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Abstract
Complex dynamic systems such as common-pool resource systems can undergo a critical 
shift at a given threshold, the so-called tipping point, which potentially requires substantial 
changes from the management system. We present in this research a framed laboratory 
experiment design to examine how the threat of economic sanctions influences the strate-
gic management of a common-pool resource. We use the context of the East Atlantic blue-
fin tuna international fishery as it has been the archetype of an overfished and mismanaged 
fishery until a dramatic reinforcement of its regulations followed the threat of a trade ban. 
We consider endogenous threats and examine their effects on cooperation through harvest 
decisions taken in the context of non-cooperative game theory in which cooperation could 
be sustained using a trigger strategy. Our experiment results show that the threat of eco-
nomic sanctions fosters more cooperative behaviors, less over-exploitation, and a more pre-
cautionary management of resources, reducing the economic rent dissipation. This result 
is exacerbated when the location of the tipping point that triggers the economic sanction 
is uncertain. In order to avoid free-riding behaviors and foster the emergence of a self-
enforcing agreement, we suggest to introduce economic sanctions, such as trade restric-
tions, associated with uncertain biological limit reference points.
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1 Introduction

Like many natural resources, most of the fishery resources and more particularly the inter-
nationally shared fisheries fall into the category of common-pool resources (CPRs), which 
have faced management difficulties in addressing both conservation and economic chal-
lenges leading to over-exploitation (Pauly et al. 1998; Worm et al. 2009). In such CPR, the 
incentives to catch more resources and ignore the external costs are rational because ‘’indi-
viduals’’ (i.e. states, companies etc.) receive benefits for themselves without bearing the 
social costs. Collectively, this rational individual behavior leads to the well-known tragedy 
of the commons (Gordon 1954; Hardin 1968).

Cooperation in CPR dilemmas has been most extensively studied in the context of 
internationally shared fisheries. Despite the legal obligation of States to cooperate within 
a Regional Fisheries Management Organisation (RFMO), States involved in international 
fisheries are not required to reach an agreement, or if an agreement is reached, it is not 
binding or enforceable (Munro et  al. 2004). This sets non-cooperation to be the default 
option resulting from over-exploitation which is exacerbated in the case of international 
fisheries where many countries having divergent interests are involved, and where moni-
toring and management rules are notoriously difficult to enforce (Maguire et  al. 2006; 
McWhinnie 2009; Cullis-Suzuki and Pauly 2010; Teh and Sumaila 2015). Understanding 
the strategic behavior of States in the collective decision-making process of international 
management bodies is critical (Munro et  al. 2004; Fulton et  al. 2011). Theoretical work 
based on game theory has offered important insights about the outcomes of non-coop-
erative harvests (seminal works of Munro 1979; Levhari and Mirman 1980; Clark 1980 
among others) and the gap to fill before reaching a conservative and cooperative agreement 
in the context of international fisheries (Bailey et al. 2010; Hannesson 2011; Pintassilgo 
et al. 2015 for an overview). A key message that emerges from this literature is that the 
prisoner’s dilemma outcome persists and self-enforcing cooperative agreements are gener-
ally difficult to achieve because of the dynamic incentives to overharvest for fishers. How-
ever, much of this work has relied on the assumption of perfect information and excludes 
complex resource dynamics (e.g. non-linearities and multiple stable states) or potential 
shifts of the economic or natural environment (Bailey et al. 2010; Hannesson 2011).

Along with the theoretical development, economic experiments provide a means of 
evaluating strategic behavior in different institutional settings under controlled condi-
tions by comparing direct observations with theoretical outcomes. Experimental research 
on CPR dilemmas has focused on repeated static ecological environments by focusing on 
the institutional aspects altering the strategic uncertainty (‘’social uncertainty’’ defined by 
Messick et  al. 1988). Field and laboratory experiments have accumulated evidence that 
small groups of individuals could manage CPRs efficiently if they have the ability to com-
municate on a face-to-face basis, the autonomy to establish rules allocating rights and 
duties, and the capability to monitor and punish one another (overview in Ostrom 2006 
and Poteete et  al. 2010). This strand of literature has focused on small scale CPRs and 
disregarded large scale CPRs, such as international fisheries, where reaching agreements, 
monitoring, and enforcing rules are critical (Walker et al. 2000). Furthermore, the initial 
protocols have overlooked the dynamics of the social-ecological system in the resolution 
of CPR dilemmas, which have been considered only recently (e.g. Janssen 2010; Cardenas 
et al. 2013).

Large, sudden, and potentially persistent changes in the ecosystem dynamics have been 
extensively documented (e.g. Folke et  al. 2004; Biggs et  al. 2012 and the regime shift 
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database http://www.regim eshif ts.org). If the resilience of the system is eroded, trespassing 
on a tipping point can dramatically change the structure of a marine community for exam-
ple, sometimes with irreversible impacts (hysteresis effects) on the productivity of the tar-
geted species (e.g. the collapse of the North West Atlantic Cod Hutchings and Myers 1994; 
McCain et al. 2015). Social-ecological systems and public opinion display the same kind of 
dynamics with critical transitions (Scheffer 2009). Management systems can switch swiftly 
from a low to a high action level to deal with complex problems (e.g. the management of a 
common-pool resource) with new management frameworks and paradigms beyond a criti-
cal threshold (e.g. below some natural resource stock level, Scheffer et al. 2003).

This paper is inspired and motivated by the case of East Atlantic bluefin tuna (EABFT) 
international fishery discussed in other studies (Brasão et al. 2000). Awareness of public 
opinion by non-governmental organizations (NGO) played a major role in the shift of the 
management system of this highly migratory species (Fromentin et al. 2014). The threat 
of an economic sanction, namely a ban on foreign trade resulting from NGOs campaigns, 
triggered a shift in the management decisions adopted by the International Commission 
for the Conservation of Atlantic Tunas (ICCAT), thus reducing total annual catches from 
approximately 50,000 t between 1998 and 2007, to 10,000 t in 2010 consistent with the 
scientific advice (ICCAT 2012).

