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Abstract 5

The increasing technological efficiency of harvesting equipment has been identified
as one of the main causes of overcapacity and overexploitation of natural resources.
In this paper, a formal model is developed which studies the effects of technological
efficiency as an endogenous variable within a bioeconomic system. We model capital
investments in a fishery, where investment decisions are made less frequently than the 10

allocation of variable inputs. We study how the possibility to invest in capital affects
open access dynamics, and also the evolution of cooperative harvesting norms. We
find that the possibility to make large capital investments can destabilize cooperation,
especially if enforcement capacity is low. Further, we find that communities can
preserve cooperation by agreeing on a resource level that is lower than socially-optimal. 15

This reduces the incentive to deviate from the cooperative strategy and invest in
capital.
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1 Introduction

Globally, overexploitation of marine resources remains a major societal problem (Costello
et al., 2016; Melnychuk et al., 2017). A common property regime, crafted by local com- 30

munities has been shown to have the potential to successfully govern marine resources,
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especially if formal regulations are infeasible (Gutierrez et al., 2011; Ostrom, 1990). In
such a setting, social norms can be a powerful mechanism to enforce sustainable harvest-
ing strategies (Ostrom, 2009; Lubchenco et al., 2016; Nyborg et al., 2016). At the same
time, social norms can be fragile, especially if individual agents can take advantage of35

cooperative efforts by others and are tempted to over-harvest (Richter et al., 2013). A key
factor determining the ability to over-harvest are investments in fishing vessels, gear, and
other equipment (Hilborn et al., 2003; Worm et al., 2009).

In this paper, we analyze whether social norms of cooperation can successfully regulate
investment in fishing capacity. We develop a theoretical model that features a small40

community having access to a common pool resource. Main novelty of the model is that
harvesting efficiency is not constant, but dependent on the amount of capital that each
agent has accumulated. Essentially, each agent decides on the amount of (i) short term
inputs and (ii) long term capital to be invested in a fishery. We assume that the use of all
variable inputs (e.g. fuel, labor) that determines fishing intensity for a given capital stock45

is allocated frequently (potentially daily) and is therefore the faster changing variable.
The decision how much to spend on maintaining or upgrading equipment is based on the
expected net return from the investment, and will be the slower changing variable. This
creates a dynamic system in which the allocation of variable inputs becomes a function
of the capital stock. This implies that variable inputs are chosen optimally based on the50

state of the resource and the amount of capital an agent has accumulated. Such fast-slow
dynamics add realism, while preserving analytical tractability.

We analyze how the ability to invest in harvesting capacity affects cooperative resource
exploitation based on social norms. We follow the seminal evolutionary game theory
framework by Sethi and Somanathan (1996), in which cooperative harvesting norms are55

enforced through punishment. Agents act either cooperatively and harvest the resource
sustainably or act selfishly and maximize their individual gains by building up capital
stocks that are larger than collectively optimal. Agents will stop cooperating if it offers
a higher utility to do so. The framework is therefore consistent with the principle of the
”rational criminal” which states that a risk neutral individual would commit an illegal act60

when the expected benefit from that illegal act is higher than the expected cost (Becker,
1968).

Understanding how capital investments affect the fate of a fishery is relevant for sev-
eral reasons. The increasing efficiency of fishing vessels creates multiple complications in
fisheries management, as it can affect stock assessments (Maunder et al., 2006; Eigaard65

et al., 2014), generate or sustain overcapacity (Villasante and Sumaila, 2010; Clark, 2006;
Eigaard et al., 2014), and create incentives for illegal fisheries (Agnew et al., 2009; Gallic
and Cox, 2006). While the bulk of literature assumes efficiency – usually expressed as
catchability – to be exogenous, we specifically take into account that efficiency is endoge-
nous and dependent on investment. Investments may include new or larger vessels, fish70

finding equipment, improved gear designs and more powerful engines. All of those may
have a positive effect on catchability and therefore lower the per unit harvesting costs
(Squires and Vestergaard, 2013). The introduction of such innovations is primarily an
investment decision, where the cost of the investment has to be earned back over the
lifetime of the investment (Whitmarsh, 1990). However, the increase in efficiency will – if75

unregulated – increase the capacity of the fishery and the pressure that is exerted on the
fish stock (Eigaard et al., 2014).

We make two contributions to the literature. First, we formalize endogenous capital in
a fisheries model taking into account that capital is revised less frequently than effort.
While the observation that certain factors of production – such as capital – are fixed in80
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the short run is common in microeconomic modeling (Varian, 1992), and also reflected in
many empirical fisheries models (e.g. Huang and Smith (2014)), formalizing such dynam-
ics is a novel contribution in the field of fisheries.1 Second, we add to the literature on the
evolution of social norms for common pool resource harvesting. While many papers have
looked at different mechanisms that may stabilize cooperation, such as punishment (Sethi 85

and Somanathan, 1996; Noailly et al., 2003), ostracism (Tavoni et al., 2012), moral per-
suasion (Richter et al., 2013), identity considerations (Bulte and Horan, 2010), conditional
cooperation (Richter and Grasman, 2013), or spatial structure (Noailly et al., 2007), the
focus of this paper is to what extent social norms can regulate the investment of capital
in a fishery. In particular, we take into consideration how cooperation can be stabilized 90

in such case.

In Sethi and Somanathan (1996), a community either features full cooperation or defec-
tion, depending on specific parameters, such as punishment strength and technological
efficiency. If efficiency were to increase, cooperation would simply break down at a certain
point. An open question remains how the community may be able to actively preserve 95

social norms of cooperation. We show that the size of the resource stock is a potential de-
vice through which the community may stabilize cooperation. If the community aims for
a lower than socially optimal resource stock, cooperation is maintained. So a second-best
solution actually stabilizes cooperation if a first best is not available. This mechanism is
akin to the ”modesty may pay” principle in coalition theory reflecting that international 100

environmental agreements may be stable if targets are not too ambitious (Finus and Maus,
2008). The idea is also reflected in Copeland and Taylor (2009) who model the evolution
of property rights regimes at a country level. In their model, the government sets a harvest
level that is tolerated, taking into account agents’ incentive to cheat. Resource exploita-
tion is thus dependent on what the government can enforce. Our paper shows that those 105

findings may also translate to the case of community governance, where a community may
agree on a second-best harvesting level to maintain cooperation.

Our model is presented in section 2. In section 3, we analyze endogenous capital in an
open-access fisheries, which may present the case where cooperation has disappeared or
has never evolved in the first place. Section 4 looks closer at the interaction of capital 110

investments and social norms. Section 5 concludes, and briefly discusses our main findings.

