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Abstract:   12 

The EU Marine Strategy Directive has a regional focus in its implementation. The 13 

Directive obliges countries to take multiple uses and the marine strategies of 14 

neighboring countries into account when formulating marine strategies and when 15 

designating marine protected area (MPA’s). We use game theoretical analysis both to 16 

find the optimal size of marine protected areas with multiple uses by multiple 17 

countries, and to investigate the influences of multiple use on cooperation. To this end 18 

we develop a model in which two specific uses, fisheries and nature conservation, by 19 

multiple countries are considered in a strategic framework.  20 

The results of the paper suggest that EU marine policy such as the Marine Strategy 21 

Directive and the coming Maritime Policy may help to secure the highest possible 22 

benefits from these MPAs if these policies induce cooperation among countries, but 23 

only if the policies force the countries to consider all possible uses of marine 24 

protected areas. In fact cooperation on a single issue may give a worse outcome than 25 

the non-cooperative equilibrium. The results also indicates that cooperation may be 26 

hard to achieve because of defector incentives, and therefore if the current policy 27 

measures should be strict in enforcing cooperation on all possible uses of MPAs. 28 

 29 
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1 Introduction 32 

The marine environment supplies several goods and ecosystem services to society. 33 

Yet it is also under increasing pressure from a variety of human activities, such as 34 

fisheries, oil & gas exploration and shipping. To extract the goods and services 35 

sustainably and to protect vulnerable ecosystems we need to manage human activities 36 

in the marine domain. 37 

The European Commission is at the forefront in safeguarding and exploiting its 38 

Exclusive Economic Zones (EEZs). This is reflected in its policies and new initiatives 39 

such as the Common Fisheries Policy (EU [2009a]), the Water Framework Directive 40 

(EU [2009b]), the Maritime Policy (European Commission [2006]) and the Marine 41 

Strategy Directive (MSD) (European Commission [2007]). All of these call for 42 

ecosystem management, a holistic view and planning at a regional sea level, i.e. 43 

between countries sharing a common sea, such as the North Sea. The EU MSD 44 

explicitly calls for the formulation of integrated marine strategies by its member 45 

states, which should “apply an ecosystem-based approach to the management of 46 

human activities while enabling the sustainable use of marine goods and services” 47 

(European Commission [2007] article 1.1 and 1.2). Consequently we need to consider 48 

regional seas as single entities, surpassing the boundaries of individual countries.  49 

The necessary integration of the management plans both within countries as well as 50 

between countries, is far from being reached. The management plans for the 51 

individual member states’ Exclusive Economic Zones (EEZs) are not always in 52 

concordance with each other (Stel [2003], Douvere et al. [2007]) and planning and 53 

policymaking at the national level is often fragmented since responsibilities for 54 

different activities are divided between different organizations, institutions and 55 
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ministries (Stel [2002]). The fragmentation favors an attitude in which the effects of 56 

human activities are considered in isolation, whereas the effects are actually 57 

interdependent and cumulative (Elliott [2002], ICES [2003], de la Mare [2005]).  58 

To manage our seas sustainably we need to develop tools and policy instruments 59 

that are capable of achieving goals that have been set at the EU level, and mitigate the 60 

fragmentation at lower levels. Marine Protected Areas (MPAs) may be such a tool. 61 

They have been proposed for fisheries management for a long time (Guénette et al. 62 

[1998]) and more recently also as a tool to tackle biodiversity conservation, ecosystem 63 

restoration, regulation of tourist activities and as an example of integrated coastal 64 

management if all of these are included (Jones [2002]).  65 

MPAs have limitations, due to their inherent static and delineated nature versus the 66 

open and dynamic nature of the marine environment (Allison et al. [1998]). 67 

Economists are often skeptical about the effects of marine reserves as fisheries 68 

management tools (e.g. Hannesson [1998], Anderson [2002]). The main reasons for 69 

designating MPA’s  that has been advocated by economists are uncertainties and 70 

shocks (e.g. Lauck et al. [1998], Sumaila [2002]). Many such analyses, however, 71 

focus on fishing effects on a single stock under open access, and exclude the other 72 

effects of marine reserves such as biodiversity conservation. Moreover fishing has a 73 

destructive effect on habitats (Jennings and Kaiser [1998], Jennings et al. [2001],  74 

Auster et al. [1996], Armstrong and Falk-Petersen [2008]) and hence areas that are 75 

protected and where no fishing occurs may have a positive effect on the growth rate of 76 

the fish stock outside the reserve through habitat enhancement and the preservation of 77 

the nursery function of the reserve (Armstrong [2007], Armstrong and Falk-Petersen 78 

[2008], Schnier [2005a], Rodwell et al. [2002]). 79 
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The multiple uses of MPAs and their impacts on the marine ecosystem require full 80 

cooperation among all countries that share a regional sea such as the North Sea. On 81 

the one hand, strategic interaction and sub-optimal policy outcomes may occur 82 

because in general no central authority exists that can enforce cooperation on these 83 

issues. On the other hand, if the various functions of marine protected areas (e.g. in 84 

terms of fisheries and nature conservation) are linked, the advantages of cooperation 85 

may increase in such a way that self-enforcing agreements can be formed. 86 

In this paper we will analyze the problem of multiple use MPAs by multiple 87 

countries using game theory. This provides insights into the functioning of marine 88 

protected areas as a policy instrument for the MSD and the Maritime Policy Directive. 89 

More specifically, we will examine the size of MPAs that countries assign, when 90 

these countries account for the effects of MPAs on fisheries and species conservation 91 

separately or jointly and investigate the effect of playing cooperatively versus Nash 92 

equilibrium on a single issue when multiple issues are at stake.  93 

Game theory has considered the strategic interaction between countries in a general 94 

fisheries context (see e.g. Munro [1979], Levhari and Mirman [1980], Hämäläinen et 95 

al. [1985], Vislie [1987], Hannesson [1997], Arnason et al. [2000], Bjørndal and 96 

Lindroos [2004], Kronbak and Lindroos [2007]). The related problems of public good 97 

provision, international environmental agreements and enforcement has also been 98 

considered both in terms of transboundary pollution abatement and coalitions (see e.g. 99 

Mäler [1989], Mäler and De Zeeuw [1998], Finus [2003], Weikard et al. [2006], Finus 100 

[2006] and Nagashima, et al. [2009]) and in terms of possible coalitions for fisheries 101 

management (Pintassilgo [2003], Pintassilgo et al. [2008], Pintassilgo and Lindroos 102 

[2008]). Game theoretic treatments of (marine) protected areas have received less 103 

attention so far. Sanchirico and Wilen [2001] and Beattie et al. [2002] study strategic 104 
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interaction, both between fishermen and between fishermen and policymakers. 105 

