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Summary

In this paper we discuss how a Decision Support System (DSS) for managing the
marine environment can be set up. We use the Driving force-Pressure-State-Impact-
Respond (DPSIR) framework to analyze which are the major driving forces impacting
upon the marine environment in the North Sea. Moreover, a number of potential
responses are identified. Furthermore, a preliminary and simplified optimization model
has been set up and can be used in a DSS to decide on the best location of marine
reserves for the protection of species. The model is based on a bio-economic
metapopulation model that can be used to decide which parts of the sea should be
opened for fisheries and which should be protected as marine reserve. It accounts for the
dispersal of fish and considers both the economic returns from fisheries and the
ecological value of marine biodiversity. A number of suggestions are given on how to
extend and improve the DSS.
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Abstract:

In this paper we discuss how a Decision SupporteBy¢DSS) for managing the marine environment @agéi up.
We use the Driving force-Pressure-State-Impact-Be$p(DPSIR) framework to analyze which are the majo
driving forces impacting upon the marine environiriarthe North Sea. Moreover, a number of potemgaponses
are identified. Furthermore, a preliminary and difigal optimization model has been set up and caruged in a
DSS to decide on the best location of marine resefar the protection of species. The model is dasea bio-
economic metapopulation model that can be useédcimd which parts of the sea should be openedsioeries and
which should be protected as marine reserve. ibwads for the dispersal of fish and considers tib#gheconomic
returns from fisheries and the ecological valuenafine biodiversity. A number of suggestions aseegion how to
extend and improve the DSS.
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1 Introduction

Marine biodiversity and ecosystem functioning areler intense pressure from anthropogenic factors
such as fishing, nutrient input, recreational usejigation and oil and gas industry. Despite ob&xg
policies for regulating human marine activities gmdtecting the marine environment, there is a gigw
need for enhancing the efficiency and effectivereéghese policies. For this, an interdisciplinargthod
(including socio-economic, biological and ecologiaapects) is needed, and the effects and causes of



change should be integrated and presented commigbbrand systematically to stakeholders and polic
and decision makers.

Within the EU funded Network of Excellence MarBEFstart is made with the construction of a
decision support system (DSS) in which possibleimeapolicies can be compared and provided in a
systematic and transparent way. The aim of theeatipaper is to make a contribution to the develmm
of such a system, in which interdisciplinary stsdogm marine biodiversity can be incorporated t@sss
the effects of EU and national policies on the asd development of the marine environment. Such a
DSS should be capable of identifying urgent prolslemmarine ecosystems, assessing the impacts of
ecosystem changes and providing cost-effectivecpauggestions for a wide range of stakeholders
involved in the problem.

In a desirable DSS, first of all, sufficient infioation on marine biodiversity and ecosystem
functioning should be available. Furthermore, thierrelations between the different stakeholdes an
their dependence on the ecosystem should be igehtFinally, the DSS enables to analyze the effett
a number of policy scenarios from a number of pegtpes, which include the socio-economic,
biodiversity and ecological perspective. On theidat this, policy makers can implement or analyze
more detail those options that they consider momhsing. The implemented policies should be clpsel
monitored, in order to be able to improve the D88 @ upgrade it with more and updated information.
The process of DSS development and use is presentadure 1, where we also display the analytical
methods for the DSS.

Data input

—-> DSS

M ethodologies

Stakeholder Analysis
& DPSIR framework

Economic modelling

Multi-Criteria
Analysis

AR oo " _ (Revise.

DR S

P

Figure 1: An example of a DSS framework (Ding, 2005)

We use the DPSIR framework to analyze the issues systems could or should be taken into
consideration in a DSS. Moreover, a first, preliamin and simplified optimization model is discussed
which can be part of a more elaborate DSS and whicinses especially on the methodology needed for
capturing the relationship between fisheries bairafish stocks and the policy of setting up marine

L www.marbef.org



protected areas.

The structure of the paper is organized as folldwsSection 2, the issues at stake in the North
Sea are discussed in order to identify the necgsdaments of a DSS. In Section 3, the methodology
used for assessing the policy effects is discusBe. methodology is applied in Section 4 for aecas
study of the Dutch part of the North Sea. The secionomic and biological effects of a number of
possible policy scenarios are discussed. FinallySection 5 we draw conclusions and discuss the
limitations of the methods used, and we preserjestipns for future research.

2 Methodology
2.1 Stakeholder Analysis

An important element for setting up a useful DSSoisundertake a stakeholder analysis in order to
facilitate common understanding, avoid conflictgl astablish trust among the involved stakeholders
(Soma, 2003). By taking into account different vigwints and wide rage of interests from the
stakeholders, feasibility of suggested policies emaperation between the stakeholders may be iregrov
This in turn can enhance the effectiveness of patiplementation.

In the present analysis, stakeholders refer tgytbaps of individuals making use of the DSS, or
having interests in or being affected by marineqgues, such as policy makers, marine scientistsOsG
local communities, and the fishery industry. Desplite large number of stakeholders concerned,diee ¢
in a DSS are the policy makers. They play a rola atanner to decide whether or not to adopt angive
management strategy, and are responsible for adpptlicies affecting overall social welfare in an
economy by reallocating the marine resources. 8stsnhowever, are responsible for the provisibn o
the best information, data and methodology, basedavisich policy makers can make their decisions.
Finally, the effectiveness and social impacts efithplemented policies may be monitored and evetliat
by NGOs, with respect to the changes of conditiohthe local communities and fisheries industries.
Their research results, in turn, can enforce tHeymakers to improve the policymaking, and enteanc
the policy effectiveness.

2.2 ldentification of problemsin the marine environment: DPSIR framewor k

221 TheDPSIR framework applied to the North Sea

A widely used methodology for systematically idéntig environmental problems is the so-called
DPSIR framework, denoted Driving forces-PressusdeStmpact-Response (See Figure 2). This concept
first emerged in an OECD project (OECD, 1999). Laig, its main components had been adjusted
gradually and provided an important informationdtion for decision-making.
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Figure 2: lllustration of DPSIR framework

The main idea of the DPSIR framework is to treaténvironmental management process as a feedback
loop and provide assessments on environmentalgorabhnd assist policymakers with a high-level view
of the problem (Peirce, 1998). The analysis begiith identifying the driving forces, which refer to
social developments and economic growth elicitemimfrmacro level changes in society, such as
population growth, income increases, productiomsomption and waste disposal. As a consequence,
these anthropogenic activities may impose pressrdle environment and therefore lead to changes i
the state or environmental conditions that preasi& result of that pressure (OECD, 1999). Furtbegm
the changes in environmental quality will distudzigties and economies which rely on the provisibn
environmental goods and services (Smeets and \Wegseril999). Finally, the loop ends up with the
responses, which in fact are the possible polidyoop as a response to the environmental and social
changes (Peirce, 1998).

The DPSIR framework is here used to analyze sofmthe current issues affecting marine
ecosystems. We focus on the issues playing amdleei Dutch part of the North Sea. Within Europe, t
North Sea is very important because of its higlmenac and ecological value. It is one of the warld’
main productive areas for fish, plankton, seabindd benthic communities, from which total landimds
fish amounted to roughly 2.3 million tons in 1998/alday and Kroglund, 2002; Iversen, 2001). In
addition, a large number of offshore activitiekelfisheries, oil and gas exploration, recreatsipping,
and sand extraction, are essential economic detiviih the eight countriésurrounding the North Sea.
Moreover, the specific physical nature of the Nd®m supports approximately 230 species of fish and
the coastlines display a large variety of habiféfalday and Kroglund, 2002).

