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A B S T R A C T   

Marine fisheries are a critically important source of food, nutrition, and employment for millions of people. As 
the global population increases, new and expanding pressures are created on fish resources. Marine Protected 
Areas (MPAs) have been widely promoted as valuable tools for rebuilding or maintaining fish stocks around the 
world. The success of MPAs, however, widely depends on their particular configuration and management and 
their effectiveness is often object of contentious debates in both scientific and political arenas. Since fisheries 
management is a collective action problem, some forms of human cooperation in terms of fishing behaviour can 
lead to sustainable fisheries and can represent, in theory, a complementary or even an alternative approach to the 
establishment of no-take marine reserves. We present here a new Agent-Based Model (ABM) that captures the 
main characteristics of an idealised small-scale fishery. We then use the model to investigate the combined effects 
of different fishing strategies (expressed by a cooperative trait associated to fishing effort) and various config-
urations of no-take reserves (including presence or absence of MPA, size of MPA, age of MPA, i.e. time elapsed 
since its establisment, and distance between two MPAs) on fish abundance and catch under an overfishing 
regime. Our results show that high cooperation without an MPA can be as effective as lower levels of cooperation 
combined with an MPA in maintaining fish stocks and catches at relatively high levels. The mobility of our fish 
agents implies that, contrary to current belief, these results may not be limited to sedentary species. We also 
found that the greatest impacts on fish abundance and catch are produced by the size of an MPA and the time 
elapsed since its establishment. Furthermore, the distance between two MPAs has no significant effect, regardless 
of the cooperation levels characterising the fishing agents. Despite its simplicity, the ABM presented here pro-
vides insights on the most plausible effects that combinations of different MPA designs and human cooperation 
strategies can produce on overexploited small-scale fisheries. When appropriately adapted with a realistic, 
fishery-specific parameterisation, this model can constitute a valuable tool for evaluating the impact of different 
resource management strategies. We make the model available as open-source software with the aims of 
fostering reproducibility, transparency, and flow of ideas.   

1. Introduction 

Global fish catches increased in the period from 1950 to 1990 and 
started to decline after that, with about 53 % of the global fish stocks 
being currently below a recovery target of 80 % of the maximum sus-
tainable yield (Costello et al., 2016). The cumulative impacts of the 
increasing global population and the ever expanding range of access to 
marine fisheries threaten fish resources and the economies that rely on 
them (Halpern et al., 2008; Kildow and McIlgorm, 2010; Sale et al., 
2005). These are aspects of great concern because fish proteins represent 

an essential nutritional component in many countries and in particular 
in countries where total protein intake levels are low (Guillen et al., 
2019). In the tropics, for example, fish constitutes the major source of 
proteins, essential micronutrients, and fatty-acids for millions of people 
(Golden et al., 2016). How can we ensure food and nutritional securities 
for everyone and at the same time maintain or rebuild fish stocks to 
sustainable levels ? 

Marine Protected Areas (MPAs) have become a common tool for 
managing marine resources as their use has expanded rapidly since they 
were first introduced around the end of the nineteenth century (Wells 
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et al., 2016). MPAs may also be referred to as marine parks, sanctuaries, 
reserves, or closures. The terms reserve and closure are used most 
commonly in the context of fisheries management. Many conservation 
groups and scientists have called for the establishment of MPAs as a way 
of mitigating the overexploitation of marine resources (Claudet et al., 
2006; Nelson and Bradner, 2010; Pauly et al., 2002). The success and 
achievement of MPAs, however, can vary widely, depending on their 
configuration (Ban et al., 2017) and management (Gill et al., 2017). 
Critical aspects for the design of effective MPAs remain their spatial 
scales and the socio-cultural, political, and legislative contexts (Gia-
koumi et al., 2018). 

MPAs, in their most restrictive form, i.e. as no-take fishery reserves, 
are often opposed by fishermen and other stakeholders due to the 
displacement of fishing activities and reduced catches (Bennett and 
Dearden, 2014; Caveen et al., 2014). Consequences of no-take reserves 
include social, economic, and cultural conflicts among the involved 
groups and communities (Bavinck and Vivekanandan, 2011; Christie, 
2004). How much catch is lost due to spatial closures in both the short 
and the long term is a difficult, albeit critically important, issue 
(O’Leary et al., 2018). Additionally, debates about whether a single 
large no-take fishery reserve is more effective than several smaller ones 
of the same total area (SLOSS), or whether closely spaced no-take areas 
are more effective than distantly spaced ones, remain contentious 
(Ovaskainen, 2002). 

Fisheries management is a collective action problem (Jones, 2006). 
Neoclassical economic theories of human behaviour predict the ”tragedy 
of the commons” when resources such as marine stocks are managed in 
the absence of a third-party enforcement of agreements or if practical 
difficulties prevent privatisation (Hardin, 1968). In other words, 
although everyone benefits from an intact common resource, there is 
always a tendency to cheat (i.e. to overharvest) at the individual level, 
because cheating brings economic advantages to the individual whereas 
the costs (e.g. an ocean stripped of its resources) are distributed among 
everybody. However, laboratory simulations of such social dilemmas 
(Fehr and Gächter, 2000; Janssen et al., 2010; Owusu et al., 2019), field 
studies of commonly managed resources (Cárdenas and Ostrom, 2004; 
Prediger et al., 2011; Rustagi et al., 2010), and mathematical modelling 
(Brandt and Merico, 2013; Brandt et al., 2012; Janssen and Baggio, 
2017) all indicate that humans do not universally maximize short-term 
personal gains but can cooperate to produce shared, long-term benefits. 