Sumaila [2002] devises a computational model of assigning an MPA as a differential 106 

game between two agents. Ruijs and Janmaat [2007] have studied the strategic 107 

positioning of MPAs. They consider two countries, the location of MPAs and the 108 

effect of different migratiory regimes in a differential game. Busch [2008] derives 109 

some general conditions from game theory for terrestrial transboundary reserves to be 110 

superior over isolated reserves. Our paper contributes to the literature as it considers 111 

the combination of multiple use of protected areas with multiple agents: we examine 112 

cooperation and defector incentives when multiple agents are present in a multiple use 113 

setting, i.e. by considering impacts on fisheries and nature conservation. Furthermore 114 

the fisheries MPA model is improved to accommodate the habitat enhancement 115 

effects of MPAs, and a conservation game is introduced, that uses standard ecological 116 

functions to model species richness and consequent conservation benefits. 117 

In section two we present a game theoretic model that investigates the issue of 118 

multiple use MPAs in a multiple country setting by developing two separate models 119 

of MPAs in a multiple country setting: one model for the fisheries case and one model 120 

for the species conservation case. Next we link the separate models and investigate 121 

the impacts of this linkage of fisheries and nature conservation. In section three we 122 

provide a numerical example and section four concludes. 123 

2 Model description 124 

In our model we consider a regional sea, such as the North sea, that is completely 125 

claimed by a number of countries. These countries have divided the sea in Exclusive 126 

Economic Zones of equal size. In this sea there is only one fish species that is of 127 

commercial interest for fisheries, and this fish species consists of a single stock. The 128 



 7 

other fish species, as well as mammals and benthos have no commercial value, only 129 

existence value. We ignore effects of time and space, to focus exclusively on the basic 130 

mechanisms. Furthermore we are interested in the steady state and not so much in the 131 

path towards that steady state. 132 

Our fisheries model describes optimal harvesting of fish by a number of countries 133 

in a common sea with a single stock. We analyze the impact of establishing an MPA 134 

in a context where each country has a fixed share in the fishing area. In the fisheries 135 

model the cost of  the establishment of an MPA is a reduction in harvest proportional 136 

to the MPA size1. We assume that assigning an MPA from a fisheries’ perspective 137 

incurs no costs other then the opportunity costs of forgone harvest. For simplicity 138 

monitoring and compliance costs are neglected. The gains of a country consist of an 139 

increase in the growth rate of the shared stock owing to an increase in habitat quality 140 

in the unfished area. Such an increase cannot be reached by conventional harvest 141 

restrictions because it would only reduce the overall fishing pressure but not release 142 

one area completely, from fishing pressures, to recover habitat. This habitat effect of 143 

MPAs is a public good since a single country bears the cost while all countries 144 

benefit. 145 

The nature conservation model describes conservation efforts by a number of 146 

countries in the same common sea. We analyze the impact of the total size of an MPA 147 

on the number of species protected and the resulting costs and benefits. Each 148 

country’s MPA is a contribution to the total protected area, but the added benefits 149 

derived from the extra species protected by this MPA accrue to all countries, making 150 

this another public goods issue. 151 
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2.1 The game on marine protected areas as fisheries 152 

management tool 153 

Our fisheries model assumes that there is only one fish stock that is worth harvesting 154 

from a commercial point of view. Hence the set N of n symmetric countries optimizes 155 

the harvest from a single stock, ignoring other stocks and species. If countries 156 

cooperate they maximize the sum of their profits, if they defect they optimize their 157 

own profits. Country i’s profits Πi depend on the harvest and the incurred costs. We 158 

use a supply side model that assumes that the full harvest can be sold at a fixed price 159 

p2:  160 

i i ipH C i NΠ = − ∀ ∈  (1)   161 

where Hi is the total harvest of country i and Ci are the total costs of country i.  162 

We assume that countries are fishing a single fish stock that is uniformly mixed 163 

over the fishing grounds and we model the growth of the stock with a modified 164 

Schaefer production function. We assume that the sea is completely claimed by EEZ’s 165 

and that all EEZs are of equal size. The total size of the sea is normalized to one, and 166 

consequently each country has an EEZ of size 1
n . Each country’s fishing ground is 167 

its EEZ.  168 

In this model of the fisheries it is assumed that in equilibrium the harvest equals the 169 

growth of the fish stock. The size of the marine protected area affects both the harvest 170 

and the growth rate of the fish stock but for simplicity we assume that the location of 171 

the reserve does not matter. 172 

The total growth of the fish stock is modeled with a modified logistic growth 173 

function scaled such that the carrying capacity equals one. Hence the maximum stock 174 

size is also one. This growth function is: 175 
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( ) ( ) ( ), 1G X M R M X X= −   (2) 176 

with R(M) the internal growth rate of the stock, 0 1X≤ ≤ , and 0 1M≤ ≤  the total 177 

area protected as marine reserve.  178 

Setting aside a share of the fishing ground as a marine reserve has a positive effect 179 

on the growth rate R through enhancing the growth rate in the reserve. We model this 180 

enhancement as a coupled production function: the internal growth rate is rb in the 181 

unprotected area and (rb + rM) in the protected area. This assumption is based on 182 

increased recruitment that is achieved by increasing the spawning biomass through the 183 

absence of fishing in sensitive areas. Similar functional forms for marine protected 184 

area modeling have been used by e.g. Schnier ([2005a], [2005b]), who also modifies 185 

the growth rate and Armstrong [2007] who modifies the carrying capacity as an effect 186 

of MPAs. If we further assume that both stock and carrying capacity in the protected 187 

and unprotected area are proportional to area we get: 188 

( ) ( ) ( )
( ) ( )

( ) ( )

( )1

1
, 1 1 1

1

1

1

b b M

b M

nb M i
i

M X MX
G X M r M X r r MX

M M

r r M X X

r r M X X

 −  = − − + + −    −   

= + −

 = + − 
 

∑

 (3) 189 

with 0 1iM≤ ≤  is the share of the MPA of an individual country’s EEZ. The sum of 190 

individual MPAs multiplied with EEZ size equals the total MPA, because each EEZ is 191 

of size 1n . Consequently each individual MPA is scaled by its relative size in the sea 192 

such that the sum equals the total protected area M.  193 

To model the harvest we use a modified Schaefer harvest function:  194 

( ) ( )i iH Q M EX nQ M E X= =  (4) 195 
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with Q(M) the catchability, E the total effort level and Ei the effort level of player i. In 196 

a standard Schaefer function catchability is a parameter, but in our model catchability 197 

is a decreasing function of M. We use the following functions for Q(M) and Q(Mi): 198 

( )
( ) ( ) ( )1 1

o M

n ni o M i

Q M q q M

Q M q q M

= −

= −
  (5) 199 

where qo is the original catchability and qM is the catchability reduction caused by the 200 

protected area. 201 

Costs are assumed to be constant per unit of effort: 202 

i E iC c E=  (6) 203 

2.1.1 Full cooperation on MPAs for fisheries 204 

When players fully cooperate they maximize the sum of total profits:  205 

max max i
i N∈

Π = Π∑  (7)  206 

with Π the total profits.  207 

To obtain the steady state of the model we set the total growth equal to the harvest 208 

and solve for the effort level3. Under full cooperation the harvest is equal to the 209 

growth:  210 

( ) ( ) ( ) ( ) ( )
( ), 1 1

Q M E
H G M X R M X X Q M EX X

R M
= ⇒ − = ⇔ = −   (8) 211 

 Using the harvest function from (4) and substituting the equilibrium stock given in 212 

