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Fisheries and Species Interactions: Modelling and Marine Protected Areas 

Executive Summary 
 
This briefing paper introduces the reader to a part of fisheries economics called bioeconomic 
modelling and analysis, and focuses on the economics of marine ecosystem use and marine 
protected areas (MPAs) as a management tool. This is done by use of simple graphical models and 
examples from mainly North-east Atlantic fisheries, though with references to studies based on 
mathematical and statistical modelling. The main results of single species bioeconomic analyses 
are that the optimal level of fishing effort, maximising resource rent, is less than the open access, 
the free for all, level and that the optimal stock level is higher than the open access level. This, 
however is not necessarily true for all species in an ecosystem, especially not for some predatory 
species. 
 
Fisheries economic theory includes positive as well as normative elements. Positive since it 
may explain why some fish stocks are over-fished, others under-utilised or not used 
commercially at all. On the other hand, fisheries economic theory is also normative since it 
may give guidance as to how intensive fish resources should be used and how the fishing 
industry could be managed. This brief includes discussion on both positive and normative 
theories and models. 
 
In many cases, multispecies biological modelling helps to improve our general understanding of 
the ecosystem and its fisheries. On the other hand, modelling and data collection by research 
vessels is not at all costless. For multispecies and ecosystem management stomach sampling and 
stock assessment come only at a significant research cost. Perhaps the economists' initial 
contribution in some cases should be simpler cost-benefit analysis of marine resources, to get a 
first idea of whether it is likely or not that more complex and detailed models can improve 
management. The cases of cod – capelin/shrimp and minke whale - fish analyses presented are 
such examples. However, if a biological multispecies model already exists, it is probably a good 
investment for society to let resource economists extend it into a bioeconomic multispecies model. 
 
Multispecies modelling is useful, if not necessary, for improved overall ecosystem management. 
This is especially so when there are strong predator-prey, or competitive biological interactions 
among species that can be harvested independently of each other. A biological multispecies model 
gives the biological restriction on the possible combinations of harvest rates for the species in a 
particular area. In addition, a bioeconomic multispecies model may help managers to choose the 
best, from their point of view, combination of harvest rates and stock levels. 
 
MPAs, if sufficiently big and well shaped, may protect marine habitats and increase the level and 
density of some stocks, and even increase total yields, in particular if stocks before the MPA 
creation were heavily over-fished. However, if MPA is the only policy instrument an eventual fish 
spill-over will attract vessels to the harvest zone until all potential resource rent is wasted. Thus 
MPAs should, from an economic point of view, be combined with the use of other policy 
instruments, such as resource taxes, quotas and licenses. 
 
 
 

PE 405.385 iii



Fisheries and Species Interactions: Modelling and Marine Protected Areas 

 
 
 

The amount of food for each species of course 

gives the extreme limit to which each can 

increase; but very frequently it is not the 

obtaining food, but the serving as prey to other 

animals which determines the average number 

of a species. Thus, there seems to be little doubt 

that the stock of partridges, grouse and hares on 

any large estate depends chiefly in the 

destruction of vermin. If not one head of game 

were shot during the next twenty years in 

England, and, at the same time, if no vermin 

were destroyed, there would, in all probability, 

be less game than at present, although hundreds 

of thousands of game animals are now annually 

shot (Darwin, 1882, pp. 53-54; quoted from 

Volterra, 1928, pp. 21-22). 

 

PE 405.385 iv  



Fisheries and Species Interactions: Modelling and Marine Protected Areas 

Contents 
 
Executive Summary iii 

Contents v 

1. Introduction 1 

2. Multispecies modelling 2 
2.1. Some general issues 2 
2.2. Ecosystem Barents Sea 2 
2.3. Modelling the ecosystem 3 
2.4. Example: Cod as a predator and cannibal 5 
2.5. Fish - sea mammals interactions 6 

3. Bio-economic modelling 7 
3.1. Effort and stock levels 7 
3.2. Tradeoffs between predator and prey yields 7 
3.3. Mixed species fisheries 9 
3.4. Example: cod consumption costs 9 
3.5. Example: Sea-mammals predation costs 10 

4. A historic note 12 

5. Marine protected areas 13 

6. Conclusion 15 

Bibliography 16 

 
 
 
 

PE 405.385 v



Fisheries and Species Interactions: Modelling and Marine Protected Areas 

 
 
 
 

PE 405.385 vi  



Fisheries and Species Interactions: Modelling and Marine Protected Areas 

1. Introduction 
 
The purpose of this briefing paper is to introduce the reader to a part of fisheries economics called 
bioeconomic modelling and analysis, and to focus on the economics of marine ecosystem use. I 
shall do this by use of simple graphical models and examples from North Atlantic fisheries, 
though giving references to studies based on mathematical and statistical modelling. The main 
results of single species bioeconomic analyses are that the optimal level of fishing effort, 
maximising resource rent, is less than the open access, the free for all, level and that the optimal 
stock level is higher than the open access level.  
 
