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Summary
The current depletion of fish resources is a serious threat to sustainable faDd production, to
employment in coastal communities and to the maintenance of marine ecosystems. Overfishing
has numerous interacting causes. I here address two of the fundamental causes in regulated
fisheries, (1) the scientific advice that is the basis for management, and (2) the potential for given
advice to be followed at negotiations and decision making processes of management. First, by
developing a model inc1uding spatial structure for evaluation of fishing policies I show that the
current management practices of omitting spatial structure can seriously misjudge the state of the
fish stocks. When exploited fish stocks are interdependent and migratory species, different
distributions of fishing effort result in significant differences in stock condition, catches and
revenues of the fishery. Thus, in such cases, the spatial dimension must be addressed by
management and spatially explicit stock assessment models are necessary for accurate evaluation
of fishing policies.
Secondly, I outline a method that aims to bridge the gap between science and management
practice. With this method, the Critical Harvest method, both the objectives of management and
the performance of management in achieving these objectives are illustrated. This is accomplished
through stepwise calculations, in which critical harvest levels are determined from the critical
levels of stock size, determined according to the objectives chosen and the state of the stock. The
critical harvest levels are then presented, along with a comparison with actual harvest leveis, in
maps. Because of the mapping, the method is especially useful for taking spatial structure inta
account in management. An example of the Baltic Sea cod-herring fishery shows the strength of
the Critical Harvest method in highlighting effects and liabilities, important in jointly managed
fisheries.
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Introduction

The fish stocks in eleven of the world's fifteen major fishing areas and 69% of the world's major
fish species are in decline (Platt McGinn 1998). Severe overfishing has been reported world-wide
since the end of the 1970s (May et al. 1979). Why, then, is commercial extinction of fish stocks
still occurring? Most often, the open access to fisheries is blamed, giving no economic incentives
for individuals to pre serve the fish stocks (Hardin 1968). However, a number of factors interact to
cause overfishing, such as a lack of institutionai framework for regulation, a lack of economic
incentives

or misdirected

underreporting
Spurgeon

incentives

(Pauly 1995), focus on short term economic

benefits,

of catches and over estimations of stock sizes (Williams and Hallenstvedt

1997, Walters and Maguire 1996), and large proportions

of bycatches

1997;

and discard

(Pauly 1995). Moreover, these factors differ between areas. In developing countries, fishing is
family or community

based and individual fishermen operate under non-existing

or poorly

implemented regulations (Masood 1997), i.e. an open access situation. Fishing in the waters under
jurisdiction

of industrialised

countries

are usually conducted

by high ly industrialised

fleets

regulated by mutually agreed quotas on total allowable catches (TACs). However, even with
existing regulations in industrialised countries, where the quotas are negotiated from biologically
based scientific advice, stocks are overexploited. The fisheries in Newfoundland,

the Northeast

Atlantic and the Baltic Sea are recent examples of this (Myers et al. 1997; Cook et al. 1997; ICES
1999). This might be due to at least two fundamental causes, (1) the scientific advice given is
incorrect, over estimating the stock sizes and thus the TACs, and/or (2) the advice given is not
followed at the negotiations on quotas, which are rather driven by pragmatic short-term politics,
neglecting the more long-term risks of over exploitation.

Whether the scientific advice is 'right' or 'wrong' is impossible to gay, as exact stock sizes can
never be measured through monitoring. Today, the advice on catches and fishing policies in many
industrialised countries (in the eastern Pacific, northern Atlantic, and the Baltic) is based on
simulated stock assessments (Sutherland and Reynolds 1998). Simulations, i.e. projections of the
future of the fish stocks, are based on modeis, which are simplified representations of the biology
of the fish stocks. Thus, models are never 'right', they are always more or less wrong. Still, the
accuracy of the models can be questioned. There is an intricate balance to be found between
realistic representation of the biological system and too much complexity in the model. Increasing
model complexity without any improvements for management decision making not only increases
the costly collection of data, bot can decrease understanding of the system and consequently the
belief in the advice stemming from the modeis. On the other hand, it is important to include those
biological, and other, features that significantly affect the population size. This might seem as
scientific hair-splitting. However, it is important to question the models, as these are the basis for
the choices on fishing policies. Models are the current understanding of a fishery in which
different policies are evaluated, based on their effect on the fishery. Thus, models influence the
proposed policies.
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Many of the models used in fishery management for stock assessments have been developed
during the 1990s to include more biologically realistic features. The models now include
interactions between different exploited fish species, such as competition for faDd or predation by
Ollespecies on the other (Sparholt 1991). Despite this development there is Ollepossibly important
feature missing both in the models and in fishing policies - a spatial dimension. Fish do not only
eat each other, they also move around. This can have important implications, both biological and
economic, for how quotas are set. Picture two fish populations, Ollepredator and the other its prey,
that occur in partly different areas. Both are commercially exploited in several different areas. If
the fishing of the two species is unevenly distributed in space, intensive fishing of, for example,
the prey species can lead to a decline in the stock, and thus the catch of the predator species, also
in areas other than the Olleimmediately exploited. Uniess both species interactions and the spatial
dimensions are taken inta account when setting quotas, such declines in stocks and catches will be
unanticipated and therefore cannot be avoided. Furthermore, as many fish stocks are jointly
managed by several countries, taking space inta account is not only important biologically, hut for
negotiation purposes as well, illustrating effects in each fishing zone, as well as clarifying
responsibilities and liabilities.
In this paper I assess the importance for fishery management of taking spatial structure into
account. To do this, I combine same economic theory with fundamental ecological theory to
produce a bioeconomic model to evaluate different management options. I further outline how this
model, a basis for fishery management decisions, can be turned inta a management tool, directly
usable in decision making processes.

1.1

Objectives and limitations

My aim with this paper is two-fold: (1) to evaluate whether the inclusion of a spatial dimension in
fishing policies is important for sustainable fisheries management, by assessing the ecological and
economical consequences of different types of fishing policies, and (2) to outline a management
tool that illustrates these consequences in away that they can be taken inta account in decision
making and facilitating international negotiations on fisheries management. I will use the Baltic
Sea as an example, where fleets from several states are fishing both cod (Gadus morhua) and its
prey, herring (Clupea harengus var. membras) (Sparholt 1994).
The analysis presented in this paper is only valid in fisheries where regulation, in this case the
quota setting, is a functioning system. Thus, the discussion cancerns fishery management in
waters under the jurisdiction of industrialised countries, not developing countries. When assessing
the economic consequences of different types of fishing policies, there is no analysis of large scale
social benefits or costs, only the direct economic consequences are included.

I:.

1.2

Topics to be covered

The analysis is presented in three parts. The first part gives a brief baekground on fishery
management in industrialised eountries and the importanee of different aspects of spaee for
population dynarnies. Then a mode! is developed to evaluate the importanee of spatial dimensions
for fisheries management, using the Baltie Sea eod-herring fishery as an example. In the seeond
part, inclusion and implementation of spatial dimensions in fishery management is diseussed, and
a method for illustrating and evaluating spatial effeets of management policies is proposed. The
third part eontains a broadened diseussion of the pros and eons of a spatial aspeet in fishery
management for sustainable fisheries.
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Part Olle

2

The importance of spatial strategies in 6sheries management

Fisheries management

- theory

and practice

Issues related to fish resources and fishing have orten been accompanied by fiery debates, illegal
actions, conflicts and even wars. This shows the great importance of fisheries1, both as a food
resource, to generate livelihood for coastal residents, for the industry and for a country' s national
economy. Due to the importance of fisheries resources, a sustainable management of fisheries is
necessary. This is defined in this paper as a lise of a fishery while maintaining its productivity and
biodiversity and minimising the impact on other ecosystems. This definition is narrow, including
only the importance of maintaining a productive system, for current and future lise. A broader
view of sustainable fisheries management incorporates more social and economic issues, for
example a resource lise that generates livelihood for coastal residents, and resolves conflicts
between ocean fishing and inshore fishing. These are, however, not included in the analysis in this
paper, as they have been thoroughly dealt with elsewhere (e.g. Pitcher et al. 1998).
Fishing has orten been seen as a right not a privilege (Day ton 1998), with the freedom to fish
viewed as a fUle rather than as an exception. The problems of overcapacity and resource depletion
that such an unregulated oren access situation creates cause a need to limit the access to fisheries.
Within resource economics, behind the urge to limit access to fisheries is the aim to create an
economic incentive for the users to conserve the resource. Regulation of the lise of fish resources
has come in many forms, from cooperative management within coastal communities to fishing
quotas for each individual fishery. There are regulations on the amount of fish caught, the time
spent fishing, the area fished and on the gear used. The basis for fisheries management is the
exclusive economic zon e (EEZ) of each coastal country, formally established by the 1982 DN
Convention on the Law of the Sea (UNCLOS). The EEZ is an area, extending 200 nautical miles
from the coastline, in which the country is granted the right to lise and develop the fishery
(PlattMcGinn

1998). Thus, most of the fisheries of the world are under national jurisdiction.