From a mathematical point of view, game theory provides an 
analytical framework for understanding how cooperation evolves 
among strictly-assumed rational players. Nowak (2006) proposed five 
mechanisms for cooperation to evolve based on game theoretic 
reasoning, which involve fixed matrices of interactions among players. 
While game theory leads to rigorous and elegant conclusions, applica-
tions and extensions of the results to the real world are, to the least, very 
problematic, especially in explaining social facts under the rational 
choice axiom. Common Pool Resource (CPR) experiments unveiled 
many shortcomings about conventional theories of collective action that 
assume rational, self-interested behaviours (Dietz et al., 2003) and 
highlighted the full spectrum of dimensions involved, including those 
related to personal emotions, social and environmental conditions, and 
ethical and existential issues. Given these complexities, many scholars 
have recently called for a paradigm shift to overcome the limitations of 
the standard economic tools and models (Bookstaber, 2017; Burgess 
et al., 2020; Helbing and Kirman, 2013). A bottom-up modelling 
approach that incorporates the behaviour of many heterogeneous in-
dividuals and that aims at investigating the emerging macroscopic 
patterns arising from individual decisions, appears most promising. 
Such an approach is available and is called Agent-Based Modelling. 
These models have advantages also with respect to mean-field, dynamic 
system models (such as those based on diffusion processes or equilib-
rium theories), especially when dealing with inhomogeneous pop-
ulations of agents and complex interactions among agents (Bonabeau, 
2002). 

Forms of human cooperation that lead to sustainable fisheries can be, 
in theory, a complementary or even an alternative approach to the 
establishment of no-take reserves. However, the relative impacts and 
consequences of the two approaches have received little attention by the 
scientific community. We present here an Agent-Based Model (ABM) 
that captures, in broad terms, the main characteristics of a small-scale 
fishery (by comprising a relatively small fleet and parameter values 
scaled proportionately with respect to small, traditional fishing craft 
representative of West Africa). We then use the model to disentangle the 
combined effects of fishing behaviour, expressed by a cooperative trait 
associated to fishing effort, and different designs of no-take areas, 
including presence or absence, size, distance, and age (i.e. time elapsed 
since its establishment), on fish abundances and catches under an 
overfishing regime. This study presents a first idealised application of 
this new model and, as such, we see it as a proof-of-concept rather than 
as an effort oriented towards the development of fishery theories. Also, 
the number and diversity of stakeholders involved, even in small-scale 
fisheries (e.g. Belhabib et al., 2014), which often include an important 
illegal component (Ferraro and Brans, 2009; Niasse and Seck, 2011), and 
the uncertainties related to real fish stock and catch data (Belhabib et al., 
2014) pose a variety of challenges to mathematical modelling. There-
fore, our aim is not to pin down the exact trajectories of fish abundance 
and catch produced by the different management scenarios but rather to 
provide a qualitative insight on the most plausible effects that such 
scenarios can produce with a model of minimal complexity. We provide 
the numerical code of our model as open-source software (https://gith 
ub.com/systemsecologygroup/CoopFishABM) so that it can be used, 
modified, and redistributed freely. This, we hope, will foster reproduc-
ibility, transparency, and flow of ideas. 

2. Model description 

We developed an Agent-Based Model (ABM) to investigate the 
combined effects of varying levels of cooperation and different config-
urations of MPAs on an idealised fishery comprising a reatively small 
fishing fleet of 20 boats, thus reflecting a small-scale fishery, and a 
variable number of fish agents. The boats in our model could be thought 
of as pirogues, i.e. large wooden canoes, powered by outboard motors, 
typical of West African small-scale fisheries (Belhabib et al., 2018; 
Diankha et al., 2017), we will thus use this terminology hereafter. 

2.1. Fishing ground 

The fishing ground Fig. 1 is simulated as a finite two-dimensional 
space represented by a square with area A = 2. The boundaries of the 
virtual fishing ground are wrapped so that when a fishing agent go out 
from one side of the area, a new one re-enter from the opposite side. This 
aspect accounts for pirogues leaving the fishing ground to return to 
shore and for new ones entering the fishing ground, under the 
assumption that the entering pirogues have the same cooperative 
characteristics of those exiting. The carrying capacity, K, of the fishing 
ground, i.e. the maximum number of fish that the ground can sustain, is 
set to 200 individuals. MPAs are simulated as no-take subregions of the 
fishing space. Their key characteristics are: 1) size, 2) distance, when 
two MPAs are considered, and 3) age. The size of an MPA is expressed as 
percentage of total fishing ground. 

2.2. Characteristics of fish agents 

At time t = 0, a total of N = 200 fishes are randomly distributed over 
the fishing ground. The reproduction of fishes is simulated as a sto-
chastic process depending on a reproduction probability and on a 
logistic-type growth restriction, which is given by 

R(n) = gmax⋅n⋅
(

1 −
n
K

)
, (1) 

K.A. Owusu et al.                                                                                                                                                                                                                               

https://github.com/systemsecologygroup/CoopFishABM
https://github.com/systemsecologygroup/CoopFishABM


Ecological Complexity 44 (2020) 100876

3

where n is the current fish population (in number of individuals), K is the 
carrying capacity of the fishing ground (in number of individuals), and 
gmax is the maximum intrinsic growth rate (in per time). Therefore, every 
time a fish agent is randomly picked, a random number is drawn be-
tween 0 and 1 and compared to the current reproduction rate R(n); if the 
random number is smaller than R(n), reproduction occurs (i.e. a new fish 
agent is added to the population), otherwise reproduction does not occur 
(no fish agent is added to the population). This formulation ensures that, 
as the number of fish agents increases and the population size gets closer 
to the carrying capacity K, it becomes less likely that fish agents 
reproduce. 

Fishes are fished at a rate H that is controlled by the harvesting 
characteristics of the fishing agents, which is formulated according to 
the classic Schaefer’s model (Clark, 2010; Schaefer, 1954), see subsec-
tion 2.3 for further details. 