Our objective is to analyze how states, sharing a CPR, can coordinate their decisions 
when facing the threat of economic sanctions. In the present study, we rely on an experi-
mental method to appraise the cooperation level in response to the introduction of endoge-
nous tipping points. We performed a framed laboratory experiment mimicking the EABFT 
international fishery management context following the stylized representation of Brasão 
et  al. (2000). We examine the strategic interaction between individuals in the context of 
non-cooperative game theory in which cooperation could be sustained by a trigger strat-
egy. To this end, we limited communication to a non-binding pledge representing the dif-
ficulty to reach and agreements and enforce rules in the context of international fisheries. 
We compared three experimental treatments in which each subject played a dynamic CPR 
game by defining its own quotas as a State involved in the fishery. In the different experi-
mental treatments, some groups faced a simple dynamic system while other groups faced 
tipping point triggering an economic sanction over all subjects. In the latter, some groups 
faced a situation where the tipping point was known, whereas the others faced a situation 
of uncertainty about the location of the tipping point. The threat of an economic sanc-
tion considered in this study is latent and endogenously driven, i.e. triggered by collective 
actions (aggregated catches).

Our experimental results show that the threat of an economic sanction fosters more 
cooperative behaviors, less over-exploitation, and more precautionary management of the 
resource reducing the dissipation of economic rents. This result is enhanced when the loca-
tion of the tipping point that triggers the economic sanction is uncertain.

2  Review of Literature

The bulk of the experimental work on CPR dilemmas starts from the CPR baseline 
game of Ostrom et al. (1994). They formulated a game as static framework, which is not 
appropriate to represent the negative externalities associated with the dynamic patterns 
of natural stocks. The future exploitation of a fish stock depends on past exploitation 

http://www.regimeshifts.org
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levels. Consequently, the resource management problem must be set in a dynamic 
optimization context, making the task of achieving an optimal Pareto solution more 
complex.

This intuition has been confirmed in the case of a resource harvested under sole owner-
ship (Moxnes 1998; Hey et al. 2009). Walker and Gardner (1992) extended the CPR base-
line game by including path dependence and demonstrated that the sustainability of the 
resource is no longer maintained when the probability of resource exhaustion is linked to 
past harvest levels. In addition, earlier depletion of the resource is clearly linked with the 
uncertainty level (Botelho et  al. 2014). A later work of Osés-Eraso et  al. (2008) modi-
fied this game by implementing a finite-horizon super-game, in which the extinction of the 
resource is a real threat. They found that the likelihood of extinction is linked to whether 
the scarcity of the resource is exogenous or endogenous, but early extinctions occurred 
irrespective of the initial scarcity of the resource. Other experimental works have been con-
ducted by Herr et al. (1997) and Mason and Phillips (1997), setting participants as harvest-
ers in a complex dynamic situation. Their current decision did not influence the probabil-
ity of destruction but changed the state of the resource and economic opportunities. Both 
studies concluded that the individuals did not internalize future increased costs following 
the depletion of the resource and that the lack of cooperation is exacerbated when time-
dependency is included in CPR dilemmas.

Another kind of dynamic experiment has been developed by Fischer et al. (2004), intro-
ducing the resource stock size into an intergenerational CPR game where the scarcity of 
the resource depends on the harvesting behavior of past generations. Although the size of 
the resource is common knowledge, individuals are unable to infer the actual level of scar-
city and no correlation has been found between the resource stock size and the decisions 
adopted by the individuals.

While most research works assumed that the size and productivity of the resource are 
accurately known, the effects of environmental uncertainties have been introduced by 
repeated single-trial experiments (seminal works of Rapoport et  al. 1992 and Budescu 
et al. 1995). In these experiments defined as threshold public goods experiments (overview 
in Chaudhuri 2011), individuals can harvest any amount of the CPR whose size parameters 
were randomly selected from known uniform probability distributions, but they receive a 
null payoff if the total quantity claimed exceeds the resource size (threshold). This strand 
of literature has demonstrated that higher uncertainty leads individuals to increase their 
appropriation of the shared resource significantly. More recently, public good games have 
also been studied in the frame of international climate negotiation to avoid catastrophic 
climate change in which uncertainty about the location of the threshold fostered the prison-
ers’ dilemma outcome (e.g. Barrett and Dannenberg 2012, 2014).

Complexity in the description of the social-ecological system has been introduced 
recently by combining spatial and temporal dimensions jointly (Moreno-Sánchez and Mal-
donado 2010; Janssen 2010; Castillo et al. 2011; Cardenas et al. 2013; Emery et al. 2015a, 
b). Very few studies analyzed the consequences of regime shift in either the resource 
dynamics or the economic environment. Lindahl et  al. (2016) showed that a user group 
manages a resource more efficiently when confronted with a latent abrupt change in the 
renewal rate of resources. Their analysis focused on communication, and demonstrated that 
the threat of reaching a critical tipping point triggers more effective communication within 
the group, enabling stronger commitment and an increase in efficiency despite the higher 
complexity. Schill et al. (2015) extended these results by introducing a risk to harvesting a 
resource with a probable threshold. They found that the threshold impact is observed only 
in situations where the likelihood of the latent shift is certain or high.
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We contribute to this literature by exploring the effect of a tipping point affecting the 
economic conditions of the CPR dynamic game in which an individual’s decisions are 
based on economic outcomes. In addition, we go further by analyzing how uncertainty 
about the location of the tipping point, instead of its likelihood, affects decisions upon 
quotas.