To get an overview of the functioning of an economy it would not be sufficient to start 
collecting data and other empirical information from these markets. We also need theories and 
models to explain connections between important economic variables. A theory or a model is 
not necessarily better the more detailed and complex it is. More important is that it includes, in 
a simple way, those economic variables of most importance for the issues at stake, and that it 
contributes to our knowledge of the functioning of the economy. Regarding the application of 
economic theory a model that simplifies and summarises the theory in a coherent way is often 
useful. We may say, there is nothing as practical as an excellent theory, with the exception of 
an excellent model. Fisheries economic theory is in its most condensed form applied welfare 
theory, with elements from consumer, production and market theory. Fisheries economic 
models have something in common with macro economic models with the focus on aggregated 
economic variables. In fisheries economics the focus is often on the aggregated effects of all 
fishers' actions, to allow comparison of, for instance, the total catch of all fishermen and the 
natural growth of the fish stock(s).  
 
Fisheries economic theory includes positive as well as normative elements. Positive since it 
may explain why some fish stocks are over-fished, others under-utilised or not used 
commercially at all. On the other hand, fisheries economic theory is also normative since it 
may give guidance as to how intensive fish resources should be used and how the fishing 
industry could be managed. This brief includes both positive and normative theories and 
models. 
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2. Multispecies modelling 
 

2.1. Some general issues 
 
It is common knowledge among marine biologists, and lay people, that big fish eat smaller fish 
and that the smaller fish eat even smaller fish, crustaceans and plankton. Theoretical biologists 
started studying ecological systems by means of mathematical models many years ago (e.g. 
Lotka,1925 and Volterra,1928), and studies of single species models are even older (e.g. 
Verhulst,1838). The breakthrough in the use of mathematical models in applied marine-biological 
research came with the Baranov-Beverton-Holt (BBH) model and the Schaefer-model in the 
1950s. The BBH model is a single species model in which the relationship to other species is not 
explicitly formulated. However, in a way these relations are implicitly taken care of. The constant 
mortality rate includes mortality due to predation by other species; the growth rate and recruitment 
to the fishable stock implicitly depend on availability of prey and on the presence of competitors. 
 
Single species models of this kind have many advantages compared to more complex ecosystem 
models: they are quite simple, the parameters have a specific biological meaning and they can in 
many cases be estimated from catch, effort and research data. Most important, however, is that for 
a long time the single species models proved to be sufficiently reliable for management purposes. 
This is especially the case when the harvesting has targeted just one, or a few species in an 
ecosystem, and when the level of fishing effort directed against different species has been 
changing slowly with time.  
 
Technical and economic development have led to commercial exploitation of more and more fish 
stocks, and stocks that sustained fisheries for a very long time have been severely depleted. 
Examples of the latter type of fisheries are numerous in the North Atlantic, both in Canadian and 
Icelandic waters, as well as in the North Sea and the Barents Sea. This is probably the main reason 
for the increased interest which biologists and others have taken in the use of multispecies models 
in applied research with the aim of improving the management of the overall marine ecosystem. 
 

2.2. Ecosystem Barents Sea 
 
The Barents Sea occupies 1.405 million square km between the coast of North Norway, Svalbard, 
Novaja Semlja and the Murman Coast. The south-western part of the Barents Sea never freezes to 
ice, and the northern and eastern parts are ice-free for part of the year.  
 
The total number of zooplankton species of the Barents Sea is relatively few, consisting of 145 
species (Zenkevitch, 1956). The copepods make up the main zooplankton biomass: 90% in the 
south-western part of the sea. As in other seas of the world, the copepods are the basic food 
components for fish and other inhabitants. In addition to the zooplankton, there is another 
important main source of food for the fish: the benthos inhabiting the sea bottom. 
 