The major driving forces affecting marine biodsigy and ecosystem functioning in the North
Sea include: offshore fisheries, by-catch and diBog, fish processing industries, aquaculturestusfe
mining, shipping, coastal constructions and landareation, other social and economic forces, and
indirect anthropogenic impacts like climate changg@we focus in this paper mainly on the fishexies
will restrict ourselves to describing some of thelgbems in this domain,

2 The eight north-west European countries are theediKingdom, Norway, Sweden, Denmark, Germany, the
Netherlands, Belgium and France.



Offshorefishery

Fishery is seen as one of the human activities thighlargest impact on marine ecosystems. Duriag th

past 10 years, accompanied by a significantly amed fishing effort, the North Sea stocks of cod,

haddock, whiting, saithe, plaice and herring havepped to or below any previously recorded level

(Svelle et al., 1997). This is driven by a numbiesacial and economic developments, like the irmeda

demand for seafood and fish products on the mé@etenpeace, 2004). In addition, the introductibn o

more efficient fishing techniques resulted in largepacts on the marine ecosystems. Generally spgak

impacts differ substantially between fishermen gsiraditional fishing nets and those using bottom
trawlers.

* The more traditional fisheries, using nets and ,geave an essential role in the European fishing
history. It targets at fish species living near sheface. In the long run, extensive traditionahiing
may cause a low recruitment of benthic fauna addae genetic diversity. In addition, a by-product
of traditional fishing is the problem of by-catchdadiscarding, which reduces non-target fish stocks
in the North Sed and increases the pressures of water pollutiorterideated environmental
conditions will lead to negative impacts on sociglfare as a result of lower revenues for marine-
dependent sectors like fisheries and tourism, aedse in the provision of seafood, and a reducion
the pleasure derived from enjoying healthy maricesgstems.

» Bottom fishing emerged as a result of technicabumtions in fishing fleets and has been developed
quickly due to its high fishing efficiency. It idaracterized by exploring demersal species with the
use of beam or otter trawlers, which particuladgults in long-term damages to the benthic habitats
In effect, a significant shift from larger, morenfplived species to smaller, more opportunisticsone
can be observed in the North Sea (Greenpeace, .280direct impact to the benthic ecosystem
caused by bottom trawling is the increased predati@ssure on the benthos (ICES, 1999), which
will further lead to the changes of the nutritiortinamics and community structure, and cause
damages to the functioning of the benthic ecosystl®@PAR, 2000). Moreover, an irreversible
damage may be due to altering sediment and destrdyabitat by the use of trawlers. All these
physical changes give rise to similar impacts @ndbcial welfare, as net fishing.

In response to the significant decline and co#apifish stocks, the emphasis of policymakers
has moved from primary pollution management toanable development of marine resources dealing
with major threats such as habitat damage, biosityedepletion and population decrease (Robert3520
Roberts, 2003; Watson and Pauly, 2001; Jackson.,e2G01). In the European Union, fishery policy
instruments are installed in terms of two major elisions: human activities control and natural resesi
conservation, targeting at the sustainable devetopiwf both marine resources and fishery revenues.

* Human activities control: The EU’s first set of cmomn measures regarding human activities control
has been put into force since 1970, in order taledg the access to fishing grounds and the stable
development of fishing markets (European Commis2002b). In 1983, the common fishery policy

3 Figures showed that over the past decade, toteh éaim the 25 EU member States has declined by, ¥ an estimated
7,261,000 tonnes to 6,247,000 tonnes. This refeedtscline in landings from demersal stocks, ssctod, haddock and plaice.
(Brown, and Tyedmers, 2004: 2)



(CFP) was launched with the purpose of conseniisty $tocks, protecting the marine environment,
ensuring the economic viability of the Europeartteand providing good quality food to consumers
(Costello, 1999). Up to date, the CFP has maden&ribation to a set of new policy instruments
targeting at different management aspects. Foaricst 1) the Multi-Annual Guidance programs
(MAGPs) and fishing licenses have been introduoezbhtrol efforts and capacity of the fishing fleet
2) Total Allowable Catches (TAC) involve the fixateximum quantities of fish that can be caught
from a specific stock over a given period of tirBetechnical measures are revised to limit thecisfe
of by-catch and discarding (European Commissiof2a(b). However, the CFP failed to meet its
targets as a result of the low level of interactioetween fishermen and scientists, the poor
enforcement and conflicts caused by a shrinkingue base and fleet over-capacity (Costello, 1999;
European Commission, 2002a).

* Natural resource protection: At a European levelymber of Marine Protected Areas (MPAS) have
been designed and implemented based on the Berme@ion. These were not representative
because of its habitats, biotopes and species€linst999). In the North Sea, “there are no MPAs i
the central part of the North Sea”, “most of thertNhdSea MPAs are in the south-eastern parts of the
area, along the Wadden Sea coasts of Denmark, @grmiad the Netherlands” (Walday and
Kroglund, 2002a: p. 25). So far, there still isoa ¢f uncertainty about the ecological and economic
impacts of MPAs, but it is clear that more considien should be given to juvenile and adult
dispersal rates as well as its effect on trophieractions and behavior of fishermen (Beattie gt al
2002: 415).

By-catch and discarding

By-catch and discarding are the by-products ofirighactivities. Due to their significant pressums
marine ecosystem, we separately discuss them. 8rcefers to incidentally catching non-target $g&c
whereas discarding fish occurs because the caisffhife not commercial species, they are too siall,
they have exceeded allowable quota.

One direct pressure of by-catch and discardinghés reduction of non-target fish, marine
mammals, turtles, and invertebrates. By-catch haseased the mortality rate of some precious marine
mammals in the North Sea, such as small cetacemhbaabor porpoise, and exerted an extinction threa
to them. Discarding causes pressures not only @man-target fish, but also on those less profitdish
stocks. Moreover, a large number of discarded fighcause water pollution by depleting oxygen for
decomposition and enriching nutrient level in seawéGreenpeace, 2004).

These pressures affect higher level predators amin@ ecosystem in two directions. First,
increased mortality rates of jackleg fish can redtie size of the spawning stock and thereforeceedu
food for higher level predators. Secondly, discdrdish cause redundant food for scavengers, like
seabirds, and may consequently increase the nuaibtbese scavenging species in the food web and
therefore affect species composition. These effaffect fishermen due to increased fishing costs an
instability of fishermen'’s long-term income and dayment conditions (European Communities, 2002a).

Appropriate responses include strict technicatrabnby-catch quotas and gear modification. For



instance, the mesh size restrictions and squaré pasels can be used to protect young fishes from
capture and encourage escape of undersized fishes.

Fish processing industry
Fish processing industry refers to the industry tiss fish meat or oil to produce fish-relateddpuais
for human consumption. In the North Sea, approxeiyab5% of the landed weight of fish belongs to
industrial fishing vessels (OSPAR Commission, 2003)e target-species of industrial fishing are $mal
species, such as sand eels, Norway pout and <praerfpeace, 2004). The harvested stocks will be
processed to fresh, frozen or marinated filletaneal fish, fishmeal, fish oil and fish protein puots for
direct human consumption (Brown and Tyedmers, 2004)

The environmental quality impacts caused by thecgssing industry can be subdivided into
fishing and processing impacts. In the fishing pesc the fish species are harvested from the Ilewels
of marine food web, which makes ecosystem moreerabile to damage (Pauly et al., 1999; Greenpeace,
2004). Moreover, the processing process is respleng a wide range of environmental problems e.g.
use of water and energy, and water and air pohiutige to litter and oil losses. These effluentgmadly
contain high levels of organic matter, phosphades, nitrates which are an important source of fioltu
Other pollution generated at the processing or qgick) process, e.g. solid waste, noise and odert ex
additional pressures to the environment. (Brown dgddmers, 2004). Deteriorated environmental
quality may directly result in unsustainable fighin the long run, and thus increase productionscas
well as the unemployment rates in the industryekponse, a call for strict regulations on the leegoof
target species and cleaner production is growing® and Tyedmers, 2004).

