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Abstract 

The rapid growth of aquaculture world-wide affects capture fisheries in several ways. We present a 
bio-economic model to clarify interactions between these two activities, including the effect of a 
marine protected area (MPA). The aquaculture production is assumed to reduce the intrinsic growth 
rate of fish, and hence stock size and harvest, while the dispersal from the MPA may limit these 
effects. This is considered applying both open access and economically optimal management outside 
the MPA. The results of a numerical simulation show that the wild fish stock in an open access fishery 
is independent of the aquaculture development, while the wild catch significantly declines. Introducing 
an MPA, the wild fish stock increases, while the wild catch varies depending on the aquaculture 
development and the MPA size. With optimal management, the stock size declines for small MPA 
sizes, but increases for larger sizes, while aquaculture production declines for large MPA size. The 
harvest and the total profits increase with increasing MPA size. These results show that an MPA may 
not only compensate for negative effects of aquaculture upon a wild fishery, but may be biologically 
and economically enhancing under both open access and optimal management regimes as well. 
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1. Introduction 

Total world fish production increased dramatically from 19.3 million tons in 1950 to 148.5 million 

tons in 2010, with the largest contribution coming from marine capture fisheries (FAO, 2012). 

However, fish supply from the wild capture fisheries reached a peak and has been fairly stable at about 

90 million tons since the late 1980s. Since then, the increase in total fish production has come from 

aquaculture (Diana, 2009). Aquaculture production reached 59 million tons in 2010, compared with 

4.7 million tons in 1980, which is equivalent to an average annual rate of increase of 38.5 percent 

(FAO, 2013). This rapid growth has many effects, and we will in this paper apply a bioeconomic 

model to study the interactions between a wild fishery and aquaculture. The focus will be on negative 

externalities of aquaculture on the fishery, and how the implementation of marine protected area might 

alleviate these effects. Aquaculture development does not only give a substantial and growing 

contribution to world fish supply, but also provides positive benefits to national and regional 

economies, poverty reduction and food security (Fisheries, FAO, 2011). In addition, aquaculture 

growth has been suggested to dampen the overexploitation in the commercial capture fisheries. Both 

Anderson (1985) and Ye and Beddington (1996) have analyzed market interactions between fisheries 

and aquaculture. They show that the presence of aquaculture reduces fishing effort in commercial 



fisheries and lowers the fish price. This leads to increased wild fish stock and catch. Asche and 

Tveterås (2004) carried out research on the relationship between aquaculture and declining fisheries. 

They show that the increase in aquaculture has not led to more pressure in the fisheries for fishmeal, 

unless the fisheries are open access and there are no close substitute products for fishmeal. 

However, there are also many studies criticizing the growth of aquaculture due to negative effects on 

capture fisheries both directly and indirectly. Hannesson (2003) used a two-species system of feed fish 

and edible fish to discuss the interrelationship between aquaculture and fisheries. He shows that the 

growth of aquaculture does not improve the overfishing problem under open access but ultimately 

leads to overexploitation of feed fish. This has an adverse effect on edible fish stocks due to food 

reduction for edible fish and predators in the sea, finally leading to diminished catch of edible fish. 

Tacon and Metian (2009) statistically analyzed the aquaculture production systems in many Asian 

countries, which are mostly based on the use of low value/trash fish species as feed inputs. They show 

that aquaculture has increased fishing pressure on local fish resources. Naylor et al. (2000) also point 

to the fact that some aquaculture systems reduce wild fish supplies through exploitation of wild seed 

and trash fish for culturing. Moreover, there are other ecological impacts from the growth of 

aquaculture such as environmental damage, water and genetic pollution, destruction of mangrove 

forests, and the spread of disease from the cultured fish to wild fish (Chopin et al., 2001; Naylor et al., 

2000). These are important aspects when exploring the implications of coexistence of commercial 

fisheries and aquaculture in particular ocean regions. Hoagland et al. (2003) presented a bio-economic 

model in which aquaculture activities reduce the environmental carrying capacity of the fish stock and 

thus the resulting stock size and harvest from wild fishery. They emphasize that the “effective” 

carrying capacity of wild fish may be reduced due to competition in relation to ocean space or as a 

result of juvenile harvests from wild stocks to supply aquaculture operations. An example of this is the 

commercial lobster fishery and lobster aquaculture in Vietnam, which shows that the presence of the 

later has put pressure on this unregulated fishery, largely resulting in its disappearance. Since the 

1990s, the size of wild lobster caught has continued to decrease to a size smaller than that which is 

demanded by the export market. This has led to fishermen holding lobsters in simple net cages and 

feeding them up to bigger and more valuable size. As this practice has been recognized to be very 

profitable, more and more effort has been put into catching wild lobster juveniles for aquaculture. This 

has therefore caused over-exploitation and disappearance of the commercial non-juvenile lobster 

fishery since the 2000s (Thuy & Ngoc, 2004). The number of juveniles caught annually in Khanh Hoa 

province, where the culture of lobsters is the most productive, declined from 600 thousand individuals 

in 2005-2007 to 200 thousand individuals in 2008-2012. The average size of juveniles caught 

decreased from 9.5 mm in 2003 to 7.2 mm in 2013 (Phu et al., 2013) 