3  Experimental Setting

3.1  Experimental Design

Research questions are tested using a modified version of the experimental design of Mason 
and Phillips (1997). This protocol defines a CPR request game (Budescu et  al. 1995) in 
which a few firms harvest a resource in a dynamic context. We adapt their oligopoly model 
to a situation where the price is exogenously determined (constant price) and include a 
critical tipping point in the resource level which affects the economic conditions of the 
game. Following the methodology used in other complex ecological dynamic experiments 
(Schill et al. 2015; Lindahl et al. 2016), we introduce a non-neutral framework. According 
to the classification of Harrison and List (2004), this experiment falls within the category 
of “framed laboratory experiment”. The task and information given to subjects correspond 
to a stylised representation of the actual context of the ICCAT decision committee. The 
subjects are asked to define their harvest levels (quotas) for the East stock of Atlantic Blue-
fin. Subjects are only able to communicate through a non-binding pledge process: face to 
face communication is not allowed.1 Moreover, to approximate an infinite time horizon 
super-game, the subjects do not know the number of rounds (years) to be played2; they only 
know the maximum duration. However, we make sure to end the experiment early enough 
to avoid potential end game effects.

We align our experiment onto the model of Hannesson (1997). The CPR biomass 
dynamics is modeled by a logistic growth (1) subject to harvest (Yt) in year t.

With Bt the biomass and G(Bt) is the discrete rounded version of the logistic growth model (
G
(
Bt

)
=

[
Bt

[
1 + r

(
1 −

Bt

K

)]])
 presented to our subjects for simplicity. With r and K are 

the growth rate and the carrying capacity parameters respectively (Table 1)
We assume that the marginal cost of fishing (c, Table  1) is inversely proportional to 

the size of the stock at any point in time.3 The total cost depending on biomass (C(Bt)) in 
period t will then be:

(1)Bt+1 = G
(
Bt

)
− Yt

1 The experimental design we use in this paper can be regarded as providing a limiting case where transac-
tion costs linking to communication are prohibitively costly rendering the difficulties to reach an agreement 
within Regional Fisheries Management Organisation (RFMO) such as ICCAT.
2 As in Lindahl et  al. (2016), to ensure an unknown time horizon, we varied the end-time between and 
within groups.
3 This cost function implicitly assumes that the cost per unit of fishing effort is constant and the catch per 
unit of effort is proportional to the size of the exploited stock.
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At a given constant price (p, Table 1), the total profit ( �t ) obtained by all subjects (i) in 
period t with a fixed cost ( � , Table 1) associated with an endogenous resource threshold 
Blim will be:

With N the number of participants, and assuming constant return to scale, the individual 
profit is

With y the individual harvest level of subject (i).
We introduce a fixed cost related to the resource size beyond the threshold level, Blim 

referring to the biomass limit reference points (FAO 1995), which corresponds to the stock 
size below which the recruitment has a high risk to be impaired and the stock is in danger 
of collapsing. This cost is a stylized representation of the critical effect of resource deple-
tion. In the case of the EABFT fishery, this cost represents the effect of a ban on foreign 
trade. This fixed cost formulation follows the assumption of public good games with poten-
tial catastrophic effects from climate shifts (Milinski et al. 2008; Barrett and Dannenberg 
2012, 2014).

We introduce the resource growth model as discrete function to our subjects (Fig. 1) 
and the associated profit evolution as depending on the stock and catch levels (Fig. 2) for a 
selection of parameters that fit the context of EABFT (stylised version, Table 1). The mini-
mum resource size allowing for reproduction is 3 units (1 unit is equivalent to  104 tons) 
and the maximum resource size is set to 70 units. The maximum sustainable yield (MSY) 
is 3 units for a stock size between 28 and 42 units. The profit is maximum, greater than 100 
units (1 monetary unit is equivalent to  107 €), when both the growth of the stock and catch 
levels are maximum, then it steadily decreases until the stock reaches the lowest values and 
becomes null at any catch level for a stock size of 10 units. In all treatments, the groups 
start with a stock size of 52 units and over a number of periods unknown to them, they 

(2)C(Bt) =

G(Bt−1)

∫
Bt

c

x
dx = c

[
ln
(
G
(
Bt−1

))
− ln

(
Bt

)]

(3)
{

πt = pYt − C
(
Bt

)
, for Bt ≥ Blim

πt = pYt − C
(
Bt

)
− 𝛼N, for Bt < Blim

πi,t = p yi,t − C
(
Bt

)yi,t
Yt

for Bt > Blim and πi,t = p yi,t − C
(
Bt

)yi,t
Yt

− α, for Bt ≤ Blim.

Table 1  Bioeconomic model 
parameters

Variable Description Value

N Participant number 3
ymax Maximum harvest  [104 t] 5
p Price  [107 €/104 t] 10
r Growth rate 0.15
K Carrying capacity  [104 t] 70
c Cost parameter  [107 €/104 t] 100
α Threshold fixed cost  [107 $] 30
Blim Threshold  [104 t] 20
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harvest resource units restricted by an individual capacity constraint of 5 units  (yi,t = [0, 
1, 2, 3, 4, 5]). Groups are composed of 3 subjects sharing the same characteristics. This 
design follows the stylised representation from a game theory model of the EABFT fishery 
(Brasão et al. 2000).

We introduce three experimental treatments to assess the cooperation in response to the 
introduction of three kinds of endogenous economic tipping points: (1) base case without 

Fig. 1  Logistic resource growth 
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tipping point; (2) known tipping point and (3) uncertain (location) tipping point. In all three 
experimental treatments (T0, T1 and T2 in Table 2), a group of subjects defines a catch 
harvest for their own EABFT fishery. The only aspects that differ between treatments are 
the nature of the threshold (Blim). The uncertainty surrounding the latent endogenous shift 
differs from the risk evaluated by Schill et al. (2015). In our case the uncertainty focuses on 
the position of the threshold, and not on its existence. The third treatment (T2) introduces 
uncertainty around the position of the threshold value Blim which is drawn within a 40% 
uniform uncertainty range [ Bmin

lim
 , Bmax

lim
 ] centered around the value of Blim.4

3.2  Experimental Procedure

The experiment was conducted at the experimental laboratory of the University of Mont-
pellier (LEEM) with a total of 51 subjects coming from the undergraduate student popu-
lation in May 2017. The experiment was conducted through a computer-based approach 
realized with the oTree software (Chen et  al. 2016). Each experimental session lasted a 
maximum of two hours with two repetitions of the game for the same group of subjects 
(phases). Participants received a show-up fee of 6 € and the average earnings during the 
experiments were 2.94 €, paid privately at the end of the experiment (see supplementary 
material Appendix A for a flow chart of experimental steps).