2 The model

We assume that N members of a closed community have access to a common pool resource.
There are clear boundaries to the system, which means there is no migration of resource
units or people in or out of the system. We assume that only villagers are tolerated on the 115

resource grounds and no outside labor can be hired, which is often the case in common
property regimes (Baland and Platteau, 1996; Ostrom, 1990). Consequently, the costs of
fishing are not constant (as would be the case if there was a market wage), but marginally
increasing, as each fisher has an increasing opportunity cost as fishing effort increases.

1Of course, there is a substantial literature on investment behavior and capacity adjustments in fish-
eries; see Nøstbakken et al. (2011) for an excellent review and Boyce (1995); McKelvey (1985); Clark et al.
(1979) for key papers. However, no paper has explicitly considered that capital may evolve at a slower
rate than variable inputs.
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2.1 Resource dynamics and harvesting120

As a starting point, we take the canonical Gordon-Schaefer fisheries model (Clark, 1990).
The change of resource abundance over time is dependent on the natural growth of the
resource and the exploitation by fishers. The natural growth of the resource is described
by the logistic growth function

G(S) = rS(t)

(
1− S(t)

Smax

)
, (1)

where S(t) is the resource abundance at time t. Smax indicates the carrying capacity125

of the biological system and r gives the intrinsic growth rate of the resource. We make
the simplifying assumption that all short term variable inputs can be expressed in one
variable, which we coin effort. The harvests of each agent hi(t) are linearly dependent on
effort ei(t), a technology variable qi(t) and the resource abundance and can be given as

hi(t) = ei(t)qi(t)S(t). (2)

The technology variable qi(t) is akin to the well-known catchability coefficient in the130

Gordon Schaefer model. The only difference is that the technology variable is varying
over time and individuals. The harvest of all agents is summed to determine the total
harvest H =

∑N
i=1 hi. The change in resource abundance over time can then be determined

by subtracting the aggregate harvest from the natural growth as given by

Ṡ = G(S)−H. (3)

The net return on harvesting for each fisher is determined by his harvest and the cost of135

effort. Each harvested unit is sold for the constant price P . The costs of harvesting are
convex, where the cost parameter for effort is given by v. This gives the net return on
harvesting as

yi(t) = P ei(t)qi(t)S(t)− vei(t)
2. (4)

2.2 Endogenous technology

The technology variable qi(t) is dependent on the capital ki(t) that has been accumulated140

by agent i and a capital to technology conversion rate γ. We assume that qk > 0 and qkk <
0, which implies that there is a marginally decreasing return from capital on technological
efficiency. Specifically, the relationship between capital and the technology variable is
given by

qi(t) = γkzi (t), where 0 < z ≤ 0.5. (5)

The upper bound on z assures that the relation between harvesting revenue and capital145

investments remains weakly concave, πkk ≤ 0. Inserting the technology variable into the
harvest function would give the harvest function the form of a standard Cobb-Douglas
production function, with inputs for labor (effort) and capital.

hi(t) = kzi (t)γS(t)ei(t). (6)

4



The investment to improve technological efficiency is costly. Due to insufficient capital
markets, those investments have to be paid out of the stream of current incomes. There- 150

fore, profit πi depends on revenues and costs of harvesting, as well as investment Ii and is
given as

πi(t) = kzi γPS(t)ei(t)− vei(t)
2 − Ii(t). (7)

The capital stock of each agent changes over time. Agents invest Ii into their capital stock,
while a fraction δ of their current capital stock depreciates. We assume that the capital
is fully malleable, and the change of the capital stock ki can be given as 155

k̇i = Ii − kiδ, with − ki ≤ Ii ≤ πi. (8)

Note that each agent possesses two control variables, effort ei and investment Ii. We
assume that the choice of effort is revised more frequently, and will be optimized based
on the state of both the resource stock and the capital stock. Capital investments are a
long-term decision, and we assume that agents make capital investments if they expect
them to be profitable in the long run. Such choices may depend on social norms and are 160

described in more detail in sections 3 and 4.

2.3 Evolution of social norms

The socially optimal level of resource extraction is lower than the level which would max-
imize the income of an individual agent. If agents act selfishly this would lead to overex-
ploitation and lower – if not zero – economic rents generated by the resource in equilibrium. 165

Hence, we face a social dilemma.

To analyze the evolution of cooperative social norms, we rely on the evolutionary game-
theoretic framework proposed by Sethi and Somanathan (1996). We assume that there are
three groups of agents: (i) cooperators, (ii) defectors, and (iii) enforcers. The community
comprises Nc cooperators, Nd defectors and Np enforcers, where N = Nc + Nd + Np. 170

Cooperators are willing to adhere to the social optimum, while defectors act selfishly and
may overexploit the resource if this gives them higher utility. Enforcers adhere to the same
harvest strategy as cooperators and punish defectors to enforce cooperation. Punishment
is costly, both for the punisher, as well as for the receiver. An enforcer faces costs β for each
defector that is punished, while each defector is bearing costs α per punishment instance. 175

Total utility is given as the sum of profits from harvesting π and the costs of imposing or
receiving sanctions. The utility for cooperators (Uc), defectors (Ud) and enforcers (Up) is
determined by the following set of functions:

Uc(t) = πc(t), (9)

Ud(t) = πd(t)− αNp(t) with α > 0, (10)
180

Up(t) = πc(t)− βNd(t) with β > 0. (11)

The utility of cooperators is only determined by profits, since they neither punish, nor are
punished. For defectors, the utility loss is particularly high if Np is high, i.e. if there are
many enforcers in the community. For enforcers, it is particularly costly if many defectors
(Nd) are in the community. Note that the monetary profits of enforcers and cooperators
are identical. Enforcers, however, face the costs of punishing peers. The evolutionary 185

5



process is based on the replicator equation (Taylor and Jonker, 1978) that determines the
change of strategies. This process is based on imitation dynamics, where agents will revise
their strategy if a better one is available. If a strategy gives higher than average utility, the
fraction of agents using it increases. Formally, the number of players following strategy
x, where x = c, d, p is given by Nx. So the fraction of each strategy changing over time is190

given by the set of differential equations

Ṅx

N
=
Nx

N
(Ux − Ū), where Ū =

3∑
x=1

Nx

N
Ux. (12)

From equation 12 it follows that an equilibrium requires utility of all chosen strategies
in the equilibrium to be the same. The system as proposed by Sethi and Somanathan
(1996) has two stable equilibria: either full cooperation or full defection. A stable state
with all three strategies present is not possible. If defectors are present, enforcers would195

perform strictly worse than cooperators, due to the strictly positive cost of punishing. A
stable state consisting of cooperators and defectors is not possible, under the condition
that πd > πc, as the the defector strategy strictly dominates the cooperator strategy in the
absence of enforcers.2 Lastly, a community comprising both enforcers and defectors cannot
be a stable equilibrium, because a mixed community will always be attracted towards full200

cooperation or full defection. The intuition is that if the fraction of enforcers increases,
relative utility of defectors decreases (as they are punished by more agents), leading to a
further erosion of defection. For similar reasons, an increasing fraction of defectors will
imply higher costs for enforcers and lead to an erosion of enforcers. Hence the system
has two stable states: full defection or full cooperation. Fig. 1 illustrates the change in205

composition of strategies in a stable bioeconomic system and the attraction towards either
full cooperation or full defection. The nature of both stable states will be described in
more detail in section 4.