However, fish stocks are not confined to an EEZ hut move cross borders. These, as some stocks in
international

waters, are orten managed jointly by several countries. Joint management is often

based on so called 'balanced fish agreements',

in which each party allocates to the other the

equivalent amount of tons of fish, in terms of total allowable catches, T AC (Brugge and Holden
1991, Fairlie 1995). For the waters off industrialised countries, the TACs decided upon are often
based on scientific advice.

l The terms that will be used in the paper are foIlowing: afishery is a dynamic system that involves fish and
fishermen, as weIl as the assorted biological, economic and social factors that affect them; management is the
accomplisment of assessments, plans and actions that aim to lise and take care of a renewable resource, such
as a fishery; and managers are the national and international civil servants who are responsible for
developing fisheries policy and legisiation.

o

In industrialised countries, data are coIlected and models are used routinely to calculate numbers
of fish at each age and rates of fishing mortality. The type of models used, so caIled virtual
population analysis, VPAs, is the same, although the details differ (Sutherland and Reynolds
1998). The International Council for the Exploration of the Seas (ICES), founded in 1902, is the
organisation providing scientific advice on management of marine resources in the North East
Atlantic and the Baltic Sea (Masood 1997), the major fishing grounds for Europe. Its South
Pacific Ocean equivalent, PICES, was founded in 1994 (Masood 1997). The advice from ICES is
based on the compilation of historical data, and simulations made in VPA modeIs, single- or,
rarer, multispecies (called MSVPA). The model generates predictions about the development of
the fish stocks in the nearest coming years, as weIl as estimations of the more long-term effects of
various management strategies (Sparholt 1994). However, as Jet the models do not address the
spatial dimensions. On the contrary, a critical assumption of the MSVPAs is that the spatial
distributions of stocks are constant between years (Sparholt 1994).

2.1

The missing spatial dimension in management

No Olle would deny that a spatial dimension exists. Populations are distributed in space, they
migrate and disperse. The question is whether there are any aspects of space that affect population
dynamics in away that is relevant for fishery management. Many aspects of a spatial dimension
have been shown to be important for population dynamics in different ways. Both the distribution
of populations
individuals

(in continuum

or patches, widespread

or narrow ranges), the movement

of

(both dispersal and migration at various time scales), as weIl as the interactions

between these two aspects, influence the fate of a population

(Kareiva

1990, Chesson and

Rosenzweig 1991, FryxeIl and Lundberg 1998, Turchin 1998).

For interacting species, spatial differences or subdivisions are of crucial importance, simply
because the interactions occur when the individuals are in relative c1ose proximity to each other.
The degree of interaction between two populations is therefore dependent upon the their
distributions. The reverse is also true, interactions between species affect the distribution of the
species (Rose and Leggett 1990).
That spatial heterogeneity is important for the stability of systems is widely known among
ecologists (Crowley 1981, Kareiva 1987, Hastings 1990). However, resource managers are not
only interested in the long-term objectives of stability, or persistence of the populations, hut also
the short-term objectives of production, i.e. population growth. Although ecologists recognise that
environments are usuaIly heterogeneous, the implications of this for management of several
interacting resources or populations have received little, if any, attention.
Different aspects of space, such as population distribution and movements, could be of great
concern to fishery managers. Not only are most fish species highly mobile, moving in short and
long-range, as weIl as patchily distributed (Holmes 1994), the fishing is also unevenly spread
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(Pelletier and Magal 1996, Walters and Maguire 1996). If fishing occurs only in a part of the
range of a species distribution, the effects of fishing can be mediated by the exchange of fish in
the whole area of its distribution, and thus, the effects will extend beyond the area being exploited
(Figure 1).

Figure 1. Causal loop diagram illustrating the extension of the effects of fishing, as mediated by the
migration of the fish species between two areas. The arrows show causes and effects in the system, with a
variable at the tail of an arrow affecting the Olle at the head. The signs at the arrowheads show how the
system responds to changes. A (+) indicates that the variables at the tail and the head of the arrow change in
the same direction (for example if the number of fish emigrating from area I increases, so will the population
in area 2, due to the immigration). A (-) indicates that if the variable at the tail of the arrow changes, the
variable at the head changes in the opposite direction (for example, when catches increase the population will
decrease).

In same cases, Roughgarden (1998b) argues, space is without importance for resource managers.
When managers are concemed with population growth, expressed in so called production
functions, predictions on the total productivity of the fishery do not differ significantly between
models including and omitting space. However, this depends entirely on which type of questions
that is interesting for managers. For jointly managed resources, such as many fish stocks, the
interesting question is not only of aggregated character, such as the future of the whole stock, but
also the future of its subpopulations in the different areas exploited by different parties. Thus, if
the important questions for managers of jointly managed resources are on such a disaggregated
level, this is the level where the answers should be sought. However, spatially explicit fisheries
management may not only be necessary for jointly managed resources. The combination of
species interactions and movements are the links creating a fishery system in which disturbances,
such as fishing, in Ollepart could have cascade effects throughout the system of a character and
magnitude that is important also to fishery management by a sole country.

2.2

The Baltic Sea example

Olle case that can serve as an example of the theoretical situation presented above is the fisheries
in the Baltic Sea, which is used by all the coastal countries. The Baltic fish community has a small
number of species and is dominated by carl, herring, and sprat (Ojaveer et al. 1981). Predation is
the most important species interaction among the fish species (Sparholt 1994). The dominating
fish-eating

species is cod (Gadus morhua). It mainly feeds on herring (Clupea harengus var.

membras) and sprat (Sprattus sprattus), as well as on juvenile carl, causing a substantiai impact on

1()

these populations (reviewed in Sparholt 1994). Conversely, there are same negative effects of the
sprat and herring populations on the carl. Sprat, and to alesser extent herring, eat cod eggs and
larvae (Sparholt 1994). However, the most important cause of death for cod eggs is the
combination of low salinityand low oxygen content (Bagge et al. 1994). These three interacting
species are also the commercially most important species. Carl, herring and sprat, respectively,
constitute about 40%, 50% and 5% of the commercial catch in biomass terms of the Baltic Sea
(Sparholt 1994).
All countries surrounding the Baltic are involved in the fishery of the three species (Williams and
Hallenstvedt 1997). The fishing activities are unevenly distributed between areas (Sparholt et al.
1991). For example, the cod fishing fleets concentrate around the spawning grounds of cod
between January and July (Bagge et al. 1994), and most of the catches come from subdivision 25
(Williams and Hallenstvedt 1997) (Fig. 2).
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Figure 2. The Baltic Sea fishing areas, divided into subdivisions (number 23-32) by the ICES. Longitudes
and latitudes shown.

The fish stocks are also unevenly distributed in the Baltic Sea. There are two stocks of carl, Olle on
each side of a line drawn immediately west of Bornholm. These stocks differ both genetically and
phenotypically,

and seldom mix in a narrow zone of overlap (Bagge et al. 1994). I will, throughout

the example, use only the 'true' Baltic stock, east of Bornholm. The Baltic cod is unevenly
distributed

in the Baltic Sea, with most of the cod being found in the southern half (in

subdivision s 25-28 and south 29, Fig. 2) (Sparholt 1994), although the stock extends as far north
as to about 63°N

(Bagge et al. 1994). The major spawning sites have been located around

Bornholm, Gotland and close to Gdansk, where the cod migrate in spring (Bagge et al. 1994).
During the late 1980s and 1990s, reproduction in the Gotland and Gdansk areas has largely failed
(IBSFC 1999c), possibly due to low salinityas

the resalinating winter storm inflows from the

11

North Sea have been absent since 1987. Thus, the majority of the successful spawning now stems
from the Bornholm basin.
Herring also has an annual migration. They spawn along the coasts of the entire Baltic Sea, in
spring. In summer and autumn they mix in the open sea during feeding (Parmanne et al. 1994).
The stock structure of herring in the Baltic Sea is rather complex, bot there are believed to be
several stocks mixing (Sparholt 1994). However, as migration between subdivision 24 and 25 is
rare (Otterlind 1985), it is possible to draw a line at Bornholm, as was done for cod, treating the
herring east of that line as Ollestock.
Sprat migrates extensivelyand has almost a reversed migration pattern compared to the herring
(Aro 1989 cited in Sparholt 1994). It is most often found in the Baltic Sea proper and the Gulf of
Finland. In spring it migrates out to open sea areas to spawn in the warmer surface waters
(Parmanne et al. 1994). During summer and autumn it migrates to feed in shallower coastal waters
(parmanne et al. 1994).
As seen from the description above, there are different distributions of the fish and the fishing.
This is not, however, taken into account in the management of the Baltic Sea fisheries. The
International Baltic Sea Fishery Commission (mSFC), is the organisation coordinating fisheries
management in the Baltic Sea, working on a mandate from the Convention on Fishing and
Conservation of the Living Resources in the Baltic Sea and the Belts (the Gdansk convention).
The mSFC receives advice for this from the ICES. The modet that covers the Baltic Sea, ICES
area lid (Fig. 2), generates predictions of development of the fish stocks in the near future (a
couple of years), and gives an estimation of the more long-term effects of various management
strategies, recommending species specific TACs for the whole Baltic (Sparholt 1994, ICES 1999).
The mSFC then sets annual catch limitations in the form of TACs for the whole Baltic Sea
(parmanne et al. 1994). The TAC for each species is agreed upon by, and then divided among, the
parties to the convention. Thus, also the management of the Baltic Sea fishery, in terms of both
assessments and fishing policies, lacks a spatial dimension.

I'}

3

Methods and Models

To evaluate the importance of spatial heterogeneity in quota setting and fishing policies I
compared the effects of two different types of policies. These are policies for the allocation of a
certain level of total fishing effort, i.e. not policies of different levels of fishing effort. The first
type of fishing policies neglects that fish migrate or have a distribution other than the fishing
activities ('homogenous policies'). The second type of policies ('spatial policies') are the Olles
that take such spatial differences into account when allocating fishing effort, either by refraining
from fishing in some areas or by relating fishing effort to the current fish distribution. I studied the
effects of the two types of fishing policies on two fish populations and the revenues stemrning
from these two fisheries by constructing a model using the cod-herring fishery in the Baltic Sea as
an example. The model simulates the dynarnics and distribution of two fish populations, the
fishing, and the economic revenues from the fisheries. When comparing different fishing policies,
a common approach is to find the optimal policy, Le. the level of fishing effort that maximises the
sustainable yield of cod and herring, in each of the two types of policies and comparing these
(Hannesson 1983, Clark 1990). However, the optimal level of fishing effort exists only in
deterministic modeis, exc1uding any natural variation of the fish stocks. Furthermore, an optimal
level is a theoretical leve!, which is impossible to achieve in reality due to the variability of
catches (Roughgarden and Smith 1996). To account for this, I simulated fishing with all possible
combinations of efforts (from nOlleto 100%) and then compared the effects on stocks and profits
of the two different types of policies.