(8) we get the objective function:  213 

( ) ( ) ( )
( ), 1E E

Q M E
E M pH c E pQ M E c E

R M

 
Π = − = − −  

 
 (9)  214 

with M the total size of the MPA. Taking the First Order Condition with respect to 215 

effort we obtain4: 216 
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( ) ( )
( )1 2 0E

Q M E
pQ M c

E R M

  ∂Π = − − =    ∂   
 (10) 217 

If we substitute the equilibrium stock given in (8) back into equation (10), we get: 218 

( )( )
�

Marginal costMarginal benefit

2 1 0EpQ M X c− − =
�������

  (11) 219 

which displays the standard components of a FOC in a static fisheries model: the first 220 

part of the derivative is the marginal benefit: an increase in effort increases the catch 221 

if 1
2X >  , and this additional catch is valued at p. The second part is the marginal 222 

cost: an extra unit of effort costs cE.  223 

Similarly, the first order condition with respect to M is given by: 224 

( )
( )

( )
( ) 2 0o M M o M

M M
b M b M

q q M E pr q q M E
pq E pEq

M r r M r r M

    − −∂Π = + − =        ∂ + +    
 (12) 225 

If we substitute the equilibrium stock given (8) in  back into equation (12), we get: 226 

( ) ( )2

Marginal benefit Marginal cost

1 2 1 0M Mpr X pq E X− − − =
������� �������

 (13) 227 

This clearly illustrates the effect of MPAs. The first part of the derivative is the 228 

marginal benefit of an MPA: an extra unit of protected area increases the growth and 229 

consequently the harvest by ( )2
1Mr X−  which is in turn valued at p. The second part 230 

shows the marginal cost of such an area in the form of the forgone harvest in an extra 231 

unit of protected area, also valued at p. 232 

Solving equation (10) and (12) simultaneously we get a cubic equation which can 233 

be factorized into a quadratic and linear part and solved: 234 
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( ) ( )( )

( ) ( )( ) ( )
( )( ) ( )

* *

*

2 2 2

*

, 0

2 8 8
,

2

2 8 8 7 2 7

2 8 8 4 4

o E

M

o E M E M M o E M b

M M

o M E M M b E M M o E M b E o M E M E M b M

E M E M M o E M b o M E M m b

pq c
M E

pq

pq c r c r r pq c pq r
M

pq r

pq r c r pq r c r r pq c pq r pc q r c r pc q r r
E

c q c r r pq c pq r pq r c r pq r

−= =

+ ± + +
=

− + + + + ± + +
=

+ + ± + +

 (14) 235 

The first solution is a corner solution, and depending on parameter values the other 236 

two may be corner solutions as well. To evaluate the influence of individual 237 

parameters on the equilibrium protected area we use the implicit function theorem and 238 

the first order conditions (10) and (12) to determine the signs of their derivatives. The 239 

derivatives are shown in appendix I, the signs in Table 1.  240 

Table 1: Signs of the derivatives of equilibrium MPA under full cooperation with respect to 241 

parameters in the fisheries game 242 

Derivative M
p

∂
∂  

E

M
c

∂
∂  

M

M
r

∂
∂  

b

M
r

∂
∂  

M

M
q

∂
∂  

o

M
q

∂
∂  

Sign + - Und. - - Und. 

Und. = Undetermined. All relations are derived from the implicit function theorem.Assumptions 243 

used for signs above: All parameters >0, 0≤M≤1,  0≤Q(M)≤1. 244 

Most signs of the derivatives can be determined with exception of the derivatives 245 

with respect to rM and qo. The signs that can be determined have the expected sign. An 246 

increase in price of fish (p) would make harvesting more worthwhile, and thus the 247 

protected area is increased to increase the harvest. An increase in the cost of effort 248 

(cE) makes a protected area more expensive because the protected area decreases the 249 

effectiveness of effort through the catchability. Therefore the protected area is 250 

decreased when cost of effort increases.  251 

Similarly an increase in rb or qM decreases protected area as they make it less 252 

effective by increasing the harvest that has to be given up to protect an area. The signs 253 

of 
M

M
r

∂
∂  and 

o

M
q

∂
∂ are mainly determined by the difference between price of fish 254 
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and cost of effort and the parameters qM and qo. If p>>cE and Q(M) is not too small, 255 

both signs of the derivatives are positive. This is in line with expectations: if the price 256 

of fish is large relative to the cost of catching it, an MPA pays off: the added growth 257 

bonus and thus extra fish to catch is more valuable than the relative minor costs of 258 

extra effort needed to catch that fish. A larger growth bonus (rM) makes the MPA 259 

more valuable, because it increases the extra available catch. Similarly a larger 260 

original catchability (qo) makes the MPA even cheaper because the reducing effect on 261 

the harvest of the MPA is smaller. 262 

2.1.2 The Nash equilibrium for MPAs for fisheries 263 

In a Nash equilibrium each individual player wishes to maximize his own fisheries 264 

profits, given that other players also maximize their profits. We assume that the sum 265 

of the harvest of all players is equal to the growth. The stock expressed in terms of 266 

effort and marine protected area as they can be influenced by an individual player is: 267 

 

( ) ( ) ( )( ) ( ) ( )

( ) ( ) ( )
( )

1

, , , 1

1
1 ,

,

N

i i i i i i j
i i

i i j j

i j

H M E G M X Q M E X R M M X X

Q M E n Q M E
X i N i j

R M M

=
= ⇒ = − ⇔

+ −
= − ∀ ∈ ≠

∑ ∑

 (15) 268 

with j all other players.  269 

For a single player the optimization problem is then: 270 

( ) ( ) ( )
( )

1
max max 1

,

i i j j

i i E i

i j

Q M E n Q M E
pE c E i N

R M M

  + −
  Π = − − ∀ ∈

  
  

 (16) 271 

Maximizing the individual profit function in (16) is not the same as the open access 272 

regime. Even though countries only optimize their own effort, no new entrants area 273 

allowed, thus the rent is not driven to zero. The first order conditions with respect to 274 

Ei is: 275 



 14 

( ) ( ) ( ) ( )
( )

( )
( )

21
1 0

, ,

i i j j i i
i E

i i j i j

Q M E n Q M E pE Q M
pQ M c

E R M M R M M

 + −∂Π
 = − − − =
 ∂
 

 (17) 276 

If we substitute the equilibrium stock given in (15) back into equation (17), we get: 277 

( ) ( ) ( )
( ) �

Marginal cost

Marginal benefit

1
2 1 0

j j

i E
i

n Q M E
pQ M X c

R M

  −
  − − − =

  
  

�����������������

 (18) 278 

which displays the standard components of a FOC in a static fisheries model: the first 279 

part of the derivative is the marginal benefit: an increase in effort increases the catch 280 

if X is larger than ½ plus the catch of the other players, and this additional catch is 281 

valued at p. The second part is the marginal cost: an extra unit of effort costs cE.  282 