When the subjects arrived, they signed a consent form and were randomly assigned to 
a group of 3 subjects with the instructions to read (supplementary material Appendix B). 
They were told that each subject represented a country, and that together with the two other 
participants of their group, they had access to the stock of the East Atlantic bluefin tuna, a 
common renewable resource, from which they had to decide the amount of allowable har-
vest for their fishery at the beginning of each round (each year), before deciding privately 
in a further step what would be their own harvest decision. Subjects were told that the 
experiment would end either when the stock is depleted or when the experimenter decides 
to stop it, but the exact end-period was unknown to them. They began with a capital of 50 
monetary units and were paid proportionally to their accumulated profit during the experi-
ment with a rate of 1 unit equal to 0.05 € plus an additional revenue of 0.2 € for correct 
belief elicitation. Belief elicitation constitutes a guess of the expectation of other subjects’ 
behavior (harvest level). They received payment for only one phase of the experiment ran-
domly chosen and unknown to them. No direct communication (face to face) between sub-
jects was allowed.

Before the start of the experiment, the subjects were asked to fill out a form to inform their 
identity and if they were concerned or involved with the subject of the study (supplemen-
tary material Appendix C), and then they were tested for their understanding of the instruc-
tions, i.e. resource dynamics and profits (3 questions, supplementary material Appendix C). 
Any remaining question was answered by the experimenter. For each round, players received 
information about the resource state from which a profit table is derived and updated for 
every round (supplementary material Appendix D). They were also informed about the per-
centage variation of the biomass for the next year through a variation table depending on the 
harvest level of the group (supplementary material Appendix D). Furthermore, the mean 
resource level at MSY (35 units) was also indicated with the resource status and defined as 

4 A 40% uniform uncertainty range was selected to represent a high uncertainty level around the position of 
Blim.
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a non-binding objective for the group. This information creates a collective reference point 
in order to facilitate the understanding of the long-term sustainable resource level maximiz-
ing the growth of the resource. Therefore, optimizing the use of the resource can focus on the 
mere level ensuring maximum profits. This information is necessary to concentrate the prob-
lem on the resource sharing issue, and not on the optimization of a non-linear dynamic system 
which proved to be a complex problem (Moxnes 1998; Hey et al. 2009).

On top of deciding their harvest level, the subjects had to guess the sum of harvest units 
they expected the other players would harvest in each period from 0 to 10 units. Belief elicita-
tion was incentivized with a payoff of 0.2 € for good prediction and allowed examining the 
source of deviations from theoretical predictions. Thereafter, participants pledged an amount 
of catch they would harvest individually. It was common knowledge that these declarations 
were non-binding but would be communicated to the group. After these declarations were 
revealed, the participants chose simultaneously their actual harvest level for the round (year). 
At the end of the round, the participants were then informed about everyone’s decisions for the 
round and they were given their cumulated profit and the track records of the total catch, profit 
and own decision during the game. They also had access to a projection of the future resource 
status assuming a constant harvest level scenario defined at the current harvest level (sup-
plementary material Appendix E). At the end of the experiment, participants were informed 
about their cumulated profit. They were also asked to indicate, on a five-point Likert scale, to 
what extent they understood the resource dynamics and the cooperation level of their group 
during the experiment.

3.3  Formulating Hypothesis

To formulate the research hypotheses, we rely on the analysis of an indefinite time horizon 
supergame made by Hannesson (1997). The subjects know that the game will end at some 
point but not when. At every round of the game, each subject i in the group has an individual 
perception about whether or not the game would last another round (sort of a discount factor), 
which we denote �i (Fudenberg and Tirole 1998). The implication of these subjective prob-
abilities defines the equilibrium conditions of the game.

During the experiment, participants receive updates on the stock level Bt and on their avail-
able profit at the beginning of each period. They also know if someone deviates from its prop-
osition and if a participant behaves as a selfish agent. Thereby, each participant conditions her/
his strategy on past and current resource and profit levels. On the basis of this information, 
each participant plays a Markov strategy (Maskin and Tirole 2001). Because players are sym-
metric (same cost functions), we only consider equal sharing equilibria (equal share of the 
resource) in which each subject gets 1

N
 of the total profits of each period.

Cooperative strategy could be sustained by a trigger strategy in the game. Considering the 
case without tipping point, if one of the participants deviates from the optimal solution, she/
he would gain more in the current period and would then be punished afterwards. Other play-
ers would retaliate by fishing down the stock in the following periods until further depletion 
becomes unprofitable. Such a scenario results in resource depletion until the marginal cost of 
fish caught ( c ) is equal to the marginal revenue, i.e. the fish price (p, Eq. 3). The size of the 
stock resulting from such a strategy (trigger) is then:

(4)Btrig =
c

p
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Otherwise, the optimal solution could be sustained as a Markov perfect strategy if the 
defection is not profitable. The net present value of the cooperative strategy NPVcoop for 
infinite horizon is:

With an initial stock of 52 units  (104 tons), the optimal outcome is obtained by harvesting 
the stock until the optimal level Bopt is reached in the first period, each subject gaining �0

N
 . 

In each subsequent period, the group harvests the sustainable yields (G(Bt)) until the stock 
reaches its optimal size Bopt and each subject obtains �opt

N
.

