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Abstract: The common pool nature of marine resources has contributed to widespread overexploitation in marine fisheries worldwide.  While the establishment of 200-mile Exclusive Economic Zones granting coastal nations sole ownership of near shore waters has eased open access problems in many coastal fisheries, fish stocks that span the territorial waters of multiple jurisdictions remain highly vulnerable to overexploitation.  In this paper, we examine the viability of marine reserves as a management tool to produce first-best economic outcomes in transboundary fisheries.  We develop a game theoretic model of resource extraction in a fishery shared by two jurisdictions and compare fishery yields and profit levels under three management scenarios: 1) competitive extraction, 2) cooperative extraction, and 3) competitive extraction coupled with marine reserve implementation. We find that under a set of reasonable economic and biological assumptions, the implementation of marine reserves in an optimal fraction of a transboundary fishery can produce first-best economic outcomes identical to the case of cooperative extraction. 

1. Introduction
In his seminal work, Gordon (1954) shows how unrestricted access to a renewable resource leads competition between agents for resource rents, resulting overexploitation and economic waste.  A potential solution to this “tragedy of the commons” is the assignment of private property rights (Hardin 1968).  However, as noted by Scott (1955), “the mere existence of the institution of private property is not sufficient to insure the efficient management of natural resources.”  In particular, the assignment of private property rights to a common pool resource where rights are distributed among multiple agents as surface rights to the area of land or water containing the resource rather than directly to units of the resource itself does not typically result in optimal resource extraction.  Spatial connectivity between privately owned areas of land or water containing a shared natural resource stock often results in inefficient resource extraction as agents compete to capture resource rents before other users.  Suboptimal extraction among resource owners with joint access to a common pool resource stock has been observed in many natural resources including oil (e.g. Libecap and Wiggins 1984, Wiggins and Libecap 1985, Libecap and Smith 1999), groundwater (Negri 1989, Provencher and Burt1993, Gardner et al. 1997), and marine fisheries (McWhinnie 2009).  In this paper, we contribute to the common pool resource literature by examining the potential of marine reserves to improve management outcomes in fisheries shared by multiple jurisdictions.  Specifically, we study the interaction between two jurisdictions sharing a transboundary fishery.  We compare economic outcomes under optimal and non-cooperative management and examine the viability of marine reserves as management tool to obtain first-best economic outcomes in transboundary fisheries where non-cooperation is the status quo.

The establishment of Exclusive Economic Zones (EEZs) in 1976 was intended to ease problems of open access in marine fisheries by entitling nations to exclusive control over marine resources up to 200-miles off their coastline (United Nations 1982). The implementation of EEZs precipitated the successful introduction of property rights based management regimes such as individual tradable quota (ITQ) systems that have resulted in significant economic and ecological gains many marine fisheries controlled by single nations (Grafton et al. 2000, Costello et al. 2008).  However, the establishment of country-level property rights in coastal fisheries has not completely resolved problems of over extraction and rent dissipation.  While the proportion of overexploited stocks has remained relatively stable since 1990, recent data indicate that 27 percent of stocks are currently overexploited (19 percent) or depleted (8 percent) as a result of excessive fishing (FAO 2009).  In addition to overfishing, many marine fisheries are also characterized by overcapitalization and excess capacity fueled by government subsidies and resulting in significant economic waste (Gréboval and Munro 1999, Clark et al. 2005).

One explanation for continued overexploitation and overcapitalization in marine fisheries is that many stocks continue to be jointly owned and fished by multiple nations. Stocks controlled by multiple countries remain particularly vulnerable to mismanagement and overexploitation.  When a stock inhabits the territorial waters of multiple nations, exclusive rights to fishing grounds do not guarantee exclusive rights to the underlying resource stock if the species disperses over significant distances either through larval or adult movement.  Therefore, for many fish stocks enclosed in EEZs, the “privatization of the oceans” (Hannesson 2004) is incomplete.  When property rights are incomplete, this impedes the ability of competing agents to form contractual agreements for efficient resource management (Cheung 1970).  Instead, agents have incentive to harvest competitively to maximize own benefits from resource extraction without regard for the impacts of extraction on other agents sharing the resource, resulting in overexploitation and sub-optimal economic outcomes.  Recent empirical evidence indicates that shared fish stocks are systematically more exploited compared to those completely controlled by a single nation (McWhinnie 2009). 

