
 1

Very much a work in progress! 
 
 

Managing a natural reserve with density independent species flow  
- a dynamic bioeconomic model  

 
 
 

by 
 

Claire W. Armstrong 
Department of Economics and Management 

Norwegian College of Fishery Science 
University of Tromsø 

N-9037 Tromsø, Norway 
clairea@nfh.uit.no 

 
and 

 
Anders Skonhoft 

Department of Economics 
Norwegian University of Science and Technology 

N-7491 Dragvoll-Trondheim, Norway 
Anders.Skonhoft@SVT.NTNU.NO 

 

Presented at the Workshop on Biodiversity Conservation 
Cambridge, UK, 20-21 September 2005 

 

Abstract 
A discrete-time bioeconomic model of two stocks (alternatively two species or sub-stocks of 
the same species, or some “basket” of species) is presented, where one of these two stocks can 
be partially protected by a reserve or some other hindrance to harvesting. The interaction 
between the two stocks is geographic, in the sense that the protected stock can migrate out of 
the reserve and be harvested upon in conjunction with the unprotected stock. The movement 
out of the reserve is migrational either in the sense of some annual or life-cycle movement. 
Two management regimes are presented; open access and myopic profit maximization, which 
are studied both in a steady state and a dynamic fashion. 

 
 

1. Introduction 

Biodiversity is threatened by over-harvesting as well as destruction and reduction of habitats. 

One way to counteract these threats is to establish conservation zones, with various 

restrictions on harvesting, land-use and other types of man-made influences, so that the 

potential social benefits of biodiversity can at least be kept intact inside the reserve. However, 

a reserve is not an island, and how the species inside the reserve interact with the environment 
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outside the reserve has been shown to influence the viability of species protection (Skonhoft 

and Armstrong, 2005, Armstrong and Skonhoft, 2005).  

 

In both the biological and the economic literature the norm has been to focus on some form of 

density dependent dispersal between reserves and the outside areas (Hannesson 1998, 

Sanchirico and Wilen 2001, Skonhoft et al. 2002,). But, as Gell and Roberts (2003) point out 

with regard to the marine environment, very little is known regarding density dependent 

dispersal. The limited amount of empirical work done does however not preclude the 

possibility that density dependent dispersal exists, and density dependent influences are still 

clearly important (MacCall, 1990), but presumably more relevant as regards other biological 

functions such as reproduction and recruitment. 

 

In this paper we present a bioeconomic model with species flow in and out of a reserve, not 

contingent upon the density in the reserve and the surrounding areas; that is, the dispersal is 

not density dependent, but rather migratory as in an annual cycle. Examples of this are birds, 

reindeer, moose, and for instance the famous wildebeest migration in the Serengeti-Mara 

ecosystem. Several migratory fish species would also fit this model, as what is typical for 

such species is sequential or seasonal harvesting, taking place over the migration or dispersal 

routes of the species. To facilitate the study, but still capturing the main points, we deal only 

with two areas, or patches; a reserve and a neighbouring area and two sub-populations of fish 

or wildlife harvested separately, but with the same harvest rate. The flow out of the reserve is 

due to spawning, grazing or other life-cycle movements. The individuals not harvested when 

outside the reserve return to the reserve. These movements may be annual for each individual 

or alternatively life cycle movements where specific age groups make these migrations each 

year.  

 

Due to the time aspect of the model, it is natural to analyse a dynamic setting. Most modelling 

of reserves so far has concentrated on static equilibrium models (Sanchirico and Wilen 2001, 

where issues of time have usually only been included with regard to discounting the future 

(Holland and Brazee, 1996). Hence this work attempts to expand upon the knowledge of 

dynamics and management with reserves. Furthermore, most models of marine reserves have 

assumed open access harvesting (Hannesson 1998, Sanchirico and Wilen 2001) or at most 

limited access to the resources outside the reserve (Sanchirico and Wilen 2002). We will 

study both open access and myopic rent maximization. Hence the contribution to the literature 
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on reserves is threefold; with regards the type of dispersal, the management option and the 

dynamic analysis. 

 

The paper is organized as follows; the following section presents the ecology of the model, 

whereupon the two harvesting strategies or management regimes are introduced, and 

comparisons made. Finally, policy implications and expansions of the study are discussed. 