The FOC of the marine protected area in equation (16) results in: 283 

( ) ( ) ( )
( )

( ) ( )( )
( ) ( ) ( )

( )( )

1 1 1 1

1

11

1 1 1 1

1 1
2

11 11

1
1

1

n n n no M i i o M j ji
n M i

n
i n nb M i j

n n n nM o M i i o M j jM i
n ni o M i

n nn nb M i j n nb M i j

q q M E n q q M E
pq E

M r r M M

r q q M E n q q M Eq E
pE q q M

n r r M M n r r M M

−

− −

 − + − −∂Π
 = − − +
 ∂ + − 

 − + − − − +
 + − + −
 

 (19) 284 

If we substitute the equilibrium stock given in equation (15) back into equation (19) 285 

we get: 286 

( ) ( ) ( )
( )

( ) ( )
( )

Marginal benefit Marginal cost

1 1
1 1 2 1 0

j j j j

M M i
i i

n Q M E n Q M E
pr X X pq E X

R M R M

   − −
   − − − − − − =
   
   

����������������� ���������������

 (20) 287 

which is similar to the full cooperation case but now includes terms for the other 288 

players. The first part of the derivative is the marginal benefit of an MPA: an extra 289 

unit of protected area increases the growth and consequently the harvest by 290 

( ) ( ) ( )
( )

1
1 1

j j

M
i

n Q M E
r X X

R M

 −
 − − −
 
 

  where the last term accounts for the amount 291 

harvested by the other players. The extra harvest is in turn valued at p. The second 292 

part shows the marginal cost of protected area in the form of the forgone harvest 293 
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(again with a modifier for the other players) in that extra unit of protected area, also 294 

valued at p. 295 

Solving equations (17) and (19) simultaneously for n symmetric players we get 296 

another cubic equation which can be factorized into a quadratic and linear part and 297 

solved: 298 

( ) ( )( )( )( )( )

( )( ) ( )( )( )( )( )
( ) ( )( )( )( )( ) ( ) ( )( ) ( )( )

* *

2 2 4

*

2 2 4

*

22 2 4 2 3

2

, 0

2 4 1

2

2 4 1

4 1 2 1 1

3

o E
i i

M

o E M M E o M M b E M

i
M M

o E E M M b M E o M M b E M

i

M E E M E o M M b E M M E o M M b M E

M E

pq nc
M E

pq

pq c n r r p c n n q r q r c n r
M

pq r

pq c n c n r pq r r p c n n q r q r c n r
E

q c n c n r p c n n q r q r c n r q p c n q r q r r c n n

r p c n

−= =

+ ± + + +
=

− + + + + + +
= ±

+ + + + ± + + + +

+( )( ) ( )( )( )
( ) ( )( )( )( )( ) ( ) ( )( ) ( )( )

2 3

22 2 4 2 3

4 1

4 1 2 1 1

E o M M b E

M E E M E o M M b E M M E o M M b M E

c n q r q r c n n

q c n c n r p c n n q r q r c n r q p c n q r q r r c n n

+ + +

+ + + + ± + + + +

(21) 299 

To evaluate the influence of individual parameters on the equilibrium protected 300 

area we applied the same procedure as under full cooperation, using the implicit 301 

function theorem and equations (17) and (19). The results are the same as for full 302 

cooperation (Table 2, and appendix I). 303 

Table 2: Signs of the derivatives of equilibrium MPA under the Nash equilibrium with respect to 304 

parameters in the fisheries game 305 

Derivative iM
p

∂
∂  i

E

M
c

∂
∂  i

M

M
r

∂
∂  i

b

M
r

∂
∂  i

M

M
q

∂
∂  i

o

M
q

∂
∂  

Sign + - Und. - - Und. 

Und. = Undetermined. Assumptions used for signs above: All parameters >0, 0≤Mi≤1,  306 

0≤Q(Mi)≤1. 307 

The difference between the protected area under full cooperation and under the 308 

Nash equilibrium is: 309 

 ( )( ) ( )( ) ( )3 24 1 8 1

2

FC N

E M o M M b E M o M M b E M E M

M M

M M

c r n p n q r q r c n r p q r q r c r c r n

pq r

− =

+ + + − + + − − (22) 310 
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where MFC is the total area set aside under full cooperation and MN is the total area set 311 

aside under the Nash equilibrium. Unfortunately, given our previous assumptions (all 312 

parameters >0, and n ≥ 2), the above difference is unclear on the effect of individual 313 

parameters on the difference between protected area under full cooperation and the 314 

Nash equilibrium. Two exceptions are the parameters rb and qo, both of which 315 

increase the difference. For other parameters we have to resort to simulations. The 316 

same holds for the difference in payoffs between full cooperation and Nash 317 

equilibrium5. 318 

 319 

2.2 The game on marine protected areas for conservation 320 

Conservation is a main goal of marine protected areas. In this game we measure 321 

conservation success as the species richness attained in a marine protected area. We 322 

do not model the populations of all species independently but instead use the 323 

species-area relationship to determine the number of species that a reserve contains. 324 

The species-area relationship (SPAR) has first been put forward by Arrhenius [1921] 325 

and is a curve of the general form zS kA=  with S the number of species, A the area 326 

and k and z two parameters. It is explained by either the passive-sampling effect 327 

(MacArthur and Wilson [1967]) or the habitat diversity hypothesis (Williams [1943]). 328 

 The use of this relationship has been criticized for its scale-independent 329 

application and extrapolation (Leitner and Rosenzweig [1997], Rosenzweig [2005]), 330 

and its ambiguous role in conservation decisions in the Single Large or Several Small 331 

(SLOSS) debate (Simberloff and Abele [1976]). Despite these criticisms SPARs can 332 

still be used as a predictor of local species richness, if one accounts for the scale 333 

(Neigel [2003], Rosenzweig [2005]). Furthermore even though SPARs may support 334 

either several small reserves or a single large reserve, depending on parameters, in our 335 



 17 

case we assume a uniform sea, implying that the same species would be protected in 336 

several small reserves, and therefore we apply a SPAR on a single large reserve6.  337 