Though many economic studies have been critical of the effect of marine protected areas (MPAs) on 

fisheries (Hannesson, 1998; Smith & Wilen, 2003), MPAs may soften the negative externalities effects 

of aquaculture. The use of MPAs as a fisheries management tool has been widely studied in recent 

years. In an early work on a marine sanctuary and fishing grounds system, Hannesson (1998) showed 

that the catch in adjacent exploited areas might be greater than under open access due to migration to 

fishable areas from a more plentiful stock in the MPA. But he underlines that reserves give little or no 

benefit without effective control of effort or catches. Armstrong and Reithe (2001) added a 

management cost function to Hannesson’s model and increased the fishing costs to a realistic level in 

order to show that a certain size of an MPA can be a better management tool than traditional quotas. A 

marine reserve can increase resource rents to fishers and reduce the recovery time for the harvested 

population in the presence of negative shocks (Grafton et al., 2006, 2009). In a spatial bioeconomic 

model, both total fish biomass and harvest may increase after closing and protecting an area from 

exploitation (Sanchirico & Wilen, 2001). 

Our study is based on Hoagland et al. (2003). However, we assume that aquaculture affects the 

intrinsic growth rate of the fish stock, rather than the carrying capacity. Simon et al. (2012) carried out 

a study of the relationship between the key life history parameters (e.g., pre-recruit mortality rate, 

post-recruitment mortality rate, and annual fecundity) and the intrinsic growth rate in a dynamic 

biomass model. They show that the natural mortality of pre-recruit stages (larvae and juveniles) is the 

parameter most strongly affecting the intrinsic population growth rate. The natural mortality of the 

early life stages takes into account both density-dependent and density-independent mortality rate, 

such as death by predation, competition, starvation, disease, or hostile environment conditions. If we 

consider catching juveniles from a wild stock to supply aquaculture, as in the Vietnamese lobster case, 

such an operation increases the natural mortality of the wild stock in the early stages. Hence, catching 

juveniles may be expected to reduce the intrinsic growth rate. This, again, reduces the natural growth 

rate of the wild stock. Catching juveniles from a wild stock to supply for aquaculture operation is 

typical in the culture of bluefin tuna, Atlantic sea scallops, summer flounder (Hoagland et al., 2003), 

and spiny lobster (Petersen et al., 2011).  

Hence our focus is aquaculture’s effect on the wild stock’s intrinsic growth, as well as including the 

effects of introducing an MPA. We present two models, one with and one without an MPA, in order to 

explore the possible effects of an MPA on the interactions between aquaculture and the wild fishery. 

The first model is set up for a system of aquaculture-fishery interactions in a coastal area, where we 

assume that aquaculture has an external effect reducing the intrinsic growth rate of the fish stock. In 

the second model, an MPA is established in a portion of the coastal area, which is protected from 

fishing and aquaculture, while the remaining portion is left for both users of the ocean. Four 

management regimes are studied: pure open access, open access to the area outside the MPA, 



economic optimum with and without an MPA. Unfortunately, due to the complexity of the 

interactions, analytical results are not forthcoming; hence numerical simulation is conducted in order 

to investigate the behavior of the models. 

Questions analyzed in our study are: What is the trade-off between a wild fishery and aquaculture? 

Can introducing an MPA reduce the negative effects of aquaculture on a wild fishery (both in stock 

and harvest) in the open access case? What is the economically optimal outcome from coexistence of 

marine farmers and fishermen with and without the MPA effects? This study makes several 

contributions to the literature. The first is expanding Hoagland et al’s (2003) model in order to show 

the effects of the introduction of an MPA on the interactions between a wild fishery and aquaculture. 

Secondly, we apply the habitat effect to the intrinsic growth, and finally, we present MPAs as an 

integrated management tool to reduce potential conflicts between different users of the sea, in the 

presence of an open access fishery.   

The numerical results show that under pure open access, the equilibrium wild catch decreases with 

aquaculture development, while the stock size is not affected by aquaculture. Given the amount of 

aquaculture activity, introducing an MPA increases the total stock of wild fish, while the wild catch 

varies depending on the MPA size. The wild catch either increases and reaches the maximum value at 

a certain MPA size or decreases and is lower than when there is no MPA. A comparison between the 

optimized systems of a wild fishery and aquaculture with and without an MPA shows that creation of 

an MPA of a certain size results in higher optimal values (i.e., the total wild stock size, wild catch, 

aquaculture production, and total net profits), compared to when there is no MPA. 

The remainder of the paper is organized as follows. The next section describes our models. Section 

three presents the two management regimes. In section four, we simulate our approach with a 

numerical example. Section five summarizes the major conclusions and suggests some additional 

future research. 

2. Models 

Basic fishery model 

We start with the original situation where the entire area is open for fisheries. Suppose the fish stock 

obeys the logistic law of growth described by the net growth equation 

ሶܺ ൌ ሺܺሻܨ െ ௙ܻ ൌ ሺ1ܺݎ െ ܺሻ െ ௙ܻ			,												ܺ ൌ
ݔ
ܭ
																																																												ሺ1ሻ 

where F(X) is a strictly concave natural growth function, X denotes the fish stock measured as density, 

r denotes the intrinsic growth rate, ݔ is the stock size, K denotes the carrying capacity of the fish stock, 

and ௙ܻ ൒ 0 represents the harvest rate of fish expressed as density.  