There are 114 known species of fish inhabiting the Barents Sea, of which the commercially most 
important families are: the cod family (12 species) and the flounder (11 species). There are 
especially two species of zooplankton preying fish which have been of great commercial value: 
capelin (Mallotus villosus) and herring (Clupea harengus). The pelagic fish species are important 
food sources for larger fish species, sea mammals and birds. So also is krill (Euphauciacea), 
feeding primarily at the second trophic level. In the transference of energy from phytoplankton 
through the food web to fish, krill is an important link (Mauchline and Fisher, 1969). 
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Larger fish of high commercial value are cod (Gadus morhua), haddock (Melanogrammus 
aeglefinus) and saithe (Pollachius virens). On average for the golden years 1950-1990, these three 
species yielded approximately 90% of the total annual catch of demersal and semi-pelagic species 
(excluding pelagic species like herring, capelin and polar cod). Other demersal species of 
commercial value are: red fish (Sebastes sp.), halibut (Hippoglossus hippoglossus), Greenland 
halibut (Reinhardtius hippoglossoides), plaice (Pleuronectes platessa). Of high-valued species, 
deep water prawn (Pandalus borealis) and salmon (Salmo salar) are the most important ones. 
However, the commercial importance of the latter one has devindeled due to the growth of 
aquacultured salmon. 
 
The main food sources of cod are known consisting of small pelagic fishes such as herring, 
capelin, young cod, haddock and polar cod and large planktonic crustaceans. (see e.g. Zenkevitch, 
1956; Mehl, 1989; Tjelmeland and Bogstad, 1998). 
 
The seven species of seals of the Barents Sea and adjacent areas are great consumers of fish, krill, 
zooplankton, benthos, etc. The most important species for commercial purposes has been harp seal 
(Pagophilus groenlandicus). Its opportunistic feeding behaviour (see e.g. Nilssen, 1995; Nilssen et 
al., 2000; NAMMCO) is probably a very important explanation of the large stock to be found in 
the Barents Sea, including the White Sea. 
 
Fish and seals occupy the Barents Sea area all year round, whereas 17-18 species of whales utilize 
the area through intensive feeding in summer. Since the early 1930s the minke whale 
(Balaenoptera acutorostrata) has been the most important commercially exploited whale species. 
The minke whale is an opportunistic feeder, consuming several species of fish, krill and 
zooplankton (see e.g. Haug et al., 1995; IWC; NAMMCO). 
 
For the Barents Sea fisheries cod, herring, capelin and deep water prawn have been among the 
commercially most important species. During the last fifty years it has been a significant decline in 
the total biomass of the cod population in the Barents Sea. The lowest stock levels were reached 
during the 1980s. Strict regulations were introduced, especially in 1990 when the total allowable 
catch (TAC) reached a historical minimum of 160 thousand tonnes of North-east Arctic cod, i.e. 
the Barents Sea cod. 
 
The population growth of cod is characterized by large variations between year classes. Even in 
years with a large cod stock, a few year classes tend to dominate the stock in biomass terms. Even 
though Barents Sea cod may become 20-30 years old, the International Council for Exploration of 
the Seas (ICES) usually lump together those 15 years and above since few fish reach the highest 
ages.  
 

2.3. Modelling the ecosystem 
 
There is no limit to how detailed a multispecies model can be. And the costs are in the details 
when it comes to collecting data by use of ocean going research vessels for estimating the 
dynamic equations of the model. Equations for each species may include its prey and predators, as 
well how growth and mortality are affected by the available food and the presence of predators 
and competitors. Geographical distribution of species goes hand in hand with vertical distribution, 
as indicated in Figure 1. From a management perspective, personally I think it is better to start 
with some simpler, robust models and gradually expand those in relation to the number of species, 
as well as to horizontal and vertical distribution. Figure 1 gives an idea of how many species and 
physical and biological processes that may be included in an ecosystem model. It is just natural 
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that scientists would like to include as much as possible – in particular within his/her field of 
expertise.  
 

Figure 1. Ecosystem modelling may also include vertical processes and species interactions. 
 