For mathematical convenience we transform the species-area relationship into a 338 

log-log relationship, i.e. ln ln lnS k z A= + . We further assume that costs rise linear 339 

with the area set aside and that countries benefit from the (log) number of species in 340 

the total area set aside. Each country has an incentive to set some area aside, but given 341 

that the others will also set aside some area in a Nash equilibrium, each will set aside 342 

less. Assuming that all areas are interlinked and hence form one big conservation 343 

protected area, the total benefits of species conservation are: 344 

( ) ( )( ) ( ) ( )( )ln ln lnP P P PBD M b S c M b k z M c M= − = + −  (23) 345 

Here bP represents the marginal global benefits from the protection of the log number 346 

of species, ln S, k and z are the parameters of the species area curve and cP is the cost 347 

of protecting an area, such as monitoring and enforcement costs or opportunity costs 348 

for other uses. 349 

2.2.1 Full cooperation on MPAs for nature conservation 350 

Under full cooperation global welfare is maximized, accounting for benefit generation 351 

in all countries. The countries maximize: 352 

( ) ( ) ( )( )ln lnP PBD M b k z M c M= + −  (24) 353 

with M again the total protected area. This results in the following first order 354 

condition: 355 

*0P P
P

P

b z b z
c M

M c
− = ⇔ =  (25) 356 

The full cooperation optimal MPA size is independent of the number of players, as 357 

they consider the protection of the full sea, and only one optimum exists, although the 358 
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solution is silent on how this should be reached. Given symmetric costs and benefits a 359 

fair solution would be for all countries to have an MPA of size 1n M*, resulting in a 360 

total protected area of M* for the whole area. 361 

2.2.2 The Nash equilibrium for MPAs for nature conservation 362 

In a Nash equilibrium, each country maximizes its private welfare function, assuming 363 

all other countries also maximize their private welfare functions. We assume each 364 

country gets benefits proportional to their EEZ size, 1/n. Hence the global marginal 365 

benefits of protection accrue to the players in equal shares. Each country hence 366 

maximizes: 367 

( ) ( ) ( )( )11 1 1ln ln n
n n n ni i P i j P iBD M b k z M M c M i N−= + + − ∀ ∈  (26) 368 

For an interior solution, the first order condition becomes: 369 

( )
( )* 1

0
1

P P jP
P i

i j P

b z c n Mb z
c M i N

M n M c

− −
− = ⇔ = ∀ ∈

+ −
 (27) 370 

Again we see the strategic setting of the game from the first order condition. The 371 

additional benefit of an extra unit of area is in nominator, but it is scaled by the total 372 

area already protected. The costs of protecting one unit extra are (1/n)cP.  373 

Solving the FOC for Mi
* for n players simultaneously, for a symmetric solution we 374 

get: 375 

* P
i

P

b z
M

nc
=  (28) 376 

which goes to zero for n→∞ clearly illustrating the suboptimality of this Nash 377 

equilibrium. 378 

The difference in MPA assigned between the full cooperation and the  Nash 379 

equilibrium is:  380 
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1
1FC N P

P

b z
M M

c n
 − = − 
 

  (29) 381 

The difference in MPA size between the full cooperation case and the Nash 382 

equilibrium is increasing both in the number of players and in the gains of the MPA. 383 

The difference in payoff between full cooperation and the Nash equilibrium is: 384 

( )( )1ln 1pFC N
n

b z
W W n

n
− = − +   (30) 385 

 For the gains of an MPA we see a similar pattern: the difference increases with the 386 

gains of a protected area. If we look at the number of players however, we see that if 387 

n→∞ the difference becomes 0. This is because the fixed payoff from a protected area 388 

under full cooperation has to be divided over a large number of players, leaving 389 

almost nothing for each individual player, whereas each player assigns a very small 390 

protected area under the Nash equilibrium, with both little revenues and costs. 391 

Consequently if we assume that cooperation is easier if the differences in assigned 392 

size are smaller and differences in payoff are smaller, in the nature conservation case  393 

changes of cooperation decrease with increasing payoff of MPAs (i.e. an increase in 394 

bp or z or a decrease in cP). If the number of players increases to a very large number 395 

however, cooperation may become easier, although not necessarily so as the 396 

difference in assigned MPA becomes larger even though the payoffs become similar. 397 

2.3 Combining the games 398 

Marine protected areas affect fisheries as well as nature conservation. In order to see 399 

how the equilibria change if we take both into account, we now couple the games. If 400 

we combine the two games, the payoff functions of both countries change. The 401 

optimal MPA size, both from a Nash perspective and full cooperation’s perspective 402 

may change as well, since we now add the two functions together. Formally, this is 403 
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not issue linkage as in e.g. Folmer, van Mouche and Ragland ([1993]), Barrett 404 

([1997]) and Buchner et al. ([2005]), because we are not dealing with two separate 405 

problems that are addressed with two different strategic instruments but with two 406 

separate problems that are addresses with one instrument: the size of the MPA. 407 

When countries combine both problems the objective function under full 408 

cooperation becomes: 409 

( ) ( ) ( )
( ) ( )( ), 1 ln lnE P P

Q M E
W E M pQ M E c E b k z M c

R M

 
= − − + + −  

 
 (31) 410 

Whereas the objective function of an individual country is: 411 

( ) ( ) ( ) ( )
( )

( ) ( )( )11 1 1

1
, 1

,

ln ln

i i j j

i i i i E i

i j

n
n n n nP i j P i

Q M E n Q M E
W E M pE c E

R M M

b k z M M c M i N−

 + −
 = − − +
 
 

+ + − ∀ ∈

 (32) 412 

The first order conditions of both problems are respectively: 413 

( )
( )

( )
( ) 2 0o M M o M P

M M P
b M b M

q q M E pr q q M EW b z
pq E pEq c

M r r M r r M M

    − −∂ = + − + − =        ∂ + +    
 (33) 414 

( ) ( ) ( )( )
( )( )

( )
( )( )

( ) ( )( )
( )( )
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1 1 1 1

11

2
1 1 1 11 1

2
11 11
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n n n nM o M i i o M j ji M
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n P
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n ni j

q q q M E n q q M EW M q
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M nr r M M

r q q M E n q q M Eq q M q E
pE

n r r M M n r r M M

b z
c i N

M M

−

− −

−

 − + − −∂  = − +
 ∂ + −
 

 − + − −− +
 + − + −
 

+ − = ∀ ∈
+

  (34) 415 

In these two FOC we recognize the first order conditions of the separate problems. 416 

The first order conditions with respect to effort are of course the same as under (10)417 

and (18). Solving (10) and (18) for effort and substituting the results into (33) and 418 

(34) yields two quartic equations that cannot be solved analytically. The derivatives 419 

with respect to parameters that can be determined with the implicit function theorem 420 
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are also inconclusive on the effects of parameters, unless we assume specific values. 421 

Therefore we have to resort to simulations.  422 

The effect of the combination is a combined MPA that is an average between the 423 

equilibrium MPAs of the separated games. As the two separate games are completely 424 

separate except for the number of players (no parameters of one game occur in the 425 

other) and both are similar public good games it stands to reason that the combined 426 

game suffers from the same flaws, i.e. it is another public goods game. That does not 427 

mean that its externalities are as bad as in the separate games. As the combined game 428 

is an average the Nash equilibrium is better then the Nash equilibrium of one of the 429 

games. We now show the effect of these combined functions in a numerical example. 430 

3 Numerical example  431 

We now present a numerical example with two countries, as an illustration of the 432 

more general case. Suppose we have a sea that is fully claimed by EEZs and shared 433 

equally between two countries. Initial parameter settings are shown in table 3. The 434 

current parameter values are selected to illustrate the functioning of the model and in 435 

a sensitivity analysis we study the impacts of deviation from these parameter values. 436 