3.1

General

The model consists of three 'levels' (Fig. 3). First, the 'ecological leve!' with two interacting
populations of fish, the predator species (cod) feeding on herring or sprat. The second leve!, the
'exploitation leve!', the fishing effort is inc1uded,and the resulting catches are subtracted from the
populations at the ecologicallevel. Third, the catches resulting from the two first levels are fed
into the last level, the 'economic leve!', to calculate the revenues from the different fisheries. In
reality, the level of fishing effort is determined according to the decisions taken in the
international negotiations in mSFC (Fig. 3). In the model it is assumed that also the distribution
of the fishing effort can be decided upon. Presently, when spatial structure is not taken into
account in management, there is no feedback from the revenues or the state of the stock on the
allocation of fishing effort. When spatial structure is inc1uded in the setting of fishing policies,
fishing effort could be distributed based on either the expected revenues from each area, or the
size of the stock in each area (feedback loops not illustrated in Fig. 3). All calculations in the
model are repeated with a yearly time step, for 200 years. The program Matlab was used to build
and evaluate the model.

1':1
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Figure 3. Causalloop diagram of a predator-prey fishery, example taken from the Baltic Sea. The arrows
show causes and effects in the system, with a variable at the tail of an arrow affecting the one at the head.
The signs at the arrowheads show how the system responds to changes. A (+) indicates that the variables at
the tail and the head of the arrow change in the same direction (for example if the prey population increases,
so does the predator population). A (-) indicates that if the variable at the tail of the arrow changes, the
variable at the head changes in the opposite direction (for example, when the predator population decreases
the prey population increases). Loops in which the variables balances each other to an equilibrium, are
indicated with a B. Note, that the spatial structure ofthe modet is excluded in this representation (cf. Fig. l).

3.2

Representation of space

The model includes a spatial dimension by describing the distribution of the fish populations and
the fishing. However, this description is only two-dimensional, omitting the third dimension,
depth. I have assumed that there are four areas in the sea where herring and cod can occur, and
can be fished. The areas are equal in all respects apart from the distance between them (and the
various exploitation levels applied later). Therefore, the populations behave equally in all areas.
The four areas were randomly assigned two coordinates to describe their location (Fig. 4).
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Figure 4. The distribution of patches in the model, and their assigned numbers.
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3.3

The Ecologicallevel

mitial population sizes of both herring and cod are generated for each area with randomised
functions (Equation 1)2.Herring population growth is assumed to be density dependent and the
reductions by predation is represented by a type II functional response, which has been widely
observed in experiments on fish (Murdoch and Oaten 1975 cited in Bax 1998) (Eq. 2)3. Cod is
assumed to be dependent on herring for their growth. As SOfie self-regulatory mechanism seems
natural also for cod, their death is assumed to be density dependent (Eq. 3)4. This density
dependent death can be interpreted in several ways. For instance, it can be seen as the cannibalism
of elder cod on juveniles (Sparholt 1994), which will increase in a larger population.
Altematively, it means that there are other resources that cod is dependent on, which is in limited
supply, such as a seeond prey species, i.e. sprat, and thus the cod's dependency upon this resource
is density dependent.
I let the herring population be mobile and allowed to migrate between the four areas. A certain
proportion of the herring leave each area every year. These can migrate to any of the other three
areas. However, the probability that they will reach an area is dependent on the distance to it (Eq.
4 a, b, C)5.Thus, areas far apart will have little exchange. The net migration is then added to the
herring population in each area.
Xo = °X.(1+ 0-.0.25) (Eq.la)
Yo=0.2.Xo.(I+o-.0.25)
(Eq.lb)
Where Xo is the amount of herring in each patch at time O, i.e. when the simulations start, and 1/t is a
maximum limit of the amount of herring the system can sustain (carrying capacity). a-is a stochastic variable,
with a uniform distribution between O and 1. Similarly, Yo is the amount of cod in each patch when the
simulations start, this will be about 20% of the herring.
a.X ..Y.
3 X
- X
eT(l-I,X'.i)
I.' I.'
(Eq. 2)
I+l,i l,i'
b+a.h. X t,'.
2

Where Xt+l.iis the amount of herring in patch i at time t+ 1, and r is the intrinsic growth rate. In the functional
II response, (aXt,i)/(b+ahXI.i) is the amount of herring each cod will eat, where a is the attack rate, a
parameter for how easily the cod finds the herring, and h is the average time it takes for a predator to handle
Olle prey. With this function, there is a maximum limit of how much herring an individual cod can eat per
time unit (1/h), and its consumption rate decelerates with increasing density of herring. The functional
response is multiplied with the amount of cod in patch i at time t+ 1to give the total amount of herring killed
by cod in the patch. l/l is the limit to the amount of herring the system can sustain, and b is a scaling
parameter.
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(Eq.3)

t,1

Where YI+J.iis the amount of cod in patch i at time t+1. The herring eaten by the carl, (aXt,iYt,i)/(b+ahXloi),is
multiplied by an energy converter coefficient, g'(YI.l/(S+Yloi) is the amount of cod dying in patch i at time
t+ 1, where s reflects the degree of density dependence in the carl. Nate, that with this numerical response by
the carl, I assume the cod to be dependent uran only Olleprey for growth.
5 S.',101 = e-C.dio'" (Eq.4a)

/(

S.I,J, = e -C.dioj S.1,101 -1

)

(Eq.4b)

Where Si.tol is the proportion of all the herring that leave patch i that survive during migration to another
patch. The proportion is determined by asurvivai constant, c, multiplied by the sum of the distances from
patch i to all other patches, di.tol'Si'; is the proportion of the surviving migrating herring leaving patch i that
will survive until they have reached patchj. Here, di,;is the distance between patch i and patchj.
MI,ioj

= XI,i

.m,Si,j

(Eq.4c)
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3.4

The Exploitation level

Both species are fished commercially in the model. The actual catch of each species is a function
of the population size in the fished area, the 'catchability' of the species and the effort plit into
fishing in the area, e.g. number of fishing days (Eq. 5)6. The actual catches are then subtracted
from the population sizes of both species in each area. Catchability is how easily a species is
caught, i.e. it is the relationship between fishing effort and the rate of the actual catching of fish. It
is measured as the percentage of fish that is successfully caught compared to the aimed catch. As
catchability is assumed constant and set to 1 in the model, the effort can be measured as a
percentage of the population aimed at being caught, varying from 0-100%.
The total fishing effort (measured as a percentage) for the whole Baltic is distributed according to
the fishing policy used. In the first type of 'spatial policies', taking the spatial dimension into
account, fishing effort is allocated to each area in proportion to the size of the population in that
area (Eq. 6af. This type of policies are called proportional policies. In the second type of spatial
policies, the precautionary policies, all fishing effort is allocated to the area with the highest fish
density, and there is no fishing in the other areas (Eq. 6bf. Thus, for the' spatial policies', the
distribution of fishing is determined annually, in response to the distribution of the fish (Le. Olleof
the missing feedbacks in Fig. 2). In the homogenous policies, the distribution of the fish is not
taken into account when allocating the fishing. The fishing effort is then assumed to be equally
distributed in the whole Baltic Sea, i.e. among all the four areas in the model (Eq. 6cf.

Then, the amount of herrings migrating from patch i to patch j at time t, Mt,;,j'is calculated as the amount of
herring in patch i at time t, Xt,i, multiplied with the proportion of herring, m, that leave patch i, times the
proportion surviving when migrating from patch i to patchj, Si,}, as given by the Eq. 4b, above.
6Cx=qx.Ex..X.
tol
Where

t,I

t,l

and

CCtoiis the catch of herring

CY=qYoEYoY.
t,I
t,t

t,I

in patch i at time t,

l

(Eq.5)
is the catchability

of herring,

E\i is the effort put on

fishing herring in area i at time t, and Xt,;is the size of the herring population in area i at time t. Note, that this
equation assumes no schooling tendency in the fish. The equivalent holds for the catch of cod, C\i'
7 EXt,i -- Ext,tot'

(~ )
X,.lot

(Eq. 6a)

Where E\;, the effort put into fishing for herring at time t in area i under proportional policies, is a fraction
of the total fishing effort for herring, E\wt> determined by the proportion of all herring that is present in that
area at time t, i.e. Xr./Xt,tot.
Et~=xmax = Et~ot ; Et:"xmax = O

(Eqo6b)

With the precautionary policies, all fishing effort (Le. the total fishing effort E\tot) is allocated to the patch
with the most of herring (Le. when i=Xmax),and there is no fishing in the other patches.
Et~ = Et~ot.0.25
(Eq.6c)
Under homogenous policies, the total fishing effort, E\wt>is divided equally between the four areas. The
equivalent holds for the allocation of effort when fishing for cod, for all policies.

1'<:

3.5

The Economic level

In order to study the economic effects of the different policies, the profits from the two fisheries
(cod and herring) are calculated separatelyas Det present value (NPV). This means that the Det
profits, i.e. gains minus costs, for each year are discounted and then summed up (Eq. 7)8.
Discounting is a method of quantifying the change in economic value with time. It blinds upon the
existence of a time preference among people, the idea that profits obtained now is worth more
than profits obtained next year, as the Ollesobtained now can be invested (Turner et al. 1994).
Therefore, the profits from each of all future years are converted into their corresponding present
value, by the discount rates, to be comparable. The higher the discount rate, the less is the present
value of future catches. This means that a higher discount rate reflects a more short-term
perspective, in which fish should be caught at present rather than left to reproduce and caught in
coming years. In this analysis, discounting is done to see whether the future effects on Detprofits
are large enough (or occur not too far into the future) to be significant for fisheries management.
The NPV s are calculated using different discount rates, p, to illustrate the different resulting
profits for different time perspectives in management. The discount rate is assumed to be constant
over time. The prices of cod and herring are assumed to be constant and independent of time and
the volume of catches. However, the relation between the price of cod and herring, 5:1, is based
on the prices in early 1990s (parmanne et al. 1994). The cost of fishing is assumed to be a
constant cost per Olle tillit of effort. As shown by Clark (1990), this results in that the cost of
fishing increases with decreasing size of the fish stock, i.e. it becomes more expensive to catch
Olle tillit of fish the scarcer the species becomes.