Climate change impacts

When talking about anthropogenic impacts on maggwsystem, we can not neglect the effects of cimat
change. It is driven by social and economic develaqt, and in turn has significant impacts on the
natural environment and human society. A most tieffect of Climate Changes is the increase of the
global average surface temperature. Moreover,dbdes/el is estimated to increase 9 to 88cm betite

of this century (IPCC, 2001) which will also causshift of the oceanic distribution of fresh antinga
waters. This is particularly harmful to the spedessitive to marine surrounding, e.g. coral rée€C,
2001; Greenpeace, 2004). Another uncertain inflaearising from Climate Change may be a structural
change of fishing patterns. A first step dealinghvthe threats of climate change is the Kyoto Rmito
(IPCC, 2001).

2.3 Policy suggestions for marine biodiver sity management

One of the major purposes of the current marineage@ment policies in the North Sea is to consesre fi
stocks, protect the marine environment, ensuretio@omic viability of the European fleets and pdevi
good food quality to consumers. However, due torpgmvernance, sovereignty conflicts of coastal
management, and a misunderstanding of policy affectny of the policies have failed to achieverthei
targets. This demands for new, effective instruméot European marine biodiversity conservatione On



of the proposed policy instruments deals with th&tdllment of Marine Protected Areas (MPASs) (See
Table 1). In principle, MPAs can vary from multiplee to strict protection within ‘no-take zonesT&s).
However, there are no clear criteria for selecthmyprotected areas, in particular the NTZs. Orother
hand, Marine Spatial Planning (MSP) is a more readga concerned with integrated use of a certain
geographic area. Joint management of differentosedh the sea becomes more important in MSP,
making data sharing, risk assessment, ecologi@ghlsanio-economic mapping necessary. Therefore, the

first obstacle of developing the MSP might be tchamte international cooperation on resource
management.

Table 1. Number and area of marine and coastal protectex anethe North Sea (EU Birds and Habitat

Directives).
No of areas (SPA+pSCl) Total area (ha)

Belgium 5 30,700
Denmark 32 342,600
France 58 291,900
Germany 15 103,700
Netherlands 27 773,200
Sweden 30 33,300
UK 129 621,700

NB: SPA= special protected area; pSCl= potentigissior community interest;
Source: Walday and Kroglund, 2002:26

After reviewing the major driving forces affectitige North Sea ecosystem and a number of the pessibl
responses, it can be concluded that a large patftteofressures on the North Sea are caused by the
fisheries sector. In the EU, this sector is chardmtd by a large number of policies. However, mahy
them have failed to achieve their targets. For thason, in the next section, we concentrate oi-a b
economic analysis of fisheries in relation to manimotected areas and analyze some policy scenarios

3 Modeling the costs and benefits of the alter native policy options

The core of our decision support system is formgdabbio-economic model in order to model the
incentives of fishermen, fish movements and the $t®cks at various locations. In addition, to bk do
derive the policy instrument yielding the highestial welfare, fisheries revenues are compared with
monetary proxy of the environmental value of matmediversity. In this section, we shall develop an
integrated bio-economic model to simulate the dogilfare effects of alternative policy scenaribs.
this approach, the ecological, social and econ@ffécts of a number of policy scenarios are conghare



3.1 Ecological models

3.1.1 Biological growth function

The foundation for the bulk of bio-economic fistkesrimodels are the widely used bio-economic models
developed by Gordon (1954) and Schaefer (1957}héir initial work on open-access fishery, they
introduced a biological growth function to descrifbe continuous process of self-recruitment of fish
stocks. Others, e.g. Imeson and Van den Bergh {2084d a discrete version of the Schaefer model to
describe this process, which is also used in thpep The dynamic process of annual biomass change
modeled as follows:

Xiar = X¢ = 9(X,) = h(E, X;) 1)

where, variablex; is the biomass of fish stocks in y¢an a given ecosysterg(X) is the natural growth
of biomass andh(E;,X;) is the biomass mortality and harvesting. In tase, the mortality rate is simply
interpreted as the death rate of fish stocks indsing.

The termg(X,) in equation (1) represents the natural growtligf stocks in yeat, which is
usually expressed by the logistic growth functigh (

g(Xy) =r@- X, /K)X; (2

with parameters andK representing the intrinsic growth rate of fish &and the carrying capacity of
fish stocks of the ecosystem, respectively. Equné2pshows that biomass grows annually, but up to a
maximum ofK. Growth functiorng(X,) is a quadratic function of the fish stagk which has an inverted U
shape with & X < K (see Figure 3) Maximum sustainable yiel&{,s,) occurs whemg(X,)/dX; = 0. For

this function, the maximum sustainable yield eqbal$ of the carrying capacity (Perman et al., 999

A

a(X)

v

C Xy K

Figure 3: Schematic presentation of the logistic growth fiorct

4 The mortality rates vary between different speoieages. This goes beyond the scope of this paper.

®To simplify the problem, we will adopt a simple isiic growth function here, wit) in the interval [OK]. For a discussion about the threshold
level of biological growth see e.g. Perman etE990).



The termh(E, X, in equation (1) is the so-called Schaefer prddactunction, which calculates the
harvested amount of fish stocks in yealt is a function of the fishing efforg() and existing biomass
(X)), which is described by equation (3):

h(E;, X;) = q& X, 3

in which, g denotes the catchability coefficient of per urfifishing effort. If we substitute equation (2)
and (3) into (1), the biomass growth function isakews.

Xerr = Xy = X (= X /K) = 0B X (4)

3.1.2 Metapopulation M odel

To deal with the spatial pattern of fish dispemsadl fishing efforts, so-called metapopulation medek
used. Examples of studies using a two-patch oriphedpatch system include Sanchirico and Wilen
(1999, 2001a, 2001b), Leeworthy and Wiley (200@nahirico (2003), Smith and Wilen (2003) and
Ruijs and Janmaat (forthcoming). These spatiakpadtshould be included as they can have largeteffe
on the economic and ecological effects of the xesereation.

In principle, in metapopulation models it is suppd that the sea in question is divided into a
number of patches, which contain or have the piatiettt contain a certain amount of biomass. All the
patches are located a fixed and discrete distammee dne to another (Sanchirico and Wilen, 2001a).
Moreover, the size of biomass in each patch dependss own growth processes as well as dispersal
from and to other patches (Sanchirico and Wilei®91931-132). Biomass can migrate between patches
and biomass levels can vary between different gatclue to differences in carrying capacity, ecalalgi
characteristics and harvesting efforts (see Figlure

Biomass migrates from
patchj to patchi

i ; Patchi Patchj i ;

Biomass migrates from
patchi to patchj

Figure 4: Chart of possible biomass migration patterns batvpedches (Ding, 2005).
Sanchirico and Wilen (1999) defined a ‘metapopatstas 'a group of linked subpopulations distrilzlite

across a set of spatially discrete habitats omgatc The use of metapopulation models become aie
more interesting as patchy heterogeneous enviroisnaeil linkages between the patches are important i

10



understanding effects of anthropogenic pressuramamne ecosystems and because ignoring the spatial
dimension might result in the loss of a considexadohount of interesting information such as spatial
patterns of vessel and biomass movement (SanchinddVilen, 2001a).