The net benefit function is described as: 

,൫ܺߨ ௙ܻ൯ ൌ ൬݌ െ
ܿ
ܺݍ
൰ ௙ܻ																																																																																																											ሺ2ሻ 

where, c is a constant unit cost of fishing effort, q denotes catchability, and p is constant unit price of 

fish. All parameters are positive. 

External effect from aquaculture on the wild fishery 

Now let us introduce aquaculture that coexists with fisheries on the fishing grounds. The presence of 

aquaculture will decrease the intrinsic growth rate of the fish stock (Simon et al., 2012). Let N be the 

total measure of area or volume devoted to aquaculture, and let r be a linear function of N so that the 

intrinsic growth rate changes with N relative to a positive aquaculture sensitivity coefficient, ߙ: 

ሺܰሻݎ ൌ ݎ െ ܰߙ ൐ 0, for	all	N																																																																																								ሺ3ሻ 

The net growth equation will now be 

ሶܺ ൌ ,ሺܺܨ ܰሻ െ ௙ܻ ൌ ሺܰሻܺሺ1ݎ	 െ ܺሻ െ ௙ܻ																																																																													ሺ4ሻ                                      

The economic dimensions of the culturing operation will be characterized following Hoagland et al. 

(2003). We specify a linear production function for aquaculture taking the form: ௔ܻሺܰሻ ൌ  where ,ܰݓ

௔ܻሺܰሻ is the total farmgate output, w is the positive and constant output per aquaculture area. The 

larger the amount of fish production supplied to the market, the more aquaculture area, N, is needed. 

We assume that the operating cost of aquaculture (e.g., feed, seeds, labor, boats, interest, and other 

capital items), ܥ௔ሺܰሻ, is a linear function of the total aquaculture area, in order to simplify the 

analysis: ܥ௔ሺܰሻ ൌ  The cost of investment in new aquaculture facilities (e.g., the components and .ܰߥ

devices of aquaculture), ܫሺݖሻ, is a linear function of the increment, ݖ, to the total aquaculture area N: 

ሻݖሺܫ ൌ  and ܾ are positive and constant parameters denoting the unit operating cost of ߥ Where .ݖܾ

aquaculture and the cost of investment in a new aquaculture facilities, respectively. 

We assume wild fish and cultured fish have the same market price, p. The total net benefit is defined 

as the sum of net benefits from the wild fishery and aquaculture taking the form:  

ܸሺܺ, ܰሻ ൌ ൤൬݌ െ
ܿ
ܺݍ
൰ ௙ܻ൨ ൅ ሾ݌ ௔ܻሺܰሻ െ ௔ሺܰሻܥ െ  ሺ5ሻ																																																								ሻሿݖሺܫ

MPA creation 

Now let us include an MPA in the system: sub-area 1 is set up for both the wild fishery and 

aquaculture and sub-area 2 is set up for marine reserve purposes. Fishing and aquaculture in the MPA 

is forbidden. The total population, hence, is divided into two sub-populations, ݔଵ and ݔଶ, with the 



same homogeneous characteristics, and ݔ ൌ ଵݔ ൅  ଶ. Two sub-stock densities are defined as X1 andݔ

X2, respectively, and ܺ ൌ ଵܺ ൅ ܺଶ, where ଵܺ ൌ
௫భ
௄
		and	ܺଶ ൌ

௫మ
௄
	. The total distribution area is set 

equal to unity and sub-areas 1 and 2 equal (1-m) and m, respectively, 0 < m < 1. We assume that each 

sub-population has its own carrying capacity and that it is proportional to the size of the sub-area. The 

creation of an MPA raises the possibility of migration or diffusion if there is a difference between sub-

population densities, i.e., 
௑భ
ଵି௠

ൌ
௫భ

ሺଵି௠ሻ௄
	and	

௑మ
௠
ൌ

௫మ
௠௄

. We assume that net migration moves from the 

MPA, where there is higher population density compared to the fishing ground. Therefore, net 

emigration from the MPA equals immigration to the fishing ground at a rate ܯሺ ଵܺ, ܺଶሻ ൌ

ߛ ቀ
௑మ
௠
െ

௑భ
ଵି௠

ቁ, where ߛ ൐ 0 is the migration coefficient.1 To keep things simple, we assume that r1 = r2 

= r, and the intrinsic growth rate of fish stock in the fishable area follows (3). The sub-population net 

growths in the two areas are:  

		 ሶܺ ଵ ൌ ଵሺܨ ଵܺ, ܰሻ ൅ ሺܯ ଵܺ, ܺଶሻ െ ଵܻ௙																																																																																																			 

					ൌ ሺݎ െ ሻܰߙ ଵܺ ൬1 െ
ଵܺ

ሺ1 െ ݉ሻ
൰ ൅ ߛ ൬

ܺଶ
݉
െ ଵܺ

ሺ1 െ ݉ሻ
൰ െ ଵܻ௙																																											ሺ6ሻ 

ሶܺଶ ൌ ଶሺܺଶሻܨ െ ሺܯ ଵܺ, ܺଶሻ ൌ ଶܺݎ ൬1 െ
ܺଶ
݉
൰ െ ߛ ൬

ܺଶ
݉
െ ଵܺ

ሺ1 െ ݉ሻ
൰																																					ሺ7ሻ 

where, ଵܻ௙ is the catch rate in sub-area 1, expressed as density.  