The movement of a fish is characterised by a speed vi. Following 
previous works (Aoki, 1982; Cornejo-Donoso et al., 2017; Huth and 
Wissel, 1992), the direction of movement is simulated by using three 
sensory zones around the fish, they are: repulsion zone (with radius rr), 
parallel-orientation zone (with radius ro), and attraction zone (with 
radius ra), Fig. 2. The repulsion zone reflects the fact that fishes in a 
school generally do not collide. Probability distribution analysis shows 
that the nearest neighbour fishes in a school never come closer than a 
certain minimum distance. If a neighbour fish comes too close to other 
fishes, the neighbour fish tries to avoid a collision by moving away from 
the other fishes. In our model, this is implemented by finding the 
midpoint of all neighbouring fish agents within the repulsion zone, 
computing the direction to go towards that midpoint, and taking the 
opposite direction (i.e. away from the midpoint). The 
parallel-orientation zone reflects the fact that fishes in a school also 
maintain a preferred distance from its neighbour fishes. In our model, 
this is implemented by changing the direction of a fish in order to match 
its average direction to that of all other fishes found within the 
parallel-orientation zone. The attraction zone makes fishes swimming 
towards a school. This is implemented by computing the midpoint of all 
the fishes found within the attraction zone and changing the direction of 

a nearby fish towards that midpoint. 
Following Cornejo-Donoso et al. (2017), the position of fish agent i at 

time t + Δt is calculated as 

qi(t + Δt)
⏟̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅ ⏟
new position

= qi(t)
⏞̅⏟⏟̅⏞

previous
position

+ vi(t + Δt)
⏟̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅ ⏟

speed

⋅
(

cos(ϕi(t + Δt))
sin(ϕi(t + Δt))

)⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞
directional angle

⋅ Δt⏟⏞⏞⏟
time step

, (2)  

where qi(t) = (xi(t), yi(t))T is the vector indicating the position of a fish 
agent at time t, vi is the speed, and ϕi is the direction. Fish offspring are 
initially located in the position of the parents. 

2.3. Characteristics of fishing agents 

In our model, a single fishing agent is represented by a single pirogue 
(or boat). The model simulates a fixed number of pirogues (P=20), 
which are randomly distributed over the virtual fishing ground at time 
t=0. Each pirogue is characterised by a cooperative trait value (over a 
scale of five values) and a corresponding fishing effort (Fig. 3A). The 
relationship between cooperation and effort is based on previous works 
(Akpalu, 2008; Clark, 1973; Kramer, 1986; Roch and Samuelson, 1997) 
and reflects the fact that a high preference for immediate gain (here 

Fig. 1. Simulated fishing grounds reflecting 
three management designs (MPAs are repre-
sented as areas bounded by black solid lines): 
no MPA (A), single large MPA (B), and two 
spaced MPAs (C). Fishing agents (i.e. pirogues 
marked with circles) and fishes (marked with 
triangles) are initially randomly distributed on 
a finite 2-D space. The different colours of the 
pirogues reflect the associated cooperative trait 
level, ranging from fully cooperative (black) to 
fully non-cooperative (lightest grey), see Fig. 3 
and main text for more details.   

Fig. 2. Sensory zones of our fish agents. To avoid collisions, a fish swims away 
from fishes located within its repulsion zone (radius rr). A fish aligns to swim in 
the same direction of fishes located within its parallel-orientation zone (radius 
ro). Finally, a fish heads towards fishes located within its attraction zone (radius 
ra), thus forming aggregations. 

Fig. 3. Attributes of cooperation and fishing effort considered in our model (A). 
Fully cooperative pirogues are characterised by the lowest fishing effort, 
whereas fully non-cooperative pirogues are characterised by the highest fishing 
effort. Three cases are considered (B): (1) the low cooperation (LC) case in 
which 10 % of the pirogues are fully cooperative, 15 % are cooperative, 20 % 
are conditionally cooperative, 25 % are non-cooperative, and 30 % are fully 
non-cooperative; (2) the intermediate cooperation (IC) case in which fully 
cooperative, cooperative, conditionally cooperative, non-cooperative, and fully 
non-cooperative account each for 20 % of the total; and (3) the high coopera-
tion (HC) case, in which fully cooperative, cooperative, conditionally cooper-
ative, non-cooperative, and fully non-cooperative pirogues are, respectively, 30 
%, 25 %, 20 %, 15 %, and 10 % of the total. 
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intended as low cooperative behaviour) is associated with a high fishing 
effort, whereas a low preference for immediate gain (here intended as 
high cooperative behaviour) is associated with a low fishing effort. 
These high or low preferences for immediate gain are called inter-
temporal choices as they involve trade-offs between costs and benefits 
occurring at different times. Intertemporal choices are importat and 
ubiquitous, both among humans and animals, and constitute a funda-
mental concept in economics, also known as discounting (Dasgupta and 
Maskin, 2005; Frederick et al., 2002). Our own work suggested that, by 
giving more weight to the future productivity of the resource, a lower 
discount rate among resource users (corresponding to a lower effort) 
relates to higher cooperation, to more sustainable use of the resource, 
and to higher harvest on the long-term (Brandt and Merico, 2013; 
Brandt et al., 2012). In contrast, a higher discount rate (corresponding to 
higher effort) relates to lower cooperation, to lower harvest on the 
long-term, and even to a collapse of the user-resource system (Brandt 
and Merico, 2013; Brandt et al., 2012). 