The default values of the parameters used in the simulations and evaluations are presented in
Table 1 in Appendix 1.

8

NPV/

~

= t-T"",,(l+pr

.qX 'Et~ ,Xt,j .(px - /:"J

(Eq. 7)

The net present value for herring in patch i is calculated from time when fishing begins, T,tart'and onwards
(to the end of the simulation). The net profits, which are the price per kg px multiplied with the catch of
herring, i.e. ~Fft,iXt,j, minus the costs from fishing, i.e. cXFft,j (where ex is the cost per unit of effort), are
multiplied with (l+pyt, where p is the discount rate. The equivalent hold s for NPVofprofits from cod.
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Results

Simulations from the modet show that increased fishing has significant effects outside the area
where the fishing occurs. Not only does fishing affect the abundance of the target species in other
unexploited

areas, hut it also affects populations of interacting

species in other areas. With

increasing fishing effort, and thus catches, of the herring fishery in Olle area, e.g. area I, both the
catches and revenues of the cod fishery (for a given fishing effort) in another area, in this case
area 3, decreases (Fig. 5).
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Figure 5. Catches of cod (solid) and profits (net present value of profits, NPV) (dashed) from the cod fishery
in area 3, for a given level of fishing effort (30%). Both catches and profits decrease in area 3 with increased
catches of herring in area 1. The decrease is shown both in (a) numbers and (b) as a percentage compared to
the cod catch and profits obtained when no herring is caught. Default values used (Tab. 1).

Just as the herring fishery in Olle area affects the cod in another area, the reverse is also true. If the
fishing for cod is increased in Olle area, the predatian pressure on herring is lessened and the
stocks increase. Because of the migration of herring, all the herring stocks benefits from increased
cod fishing, and catches of herring increases in all areas (Fig. 6).
The impact of the fishing in Olle area on fish stocks, catches and revenues in another, is naturally
dependent upon the exchange of fish between them. The effect of fishing in Olle area on another
decreases when less fish is mo ving between the areas due to larger distances between the areas or
decreasing rates of migration. As illustrated in Fig. 6b, increased fishing for cod in area 3 will
have the greatest impact (in percentage) on the herring fishery in the same area. The effects then
decreases with increasing distances, with the see ond largest impact being on the adjacent area,
area 2 (cf. Fig. 6b and Fig. 3). When herring migrates extensively between the areas, the effect of
increased fishing for herring can be severe. Then, fishing efforts for herring above 50% can lead
to a collapse of the cod fishery and causing the herring to cycling populations in the whole Baltic
Sea. Thus, the spatial distributions of effort and fish have effects on the dynamics of the fish
populations that are large enough to be significant for fishery management.
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Figure 6. Catches of herring, for a given fishing effort (30%), increase in all areas, with increased fishing of
cod. Herring catches in area Olle, two, three and four are shown, both in (a) numbers and (b) percentage,
compared to the herring catches obtained when no cod is caught. Default values used (Tab. 1).

The different types fishing policies resfilt in both ecological and economie differences that are
important for fisheries management. In total, for the whole of the Baltic Sea, the cod can persist
under higher fishing pressures (higher levels of fishing effort) when using homogenous policies
than when using proportional policies. The proportional policies will cause extinction of the cod
in cases when the homogenous policies do not (Fig. 7a).9However, viewing this resfilt on a higher
spatial resolution shows that in the areas close to the borders of the cod distribution, area 3 and 4,
the situation is reversed. Here, homogenous policies will cause extinction when the proportional
policies will not (Fig. 7d, e). Whereas in the central parts of the distribution area, in area 1 and 2,
homogenous policies do not lead to extinction at fishing pressures when the proportional policies
will (Fig. 7b, c). This is because a homogenous policy overexploits small populations, such as
those at the border of the possible area of existence. In other words, with a proportional policy
more effort is put into areas with more fish resulting in higher fishing mortalities in the larger
aggregations of fish. Therefore, for the whole Baltic Sea the proportional policies yield higher cod
catches per finit effort put into fishing.
The difference between the homogenous and the proportional

policies in their effect on the

population size and distribution of herring, on the other hand, is not significant. This is because
the differences between areas that resfilt from the different fishing efforts are cancelled out due to
the fact that the herring migration occurs after fishing has taken place (Le. it is a model artefact).

9 Note, fishing efforts in proportional policies are average efforts for the whole of the Baltic Sea. This is true
for all comparisons between homogenous and proportional policies.
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Figure 7. Comparison of effects on the Baltic cod stock of proportional and homogenous type of policies.
For the whole Baltic Sea (a), the cod goes extinct at higher fishing levels when using homogenous policies
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(c). However, in area three (d), and four (e), the cod goes extinct at lower fishing efforts when using
homogenous policies than when using proportional policies (area indicated with a diarnond), Default values
used (Tab. 1). Note that fishing efforts are shown in all graphs as average fishing efforts for the Baltic Sea as
a whole.
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When using the other type of spatial policies, the precautionary policies, the effects on the herring
population are more drastic. According to this type of policies, all fishing areas hut the Olle with
the highest fish den sity are c1osed for fishing. This results in a sort of pulse fishing; in Olle year all
fishing is taking place in Olle area and the amount of fish in this area is decreased. Thus, the
following year the area with the most fish is Olle that was unexploited the previous year, and
fishing is shifted to this Olle. The consequence is large fluctuations of both the herring and the cod
population. However, as the fishing is not conducted in the whole Baltic at once, there are refuges.
Therefore,

the cod population

can withstand

slightly higher average fishing efforts under

precautionary fishing policies than under the homogenous Olles (data not shown).

These

ecological

effects

of the different

types of fishing policies

are also of econOIlliC

significance. The profits from the fisheries are presented as Det present valne of profits in Fig. 8.
With homogenous policies the profits from the cod fishery first increase with increasing fishing
effort, hut then decrease at higher fishing efforts (Fig. 8a). This is because the cost of catching Olle
unit of fish increases when the fish population decreases (see section 3.5). Thus, when the cod
becomes scarcer due to intense fishing, the cost of catching a certain amount of cod increases
more than the profits from the same amount of carl, and the Det profits start to decrease (Fig. 8a).
If the profitability

of the cod fishery is to be maximised, the fishing effort should stay around

20%, Le. the point corresponding to the peak of the NPV curve. This pattem is not repeated in the
herring fishery, as the herring is never depleted to the point beyond which the fishing costs start to
increase. The profits from the herring fishery increase when the predation pressure by cod is
removed at higher fishing efforts for cod (Fig. 8b).

The proportional policies cause a similar pattem of profits. For the herring fishery, the difference
in profits from introducing proportional policies is small (Fig. 8d), as the difference between the
effects of the proportional and the homogenous policies on the population size and distribution of
herring is insignificant. However, for the cod fishery, the proportional policies can result in higher
profits, at moderately low fishing efforts (Fig. 8c). As long as the fishing effort for cod does not
exceed 30%, and herring fishing effort is below 20%. Once fishing is increased beyond these
leveIs, however, the Det profits rapidly decrease. Thus, the proportional policies are more risky
than the homogenous Olles.

The important point to be made here, however, is shown by the procedure of discounting; the fact
that the differences between the policies in profitability are perpetual, i.e. the future differences in
Detprofits are large enough to be significant in the present. This is true also when higher discount
rates are used (data not shown). Thus, the differences in the effects of the fishing policies are
large enough to be also of economic importance for fisheries management.
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Discussion

The results show that there are spatial effects of fishing that are important for management in the
Baltic Sea. First, there are effects outside the direct area of fishing (Fig. 5, 6). Secondly, there are
important qualitative differences in the effects of the different tyres of fishing policies (Fig. 7).
Thus, management of the Baltic Sea fishery ought to be spatially explicit. What are the features of
the Baltic Sea fishery that make the spatial dimension important? It is the combination of three
factors; species interactions, the rate of migration and the degree of correlation between the
distribution offishing and thefish. Thus, spatiallyexplicit management could also be necessary in
other fisheries that share these three properties. Many important fisheries in the waters of
industrialised countries rit this description. For example, the cod-capelin fishery in Barents Sea,
exploited by Norway and Russia, the cod and herring in the North Sea fished by Norway, the
Faeroe Islands, Great Britain, and the collapsed cod-haddock fishery off Newfoundland (Hilborn
and Walters 1992; Bax 1998; Walters and Bonfill 1999). However, each fishery is unique and
therefore needs to be evaluated individually, in a similar way as done here for the Baltic Sea, to
see whether the spatial effects are significant for management.
The three features that make the spatial dimension important have been addressed by other
authors, though as Jet, not all three combined. Mullen (1994) showed, for a single species fishery,
that uneven distributions of fishing and fish, and migration of the exploited species have effects
far beyond the area immediately exploited. In concurrence with the results of this model, the
higher the mobility of the fish, the further extended the effects of fishing. In Mullen's (1994)
model, different effort allocations, as results of closure of fishing areas, also resulted in significant
changes in both catches and biomass.
Other authors recognise the importance of space for population dynamics, but disclaim its
importance for management, as they believe that the movements of the fishing vessels in their
search for fish solve this problem without any need for management interference. In this view, the
fishermen distribute themselves according to the profitability of different fishing areas, which is
assumed to be directly proportional to the size of the stock. This would result in the so called
'ideal free distribution' of fishermen, with the fishing in each area being proportional to the stock
size in that area (Gillis and Peterman 1998). Accordingly, the distributions of fishing and of the
fish would be highly correlated, and the uneven distributions presented in the case of the
homogenous policies would never occur in reality. However, fishermen do not always act
according to this theory. Model predictions on the spatial distribution of fishing effort, when
assuming perfect economic rationai behaviour of fishers, have shown to be quite different from
historical records of distribution (Walters and Bonfil1999). Thus, there are several other factors,
unaccounted for, that influence the fishers' choice of where to fish, such as a tendency to return to
the same general areas at the same time of the year (Walters and Bonfil1999, Hilborn and Walters
1992). Therefore, the dynamics of fishermen and the resulting distribution of fishing effort needs
to be assessed for each fishery. To enable this, the mode! presented here could be further
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developed to include so called fleet-interactions

models (cf. Brugge and Holden 1991, Laurec et

al. 1991, Sampson 1994), if the performance of these models is improved.