Equation (1) can easily be changed into a metaptipal model by simply adding an additional term,

(d; X + Zdjixjt) which describes the migration of biomass betwpatthes. Equation (1) can be

iar, j#i

rewritten as follows,

Xien) — Xit = 9(Xp) + (dy X + Zdji Xit) = h(Ei, Xi) (5)
il
j=i

withi, j 01 ={1.2,....n}

wherel is the set of patchesandj are elements of sét Parameted; < 0 denotes the emigration rate of
biomass in patch Multiplied by the amount of biomass in paichx;, d;X;, equals the total amount of

biomass that moves from paticto other neighboring patches. Paramdjer O is the immigration rate of
biomass leaving from patgto patchi. d; multiplied by the amount of biomass in pajckj, it expresses

the amount of biomass moving from alternative patictto patchi. Therefore, zdii X calculates the
il j#i
total immigration of biomass into patdh The termd; X; +Zdjixjt measures the net inflow of
ol
biomass in patch i. Note thidij =0. From this it follows that net dispersal depengdsrubiomass in
iol

all patches and the direction of dispersal is erdogs to the model, depending on density difference
between the patches.

3.2 A bioeconomic model of fisheries behavior

3.21 Dynamic optimization model

The bioeconomic model set up in this paper consjdanong other things, the policy question whether
open or close parts of the sea for fisheries. Asstirat the North Sea area can be divided into aoeum
of discrete patchels Fish can freely move between patches. Introdoeebinary variables;, indicating
whether a patchwill be open for fisherieso(=1) or whether it will be protected as a marineres or
marine protected area (MPA)=0). Metapopulation equation (5) changes into

Xiten) — Xit = 9(Xp) + (dy Xje + Zdji Xit) = 87 n(Ey, X;y) (6)
ol
=i

11



The question which distribution of MPAs and fishiggpunds gives the optimal economic returns for
society can be formulated as a constrained dynaptimization model that can be solved using optimal
control theory. In this model, we introduce an ahje function existing of two terms: net fishingnts
and ecological value of MPAs. The bio-economicdisés model can be written as follows.

T n 1 t-1
Max ZZ[R?(xit,Enw.F+EvitM(xit)61M]( J (7)

i +
Xit 0L i 1+p

iy ~ Xit = 9(X;) +(dy; X +Zdji Xit) -7 h(E, Xy)
i
Xir 2 Xig (8)

with 67 +8M =1, 87,8" binary variablesi, j01;1 = {123......n}
with p the discount rate. Equation (8) gives the transligyscondition, preventing fishermen behavior
that would lead to species extinction. In the resswd patch will be open for fishing if the net present
value of fishing rents of that patch exceed thepnesent ecological. In that cagg¢,= 1 andd™ = 0. Else,
the patch will be turned into an MPA, witt' = 1 andg," = 0.
3.2.2 Net fishing rents

In equation (7), fishery revenud® (E;, X,) are a function of gross benefits of selling thevhats
HBi(E::, %) and total harvesting cogtkCii(E;),

Rt (B, Xit) = HBy (Eip, Xit) — HC, (Eyy) (7)
It depends on the fishing efforts as well as bisnaspatch.

HB{ (Eie, Xit) = Pt hit (i, Xi¢) = Pit G X (8)
in which parametep;,” is assumed to be the exogenous market price vésied fish stocks. In this case,
we assume that fishermen are price takers. The mimmiufish harvested from patchis given by
ht (E,, X;;) which has already been discussed in equation (3).

Harvesting cost$iCi(E;;) depend on fishing efforts in patcland transport costs, which depend
on the distance between the patch and the harbor.

HC,(E,) = «E, +TC,(E,) 9

With w harvesting costs per unit of effort ai@, (E;,) transport costs.
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TC, (E;) = ¢&,D, (10)

in which, @ represents the marginal transport costs per dnéffort per kilometer and parametex
distance in kilometers from patcho the port. Distance affects harvesting costsidenably as fuel costs
can make up a large part of variable costs. Thisatso been found by Smith and Wilen (2003) inrthei
case study of the Northern California red sea aréishery, which showed that “fishing effort fanstan
a manner that declines geometrically with distaénam the port.”(Smith and Wilen, 2003:189).

It has to be noted that the objective functionselm refers to a situation in which a social planne
e.g. the government, can manage fisheries in swedyahat the optimal effort level is not exceeded,
by introducing fisheries rights or Individual Tréasable Quota’s (ITQs). This not necessarily rafidbe
real-life situation in which individual fishermenovrking on an open fisheries market choose theinat
effort individually, given what other fishermen atig government are doing.

3.2.3 Ecological value of MPAs

In this paper, we investigate from a social plaineerspective, which areas should remain open for
fishing and which should be closed as MPA. In thBAd, fishing activity is not allowedd{=0 in
equation (6)) and therefore no direct economic fisn@ill be obtained from it. The effect will béat in

the closed areas stocks of biomass can grow witiheutisk of being harvested, which, through disper
will also positively affect stocks in the fishingeas. Next to this positive externality effect ddsing
areas, the expected positive effect of patch ceosarmarine biodiversity has an intrinsic valueahhtan

be covered by estimating the ecological value efarea. The ecological value is defined as

EVitM (xit) = PBlt(xit) - PCit(Xit) (11)

in which PB(X;;) are the total benefits of marine conservation atcpi at timet, which reflects the
ecological value. Ecological value is assumed fgedd directly on biomass densities. A very restect
assumption we make is that there is a linear melakiip between ecological value and biomass density
More research is needed on the relation betweegystam functioning, marine biodiversity and fish
biomass levels. This, however, goes beyond theesabthis paper. We define

PBir = pi’\;I D(ir (12)

with p,,™ the shadow price of fish biomass in the protegiithes reflecting the ecological, non-market
value of biomass in monetary terms. To simplify fieblem, we assume a fixgd". The effect ofp;,"
on optimal closure strategies will be analyzed gisinsensitivity analysis. Its value will have large
impacts on the allocation of fishing efforts andresponding management strategies.

Closing areas for protection also brings moniwgroosts, which is denoted WBBC;, and are
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assumed to depend on the size of the biomassralrgained.
PCir =cxXir (13)

with ¢, the average maintenance costs of labor and cagatalinit of biomass. By substituting equations
(6), (12) and (13) into (11), we get equation (tbXlepict the ecological value of MPAs.

EVi'yI :PET_PCir:(pi'\r/l _Cx)xir (14)

Summarizing, the objective function, (7), is to rimaize the sum of the ecological value of the prtdc
areas plus the net fishing rent obtained from tishirig grounds over a period as a function of
metapopulation model (6). The optimal solution eamd the optimal patch management scheme (which
patches are open or closed), the optimal fishifayteih each patch and the resulting optimal biosnas

4 A casestudy in the Dutch North Sea
4.1 Background

The model discussed in Section 3, will be usechady@e management issues at stake in the DutcthNort
Sea. The current version of the model is only dblenodel open-closure decisions and the optimal
corresponding fisheries effort. Other activitigke Inavigation, oil and gas exploration, windmilirfs,
aguaculture, etc. can be added to the model bygihguthe objective function and maybe adding extra
constraints. Moreover, in order to include also-nmmetary objectives in the decision making, theleho
may have to be incorporated in a multi-criterialgsia which includes criteria like biodiversity nwmaes
and other criteria of which it is difficult or canwersial to estimate a monetary value.