The total net benefits from the wild fishery and aquaculture take the form:  

ܸሺ ଵܺ, ܰሻ ൌ ൤൬݌ െ
ܿ
ݍ ଵܺ

൰ ଵܻ௙൨ ൅ ሾ݌ ௔ܻሺܰሻ െ ௔ሺܰሻܥ െ  ሺ8ሻ																																																		ሻሿݖሺܫ

3. Management regimes 

An Open Access Regime 

External effect from aquaculture on the wild fishery 

The external effect from aquaculture on the wild fishery depends on the amount of aquaculture (N). 

We assume that aquaculture is exogenously determined in the open access fishery case. In open access 

equilibrium in the fishery, the stock density is ܺஶ ൌ
௫ಮ

௄
ൌ

௖

௄௤௣
 and the harvest rate is derived from 

equation (4) giving ௙ܻ
ஶ ൌ  ሺܺஶ,ܰሻ.2 The equilibrium wild stock is independent with the presence ofܨ

                                                            
1 Papers studying bieconomic effects of MPAs often assume that each sub-population has its own carrying 
capacity, e.g., Hannesson (1998); Conrad (1999); Flaaten and Mjølhus (2010). 
2 The net profit of the fishery is ߨሺݔ, ሻݕ ൌ ቀ݌ െ

௖

௤௫
ቁ  where y is harvest rate in tons. In open access the net ,ݕ

profit becomes to zero, and the stock size will be ݔஶ ൌ
௖

௤௣
 , while the stock density is ܺஶ ൌ

௫ಮ

௄
ൌ

௖

௤௣௄
. 



aquaculture while the equilibrium wild catch dependent on aquaculture production. The wild catch 

goes down when the amount of aquaculture goes up.  

MPA creation 

When we introduce an MPA in the system, the grounds available for fishing and aquaculture become 

smaller than without an MPA. In the equilibrium, the stock density in the MPA can be calculated as:   

ܺଶ ൌ െ
ଵ

ଶ
ቀఊ
௥
െ ݉ቁ ൅ ටଵ

ସ
ቀఊ
௥
െ ݉ቁ

ଶ
൅

ఊ௠௑భ
௥ሺଵି௠ሻ

																																																																															ሺ9ሻ                         

For open access in sub-area 1, the stock density is ଵܺ
ஶ ൌ ܺஶሺ1 െ ݉ሻ ൌ

௖

௄௤௣
ሺ1 െ ݉ሻ. Substituting ଵܺ 

with this in equation (9), we can find ܺଶ. The wild stock size in the entire area will be ݔ ൌ ଵݔ ൅ ଶݔ ൌ

ܭ ଵܺ
ஶ ൅ . From equation (6) and (7) we can find the equilibrium catch rate ଵܻ௙	ଶܺܭ

ஶ ൌ ଵሺܨ ଵܺ
ஶ, ܰሻ ൅

ଵ௙ݕ ଶሺܺଶሻ. The catch in tons isܨ
ஶ ൌ ሺ1 െ ݉ሻܭሾܨଵሺ ଵܺ

ஶ, ܰሻ ൅   .ଶሺܺଶሻሿܨ

An Optimal Management Regime 

External effect from aquaculture on the wild fishery 

A manager chooses the level of harvest, ௙ܻ, and the level of investment in aquaculture, ݖ, in order to 

maximize the net present value of fish production from both wild fishery and aquaculture: 

නݔܽ݉ ൜൤൬݌ െ
ܿ
ܺݍ
൰ ௙ܻ൨ ൅ ሾ݌ ௔ܻሺܰሻ െ ௔ሺܰሻܥ െ ሻሿൠݖሺܫ

ஶ

଴
݁ିఋ௧݀ݐ																																											ሺ10ሻ 

subject to: 

ሶܺ ൌ ,ሺܺܨ ܰሻ െ ௙ܻ		,																		ܺሺ0ሻ ൌ ܺ௢		, ܺሺݐሻ ൒ 0		,				0 ൑ ௙ܻ ൑ ௙ܻ௠௔௫																		ሺ11ሻ 

ሶܰ ൌ ሺ0ሻܰ																																							,			ݖ ൌ 0		,						ܰሺݐሻ ൒ ݖ						,		0 ൒ 0																																								ሺ12ሻ 

The current-value Hamiltonian for this problem may be written as: 

௖ܪ ൌ ൤൬݌ െ
ܿ
ܺݍ
൰ ௙ܻ൨ ൅ ሾ݌ ௔ܻሺܰሻ െ ௔ሺܰሻܥ െ ሻሿݖሺܫ ൅ ,ሺܺܨൣߣ ܰሻ െ ௙ܻ		൧ ൅  ሺ13ሻ																				ݖߚ

With ߣ	and	ߚ being the adjoint variables measuring the shadow prices of the associated state variables 

X and N, the first order conditions for an interior solution include: 