In this paper, we examine the viability of marine reserves as a management tool to produce first-best economic outcomes in transboundary fisheries.  We develop a game theoretic model of resource extraction in a fishery shared by two jurisdictions and compare fishery yields and profit levels under three management scenarios: 1) competitive extraction, 2) cooperative extraction, and 3) competitive extraction coupled with marine reserve implementation.  Under competitive extraction each nation chooses a harvest level to maximize its own profits subject to the harvest decision of the other jurisdiction. Under cooperative extraction each nation chooses a harvest level to maximize the joint profits of both jurisdictions.  Under competitive extraction with marine reserve formation, each jurisdiction agrees to commit a fraction of its territorial waters to marine reserves and manages the remainder of its territorial waters competitively.  The idea is that marine reserves can function as a mutually enforceable cooperation mechanism in transboundary fisheries where non-cooperation is the status quo.  We find that under a set of reasonable economic and biological assumptions, the implementation of marine reserves in an optimal fraction of a transboundary fishery can produce first-best economic outcomes identical to the case of cooperative extraction, provided the marginal costs of harvest are constant in stock density.  However, even if marginal extraction costs increase as the stock becomes less dense, economic outcomes under marine reserve implementation will be higher than outcomes under competitive extraction for a range of values.  

2. Background  [In Process]

2.1 Management challenges in transboundary fisheries
2.2 Marine reserves as a management tool

2.3 Establishing marine reserves in transboundary fisheries
3. Model
Table 1. Model Parameters

	Symbol
	Description

	α
	Proportion of fishery area in jurisdiction A

	γ1, γ2
	Beverton-Holt parameters

	k
	Age at which juveniles reach maturity

	m
	Number of settling juveniles produced annually by each adult

	a
	Adult survival probability

	P
	Ex-vessel price of fish ($/unit)

	C
	Marginal harvest cost ($/unit)

	θ
	Stock dependent marginal cost parameter


3.1 A basic model of fishing in a transboundary fishery
A fish stock is contained within the territorial waters of two jurisdictions, A, B (Figure 1).  The proportion of fishery area that lies in jurisdiction A is denoted α [image: image1.png]


 [0, 1].  

For ease of exposition, we normalize the area of the fishery to 1 so that if the density of fish is constant across space, then the number and density of adults in the entire fishery are equal. 
Following Hastings and Botsford (1999), we make several key assumptions about the underlying biological dynamics of the fish population:

B.1.
Adult mobility condition  
Adults are sedentary.
  There is no adult spillover between jurisdictions.  

B.2. 
Larval dispersal condition
Larvae are distributed uniformly throughout the fishery so that the density of juveniles attempting to settle at any location is constant.
B.3. 
Density dependence condition 
The fishery exhibits post-dispersal density dependence; the density of larvae that are successfully recruited to the adult population at any location depends only on the density of juveniles attempting to settle in that location.  

Assumption B.3. is expressed with a concave biological production function, f(dt), where dt is the density (or number) of juveniles attempting to settle in period t and f(dt), is the density of juveniles that successfully reach the adult population in time t.  The functional form of f(dt) is the Beverton-Holt (1957) stock-recruitment relationship:
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Where γ1 is the proliferation rate per generation and K = (γ1 − 1) γ2 is the carrying capacity of the population.  

The stock grows according to the following biological rules.  Fish reach maturity at age k, at which point they produce m settling juveniles annually.  Adult fish are subject to a natural annual survival rate, a.  The density of adults at the beginning of period t is the sum of the density of juveniles reaching maturity and the number of adults surviving from the previous period.   The density of juveniles successfully recruited to the adult population, f(∙), is a function of the sum of the number of adults in harvestable area of jurisdiction A in time t-k, αnA,t-k,  and the number of adults in harvestable area of jurisdiction B in time t-k, (1-α)nB, t-k, multiplied by the number of juveniles produced by each adult, m.