Following these arguments, we designed three main types of pi-
rogues characterised by different and fixed cooperative levels: fully 
cooperative (lowest fishing effort), intermediate cooperative (inter-
mediet fishing effort), and fully non-cooperative (highest fishing effort). 
These three different cooperative types are assembled according to five 
cooperative trait values (Fig. 3B). They are: 1) the low cooperation (LC) 
case, in which fully cooperative, cooperative, conditionally cooperative, 
non-cooperative, and fully non-cooperative pirogues are, respectively, 
10 %, 15 %, 20 %, 25 %, and 30 % of the total; 2) the intermediate 
cooperation (IC) case, in which fully cooperative, cooperative, condi-
tionally cooperative, non-cooperative, and fully non-cooperative pi-
rogues are equally distributed, each accounting for 20 % of the total; and 
3) the high cooperation (HC) case, in which fully cooperative, cooper-
ative, conditionally cooperative, non-cooperative, and fully non- 
cooperative pirogues are, respectively, 30 %, 25 %, 20 %, 15 %, and 
10 % of the total. Although agents are characterised by fixed coopera-
tion traits, this particular cooperation design leads to a trade-off, 
whereby high fishing effort (i.e. low cooperation) creates immediate 
and abundant harvest but at a cost of rapid resource depletion; and low 
fishing effort (i.e. high cooperation) has an immediate cost of reduced 
harvest but with the benefit of keeping the resource at sustainable levels, 
in accordance to discounting principles (Brandt and Merico, 2013; 
Brandt et al., 2012). 

The harvest rate of a pirogue is formulated according to the Schae-
fer’s model (Clark, 2010; Schaefer, 1954): 

H(n
′

) = q⋅Ek⋅n′

, (3)  

where q is the catchability coefficient (in pirogue− 1 time− 1), n′ is the 
number of fishes in a fixed neighbourhood, and Ek is the fishing effort, 
ranging from 0.2 (for low effort) to 1.0 (for high effort) and associated to 
a specific cooperative trait value (Fig. 3A). The catchability coefficient is 
the same for all pirogues and specifies the efficiency of the fishery 
(Arreguín-Sánchez, 1996). A pirogue can only harvest the fishes present 
in the neighbourhood (with radius rn), reflecting the area covered by the 
fishing net. 

According to Huff et al. (2015), Agrawal et al. (2013), and Little and 
McDonald (2007), sharing information is a relevant factor in resource 
harvest decisions. In our model, movement decisions are influenced by 
the information on fish catch that a pirogue shares with other neigh-
bouring pirogues. This is implemented by making the pirogue moving 
towards the direction of a neighbouring pirogue exhibiting a greatest 
catch. If no such pirogue is present in the neighbourhood, then the 
pirogue moves in a random direction and for a distance of 0.3 unit length. 
This assumption is roughly consistent with activities in small-scale fish-
ery, where fishermen of different pirogues may know each other or may 
even be relatives and can thus exchange information (for example, via 
radio or mobile telephone) on various aspects, including weather condi-
tions, situations of distress, and catches. 

Following Cornejo-Donoso et al. (2017), the change in the position of 
a pirogue j is updated as follows: 

pj(t + Δt)
⏟̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅ ⏟
new position

= pj(t)
⏞̅⏟⏟̅⏞

previous
position

+ vj(t + Δt)
⏟̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅ ⏟

speed

⋅
(

cos(ϕj(t + Δt)
)

sin(ϕj(t + Δt)
)

)⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
directional angle

⋅ Δt⏟⏞⏞⏟
time step

, (4)  

where pj(t) = (xj(t), yj(t))T is the vector indicating the previous position, 
vj is speed of the pirogue, and ϕj is the direction of the pirogue pointing, 
as explained above, towards the pirogue exhibiting the highest catch or 
to a random direction and for a distance of 0.3 unit length if no pirogues 
are present in the neighbourhood. Fishing within the marine protected 
areas is prohibited and pirogues are forced to comply with this regula-
tion, thus cheating is not considered in our experiments. 

2.4. Handling of events and time 

For the sake of generality, time is treated in abstract terms. A single 
model time step is thus one unit of time. The flow diagram in Supporting 
Information Fig. S1 illustrates the events that occur over a single time 
step. Initially, all agents (fishes and pirogues) are randomly distributed 
over the fishing ground. In each time step: 1) fishes are randomly picked 
and allowed to reproduce with a certain probability and to move to a 
new position, and 2) pirogues are randomly picked and allowed to 
harvest and to move to a different position. Since the number of fishes 
varies over time while the number of pirogues remains fixed, the state of 
our system (number of fishes and pirogues) is updated in an asynchro-
nous manner (Caron-Lormier et al., 2008; Cornforth et al., 2005). We 
thus assume that in each asynchronous updating, 1/(n + P) of a time 
step passes by, where n + P is the total number of agents (fishes and 
pirogues) at the time of updating. With this method, each agent 
(whether fish or pirogue) is updated once, on average, in each time step. 

The full list of model parameters is given in Table 1. 

2.5. Numerical experiments 

For each simulation, the model runs over a spin-up phase of 50 time 
steps to allow the system to reach an equilibrium. This is followed by a 
second phase of 100 time steps, which we consider for our analysis. 

We examined the impacts of establishing a single MPA on fish 
abundance and catch. We considered three cases of cooperation levels 
(low, intermediate, and high) and two fish ground management con-
figurations (with and without MPA), see Model description for details on 
how cooperation is operationalised in the model. For these numerical 
experiments, we considered an MPA that covers 15 % of the fishing 
ground. In total, we tested six combinations, i.e. the two management 
configurations for each of the three cooperation cases and, to account for 
the stochastic nature of the ABM model, we run four replicate simula-
tions for each of the six combinations, for a total of 24 runs. 