The net present value ( NPVnon−coop ) of the non-cooperative strategy is defined for a par-
ticipant who deviates from the cooperative solution and which is then punished by all other 
participants playing non-cooperatively afterwards and forever.5

In the first two periods, the defector gets the same profit as in the cooperative solution, 
as all other participants play cooperatively, and in addition the defector gets the profit of 
driving the stock down unilaterally to the deviation level Bdev (and get �dev) . In the third 
and all later periods, he will be punished by all other agents playing non-cooperatively, 
driving the stock down from Bdev to the trigger strategy level Btrig (10 units) and gets the 
profit from the punishment �pun

N
 . Then, the defector gets only the profit obtained in the non-

cooperative solution by harvesting the trigger biomass level Btigr and obtaining the profit 
�trig

N
.
The trigger strategy forms a subgame perfect equilibrium, if the defection is not profit-

able, NPVcoop > NPVnon−coop,6 which gives the condition:

(5)NPVcoop =
π0

N
+

πopt

N

δ

1 − δ

(6)NPVnon−coop =
π0

N
+

πopt

N
δ + πdevδ +

πpun

N
δ2 +

πtrig

N

δ3

1 − δ

With πopt = p
(
G
(
Bopt

)
− Bopt

)
− c

[
ln
(
G
(
Bopt

))
− ln

(
Bopt

)]
;

πdev = p
(
Bopt − (Bdev)

)
− c

[
ln
(
Bopt

)
− ln

(
Bdev

)]
;

πpun = p
(
G
(
Bdev

)
− Btrig

)
− c

[
ln
(
G
(
Bdev

))
− ln

(
Btrig

)]
and

πtrig = p
(
G
(
Btrig

)
− Btrig

)
− c

[
ln
(
G
(
Btrig

))
− ln

(
Btrig

)]
.

(7)𝜋opt >
1 − 𝛿

𝛿
N𝜋dev + (1 − 𝛿)𝜋pun + 𝛿𝜋trig

5 Punishment strategies may last a finite number of periods. As we are interested in the effects of increasing 
the fishing through the introduction of a tipping point we keep simple strategies.
6 A more general way to describe the conditions for cooperation can be defined following the logic of 
Mason and Phillips (1997). Consider a cooperative harvest function, ycoop

(
Bt

)
 , a trigger strategy can be 

described by playing cooperatively ycoop
(
Bt

)
 , as long as no one has defected. If one of the participants devi-

ates from the optimal solution, then others will punish him by fishing down the stock with harvest ydev
(
Bt

)
 , 

afterwards and forever. Using the cooperative harvest and resulting stock path, we may derive the net pre-
sent value for the player under cooperation NPVcoop

(
Bt

)
 . Similarly, we may calculate the non-cooperative 

value function, NPVdev

(
Bt

)
 . The trigger strategy forms a subgame perfect equilibrium if the defection is not 

profitable, irrespective of the current state. 

NPVcoop

(
Bt

)
> 𝜋dev

(
ydev

(
Bt

))
+ 𝛿NPVdev

(
Bt

)
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As � tends to 1 (i.e. the discount rate tends to 0) meaning a higher preference for future, 
defection will never be profitable (by definition Eq. 7 becomes 𝜋opt > 𝜋trig , see supplemen-
tary material Appendix F for the relationship between Bopt and � ). In other words, the loss 
from punishment will always outweigh the gains from defecting. As � becomes inferior 
to 1, the temporary gains from defecting may outweigh the long term profit of playing 
cooperatively. Moreover, the temptation of defecting decreases with higher fishing costs. A 
higher cost of fishing (c) increases the likelihood of a cooperative solution (the demonstra-
tion can be found in Hannesson 1997).

The introduction of a fixed cost triggered by fishing down the stock below the threshold 
Blim changes the size of the stock resulting from non-cooperative strategy Btrig from a level 
where further depletion becomes unprofitable (since the marginal cost of fish caught is 
equal to the price) to the level of the threshold Blim which is by definition superior to Btrig 
(Btrig = c/p). Consequently, the gains from the cooperative solution relatively to the non-
cooperative solution become smaller and for low discount values the cooperative and non-
cooperative solutions coalesce.

Following this rationale, one can find the critical value of the discount factor 𝛿 to sustain 
the cooperative solution. The critical value of the discount factor ( ̂𝛿 ) is higher when the 
threshold Blim is introduced (Eq. 7, see supplementary materials Appendix G) therefore the 
incentives to deviate from the cooperative solution is higher leading to our first hypothesis:

Hypothesis 1 We expect less cooperation when a tipping point is introduced (T1 and 
T2).

We analyze the level of cooperation through the stock size left after exploitation. A 
stock size below the optimal level (Bopt) indicates an over-exploitation driven by non-
cooperative behaviors. We also introduce a proxy of non-cooperative behaviors, the ratio 
between the harvest decision (yi,t) and the myopic harvest strategy ye(B) determined as a 
function of the stock size (see supplementary material Appendix H for a description of the 
myopic harvest strategy ye(B) ). A value equal to 1 indicates that the participant chose to 
play as a selfish harvester maximizing her/his current payoff,7 whereas a value inferior to 1 
indicates that the participant intended to cooperate.

Now turn to the case where the position of the threshold is uncertain. Considering risk-
neutral players, the problem facing by each subject is now:

In front of ambiguous situation, the size of the stock resulting from non-cooperative 
strategy (where further depletion becomes unprofitable) becomes superior to Blim when an 
uncertain tipping point is introduced (T2). Following the same rationale as for defining 

(8)πi,t =

⎧
⎪⎪⎨⎪⎪⎩

p yi,t − C
�
Bt

� yi,t

Yt

, for Bt > Bmax
lim

p yi,t − C
�
Bt

� yi,t

Yt

− α ⋅

�
1 −

�
Bt−B

min
lim

Bmax
lim

−Bmin
lim

��
, for Bt ∈

�
Bmin
lim

Bmax
lim

�

p yi,t − C
�
Bt

� yi,t

Yt

− α, for Bt < Bmin
lim

7 Myopic behavior constitutes a focal point distinguishable as the symmetric harvest decision which max-
imises the current payoff (diagonal in the payoff table in the supplementary material Appendix D).
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hypothesis 1, the gains from the cooperative solution relatively to the non-cooperative 
solution become smaller and lead to our second hypothesis:

Hypothesis 2 We expect less cooperation in T2 than in the known threshold position 
treatment T1.