To model such responses of the fishers, and more importantly, to accurately assess the
profitability of the fishery, the economic level in the modet needs to be developed to include the
dynamics of prices and costs of fishing. In the late 1980s, the fishing effort for Baltic cod did not
decrease even though catches per unit of effort, CPUE, declined (Hilden 1997), in contrast to what
could be assumed from the predictions on profitability given by the model in this pareT.
According to this model, the profitability will decrease with the decreasing CPUE. Thus, when
driven by profitability, fishing effort would decrease correspondingly. However, in reality, the
profitability of the Baltic fisheries did not decline, as the prices increased due to the scarcity of
cod and the costs were reduced by subsidises (Hilden 1997).
Another factor that has been omitted from the modet in this pareT is the movement of cod. Here,
the cod is assumed not to be highly mobile, but confined to the area in which they are bom, which
clearly is not the case in reality. Inclusion of cod migration in the model will further add to the
complexity of the dynamics in the fishery. If the cod migrate in response to the abundance of
herring, the extinction may not be as abrupt as shown in Fig. 7. In this case, the cod will not go
extinct immediately when there is a shortage of herring in Ollearea, but move to an adjacent area
in search for food. Thus, when herring is becoming scarce in general in the Baltic Sea, the cod
will move around a lot. The fishers will then experience highly fluctuating cod catches for some
time before the cod goes extinct. On the other hand, other pattems of migration, independent of
the herring abundance, could be a more appropriate assumption for cod, such as spawning
migration. The issue of migration also of the predator species is important, and the modet can be
further developed to include this. This notwithstanding, under the circumstances given in this
model, Le. fishing of both a highly mobile prey and a less mobile predator species, there are
spatial effects of fishing that are important for management.
An aspect that often is seen as important in stock assessment models is size and/or age of the fish.
In the MSVPAs done by ICES, a population is divided into year- or size classes, to predict how
many fish that will Teach the reproductive age (Sparholt 1994). Size is also connected to the
issues addressed by this model, as both size dependent predation and size dependent movements
have been observed in fish (Sparholt 1994; Rowling 1994 cited in Chen et al. 1998). However,
there are disparate views on the importance of including size aspects in assessment models.
According to Hilbom and Walters (1992), including size data in assessment models are very
seldom seen as useful. Furthermore, Fryxell and Lundberg (1998) have shown that size-dependent
predation may be of little importance on population level. This debate relates to the Olle on
whether or not to include space in modeis. Again, the appropriateness of increasing modet
complexity depends upon which questions fishery managers want to get answered. If, as in this
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paper, the interest lies in the future of the whole population rather than the future of specific year
or size classes, size needs not to be included in the mode!.
The relevance of including a spatial dimension in fisheries management is all a matter of scale.
There is always an area of a fishery that can be defined small enough for it to be more or less
homogenous. Then, if the unit of management of that fishery is the same size as such a small area,
there will be no spatial effects important for management. When the management unit is larger,
however, spatial effects can be important, as shown here to be the case for the Baltic Sea, and
should thus be included in the management of the fishery.
fucluding space in management means that when different management options are evaluated, the
anticipated subsequent distributions of fishing effort, and in tum, their spatial effects must be
evaluated. To enable such evaluation of spatial effects of different fishing policies, the models for
stock assessments must include spatial dimensions ('spatiallyexplicit stock assessment models'),
such as the division of a fishery into sub-areas and inclusion of fish migration pattems. Thus, this
will increase the complexity of assessment models. Still, this degree of complexity is necessary
when it sheds new light on the behaviour of the fishery that is of utter importance to management.
This is the case with the Baltic Sea fishery. Different fishing policies causes different changes in
stocks, changes that are of a magnitude that makes them important for management. For example,
the fluctuating populations that are generated by the precautionary policy has serious ecological
and economic consequences. First, a fluctuating population faces a higher risk of extinction.
Secondly, even though the fishery yields higher long-term revenues with the precautionary policy,
the profitability is highly variable between years. Variability of catches and revenues is often as
great a concem to managers as average catches (Hilbom and Walters 1992).
Furthermore, the differences in the effects on stocks and catches caused by the three types of
fishing policies are important economically. The economic ca1culations,although crude, show that
the profitability of the fishery depends upon the fishing policy chosen (Fig. 8). For example, the
hemlig fishery will generate larger profits under either Olle of the types of spatial policies than
under the homogenous Olle.On the contrary, the cod fishery in general is more profitable under a
homogenous fishing policy. As shown by the procedure of discounting, these differences in
profitability are perpetual, Le. the future differences in Det profits are large enough to be
significant in the present. These results hold even with a higher discount rate. Thus, the
differences in the effects of the fishing policies are large enough to be also of economic
importance for fisheries management.
For resources managed jointly by several parties, spatial effects of fishing policies are especially
important to include in management. This is because when a stock in different areas is linked by
migration, it is possible to use Olle area as a tap (when fishing), eventually draining the whole
Baltic Sea of the stock. Due to the time delays in the system, the wamings signs (Le. the effects)
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of such overexploitation will not be immediately obvious. Rather, overexploitation of an area is
masked by the inflow of migrating fish from another area (cf. Mullen 1994). Thereby, the catches
in that area are sustained by depleting other areas of the fish, thus 'importing sustainability' from
other areas.
Models of the type presented here can be used for spatial evaluation of the effects of different
types of fishing policies, as this model enables the missing feedbacks discussed in section 3.1
(Fig. 3). Models of this kind have also been asked for, both by scientists and managing bodies
(Gislason and Sparre 1987 cited in Sparholt 1991, Shea et al. 1998, ICES 1999). The model
presented here shows (1) dynamic changes in the Godstock, in each area, in response to changes
in herring abundance and to fishing, (2) vice versa for the herring stock in each area, and (3) the
associated changes in catches and profits from each fishery.
However, creating complex models to leam about a system' s behaviour is Olle thing. Increasing
complexity in assessment models used for the actual management, and thus increasing the amount
of data required, can only be justified as long as the management options they generate can be
used in the institutionai setting of fishery management. Far too many theories and findings have
not come to benefit fisheries management, but stayed within the scientific community. This is due
to a lack of functioning communication between scientific disciplines, and between scientists and
managers (cf. Roughgarden

1998a). Malfunctioning

communication

has often resulted in that

findings either have not reached managers, or if they have, they have not been adopted in current
management practices. There is an ongoing fiery debate on the role of science in management, and
the problem of communication

to fisheries management (cf. Healey 1997, Hilbom and Ludwig

1993, Hutchings et al. 1997). Olle example is the statement by Scandol (1998),
'The simplistic, but commonly held, presupposition that more ecological science leads to
better fisheries management is erroneous' .

With views like this it is apparent that there is a wide gap of distrust and misunderstanding
between scientists and managers that needs to be bridged. Olle thing that can facilitate this is to
present scientific findings in awayadapted

to the needs of management. Therefore, the

assessment model presented here needs to be tumed into a dear management tool that can be a
useful basis in the decision making processes of fisheries management.
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Part Two

6

Including spatial dimensions in decision making
- the concept of Critical Harvest

Critical Harvest

- a tool for informed

decisionmaking

Scientific recommendations on catch levets are orten exceeded in the negotiations when quotas
are set (cf. ICES 1999, IBSFC 1999b; FAO 1996). For example, the TACs on herring and sprat in
the Baltic Sea are systematically set higher than recommendations, even though both are
considered by ICES (1999) to be harvested outside safe biologicallimits. According to the IBSFC
(1999c), the TACs are set higher to ensure that traditional allocations of quotas can be maintained
while allowing for higher catches by same countries. To facilitate truly informed decision making,
the effects of such decisions on exceeding the recommended biologicallimits must be shown. In
addition, as different tyres of fishing policies have different spatial effects, the effects of the
decisions must be shown with a spatial resolution. In this part I present a method that I believe can
be useful for this, a technique for creating mars of the critical harvest levets that must not be
exceeded in order to maintain fish populations above a minimum criticallevel.
The method, called Critical Harvest (CH), builds uran the criticalload method, which calculates
and mars the critical maximum loads of nitrogen and sulphur that can be deposited on terrestrial
ecosystems without harming them (Sverdrup and Warfvinge 1995). The criticalloads concept has
been used since 1988 as a basis for decisions on emission levels of sulphur and nitrogen
(Bäckstrand 1997), and it boosted activity in the negotiations in the Convention of Long-range
Transboundary Air Pollution (Levy 1995). The Critical Harvest method shares the same viTtnesas
the criticalload concept, which facilitated negotiations by a dear division of responsibilities and
liabilities by showing discrepancies between the criticallimits and actuallevels of deposition. In
addition, the Critical Harvest method attempts to go Olle step further, by showing the effects of
actual catches exceeding the critical catch leveis.
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7

The Critical Harvest Method

7.1

General the three levels

-

The method is a stepwise calculation for all the involved areas. First, the critical level of stock
size for persistence is determined, according to the objectives chosen for the management of the
fishery. These objectives can be either conservationai and/or economie concerns, such as revenues
from the fishery. For example, if the objective is conservation of an exploited species, the critical
level of stock size is the population size below which the existence of the stock in the area is put
at risk. Secondly, the corresponding population growth at this size of the population is determined.
This is the maximum proportion of the fish stock that can be sustainably harvested, Le. the
Critical Harvest. These calculations are made for both species in combination, and for all areas, to
include both the effects of species interactions and spatial effects. The third step is to see the
effects of the actual jishing. This is done by calculating the difference between the actual total
harvest of each species in each area and the assigned critical harvest, to see whether there is any
exceeding amount. If there is, the exceeding catch is fed back into the model to project the
consequences for catches and revenues, for future stock sizes, and thus for future critical harvest
levels (Fig. 9). To give insight into the method, as weIl as making the spatial effects of fishing
more evident, the results from the calculations at each level are presented as maps. Below, I
elaborate the method at each level and present an example, again using the cod-herring fishery in
the Baltic Sea.