Defectors equilibrium

Cooperators equilibrium

Nc = N Np = N

Nd = N

Figure 1: The figure illustrates how the composition of strategies changes, based on the current
population. The corners of the triangle represent a population consisting of only one strategy. The
lines between the corners represent some combination of two strategies, and in the interior all three
strategies are present. The simulation shows the case where πd − πc = 40, N = 100, α = 1, β =
0.8.

2Note that cooperators and defectors can co-exist if profits are zero, which is ruled out in Sethi and
Somanathan (1996). We explore this situation in section 4.4.
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Table 1: List of assumptions used in the model and related literature

Section Model assumptions Literature

2.1 Gordon-Schaefer model for open-access fisheries (Gordon, 1954; Clark, 1990)
2.2 Harvesting efficiency dependence on capital (Eigaard et al., 2014)
2.2 Malleability of capital, reversibility of investments (Rust et al., 2016; Clark et al., 1979)

(Clark, 1990, P.110),(Allison and Ellis, 2001)
3.1 3.2 Dynamic between effort and capital (Nøstbakken et al., 2011; Clark, 1990)
2.2 Myopic agents (Yletyinen et al., 2018)
2.3 Evolutionary game-theoretic framework (Sethi and Somanathan, 1996)
2.3 Replicator dynamic for social norms (Taylor and Jonker, 1978)
3.5 Maximum economic yield as a benchmark (Clark, 1990, P.42-43)

3 The open access equilibrium and social optimum

In this section the open-access equilibrium is determined, followed by the socially optimal 210

resource and capital stock. The social optimum is the stable state which maximizes the
collective benefits and is only stable if all agents are cooperators or enforcers. The open-
access equilibrium is the stable state associated with the ”defector equilibrium” of the
social norms model of Sethi and Somanathan (1996), which implies that all cooperators
have disappeared and everyone is defecting. Of course, the open access equilibrium also 215

resembles a situation where social norms have never evolved in the first place and everyone
has been pursuing his own interest from the start. In such a situation agents try to claim
any resource rents available, which may happen by either investing effort or capital.

To determine the open-access equilibrium, we assume that all agents behave selfishly
and try to maximize their immediate gains, consistent with an open access fishery. In 220

doing so, they will change effort or the size of their capital stock if this will increase their
income. A steady state implies that neither the resource stock, the capital stock, nor effort
changes over time. In the paper we only present the case of z = 0.5, as this yields easily
interpretable closed form solutions.3 We summarize all other key model assumptions and
the literature related to each assumption in table 1. 225

3.1 Choice of effort – short run dynamics

Each fisher decides how much effort to spend on harvesting the resource. This decision
obviously depends on the resource stock, but also on the equipment he possesses. The
optimal amount of effort can be found by deriving the profit function with respect to effort
and setting it to zero, as given by ∂πi

∂ei
=
√
kiγSP − 2vei = 0. Then, the optimal amount 230

of effort4 is given by

ei =

√
kiγSP

2v
. (13)

3If effort is chosen optimally, the partial output elasticity of capital is equal to one in such case. This
implies that a one unit increase in capital leads to a one unit increase in harvests, which is akin to the
properties in the standard Gordon-Schaefer model. For values of z < 0.5, we have a concave harvest
function with respect to capital, so a one unit increase in capital leads to a less than one unit increase
in harvests. It seems quite plausible to see those diminishing returns in real-world fisheries, though see
Gordon (1954) for a discussion on why diminishing returns may not unfold in the fishing industry. For
values of z > 0.5, we have a convex harvest function with respect to capital, which means a one unit
increase in capital leads to a larger than one unit increase in harvests. Those increasing returns to capital
do not seem very realistic and at odds with economic principles, though see Mirza et al. (2019) for a model
that features locally increasing returns to scale.

4As the second derivative is negative ( ∂
2πi

∂e2i
= −2v), we can conclude that this is a maximum.
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We see that the agent uses more effort if (i) he possesses more capital (k), (ii) the resource
abundance (S) is high, and (iii) sales price (P ) is high. Higher harvesting costs (v) decrease
the amount of effort. This condition for the allocation of effort (13) can be substituted
into the harvest function (2), which gives235

hi =
kiγ

2S2P

2v
. (14)

This condition for the allocation of effort (13) can be substituted into the profit func-
tion (7). This substitution simplifies further analysis as now profit is only dependent on
investments and capital, but no longer on effort. Therefore,

πi =
kiγ

2S2P 2

4v
− Ii. (15)

3.2 Choice of capital stock – long run dynamics

In the long run, agents decide how much to invest in their capital stock. Positive invest-240

ments will improve the technological efficiency of harvesting equipment, and will increase
harvests per unit of effort. Furthermore, as can be seen in equation (13) it will increase
the amount of effort exerted by the agent in future time periods. However, there is a
marginally decreasing effect on the increase in technological efficiency from a growing
capital stock and also the capital depreciates over time.245

As the fishers are in an open-access fisheries, they are motivated by increasing their in-
dividual profits. They will only invest if the expected return on the investment is higher
than the cost. This implies that the cost of an investment has to be returned over its
lifetime. Since individuals are not the sole owner of the resource, they cannot rely on
an optimal investment path. Also, we assume that fishers use the current resource abun-250

dance to estimate revenue in later time periods and do not predict changes in resource
abundance.