We also investigated the separate impacts of MPA size, MPA age, and 
distance between two MPAs on fish abundance and catch. For these 
investigations, we considered three scenarios. In the first scenario, we 
increased the size of a single MPA from 10 % to 80 % of total fishing area 
in steps of 10 % while keeping the age fixed to 100 time steps. In the 
second scenario, we increased the distance between two MPAs from 0.1 
to 0.8 in steps of 0.1 while fixing the total size of the two MPAs to 15 % of 
the total fishing ground and the age to 100 time steps. In the third 
scenario, we increased the age of a single MPA (which size was fixed to 
15 % of total fishing ground) from 10 to 80 time steps in steps of 10. We 
run 4 replicate simulations for each of the 8 levels of each simulation 
scenario (i.e. 4 replicates for each of the 24 cases). Furthermore, we 
investigated the combined impacts of MPA size (10 %, 25 %, and 40 % of 
total fishing area), age (25, 50, and 75 time steps), and distance between 
two MPAs (0, 0.2, and 0.4) on fish abundance and catch (the design of 
these experiments is shown in Supporting Information Fig. S2). 
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Finally, our model simulations are run under an overexploitation 
regime, reflected by a relatively high catchability coefficient q (which is 
set to 60 % of the number of fishes present in the neighbourhood radius 
rn, Table 1), because otherwise there will not be any need for considering 
fishing ground management strategies. However, the implications of this 
choice on the model results are investigated with additional simulations 
reflecting decreasing levels of exploitation (i.e. with decreasing catch-
ability values). 

2.6. Sensitivity analysis 

Given the uncertainties involved in the parameterisation of this 
idealised model application (see Table 1), we assessed the sensitivity of 
our model results to changes in parameter values. The model configu-
ration for the sensitivity analysis is as follows: two MPAs covering 25 % 
of the total fishing ground, placed at a distance of 0.2, and with an age of 
100 time steps. Standard parameter values are changed, independently, 
one by one, by ±50 % (see Table 1). The sensitivity of the model is 
analysed by comparing the results (averages of four replicates and over 
time of fish abundance and catch) obtained with standard parameter 
values with those obtained with changed parameter values using the 
following sensitivity index: 

S =
X ′

(p′

) − X(p)
X(p)

⋅100 , (5)  

where X(p) is the average result obtained with the standard parameter 
value p and X′

(p′

) is the average result obtained with the changed 
parameter value p′

= p ± 50 %. 
In addition, since our results are obtained on the base of four repli-

cate simulations for each combination of fishing ground managment 
configuration and cooperation level, we run simulations with an 
increasing number of replicates (4, 8, 16, and 32, respectively) for the 
case of different cooperation levels in combination with presence and 
absence of single MPA (covering 15 % of the fishing ground and an age 
of 100 time units), to investigate if the number of replicates has an effect 
on the model results. 

3. Results 

3.1. Effects of cooperation levels with and without an MPA 

The first round of experiments aimed at investigating the impacts 
that different levels of cooperation (low, intermediate, and high) and 
presence or absence of single MPA have on fish abundance and catch. 
We observed that with an MPA fish abundance and catch are higher 
under all cooperation levels than without an MPA (Fig. 4). Similarly, an 
increasing level of cooperation leads to higher fish abundance and catch 
(Fig. 4). The biggest difference is observed between treatments with the 
presence of an MPA and high cooperation levels and with the absence of 
an MPA and low cooperation levels (Fig. 4). 

Our results also show that the case of high cooperation without MPA 
leads, on average, to the same fish abundance and catch as the case of 
intermediate cooperation with MPA (Fig. 4). Similarly, intermediate 
cooperation without MPA leads to same fish abundance and catch as the 
case of low cooperation with MPA (Fig. 4). These results reflect our 
specific assumptions and are consistent with the trade-off we considered 
between cooperation and fishing effort. This trade-off results in a form of 
cooperation that is more effective than no-take zones in keeping fish 
abundance and catch at sustainable levels. We note here that the 
incentive of fishermen to maximise short-term profits under the open- 
access regime may be driven by the fact that this regime and the asso-
ciated negative externalities give fishermen less control over the future 
of the stock rather than by the possibility that fishermen care less about 
the future of the stock. 

3.2. Individual effects of cooperation levels and different characteristics of 
MPAs 

Increasing the size of a single MPA, with age fixed to 100 time step, 
produced a significant increase in fish abundance regardless of cooper-
ation levels (Fig. 5A). However, increasing the size of a single MPA 
produced a significant increase in catch until the MPA size reached 
approximately 60 % of total fishing area, beyond which catch began to 

Fig. 4. Temporal dynamics of fish abundance 
(A) and catch (C) resulting from different 
cooperation levels and presence or absence of a 
single MPA. Each line (A, C) is an average of 
four replicate simulations for the different 
levels of cooperation (LC, IC, and HC for, 
respectively, low, intermediate, and high 
cooperation). The boxplots show the variability 
of the four replicates for abundance (B) and 
catch (D). Dashed whiskers and empty boxes 
represent simulations without MPA; solid 
whiskers and filled boxes represent simulations 
with MPA.   
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Fig. 5. Fish abundance (A, B, C) and catch (D, E, F,) for increasing size of a single MPA (with age fixed to 100 time steps), increasing distance between two MPAs (for 
a total size of 15 % of total fishing area, i.e. 7.5 % for each MPA and both with age fixed to 100 time steps), and increasing age of a single MPA (with size fixed to 15 % 
of total fishing area) and at different levels of cooperation (LC = low cooperation, IC = intermediate cooperation and HC = high cooperation). The boxplots show the 
variability of four replicate simulations. 

Fig. 6. Fish abundance for varying (1) size of a single MPA, (2) distance between two MPAs (columns), and (3) age of a single MPA (rows), and at different 
cooperation levels. Each treatment of size, distance, and age (i.e. each panel), corresponds to a set of 9 runs, each run replicated 4 times, for a total of 324 runs. The 
experimental design with the corresponding sets of 9 runs per treatment is illustrated in Supporting Information Fig. S2. 
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decline (Fig. 5D). 
We found a non-significant change in both fish abundance (Fig. 5B) 

and fish catch, at all cooperation levels (Fig. 5E), when the distance 
between two MPAs (with a fixed total MPA size of 15 % of total fishing 
area and fixed ages of 100 time steps) is increased. Increasing the age of 
a single MPA of fixed size (15 % of total fishing area) produced a slight 
increase in both fish abundance (Fig. 5C) and catch (Fig. 5F). 