3.4  Statistical Analysis

We first compare means and proportions across the treatments of main variables (Table 3). 
We used respectively the non-parametric Kruskal–Wallis and a Pearson’s Chi square tests 
for comparisons of means and proportions (Table 4). All reported p values are two-sided 
and we only consider the first 15 rounds of the game for our analysis. 

Then we analyze pledges and players’ beliefs by classifying subjects according to their 
ability during the experiment to predict other player’s behavior (belief elicitation) and 
their intentions to follow or not the pre-agreements during the game (i.e. pledges before 
harvest decisions). We define 3 types of subjects based on their mean prediction, beliefs 
errors: optimistic (belief < others harvest), realistic (belief = others harvest) and pessimistic 
(belief > others harvest). We also define 3 types of subject’s behavior according to their 
mean responses (harvest decisions) to others’ pledge: altruistic (harvest decision < pledges/
(N − 1)), consensual (harvest decision = pledges/(N − 1)) and free-rider (harvest deci-
sion > pledges/(N − 1)). The subject type (Table 3) is a classification of subjects based on 
their highest frequency belief errors (optimistic, realistic or pessimistic) and intended har-
vest behaviors (free-rider, consensual or altruistic).

Finally, the experimental data, are analyzed with a population average generalized esti-
mating equation model (GEE, developed by Zeger and Liang 1986) with the ‘‘geepack’’ 
library (Halekoh et  al. 2006) available in the programming language R (R Core Team 
2016). The GEE model approach is an extension of the Generalized Linear Model (GLM). 
It provides a semi-parametric approach to longitudinal data analysis. Longitudinal data 
refers to non-independent variables derived from repeated measurements. We measure 
repeated decisions of participants which are correlated from one period to another. The 
GEE model allows an analysis of the average response of a group, i.e. the average prob-
ability of making a myopic harvest decision given the changes in experimental conditions, 
accounting for within-player non-independence of observations. The decision of a par-
ticipant in year t + 1 is linked to his decision in year t, thus violating the hypothesis of 
independence of the observations formulated in the classical regression methods. For con-
trolling group dependences which occur through resource stock and social effects, we per-
formed the same GEE analysis on the average group ratio of harvest decisions over myopic 
strategies. In this model, we consider that a correlation of the mean group in period t + 1 is 
linked to the decisions in period t.

The modeling approach also requires a correlation structure, although this methodol-
ogy is robust to a poor specification of the correlation structure (Diggle et al. 2002). Our 
dataset consists of a series of successive catch decisions made by a participant during each 
phase. The grouping variable of the observations is therefore based on each experiment. 
Since the data is temporally organized, a self-regressive correlation structure (AR-1) is 
selected. Model selection is performed by testing combinations of the covariables (R pack-
age MuMIn, Barton 2014) based on Pan’s quasi-likelihood information criterion (QIC, Pan 
2001) and individual Wald test.
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We focus our analysis on the ratio of the harvest decision and the myopic harvest strat-
egy. This variable, which is a proportion that can be modeled by a binomial distribution 
with a logit link function, specifying a variance of the form: var(Yi,t) = pi,t·(1 − pi,t), with 
Yi,t = yi,t

ye(B)
 corresponding to the response variable for participant i during period t and pi,t the 

probability of the expected value of Yi,t(E[Yi,t] = pi,t). As for the logistic regressions, we 
tested for specification errors, goodness-of-fit, multicollinearity as well as for influential 
observations.

4  Results

4.1  Overall Exploitation Management Decision Patterns

We found significant differences between treatments (Table 4). First, the threshold treat-
ment groups (T1, T2) cooperated more on average, participants used significantly less 
myopic strategies and groups depleted significantly less the resource (higher average 
stocks). The groups playing in the T1–T2 treatments which exceeded the threshold, experi-
enced an important cost that reduced drastically their profit. We therefore observed a lower 
average profit with a higher variability between groups. Furthermore, we observed an effect 
of uncertainty around the threshold (T2). Groups who experienced threshold ncertainty 
cooperated more if we consider the mean ratio of harvest decision on the myopic strategy 
and the mean resource level. However, the proportion of groups exceeding the threshold 
was higher than in the first treatment (T1).8

The overall catch decreasing pattern until the steady state stock size corresponding to 
the trigger strategy was found similar between groups in the treatment without a threshold 
(T0, Fig. 3). All groups in the treatment T0 followed the trigger strategy and exploited the 

T0 T1 T2

1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70

Round(Year)

S
to
ck

Fig. 3  Time series of resource stock size (biomass in units) by treatments (T0, T1 and T2). The grey dashed 
line corresponds to the threshold  Blim in T1 and the shaded area to the uncertainty range around the poten-
tial value of  Blim in T2

8 We also test the potential effect of playing 2 games (phases) sequentially. We did not find any signifi-
cant difference between phases using the Mann–Whitney–Wilcoxon test on group averages (supplementary 
material Appendix I).
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resource until the non-cooperative equilibrium (Btrig of 10 units). Only in 3 experiments 
over 34, the biomass level was managed close to its long-term optimal level (40 units), 
for which the regeneration rate was the highest and the harvesting cost was low. They all 
belong to the treatments groups (one in T1 and two in T2).

In contrast with our theoretical prediction, the majority of groups (7) in the certain 
thresholds treatments (T1) harvested beyond the threshold. None of these groups was able 
to reverse the negative trend of stock depletion despite the high penalty cost. We observed 
the same pattern in the uncertain threshold treatment (T2) with 7 cases of exploitation fall-
ing beyond the threshold level. Moreover, despite the high cost related to the full depletion 
of stocks, two groups have intentionally exhausted the resource to end the experiment.