The assumption made in equation (8) states that the capital stock is fully malleable,
meaning that capital can be disinvested without loss of value.5 In equilibrium, Ii = kiδ,
which we can insert into profit function (15). To determine if an investment would garner255

a net profit, the profit function is derived with respect to the capital stock and set to zero:

∂πi
∂ki

=
γ2S2P 2

4v
− δ = 0. (16)

The only variable which appears in the derivative is the state of the resource stock. We

can solve for S to obtain a threshold value of resource abundance Ŝ = 2
√
δ
√
v

Pγ , which
determines whether an investment will be profitable. The marginal profit from capital
increases monotonically with resource abundance. Therefore, if the resource stock is above260

the threshold value Ŝ the agent can increase his income by increasing his capital stock,
whilst at resource abundance levels below Ŝ the agent will make a net loss on each unit of

5Obviously, this is a simplification, though in line with observations from the field, as descriped in
Allison and Ellis (2001) p.383: ”However, for most artisanal fisheries, and especially those in low-income
countries, the assets tied up in fishing are not that great and mobility is relatively high.” An alternative
approach would have been to use non-malleable capital, i.e. non-reversible investments (cf. Rust et al.
(2016); McKelvey (1985)), which is more realistic, but challenging, if not impossible to combine with a
model of social norms. After all, there is strategic interaction, so that agents would have to from beliefs
about investment of peers (potentially guided by norms) and the development of the stock.
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capital. This creates a bang bang solution with three types of solutions. If the resource
stock is below the minimum threshold for investment, the agent stops his investments
altogether and will disinvest if possible. When the stock is above the threshold, the agent 265

will want to increase his capital stock, and at Ŝ the agent will maintain his capital stock
by replacing any depreciated capital. Therefore, investment can be given as

Ii =


πi if S(t) > Ŝ

kiδ if S(t) = Ŝ

−ki if S(t) < Ŝ.

(17)

To determine the nullcline for the capital stock, the results from equation 17 are inserted
into the differential equation for capital, equation 8. The nullcline for the capital stock is
plotted in Fig. 2: 270

K̇ = 0 if Ŝ =
2
√
δ
√
v

Pγ
. (18)

3.3 Resource stock

To determine how resource abundance is affected by harvesting, we insert the size of the

aggregate capital stock K =
N∑
i=1

ki into the harvest function (14), which gives aggregate

harvests

H(t) =
Kγ2S2P

2v
. (19)

Total harvests increase linearly with the aggregate capital stock and quadratically with 275

the size of the resource stock.6 The resource stock will be in equilibrium if harvests equal

the natural growth, i.e. rS(1− S
Smax

) = Kγ2S2P
2v . This equation can be solved with respect

to the size of the capital stock, giving the critical capital stock K̂ needed to harvest the
resource in equilibrium

Ṡ = 0 if K̂ =
2rv(1− S

Smax
)

PSγ2
. (20)

This critical capital stock K̂ decreases as resource abundance increases, meaning that less 280

(more) capital is needed to have a high (low) resource level in equilibrium. Equation (20)
gives the nullcline of the resource, which is shown graphically in Fig. 2.

3.4 The open-access equilibrium

For the complete bioeconomic system to be in a steady state both resource abundance
and capital have to remain constant at the same time. We can find the equilibrium by 285

substituting the investment threshold (18) into the nullcline for resource abundance (20).
This yields the steady state values, corresponding to the intersection of two nullclines in
Fig. 2:

6Considering that agents can have differing technology coefficients and effort levels, it may seem sur-
prising that aggregate harvests rise linearly with aggregate capital stock. However, the linear relationship
between individual capital and harvest makes it possible to determine the aggregate harvest directly from
the aggregate capital stock.
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Figure 2: The capital and resource stock nullclines describe the dynamics of the system. The
open-access equilibrium is located at the intersection of both nullclines. The arrows indicate the
direction in which the variables would change over time.

K̂ =
r
√
v(1− 2

√
δ
√
v

PγSmax
)

γ
√
δ

and Ŝ =
2
√
δ
√
v

Pγ
. (21)

At the investment threshold Ŝ, no agent is able to raise his profit by either increasing
harvesting effort or by investing in technological efficiency. At the open-access equilibrium290

in the Gordon-Schaefer model no economic rents remain (Seijo et al., 1998). Hence, our
open access equilibrium is consistent with the Gordon-Schaefer model in that regard.

3.5 Optimal management

In this section, we are going to determine how the community can achieve the largest
collective sustainable profit – the maximum economic yield. Maximum economic yield is295

a standard management objective, essentially maximizing the net present value using a
zero percent discount rate. The main purpose of this analysis is to establish a benchmark
for cooperation, which is why we refrain from using a positive discount rate – the insights
would be similar, but the analysis would be unnecessarily complicated.

The cooperators agree on a socially optimal capital stock K∗, whilst allocation of effort300

remains dependent on the resource stock and the agent’s capital stock; see equation (13).
Each cooperator invests the fair share of capital, i.e. kc = K∗/n. In equilibrium, the
resource stock cannot change over time, meaning the harvest has to equal the natural
growth of the resource. Maximum economic yield is found by solving the following problem

max π =
Kγ2S2P 2

4v
−Kδ subject to G(S) = H(K,S). (22)

The capital stock K̂ that supports a sustainable resource stock, i.e. Ṡ(t) = 0, is given in305

equation (20) and substituted in the objective function (22) to obtain

π∗ = −r(S − Smax)(γ2S2P 2 − 4δv)

2γ2SPSmax
, (23)
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where π∗ indicates the profits that can be generated by sustainably harvesting the re-
source. Note that sustainable profits depend on only one variable: resource abundance.
To maximize function (23) we derive it with respect to the size of the resource stock to
yield 310

∂π∗

∂S
= −r(2γ

2S3P 2 − γ2S2P 2Smax − 4δvSmax)

2γ2S2PSmax
. (24)

Setting the derivative to zero gives an optimal level of resource abundance S∗ at which
sustainable exploitation grants the highest aggregate profit7, which can be expressed as

S∗ =
Smax

2

36A
+
Smax

6
+A, (25)

where A =
3

√√
(B + C)2 −B2 +B + C,

where B =
Smax

3

216
, C =

vδSmax
P 2γ2

.

4 Community governance

In our model, cooperators agree on a socially optimal capital and effort level that ensures
a stable level of resource abundance at which economic rents are produced. The replicator 315

dynamics (12) show that agents will be attracted towards the most successful strategy. To
maintain a state in which the cooperative strategy remains dominant, it has to be the one
offering the highest utility. Thus, for a cooperative stable state to be stable, the cost of
being punished has to be higher than the additional revenue that could be attained from
defecting. In the next section we analyze under which conditions a cooperative state is 320

stable.

4.1 Cooperative stable state

Within the framework of Sethi and Somanathan (1996) it is impossible for cooperators
and defectors to co-exist in a stable state. Hence, the cooperative stable state implies that
all agents are cooperating and no one is defecting. To ensure that a cooperative state 325

is stable, the change in both resource and capital stock over time has to remain zero.
Furthermore, no agent should be tempted to defect and utility of cooperating should be
strictly higher than utility of defecting. Note that the utility of cooperators is equal to
enforcers if defectors are absent and given by

Uc =
kcγ

2S2P 2

4v
− kcδ. (26)

As all agents are cooperating, their capital is optimized to sustainably harvest the re- 330

source stock, and effort is chosen optimally, as given by equation (13). While there is no
possibility to increase profits by increasing effort, agents could be tempted to defect by
making investments Id into the capital stock that go beyond the cooperative level. These

7The second derivative is given by, ∂
2π∗

∂S2 = − r(γ2S2P2+4δvSmax)

γ2S3PSmax
, where all parameters are non-negative.