Simulation

State of the stock

..1

Future effects
(catches and profits)

Objectives
of management

.t

Critical stock size level

I

t
.t

Critical Harvest level

I

Exceeding harvest

Figure 9. Steps of calculation in the Critical Harvest method. The levels being mapped are presented in
boxes. The critical level of stock size is determined according to the objectives chosen, by the state of the
stock. The Critical Harvest level is then determined by the population growth that corresponds to the critical
stock size leve!. The present fishing is then evaluated by feeding any exceeding harvest back into a stock
assessment mode!, in which the effects on the stock, and the subsequent effects on catches and profits, are
simulated.
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7.2

The criticallevel of stock size

Which level that is defined to be the critical level of stock size depends upon the objectives of
management. There is a broad range of objectives that directly and indirectly guides current
fishery management, conceming, for example, conservation, employment and regional politics.
Once a specific objective is decided upon, the corresponding requirement on stock size can be
calculated, i.e. the criticallevel of stock size.
The method of deterrnining the critical level of stock size is crucially dependent upon the
objectives chosen. An objective of maintaining a stock in the fishery as a whole, Olle of
maintaining the stock in each area, or Olleof maximising profitability of the whole fishery, all
result in different criticallevels of stock size and different ways of calculating these leveis. Here, I
will not discuss the appropriateness of certain objectives or of any order of priority among them.
Rather, I want to point at a method that can be used for various objectives, a method that makes
both the objectives and the performance of management in achieving these objectives more
evident in the decision making process.
The population size below that which the population can not persist, is naturally Ollecriticallevel
to guide management. Fishing is not the sole threat to a fish population, there are many other
factors in a population' s environment that affect it significantly. Many of these factors undergo
unpredictable fluctuations that cause the population to decrease or increase. Besides
environmental fluctuations and natural catastrophes that affect the whole population, there are
several other tyres of random events that affect populations: chance events in individual survival,
reproduction or migration, and changes in gene frequencies due to genetic drift or inbreeding
(Shaffer 1981, Kindvall 1998). The occurrence of such random events causes a population to
fluctuate. This means that natural stochastic events might decrease a population to so few
individuals that reproduction is hampered, and the population goes extinct. Thus, the criticallevel
of stock size must be large enough for the population to persist in the face of such natural
variability.
Olle method to assess a population' s ability to persist in the face of environmental fluctuations
. and other random events is with a so called population viability analysis, PV A (e.g. Boyce 1992,
Kindvall

1998). This is a tyre of risk analysis, ca1culating the likelihood of extinction. The

probability of extinction can then be calculated for different sizes of the population. Olle critical
limit of stock size could be set using the common standard classification
vulnerable

to extinction

if there is a 5% probability

of a population

as

of extinction over the next 100 years

(Thompson 1991; Allendorf et al. 1997, cited in Nickelson and Lawson 1998). This would be the
same thing as a MVP, the minimum viable population,
However,

the objective

management.
inefficient.

of persistenee

MVP, defined by Shaffer (1981).

of the stock is Olle of many objectives

to guide

It often results in a low critical stock size level, low enough to be economically

,.",

Resource managers are not only interested in persistence of a fish stock, hut also that this stock
gives lise to as large a sustained yield as possible, Le. the growth of the population. An old
measure of this is the concept of maximum sustainable yield, MSY (May et al. 1979). In spite of
the critique by fishery scientist, ecologists and economists of advocating catch levels that are too
high (e.g. Larkin 1977, Clark 1990, Cook et al. 1997, Roberts 1997), this concept is still being
used. The criticism notwithstanding, MSY can be used to indicate the upper limit to exploitation.
At any effort larger than the Olle resulting in MSY, the population will both be reduced by fishing
and the growth of the population will decrease, i.e. the population is being overexploited.

By using the concept of MSY as an indicator of overexploitation, rather than a recommended
catch level, the concept includes increased risks to extinction. With both a smaller population size
and a decreased growth of the population, the population is more vulnerable to environmental
fluctuations. Therefore, it is possible to use the stock level that corresponds to MSY as the critical
level, both for the objective of stock maintenance, indicating an increased risk of extinction, and
for the objective of maximising sustained yieldlO,indicating a point beyond which catches will
decline. Thus, MSY can still guide management, if the objective is to avoid catches Deal MSY,
rather than to achieve it.
For managers of interrelated resources, e.g. of two fish stocks, the effect on the other stock is also
of importance. When the fish stocks are interacting, for example as predator and prey, the critical
levels of stocks for persistence or maximum sustainable yields, are interdependent (Fig. 10). First,
predation will not only decrease the total DumheTof the prey population that can persist (X* in
Fig. lOa), hut also decrease the growth of the population for specific stock sizes (if prey can be
eaten before they have reproduced) (Fig. lOa). Secondly, the interdependence is mutual, in that
the predator population needs a certain size of the prey population to persist. With increasing
DUmberof prey, the growth of the predator population, for a certain stock size, will increase (Fig.
lOb). Therefore, the critical level of each stock cannot be set separately, hut must always be
combined in pairs of criticallevels, Olleleve! for the predator stock and Ollefor the prey stock.

10Nate, that yield here is meant catches and not profits. However, maximising Det profits from a stock is
always connected with harvesting levels that maintains the stock above the level corresponding to MSY(see
Turner et al. 1994). Therefore, the stock size that corresponds to MSY can be used as an upper limit to
exploitation, also when the management objectives are to maximise profits from the fishery.
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Figure 10. The effect of species interactions on the growth-stock size relationship, in an average area in the
Baltic Sea. (a) The growth of the Baltic herring population in relation to the population size, for different
constant levels of the Godpopulation is shown. (b) The growth of the Baltic Godpopulation in relation to
population size, for different constant levels of the herring population. Equilibrium population sizes are
indicated with X* and y* for herring and God,respectively.

There is Olle further point that needs to be taken into account when calculating the criticallevel
stock size. Not only are the criticallevels

of

of the predator and the prey populations dependent up on

each other, hut in addition, the criticallevel

of a stock in Olle area depends up on the condition of

the stock in another area. This means that the criticallevels

of stock size of the predator and prey

population needs to be determined for several areas simultaneously, resulting in a set of critical
stock size leveis.

An alternative

approach to the interdependence

of stock in different areas is to assess, try to

quantify, and map the influence of the stock in an area on a stock in another. Thus, in this case,
there are two important levels of stock size in each area. First, as was discussed in the preceding
paragraphs,

the critical level below which the persistence

of the population

is plit at risk.

Secondly, the level below which stocks in other areas of the fishery are significantly negatively
affected. By defining and mapping such alevei it is possible to highlight liabilities, especially in
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cases like the Olle when sustainability is 'imported',

as discussed in chapter 5. These are cases

when the stock level critical for persistenee has not been surpassed, hut when fishing in the area
has caused the stock to dec reas e to levels when it significantly affects the stock in other areas,
decreasing the stock and passiblyaiso

the catches.

Determining the criticallevel of stock size thus becomes a complex task. This is not because of
the natural variability, because high safety margins can be set. Rather, it is complicated due to the
fact that a fishery is a dynarnic system. The growth-stock size curves presented above are ideal
representations of the behaviour of the stock, showing the average catches, ignoring any
variability, in an average area. drawbacks. In addition, as the interdependencies described above
exist, it becomes a multivariate analysis.
An alternative way to deterrnine the criticalleve!s of stock sizes for several areas at once is to
simulate the development of the stocks with a spatially explicit stock assessment mode!, as the Olle
developed in Part Olle. To illustrate the different steps in the method, I lise an example from the
Baltic Sea cod-herring fishery. The example given here is based on the objective of stock
maintenance in each area of the fishery. Nate, that this means that the Critical Harvest technique
then is meant as an indicator, not of optimallevels of harvest, hut of biologicallirnits, Le. critical
maximum levels of harvesting for stock persistenee.

7.3

Criticallevels of fishing - the Critical Harvest

The two critical levels of both the cod and the herring populations need to be related to the
activity of fishing, to obtain a decision variable that can be regulated by the decisian making
process. This variable, the critical harvest, is the maximum proportion of a population that can be
fished white still maintaining the populations above the critical level of stock size. This means
that the growth of the population that a stock with the size of the criticallevel

gives rise to, is the

maximum proportion that can be sustainably harvested. This proportion, the critical harvest, can
be deterrnined from growth-stock size curves, when these are used to determine the criticallevel
of stock size. The critical harvest is the slope of a straight line from the origin that intersects the
growth-stock size curve at the point corresponding to the critical leve! of stock size (XCLin Fig.
11). Alternatively, when using simulations as in the Baltic Sea example, the maximum proportions
that can be caught are obtained by simulating the effects of various levels of fishing, to see which
catch size that corresponds to stable populations of the size of the criticallevel.
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Figure 11. Determining the Critical Harvest, i.e. the maximum proportion of a population that can be fished
when still maintaining the populations above the critical level of stock size, from a growth-stock size
relationship (this is done by solving CH. XI = Xt+l - XI for Xcd.