௖ܪ߲

߲ ௙ܻ
ൌ ൬݌ െ

ܿ
ܺݍ
൰ െ ߣ ൌ 0																																																																																																															ሺ14ሻ 

௖ܪ߲

ݖ߲
ൌ െܾ ൅ ߚ ൌ 0																																																																																																																										ሺ15ሻ 



ሶߣ െ ߣߜ ൌ െ
௖ܪ߲

߲ܺ
ൌ െ

ܿ ௙ܻ

ଶܺݍ
െ ሺ1ݎߣ െ ሻሺ1ܰߙ െ 2ܺሻ																																																																	ሺ16ሻ 

ሶߚ െ ߚߜ ൌ െ
௖ܪ߲

߲ܰ
ൌ െݓ݌ ൅ ߥ ൅ ሺ1ܺߙߣ െ ܺሻ																																																																												ሺ17ሻ 

Equations (14) through (17) become: 

ߣ ൌ ݌ െ
ܿ
ܺݍ

																																																																																																																																									ሺ18ሻ 

ߚ ൌ ܾ																																																																																																																																																					ሺ19ሻ 

ሶߣ െ ߜሺߣ െ ሺݎ െ ሻܰߙ ൅ 2ሺݎ െ ሻܺሻܰߙ ൅
ܿ ௙ܻ

ଶܺݍ
ൌ 0																																																																							ሺ20ሻ 

ሶߚ െ ߚߜ ൅ ݓ݌ െ ߥ െ ሺ1ܺߙߣ െ ܺሻ ൌ 0																																																																																												ሺ21ሻ 

In this problem, we have a system of six equations, (11), (12), and (18) through (21), and six unknown 

variables, ߣ, ,ߚ ௙ܻ, ,ݖ ܺ, and	ܰ. The steady-state values for these variables may be solved 

simultaneously and the present value of the wild fishery and aquaculture at bioeconomic optimum 

becomes ܸሺܺ∗, ܰ∗ሻ ൌ ቂቀ݌ െ
௖

௤௑∗
ቁ ,∗ሺܺܨ ܰ∗ሻ ൅ ሺܰݓ݌∗ െ ∗ܰߥ െ ሻቃ∗ݖܾ   3.ߜ/

MPA creation 

When the original ground is divided into two sub-areas, one is set up for an MPA and the other is used 

for fisheries and aquaculture. We consider the problem where a manager seeks to maximize the net 

profits from both fishery and aquaculture: 

නݔܽ݉ ൜൤൬݌ െ
ܿ
ݍ ଵܺ

൰ ଵܻ௙൨ ൅ ሾ݌ ௔ܻሺܰሻ െ ௔ሺܰሻܥ െ ሻሿൠݖሺܫ
ஶ

଴
݁ିఋ௧݀ݐ																																															ሺ22ሻ 

subject to: 

ሶܺଵ ൌ ଵሺܨ ଵܺ, ܰሻ ൅ ሺܯ ଵܺ, ܺଶሻ െ ଵܻ௙	, 				 ଵܺሺ0ሻ ൌ ܺ௢ଵ	, ଵܺሺݐሻ ൒ 0	, 0 ൑ ଵܻ௙ ൑ ଵܻ௙௠௔௫													ሺ23ሻ 

ሶܺଶ ൌ ଶሺܺଶሻܨ െ ሺܯ ଵܺ, ܺଶሻ					,															ܺଶሺ0ሻ ൌ ܺ௢ଶ	, ܺଶሺݐሻ ൒ 0																																																				ሺ24ሻ 

ሶܰ ൌ ሺ0ሻܰ																																																	,			ݖ ൌ 0		,						ܰሺݐሻ ൒ ሻݐሺݖ						,		0 ൒ 0																															ሺ25ሻ 

The current-value Hamiltonian for this problem may be written as: 

௖ܪ ൌ ൤൬݌ െ
ܿ
ݍ ଵܺ

൰ ଵܻ௙൨ ൅ ሾ݌ ௔ܻሺܰሻ െ ௔ሺܰሻܥ െ ሺܼሻሿܫ ൅ ଵሺܨଵൣߣ ଵܺ, ܰሻ ൅ܯሺ ଵܺ, ܺଶሻ െ ଵܻ௙൧																				 

                                                            
3 z* can be calculated based on N*. We define z as an increment in aquaculture activity to the total amount of 
aquaculture N. In equilibrium, ሶܰ ൌ ݖ ൌ 0, therefore, ݖ∗ ൌ 0. The total amount of aquaculture activity N will be 
equal to the sum of increment z from the initial time to equilibrium: ܰ∗ ൌ ∗ݖ ൌ ∑ ௧ஶݖ

௧ୀ଴ . 