The Dutch part of the North Sea is selected far taasons. First of all, the portion of the North
Sea belonging to the Netherlands has a large shallea along the coastline and several important
marine protected areas distributed in the sea, lwpiovides an ideal system for the spatial study on
marine biodiversity conservation and fishery mamaget. Secondly, in the Dutch marine policies, the
biological hot spots of the North sea have beemeated and currently policies are made with regard
which areas to close for fisheries. Figure 5 shawsap of the 16 patches we consider in our stublichw
contains the important hot spots of the North Seaell as the biologically less important areas.
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*Patches 1-7 in Figure 5 are in under the Dutch
\_/\ National Spatial Strategy called
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. Patch 4: the Frisian front;
. Patch 5: the Coastal Sea;
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. Patch 7: the borkumse stenen.
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Figure 5: Location of patch distinguished in the model in Engich North Se&a

In RIKZ (2005), seven important areas with high diersity values have been selected. In our
metapopulation model, we consider 16 patches:aliershotspot areas jointly with 9 alternative pagch
with a lower biodiversity value. Dispersal rateshadmass between the different patches are given in
Table 2. These dispersal rates indicate the flobiaass between interconnected patches. The megati
numbers reflect the rate of biomass emigration feopatch and the positive numbers reflect the ate
biomass immigration from one patch to another. Zenean that there is not dispersal between unlinked
patches.

Table 2. Biomass dispersal rates for the 16-patch systgm, d

d‘j To
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16

P1 -0.4 0 0 0 0 0 0 0.25 0.05 0.1 0 0 0 0 0 0

P2 0 -0.4 0.15 0 0 0 0 0 0.1 0.05 0.1 0 0 0 0 0

P3 0 0 -0.4 0 0 0 0 0 0.1 0.05 0.05 0.15 0 0 0 0

P4 0 0 0 -0.4 0 0 0 0 0 0 0.1 0.1 0.05 0.15 0 0

P5 0 0 0 0 -0.4 0.1 0.1 0 0 0 0 0 0.05 0.1 0.05 0

P6 0 0 0 0 0.1 -0.4 0 0 0 0 0 0 0 0 0.1 0.2

P7 0 0 0 0 0.1 0 0.4 0 0 0 0 0.1 0.2 0 0 0

g P8 0.25 0.1 0 0 0 0 0 0.4 0.05 0 0 0 0 0 0 0
i P9 0.05 0 0.1 0 0 0 0 0.05 0.4 0.15 0 0.05 0 0 0 0
P10 0.1 0.05 0.05 0 0 0 0 0 0.15 0.4 0.05 0 0 0 0 0

P11 0 0.1 0.05 0.1 0 0 0 0 0 0.05 -0.4 0.05 0 0.05 0 0

P12 0 0.05 0.1 0 0 0.1 0 0.05 0 0.05 -0.4 0.05 0 0 0

P13 0 0 0 0.05 0.05 0 0.2 0 0 0 0 0.05 -0.4 0.05 0 0

P14 0 0 0 0.15 0.1 0 0 0 0 0 0.05 0 0.05 -0.4 0.05 0

P15 0 0 0 0 0.05 0.1 0 0 0 0 0 0 0 0.05 -0.4 0.2

P16 0 0 0 0 0 0.2 0 0 0 0 0 0 0 0 0.2 -0.4

® The patches are divided according to the repotfoeas of special ecological values of the Dutcmfiwental Shelf.”. See RIKZ 2005 for
more details.
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We assume that initial biomass lev&lsand carrying capacitg only depend upon the size of the patches
and that the intrinsic growth rates are highehm ltotspots than in the other patches. Initial bisgrievel
and carrying capacity per patch are, of coursatedl to the size of each patch (See Table 3 for the
parameter’s value).

In Figure 5, Patch 8 is the smallest patch. ite 8 assumed to be equal to 1 unit. The sizdseof t
other patches are given relative to the size affPatmber 8. The initial biomass level is assunoelet
equal to 0.2 million ton and the carrying capatity.5 million ton in patch 8. Initial biomass lév@nd
carrying capacities for the other 15 patches alautzded by multiplying the relative size with thetial
biomass and carrying capacity of Patch 8. Witheesfo the biomass growth rateg,(values have been
distracted from in Bjgrndal and Lindroos (2004)e(s¢so Hakoyama and Iwasa (2000) and Smith and
Wilen (2003)).

In addition, distances between patches and tHeohare considered as an important element for
the spatial study and are expected to affect fiaearbehavior. We assume that a port is locateleat t
middle point of the coast line. On the basis of,td&stances from the center of each patch to tregre
estimated.

Table 3. Patch specific parameter values

Parameters P1 P2 P3 P4 P5 P6  P7 P8 P9 P10 P11 P12 P13 P14 P15 P16
Distancé 267 169.75 184.3 106.7 14.55 1455 1455 31525 247B% 121.25 189.15 140.65 58.2 67.9 130.95
Biomass growth rate, r(i) 0.43 042 0.46 0.4 0.53.450 0.49 0.21 0.2 0.2 0.19 0.19 0.28 0.27 0.27 0.23
Relative patch size(f) 10 2 8 7 9 15 15 1 4 9 13 9 9 10 10 9
Initial biomass level, ¥(i)® 2 0.4 1.6 1.4 1.8 0.3 0.3 0.2 08 1.8 2.6 1.8 1.8 22 1.8
Carrying capacity, K(i) 5 1 4 35 45 075 0.75 05 2 45 6.5 45 45 5 5 45
Number of linkages with other

4 5 4 5 3 3 3 5 5 6 6 5 5 4 2
patches

Notes: 1) Distance to harbour in km; 2) in units; the smallest patch, i.e. patch 8, is supposed to be of size 1; 3) in million tons; 4) in million tons

For the fisheries related parameters, we adopmgdds from the Norwegian North Sea, such as the
catchability parameteqy, discount ratep and market price of herring, which have been employed by
Bjgrndal and Lindroos (2004) (See Table 4). Finallg take a 10 year planning period. So, in objecti
function (7),T = 10. The model will be solved using GAMS (seeAppendix for the GAMS code).

Table 4. Fisheries parameters values

Parameters Parameter definition Parameter value

q catchability 0.06152

o Discount rate 0.05

p Market price of single species € 246.3 per toniofrass
P Existing biological value € 90 per ton of biomass
[ Costs of marine conservation € 12.2 per ton afriss
o Costs of fishery operation € 144 per unit of effort
0 Costs of transportation of fleets € 20.5 per km

Notes: ~ based on from Bjgrndal and Lindroos (2004jased on own estimation
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4.2 Defining policy scenarios

Biomass levels vary between patches and direclyance the fishermen’s spatial behavior, suchhas t
harvesting efforts per patch. The more productigtipes may be fished more intensively, which may
lead to more serious impacts to the marine ecasydtethe next section, model results will be disad
for a number of policy scenarios which reflect @iéint policy constraints on the basis of which Ipesc
are allowed to be closed. First, the benchmarktispius discussed in which all patches may be opeme
closed. The optimal pattern of closed and openéchpa is derived by the model. In a 16-patch system
there are ¥ = 65536 possible combinations. Moreover, four aces are considered, in which the
ecological importance of hotspots is considereldetanore important. It is compared how these scesari

score on overall net benefits, biomass and effdre. following scenarios are considered:

1.

