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ABSTRACT 
 
A bioeconomic model allowing different degrees of harvesting closures for two sub-stocks consisting of 
mature and immature fish is presented. Hence the model opens for partial closures of fisheries on both 
sub-stocks. Migration between the two sub-stocks is defined as recruitment of the young to the mature 
sub-stock, and egg production in the mature entering the young sub-stock. Hence density dependent 
migration is a life-cycle movement rather than a physical one. Assuming economically optimal 
management in the harvestable areas, it is never optimal to implement reserves. If, however, there is to be 
made a choice of reserve implementation between sub-stocks with equal economic and biological 
parameters, it is better to close the fishery upon the young sub-stock.  The model is expanded to include 
positive habitat effects dependent upon the magnitude of closure and the sub-stock’s relevant habitat. In 
this case reserve implementation may be economically optimal. It is shown that there is an inverse 
relationship between potential for habitat improvement and optimal reserve size. The North East Atlantic 
cod stock is used as an applied example. 
 

INTRODUCTION 
 
Most marine reserves today are found in tropical waters, where habitat protection and 
biodiversity enhancement are the focal points. Both modelling and empirical studies show that 
reserves perform best for enhancing species whose adults are relatively sedentary and whose 
larvae are widely spread (Murawski et. al. 2000). Nonetheless, marine reserves are increasingly 
being espoused as the new management option for fisheries in general (Conover, et.al., 2000, 
Gell and Roberts, 2003), including migratory fish stocks (Guenette et.al. 2000). In the migratory 
context, the question of where the reserve should be located seems vital, and takes many forms. 
The issue we concentrate on here is what section of a stock should optimally be protected, and if 
so, to what degree should it be protected. The analysis is applied to the highly migratory North 
East Atlantic cod stock. 
 
Vital life-stage habitat such as spawning habitat is usually seen as particularly important to 
protect (Mangel, 2000), yet existing fisheries regulation most often focuses upon juvenile 
protection (Reithe and Aschan, 2004), while spawning biomass is indirectly managed via total 
allowable catch (TAC) and overall precautionary approaches (ICES, 2002).  The question of 
what to protect needs a broad analysis as presented by Conover, et.al. (p. 531, 2000): 
 

“For many species that exhibit significant habitat shifts between ages or 
stages in the life cycle, it is difficult, a priori, to isolate the critical habitat 
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whose protection would permit the maximal benefit. A substantial knowledge of 
stage-structured vital rates is necessary before this decision can be made 
insightful, and the best decision may depend on the economics of the fishery 
and the goal of the overall management strategy.”  

 
With regards to this broad issue, St. Mary et.al. (2000) and Roberts and Sargant (2002) are the 
only studies we find that specifically tackle this for juvenile and adult life-stagesi. St. Mary et.al. 
(op.cit.) present a model with adult and juvenile life stages, and a fixed total reserve size, either 
implemented in one of the two life stages, or shared equally between the two. The management 
goal used is maximisation of the total adult stock (as only adult fish is targeted in the fishery), or 
adult stock found in the fishable area. They find that depending on management goal and degree 
of density dependency in maturation and reproduction in the two life stages, different closure 
options emerge as optimal. Our model is different to that of St. Mary et.al. (op.cit.), both 
regarding the biological and the economic aspects of the model. In our model we do not 
explicitly differentiate between the reserve and non-reserve area, but rather between the portion 
of fishable and non-fishable stock. Migration is solely between the life stages, and hence the 
different habitats that they congregate in, in the shape of larvae and recruiting juveniles. 
Reserves hence function to preserve fish in specific life stages, rather than fish in specific areas, 
as is the case in most other studies. The management goal is maximum profit from the fisheries 
of both juveniles and spawners.  Roberts and Sargant (2002) design a four-stage life-cycle model 
to study effects of complete closures of spawning versus feeding areas, as well as migratory 
routes between these two areas. A free for all within a total allowable catch (TAC) is compared 
to reserves combined with 10, 30 and 50% of total stock harvested. Their results indicate that 
closing areas may also be advantageous for migratory species. Which areas are optimally closed 
depends on the goals of management. Closing spawning areas had, not surprisingly, 
advantageous effects upon the spawning stock. Revenues were mainly increased by closing the 
feeding areas, as was also the case for annual catch. However, contrary to our model Roberts and 
Sargant (op.cit.) assume directed harvest only on mature fish, and bycatch of juveniles. Their 
analysis only allows complete closure of a single or several areas, while we study the possibility 
of closing some fraction of the spawning ground or juvenile area. This may be expected to be 
more politically acceptable when whole fishing communities depend on for instance a spawning 
fishery, as is the case for North East Atlantic cod in the Lofoten area of Norway. 
 