7.4

The effect of fishing

A crucial part of the Critical Harvest method is the last step, when the effects of the occurring
fishing is assessed and illustrated. This is accomplished by comparing the actual catches of each
species in each area, obtained from catch statistics, with the Critical Harvest determined for each
area to see whether and with how much they exceed the Critical Harvest. Then, the effects of any
exceeding catches on the populations, catches and thus on future critical harvest sizes, are
projected (recall the dynamics of causes and consequences in a fishery illustrated in Fig. 3). Such
projections are done by simulating the development of the fishery with a spatiallyexplicit stock
assessment model, as the Olledeveloped above in Part Olle.

7.5

Mapping

The last step is to present the results from the levels above in maps (Fig. 12). By mapping (1) the
Critical Harvest levels and (2) any harvest exceeding the Critical Harvest level, both the goals of
management as weIl as the performance in achieving these goals (i.e. (1) and (2) respectively) are
illustrated. In addition, the actual harvest levels in each area by the different parties are presented
to make responsibilities by the different parties for the status of the stocks in the fishery evident.
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Figure 12. Example of Critical Harvest maps, with the four areas from the model superimposed on the Baltic
Sea, based on the objective of persistence of both stocks in all areas. For each area (a) the maximum critical
harvest (as percentage of the stock), (b) the actual harvest taken in 1998 (adapted from Arrhenius 1999), and
(c) any harvests exceeding the critical harvest limits, are shown.
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Figure 12. Continued. (d) Effects of harvesting at the level of 1998, exceeding the critical harvest limits,
shown as the projected stocks (upper maps) and profits (Iower maps) in 2008.
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Discussion

The Baltic Sea example above illustrates the Critical Harvest technique. The overexploitation of
both stocks is made visible; cod is currently fished above the Critical Harvest level in all areas of
the Baltic Sea, whereas herring is only overfished in the northemmost area (Fig. 12c). The effects
of this are c1early shown for each area; within 10 years the cod will be extinct and in all areas,
except area 3, the profits from the herring fishery will be reduced by at least 60% (Fig. 12d).
Thus, from these mars it is possible to identify the areas with the worst situation, i.e. hot-spots for
remedying management action. The mapping further enables division of responsibilities and
liabilities, by illustrating the fishing activities of each country in each area.
The Critical Harvest method is an attempt to tum science into policy-relevant science by creating
a management too!. I will not assess ils usefulness in depth, as this requires a thorough analysis of
the policy making process and ils actors. However, the experiences from the introduction and use
of the criticalloads concept show that this similar approach of Critical Harvest is promising.
The concept of critical loads was Olle of the main factors spurring action in the LRTAP
negotiation s, which had been stuck in a stalemate on 'guilt' from 1968 to 1982 (Levy 1995). In
analyses, this success has been attributed to at least three qualities of critical loads. The most
important quality was that critical loads rut focus on the environmental effects of emissions. A
level of acidifying deposition was determined, Le. the criticalload, below which forest ecosystems
was shown to be damaged. Then, the mapping of critical loads in combination with the actual
deposition levels highlighted that many areas of Europe had deposition levels above the critical
loads. This made the effects of human activity evident to the countries of Europe. Many of these
had earlier believed to be free of acid raiDdamage and therefore been reluctant to agree on any
rectifying actions (Dovland 1993, Levy 1995). With the introduction of critical loads the
negotiations tumed into rapid progress. Secondly, the creditability was increased by the fact that
critical loads were calculated separately for different small areas, taking into account that the
sensitivity of the ecosystems varies across Europe (Levy 1995), i.e. the method was spatially
explicit.
These two characteristics, rotting focus on effects and being spatially explicit, that contributed to
the success of critical loads are the two main features of the Critical Harvest method. When it
comes to rotting focus on effects, the Critical Harvest method even lakes Olle step further than
criticalloads,

as it also illustrates the consequences of exceeding the Critical Harvest levels (Fig.

12d). The activity of 'importing of sustainability',

discussed in charter 5, is no longer masked, hut

made evident in the Critical Harvest mars. The Olle area (area 3) in which fishing for herring
exceeds the Critical Harvest level (Fig. 12c), decreases the future revenues from the herring
fishery in all other areas (Fig. 12d). The revenues from the herring fishery in area 3 will be the
only Olles not decreased, as the catches in this area are sustained by draining the other areas of
their herring and profits. Thus, the Critical Harvest method makes it possible to identify hot-spots
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for remedying action. Identification of hot-spots has also been pointed to as a significant factor for
influencing environmental decision making processes (Bäckstrand 1997).
The integration of ecology and economics is Olle further advantage of Critical Harvests. As the
management

of a fishery often holds several objectives, concerning both the state of the fish

stocks and the profitability of the fishery, it is important to show the performance of management
in reaching both these objectives. Thus, the illumination of both ecological and direct economic
effects that the Critical Harvest enables can further facilitate the decision making processes in
fisheries management.

Thirdly, criticalloads has been celebrated as being a highly pedagogical tool (Bäckstrand 1997).
Introduction of critical loads spread knowledge about the causes and effects of acidification,
which facilitated the development of international agreements (Bäckstrand 1997). Its pedagogical
qualities partly came into effect due to the transparency of the method. Transparency is necessary
for creditability; uniess a method is understood, it will not be accepted nor used. This is especially
essentiai in the case with complex models in fisheries management (Gulland 1991). Therefore, the
insight into each step of the calculations that the Critical Harvest method allows is an important
quality that has potential of facilitating international negotiations on fisheries management.
Olle of the causes of the general acceptance of critical loads was ils possibility to promote the
view of the criticalloads

as natural limits set by the processes in the ecosystem (Bäckstrand 1997,

Levy 1995). The flat-rate reductions (rather arbitrarily chosen leveis) earlier used as decision
basis in the LRTAP negotiation s had little creditability and thus no effect on negotiation s (Levy
1995). Therefore,

the choice of the critical limit of stock size is likely to be crucial for the

acceptance of the Critical Harvest concept. When viewing Critical Harvest as a threshold to what
the stocks can with stand in terms of fishing, there have been several other criticallimits

proposed

than the Olle I have used here. SOfie blind upon the underlying dynamics of the fishery (e.g. Cook
1998), whereas others are mere fUles of thumb (e.g. Myers et al. 1994). The latter are similar to
the inefficient flat-rate reductions. Thus, leaming from the example of critical loads, the critical
limit of stock size chosen should be based on the dynamics of the fishery, as the Olle used in the
Baltic Sea example, not on fUles of thumb.

For the view of critical loads as limits set by nature, and thus as a sound scientific basis for
decisions, scientific consensus has been believed to be a prerequisite (Levy 1995). Naturally, the
basis for a method cannot be contested by the majority of the scientific community to be credible.
Therefore, as there are many disparate suggestions for the criticallevel of stock sizes, the method
of determining this in the Critical Harvest method needs to be developed into Olle that can be
generally accepted among scientists concerned with fisheries. For this, the method of determining
the critical level of stock sizes might need to be refined, for example by developing the
ca1culations of the multivariate combinations of critical stock size leveis, rather than using
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simulation as I have done here. However, complete scientific consensus might not be absolutely
necessary. There has been widespread critique from parts of the scientific community also
regarding the basis of the critical loads calculations (Bäckstrand 1997). Still, the critical loads
concept could come into use in negotiations. The success of the critical loads, according to
Bäckstrand (1997),
,... depends less on the degree of consensual knowledge ... and more on the framing of
this knowledge inta narratives that can be understood by a different set of actors and
thereby supported'.
That is, it depends upon its pedagogical qualities, which the Critical Harvest method shares. Thus,
the scientific consensus needed for a general acceptance of Critical Harvest, is not necessarily the
Olle on the methods of determining the basis of the concept, rather the Olle on the urgency to act.

8.1

Implementation in the Baltic Sea

A wide range of factors are needed for implementation of the Critical Harvest method; properly
working institutions for data collection, monitoring and decision making are essential. In the case
of the Baltic Sea, to some extent these already exist. Scientific input into decision making has
been going on for almost a century (Caldwell 1996). The scientific body giving advice, ICES,
could use the Critical Harvest as a basis for its recommendations. In addition, there are structures
for data collection and monitoring.
Presently, data for the stock assessments are collected by the countries that are part of the fishery,
and sent to ICES. These include both catch statistics as well as independent surveys performed by
research vessels. Although the Critical Harvest method involves a lot of additional data, some of
these already exist. According to the mSFC fUles,all vesselsIl shall keep a detailed record of their
fishing effort (rule 2.5, mSFC 1998). Thus, the data needed for setting effort-based TACs exists12.
However, this method also requires an extensive amount of data on stock distribution and
migration. Not all of these are available today, although far-reaching tagging experiments have
revealed a lot about the migration pattems in the Baltic Sea (Ojaveer et al. 1981). As a
complement to tagging experiments, there are methods to identify patchy fish distributions from
catch per unit data (Vignaux 1996). However, there are several problems of using catch statistics
for stock evaluation. This is not only due to varying degrees of underreporting of catches (cf.
Williams and Hallenstvedt 1997), but primarily due to the fact that the data set is not
representative of the whole stock, as the 'sampling' (Le. the fishing) is not randomly distributed,
but is done in active search for the fish. These are, however, not problems unique for the Critical
Harvest method. Any fishery management method that bases its actions on the state of the stock,
will face these problems of using catch statistics.
11 That is, all vessels larger than 17 m, as welI as vessels of 12-17 m that are away more than 24 hours
(IBSFC 1998).
12The data also need to be transferred to the ICES, and used in the stock assessments.
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Another important aspect of data collection is the cost of collecting the data. With too rigorous
monitoring and data collection, management costs might outweigh the benefits of the more
accurate stock assessments and management actions the data generate. The balance to be struck
can be assessed with a cost-benefit analysis (CBA). If, however, as predicted in the example of the
Baltic Sea, inaccurate stock assessment cause extinction of a stock, the benefits forgone outweigh
any costs of data collection for improved assessments.
Giving scientific advice in the form of Critical Harvest levels and mars need not involve very
different procedures from the Olles already in use in the ICES. Setting of stock leveis, and
corresponding harvesting levels are presently given by ICES. These come in two forms; first, in
the form of biomass limits (Blim)and fishing mortality limits (FIi.,),secondly, as precautionary
limits of biomass and fishing mortality, inc1udingsome sort of confidence interval (ICES 1999).
Although intentionally good, the lack of transparency is a problem. In addition, a c1ear basis for
determining the critical and precautionary levels is missing; the basis for the choice of the Blim
varies, sometimes the lowest observed valne is used, at other times it is based on stockrecruitment relationships, with or without some confidence interval (ICES 1999). The major
alteration with the introduction of the Critical Harvest method is to perform stock assessments
with a higher spatial resolution, and to present the limits and effects in the form of mars.
ICES is currently presenting short- and medium-term forecasts of the effects on the stocks and
catches of different fishing levels for the whole Baltic Sea (ICES 1999). In the annual ICES rep ort
that serves as the decision basis, the predictions are primarily presented in table s that are harder to
profit by than the visual Critical Harvest method. Presently, no projections are made of the effects
on the profitability
economic objectives,