 
 

2. Ecology 

We have two areas; a reserve and an outer area. Dispersal is considered to be density 

independent, as it is assumed that a constant fraction a, 0 1a< ≤ , of the sub-population in the 

reserve temporarily migrates out of the reserve1. There is no migration of the other sub-

population. As mentioned in the introduction, most of the literature on marine reserves has 

studied density dependent movement between the reserve and the outside area. This is done 

despite such movement not having been empirically proven. Some bioeconomic work has 

been done on uni-directional or sink-source interactions (Sanchirico and Wilen 2001, 2002). 

The uni-directional movement in these cases is however still density dependent, but only 

dependent on the density in the source area. 

 

We assume that harvesting only takes place in the outer area, where the harvesting fraction in 

year t  is given as th . What is not harvested migrates back into the reserve area. The 

population dynamics for the reserve sub-population 1,tX reads: 

 

(1) 1, 1 1, 1, 1, 1,( ) [ ( )]t t t t t tX X F X a X F X h+ = + − +  

 

when migration takes place after natural growth 1,( )tF X , assumed to be density dependent in a 

logistic manner (see below). For the sub-population staying in the outer area all the time 2,tX  

we have in the same manner: 

 

(2) 2, 1 2, 2, 2, 2,( ) [ ( )]t t t t t tX X G X X G X h+ = + − + . 

 

                                                 
1 In principle a could be negative between -1 and 0, making the reserve function as a sink. 
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Notice that there is no biological interdependency between the two sub-populations as there is 

no density-dependent growth processes during the period of migration. Total harvest (in 

number of individuals, or biomass) at time t  is accordingly: 

  

(3) 1, 1, 2, 2,{ [ ( )] [ ( )]}t t t t t tH a X F X X G X h= + + +  

 

and where it is explicitly assumed that it is not possible to select between the two sub-

populations. For fish as well as for terrestrial animal species this fits with reality. 

All the time we are thinking of logistic natural growth, 1, 1 1, 1, 1( ) (1 / )t t tF X r X X K= − and 

2, 2 2, 2, 2( ) (1 / )t t tG X r X X K= − , and where ir  is the maximum specific growth rate and iK  is 

the carrying capacity ( 1,2i = ). With these functions, it is well known that the equilibrium of 

equations (1) and (2) are stable for fixed harvesting fractions given that there are restrictions 

on the maximum specific growth rates (May 1976).  

 

In ecological equilibrium we have , 1 ,i t i t iX X X+ = = ( 1,2i = ) together with th h= . Combining 

equations (1) and (2) and eliminating h  yields 1 1 1 2 2 2( ) / [ ( )] ( ) /[ ( )]F X a X F X G X X G X+ = + . 

When inserting for 1( )F X and 2( )G X we find 1 2 0X X= =  together with 0iX ≠ ( 1,2i = ) as 

given by 

 

(4)     
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Hence, this function represents combinations of the two sub-populations that are compatible 

with the non-trivial ecological equilibrium for all fixed harvest rates and is defined for all 

1 0X > such that 2 0X > . It is upward sloping, ' 0R > , and runs through 1 2( , )K K which is 

associated with zero harvesting, 0h = . Higher harvesting fractions are accompanied by lower 

values of 1X and hence, also lower values of 2X . We also find that 1( )R X shifts up for higher 
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values of a . We have a special case when the whole area 1 sub-population migrates and 

1a = . Equation (4) then reduces to 1 2 1 2 2 1 1 2 1( ) (1 / ) ( / )R X K r r K r K r X= − + which is further 

simplified to 1 2 1 1( ) ( / )R X K K X=  when  1 2r r= .  

 

Adding together equations (1) and (2) in ecological equilibrium and using the definition of 

total harvest in number of animals (3), we have the equilibrium harvest equal to:  

 

(5)  1 2 1 1 1( ) ( ) ( ) ( ( )) ( )H F X G X F X G R X H X= + = + = . 

 

This is the Induced Sustainable Yield Function (ISYF), which gives the ecological equilibrium 

relationship between the resource abundance in the reserve and the harvesting taking place 

outside the reserve (see Armstrong and Skonhoft, 2005, for a further description of this 

function). Hence, this function describes the harvesting “spill-over” from the harvested area to 

the reserve. 1( ) 0H X ≥ is defined for all 1 0X > that ensures a positive 2X through equation 

(4). ISYF is an important building block in the subsequent analysis. As 1( )R X always slopes 

upwards, it can be shown that ISYF will be upward sloping for small values of 1X , reach a 

peak value and then slope downwards. Figure 1a depicts ISYF for 1a < . In addition, the 

natural growth in the reserve is plotted. The natural growth in the outer area 1( ( ))G R X is 

hence seen in the figure as the difference between these two curves.  