The advantages of reserves for commercial fisheries are usually presented as the increased fish 
production migrating out of reserves. The norm has been to focus on some form of density 
dependent dispersal both in the economic (Hannesson, 1998, Sanchirico and Wilen, 1999, 2001) 
as well as the biological literature (Butterworth and Oliveira, 1994). But, as Gell and Roberts 
(2003) point out, 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. However, based on the limited knowledge available, it may be hypothesised that 
density dependent dispersal is mainly relevant for stationary species, or for all species at 
extremely high levels of stock density. The latter being a situation seldom seen in natural habitats 
today (here invasive species may be the more relevant creatures to study in this context), and the 
fact that the focus of this study is a highly migratory species, enables us to depart from the use of 
density dependent dispersal. However, density dependent influences are still clearly important 
(MacCall, 1990), but more relevant as regards the three issues; spawning, recruitment and 
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cannibalism. In this paper we follow St. Mary et.al. (2000), in modelling the first two density 
dependent effects, however here using simple proportional functions to describe spawning and 
recruitment. 
 
The marine reserves in this model are not explicitly described, but rather set up as some fraction 
of the stock. The stock is a highly migratory species that can be divided into two sub-stocks, 
spawners and juveniles. This is a common way of presenting fish stocks, and applicable to many 
species. We will, however, after presenting a general introduction of the model, simulate using 
data from the North-East Atlantic cod stock (Gadus morhua). The fishery is modelled such that 
harvest is limited to a section of each of the available sub-stocks. Hence we can study the effect 
of concentrating closures within one sub-stock, for instance halting fishing on all or part of the 
spawning stock, versus the same for the juveniles. A combination of partial closure of both areas 
is another possibility. In the model there is interaction between the sub-stocks in the shape of 
larvae production by the spawners, entering into the juvenile sub-stock, and recruitment of 
maturing juveniles to the spawning stock. Hence the reserve functions such that it limits the 
availability of fish to harvesting. The management goal modelled is one of profit maximisation, 
as opposed to all the above mentioned studies that usually assume some form of open access 
outside the reserveii. Very few industrialised fisheries are open access today, and as most studies 
underline, reserves can not be expected to function well without some form of additional 
regulations in the fishable areas (Hannesson, 1998, Holland and Brazee, 1996). This is especially 
relevant for the cod fishery in the North East Atlantic which is highly managed. Furthermore, 
earlier studies have at most observed revenues from fisheries (St. Mary et.al., 2000, Roberts and 
Sargant, 2002), while the fact that different vessel groups with diverse technology harvest on 
different age groups of  cod makes costs also of relevance, especially if there is some optimal 
trade-off between the two life-stages (Armstrong, 1999). 
 
The model is expanded upon in a novel fashion, by allowing habitat enhancing effects (these 
could alternatively also be deleterious effects as in Skonhoft and Armstrong, 2003), depending 
on the size of the reserve. These positive effects come in the shape of increases in carrying 
capacity (as suggested in Roberts and Sargant, 2002). The intuition behind this is that closing 
areas to fishing allows improved habitat for protection of young and spawning, as well as 
increased prey abundance (Garcia-Charton and Perez-Ruzafa, 1999, Roberts and Sargant, 2002). 
In this context the implementation of reserves may be optimal depending on the degree of the 
habitat enhancing effects. The larger the habitat enhancing effects, the smaller the optimal 
reserve becomes.  
 
The new aspects of our model are therefore fivefold: 1) an empirical simulation of reserves for a 
migratory species, as opposed to species with sedentary adults which is usually seen as the most 
advantageous combination with reserves, 2) the possibility of partial closures of vital areas, 
versus complete closures which so far have been analysed, 3) the possibility of habitat effects of 
reserve implementation, 4) optimal management of the fishery outside the reserve as opposed to 
open access management applied in almost all models that include any economics of 
significance, and 5) an applied study of marine reserves focusing upon the North East Atlantic 
cod stock. 
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When applying data for the North-East Atlantic cod, we find that without growth enhancing 
effects from reserves, it is never optimal to close the fishery in any way. Of the two options; 
closing the spawning fishery versus closing the immature fishery, it is better to close the latter. 
Combinations of closures are however to be preferred to a one-sided closure. With growth 
enhancing effects reserve implementation becomes optimal for both fisheries, and the higher the 
growth enhancing effect, the smaller the optimal reserve.   
 