As the second derivative is strictly negative we can conclude that the reported solution is a maximum.

11



investments could increase the agent’s individual profits, but would trigger punishments
by enforcers, equal to αNp. Hence, the utility of defectors is given by335

Ud =
(kc + Id)γ

2S2P 2

4v
− (kc + Id)δ − αNp. (27)

A cooperator will only be tempted to defect and overinvest, if it increases his utility.
Hence, we need to compare the utility functions of cooperators (26) and defectors (27).
In equation (28), we see that the difference in utility between cooperators and defectors
is composed of the return on the investment and the punishment by enforcers. Defection
occurs if the revenue gained from the overinvestment is greater than the costs of the340

overinvestment and the cost of being punished, as given by

Ud − Uc =
Idγ

2S2P 2

4v
− Idδ − αNp. (28)

In the cooperative stable state each unit of capital invested has a positive net return, while
punishment is constant and independent on the size of the investment. In the following two
sections we will analyze how investments affect cooperation when the limit to investments
is either set exogenously or is determined endogenously by the agents’ total profit in the345

previous period.

4.2 Exogenous investments

In this section we describe how cooperation is affected by investments when the limit to in-
vestment is set exogenously. A cooperative state can be invaded if defecting yields a higher
utility than cooperating. The investment capability of a potential defector Id is salient,350

because the investment needs to be large enough to negate the received punishment. This
means that as the punishment capacity of the community rises, larger investments are
necessary to pass the investment threshold Îd, beyond which larger investments make
defection profitable; see Fig. 3.

Investment Id 

�d–�c

 

 

Received punishment

Profit difference

αNp

U
til

ity
 U

d 

Id Investment threshold

Figure 3: There is an investment threshold Îd at which utility from cooperation and defection are
the same. Any higher investment level will favor defection, while any lower investment level favors
cooperation. The intuition behind it is that the income of the agent rises linearly with investment,
while the punishment received for this ’illegal’ investment is constant.
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Essentially, whether cooperation can be enforced is determined by the ability to invest Id 355

and the received punishment αNp. Obviously, the ability to administer severe punishments
helps in maintaining a cooperative stable state. The critical level of enforcement needed
to maintain a cooperative stable state is given by

αNp =
Idγ

2S2P 2 − 4Idvδ

4v
. (29)

We find that higher enforcement is needed if the resource stock is high, the sales price is
high, and the costs of effort are low. Indeed, these are all factors that make harvesting 360

more profitable, increasing the temptation to defect. The minimum investment needed to
compensate for the received punishment can be determined by

Îd =
4vNpα

γ2S2P 2 − 4vδ
. (30)

We find that larger investments are needed to break even (Id is larger) if there are more
enforcers in the community, and punishment is more effective. The investment threshold
is smaller when the resource stock is large, the sales price is high and the technology γ is 365

more efficient.

The interaction between investment and punishment is influenced by a third variable, the
level of resource abundance at the cooperative steady state. The increase in revenue by
each invested unit of capital is positively dependent on the level of resource abundance.
Less punishment capacity would be needed to enforce a cooperative stable state at lower 370

levels of resource abundance. The highest possible resource stock at which a cooperative
stable state can be enforced, can be determined by

S̄ =

√
4vNpα+ 4Idvδ

Idγ2P 2
. (31)

This shows that aside from stronger enforcement there is a second device which can con-
trol whether the system can be invaded by defectors, and that is the agreed upon size of
the resource stock. When enforcement power is insufficient to enforce the first best, co- 375

operative agents can agree to harvest the resource at a lower level of resource abundance.
To sum up, when investment capacity is determined exogenously there are three different
types of stable state possible.

S̄ =


S∗ if S̄ ≥ S∗

S̄ if Ŝ < S̄ < S∗

Ŝ if S̄ ≤ Ŝ
(32)

1. There is enough enforcement power to achieve the socially optimal state, as no one
is able or willing to make an investment large enough to destabilize it. The resource 380

will be harvested sustainably at the optimal level of abundance S∗.

2. The enforcement power is not strong enough to achieve the socially optimal state, but
a resource stock higher than the open-access equilibrium can be enforced, creating
a suboptimal cooperative stable state at the resource level S̄.

3. There is no enforcement power in the community, as all agents have defected. The 385

only stable state is the open-access equilibrium. The resource is harvested at the
abundance level Ŝ.
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Table 2: Model parameters

Model parameters Description Value

N Number of agents 100
r Intrinsic resource growth rate 1
Smax Carrying capacity 100
P Resources sales price 200
v Cost of effort 100
γ Capital to efficiency conversion rate 0.002
δ Capital depreciation rate 0.05
α Cost of being punished 10
β Cost of punishing 0.5
Id Investment capacity 400

By changing various key parameter we analyze how they affect the equilibrium resource
stock of the open-access fisheries Ŝ, optimal management S∗ and the highest enforceable
cooperative stable state S̄. We assess the effect of changing the resource price P , the390

costs of effort v and the capital-technology conversion rate γ, by plotting the equilibrium
resource stock as a function of these parameters; see Fig. 4 and Table 2 for parameter
values. When the price of the resource rises and the costs of harvesting decrease, the
resource abundance at which the maximum economic yield is attained S∗ decreases and
approaches the maximum sustainable yield.8 When price (P ) rises or when the cost of395

harvesting (v) or efficiency (γ) drops, the increase in revenue per unit of (over-)invested
capital increases, decreasing the highest enforceable cooperative stable state S̄. The open-
access equilibrium stock Ŝ gradually increases when the cost of effort increases. However
when resource prices or the capital-technology conversion rate increase it rapidly declines.
Note that if the highest enforceable resource stock S̄ is higher than the optimal resource400

stock S∗, it means that the optimal policy can be enforced. Similarly, no management is
needed if the optimal resource abundance and open-access equilibrium Ŝ coincide.
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Figure 4: Each of the three panels shows the equilibrium resource abundance of the possible
stables states as the function of one variable; A) Cost of effort v. B) Price of the resource P . C)
Conversion rate from capital to technological efficiency γ. P and v are varied between 0 and 500
and γ between 0 and 0.01, whilst all other variables are kept constant at the values in table 2. The
solid grey line indicates MEY S∗, the dashed line the open-access resource stock Ŝ and the black
solid line shows the maximum resource abundance that can be enforced S̄.