 

 
 

Keck & Wassmann 1993 

The Institute of marine research, Bergen (see IMR) ran a multispecies research program for 
several years in the 1980s, aiming to model the Barents sea ecosystem, including the commercial 
most important fish stocks. In parallell to this work, bioeconomic multispecies research was going 
on at the Norwegian college of fishery science, University of Tromso (e.g. Flaaten, 1988). In 
1990-94 the Norwegian (fisheries) research council ran a research program on multispecies 
modelling and management (MSRP), and this was partially continued in the Fisheries 
management program for 1995-2000. The findings of MSRP was summarized in the edited book 
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Models for multispecies managemnt (see Rødseth, 1998), which included four elements from the 
program: 

• Ecological modelling (see Giske et al., 1998) 
• Modelling for interacting fish stocks (see Hamre and Hatlebakk, 1998; Tjelmeland and 

Bogstad, 1998) 
• Bioeconomic modelling (see Eide and Flaaten, 1998) 
• Management models (see Hagen et al., 1998; Sandberg, 1998). 

 
The model MULTSPEC from the Institute of Marine Research (IMR), Bergen (see Tjelmeland 
and Bogstad, 1998) is a biological multispecies model for the Barents Sea fish/sea-mammal 
system. The MULTSPEC model includes cod, capelin, herring, minke whale (Balaenoptera 
acutorostrata), harp seal (Pagophilus groenlandicus) and species of zooplankton. The 
ECONMULT model (see Eide and Flaaten, 1998) is a bioeconomic multifleet model to be used 
with more aggregated multispecies models than the very detailed MULTSPEC. MULTSIMP and 
AGGMULT are aggregated models (see Tjelmeland, 1990 and 1992; Eide and Flaaten, 1998). 
None of these models include shrimp, even though figures 4 and 5 indicate that shrimp should be 
included in the bioeconomic multispecies analysis of the Barents Sea fisheries. 
 

2.4. Example: Cod as a predator and cannibal 
 
For many years, biologists and other scientists in the North Atlantic coastal states have undertaken 
research on marine multispecies interactions. Russian and Norwegian researchers have conducted 
studies on ‘who eats whom’ in the Barents Sea area and have to some extent modelled these 
multispecies interactions, as noted above. Two figures will give an example of why it may be 
important to include also economic aspects in multispecies modelling, instead of relying on 
biological reasoning only. First, Figure 2 shows the Northeast Atlantic cod's age-dependent 
average annual consumption of some commercially important prey species of nearly commercial 
size (Figure 3 with the corresponding economic results follows below). Species included are 
shrimp, capelin, herring and cod (cannibalism) above 5, 10, 10 and 20 cm, respectively. The 
figures are in gram prey per kg of cod, for each age class of cod from 1 to 7+ years. Figure 2 
shows, for example, that one-kg of two-year-old cod annually consumed 2000 grams prey of these 
four species above the given size, and that about 75% of this were capelin. For all age classes, 
capelin is the main prey among the species and size groups included in figure 2. 
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Figure 2. Arcto-Norwegian cod’s age dependent average annual consumption of some commercially 
important prey species 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NOTE: Species included are shrimp (Pandalus borealis), capelin (Mallotus villosus), herring (Clupea harengus) and cod (Gadus 
morhua) above 5, 10, 10 and 20 cm, respectively. In gram prey per kg cod, 1984-92. Calculations based on data from The 

Institute of Marine Research, Bergen. 
 

2.5. Fish - sea mammals interactions 
 
Some species of whales and seals are important predators on fish in the North Atlantic. Icelandic, 
Norwegian and other scientists have for many years conducted research on the feeding ecology of 
whales and seals. Sigurjonsson and Vikingsson, 1995 is an excellent review of much of the work 
done on whales, dolphins and porpoises in the area between Greenland, Iceland, Jan Mayen and 
the Faroe Islands until the mid 1990s. Their report also gives estimates, using two different 
methods, on annual consumption by these species in different parts of this area. On average, the 
consumption of commercially valuable fish is about 25% of the total annual feed of whales. The 
total fish consumption exceeds 1.2 million tonnes per year in Icelandic and adjacent waters (mid 
1990s).  
 