3.3. Combined effects of cooperation levels and different characteristics of 
MPAs 

Increasing the size of a single MPA produced positive effects on fish 
abundance (Fig. 6) and catch (Fig. 7) under all cooperation levels. 
Similarly, increasing the age of a single MPA produced positive effects 
on fish abundance (Fig. 6) and catch (Fig. 7) under all cooperation 
levels. In contrast, increasing the distance between two MPAs had 
almost no effects on fish abundance (Fig. 6) and catch (Fig. 7) under all 
cooperation levels. 

In summary, the size of a single MPA and the time elapsed since its 
establishment have stronger impacts on abundance and catch than the 
distance between two MPAs, regardless of the cooperation level. 

3.4. Effects of different exploitation regimes 

As explained at the end of subsection 2.5, our model investigations 
are conducted under an overexploitation regime. Under the most 

positive scenario (high cooperation with a single MPA), fish abundance 
oscillates around 45 individuals (Fig. 4), representing a fish population 
that is approximately 75 % smaller than the carrying capacity (which is 
set to 200 fishes). This overfishing regime produces results (in all ex-
periments, fish abundances are higher with MPAs than without, Fig. 4) 
that are consistent with the general understanding of MPAs (Gerber 
et al., 2003; Guénette et al., 1998). Relaxing the fishing pressure, i.e. 
decreasing the catchability coefficient q, produces fish abundances 
increasingly closer to the carrying capacity (Fig. 8A). Reduced catch-
abilities increase catches overall (Fig. 8B), because of the higher fish 
abundances resulting from the less aggressive fishing regimes. In addi-
tion, the presence of an MPA does not produce beneficial effects on 
catches when the fishery is underexploited (i.e. at catchabilities below 
0.3). Therefore, the model is able to reproduce a key feature in MPA 
theory (Halpern, 2003; Lester et al., 2009) whereby the presence of 
no-take fishery reserves do not enhance catches unless the system is 
overfished. 

3.5. Results of sensitivity analysis 

We examined the sensitivity of fish abundance and catch to changes 
in parameters values under the different cooperation levels using the 
sensitivity index reported in equation 5. For all cooperation levels 
(Fig. 9), increasing the initial number of pirogues (P), neighbourhood 
radius for pirogues (rn), catchability coefficient (q), and speed of fishes 
(vi) produced a decrease in fish abundance and catch. In contrast, 

Fig. 7. Fish catch for varying (1) size of a single MPA, (2) distance between two MPAs (columns), and (3) age of a single MPA (rows), and at different cooperation 
levels. Each treatment of size, distance, and age (i.e. each panel), corresponds to a set of 9 runs, each run replicated 4 times, for a total of 324 runs. The experimental 
design with the corresponding sets of 9 runs per treatment is illustrated in Supporting Information Fig. S2. 
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increasing the intrinsic growth rate of fishes (gmax) and carrying capacity 
(K) resulted in an increase in fish abundance and fish catch. Increasing 
or decreasing the speed of the pirogues (vj) produced a positive change 
in abundance and catch. In general, the sensitivity of the model becomes 
less pronounced when moving from low cooperation (Fig. 9A,D) to in-
termediate (Fig. 9B,E) and high cooperation (Fig. 9C,F). Parameters that 
show a fairly consistent high impact over the different cooperation levels 
are catchability (q), intrinsic growth rate of fishes (gmax), and number of 
pirogues (P). This implies that such parameters have to be carefully 
quantified or evaluated when the model is applied to real fisheries. In 
addition, since fish abundance and catch respond quite sensitively to 
catchability, this parameter can be used effectively for management 
purposes. 

Another important parameter in our model is the initial number of 
fishes (N). For the purpose of demonstrating the capabilities of the 

model in reproducing qualitatively different results under varying MPA 
characteristics and cooperative scenarios, we used 200 fishes as initial 
standard condition (with a corresponding carrying capacity of 200 
fishes) because this number allowed us to perform many different ex-
periments over a reasonable amount of time. We therefore explored the 
sensitivity of the model results to different initial number of fishes (and 
corresponding carrying capacities, which are set equal to the initial 
number of fishes) and for each case we provide the required computing 
time (Fig. 10). 

This analysis shows that the model results are qualitatively the same 
for different numbers of initial fishes (and corresponding carrying ca-
pacities). Specifically, for all initial conditions, the presence of an MPA 
produces higher fish abundance and catch under all cooperation levels 
compared to when an MPA is absent. Also, for all initial conditions, 
higher cooperation levels produce higher fish abundance and catch with 

Fig. 8. Fish abundances (A) and catches (B) under different exploitation regimes characterised by increasing catchability. Results obtained with the standard model 
configuration (overfishing regime) are those corresponding to a catchability coefficient q equal to 0.6 pirogue− 1 time− 1. 

Fig. 9. Sensitivity of abundance (A, B, C) and catch (D, E, F) under different cooperation levels (blue = low cooperation, green = intermediate cooperation, and 
orange = high cooperation) and for two MPAs covering a total of 25 % of fishing area, placed at a distance of 0.3 from one another, and each with an age of 100 time 
steps. The height of the bars indicates deviations from the results obtained with standard parameter values (as in Table 1). 
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and without the MPA. 
Our results are obtained on the base of four replicate simulations for 

each combination of fishing ground managment configuration and 
cooperation level. Simulations with combinations of different coopera-
tion levels and presence and absence of a single MPA obtained with 
increasing number of replicates show that model results are very robust 
with respect to number of replicates (Fig. 11). 