																																														൅ߣଶሾܨଶሺܺଶሻ െ ሺܯ ଵܺ, ܺଶሻሿ ൅  ሺ26ሻ																																																																											ݖߚ

With ߣଵ,  being the adjoint variables measuring the shadow prices of the associated state ߚ	and	ଶߣ

variables ଵܺ, ܺଶ, and N, the first order conditions for an interior solution include: 

௖ܪ߲

߲ ଵܻ௙
ൌ ൬݌ െ

ܿ
ݍ ଵܺ

൰ െ ଵߣ ൌ 0																																																																																																															ሺ27ሻ 

௖ܪ߲

ݖ߲
ൌ െܾ ൅ ߚ ൌ 0																																																																																																																																ሺ28ሻ 

ሶଵߣ െ ଵߣߜ ൌ െ
௖ܪ߲

߲ ଵܺ
ൌ െ

ܿ ଵܻ௙

ݍ ଵܺ
ଶ െ ଵߣ ൬ሺݎ െ ሻܰߙ െ

2ሺݎെܰߙሻ ଵܺ

1 െ ݉
െ

ߛ
1 െ݉

൰ െ
ߛଶߣ
1 െ ݉

																ሺ29ሻ 

ሶଶߣ െ ଶߣߜ ൌ െ
௖ܪ߲

߲ܺଶ
ൌ െ

ߛଵߣ
݉

െ ଶߣ ൬ݎ െ
ଶܺݎ2
݉

െ
ߛ
݉
൰																																																																						ሺ30ሻ 

ሶߚ െ ߚߜ ൌ െ
௖ܪ߲

߲ܰ
ൌ െݓ݌ ൅ ߥ ൅ ߙଵߣ ଵܺ ൬1 െ

ଵܺ

1 െ ݉
൰																																																																		ሺ31ሻ 

Equations (27) through (31) become: 

ଵߣ ൌ ൬݌ െ
ܿ
ݍ ଵܺ

൰																																																																																																																																					ሺ32ሻ 

ߚ ൌ ܾ																																																																																																																																																									ሺ33ሻ 

ሶଵߣ െ ଵߣ ൬ߜ െ ሺݎ െ ሻܰߙ ൅
2ሺݎെܰߙሻ ଵܺ

1 െ ݉
൅

ߛ
1 െ݉

൰ ൅
ܿ ଵܻ௙

ݍ ଵܺ
ଶ ൅

ߛଶߣ
1 െ݉

	ൌ 0																																		ሺ34ሻ 

ሶଶߣ െ ଶߣ ൬ߜ െ ݎ ൅
ଶܺݎ2
݉

൅
ߛ
݉
൰ ൅

ߛଵߣ
݉

ൌ 0																																																																																										ሺ35ሻ 

ሶߚ െ ߚߜ ൅ ݓ݌ െ ߥ െ ߙଵߣ ଵܺ ൬1 െ
ଵܺ

1 െ ݉
൰ ൌ 0																																																																																	ሺ36ሻ 

In this problem, we have a system of eight equations, (23) through (25), and (32) through (36), and 

eight unknown variables, ߣଵ, ,ଶߣ ,ߚ ௙ܻ, ,ݖ ଵܺ, ܺଶ	and	ܰ. The steady-state values for these variables may 

be solved for simultaneously, and the present value of the wild fishery and aquaculture at bioeconomic 

optimum becomes ܸሺ ଵܺ
∗, ܰ∗ሻ ൌ ቂቀ݌ െ

௖

௤௑భ
∗ቁ ሾܨଵሺ ଵܺ

∗, ܰ∗ሻ ൅ ଶሺܺଶܨ
∗ሻሿ ൅ ሺܰݓ݌∗ െ ∗ܰߥ െ ሻቃ∗ݖܾ  .ߜ/

Because optimal management models with and without an MPA are nonlinear, the analytical solutions 

involve multiple roots, are lengthy and do not yield any significant insights. Hence, we adopt a 

numerical procedure that is both relatively simple and gives us more control in searching for interior 

solutions. 

4. Numerical Simulations 



We now illustrate the open access and optimal management case at equilibrium numerically. We 

specify the carrying capacity equals to unity and the other parameter values as presented in Table 1. 

Table 1. Parameters for Wild Fishery and Aquaculture  

Variable Description Unit Value 

w 

 ߙ

 ߥ

c 

q 

p 

r 

b 

 	ߛ

 ߜ

Aquaculture production output per farm 

Aquaculture sensitivity coefficient 

Aquaculture production operating cost  

Unit cost of fishing effort 

Catchability coefficient 

Unit price of fish 

Intrinsic growth rate 

Investment cost 

Migration coefficient 

Discount rate 

volume/area 

(area x time)-1 

currency/year/area 

currency/day 

day-1 

currency/volume 

time-1 

currency/year/area 
 

1 

100 

0.4 

0.3 

1 

1 

0.4 

0.2 

0.5 

0.07

 

Open access regime  

Figure 1 shows the impact on total stock of varying the MPA size in the case of open access outside 

the MPA, compared to pure open access. We observe that the stock size is greater when an MPA is 

introduced. The impact on harvests, as shown in Figure 2, is more diverse, and varies for the amount 

of aquaculture activity introduced. First of all, the pure open access harvest declines for increased N, 

while the effects in the presence of an MPA are more varied. For example, for N = 0.003, the wild 

catch increases and reaches a maximum value for MPA size m = 0.4. For a large MPA (about 75% of 

the entire area), the equilibrium wild catch is the same as without an MPA, while a larger MPA gives 

lower catch than pure open access. For N = 0.004, the equilibrium wild catch in pure open access 

equals to zero, while the wild catch with an MPA increases and reaches a maximum level for MPA m 

= 0.5, the larger MPA sizes give a decrease in the wild catch and dissipation when the entire area is set 

up for an MPA. For ܰ ൑ 0.002, the wild catch with an MPA declines for an increasing MPA, and is 

always smaller than the equilibrium wild catch without an MPA. 