Table 3: Arbitrary parameter values for the numerical example 437 

Parameter  Value Unit 

p Price 25 Euro per unit of harvest 

cE Cost per unit of effort 5  Euro per unit of effort 

rb Basic growth rate 0.2  - 

rM Growth rate change MPAs 0.8  - 

bp Benefits of protection 1 Euro per log of species 

number 
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k Species-area curve constant 1.5 - 

z Species-area curve exponent 0.2 - 

cP Costs of protection 0.25 Euro per unit of MPA 

 438 

3.1 Fisheries: Full cooperation versus Nash 439 

Solving the countries’ maximization problem for M and X, for the given parameters 440 

using (10) and (12) gives a value of 38.6% for the total area. How this is distributed is 441 

not relevant from the full cooperation’s perspective, it can be 38.6% for both countries 442 

or 77.2% in one country and none in the other or any other combination that generates 443 

38.6% of the total area protected. A logical choice would be to share everything 444 

equally and set 38.6% of the area apart in both countries. 445 

In Nash equilibrium the countries optimize their private income. We have plotted 446 

the two response functions in Figure 1. As can be seen from the figure the size of 447 

MPA share each country sets apart is much smaller than under full cooperation. Each 448 

country designates about 11.2% as MPA, and hence 11.2% of the total area is 449 

protected. Table 4 shows the outcomes per country under full cooperation and in a 450 

Nash equilibrium. 451 

Table 4: Full cooperation vs. Nash Outcome for a single player 452 

Variable Full cooperation Nash 

M 38.6% 11.2% 

Π 0.72 0.24 

H 0.057 0.034 

X 0.66 0.63 

 453 
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 454 

Figure 1: MPA sizes (in share of EEZ) of countries 1 and 2 as a function of the MPA size (in 455 

share of EEZ) in the other country and the resulting Nash equilibrium of the fisheries game 456 

 457 

As can be seen from the table the outcomes of the full cooperation are much more 458 

favorable for both countries than playing Nash, but unless a social planner steps in or 459 

they reach some agreement by bargaining the Nash outcome is going to prevail. 460 

3.2 Conservation: Full cooperation versus Nash  461 

The conservation game for a two player game is similar to the fisheries game. Since 462 

the response functions have a slope of -1 in the symmetric case, the curves overlap 463 

completely implying an infinite number of Nash equilibria. If we enforce symmetry in 464 

the outcomes as is done in (28), we are left with one Nash equilibrium. Applying the 465 

formulas (25) and (28) and the parameter values from table 1 we get MPA sizes of 0.4 466 

and 0.8 for the Nash equilibrium and full cooperation, respectively. To illustrate the 467 

prisoner’s dilemma of the countries, the corresponding payoffs of full cooperation, 468 

Nash equilibrium and their combination are shown in Table 5. 469 
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The table shows that the game is a basic prisoner’s dilemma. If the two countries 470 

manage to coordinate their actions they increase society’s total welfare, but the full 471 

cooperation scenario will not be reached since both countries can increase their own 472 

payoff by defecting. The game shown here, however, does not show the full picture, 473 

the current prisoner’s dilemma may be less severe if both countries take a combined 474 

perspective as is shown in the next section. 475 

 476 

Table 5: Payoffs in the conservation game 477 

Country 2 
 

Cooperate Defect 

Cooperate 0.08, 0.08 0.01, 0.11 
Country 1 

Defect 0.11, 0.01 0.06, 0.06 

 478 

3.3 Coupling both games 479 

If we couple the games we get the objective functions as shown in section 2.3. For the 480 

parameter values given in Table 3 we get the response functions as shown in Figure 2. 481 

The Nash equilibrium (as can be seen from the figure) is at an MPA of 16%, whereas 482 

the full cooperation’s optimum lies at 40%.  483 
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 484 

Figure 2: MPA sizes (in share of EEZ) of countries 1 and 2 as a function of the MPA size (in 485 

share of EEZ) in the other country and the resulting Nash equilibrium of the combined games 486 

 487 

In table 6 some results are shown to compare the full cooperation’s outcome with 488 

the Nash equilibrium. The results are similar in the sense that in the combined case 489 

the Nash equilibrium is clearly not preferred from the point of view of society, but in 490 

absence of a social planner, side payments or other mechanisms this is where society 491 

will end up if countries do not internalize the positive externalities. 492 

Table 6: Full cooperation vs. Nash outcomes for a single player in the combined game 493 

 Full cooperation Nash Equilibrium 

M 40% 16% 

Wi 0.78 0.25 

Πi 0.72 0.25 

BD 0.06 0 

ln S 0.22 0.04 

H 0.06 0.04 
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X 0.67 0.65 

  494 

In figure 3 we show the payoff to a player from assigning an MPA share, given that 495 

the other player plays the optimum of the same strategy, and we marked the respective 496 

Nash and Full cooperation equilibria of the separate fisheries and conservation games. 497 

Figure 3 illustrates the suboptimality of considering the problem of MPA size in 498 

isolation. In this particular case the MPA from a pure fisheries perspective is to low 499 

and from a conservation perspective to high compared to the optimal MPA that takes 500 

both into account. It is therefore imperative to combine the two, since in special cases 501 

only, when the optimal fisheries and conservation MPA size coincide, the actual 502 

optimum is the same in the combined function and the separate games. 503 

Another interesting finding in figure 3 is that from a society’s point of view 504 

cooperation on a single issue can be worse than playing Nash on that single issue. 505 

Consider the payoff in the equilibrium where countries cooperate only on species 506 

conservation. We can see from figure 3 that it is actually lower than the payoff of the 507 

Nash equilibrium of conservation. If the cooperative solution from the conservation 508 

game is applied the losses of the fisheries are so large that they undo all the gains 509 

from conservation. Whether this happens of course depends on parameter values, but 510 

the possibility is enough to demonstrate the necessity of considering multiple uses in 511 

this multiple country setting.  512 

As stated before since the externalities run in the same directions in both games 513 

combining the games does not remove defection incentives. What we can see from 514 

figure 3 is that from a fisheries point of view combining the games constitutes an 515 

improvement. Furthermore the difference between the social optimum and the Nash 516 

equilibrium has also become smaller giving at least some improvement. 517 
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 518 

Figure 3: The total payoff of one country and the respective equilibria of the isolated games, as a 519 

function of a) the MPA size chosen by both countries (as a share of EEZ) under full cooperation, 520 

b) the MPA size chosen by one country (as a share of EEZ) assuming that that the other player 521 

plays Nash. For parameter values see table 3. 522 

3.4 Sensitivity analysis 523 

To illustrate the model further and provide some more insights into the incentives for 524 

cooperation we have carried out a sensitivity analysis all the parameters in the 525 

combined model. For each parameter we calculated the values of MPA share and 526 

payoff for the change of a single parameter in steps of 10%, over a range of minus 527 