For the Barents Sea and parts of the Norwegian Sea the paper by Schweder et al., 1998 
investigates the effects on cod and herring fisheries of changing the target stock level of minke 
whales. Using a scenario modelling approach the biological model includes cod, herring, capelin 
and minke whales - with fish populations age and length distributed and minke whales age and sex 
distributed. The minke whale is an opportunistic forager that consumes plankton and other fish in 
addition to cod, herring and capelin. One of the findings is that a reduction of the minke whale 
stock from 72% of carrying capacity to 60% increases the annual catch of cod with some 100 
thousand tonnes. This corresponds to an increase in the annual catch of cod with approximately 6 
tonnes with a mean reduction in the whale stock with one animal. For herring no clear main effect 
was found on catch, due to the biological interactions between species and size groups. With 
respect to implications for fisheries management the authors concludes: 
 

“The results concerning the effects on the cod and herring fisheries must be taken as 
tentative since the ecosystem model used could be improved, and so could the strategies 
for managing the fisheries.” (Scweder et al.,1998 p. 77). 
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3. Bio-economic modelling 
 

3.1. Effort and stock levels 
 
The main results of single species bioeconomic analyses are shown in figure 3 - Panel (a) and 
(b) show how the sustainable revenue and the total cost of harvesting vary with fishing effort 
and stock level, respectively. Generally speaking, the optimal level of fishing effort, E*

ss, is less 
than the open access level, Eoa

ss, and the optimal stock level, X*
ss, is higher than the open 

access level, Xoa
ss. These general results are valid whether the optimum is derived by 

maximising annual economic rent or the present value of rent. 
 

Figure 3. Open access (OA) and optimal (*) effort (E) and stock level (X) in a single species (SS) model. 

 
NOTE: Arrows indicate the most likely direction of change of optimal E and X if the stock is a prey or a predator, 

respectively. 
 

3.2. Tradeoffs between predator and prey yields 
 
In single species models, the biological constraint to the optimisation problem is the yield-effort or 
yield-stock curves that the revenue curves, are based on. Moving from single species to two 
species models changes the biological constraint to, for example, the maximum sustainable yield 
frontier (MSF) shown in figure 4, provided that the two species can be harvested selectively. 
Maximising yield from each of the two species as if it were independent of the other, gives the 
combined yields at the point S in figure 4. However, this is not a sustainable combination of yields 
since it is outside the MSF. Any point on or inside the MSF would be sustainable (see e.g. Flaaten, 
1988 and 1991). 
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Figure 4. The maximum sustainable yield frontier (MSF) gives the maximum possible yield of one species 
for a given yield of the other. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
What combination of yield should be chosen depends in general on the management objective 
and on the cost of effort - price of fish ratio between the two stocks. If the stocks are jointly 
managed, the objective could be to maximise the combined resource rent from them. With 
respect to the effect that the relative net value of harvest has on the optimal combined 
harvesting, let me use two simplified examples to illustrate this. In both cases I assume that 
there are predator-prey interactions between the stocks and that they can be harvested 
independent of each other. 
 
Valuable predator and cheap prey. 
Let species 2 be a predator of high net value per unit harvest and species 1 a low net valued 
prey species. In this case the optimal combined yield is in the vicinity of B in Figure 4 where 
the prey is mainly kept in the sea as feed for the predator. In this case the effort of the predator 
fishery does not have to be increased (much) compared to its single species effort shown in 
Figure 1(a), whereas the effort of the prey fishery should be decreased. The effects on the stock 
levels are opposite to the effects on the effort levels. 
 
Predator of low net value and prey of high net value. 
If the predator is of low market value and/or expensive to harvest, its net value per unit harvest 
is low. Likewise, if the prey is of high market value and/or cheap to harvest its net value per 
unit harvest is high. In this case the optimal combined harvest is in the vicinity of A in Figure 4 
where the predator stock is fished down to leave more prey to be harvested by the fishermen. In 
some cases it even pays to subsidise the fishermen to harvest more predators than they 
otherwise would have done. In this case the optimal effort of the predator fishery should be 
increased and the stock level of the predator reduced compared to the single species case, as 
indicated by the arrows in Figure 1.  
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3.3. Mixed species fisheries 
 
In most fisheries catches consist of more than just the main targeted species. Mixed catches 
create other management problems in addition to the ones discussed above. This is especially 
the case when the catch consists of species of different size distribution and with different 
growth properties. The mixed catches of i.a. cod, haddock and whiting in the North Sea trawl 
fishery is an example of this. Figure 5 illustrates this problem. One particular type of gear may 
use either a small or a large mesh size in the net to catch two species simultaneously. The small 
mesh size gives MSFA whereas the big mesh size gives MSFB in Figure 5.  
 