The nine alternative patches are kept open and tbeljhotspots may be closed. The model derives
which of the hotspots should be closed. This rédlecsituation in which emphasis is given to the
economic rents that can be obtained from fishef@dy the hotspots might be considered to be
closed, but only if their ecological value is higligan the economic rents from fishing them.

The seven hotspots are closed for fishing and ltieenative patches may be opened or closed. The
model derives which of these alternative patchesishbe opened. This scenario puts high emphasis
on the ecological importance of the hotspots. Iat,fahis represents a situation in which the
ecological value of these hotspots is considerdokthigher than that of the alternative patches tha
are closed and they are also assumed to be higaerthe fisheries revenues that could be obtained
for them were they opened for fisheries.

Hotspots near or along the coastal areas are clasdtiey serve as important spawning grounds
which may restock the other patches. The remaihmigpots situated in the pelagic areas of the
North Sea, which for fishermen are also interestfisiing grounds, are opened in order to
compensate fishermen from the loss of the prodeictoastal areas. The model derives which of the
alternative patches should be opened or closegtiniae net rents. This scenario puts an emphasis
on the importance of protecting spawning grounddie survival of species. However, by keeping
the pelagic hotspots open, the effects of closimegson the fisheries sector are reduced.

The pelagic hotspots are closed but fishing iswadld in the coastal hotspot areas. This scenario is
comparable to Scenario 3, but by opening the cbastapots, more emphasis is put on the costs
fishermen have to make to reach the more remabén§sgrounds and less emphasis is put on the
importance of protecting the coastal spawning gdsun

In the model, we take a planning period of 10 ydiams 2005 until 2014. In the next section, theuitss
of the different scenarios are compared for a 8doan which the ecological value of a tonne afrbass

is assumed to bp."' = € 50,-. In Ding (2005) a sensitivity analysiseisecuted in order to analyse the
effect of the ecological value on the model results
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4.3 Modd outputswith respect to thefive scenarios

In this section, the results for the benchmark aderand the four policy scenarios are discussedhé
Benchmark Scenario, there are no policy guidelimigis respect to which patches are (not) allowebtido
opened or closed. The model derives the optimdladpaattern of closed and opened patches, takity i
account the potential fisheries revenues and eabgalue of each patch. Table 5 show that in otde
obtain optimal net revenues, all hot spots exceetltiggest one (Patch 1) are to be closed as marine
protected areas. Moreover, also six of the alteregtatches are to be closed whereas three ofthedt
patches are kept open. Spatial pattern of openetigmis such that all of them are surrounded byed
patches. Most of the hot spots are closed dueseio tblatively high growth rate. Through the disady
they may restock the bordering opened patcheshPhatis kept open for two reasons. First, it is a
productive area for fisheries due to its large sigevell as high growth rate. Even though harvgstin
this remote patch encompasses high travel cosgfiteare also high due to the high harvests. S#igon

it is surrounded by three closed alternative patctieat despite of their relatively low growth igtenay
restock the patch if biomass levels are lower fimathe alternative patches. This restocking of egen
patches is important. The benefits obtained frowsioh areas is not only reflected by the direct
ecological value of the increased biomass in thed,&but also by the indirect revenues obtaineah fifee
increase of biomass in the surrounding patchesreTtea clear trade-off between which of the two
features result in highest returns. For the rempatehes 1, 8, 9 and 10, the revenues from fishaighPl
and closing Patch 8, 9 and 10 (what gives direatogécal returns and indirect restocking return®aich

1) are apparently higher than the ecological valuelosing the hotspot Patch 1 and fishing (parthg
Patches 8, 9 and 10. For the other hotspots, thedmis the other way around.

Table 5. Model results for the four scenario fof = € 50 per ton.

Scenario Hotspot? Alternative patche Total net  Fishing Ecological Total Fishing

benefitd  rentd  value biomass effort
closed opened closed opened

BMY 23,4567 (29)1 (10) 8,9,10,12,14,16 (4211,13,15 (32) 28,511 16,238 12,273 551 701

1 all (39) 0(0) 0(0) all (74) 24,835 17,774 7,061 484 705

2 all (39) 0(0) 8,9,12,14,16 (33)  10,11,13,15 (4137,860 15214 12,646 557 842

3 4,5,6,7 (19) 1,2,3(20) 8,9,10,12,14,16 (42),13,15 (32) 27,999 17,832 10,167 525 746

4 1,2,3 (20) 4,5,6,7 (198,9,12,14,15,16 (43)10,11,13 (31) 26,391 15,317 11,073 569 680

Notes: 1) Benchmark; 2) numbers in between bradkdisate the size of the opened or closed aretejwe to the size of Patch 8; 3) in
€1000,-.

For policy reasons, it might be infeasible or urgatable to have no policy constraints. For thasoea

we consider the results of four policy scenariosvirich other characteristics, such as environmental
economic concerns, are considered as welEckmario 1, in which the nine alternative patches are kept
open and only some of the hotspots may be closeghasis is put on economic rents. Fishermen get as
little rules and regulations on where to fish asgilole, but due to environmental concern, soméhef t
hotspots may be closed if that turns out preferédol® a social welfare perspective, i.e. if it makest
fisheries plus ecological revenues higher. For fluisnario, it is most efficient from a social plana
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point of view to close all hotspots. The restockéffigcts plus ecological value produced by closhese
patches exceeds net rents from fishing them. Cosaptr the benchmark scenario, total net benefés ar
13% lower. Fishing revenues, however, are 9% hidghgrthe sum of ecological values of the closed
patches decrease by 42%, especially because lésisepaare closed, and also total biomass levels
decrease by 12%. In this scenario the percentatfedrea closed decreases from 63% in the benkhmar
scenario to 35% (see Table 5).

In Scenario 2, more emphasis is given to ecological conservafltre seven hotspot areas are
closed from fishing and it is determined which loé talternative patches should be opened and closed.
From an ecological point of view this scenario imal, but from a fisheries point of view it isethvorst.
Table 5 shows that in this case net revenues dmaapf the large patches 10, 11, 13 and 15 aeneq.
Opening rules are comparable to the Benchmark teesGlosure rules are such that again the open
patches are surrounded by closed patches. Theddfdyence with the Benchmark is that now Patch 1
has to be closed for its ecological value; instéa neighboring Patch 10 is kept open (see Figure 5
Percentages of areas opened or closed are alneosathe as in the benchmark scenario. Therefore, als
total net revenues are not very much different {-286 hotspot Patch 1 is now closed, biomass |eamsdis
ecological value of the closed patches slightlyrease and fishery revenues decrease. However, to
prevent an even larger reduction of these revenfiglsing efforts have to increase substantially.
Apparently, fishing in Patch 1, as is done in tle&mark Scenario, results in higher returns vatielr
effort levels than fishing in Patch 10. The paranesstimates used in this study are such that eapiar
the restocking impacts of the hotspots are so ldrgekeeping them open for fisheries would be wors
for biomass. It is noted that this is not concludedm all studies (see e.g. Ruijs and Janmaat
(forthcoming)). It depends on the growth rateshaf e€cologically important areas compared to thdse o
the alternative patches whether opening the hatspod closing the alternative patches would result
more or less or more biomass than closing the btasp

Scenario 3 considers a situation in which the coastal hotgmithes are closed due to their
importance as spawning ground. As compensatiolnetdishermen, the more remote hotspots are opened.
It is derived which alternative patches should pen@d or closed. In this scenario, the patche$3 and
15 are kept open, just like in Benchmark scendoa result, 46% of the sea is opened for fishifxgen
though in the Scenario 1 65% was opened, fisheeesnues in Scenario 3 are slightly higher mainly
because much higher growth rates in the spawniogngk can give rise to a faster biomass recruitriment
the neighboring fishing patches. Even though fduhe hotspots are opened, total biomass level9%re
higher than in Scenario 1 in which all hotspotsevapsed. It thus brings higher total fishing resgswvell
as a higher ecological value. The alternative petatlosed now restock the other patches. The kpatia
pattern is again in such a way that, as much asiljesopened patches have closed patches as peighb
However, we should also notice that the closuremofe coastal hotspots will lead to a significant
increase in the fishing efforts for harvestinghie pelagic sea.