 

Figure 1 about here (ISYF) 

 

With logistic natural growth, we find a unique maximum harvest when 

2
1 1

1 2

(1 )
( ( 1) 2)

arX K
r r a

= +
− −

, where 01 <
∂

∂
a

X . This is seen in Figure 1b where the reserve 

stock level that maximizes the equilibrium harvest is increasing with decreasing a. In Figure 

1b we see that the growth in the reserve area is higher than the equilibrium harvest, for small 

reserve stock size. This is due to negative growth in the harvestable area. In Figure 1b we can 

also observe that harvest may be higher with a reserve than without, given a sufficiently large 

reserve stock size. This indicates that if there are reasons for valuing a high reserve stock, 

there may be management options that result in higher harvests with a reserve than without. In 

the following we do however not include such valuations in the management options studied. 
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3. Harvesting strategies 

Various harvesting strategies may take place in the outer area. Two strategies; myopic rent 

maximization and open access, are analyzed. In the following we analyze the dynamics and 

the steady state of the two management systems. 

 

i) Myopic management; maximising current profit 

We assume that the owner or rights holder of the outer area harvests based on current 

economic and ecological conditions. There may be various reasons behind such myopic 

management. One important reason is the insecure state of property rights due to political 

conditions or tradition.  This myopic behaviour seems to be in accordance with the stylized 

facts of management in many developing countries with poorly developed, or even lacking, 

institutions. This is for instance the case in many developing country fisheries, but definitely 

also found in industrialized fisheries where monitoring and enforcement have been shown to 

be hard to implement in an effective manner. Myopic behavior in this context is the same 

resource management scheme studied in numerous papers, such as Brander and Taylor 

(1998). 

 

The current profit is described by  t t tpH cEπ = − , where tE is the effort use and q is a 

productivity coefficient, and 0 1α< <  and 0 1β< ≤ .  

 

When assuming that harvesting takes place instantaneously, and assuming a generalized 

Schaefer function, we have: 

 

(6) 1, 1, 2, 2,{ [ ( )] [ ( )]}t t t t tH qE a X F X X G Xα β= + + +  

 

This inserted into the current profit expression above gives 
1/

1, 1, 2, 2, { / [ ( ( )) ( ( ))] }t t t t t t tpH c H q a X F X X G X β απ = − + + + . Maximisation with respect to tH  

for given stock size, yields the optimal (myopic) harvest (in number or biomass of 

individuals) as * 1/(1 ) /(1 ) /(1 )
1, 1, 2, 2,( / ) [ ( ( )) ( ( ))]  t t t t tH q p c a X F X X G Xα α α β αα− − −= + + + . When 

combining with equation (3), we find the optimal harvest fraction as:  
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(7)    * 1/(1 ) /(1 ) ( 1) /(1 )
1, 1, 2, 2,( / ) [ ( ( )) ( ( ))]  t t t t th q p c a X F X X G Xα α α α β αα− − + − −= + + + . 

 

Note here that for 0.5α β= = , H* is linear in stock, and that h* is fixed over time for 

α+β=1.  

 

Next, when plugging into the population growth equations, we find the stock growth as 

 

(8) *
1, 1| 1, 1, 1, 1,( ) [ ( )]t t t t t tX X F X a X F X h+ = + − +  

 
and 
 
(9) *

2, 1| 2, 2, 2, 2,( ) [ ( )]t t t t t tX X G X X G X h+ = + − + . 
 
 

This is first order non-linear system of interdependent difference equations. Hence, while 

there is ecological independence there is economic dependence between the two sub-

populations via the harvesting fraction (as long as α+β≠1). 

 

Figure 2 about here 

 

 Figure 2 demonstrates the species growth over time. Two cases; 1a = and a = 0.3 (see the 

Appendix for further information about parameter values) are presented2. We observe that the 

time paths stabilise rapidly, especially with a reserve, and as expected, a reserve gives larger 

equilibrium stock levels. 

 

The steady-state: 

In steady-state we have the harvest, in number of individuals, or biomass, as 

* 1/(1 ) /(1 ) /(1 )
1 1 2 2( / ) [ ( ( )) ( ( ))]  H q p c a X F X X G Xα α α β αα− − −= + + + = α

α

βαα −1
1

))((
c

Xpq  as 

X= )())(( 2211 XGXXFXa +++ , i.e. X is the total available stock at time t. 