4.3 Endogenous investments

In this section investment capacity is endogenously determined. The agents have no access
to capital markets, so investments have to be paid out of the stream of current incomes.405

8Maximum sustainable yield is a policy objective with the aim to maximize the equilibrium harvests.
For the standard logistic growth function this is achieved at resource levels of half the carrying capacity,
which in this case is 50.
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Considering that each unit of capital has a positive net return when the resource stock
is at a higher level than the open-access equilibrium, a defector would always want to
maximize his investment. The maximum investment an agent is able to make, is equal
to his profit from the previous period. We analyze whether a cooperative state can be
invaded, so the maximum investment made by a potential defector is equal to the profit of 410

a cooperator in the stable state as determined in equation (23), thus Id = πi,t−1 = π∗c (S).9

The agreed upon resource stock at the cooperative equilibrium now determines the temp-
tation to defect in two ways. The first being the revenue earned per invested unit of
capital and the second being the investment capacity of potential defectors. An increase
in the cooperators profits would thus have the adverse effect of increasing the investment 415

capacity of potential defectors.

As seen in Fig. 5, the investment capacity rises until the resource stock reaches the first
best solution (maximum economic yield). At resource stock levels higher than the first
best, the size of the defectors investment capacity declines, but the profit gained from
defecting continues to increase due to the higher return on each invested unit of capital. 420

As the stock approaches the carrying capacity the declining investment capacity becomes
limiting for the defector’s profits.

Resource stock (S)

first bestopen access

Investment Capacity (Id)

P
ro

fi
t 

(π
)

Profit defectors (πd)

Figure 5: The graph shows the profit for defectors and their investment capacity as a function of
the resource stock. The investment capacity is equal to the profit of cooperators. The two vertical
lines indicate the open-access resource stock and the first best for cooperators.

Fig. 6 shows how the temptation to defect, given by the difference in profits between
defectors and cooperators (πd − πc) varies with the size of the resource stock. As before,
the punishment defectors receive for overinvesting (αNp) is independent of the resource 425

stock and a cooperative stable state can be maintained if the punishment is larger than
the profit difference.

When investment capacity is determined endogenously, there are two resource stock levels
’SA’ and ’SB’ at which the additional profits from harvesting gained by defecting are equal
to the received punishment. These resource stock levels can be interpreted as threshold 430

values, as cooperators could agree to either harvest the resource at levels lower than ’SA’
or higher than ’SB’ and cooperation would be stable. However, a cooperative state would
not be stable in-between those values.

The difference in profits between cooperators and defectors is the same at both threshold
values. However, the first threshold value SA is characterized by a relatively low resource 435

stock, while SB, is characterized by a high resource stock level. As the investment has

9If punishments are monetary, the investment potential of a defector is reduced by any punishments
received. We explore this assumption in section 4.4.
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Figure 6: The graph shows the difference in profit between defectors and cooperators and the
punishment defectors would receive. At two points the lines intersect, these are threshold points
Sa and Sb. The difference in profits is only plotted if agents make positive profits by following
their chosen strategy.

to be paid out of the agents’ stream of incomes, the investment capacity reduces as the
profits diminish. If the resource is harvested sustainably at very high levels of abundance,
profits are relatively low. Even though the return on each invested unit of capital is very
high at SB, agents are not able to make an investment large enough to destabilize the440

cooperative state. Which allows for cooperation to be stable at high levels of resource
abundance.

We can numerically determine SA and SB by solving equation (28) with Id = πc
10, which

after substitution can be written as

Ud = Uc if
r(Smax − S)(γ2S2P 2 − 4δv)2

8γ2SPvSmax
− αNp = 0. (33)

At both threshold values a small increase in the gain from defecting could induce agents to445

adopt the defector strategy and destabilize the cooperative state. This may be triggered
by an exogenous shock, such as an increase in resource price, technological efficiency or a
decrease in opportunity cost or depreciation of capital. In Fig. 7 we plot the threshold
values SA and SB, indicating the range in which cooperation is stable.

Fig. 7 illustrates how the threshold values vary dependent on the following parameters:450

price (P ), cost of effort (v), the capital to technology conversion rate (γ) and the degree
of capital decay (δ). The upper threshold value SB is generally close to carrying capacity,
whilst the lower threshold value is similar to those plotted in Fig. 4.11 Enforcement
becomes more difficult as either prices or the capital to harvesting efficiency conversion
rate increases. An increase in the costs of effort or the rate of capital decay increases the455

range in which a cooperative stable state is possible.

To conclude, when investment capacity is limited by previously earned profits, cooperation
is stable above and below separate threshold values of the resource stock. When the
resource stock is sustainably exploited at levels below SA or above SB, agents do not have
enough income to make an investment large enough to offset the punishment they will460

10No satisfactory analytical solution could be obtained and therefore we resort to a numerical analysis.
Solving equation (33) for S yields 5 solutions, three of these are always outside of the used parameter
space. Therefore these are omitted.

11All parameters are given in Table 2, except the resource sales price, which is P = 100.
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receive for defecting. This is in contrast to when exogenous investments are available, as
then a cooperative stable state at high levels of resource abundance would not be possible.
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Figure 7: Each of the four graphs shows at which levels of the resource stock cooperation would
be possible as a function of one parameter; A) Price of the resource P , B) Cost of effort v,
C) Conversion rate capital to technological efficiency γ, D) Capital decay δ. The dashed blue line
shows the upper threshold value SB and the red solid the lower threshold value SA. No cooperative
equilibrium is possible in the area between the lines. When there are no lines for a given parameter
value, this indicates that cooperation is possible at every level of the resource stock.

4.4 Transition dynamics

In this section we determine to which stable state the system converges when out of
equilibrium. We run the model as a system of differential equations, where we vary the 465

starting capital stock and the starting resource stock. The dynamics are explained using
multiple time series which illustrate the different manners in which the system can develop.

We assume that cooperative agents behave in the following manner. In the initial period
cooperators and enforcers set a target for the cooperative resource stock, S̄. All agents
receive an equal share of the capital stock necessary to harvest S̄ sustainably as determined 470

by equation (20). We denote the aggregate starting capital stock as Kc, of which each
agent receives kc = Kc/N . At each positive starting level of the resource stock, the system
will converge to S̄ if harvested with the aggregate capital stock Kc.

Defectors start with the same capital stock as cooperators. However, they maximize their
income by investing their profits according to equation (17). Their investment capacity 475

is determined endogenously, as specified in section 4.3, with the added assumption that
punishments are monetary and therefore reduce investment capacity, thus Id,t = πd,t−1 −
αNp,t−1. As a consequence defectors are only able to make a positive investment if the
gains from harvesting are higher than the received punishment. For simplicity we assume
that all defectors hold the same representative capital stock.12 The capital that defectors 480

have in excess of kc is denoted as kd,t. We simulate the model by running the differential
equations for resource abundance (3), capital stock (8) and agent strategies (12) until an

12Defectors can increase their capital stock each period. An agent that has switched to the defector
strategy in t = 1 would have a different capital stock than an agent that has switched in t = 2. Accounting
for this heterogeneity would require an agent-based modelling approach.
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equilibrium is reached.13

The upper panel of Figure 8 shows to which equilibrium the system converges based on the
starting resource stock S0 and the cooperative capital stock Kc. The blue line indicates485

the resource abundance at the cooperative stable state, S̄, as determined by the capital
stock Kc. The system converges to the open-access equilibrium if the starting conditions
are between the two solid black lines. Below the lower black line, and above the upper
black line, the system converges to a cooperative stable state.