The layout of the paper is as follows. In the next section the model is presented, followed by a 
data and a results section, finally summing up with a discussion. 
 
 
THE MODEL 
 
A two-stage biomass model is used, where xi, i=1,2, is the sub-stock biomass of spawners and 
juveniles, respectively. The dynamics of the two sub-stocks are an adapted version of Eide 
(1997): 
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is the intrinsic growth rate, and Ki is the carrying capacity . )( 2xψ is the recruitment function for 
juveniles into the spawner group, or in other words the migration of adult fish from the juvenile 
area to the spawner area. )( 1xθ is the larvae production in the spawner group that migrates and 
recruits into the juvenile group or area. The harvest iiiii xEqh α= where qi is the catchability 
coefficient, Ei is the effort, and iα is the fraction of the stock available to harvesting, 10 ≤< iα . 
Hence the fraction of the stock held in a reserve, (1- iα ), may differ for the two areas in question. 
 
The management goal is overall profit maximisation, with a profit function as follows: 
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where pi is the unit price of harvest, ci unit effort cost for i=1,2, and δ is the discount rate. Hence 
we allow for different costs and prices involved in the harvesting of the two life stages. 
 
The model is run by maximising Eq. 2 with regard to effort, subject to Eq. 1. This gives 
expressions for xi and Ei as functions of αi. By varying αi in xi and Ei between 0 and 1, and 
inserting into Eq. 2, we can determine the αi values that maximise total profits. This is done 
assuming a simple linear relationship for the recruitment function 22 )( xx ψψ = and larval 
production 11)( xx θθ = . 
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An expansion of the model to take into account habitat effects of marine reserves is added by 
allowing the carrying capacity Ki to be modified as follows: 
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where ki , γi and βi are species or habitat specific constants, with ki/γi > 0 being the limit carrying 
capacity, and  βi≥1 is the habitat improvement parameter, determining to what degree the habitat 
is enhanced by increased reserve sizeiii. It is furthermore assumed that 1≥iγ , with γi determining 
the extent with which the limit carrying capacity ki/γi can be affected by the implementation of a 
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. A large βi implies that the habitat is highly positively affected 

by the closing of an area to harvesting.  For instance if harvesting poses substantial habitat 
effects, this could be bottom sediment effects of bottom trawl or bycatch by many types of gear, 
the implementation of a reserve could have highly positive effects on the ecosystem. These 
habitat effects would depend upon the gear originally used, and the potential richness of the area 
set apart as the reserve.  Different areas may therefore have different habitat improvement 
potential, or β values. Note that with a zero reserve, i.e. αi=1, there is no habitat effect in this 
model.  
 
Because of the complexity of the functional forms, the analysis must be numerical. In the 
analysis we concentrate on equilibrium solutions, calculated using the NDSolve function in the 
software package Mathematica. This function gives numerical approximations to all roots of a 
polynomial equation. We find 8 roots, of which one secures positive real sub-stock sizes.  
  
 
 
 
 
DATA 
 
Parameter values applied are presented in Table I. Catchability coefficients and economic 
parameter values are taken from Armstrong (1999), where the vessel group that harvests mature 
fish differs from the group that harvests immature fish. The Ki sizes are slightly higher than the 
highest estimates for mature and immature sub-stocks of North East Atlantic cod between 1962 
and 1990 in Eide (1997). r, ψ and θ are “guesstimations”. 
 
The study is carried out for α-values from 0.1 to 1, in discrete steps of size 0.1. The use of α=0 is 
avoided as it causes problems of infinite values in the numerical analysis. 
 