50% to plus 50%, while keeping the other parameters fixed. We used the same 528 

procedure for the fisheries model to calculate the effect of parameters on the 529 

difference between full cooperation and Nash equilibrium because these differences 530 

could not be analyzed analytically. 531 
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3.4.1 Differences between full cooperation and Nash equilibrium in 532 

the fisheries game 533 

In Figure 4 we show how the absolute difference between full cooperation and Nash 534 

equilibrium in the fisheries game both for the payoff ( FC N
i iΠ − Π ) and MPA 535 

share( FC NM M− ), as a result of changing the price of fish (p) and changing the 536 

growth bonus in the MPA (rM), given that all other parameters remain on the base 537 

level. The graphs for the other parameters are in Appendix II and the relation between 538 

the difference between full cooperation and Nash equilibrium in payoff and MPA 539 

share as a function of parameters are in table 7. 540 

Table 7: The relation between parameters and the difference between full cooperation and the 541 

Nash equilibrium for payoff and MPA share in the fisheries game 542 

 p cE rb rM qo qM 

Mi - + + - + - 

Wi + - + + + - 

A “+” indicates that the parameter and difference move in the same direction, a “-” indicates that 543 

the parameter and difference move in opposite directions. 544 

The effect of parameters on the difference between full cooperation and Nash 545 

equilibrium varies. Assuming that cooperation becomes more likely when this 546 

difference is smaller, shows that only parameter qM has an unequivocal diminishing 547 

effect on these differences, when it increases. All other parameters increase either the 548 

difference in payoff or the difference in MPA share (table 7). 549 

The same effect can be seen in Figure 4 for two specific parameters: if the price of 550 

fish (p) increases, the value of the harvest increases and this drives up the payoff 551 

under cooperation more than it drives up the payoff under the Nash equilibrium, 552 

hence the increasing difference in payoff. The incentive to set aside more area as 553 
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MPA is also larger even under the Nash equilibrium and thus the difference in total 554 

area set aside decreases.     555 
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Figure 4: The difference between full cooperation and Nash equilibrium in payoff and MPA 556 

share, as a function of changing parameters. 557 

 The same holds for the growth bonus in the MPA (rM). If rM increases the payoff of 558 

the MPA becomes larger, but this payoff is reaped to a larger extent under full 559 

cooperation hence the increase in the payoff difference. The growth bonus also 560 

increases the incentives to set aside MPA, so the size assigned under the Nash 561 
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equilibrium becomes relatively larger decreasing the difference with full cooperation 562 

in MPA size assigned. 563 

3.4.2 Sensitivity analysis of the combined game 564 

In Figure 5 we show how payoff and MPA share change as a result of changing the 565 

reduction in catchability (qM) and changing the curvature of the species-area curve (z), 566 

given that all other parameters remain on the base level. The graphs for the other 567 

parameters are in Appendix II and the relation between parameters and payoff and 568 

MPA share are in table 8. 569 

Table 8: The relation between parameters, payoffs and MPA share 570 

 p cE rb rM qo qM bg z cP 

Mi + - - + + - + + - 

Wi + - + + + - + - - 

A “+” indicates that the parameter and variable move in the same direction, a “-” indicates that 571 

the parameter and variable move in opposite directions. 572 

Increasing qM causes both the MPA share and the payoff to decrease, and this 573 

decrease is larger for the full cooperation case than for the Nash equilibrium (Figure 574 

5). If qM increases an MPA becomes more expensive, because more harvest has to be 575 

given up per unit of protected area, hence the decrease. If we once again assume that 576 

cooperation is easier when there is less at stake, i.e. the differences between payoff 577 

and MPA share are smaller, then cooperation becomes more likely with increasing qM. 578 

Increasing the curvature of the species-area curve (z), causes the MPA share to 579 

increase but payoff falls, because we get the same benefit for more species. In Figure 580 

4 we see that the effect of the z parameter, ceteris paribus, has little effect on the 581 

difference in equilibrium MPA between the full cooperation case and the Nash 582 
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equilibrium. Hence the difficulty of reaching a social optimum stays just as hard in a 583 

less diverse environment as it is in a rich environment. 584 

Overall the differences in payoff and MPA between the full cooperation case and 585 

the Nash equilibrium seem to become smaller only with decreasing gains of MPAs.  586 
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 Figure 5: MPA and payoff under full cooperation (FC) and Nash equilibrium (NP) as a function 587 

of parameters qM and z, keeping other parameters at the base level. 588 
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Figure 6: Payoff per player in total and from the separate games as a function of rb, keeping 589 

other parameters at the base level. 590 

Figure 6 provides intuition on the mechanisms in the model: increasing the growth 591 

outside the MPA decreases the necessity of an MPA from a fisheries perspective. 592 

Moreover it increases the harvest and consequently the payoff of the fisheries. 593 

Therefore the optimum of the combined game moves towards the fisheries optimum 594 

and away from the conservation optimum. As the optimum moves away from the pure 595 

conservation optimum, the profits of conservation fall slightly, but this is made up for 596 

by the fisheries profits. Increasing the growth outside the MPA consequently has the 597 

expected effect of weighing the fisheries interests heavier then before thus moving 598 

towards the fisheries optimum.  599 

 600 
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4 Discussion and conclusions 601 

4.1 Main findings 602 

We now present our main findings and then continue with some limitations of the 603 

study and suggestions for further research. In this paper we considered the effects of 604 

MPAs on fisheries and species conservation in a multi-country setting. We analyzed 605 

the resulting externalities and the possible shifts in equilibria if two separate games of 606 

MPA assignment are combined. We focused on the main issues and developed a 607 

model that contains some of the important aspects that arise in the multiple country, 608 

multiple use setting that MPA planners, and marine policy makers in general, face. 609 

Although the separate games do not provide major new insights, the combination of 610 

the games provides a counterintuitive result: cooperation on a single issue may be 611 

worse than Nash if we take a combined perspective. 612 

The setting of the fisheries model is such that if MPAs increase growth rates by 613 

more then the reduced harvest it pays to set aside some area. The results suggest that 614 

cooperation is better than Nash, but this is straightforward. Furthermore the results 615 

show that the difference in MPA size assigned between cooperation and Nash 616 

equilibrium reduces when either the growth bonus of MPA increases, or when the 617 

price of fish increases. However, the payoff difference between full cooperation and 618 

Nash equilibrium also increases with these parameters offering little scope for 619 

bargaining. If the catchability reduction of MPA increases both the difference in 620 

assigned MPA and payoff go down. Essentially if MPAs become worth less, the 621 

differences between full cooperation and Nash equilibrium decrease.  622 

The conservation game offers a new approach to the conservation problem. 623 

Although game theory has been used to analyze transboundary parks in general 624 



 34 

(Busch [2008]), to our knowledge species-area curves were never used specifically in 625 

a game. The results of the game are also straightforward: for species conservation 626 

cooperation is better than the Nash equilibrium, but that due to defector incentives we 627 

have a social dilemma. In contrast with the fisheries game the difference in MPA 628 

assigned as well as the difference in payoff between full cooperation and Nash 629 

equilibrium are increasing in both the gains of the MPA, and the number of players. 630 