4. Discussion 

MPAs have been promoted as a tool to preserve fish stocks, to safe-
guard biodiversity, and to secure other vital ecosystem services (Balm-
ford et al., 2004; Mellin et al., 2016; Rodrigues et al., 2004). Their 
effectiveness in achieving ecological and societal objectives, however, 
has provoked debates in scientific and conservation circles (Bennett and 
Dearden, 2014; Chaigneau and Brown, 2016; Gerber et al., 2011; 
Pendleton et al., 2018). There is also a divide between those who argue 
in favour of no-take reserves and those who promote sustainable fishing 
through forms of participation and cooperation among resource users 
(Fulton et al., 2012). Mathematical models can help in the design of 
no-take reserves by integrating a diverse array of relevant scientific in-
formation into a common framework and by providing insights into the 
alternative scenarios that could emerge under different MPA configu-
rations and human cooperation strategies (Fulton et al., 2015). Using an 
Agent-Based Model that captures the characteristics of a small-scale 
fishery in broad terms, we investigated here the combined effects of 
fishing behaviours (reflected by levels of cooperation associated to 
fishing efforts) and different features of MPA design (including presence 
or absence of MPA, size, age, and distance between two MPAs) on fish 
abundance and catch under an overfishing regime. 

In agreement with the views that an MPA can effectively maintain 
fish stocks to sustainable levels (Gell and Roberts, 2003; Micheli et al., 
2004; Russ et al., 2008), the results of our simulations show that the 
presence of an MPA would produce higher levels of fish abundance and 
catch compared to the case in which the MPA is absent (Fig. 4). How-
ever, our model also suggests that human cooperation, expressed in 
terms of fishing effort, whereby low effort reflects high cooperation and 
high effort reflects low cooperation, is an important determinant of fish 

Table 1 
List of parameters used in the model. For the sake of generality, the units of the 
model are defined in abstract terms so that distances are expressed in ’length’, 
which are fractions of the square root of 2 (2 being the area of the idealised 
fishing ground) and time is expressed in model time steps. The specific values of 
the parameters are chosen to be adaptable to a real-case scenario and according 
to consistency arguments. All parameters related to length (speeds of agents and 
radii of interaction) are scaled to the size of the fishing ground in a way that is 
consistent with a small-scale fishery typical of West Africa. For example, the 
speed of the simulated pirogue is 0.3 length ⋅ time− 1. Since the fishing ground is 
set to a size of 2 length2, it follows that the virtual pirogue can cover about 21 % 
of a linear distance on the fishing ground (assuming a squared ground) in a 
model time step. Pirogues of small-scale fisheries operate at an average speed of 
about 72 km ⋅ day− 1 (Metcalfe et al., 2017). If we considered a fishing ground of 
158000 km2, corresponding to the Exclusive Economic Zone of Senegal (Pauly 
and Zeller, 2016), then a real pirogue could cover about 18 % of a linear distance 
of this area in a day time, comparably to our idealised parameter setting. 
Analogous arguments are applied to deduce the other parameter values.  

Symbol Description Standard 
value 

Unit 

Characteristics of fish agents 
N  initial number of fish agents 200 nr of individuals 
gmax  maximum intrinsic growth rate 0.26 time− 1  

vi  speed of fish 0.2 length ⋅ time− 1  

rr  radius of repulsion zone 0.025 length 
ro  radius of orientation zone 0.06 length 
ra  radius of attraction zone 0.1 length 
Characteristics of fishing agents 
P  total number of fishing agents 20 nr of pirogues 
vj  speed of a pirogue 0.3 length ⋅ time− 1  

rn  neighbourhood radius 0.2 length 
q  catchability coefficient 0.6 pirogue− 1 ⋅ 

time− 1  

Fishing environment 
K  carrying capacity of fishing 

ground 
200 nr of individuals 

A  size of fishing ground 2 length2   

Fig. 10. Sensitivity of fish abundance and catch to increasing number of initial fish agents (N) and corresponding carrying capacities. The numbers in red indicates 
the approximate computing time (in minutes) required to generate the results for producing each set of 6 boxplots (24 simulations per set). Computing times are 
relative to a computer system with the following characteristics: macOS with 2.8 GHz Intel Core i7 processor and 16 GB 1600 MHz DDR3 memory. 
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abundance and catch. More specifically, we find that high cooperation, i. 
e. when the distribution of different cooperative attributes peaks to-
wards fully cooperative pirogues (Fig. 3), in the absence of an MPA can 
sustain levels of fish abundance and catch equivalent to those produced 
under intermediate cooperation, i.e. when the different cooperative at-
tributes are homogeneously distributed among the pirogues (Fig. 3), and 
in the presence of an MPA (Fig. 4). Similarly, intermediate cooperation 
and in the absence of an MPA is as effective as low cooperation, i.e. when 
the distribution of different cooperative attributes peaks towards fully 
non-cooperative pirogues (Fig. 3), and in the presence of an MPA 
(Fig. 4). These findings support the concerns raised by earlier studies 
showing that advantages derived from MPAs are outweighed by those 
obtained with effort reduction (Steele and Beet, 2003) or that the 
effectiveness of no-take reserves is reduced without additional measures 
of restraining fishing efforts outside the reserve (Hannesson, 1998). 
Given the relatively high mobility of our fishes, which cover 10 % of the 
fishing ground at each time step, these results imply that the advantages 
in the absence of an MPA and under high cooperation may not be limited 
to sedentary species, as thought in the past (e.g. Hastings, 1999). 