Finally, in Scenario 4, the remote, pelagic hotspots are closed anddastal hotspots are opened.
This scenario is assumed to consider more theteffiepatch closures on fishermen income than the
previous scenario, but this turns out not to wémkorder to ensure sustainable recruitment of bisma
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is now the coastal alternative patches that areed@nd the more remote ones that are opened.tResul
show that now only patch 10, 11 and 13 are clobetbtal 44% of the sea is open for fishing. From a
fishermen point of view this is one of the leagerasting policies. From a biomass point of vieusit
interesting as total biomass levels are highestigicase. Ecological value of the closed areaseler,

is not extraordinary compared to that of the odwmnarios especially because a large part of ttohgm
that are interesting from an ecological value pointiew are opened.

The effect of the ecological valup,", is clear. The lower the value, the less patchifisbe
closed and vice-versa. For all patches, theresisitching point for the ecological value of biomadter
which protecting a patch gives higher ecologic@lines than the fisheries returns that could beeashih
the patches were not protected. If the policy cainsts allow for it, especially the smaller hotspoéas
will be closed already at lower ecological valuleart the larger ones as fisheries revenues in tgerla
hotspots are substantial. The alternative patclosed already at low ecological values are the lemal
and more remote patches and those not directlyemted to a hotspot. This again demonstrates the
importance of travel costs and the restocking efiéclosed patches on the bordering patches. ksdpec
closing patches bordering closed hotspots wouldltrés a large potential loss of fisheries revenuas
this report, a description of the temporal effeatshe different policies, i.e. the path of biomassd
fisheries developments, as well as a sensitivighesis to analyze the effect of parameter changsabt
been described. For that we refer to Ding (2005).

5 Conclusions

In this paper, we have made a first step to design decision support system (DSS) for marine
biodiversity management in Europe. In our propoia, DSS is constituted of environmental problem
identification, stakeholder analysis and economialysis procedures in order to take into account
multidisciplinary regarding marine study and idgnthe optimal policy recommendations to the cutren
maritime management and resources conservatidegga.

Within the framework of our DSS, we discussed theimnly forces causing pressures on the North
Sea and analyzed the respective impacts on botimenanvironment and human well-being by means of
the DPSIR framework. Our analysis showed that éve®st anthropogenic interventions on the marine
ecosystem were from the various types and scaléistadry industries. Against this background, a bio
economic metapopulation model was setup to lookiHertrade-offs between the allocation of fishing
stocks for sustaining marine ecosystem and thetHer fishery economic activities, aiming at the
maximization of the social welfare. This model wedkas a fundamental component of the decision
support system in order to provide relatively ééfit policy measures regarding optimal spatialcaition
of the marine resources, which we referred todisitks in the present paper. To simplify the probleve
proposed a simplified situation, within which twdteanative marine activities (fisheries and marine
conservation) would be selectively determined bySD& policy recommendations. However, given
possible policy constraints or objectives in a namiif scenarios, it had been derived which parthef
North Sea should be opened or closed regarding miagural distributions of the fish stocks in order
reach optimal social welfare.
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Even though the bio-economic metapopulation mautelsented in this paper is still very
simplistic and only considers some of the actisitiaking place in the North Sea and the considersiti
taken into account in political decision making gegsses, it gives interesting results and showsitican
support in the decision making procedures. Agaimstbackground, it clearly shows the advantages an
disadvantages in terms of a set of criteria foumlmer of policy alternatives. Moreover, it allovws the
selection of cost-effective policy alternatives.

In practice, the results of the present studywstiwt first, and not surprisingly, the four policy
scenarios derived from the economic model resultsidered in analysis give lower net revenues than
the global optimal solution. This indicates thag thptimal economic strategy not necessarily reflect
feasible policy strategy. Political constraintsatiernative considerations like giving more empsasithe
effects on either fishermen income or biodiversibnservation influence the choice of optimal sggte
from a social welfare point of view. Second, byinakinto account the ecological functions of an
ecosystem into the model, such as the restockingtifin, we can that when closing partially some
patches of the marine environment this policy aptian have positive impacts in terms of both ecaoom
and ecological values. In all scenarios analyzpdtial patterns are such that as much as posdided
patches neighbor an open patch. This would sudbesit is from an economic and ecological point of
view better to have a number of small marine resernstead of one large. In Ruijs and Janmaat
(forthcoming) it has been discussed that the optiize depends on the growth and dispersal ratdsnwi
each patch. The third conclusion is that, for tlaeameter values chosen, biomass is best served by
closing the hotspot areas but only if not all altgive patches are opened. Closing the rest wesldltrin
a large loss of biomass. The results show thaetisea clear trade-off between ecology and econany,
that due to the dependence of the results on theevaf the dispersal and growth rates, location of
protected areas should be chosen wisely. More sisaly needed to really understand the impact of
ecosystem differences on the effects of closingayea on biomass levels in the surrounding areas.

We need, however, to acknowledge that this stuhgtitutes a first step of designing a decision
support system for marine resource managementigmliand the respective modeling is simplified.
Nevertheless, the present road map can benefit &dditional improvements, which can be part of
follow-up research, and this way improve the réligband operationalibility of the propose decisio
support system. We refer to, the enlargement optbposed model specification. At the present aigly
it only focuses on one sector of the economy, nmeodearine biodiversity and marine ecosystem
functioning in a very simplified manner, and does account for all activities taking place in therhh
Sea. Furthermore, a richer biological model withrengpecies, the dependence of growth and dispamsal
ecological characteristics and the interactionsveen the different species will result in more istai
results. Next, also the behavior of the fisheriest@ can be studied in more detail. A social péaia
considered who intends to maximize social welfat@wever, the question is whether the social planner
i.e. the government, can force or stimulate fiskerrto act according to this social optimum. Fott tha
reason, it would be good to pay more attention tal@fing real fishermen behavior and the interaction
between behavior of policy makers and fishermea ésg. Beattie et al., 2002).