Figure 5. The maximum sustainable yield frontier (MSF) in mixed fisheries may depend on the mesh size of 

the nets 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note: A indicates MSF for small mesh size and B for big mesh size. 
 
Species 1 may consist of plentiful small fish that easily escape gear with big meshes. Species 2 
has fewer but bigger fish that are fished too young when small meshed nets are used. What 
combination of yield should be chosen depends in general on the management objective and on 
the cost of effort - price of fish ratio between the two stocks. If the stocks are jointly managed, the 
objective could be to maximise the combined resource rent from them. Another solution would be 
to try to develop selective gear and fishing methods to avoid mixed fisheries. 
 

3.4. Example: cod consumption costs 
 
Cod is an example of a valuable predator that consumes large amounts of less valuable species. 
Based on Figure 2, taking the net opportunity cost of feed into consideration gives the results 
shown in Figure 6. The net value of the prey is the net contribution that the fish in the sea could 
have given for the prey harvesters if they had less competition from the predator, the cod. The net 
value per unit of catch was found by Flaaten and Kolsvik, 1995 to be 30% of the quay- side price 
in these fisheries. In other words, if a predator eat fish worth € 1.00 at the quay, the fisher's net 
loss is only € 0.30 since they would have to spend € 0.70, including labour costs, to catch the fish. 
For example, Figure 6 shows that two year old cod had an annual feed cost of NOK 1.50 (€ 0.20) 
per kg of biomass, and that about 75% of this was inflicted on the shrimp fisheries. Except for age 
class 7+, the opportunity cost of shrimp dominates the economic figures, whereas capelin 
dominated the biological results in figure 3. Recalculation of the numbers in Figure 6 using 2008 
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prices and costs would increase the annual total feed cost per kg of cod, but also reduce the elative 
shrimp feed costs due to the decline in the market price of cold water shrimps since the early 
1990s.  
 
Figure 6. Age dependent average annual opportunity cost of Arcto-Norwegian cod’s consumption of some 

commercially important prey species 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NOTE: Species included are shrimp (Pandalus borealis), capelin (Mallotus villosus), herring (Clupea harengus) and 
cod (Gadus morhua) above 5, 10, 10 and 20 cm, respectively. In NOK per kg cod, in 1991-92 prices. Consumption 
data from 1984-92. Sources: Calculations based on biological data from the Institute of Marine Research, Bergen, 

and economic data from The Directorate of Fisheries, Bergen. 
 
 
Non-consumptive values of certain species of a marine ecosystem should also be included in a 
complete analysis, if such values are considered significant. The international discourse on i.a. 
whaling, sealing, dolphin by-catch and turtle excluder devices demonstrate the importance of 
integrating non-consumptive issues in the management objectives. Further analysis usually 
reveals the need for a trade-off between use (harvest) and non-use (protection) values. Even 
more so when the non-use values are connected to top-predators that consume commercially 
valuable fish. 
 

3.5. Example: Sea-mammals predation costs 
 
The bioeconomic multispecies analysis of the Barents Sea area fisheries in Flaaten, 1988 is a 
highly aggregated three species model of sea-mammal – big fish – small fish interactions. One of 
the conclusions was that the fish preying sea mammals were costly to the fishing industry and 
therefore should be heavily exploited to increase overall resource rent from the ecosystem. 
Another conclusion was that the small fish, capelin and herring, should be lightly exploited to 
allow plenty of food for cod and other big fish of high market value. 
 
Compared to most other baleen whales the minke whale has a varied diet which includes 
economically important species of fish. Investigation of the stomach content of slaughtered 
animals is the traditional method to determine the prey species. In addition to herring, capelin and 
cod, other important commercial species are haddock and saithe.  
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Multispecies models that include interactions between sea mammals and fish are not often 
available in a suitable form for bioeconomic analysis. An alternative to comprehensive 
multispecies or ecosystem models is partial analysis. Flaaten and Stollery, 1996 developed 
methods for calculation of net cost per unit which predators inflicted upon the prey species 
fisheries. Applying one of the methods to the North East Atlantic stock of minke whales 1  
predation of fish, we estimated the annual predation costs per minke whale, in 1991-92 prices, at 
between NOK 11,600 and NOK 15,100. This would amount to between approximately € 1,950 
and € 2,550 per minke whale per year, using 2002 prices and exchange rates. 
 