 

 Figure 1. Effect of varying size of MPA on wild fish stock size, under open access.  
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Figure 2. Effect of varying size of MPA on catches given the amount of aquaculture activity a) 

N=0.002, b) N=0.003 and c) N=0.004, respectively.  

Optimal management regime 

When we run the economic optimal model with our specified parameter values, we find the optimal 

stock levels and harvest rate in densities, the amount of aquaculture, and net profits with and without 

an MPA. We then calculate stock sizes and harvest rate in volume as in Table 2. 

Table 2. Simulation results for the steady-state equilibria in the bioeconomic optimum4 (all the values 
in 10-3) 

Output 

variable 

Description Unit Without 

MPA 

With MPA (m) 

0.1 0.3 0.5 0.6 

ଵݔ
∗ 

ଶݔ
∗ 

  ∗ݔ

ܰ∗ 

௙ݕ
∗, ଵ௙ݕ

∗  

ܸ∗ 

௙ܸ
∗ 

ேܸ
∗  

Stock size in fishing ground 

Stock size in MPA 

Total stock size 

Amount of aquaculture activity 

Harvest in tons 

Total net profits  

Net profit from wild fishery 

Net profit from aquaculture 

volume 

volume 

volume 

area 

volume 

currency 

currency 

currency 

 

 

309 

 4.0 

0.6 

1.6 

0.02 

1.6 

278 

4 

282 

4.4 

0.7 

1.8 

0.02 

1.8 

217  

45  

262  

5.7  

0.9  

2.3  

0.04  

2.3  

158  

178  

336  

7.3  

1.5  

3.1  

0.15  

2.9  

135 

321 

456 

5.6 

5.9 

3.9 

1.65 

2.3 

For an MPA size of ݉ ൐ 0.6 the model does not give appropriate solutions for our choice of data. We 

observe from Table 2 that the fishable stock size decreases for an increasing MPA size, while the total 

stock size declines for small MPA size (i.e., m ≤ 0.3) and increases for a larger MPA compared to the 

case without an MPA. The wild catch increases for an increasing MPA size and is always larger than 

the wild catch without an MPA, as long as m is not greater than 0.6. The total net profits as well as the 

net profit from the wild fishery increase for an increasing MPA size, while the net profit from 

aquaculture increases up to m = 0.5. The size of the aquaculture activity also increases for an 

increasing MPA size up to m = 0.5, and declines for a larger MPA, but is always higher than without 

an MPA.  

These numerical simulation results are an illustration of the model, and are a function of the chosen 

parameters. We therefore examine the effects of small changes (10% increase) in each parameter value 

on the optimal solutions without an MPA (ܺ∗, ௙ܻ
∗, ܰ∗, ܸ∗) and with an MPA ( ଵܺ

∗, ܺଶ
∗, ଵܻ௙

∗ , ܰ∗, ܸ∗). The 

model exposes varying degrees of sensitivity to changes in the range of parameters. In order to 

                                                            
4 The stock size, ݔଵ, ݔଶ, ݔ, and catch in weight, ݕଵ௙, can be calculated as follows:  
∗ଵݔ							 ൌ ሺ1 െ ݉ሻܭ ଵܺ

∗; ଶݔ
∗ ൌ ଶܺܭ݉

∗; ∗ݔ ൌ ∗ଵݔ ൅ ଶݔ
௙ݕ	;∗

∗ ൌ ,∗ሺܺܨܭ ܰ∗ሻ;	 
ଵ௙ݕ							

∗ ൌ ሺ1 െ ݉ሻܭሾܨሺ ଵܺ
∗, ܰ∗ሻ ൅ ሺܺଶܨ

∗ሻሿ 



compare these sensitivities, we present these changes as elasticities (ratios of percentage changes in 

the variable of interest to percentage changes in the parameter values) in the neighborhood of the 

initial values. The results are presented in Table 3. 

Table 3. Elasticities of variables with and without an MPA for a 10% increase in the parameter values, 

under optimal management. 

Parameter 

Optimal value 

Without an MPA With an MPA (m = 0.3) 

ܺ∗ ௙ܻ
∗ ܰ∗ ܸ∗ ଵܺ

∗ ܺଶ
∗ ଵܻ௙

∗  ܰ∗ ܸ∗ 

w 

 ߙ

 ߥ

c 

q 

p 

r 

b 

 ߛ

0.05  

 -0.05  

 -0.02  

 0.99  

 -1.08  

 -1.06  

 -  

 -0.00 

1.70  

 -1.00  

 -0.79  

 0.52  

 -0.38  

 0.35  

 -  

 -  

-  

 -1.10 

 -  

 -  

 -  

 -  

 1.01 

 -

-0.23 

 -1.14 

 0.08 

 0.48 

 -0.56 

 -0.69 

 1.12 

 -0.00

0.07 

 -0.03 

 -0.03 

 1.00 

 -1.09 

 -1.06 

 -  

 -0.00 

 -  

0.06 

 -0.03 

 -0.02 

 0.88 

 -0.96 

 -0.93 

 0.13 

 -0.00 

 -0.12

1.73  

 -1.13  

 -0.83  

 0.79  

 -0.63  

 0.08  

 0.41  

 -  

 -0.09 

-0.02  

 -1.09  

 0.02  

 -0.08  

 0.08  

 0.06  

 1.01  

 -  

 -  

0.06 

 -1.11 

 -0.01 

 0.50 

 -0.51 

 -0.54 

 1.00 

 -0.00 

 -0.00

The stock size with or without an MPA is more sensitive to changes in the unit price of fish, p, and the 