Within figure 8 there are four initial conditions marked with A,B,C and D. The corre-490

spondingly marked panels show how the system dynamics unfold at these points. Time
series A illustrates how the system develops if the cooperative capital stock Kc is high
enough to deter defection. The number of defectors declines to zero and the resource
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Figure 8: The upper panel illustrates the behavior of the system with different initial conditions
A–D for initial resource stock and cooperative capital stock kc. The blue line indicates the resource
abundance at the cooperative stable state, as determined by the cooperative capital stock. If the
starting conditions are between the two black lines, the system will converge to the open-access
equilibrium. Below the lower black line, and above the upper black line, the system converges to
a cooperative stable state. Panels A–D show the dynamics of the system at points A,B,C and
D. The lines represent the following variables: black solid (S), red solid (10kd), red dashed (Nd),
green dashed (Np), blue dashed (Nc). We assume that in the first time period the strategies are
distributed evenly (Np = 33, Nd = 33, Nc = 34) and set α = 0.8; all other parameters are set

according to table 2. Panel specific parameters, A:(k̂ = 60, S0 = 40), B:(k̂ = 70, S0 = 70),

C:(k̂ = 30, S0 = 30), D:(k̂ = 6, S0 = 60).

13Simulations were run in the GRIND package for Matlab, http://www.sparcs-
center.org/resources/dynamical-modelling-tools.html
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stock converges to the cooperative target stock. All defectors switch to the enforcer and
cooperator strategy. We see that the share of enforcers drops slightly over time, as they 495

switch to the cooperator strategy due to the cost of punishing defectors. At starting point
B, the initial resource abundance is substantially higher than the cooperative target stock,
opening a window for defection to invade the cooperative equilibrium. Due to the higher
stock, the profits of all agents are temporally higher, which increases the investments ca-
pacity of defectors and making defecting the most profitable strategy. Therefore, the share 500

of enforcers drops rapidly, and the system converges to the open-access equilibrium.

The time plot at starting point C shows the case where the cooperative capital stock is too
low to deter defection. Initially, defection is not profitable, but an erosion of enforcement
is taking place as enforcers switch to a cooperative strategy. Approximately at t = 7,
the number of enforcers falls below the minimum needed to prevent defectors from accu- 505

mulating capital, and consequently kd starts to increase. Due to the increase in capital,
defecting becomes profitable and more agents switch to the defector strategy. Enforcement
power continues to drop and the resource stock converges to the open-access equilibrium.
The time series at starting point D illustrates the case for low levels of kc. Due to the low
starting capital of all agents, the profits from harvesting are limited. Hence, defectors are 510

unable to increase their capital stock and the number of defectors decrease over time. The
resource stock approaches the equilibrium stock S̄.

From the time series we observe that preventing defectors from accumulating capital is
pivotal in maintaining cooperation. Investments increase profits of defectors, which further
increases investments and widens the gap in profits between cooperators and defectors. 515

Therefore an important tipping point exists at the point where defectors profits exceed
the received punishment, πd,t−1 > αNp.

We also observe that even if the initial conditions favor cooperation, defection can invade
if the number of enforcers erodes over time. Under the condition that defectors are not
able to make any investments, e.g. kd = 0, the profits from harvesting are identical for 520

all strategies πd = πc = πp. If this condition is met, the change of strategies over time
is completely driven by the cost of punishing, and the cost of being punished. Hence, as
long as defectors are present, enforcers will be tempted to become cooperators (and stop
enforcing). The system will flip towards a defective stable state if the remaining number
of enforcers becomes insufficient to prevent investments by defectors. 525

The two horizontal lines in figure 8 are located at the points where the remaining number
of enforcers is sufficient to prevent investments, αNp = πc(S̄). The necessary enforcement
power needed to maintain the cooperative equilibrium is a function of the cooperators
profits, and thus Kc. The lines bend outward at higher levels of the starting resource
stock, which implies higher initial profits, which allows defectors to make investments and 530

invade the cooperative equilibrium.

In time series B and C we see that defectors and cooperators co-exist at the open-access
equilibrium resource stock (Ŝ). As mentioned in section 2.3 a cooperator-defector equi-
librium is not possible if the profits from harvesting are positive. If punishment is absent
πd > πc implies Ud > Uc. However at Ŝ the average profit per unit of capital is zero, 535

and therefore the profit from harvesting for both strategies is zero. As the profits for
both strategies are equal and there is no punishment a cooperator-defector equilibrium is
possible at Ŝ provided that enforcers have disappeared.
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5 Conclusion and Discussion

It is a well established idea that community arrangements to harvest a resource sustain-540

ably can be undermined by continuous technological improvement in harvesting efficiency
(Richter and Dakos, 2015; Taylor, 2011). In particular, investment in fishing capacity may
lead to overcapacity that jeopardizes successful management of a fishery (Eigaard et al.,
2014). We formalize these observations in a mathematical model to explore under which
conditions social norms of cooperation erode, but may also adapt in light of the possibility545

to invest in fishing capital. Our paper points to an important tension in the field. If
investments can be financed via exogenous capital markets, a large resource stock would
trigger high investments, as profits can be made by exploiting the resource. If investments
are endogenous and have to be financed through the current stream of incomes, low levels
of capital would not generate the necessary income to support such large investments and550

stable cooperation may be observed at very high resource levels.

We added technological efficiency as an endogenously determined variable in the Gordon-
Schaefer model, treating capital as a slowly changing variable and effort as a fast vari-
able. Capital investments determine the harvesting efficiency of fishing vessels which
consequently influences allocation of harvesting effort. This has been integrated in the555

evolutionary game theoretic framework developed by Sethi and Somanathan (1996) in
which social norms of cooperation regarding capital investments evolve over time.14

Our model shows that in an open access regime, the cost and depreciation rate of capital
investments are important in determining the resource abundance at the open-access equi-
librium. Further, we find that cooperative resource exploitation can be destabilized by the560

potential to make large capital investments, and may be further challenged by high prices
or low costs of effort. Finally, we find that communities have an interesting device at their
disposal to discourage agents from defecting: the collectively agreed resource stock. When
the regulatory power is insufficient to enforce optimal management, cooperative resource
exploitation can be protected by lowering the level of abundance at which the resource is565

exploited.

