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Abstract

The understanding and management of marine pro-
cesses and resources is of great economic and social
importance. Marine resources have been greatly ex-
ploited, which has led to a thriving but unadopted fish-
ery infrastructure and brought about a number of nega-
tive environmental impacts. However, the main reason
for the non-prosperous rationing of marine resources is
the lack of knowledge about certain processes as well
asthe non-availability of adequate steering instruments.
This paper addresses the lack of conceptualization and
proposes a qualitative dynamical model approach for an
improved decision support under the premise of vague
knowledge. This approach makes it necessary to reduce
and classify the large solution set supplied by a qual-
itative differential equation. The derivation of a focus
graph, which displays the behavior of variables of in-
terest, allows to extend previous approaches in bioeco-
nomic modeling fundamentally and also illustrates the
general impacts of an overcapitalization of fleets on a
renewable marine resource.

I ntroduction

The last decade has seen growing concern about the devel-
opment of strategies allowing a sustainable resource utiliza-
tion. Especially, marine resources are of mgjor interest be-
cause they play an important role in the worldwide food se-
curity. However, the absence or failure of adequate poli-
cies has led more than ever to the situation, that we can
observe an almost inevitably severe overexploitation and/or
depletion of marine resourcesin certain regions of theworld
(FAO 2001; Caddy 1999). Mace (1996) states five funda-
mental problemsthat limit the ability to manage marinefish
resources under a precautionary principle: Policy has suf-
fered from alack of long-term planning and uncoordinated
regulatory frameworks. Institutions are unable to involve
stakeholders;, poor communication and a large set of in-
stitutional uncertainties affect commercial fisheries (Young
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1998). Management goals like the expansion of offshore
fishing fleets compromises other appropriate measurements.
Finally, management suffers from inadequate methods for
stock assessment, forecasting and modeling (Caddy 1999).
Especially, the crisis of commercial fisheries perfectly illus-
trates the range of questionsand problems encountered if we
are confronted with a transsectoral question. Taking into ac-
count all aspects, it isthe highly interrelated entirety of such
problems combined with the lack of data which constitutes
the complexity of the investigated system.

In this contribution, we apply the concept of qualitative
differential equations (Kuipers 1994) to a specific question:
the overexploitation of marine resources under considera-
tion of the socioecomic impacts, especially overcapitaliza-
tion. This pattern is a prominent and ubiquitous effect of a
non-sustainable utilization of natural resources and causes
severe impacts on the marine ecosystem as well as on the
socioeconomic inventory via a cascade of significant pro-
cesses. We further address the problem of the usually large
solution set of a qualitative differential equation (QDE) by
using agraph theoretic approach to form equival ence classes
of qualitative states and state transitions.

The paper is organized as follows: In the first part the
general pattern of the overexploitation of a marine resource
and some previous approaches are briefly introduced. The
second part outlines extended model hypotheses and the im-
plementation of the model by a QDE, as well as the efforts
to reduce the solution set. The third part describes obtained
results and our experiencesin using QDESs in the domain of
bioeconomics and environmental system analysis.

Previous Bioeconomic Model Approaches

Using expert knowledge and information from field studies,
an archetypica pattern of fishery under overcapitalization
can be tentatively and inductively defined as follows (Mace
1996; Munro 1999; Hatcher 2000):

Overexploitation of fish stocks leads to high short-term
benefits but in the long run, it threatens the marine resources
and conseguently, the economic basis of the employeesin
commercial fisheries.

e Incipiently we observe an intensive exploitation of marine
fish stocks and a build-up of harvesting infrastructure.



¢ Despite of the decline of the fishing grounds the harvest-
ing capacities are maintained and fishery is, notwithstand-
ing greatly increasing costs, enlarged.

e Fish stocks as food resource as well as source of earnings
for the fishermen are rapidly decreasing.

A lot of prevailing models address this typical pattern under
various points of view. The first (static) approach was in-
troduced by Gordon (1954) and emphasizes the equilibrium
case of stable fish stock and harvest. More recent exam-
ples try to combine economic as well as biologica system
partsin avery specific way (Pezzey, Roberts, & Urdal 2000;
McDonald, Parslow, & Davidson 2001).

Early attempts utilizing the maximum principle of Pon-
tryagin (1962) are the models of Clark et al. (1979), and
McKelvey (1985; 1986), who first introduced applied cap-
ital in a bioeconomic model. It is the goa of the maxi-
mum principleto find functionsfor state variables (e.g., har-
vest, investment) that maximize an objective function (e.g.,
a profit function) whilst dynamic constraints have to be sat-
isfied. The most recent model of McKelvey (1986) can only
be solved numerically for singular sets of parameters. Dueto
undetermined parameters/functions and/or some additional
simplifications, the latter modelsare of limited use, e.g. sSim-
plification to linear relations between variableslead to unre-
alistic conseguences, such as the occurrence of pulseinvest-
ment (investment with arate of infinity, i.e., investment takes
no time).