Consider the scenario in which each jurisdiction, j, captures a fixed fraction Hj of the density of fish in their territorial waters. The density of adults in period t+1 in jurisdiction A, nA,t+1,  can be expressed as the fraction that escape harvest in period t multiplied by the density of adults in period t:
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The equilibrium density of adults in the fishery area of jurisdiction j is denoted nj, where j [image: image4.png]


 [A, B].  At equilibrium, adult density in jurisdiction A satisfies:  
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By symmetry, the adult density in jurisdiction B in equilibrium satisfies: 
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Yield in each jurisdiction is found by multiplying the density harvested by the fishery area contained in the jurisdiction. Yield in jurisdiction A is given by:
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Yield in jurisdiction B is given by:
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For now, consider the case where the following economic condition is satisfied:

E.1. Marginal cost of harvest condition 
The marginal costs of harvest are stock independent (constant in stock density).  

If condition E.1. is satisfied, the marginal cost of harvesting an additional unit of biomass is constant at C regardless of the stock level.  Jurisdictions are assumed to be price takers, and the ex-vessel price of a unit of catch is given by P.   The objective of jurisdiction j is to maximize profits given by:
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Where P, the ex-vessel price of fish ($/unit catch), and C, the marginal harvest cost ($/unit catch) are assumed to be equal in both jurisdictions.

3.2 Management strategies

We consider three management strategies for jurisdictions sharing rights to a fishery:

(1) Non-cooperative extraction: each jurisdiction chooses a harvest fraction to maximize its own profits given the harvest level of the other jurisdiction. Setting harvests non-cooperatively results in a sub-optimal rents, πNC.

(2) Cooperative extraction: each jurisdiction chooses a harvest fraction to maximize the joint profits of both jurisdictions.  Setting harvests cooperatively results in an optimal profits, π*.  
(3) Marine reserve formation: each jurisdiction agrees to commit a fraction, R, of its territorial waters to marine reserves and then chooses a harvest fraction in the remaining open waters to maximize its own profits given the harvest level of the other jurisdiction.  This strategy results in a profit level πR.  The optimal (profit maximizing) reserve size is denoted R* with corresponding rents πR*.
3.2.1 Non-cooperative extraction
Under non-cooperative extraction, the objective of each jurisdiction is to choose a harvest level, H, to maximize rents in jurisdiction A subject to the evolution of the stock in both jurisdictions and the harvest decision of the other jurisdiction.  The objective function of jurisdiction A is given by:

 
[image: image10.wmf]{

}

)

,

,

(

max

B

A

A

A

H

NC

A

n

n

H

A

p

p

=








(8)

s.t. 
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Similarly, the objective functions for jurisdiction B is: 
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s.t. 
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Thus, total profits in the fishery under non-cooperation are expressed as:
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3.2.2 Cooperative extraction
Under cooperative extraction, the objective of each jurisdiction is to choose a harvest level, Hj, to maximize joint profits in the fishery subject to the evolution of the stock in both jurisdictions.  The objective function is given by:
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s.t.
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Under cooperative management, total rents are expressed as:
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Proposition 1: If conditions B1-B3 are satisfied, jurisdiction profits under fully cooperative management exceed jurisdiction profits under non-cooperative management (πj* > πjiNC).

Proof:  Forthcoming

Corollary: Joint profits under fully cooperative management exceed joint profits under non-cooperative management (π* > πNC).

Proof:  Forthcoming

3.2.2 Marine Reserve Formation

In the third situation, jurisdictions each agree to protect some proportion, r, of their share of the fishery in a marine reserve.  After the proportion r has been agreed upon, the jurisdictions choose harvest levels in the remaining open area in their territorial waters non-cooperatively to maximize rents.  Now the density of adults in jurisdiction A at time t+1 is:
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Again, the density of adults in period t+1 in jurisdiction A, nA,t+1,  can be expressed as the fraction that escape harvest in period t multiplied by the density of adults in period t.  Now the density of juveniles successfully recruited to the adult population, f(∙), is a function of the sum of the number of adults in harvestable area of jurisdiction A in time t-k, α(1-r)nA, t-k, the number of adults in harvestable area of jurisdiction B in time t-k, (1-α)(1-r)nB, t-k, and the number of adults in marine reserves in time t-k, rnR, t-k, multiplied by the number of juveniles produced by each adult, m.