To protect cooperative resource exploitation it is important to understand what incentives
motivate fishers to refrain from selfish behavior such as illegal fishing or over-investing.
Reducing incentives to cheat by lowering the resource stock is not socially optimal, but
could help prevent collapses to open-access in situations where enforcement capacity is570

limited. The results from our model support the idea established by Copeland and Taylor
(2009), that when regulatory power is insufficient to dissuade agents from over-harvesting
by punishment, it can be compensated for by reducing the incentives to cheat. Copeland
and Taylor (2009) classified economies into three distinct groups. The first group consists
of so called ”Hardin economies”, which lack the power to enforce any regulation. Re-575

sources in these economies will be depleted and harvested at the open-access equilibrium.
The second group, ”Ostrom economies” have the regulatory power to enforce suboptimal
harvesting policy. However if they were to attempt to enforce the optimal harvesting
policy, the incentive for agents to cheat would outweigh the expected punishment. The
last group, ”Clark economies” have sufficient regulatory power to enforce the optimal580

harvesting policy (Copeland and Taylor, 2009). The three distinct economies devised by

14If capital and effort were revised simultaneously, the model would require a different setup. First,
one would have to solve the use of inputs jointly, which is possible if one departs from the Gordon Schafer
model. Using a model with decreasing returns to scale (e.g. Cobb Douglas technology), one would be able
to find some kind of optimal mix of capital and effort; see for example Richter et al. (2018). Second, and
more fundamentally, it is not so clear what cooperators would coordinate on (low effort, low capital or
both). So it is not obvious how our findings translate to such setting.
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Copeland & Taylor closely resemble the three types of stable states we presented in equa-
tion (32). Thus, we show that these results carry over to the case where not a regulator
sets a harvesting policy, but it is in the hands of local communities guided by social norms.
Our results could also be relevant in the debate concerning community governance struc- 585

tures. The assumption that people always try to maximize their own short term benefits
has been challenged, and an increasing awareness has developed for other concepts such
as trust, social norms and conditional cooperation (Janssen, 2015). Informal institutions
that have developed over time, rely on the cooperation of exploiters and the willingness
to impose sanction on free riders to succeed (Vollan and Ostrom, 2010). The imposed 590

management can often be suboptimal with regard to bioeconomic theory, but allows for
the resource to be harvested sustainably. Due to the theoretical nature of the work, we
can obviously not conclude how relevant these mechanisms are in the field. However, the
main implications of our work could be tested using case studies or economic experiments.
In particular, it would be interesting to investigate how important technology is compared 595

to other variables when considering sustainability in the commons (Ostrom, 2009).

A key feature of our model is that capital is the slow control variable, while effort is the fast
one. The importance of fast-slow processes in social-ecological systems has been pointed
out before (Crépin, 2007; Crépin et al., 2011; Walker et al., 2012). Those papers have
considered fast-slow dynamics of state variables (e.g. corals and fish stock), while we con- 600

sider time scales of control variables. Similar in this respect, Biggs et al. (2009) investigate
how regime shifts can be avoided if they are triggered by either mechanisms which can
be manipulated rapidly (fishing effort) or only gradually (coastal development). Indeed,
the importance of time scales on sustainability and resilience of social-ecological systems
has been increasingly recognized (Biggs et al., 2012). The challenges for modellers is to 605

formalize and parameterize models incorporating different time scale, without drowning
in complexity.

Any model, such as this one has limitations. First, while our model is deterministic,
in reality the ecological or socioeconomic system may be exposed to natural variation.
The transition dynamics in section 4.4 show that a higher resource stock, for example 610

brought about by natural variation, increases profits and therefore allows defectors to
invest more, potentially eroding cooperation. In such case, cooperation can be maintained
if the system is sufficiently far from a threshold value and enough enforcement power is
present to prevent investments from accumulating. However sufficiently large shocks in
resource growth may trigger a shift from cooperation to defection. 615

Second, we follow Sethi and Somanathan (1996) in assuming that punishment is constant
and independent of the severity of the infraction. It would be an interesting extension to
consider punishment strength to be conditional on the magnitude of defection, i.e. the
size of the investment. It is not obvious whether it would be better to be either strict
or lenient on small violations, as strict punishments would discourage defection, but also 620

pose higher costs on enforcers.

Third, we assume that capital is malleable, which is not implausible for a small scale
fishery. However, assuming some kind of hysteresis and irreversibility in investments would
certainly be more realistic (Huang and Smith, 2014; Dixit, 1992). Such an approach would
require agents to form expectations about the future, and make optimal decisions in such 625

context. In our model agents are myopic and do not form beliefs about social and resource
dynamics, which is in line with how social norms are usually modelled in the literature.
In reality, agents are probably not as rational as assumed in optimal investments models,
nor as myopic as assumed in many evolution of cooperation models. Yet, a bridge between
these two approaches is missing in the literature. This would certainly be an interesting 630
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avenue for further research and could also potentially reconcile the two polar assumptions
in classical game theory (full rationality) and evolutionary game theory (myopia). One
would expect that the degree to which fishers form beliefs and also adapt to the future
depends on the underlying uncertainty and volatility of their environment, though the
empirical evidence is sparse; but see Yletyinen et al. (2018).635

Our results raise one important policy question, and that is how external authorities
can prevent the erosion of cooperative harvesting norms. First, dependent on the source
of the investments, the regulator could promote cooperation by implementing policies
affecting key economic parameters, such as the cost of effort (see Fig. 4 for exogenous
investments and Fig. 7 for endogenous investments). Altering the price and cost structure640

is considered an important tool to discourage illegal and unregulated harvesting (Gallic
and Cox, 2006). Second, there is also the question at what point an external regulator
should step in, for example by introducing external fines and monitoring. It has been
observed that rules established by external authorities, such as governments, aimed at
increasing the productivity of such resources can have negative consequences. The success645

of external regulation would highly depend on whether such formal punishments would
substitute or complement existing informal managements (Lazzarini et al., 2004). Many
cases have shown that externally imposed rules can replace existing arrangements, and
hence, ”crowd out” the established social norms (Cardenas et al., 2000). Our case shows
that the decision when to step in for a regulator is complex as it depends not only on650

whether social norms can be preserved, but also how far from the first-best outcome the
current arrangement is. An erosion of social norms is less costly if collectively enforced
resource level is very low. So there is probably an optimal point of intervention, which
is clearly below the optimal stock level, but also higher than the open access level. This
could be an exciting path for further theoretical, and also experimental studies.655
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W. N., Arrow, K. J., Barrett, S., Carpenter, S., Chapin, F. S., Crépin, A.-S., Daily, G.,
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