We observed a lower proportion of myopic strategies in the threshold treatments (T1 
and T2) which contradict the theoretical predictions (Fig. 4). Moreover, we noticed more 
cooperation (i.e. a lower proportion of myopic strategies) in the uncertain threshold treat-
ment than under other experimental conditions (Table 3). We also clearly discern a time 
pattern linked with the scarcity of the resource regardless of the treatment.

To go further into the analysis of individual strategies, we observed that the high mean 
harvest level (Myopic behavior, Fig. 5) in T0 during the first rounds (0–8) led the stock 
to Btrig (10 units) and decreased profits to zero as a result of the application of the trig-
ger strategy. Participants’ announcements (pledges) and harvest decisions were helpful to 
understand the start of the trigger strategy (punishment of free-riders by overexploiting the 
stock until further depletion becomes unprofitable). During the first rounds in which we 
observed the highest mean harvest decision, participant’s pledges were strictly inferior to 
harvests driving participants into intended free-riding behavior (intended behavior > 0). On 
the other hand, mean participants’ beliefs were too optimistic: they expected other players 
to harvest less than their announcements (belief error < 0). Threshold treatments exhibited 
the same pattern with a less marked trend in free-riding intended behaviors and prediction 
of other participants’ harvests. The classification into distinct subject types summarizes 
this information by showing the highest proportion of free-riders and optimistic partici-
pants in the experiments (Fig. 6). Likewise, this information highlights the high frequency 
of consensual participants which strengthens the theoretical hypothesis that participants 
use consensual punishment strategy.

T0 T1 T2

1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15
0.0

0.2
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NonMyopic Myopic

Fig. 4  Proportion of harvest as a fraction of myopic strategy overtimes by treatments (T0, T1 and T2) sum-
marized into a categorical variable: ‘Myopic’ if the ratio of the harvest choice over the myopic strategy is 
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4.2  Exploring Predictors for Cooperation

The selected GEE regression model (Table 5)9 reveals that groups playing the threshold 
treatment (T1 and T2, p < 0.001) are deemed more cooperative. On average, the odds, cet-
eris paribus, of behaving myopically in the no threshold treatment (T0) over the odds of 
behaving myopically in the threshold treatments (T1 or T2) is about 2.56 (inverse of the 
odds in Table  5). In terms of percentage of variation, the odds of behaving myopically 
among the no threshold treatment groups is around 156% higher than groups in the thresh-
old treatment. The threat to trespass the threshold enhances cooperation by mitigating self-
ish behaviors.

We can also identify the effect of the resource scarcity on subjects mean harvest 
decisions. When subjects start experiencing scarcity, they significantly tend to select 
myopic decisions (biomass level effect, p < 0.001). Participants are stuck in short-sighted 

Table 5  Generalized estimating equation regression for the average probability of making a myopic harvest 
decision

Standard errors are in brackets
*p < 0.05; **p < 0.01; ***p < 0.001
a Player classes are characterized by both belief errors and intended behavior (harvest decisions) to others 
pledge (Table 3): optimistic; pessimistic; realistic and consensual; free rider; altruistic

Binomial regression models GEE regression
Best model

GEE regression
Best model

Harvest as fraction of myopic 
strategy

Mean group harvest 
as fraction of myopic 
strategy

Intercept 1.55*** (0.22) 1.93*** (0.30)
Treatment 1 − 0.91*** (0.16) − 0.75** (0.24)
Treatment 2 − 0.97*** (0.17) − 1.01** (0.29)
Biomass − 0.04*** (0.004) − 0.03*** (0.008)
Player class  consensuala 0.18 (0.20) –
Player class free-rider 0.73*** (0.18) –
Player class realistic 0.40* (0.17) –
Player class pessimistic − 0.06 (0.12) –
R2 0.26 0.31
AIC/QIC 1810 601
Correlation structure AR-1 AR1
Correlation parameter 0.36 (0.03) 0.41
Scale parameter 0.59 (0.03) 0.57
Number of clusters 102 34
Clusters size 15 15
Observations 1530 510

9 We also compared GEE models to random group effect generalised linear models (GLMM with package 
‘lme4’ Bates et  al. 2015 in R, supplementary material Appendix J). The results are qualitatively similar 
with a higher magnitude of treatment and free-rider participant coefficients.
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competitive behaviors. In all treatments, the proportion of myopic decisions increases by 
approximately a factor 3–4 between the first and the last rounds of the experiment (Fig. 4). 
This observation is confirmed by the average continuous decreasing trend of biomass 
throughout time (Fig. 3).

The subject type is also an important explanatory variable which is defined by the abil-
ity of participants during the experiment to predict other players’ behaviors (belief error) 
and their intentions to follow or not the agreement contracted during the game (intended 
behavior, Table 3). The presence of free-riding participants significantly affects the mean 
odds of choosing myopic strategies. Those participants who deliberately deviated from 
the other pledges (catch > pledge/2) selected on average more myopic strategies than other 
players and led to stock depletion with the implementation of the punishment (trigger) 
strategy. Furthermore, the significant positive coefficient of realistic and consensual par-
ticipants confirms our previous analysis that participants use consensually a punishment 
strategy.

5  Discussion and Conclusion

This article studies the effects of an endogenously driven catastrophic change in the eco-
nomic conditions, on the management of a CPR, the EABFT international fishery. We 
showed empirically that the threat of economic sanctions significantly increases the likeli-
hood of observing coordinated actions and decreases free-riding behaviors. International 
fishery agreements are rarely self-enforcing, and competition between states often results 
in stock overexploitation and rent dissipation (Munro 2007). Our experiment which repro-
duces a stylized representation of the decision-making process of ICCAT suggests, that 
states facing an endogenously driven catastrophic change would propose a collective target, 
in terms of total allowable catch, to avoid an economic collapse. This situation is close to 
the context of the threat of foreign trade ban which was envisaged in 2009, thus jeopard-
izing the future of the EABFT fishery, and has finally resulted in a coordinated decrease of 
quotas decided by the fishing countries.