At equilibrium, adult density in jurisdiction A satisfies:  
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By symmetry, the adult density in jurisdiction B in equilibrium satisfies:
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The adult density in the marine reserve in equilibrium satisfies:
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As above, yield in each jurisdiction is found by multiplying the density harvested by the fishery area contained in the jurisdiction. Yield in jurisdiction A is given by:
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Similarly, yield in jurisdiction B is given by:
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The objective function for jurisdiction A in this situation is given by:
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s.t. 
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Similarly, the objective function for jurisdiction B in this situation is given by:
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Under reserve management, joint rents are expressed as:
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The optimal reserve size, r*, is value of r which results in the highest joint rent level,
[image: image36.wmf]*
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Proposition 2:  If conditions B1-B3 and E1 are satisfied, joint profits under optimal reserve implementation (R*) equal joint profits from fully cooperative management 

(πR* = π*).

Proof:  Forthcoming

The assumption of stock independent harvest costs is in most cases unrealistic. Consider the case where marginal costs of harvest are increasing in stock density (E1 is not satisfied).  The profit in each jurisdiction is given by:
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Where npre is the pre-harvest density, npost is the post-harvest density, and the parameter θ>0 captures the degree to which harvest cost increase as the stock becomes less dense.

Proposition 3:   For 0<θ ≤1, joint profits under optimal reserve implementation (R*) exceed joint profits from non-cooperative management (πR*>πNC).
Proof:  Forthcoming

4. Discussion

5. Conclusion
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Appendix
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Figure 1. A fishery shared between two jurisdictions
Af: harvestable area in Jurisdiction A; Bf: harvestable area in Jurisdiction B.
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Figure 2. A fishery shared between two jurisdictions with a marine reserve.
Af: harvestable area in Jurisdiction A; Ar: reserve area in Jurisdiction A; Bf: harvestable area in Jurisdiction B; Br: reserve area in Jurisdiction B.
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Figure 3. Fishery profit vs. reserve size for stock independent harvest costs.  Profits in the cooperative outcome are larger than profits in the non-cooperative outcome (π*> πNC). Under reserve implementation, profits are equivalent to the non-cooperative outcome for 0<R≤R1crit, increasing and above the non-cooperative outcome while R1crit <R<R*, equivalent to the cooperative outcome at R*, decreasing and above the non-cooperative outcome while R* <R< R2crit, and below the non-cooperative outcome when R≥R2crit.

[image: image41]
Figure 4.  Fishery profit vs. reserve size for low stock dependent harvest costs.

Profits in the cooperative outcome are larger than profits in the non-cooperative outcome (π*> πNC). Under reserve implementation, profits are equivalent to the non-cooperative outcome for 0<R≤R1crit, increasing and above the non-cooperative outcome while R1crit ≤R<R*, decreasing and above the non-cooperative outcome while R* <R< R2crit, and below the non-cooperative outcome when R≥R2crit.  R* represents the profit maximizing reserve size. At R*, profits in the reserve outcome are larger than profits in the non-cooperative outcome but smaller than profits in the cooperative outcome (πNC <πR*< π*).
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Figure 5. Fishery profit vs. reserve size for high stock dependent harvest costs.
Profits in the cooperative outcome are larger than profits in the non-cooperative outcome (π*> πNC). Profits under reserve implementation are smaller than profits in the non-cooperative outcome over the entire range of reserve sizes (πR< πNC). 
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� In this paper, ‘sedentary’ does not mean immobile.  Rather, “sedentary organisms are those whose movements are short-range when compared to the spatial scale of the fishing process (fleet displacement) and/or pelagic larval dispersal” (Hilborn et al. 2004). The implication of this assumption is that all connectivity between jurisdictions occurs via larval dispersal.
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