When studying different habitat β values for the two sub-stocks, we assume that the growth area 
of the immature cod is the ecosystem with the greatest potential for positive change as a result of 
reserve implementation. The intuition behind this is that the gear used in this fishery, being to a 
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large extent bottom trawl, has been shown to have detrimental effects upon flora and fauna on 
the bottom of the sea (Auster and Malatesta, 1995, Fosså et.al. 2002)iv. Furthermore, the fishery 
is highly varied in age groups fished upon, causing bycatch of young cod and other relevant prey 
species. Hence we set β1=1.5 and β2=10. 
 
 
RESULTS 
 
As can be seen from Eq. 1, without any habitat effect of reserve implementation as described in 
Eq. 3, as long as harvest is positivev, it is never optimal to have any reserve in the system. 
Maximum profits always emerge for αi=1. However, when there are no differences in data for 
the two life-stages of fish, and ψ = θ = 0.2 (see Table I), it is more advantageous to close the 
young fishery down (α2=0.2 for positive harvests) than the fishery upon the mature fish. Hence 
the fact that young fish mature/migrate into the mature fish group, resulting in a reduction in the 
young fish makes it more advantageous to preserve this group than that of the mature, where egg 
production does not reduce the number of mature fish. However, greater profits are earned when 
both areas are partially closed. For instance, setting aside 60% of the mature stock (α1=0.4) 
combined with any reserve size for the young (1-α2) greater than 0.4 gives greater profit than a 
one-sided closure.  
 
In the case of the North East Atlantic cod stock, the parameters related to the two sub-stocks are 
not equal (see Table I) but the resulting optimal reserves are not substantially altered. I.e., as can 
be seen in Table II, due to the relationship between the parameters of the two sub-stocks, it is 
better to close most fishing upon immature fish, while keeping the mature fishery completely 
open. This management option does however not improve the situation as compared to when 
there is no reserve. The differences in profits are not trivial, with profit without reserves being 
almost twice the size of the profit which one could obtain if the mature fishery was closed. 
Closing both fisheries equally, by half of their areas, leads to higher profit than that of closing 
only the mature fishery, but 20% less profit than when there is no reserve. It is worth noting that 
with a reserve made of half the area of the immature sub-stock, while leaving the mature sub-
stock completely open to harvesting reduces the profits only negligibly compared to the no-
reserve option.  
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Table I: Parameter values in base case and applied case of North East Atlantic cod 
stock.  pi are in NOK/kg, ci are in million NOK, Ki are in 1000 tonnes, with remaining 

parameters dimensionless. 
 

 Base case Applied case 

p1 8.6 8.6 

p2 8.6 7.5 

c1 1.5 1.5 

c2 1.5 18.6 

K1 1500 1500 

K2 1500 3500 

r1 0.5 0.5 

r2 0.5 0.5 

q1 0.001 0.001175 

q2 0.001 0.00665 

δ 0.05 0.05 

θ 0.2 0.2 

ψ 0.2 0.3 

γ 1 1 
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Table II: Equilibrium profits (thousand NOK) in the North East Atlantic fishery for 
different closure alternatives 

 No reserve: 

α1=1, α2=1 

Equal 
reserves 

α1=0.5, α2=0.5 

Mature 
reserve: 

α1=0.1, α2=1 

Immature 
reserve 

α1=1, α2=0.5* 

Profits 5828 4989 2811 5817 

 
* For α2<0.5, the resulting optimal effort levels were negative, and hence not relevant in this 
analysis. However, the profit for α1=1, α2=0.1 gives an equilibrium profit of 9319 thousand, 
hence far surpassing the no reserve case. Thus, if effort is negative, that is, the land-based 
production of immature fish, let out into the sea, combined with a reserve for the immature 
fish, gives greater profit than no reserves at all. This is however assuming that the cost of 
harvesting immature fish is the same as the cost of producing them, something that does not 
seem probable. 

 
 
In Figure 1 we observe the time path of the two sub-stocks. As harvesting on the immature sub-
stock x2 is minimal, the stock quickly grows to above its carrying capacity. The mature sub-stock 
x1 increases to 2/3 of its carrying capacity, and twice the size of the biologist’s minimum 
spawning stock requirement of 500.000 tonnes (ICES, 2002). 
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Figure 1. Time path of sub-stocks 1 and 2, in 1000 tonnes, using data for the North East 
Atlantic cod stock, and original stock sizes of 1990 (Eide, 1997, calculated from 

Anon, 1992). 
 