Therefore it seems that achieving cooperation will be hard, unless there is little to be 631 

gained by assigning MPAs anyway.  632 

The core result of the paper is that the combined game offers a new and 633 

counterintuitive perspective on these standard results of the separate games: if we take 634 

a combined view, cooperation on a single issue may be worse than the Nash 635 

equilibrium of that single issue. By ignoring the multiple use of the MPA the damage 636 

done to one of the uses is so large that it destroys all the gains from cooperation on the 637 

other issue. Therefore we conclude that accounting for multiple uses is not just a 638 

nicety of this model, but a necessity when planning MPAs.   639 

Furthermore the combined game has better possibilities from society’s perspective 640 

then the single games do. In our numerical example the combined game increases the 641 

MPA assigned compared to the fisheries case. Also it decreases the difference 642 

between full cooperation and Nash equilibrium compared to the biodiversity case. 643 

Unfortunately combining both games is not enough to overcome a prisoner’s 644 

dilemma, but even a compromised combined Nash MPA may be better than 645 

cooperation on a single issue. 646 

Summarizing, MPAs are a valuable tool for conservation and fisheries management 647 

in the EEZs. Optimal use of this tool, however, requires consideration of its multiple 648 



 35 

uses effects, if not then it might be better from society’s point of view not to 649 

cooperate.  650 

Although not a perfect solution The MSD (and other European marine policy) 651 

encourages countries to cooperate and more importantly, consider the full effects of 652 

their actions in their marine strategies. We conclude that MPAs may not be a panacea, 653 

but they will surely help in safeguarding our marine environment. 654 

4.2 Limitations of the study 655 

We restricted our analysis to symmetric players. The issue linkage models of Cesar 656 

and de Zeeuw [1996] and Folmer et al. [1993] asymmetry is a requirement to break 657 

the prisoner’s dilemma. Their models consist of two prisoner’s dilemmas that are 658 

completely reversed and hence they cancel each other out when linked. If we include 659 

asymmetry in our model it would not play as big a role since our model considers 660 

only one instrument, in contrast to the models of Cesar and de Zeeuw [1996] and 661 

Folmer et al. [1993] who consider two instruments. Even if one country would have a 662 

higher advantage in the fisheries and the other in species conservation we expect that 663 

the combined game would still give an average of the two. Where that average would 664 

be, depends on parameter values.   665 

Although the fisheries model suggests a positive role for MPAs in fisheries 666 

management, this result may no longer hold, if open access is present, as 667 

demonstrated in Hannesson [1998] and Anderson [2002]. Even though agents may 668 

play a Nash equilibrium in our model, resulting in a suboptimal solution, open access 669 

does not occur since there are no potential new entrants (as the number of countries is 670 

given). Only if a large number of agents enter the fisheries the size of the MPA is 671 

driven to zero. 672 



 36 

A further limitation of the model is the fact that the fisheries game does not include 673 

monitoring and compliance costs. A more realistic setting would include a set-aside 674 

cost in the fisheries case, equal to the one in the conservation case. In the combined 675 

case this compliance cost would then occur only once, implying a further advantage 676 

of combination.  677 

4.3 Suggestions for further research 678 

As pointed out in the introduction MPAs are a static tool in a dynamic environment. 679 

In further research it will be useful to explicitly include issues of time and space in 680 

addition to the steady state analysis of the current paper. The importance of spatial 681 

dynamics has been demonstrated by e.g. Ruijs and Janmaat [2007], but always just for 682 

the fisheries case and to our knowledge never for the combination of fisheries and 683 

conservation.  684 

The evolution of species richness over time and space, is very complex and a 685 

constant source of debate among ecologists (see Gray [2001] for a critical review for 686 

the marine environment). The current approach is therefore a pragmatic compromise, 687 

but further empirical and theoretical work on this issue would greatly increase our 688 

understanding of the drivers within MPAs and facilitate the inclusion of conservation 689 

issues in the MPA and fisheries modeling debate. 690 
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Appendix I: Derivatives with respect to parameters 833 

We used the implicit function theorem and the relevant first order conditions to 834 

evaluate the effect of parameters on the equilibrium MPA. The equilibrium value of 835 

other variables was entered in the relevant FOC, before the derivative was 836 

determined.  837 

If we substitute E* calculated from (10) in first order condition (12) and rearrange 838 

we get: 839 
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We are only interested in the solution stemming from the quadratic part. Therefore we 842 

can determine the effect of parameters on the equilibrium MPA, by taking derivatives 843 

only on the part: 844 

( )( ) ( )( )2 2 2 2 0M M M M o E o M o E E M bpq r M q r pq c M q r pq c c q r− + + − − =  (36) 845 

This results in the following derivatives: 846 

( )
( )( )

2

2
M o

M M o E

q M qM

p q p q M q c

− −∂ =
∂ − −

  (37) 847 

( )
( )( )

2

2
M M o M b

E M M M o E

r q M q q rM

c r q p q M q c

+ +∂ =
∂ − −

  (38) 848 

( ) ( )
( )( )

2

2
E M o M o

M M M M o

c q M q p q M qM

r r q p q M q c

+ − −∂ =
∂ − −

  (39) 849 

( )( )
2

2
E

b M M o E

M c

r r p q M q c

∂ =
∂ − −

  (40) 850 

( ) ( )
( )( )

2 2

2
E M b M M o

M M M M o E

c r M r pr M q M qM

q r q p q M q c

+ − −∂ =
∂ − −

 (41) 851 



 41 

( )
( )( )

2

2
M o E

o M M o E

p q M q cM

q q p q M q c

− +∂ =
∂ − −

  (42) 852 

The procedure for the derivatives in the Nash equilibrium is similar: calculate Ei
* 853 

from equation (17), insert it into equation (19), both for Ei
* and Ej

*, replace Mj
* with 854 

Mi
*, and take derivatives with respect to the quadratic part of the resulting cubic 855 

equation: 856 
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This results in the following derivatives: 858 
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Appendix II: Difference between full cooperation and 869 

Nash equilibrium in the fisheries game 870 
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Figure 7: Difference between full cooperation and Nash equilibrium in payoff and MPA share as 871 

a function of changing parameters 872 
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Appendix III: Figures of payoff and MPA share as a 874 

function of changing parameters 875 
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Figure 8: Payoff per player under full cooperation and Nash as a function of changing a 876 

parameter in the model. 877 
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Figure 9: MPA share under full cooperation and Nash as a function of changing a parameter in 879 

the model. 880 
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1 In the current model setting we assume a direct proportionality between reduction in harvest and 

MPA size. In further research other specifications such as concave or convex reductions can be 

explored. However, such specifications would not alter the basic line of reasoning. 

2 In this model we denote parameters with lower case and variables with capital letters.  

3 The model can also be solved in terms of stock. We chose to use effort here because the solutions are 

more straight forward, but will occasionally substitute stock. 

4 We present only the interior solutions of the model, although corner solutions may occur depending 

on parameter values. Corner solutions arise if the bounded variables such as stock and marine protected 

area size exceed their bounds under the interior solution. 

5 The difference in payoff is  a complex and long expression, shedding no light on the effect of 

parameters, therefore we do not show it here.  It is available from the authors upon request 

6 In a more elaborate analysis a more complex specification on the relation between area, species 

richness and the benefits of nature conservation can be used. However, this would not change the 

fundamentals of the current analysis. 