catchability, q, but it is less sensitive to changes in remaining parameter values. The harvest is more 

sensitive to changes in the marginal productivity of aquaculture, w, and the aquaculture sensitivity 

coefficient, ߙ, while the size of aquaculture activity and the total net profits are more sensitive to 

changes in the aquaculture sensitivity coefficient, ߙ and the intrinsic growth rate, r.  

We notice that the implementation of an MPA size of m = 0.3 either increases or decreases the degrees 

of sensitivity of variables to changes in the parameter values. For instance, we observe that a 10 

percent increase in the parameter values increases mainly the sensitivity of the stock size, the wild 

catch, and the size of the  aquaculture activity compared to the situation without an MPA, while the 

sensitivity of the total discounted profits are mostly reduced. However, the difference between the 

elasticities of the optimal values with an MPA and without an MPA is very small. 

5. Discussion and Conclusion 

The introduction of an MPA can function as a sustainable management tool in order to rebuild 

depleted populations of exploited species and safeguard the spawning biomass. Benefits for fisheries 

from MPAs are expected from egg and larvae dispersal as well as from spillover of adults to adjacent 

fishing grounds (Goñi et al., 2010). We develop a framework to analyze the tradeoff between a wild 

fishery and aquaculture occurring in the same region, and where the products are sold in the same 



market, including the influence of an MPA. In the model, aquaculture reduces the intrinsic growth of 

the wild fish stock, and an MPA is introduced to limit the negative effect of aquaculture on the wild 

fishery, thereby potentially reducing conflicts between the two sectors. The framework can be used to 

identify these interactions under both an open access fishery and economic optimal management. 

Our results suggest that there are tradeoffs between a wild fishery and aquaculture which occur in the 

same region and are identical in products and price. In the pure open access, the equilibrium wild stock 

level is independent of the presence of aquaculture, while the wild catch is affected by aquaculture 

production. The larger the aquaculture production, the lower the wild catch. Establishing an MPA 

where wild fishing and aquaculture are prohibited results in the total wild stock increasing and being 

larger than the pure open access case, while the wild catch varies depending on aquaculture 

development and the MPA size. Creation of an MPA of a certain size may yield greater harvest than 

the pure open access case when aquaculture production has a significant effect on the wild fishery. For 

instance, as the aquaculture operation is expanded (for ܰ ൐ 0.002 in this simulation) resulting in a 

reduction of more than 50% of the intrinsic growth rate of fish then introducing an MPA of a certain 

size increases the wild catch which can reach a maximum value and be greater than when there is no 

MPA present. The model also clearly illustrates how an open access fishery may completely 

eradicated in the presence of aquaculture (see Figure 2c), and how an MPA may alleviate this in the 

sense that some harvest is allowed, though less than under pure open access. This is reminiscent of the 

Vietnamese lobster fishery’s demise in the presence of aquaculture. In recent years Vietnam has had 

an ambitious MPA plan, but the MPAs that have been implemented have largely had conservation 

rather than fisheries management focus.  

In the optimal management regime, introducing an MPA of a certain size (i.e., ݉ ൐ 0.3 here) yields 

larger total stock size, while a small MPA yields larger wild catch, amount of aquaculture activity, 

total net profits, and net profit from each operation. These values are higher than when there is no 

MPA. However, the efficiency of aquaculture production reaches its maximum value for MPA size m 

= 0.5 and declines for larger MPA size. MPAs combined with an economically optimal management 

approach outside the reserve do yield better results than the optimal management without an MPA. 

This is in line with (Ami et al., 2005) who carried out a theoretical study in order to show that both the 

economic and biological situations are enhanced by the creation of MPAs. They suggest that 

protecting areas with higher intrinsic growth rates result in higher stock density, fishing effort, and 

present value in the fishery sector, compared to when there is no MPAs. Sensitivity analysis of the 

optimal outcomes with and without an MPA in relation to parameter values in our study shows very 

limited difference in the elasticities, implying low variance when an MPA is introduced in the model. 

The addition of an MPA effect has no systematic influence on the results of the model. The model 

therefore seems to be reasonably robust. However, in the case of Vietnamese lobster fishery, optimal 

management would presumably require prohibitive control measures. 



In our study, the benefits of an introduced MPA from the perspective of aquaculture or fisheries vary 

dependent on MPA sizes. The managers therefore must take into account management objectives 

when choosing an MPA size. This work obviously requires analysis of costs and benefits to extractive 

users (fishermen and farmers). Aquaculture production can affect the wild fishery either via the 

carrying capacity of fish, the intrinsic growth rate or both. Using MPAs in management of natural 

resource user conflicts may give different results for each effect. Comparing the 

similarities/differences in the optimal management results in each case is something the authors plan 

to follow up in future work.  
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