools,
such as Agent-Based Models, that capture more realistically the
complexities of fishery management. For example, our result can
be used as a workbench to drive (or, else, as a reference for)
Agent-Based Models in which communication is represented by
sharing information (e.g., about the location or the abundance of
the catch, see: Klein et al., 2017).

Being affected by the typical constraints of laboratory contexts,
our study is, of course, limited by the specific assumptions
and simplifications adopted. For example, although we used
a group of participants with varying socio-demographic traits,
these traits may not be truly representative of the diversity of
behaviours and skills that can be found across populations of
real fishermen. We also assumed perfect knowledge in resource
levels, although uncertainties in the amount of available resources
can play a critical role in real-life situations. As summarised
by Fulton et al. (2012), uncertainties also involve fishermen
behaviours, which vary in space and time and are thus context-
specific. Our findings, however, reveal the possibility to predict
future effort levels based on the dynamics of past resource levels
depending on the specific institutional arrangement considered

and, if confirmed by experiments with real fishermen and
under uncertainties in resource levels, can contribute to the
development of resource management strategies.
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