In 1989 the stock estimate of the NE Atlantic minke whale was 86,736 whales with a 95% 
confidence interval of between 60,736 and 117,449 (IWC, 1992) (the 1995 and 1999 estimates are 
even higher according to IMR). 
 
 
 

                                                 
1  This stock comprises the minke whale in the North Sea, Norwegian coast, Norwegian sea, Barents Sea, 

Spitsbergen areas. 
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4. A historic note 
 
The examples I have given on multispecies modelling so far are all from the North-east Atlantic. 
The reason for this is simple - this is the area where I am working and that I know pretty well. 
There are, however, several examples of especially biological multispecies modelling of fisheries 
in other parts of the world. My final example is from the Adriatic Sea, and this is not just an 
ordinary example, but one of the most important ones in the history of multispecies modelling and 
management. 
 
The first attempt ever done, as far as I know, on conducting a multispecies analysis of fishing was 
by means of limit cycle models. Empirical studies of the Upper Adriatic Sea fisheries before, 
during and after the first world war found in D'Ancona (1926) were an important source of 
inspiration to the theoretical works by V. Volterra (1928) as demonstrated by this quotation: 
 
 Doctor UMBERTO D'ANCONA (D'Ancona, 1926) has many times spoken to me about the 

statistics which he was making in fishery in the period during the war and in periods 
before and after, asking me if it were possible to give a mathematical explanation of the 
results which he was getting in the percentages of the various species in these different 
periods. This request has spurred me to formulate the problem and solve it, establishing 
the laws which are set forth in § 7 . Both D'Ancona and I working independently were 
equally satisfied in comparing results which were revealed to us separately by calculus 
and by observation, as these results were in accord; showing for instance that man in 
fisheries, by disturbing the natural condition of proportion of two species, one of which 
feeds upon the other, causes diminution in the quantity of the species that eats the other, 
and an increase in the species fed upon. (Volterra, 1928, p. 4). 

 
Based upon his empirical studies of the fisheries of the Upper Adriatic Sea, D'Ancona (1926) 
concluded that the predators of this sea, the sharks, ought to be decreased by increased harvest 
intensity. That would make it possible to increase the yields of more valuable prey stocks. 
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5. Marine protected areas 
 
A marine protected area (MPA) is a tract of sea created as a management instrument usually 
serving several objectives, including: 

- preservation of one or more of its populations  
- preservation of benthic fauna and flora 
- preservation of physical features in the reserve 
- increased biological yields outside the reserve through spillover effects 
- increased economic surplus for fishers adjacent to the MPA. 

 
There is now a significant literature investigating, theoretically and empirically, the functioning 
of MPAs in relation to one or more of the objectives (for references see e.g. Flaaten and 
Mjølhus, 2005 and 2006; Kolding 2008). In a single species model it is not always easy to tell a 
priory what the biological and economic effects of a MPA will be. For the additional 
multispecies dimension this task becomes even more challenging. Important questions to ask 
are – Is it a predator or a prey species we want to protect and is this in an attempt to increase 
harvest, stock level or for other reasons? Do we want to protect juveniles or mature fish? Do 
we want to protect the habitat, including coral reefs? For example, a seal sanctuary may be 
good for tourism, but not for the fishing industry in or adjacent to the MPA (Boncoeur et al., 
2002).  
 
Economic and legal instruments to mitigate biological and economic over-fishing problems 
have been designed and implemented, including gear and vessel technical measures, input 
control (licenses, fishing effort and capacity control, etc.) and output control (fish quotas – both 
tradable and non-tradable, etc.), as well as zoning with harvest bans, or restrictions on resource 
use in one or more MPAs of the population habitat area. The wide array of policy instruments 
in use for natural resource management mirrors, not just different resource characteristics, but 
also a multitude of policy objectives, including economic, social, environmental and biological. 
The economic efficiency of different management instruments, including MPAs, have been 
questioned, even though natural scientists lately seem to have favored the use of MPAs to 
achieve management objectives, at least, conditionally. 
 