Scientists have endeavored to support RFMO management by identifying key target and 
limit reference points such as the Maximum Sustainable Yield (MSY) or the biomass limit 
to guide the collective management decisions of states involved in international fisheries 
(Caddy and Mahon 1995; FAO 1995; de Bruyn et al. 2013), which are inherently uncertain 
(Francis and Shotton 1997). Our research suggests that introducing economic sanctions 
such as trade restrictions associated with biological limit reference points would discipline 
free-riding behaviors and foster the emergence of self-enforcing agreements.

The influence of a tipping point on resource exploitation observed in this study 
strengthens previous observations by Schill et al. (2015) and Lindahl et al. (2016). In such 
a dynamic CPR experiment designs, which introduced the resource dynamics, the focal 
point represented by the cooperative solution changes over time and is path-dependent. The 
incentive to deviate from a past agreement increases over time as the probability of a game 
continuation decreases. Such conditions make cooperation and coordination more unlikely. 
This has been demonstrated experimentally by Mason and Phillips (1997) when compar-
ing static and dynamic designs. In our experiment, which is set as a non-cooperative game 
allowing communication only through a non-binding pledge process, the introduction of a 
tipping point drastically changes the outcomes from systematic overexploitation following 
the use of a trigger strategy toward cooperative outcomes with a self-enforcing agreement. 
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Nonetheless, whereas uncertainty around the existence or the location of tipping point fos-
ters cooperation in CPR dilemma (Polasky et al. 2011; Schill et al. 2015), it impedes the 
collective contribution in a public good game (Barrett and Dannenberg 2012, 2014). The 
implications of potential regime shifts also depend on whether the shift is triggered by an 
individual’s decision or whether it would happen due to external forces (exogenous). In the 
latter case, if an individuals’ decisions have no impact on the likelihood of a catastrophic 
event, they will secure their earnings by harvesting more aggressively (Polasky et al. 2011).

In contradiction to our theoretical expectations, the introduction of a tipping point and 
addition of uncertainty around the location of the tipping point influenced exploitation 
strategies by enhancing instead of decreasing cooperation. Deviations from predictions in 
uncertain decision problems are well known. From empirical evidence, we know that in 
complex and uncertain decision problems (as used in our experiment), the assumptions 
underpinning the expected utility theory are questionable (e.g. Tversky and Kahneman 
1974). Individuals typically deviate from expected utility maximization and rely instead 
on heuristics (Moxnes 1998; Hey et al. 2009). Deviations from theoretical predictions have 
also been observed when a group managing a CPR faces different probability levels regard-
ing the existence of a tipping point (Schill et al. 2015).

In this study, we found a clear trend of non-cooperative (myopic) strategies over time 
regardless of the treatment which could be correlated to the scarcity of the resource. Sub-
jects are prone to competitive and more intensive fishing behavior when the resource 
becomes scarcer. More surprisingly, the higher cost of exceeding the threshold does not 
affect this pattern. This result confirms previous findings by Osés-Eraso et al. (2008). They 
have observed that users responded to scarcity with caution by observing harvest levels 
directly but were nevertheless not able to avoid resource extinction. If we directly observed 
the harvest instead of the ratio between harvest and the myopic harvest level, subjects 
would have decreased their catch levels. However, the latter does not represent a good indi-
cator of the cooperation level. When the situation becomes more competitive with fewer 
natural resources to share, participants’ behaviors seem to be driven by myopic strategies.

Although the introduction of an endogenous tipping point improved group coordina-
tion, very few groups (3 cases over 34) were able to maintain the biomass level close to 
the long-term optimal level (40 units) in our experiment. The complexity and the highly 
competitive feature of the experiment do not allow an agreement to emerge efficiently with 
only the threat of using a trigger strategy. Communication that has been reduced to pledges 
in this experiment is a key factor in achieving agreement to cooperate in CPR settings 
(Ostrom 2006). Face-to-face communication has been identified as the trigger for group 
agreement in dynamic CPR experiments (Schill et al. 2015; Lindahl et al. 2016). Nonethe-
less, we have left the study of cooperative management of CPRs involving communica-
tion for future work. Previous theoretical works based on game theory have focused on 
the formation of international fisheries agreements through coalition games that rely on 
coalitions, showing how the benefits of cooperation are allocated to each state involved in 
the coalition (Pintassilgo et al. 2015). Only a few experimental works have undertaken the 
study of formal sharing institutionally agreements such as voting to gain agreement in large 
CPR settings (Walker et al. 2000; Margreiter et al. 2005).

It is worthwhile noting that our results stem from laboratory experiments with students 
as subjects. The results would require external validation in the real context of regional 
fishery management organizations, and a next step would be for example to replicate this 
experience at the ICCAT Commission with actual policymakers. Furthermore, several 
dimensions other than the payoff derived from harvesting fish could be added individuals’ 
objectives. States are willing to maximize yield and employment or to include non-market 
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values. Overlooking all the variety of objectives could have been one of the reasons for the 
failures of sustainable fisheries management (Hilborn 2007). Few studies have analyzed 
the role of different payoffs on cooperation (e.g. Pintassilgo et al. 2018; Mullon and Mul-
lon 2018). However, merely accounting for new dimensions in the objectives of the states 
involved in international fisheries is not sufficient to overcome the trap of non-cooperation 
(Pintassilgo et  al. 2018). Increasing the group size and integrating asymmetry between 
individuals may also have been a factor inhibiting the ability of groups to coordinate even 
in the presence of an endogenous tipping point. While group size has been identified as 
a critical factor affecting the success of cooperation in international fisheries, asymmetry 
between individuals has no clear effect on cooperation depending on the setting and the 
definition of asymmetry, which can be related to unequal interests, objectives, costs or 
information (Hannesson 2011; Pintassilgo et al. 2015).
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