In addition, experience with solving the currentdabshows that solving the spatial, dynamic
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optimization model becomes more difficult the maofices, periods or patches are to be considered.
Already with 16 patches, 2 choice alternatives #dgberiods, solving the benchmark model on a normal
desktop computer took about a day. Therefore, ie@®mmended that future extended versions of the
model are not solved using GAMS but maybe usingrosioftware like MATLAB, C++, Fortran or other
mathematical or programming languages. These pmoges can handle larger scale models and may
therefore be faster. Also for many of the paramsetthe lack of data forced us to make very rough
estimates or use data from other regions or sitngti More precise estimates have to be made of
especially the biological parameters like dispeesad growth rates but also of the ecological valtie
marine biodiversity and costs of harvesting andgpart. Finally, if all costs, benefits and impaofs
choices made can be monetarized, optimizing a lsa@#are function produces the socially optimal
strategy. However, as monetarizing all relevantedd may be difficult and as some of the valuation
methods are controversial, especially in a policgkimg debate, a multi-criteria analysis or multi-
objective programming exercise may be consideradsuch types of analysis more criteria can be
considered, which are weighed against each otheortze to the most preferable marine policy. Ciateri
not only include economic, biological and ecologicadteria but may also include cultural, sociologi

and political criteria. Such methods require intemparticipation of decision makers and the cotasiain

of many stakeholders in order to know which créeaie important and how to weigh them.
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Appendix: GAM Smodel code of the bioeconomic metapopulation model (global optimal)

Sets

i patches (based on the division of the DCS /p
tau time periods /2005*2015/

taul(tau) time periods /2005*2014/

Act types of activity /F, M/

run combination of prossible values for theta(i) /

Alias(i,j);
alias(i,J1,j2,j3,j4.j5,i6.j7);
alias(run,zz);

Scalars
K carrying capacity in million tones per uni
X0 Initial biomass in million tones per unit
Rho Discount rate of existent value at year Ta
p Market price of fish per tonne in Euros /
pl  Shadow price per tone biomass in Euros in
cX  Maintenance cost pertonne biomass per day
Omega Harvesting costs per unit of effort in 100
Phi  Marginal transportation costs of each effo

i in 1000 Euros /0.00205/;

Parameter

$ontext

Fishery might disturb the composition of adult fish
Therefore the catchability might be changed as one
This might happen due to the improved technologies
fleets.

$offtext ;

r(i) Intrinsic growth rate in patch i
/P1=0.43,P2=0.42,p3=0.46,p4=0.40,p5=0.53
p11=0.19,p12=0.19,p13=0.28,p14=0.27,p15=

g(Act) Catchability
/F =0.06152, M =0/

DIS(i) Distances of patches from the coastline
/p1=200,p2=120,p3=130,p4=95,p5=80,p6=110
p13=90,p14=90,p15=90,p16=100/

size(i) size of the patch in units
/p1=10, p2=2, p3=8, p4=7, p5=9, p6=1.5,
p12=9, p13=9, p14=10, p15=10, p16=9/

theta(i)

res(*);

table d(i,j) dispersal rate of fish from patch i

pl p2 p3 p4 p5 p6 p7 p8
pL-04 0 0 0 0 O 0.25
1

o
=
[¢)]
OO0 O0O0O,

Fo R
Io
o
O
Yoo

coocoog

pl3 0
pld 0
pl15 0
pl6 0

=
cooo
©o00000g00 O

$ontext

*make the table with possible theta values
PARAMETERS

table_theta(*,*);

table_theta("1",1) = O;

file scherm /'con’/,

1*p16/

r1*r65536/;

t of patch in patch i /1/

of patch in patch i /0.4/

u /0.05/

246.3/

the closure /50/

in euros /12.2/

0 Euros /0.144/

rt moving every km from coastal line to patch

stocks and also the spwaning fish.
of the scenario analysis.
in fishery or some other directly control on

,p6=0.45,p7=0.49,p8=0.21,p9=0.20,p10=0.20,
0.27,p16=0.23/

in kilometres
,p7=110,p8=240,p9=185,p10=180,p11=120,p12=120,

p7=1.5, p8=1, p9=4, p10=9, p11=13,

to patch j

p9 pl0 pll pl2 pl3 pl4 pl5 pl6
0.05 0.1 0 0 0 O

0000000 LO0O0O00 OO
~n
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LOOP (run,
Loop (zz,
table_theta(run,l)$(ord(run) le round((ord(zz)

phtclose scherm 'table row ', ord(run) /;

);
$offtext
variables
Obj Objective value
E(i,tau) Total fishing effort in patch
X(i,tau) The existed size of Biomass in
FRev(i,taul) Fishery revenues

MPB(i,taul) Marine protection benefits ;
Positive variables

E(i,tau), X(i,tau) ;

Equations
EQ_J1 Equation to calculate total reve
EQ_X(i,tau) Equation to calculate existent b

EQ_XT(i,tau) Equation to calculate biomass of
EQ_FRev(i,taul) Equation to calculate Fishery re
Eq_MPB(itaul) Equation to calculate Marine pro

EQ_J1.. Obj =E= sum((i,taul),((p*q('F")*

— phi*E(i,taul)*DIS(i))*theta(i)

— cX*X(i,taul))*size(i)*(1-theta
EQ_FRev(i,taul).. FREV(i,taul) =E= p*q('F)*E(ita

phi*E(i,taul)*DIS(i);
EQ_MPB(i,taul).. MPB(itaul) =E= (p1*X(i,taul) -
EQ_X(i,tau)$taul(tau)..

X(i,tau+1)-X(i,tau) =E= r(i)*(1-

- q('F)*E(i, tau)*X(i,tau);
EQ_XT(i,tau)$(ord(tau) eq card(tau))..  X(i,tau)

Model Marine /All/;

X.fx(i,'2005")= XO0;

E.I(i,tau) = O;

x.A(,tau+1) = x.(i,tau) + r(i)*(1-X.I(i,tau)/K)*
x.up(i,tau) = K;

parameter

objOpt, xOpt(itau), thetaOpt(i), eOpt(i,tau),FRevO
solstatus(run), runopt;

0bjOpt=0;

Sofflisting
$offsymxref
option solprint=off;
option limrow=0;
option limcol=0;

file scherm /'con'/;
$include 'table_theta.inc’;

loop(run,
theta(i) = table_theta(run,i);
X.fx(i,'2005')= X0;
E.I(i,tau) = O;
x.(,tau+1) = x.(i,tau) + r(i)*(1-X.I(i,tau

putclose scherm 'The current run is ', ord(run
Solve marine Using NLP maximizing Obj;

if(marine.modelstat ne 2,
res(run) = le+16*theta('pl’) + le+15*theta(
+ le+12*theta('p5’) + le+11*theta('
+ le+8*theta('p9’) + le+7*theta(pl
+ le+4*theta('pl3’) + le+3*theta('p

)
if((obj.I ge objOpt) AND (marine.modelstat eq
runopt = ord(run);
objOpt = obj.I;

*2**(ord(1)-1)),0)) = 1 - table_theta(run,i);

i
patch i

nues of fishery and eco-vale of MPAs
iomass in patch i

fish stocks in the year 2005

venues

tection benefits ;
E(i,taul)*X(i,taul)*size(i)- omega*E(i,taul)
+ (p1*X(i,taul)
()/((1+Rho)**(ord(tau1)-1)));
ul)*X(i,taul)*size(i)- omega*E(i,taul) —
cX*X(i,taul))*size(i);

X(i,tau)/K)*X(i,tau) + sum(j,d(j,i)*X(j,tau))

=G= XO0;

X.(i,tau) + sum(j,d(j,i)*X.I(j,tau));

pt(i,taul), MPBOpt(i,taul), modstatus(run),

YK)*X.I(i,tau) + sum(j,d(j,i)*X.1(j,tau));
):8:0, ",

'p2") + le+14*theta('p3’) + le+13*theta('p4’)
p6') + le+10*theta('p7’) + le+9*theta('p8")
0) + le+6*theta('pll’) + le+5*theta('p12’)
14" + le+2*theta('pl5’) + le+1*theta('p16') ;

2),
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xOpt(i,tau) = x.I(i,tau);
eOpt(i,tau) = e.I(i,tau);
thetaOpt(i) = theta(i);
FRevOpt(i,taul) = FRev.I(i,taul);
MPBOpt(i,taul) = MPB.I(i,taul);
)i

p'utclose scherm 'Finished!/;
display xOpt, eOpt, thetaOpt, objOpt, runopt, frevo

pt, mpbopt ,res;
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