                                                 
2 As May (1976) demonstrates that stability in systems similar to this are amongst other things dependent on the 
intrinsic growth rates. Tentative analysis shows this to be the case here as well, where large ri values for both 
stocks simultaneously, results in instability.  The instability is however only of very small magnitude. 
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combined with the ISYF. The intersection of these two expressions gives us the myopic steady 

state stock level in the reserve, X1, and the myopic steady state harvest level, as shown in 

Figure 3 (disregard the open access harvest until after next section). 

 

Figure 3 about here 

 

The question asked in most papers studying bioeconomic models of reserves, is whether a 

reserve can have any positive effects with regards to harvest and stock size. Though the latter 

is often the case, this double payoff has been shown to be elusive (Sanchirico and Wilen, 

2001). Tentative numeric analysis here supports these results, as increased reserve sizes 

increases stock, but does not increase harvests. There is however a question of a triple payoff; 

the profits, which have not been studied sufficiently in the literature, as the focus has been 

upon open access outside the reserve3. We will attempt to study in the following. 

 

Profit in steady state is thus: 

1/
1 1 2 2 { / [ ( ( )) ( ( ))] }pH c H q a X F X X G X β απ = − + + +  = αβ

1

)/( qXHcpH − . 

 

Comparing steady state profits with and without reserves, tentative analysis does not indicate 

that there is greater profits in the former case. 

 

We now go over to studying the open access case. 

 

ii) Open access  

We assume that open access to the resource in question results in zero profits both with 

regards to the resource permanently outside the reserve as well as the resource that migrates 

out of the reserve. Hence setting the profit expression equal to 0 yields  

 

α
β

α
α

α
−− +++= 1

,2,2,1,1
1

1

))()((()( tttt
OA
t XGXXFXa

c
qpH  

 

From (3) we have the harvesting fraction as follows 
                                                 
3 Though it seems natural to model open access outside many reserves, for instance in subsistence fisheries or 
hunting in developing countries, it does seem unlikely that industrialised highly managed fisheries, or hunting, 
will refrain from any management outside an implemented reserve. 



 9

 

α
βα

α
α

α
−

−+
− +++= 1

1

,2,2,1,1
1

1

))()((()( tttt
OA
t XGXXFXa

c
qph . 

 

Note again that for 0.5α β= = , HOA is linear in stock, and that hOA is fixed over time for 

α+β=1.  

 

Applying the open access harvest fraction hOA to the population growth equations gives us (8) 

and (9), only now with the open access harvest fraction from above.  Again, we obtain a first 

order non-linear system of interdependent difference equations. Hence, while there is 

ecological independency there is economic dependency between the two sub-populations via 

the harvesting fraction (as long as α+β≠1). 

 

The dynamics of the open access system show much the same results as the myopic case, only 

with lower stock sizes. 

 

The steady-state: 

Open access in steady state demands 1/( / )pH c H qX β απ = − =0, where X is the total 

available stock as described above. This gives the steady state equilibrium open access 

harvest: 

α
α

βα
−= 1
1

)(
c

XqpH OA  

Note that H*= α
α

α −1  HOA, as can be seen expressed in Figure 3. 

 

4. Discussion 

 

So far in this study we have concentrated on two regimes, open access and myopic current 

profit maximisation. Apart from higher stock sizes the regimes with reserves have not been 

shown to have any advantage. More long-run social planner type strategies are clearly of 

interest in the further analysis, as well as management options where pure conservation values 

are included. 
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Applied examples that could be studied using the presented model are terrestrial species, such 

as chamoix, or fish fish species, such as the interaction between coastal cod and North-East 

Atlantic cod.  
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Appendix 
 
All simulations are carried out using parameter values as presented below 
 
 

Parameters Values 
K1=K2 1000 

q       0.04 
c       0.01 
p        1.0 
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Figure 1a. The Induced Sustainable Yield Frontier (ISYF), r1= r2, a=1. 
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Figure 1b. The Induced Sustainable Yield Frontier (ISYF), a<1.  
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Figure 1b. The Induced Sustainable Yield Frontier (ISYF), for a=1, and  a<1, r1= r2,  . 
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Figure 2a. Time path of time path of X1 and X2 in the case of myopic management, a=0.3, r1= 
r2=0.3, α=β=0.5, X1,0=100, X2,0=300. 
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Figure 2b. Time path of time path of X1 and X2 in the case of myopic management, a=1, r1= 
r2=0.3, α=β=0.5, X1,0=100, X2,0=300. 
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Figure 3; ISYF and H* and HOA 
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