When habitat effects as in Eq. 3 are allowed, the optimal reserve size depends on the parameter 
values and the degree of habitat effect, i.e. the size of β. For all parameter values studied, ceteris 
paribus, the larger β, when β>2, the smaller the optimal reserve sizevi. Hence the larger the 
positive habitat effect of a reserve, the smaller the optimal reserve will be when maximising 
profits. The higher β is, ceteris paribus, the higher is optimal profit. 
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When applying different habitat improvement  β values for the two sub-stocks, we find that (see 
Table III), as could be expected from the above results, an increased β for the immature sub-
stock results in a reduction in the optimal reserve size for this group. Profits are as above 
increased by the reduction in reserve size.  

  

Table III: Resulting optimal reserve size and profits (in thousand NOK) for different β 
values in the habitat model, using base case data. 

 
β 2.2* 5 50 

1-αi 0.5 0.4 0.1 
Profit 2291 3014 3758 

 
* For β≤2 optimal reserve size decreases with decreasing β. 

 
 
DISCUSSION 
 
In this analysis we assume that the stock being dealt with is a highly migratory species, with 
limited density dependent migration. Density dependence is here purely connected to 
reproduction and recruitment of the two sub-stocks, mature and immature fish respectively, and 
migration is thus purely a function of lifecycle.  
 
The analysis shows that in a simple model where all is equal for mature and immature fish as 
well as when using data for North East Atlantic cod; if it is insisted that a closure is to take place 
upon one of the two sub-stocks, it will be optimal to reduce fishing on the immature sub-stock 
rather than the mature sub-stock. This supports the case for greater focus on regulation of harvest 
upon juvenile fish, as may be claimed to be the case in most fisheries today. Nonetheless, in the 
model using imaginary, equal data, the profits are further increased by limiting harvest upon both 
sub-stocks, rather than leaving one sub-stock un-harvested and the other unlimited. Hence 
complete closures of specific target entities of species may be in question, and partial closures 
hence more advantageous. 
 
For the North East Atlantic cod stock, there is very little difference in the resulting profits from a 
fishery with no reserves, and a fishery where half of the immature fish stock is protected. This 
clearly opens for the assumption that the latter management option would be preferable when 
shocks to the juvenile stock may be expected. This is however left for future investigation. 
 
In the literature we find that the advantages of marine reserves as regards fisheries are mainly 
analysed on the basis of density dependent migration between the reserve and fishable area. 
Habitat mitigating effects of reserves have only been analysed in the shape of multispecies 
effects (Bonceur et.al., 2002). When it comes to the issue of optimal closure in the presence of 
positive habitat effects, managers may be tempted to espouse closure of areas with high positive 
effects of such closures. This would be in line with the idea of closing areas with high productive 
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potential, or areas with potentially high biodiversity. However, when the economics of the 
fishery is taken into account, the optimal closure is such that the larger the positive habitat 
effects, the smaller the optimal reserve. Turning the issue around a bit, one can see it as the 
optimal closure of the areas that already are the most pristine, an often used characteristic for 
siting areas to preserve (Olenin, 1995, Anon, 2003). 
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i Holland and Brazee (1996) apply a density dependent expression that incorporates all 
recruitment. 
ii Two applied works study economic issues; Holland (2000) assumes constant effort, with profit 
expectation determining choice of fishing area and Smith and Wilen (2003) assume revenue 
based decisions, rather than cost or profit. Reithe (2002) is the only study we are aware of that 
studies optimal management outside a reserve. Sanchirico and Wilen (2002) make a theoretic 
study of limited entry and marine reserves. 
iii Reserves can also be imagined to have negative effects on some species, due to increased 
competition for habitat or feed and/or cannibalism (Carr and Reed, 1993, Skonhoft and 
Armstrong, 2003), but we will limit our analysis here to positive effects. 
iv One could however argue that some bottom trawled habitats are so negatively affected that 
they in effect are ocean deserts. We will however disregard this in the following. 
v At low α’s, for some parameter values, it is optimal to have negative harvest of one sub-stock. 
That is, it is possible to maximise profits when one sub-stock has minimal harvest, i.e. closing 
one area. Negative harvests could be the setting out of young from cultured production. We 
obtain negative harvests for αi=0.1 for many parameter values. We choose to ignore this 
possibility and concentrate on the cases of positive harvest. 
vi For β declining from 2 to 1, optimal α is strangely enough increasing. 
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