The size of an MPA is another debated issue, with some suggesting 
that the effects of an MPA on fish stocks is independent of its size (Côté 
et al., 2001; Guidetti and Sala, 2007; Halpern, 2003) and others sus-
taining that a large MPA performs better than small ones (e.g. Claudet 
et al., 2008). However, many studies seem to agree on the fact that an 
MPA should cover between 20 and 40 % of a fishing ground, because a 
reserve smaller than 20 % would bring no benefits and a reserve larger 
than 40 % would prevent fish larvae to reach areas outside the reserve 
thus making fishery goals unachievable (Bohnsack, 1990; 
Cornejo-Donoso et al., 2017; Gell and Roberts, 2003; Roberts, 2000). We 
found that an MPA covering around half of the fishing ground would 
achieve both goals of maintaining fish abundance (Fig. 5A) and ensure 
highest fish catches (Fig. 5D), although this result may be 
fishery-specific and in this first, abstract version of the model fish agents 
are not characterised by different life stages. Increasing the MPA size 
well beyond half of the fishing ground further increases the fish stock 
(Fig. 5A) but this comes at the cost of reduced catches (Fig. 5D). Past 
studies suggested that the size of an MPA should be constrained by the 
scale of fish movement (Botsford et al., 2003; Gaines et al., 2010; Gell 
and Roberts, 2003; Polacheck, 1990). This is because highly mobile 

fishes would frequently move across the boundaries of the reserve into 
the fished areas, an effect called spill-over (Rowley, 1994). Our sensi-
tivity analysis showed lower fish abundance and catch when the speed of 
fishes is increased by 50 % and higher fish abundance and catch when 
the speed of fishes is decreased by 50 %, although both these effects are 
offset by high cooperation (Fig. 9). We found no differences between a 
single, large MPA and two interspaced MPAs, regardless of their distance 
(Fig. 5B,E). Increasing the distance between two MPAs had almost no 
effects on fish abundance (Fig. 6) and catch (Fig. 7) under all coopera-
tion levels. Fish agents in our model are characterised by only two 
properties: the maximum intrinsic growth rate and the speed with which 
they move. Therefore, this result suggests that both these properties do 
not have an impact on fish biomass and catch when the distance between 
two MPAs is varied. This numerical experiment can provide relevant 
insights in a more sophisticated version of the model, for example in one 
that includes life history traits of fish, such as those related to larval 
dispersal or to differential fish movements when a distinction is intro-
duced between juveniles and adults. 

The age of the reserve can have a variety of effects ranging from no 
impacts on fish abundances (Côté et al., 2001; Mosquera et al., 2000), to 
slow recovery of fish abundances after the establishment of an MPA 
(Claudet et al., 2006; Guidetti and Sala, 2007; Molloy et al., 2009; Russ 
et al., 2005), and to fast recovery of fish abundances soon after the 
establishment of an MPA (Halpern and Warner, 2002). The time period 
to restore abundance levels after the establishment of an MPA depends 
on the biological characteristics of the fish species involved (Claudet 
et al., 2008; Vandeperre et al., 2011). Our simulations showed only a 
slight increase in fish abundance and catch when the age of the MPA is 
increased (Fig. 5C,F), although (as mentioned in the previous para-
graph) this first version of the model does not characterise fish agents 
with life-history traits, which could influence the results. We also found 
that, under low cooperation, a longer period of closure is required to 
attain the same levels of fish abundance and fish catch reached under 
intermediate or high cooperation levels (Fig. 5C,F). 

There are, of course, limitations about the relevance of simple 
models to complex ecological and socioeconomic issues. Our ABM rep-
resents an initial, minimal treatment of the problems associated to 
ecosystem management and human behaviour and, as such, it has to be 
intended as a proof-of-concept. The flexibility offered by this type of 

Fig. 11. Sensitivity of fish abundance and catch to increasing number of replicates for three cooperation levels in combination with presence and absence of a sinlge 
MPA covering 15 % of the fishing ground and with an age of 100 units of time. 
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models, however, allows for continuing developments and imple-
mentations (Bonabeau, 2002). For example, more agents can be added 
or the complexity of the agents can be increased in terms of behaviour 
and rules of interactions. Avenues of future development include a dy-
namic and flexible treatment of cooperation (instead of the static form of 
cooperation adopted in this first version) and the implementation of 
multiple fish species with different behavioural attributes and 
life-history traits. A dynamic and flexible treatment of cooperation has 
the potential to produce valuable insights, which may not be easily 
anticipated. For example, a treatment of cooperation based on heuris-
tics, whereby individuals adaptively and independently choose their 
cooperation level dynamically and based on experience, optimisation, or 
rule of thumbs (Bookstaber, 2017; Gigerenzer and Brighton, 2009; 
Gigerenzer and Gaissmaier, 2011), can allow non-ergodic dynamics, as 
typically experienced in real fisheries (Burgess et al., 2020), to emerge. 
Distinguishing between mobile and sedentary fish and subdividing fish 
agents according to their commercial value (Di Lorenzo et al., 2016), for 
example, would allow to (1) test the spill-over effect in specific locations 
and (2) assess the proportion of fish biomass that is fished around MPAs. 
Complexity can be also added to fishing agents to investigate in more 
detail cooperative self-governance, which can be achieved with a variety 
of mechanisms (Ostrom, 1990), including monitoring, sanctioning, and 
reciprocity. Rule compliance, which can be implemented as a function of 
fishing effort, is often an important limitation to the success of MPAs 
(Rife et al., 2013) and represents, therefore, another interesting line of 
model development and research. Finally, considering a large number of 
agents can be extremely computation intensive. Our sensitivity runs 
with 20,000 fish agents, for example, required 2.5 days (3600 minutes) 
of computation on a relatively fast computer. Several solutions, whether 
technological or mathematical, can be adopted when facing a large 
number of agents. One that we plan to implement in the future is based 
on the so-called super-individual approach (Scheffer et al., 1995), which 
can reduce computation time dramatically but it requires a careful 
consideration of individual variability (Parry and Evans, 2008). 

In conclusion, the success of an MPA entails a case-by-case under-
standing of the spatial structure of impacted fisheries, ecosystems, and 
human communities (Hilborn et al., 2004). Marine reserves, together 
with other management tools, including forms of participation and 
cooperation among resource users, can help maintain fish stocks to 
sustainable levels and, at the same time, achieve fishery objectives. 
When appropriately adapted to a particular system (for example, by 
adopting a realistic, fishery-specific parameterisation), our model can 
constitute a valuable addition to the suit of tools currently available for 
evaluating the impact of different resource management strategies. 
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