of the fishery, and no management advice is given on the basis of any
in spite of these being Olle of the core concerns of management.

Such

inability to meet a multiplicity of objectives has been pointed to as a serious shortcoming

of

current management (Lane and Stephenson 1998). Remedying of this is enabled by the paralIei
projections of effects on stocks and ilet profits in the Critical Harvest method. To implement this
method, economic expertise need to be involved in the stock assessment working groups in ICES.
When it comes to the management practices of the decision making body, the IBSFC, the current
practices holds both pro mise s and problems for implementation of the Critical Harvest method. As
the IBSFC divides the agreed TACs for the whole Baltic into smaller TACs for each national
fishery zone (Parmanne et al. 1994), the institutionai framework for taking the spatial dimension
into account in fishery management already partly exists. In addition, regulations on fishing effort
(in terms of c1osing God spawning areas during spawning) occurs as a complement to the TACs
(IBSFC 1999c). On the other hand, management traditions can be a major obstac1e. A lot of the
IBSFC management practices are founded on traditional fishing practices. The proposed TACs
from ICES, that covers the whole of the Baltic Sea, are divided among the Contracting Parties
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according to traditional allocation keys based on earlier catches. Even though the
Recommendations for 1999 (IDSFC 1999a) states that
'(t)he ration of these allocations of the TAC among the Fishery Zones cannot be taken
as reflecting any generally applicable concept nor may it be used as a basis for TAC
allocation in the future'

the tradition seems strong (cf. IDSFC 1999c). The Critical Harvest method provides an ecological
and economic basis for allocation of TACs and fishing effort to different EEZs. However,
changing the established procedure, of allocation on the basis of traditional catch records, is a
slow process. Moreover, as fishing issues are so contentious, the identification of liabilities and
impact on catches in other areas of the fishery provided by the Critical Harvest method might not
be welcomed by all parties (e.g. the actors, Sweden and Finland, fishing herring in area 3 in the
Baltic Sea example).

8.2
Developing the Critical Harvest method for applicability
To benefit current fisheries management the Critical Harvest method outlined here needs to be
further developed. The transparency and robustness in determining of the critical stock size levels
is crucial for creditability of the Critical Harvest method. The model used in this paper is
appropriate for the comparison of qualitative effects of different management practices. However,
if a bioeconomic model is to be the basis for quantitative predictions on stock development, three
aspects of the model need to be further developed (see also section 5).
First, the model structure needs to be revised to suit the biology of the species of interest. It is
important to assess how valid the ways of representing, e.g. the functional response and
population growth, in the model are for the species of interest. Another structural issue of the
model is the importance of including age structures of the fish populations. Present stock
assessment models are size differentiated; size, as a measure of age structure, is important for
attaining information on the reproductive ability of populations. In addition, size differentiated
assessments are needed for evaluating the effects on the stock of bycatch of immature fish by
other fisheries. Thus, this can be included in the spatial bioeconomic model, by developing it into
a cohort model. In the case of the Baltic Sea fishery, there is Ollefurther biologically important
structural change of the model, to make it a three-species model. The third commercially
important species, the sprat, should be included due to ils interactions with the cod and the
herring.
The spatial structure of the model also needs to be elaborated to fil the fishery of interest. When
constructing an applied bioeconomic model, the areas should not be randomly distributed in space
but related to the actual spatial structure of the fishery. The way of representing this, however,
also needs to be developed, as well as the flows of migrating fish between the areas.
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Secondly, the mode! needs to be parametricised. The task of estimating parameter valnes from
existing data on the fishery of interest is not an easy Olle.As mentioned in the preceding section,
much of the data needed already exists. However, part from the data collection problems
discussed above (section 8.1), this data has a high level of uncertainty due to the fact that it has
been collected for a purpose other than spatial management. Thus, there is not a lack of data, but
of suitable data.
Thirdly, to enable estimation of the confidence of the stock assessments, stochasticity should be
included in the mode!. There are two sources of uncertainty of the predictions yielded by the
parametricised

mode!. Olle is that the estimation of parameter valnes may be inaccurate due to

measurement

erfors. Another source is that the variables are stochastic, as for example the

stochasticity of population parameters discussed in section 7.2. Thus, to provide the stock
assessment result with an confidence interval these uncertainties need to be reflected in the mode!.

By these three improvements, (1) mode! structure refinement, (2) parametrisation, and (3)
inclusion of stochasticity, the mode! will allow for assessments of the current state of the stocks,
usable for deterrnining TACs. In order to further improve the accuracy of the model projections,
however, the dynamics of the fishers and the resulting distribution of fishing effort need to be
assessed (see section 5).
The Critical Harvest method could also be developed for a broader use than mere management of
the stocks. The crude economic calculations used here to assess direct effects on the profitability
of the fishery can be extended to include also socio-economic effects. Then, Critical Harvest with
its spatial approach, could become a tool for integrated coastal management, addressing also the
more indirect objectives of fisheries management such as employment issues.
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Conclusions

There are many faulty or even missing links in the chain of actions that cancern fishing. Here, I
have pointed at two fundamental shortcomings in regulated fisheries, (1) the scientific advice that
is the basis for management, and (2) the setting of fishing policies in negotiations and decision
making processes of management.
I show that when exploited fish stocks are interdependent and migratory species, different
distributions of fishing effort resfilt in significant differences in stock condition, catches and
revenues of the fishery. Thus, in such cases, the spatial dimension must be addressed by
management and spatially explicit stock assessment models are necessary for accurate evaluation
of fishing policies. Such models need not be complicated, bot can be done as simple as in the
model for the Baltic Sea cod-herring fishery developed in this paper. However, spatial assessment
requires an extensive amount of data. Therefore, spatial management should only be adopted in
cases in which the benefits of accurate stock assessment outweighs the increased costs of data
collection. In the case of the Baltic Sea, a lot of the necessary data is already collected and
compiled by the IBSFc.
Scientific advice will not benefit management if it is not osed or adapted to management needs, as
illustrated by the CUITentgap of distrust and misunderstanding

between scientist and managers. I

have here outlined a method that aims to bridge this gap. The Critical Harvest method illustrates
both the objectives

of management

and the performance

of management

in achieving these

objectives. Highlighting the effects of CUITentfishing patterns, it seems from the experienee of the
criticalload

concept, that the Critical Harvest method has a possibility of influencing international

negotiations on quota setting for jointly managed fisheries. 1fthis influence leads to that the TACs
are no longer set above the scientific advice given, the Critical Harvest method has promoted a
more sustainable management of fisheries, according to the narrow definition.

However, the Critical Harvest method could be osed also in a broader perspective. The evaluation
of spatial effects of different management alternatives that the Critical Harvest method enables, is
especially suitable when negotiating between parties, and could be osed for resolving conflicting
interests for example of coastal and open sea fishing. Oue to its transparency, the Critical Harvest
method also allows for participation of more stakeholders, such as fishers, in the decision making
processes. Therefore, it is a method that works against alienation and holds possibility for conflict
solving.
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Appendix 1: Model specifications
Table 1. Summary of parameters and their valnes osed in the model.
as well as alternative valnes (within braekets) are shownI.
Variable
Explanation
a
atlackrateof cod on herring
b
functionalresponsescalingparameter
c
survivalcoefficientforherringduringmigration
ex,cY
cosIper unitfishingeffort
g
energyconversioncoefficientfromherringeatento cod growth
h
handlingtimeforOllecodto eat Olleherring
I
a (inverted)limitto the amountof herringthesystemcan sustain
m
migratingproportionofherringpopulation
px pY
peiceof herringand cod,respectively
qXqY
catchabilityof herringandcod,respectively
r
intrinsicgrowthrate in herring
p
discountrate
s
densitydependencefactorin cod mortality

Default valnes referred to,
Valne
0.75
5
0.01 (1)
10
0.1
0.1333
10-7
0.6
(1)
6 and30
l and l
0.15
0.05 (0.15)
15
(10)

Unit
;r
m-l
SEK

SEK

I All population processes are assumed to be based on numbers of individuals, rather than based
on biomass. Therefore, numbers have been osed in the equations, whereafter these are converted
inta biomass, assuming that the average weight of an individual can be osed for the whole
population.
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