In our own theoretical work, quoted above, it is demonstrated, within a well known 
bioeconomic modeling approach, if and how a nature reserve as the only management 
instrument may serve to realize important biological and economic objectives for one species, 
and how the optimal MPA size depends on management objectives and key biological, 
migratory and economic parameters. In general, yield in an open-access, free for all, fishery in 
a harvest zone (HZ) outside the MPA depends crucially on growth and migratory 
characteristics of the population. Generally, a MPA is more effective in increasing yield for 
populations that migrate somewhat fast and arbitrarily, but not too fast, compared to sedentary 
species. This is the case when relative harvest costs (relative to the price of fish) are low, 
implying a heavily overused resource under open access harvesting, and relative migration is 
small. 
 
Management of living natural resources comes with a price. Cost of monitoring, control and 
enforcement (MCE), accruing to both public institutions and private stakeholders may be 
significant (Schrank et al., 2003). For MPAs such costs may vary with the proper shape, in 
addition to size. In particular, high population density in a reserve may attract poachers, 
making MPA geometry of importance. MPA shape should act as an additional or joint 
management tool to size and should be determined simultaneously to reduce net migration 
between the two sub-areas. If, for example, the population distribution area is a river (or 
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another very narrow and long rectangle like area) the relative migration is smaller with the two 
sub-areas, MPA and harvest zone (HZ), down-stream and up-stream, rather than along the left-
bank and right-bank. 
 
It could be argued that if management instruments such as effort control (licences), harvest 
quotas and input or output taxes were used, a nature reserve would be redundant, in particular if 
realization of resource rent is a main policy objective. In the economic MPA literature, focus is 
often on combined effects of a MPA and an open-access HZ versus overall open-access. From 
an economic point of view a MPA combined with an open-access HZ rarely do better than 
overall open-access. This because the open-access HZ attracts fishing vessels until fish density 
in the HZ is reduced and the marginal vessel just breaks even. 
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6. Conclusion 
 
Hopefully, this note has shown that in some cases, at least, multispecies modelling is useful, if not 
necessary, for improved overall management. This is especially so when there are strong predator-
prey, or competitive biological interactions among species that can be harvested independently of 
each other. A biological multispecies model gives the biological restriction on the possible 
combinations of harvest rates for the species in a particular area. In addition, a bioeconomic 
multispecies model helps to pick the optimal combination of harvest rates. Multispecies models 
may also help understanding variations over time in catch and effort composition, as seen in the 
case of the Upper Adriatic Sea before, during and after the first world war. 
 
In many cases, multispecies biological modelling helps to improve our general understanding of 
the ecosystem and its fisheries. On the other hand, modelling and data collection by research 
vessels is not at all costless. Stomach sampling and stock assessment only come at a significant 
research cost. Perhaps the economists' initial contribution in some cases should be simpler cost-
benefit analysis of marine resources, to get a first idea of whether it is likely or not that more 
complex and detailed models can improve management. The cases of cod – capelin/shrimp and 
minke whale - fish analyses above are such examples. However, if a biological multispecies 
model already exists, it is probably a good investment for society to let resource economists 
extend it into a bioeconomic multispecies model. 
 
Biological research strongly indicate that fish consuming sea mammals may have an effect on the 
fish stocks of the North-east Atlantic (see Bogstad 1995; Rødseth, 1998). Also, bioeconomic 
research strongly indicates that the predation effects on fish from sea mammals in this area may be 
of considerable economic importance for the fishing industries (see e.g. Flaaten, 1988; Flaaten and 
Stollery, 1996). Therefore, sea mammals and other top predators, including sea birds, should be 
included in future management models for North-east Atlantic waters. Such inclusion does not 
necessarily mean that top predators should be harvested. However, this may help to improve the 
predictions of prey species growth and to quantify the relationship between fishing industry losses 
versus stock size gains for the top predators.  
 
Multispecies modelling is useful, if not necessary, for improved overall management. This is 
especially so when there are strong predator-prey, or competitive biological interactions among 
species that can be harvested independently of each other. A biological multispecies model gives 
the biological restriction on the possible combinations of harvest rates for the species in a 
particular area. In addition, a bioeconomic multispecies model may help managers to choose the 
best, from their point of view, combination of harvest rates and stock levels. 
 
MPAs, if sufficiently big and well shaped, may protect marine habitats and increase the level of 
some stocks, and even increase total yields, in particular if stocks before MPA creation were 
heavily over fished. However, if MPA is the only policy instrument an eventual fish spill-over will 
attract vessels to the harvest zone until all potential resource rent is wasted. Thus MPAs should, 
from an economic point of view, be combined with the use of other policy instruments. 
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