Model Derivation and Extended Hypotheses

A more genteel way to overcome the above mentioned diffi-
culties can be providedif oneisusing qualitative differential
equations. The QDE approach takes into account, that in-
tegrated research efforts often suffers from sparse data and
other uncertainties inherently based on some properties of
the system, e.g., hondisclosure due to competition.

Our investigations run along three lines: First, despite of
the qualitative model formulation we use the model of McK-
elvey (1986) as a basis. Second, this approach is extended
in the following points:

e Common assumptions about linearities of functions are
eased. This concernsthe price of investment (to eliminate
pulse investment), as well as earned profits depending on
harvest, fish stock and applied capital.

e A straightforward dynamical model is developed, taking
explicitly into account certain kinds of uncertainties on
functions or parameters.

Third, these foundations are used to establish an analytic
business-as-usual (BAU) model in order to investigate short-
term rational choices of economically acting fishermen on
the long-term system behavior. Briefly, the model assump-
tions can be described as follows:

It isassumed, that IV factory units compete for acommon
property resource z, and behave in the same way. Capital
C isregarded as a not explicitly operationalized aggregation
of fishing gear and capacity, cannot be resold, and can only
be reduced by depreciation. Accordingly, the time behavior

[rz] = [+] [mez] = [-]
[rc] = [+] [rec] = [+]
[The] =[]
[cr] = [+] crr > 0, const
[hz] = [+]
[he)] = [+]
[r&c] = [+]
[re] = [+]
[+]

Figure 1: Assumptions on monotony and convexity of the
functions in the model. For sake of readability, indices de-
note partial derivatives and brackets [] map areal number to
itssign.

of the capital is modeled by the differential equation C' =
I—§-C,whered refersto the depreciationrateand I > 0
holds for the investment.

The profit = of each firm depends on harvest h, utilized
capital C' and fish stock z, which is combined to the so-
caled profit function 7(h,C,z). Due to economic rea
sons (‘law of diminishing returns’, economics of scale, cmp.
Eisenack and Kropp (2001), some assumptions about the
signs of the derivatives of 7 can be made (fig. 1). Profitsin-
crease concave in harvest and fish stock, but convex in cap-
ital. The efficency of capital increases, if high-technology
equipment (e.g., advanced electronic sonar and radar tech-
niques) only operates efficiently when particular precondi-
tions are given, e.g., longliner or freezer vessel fleets. In-
vestment costs ¢(I) are implemented as a function in the
amount of investment I (for assumptions about monotony
seetable 1). Its second derivative ¢ is assumed to be con-
stant and always positive®. This reflects the situation that a
fast or alarge investment induces higher costs.

The dynamics of a stock = can be expressed by & =
R(z) — N - h, where R refers to the recruitment. The func-
tion hat its maximum rmsy (maximum sustainable yield) at
xmsy. For atotally exploited stock, the recruitment van-
ishes. If the stock resides above xmsy, R is decreasing due
to intraspecific competition and approaches zero if the natu-
ral carrying capacity q is attained.

The economically optimal long-term strategy for com-
mercial fisheries can be achieved, if each factory tries to
maximize the present value profit

maxII(h,I) = /

h,d J
which has to be distinguished from the short-term profit .
The parameter r refersto the discount rate and J represents
aplanning interval. This approach defines adynamical opti-
mization problem which can be embraced by the maximum

For sake of readability X, labelsthefirst and X. . the second
derivative of afunction X with respect to z.

e‘”(w(h,C, z) — c(I)) dt, (1)



principle of (Pontryagin 1962) and which finally leads to a
system of ODEs

& =R(x)—N-h, )
C=I-46-C, ©)
cril = (r+6)-¢r — e, 4
wp = (r — Ry)mp + N7y, - (5)

In genera, eg. (2)—(5) model an economical optimal act-
ing fisherman. Heis interested in a precautionary resource
utilization because he needs the natural resource as an eco-
nomical basis in the future. However, it is our major goal
to concentrate on typical pattern observablein an unadopted
and overcapitalized fish industry. Thus, the above ODE sys-
tem has to be modified in some details. It is assumed that
each factory selects (i) a well-based and long-term oriented
investment decision and (ii) a short-term fishing perspec-
tive (Asche 1999).

Because marine fishing grounds are common property re-
sources, it seems - from various reasons - to be a better de-
cision for afishing company to leave the optimal long-term
harvest path and to increase the catch: (i) It assumes that
the own behavior has no or only a neglectable influence on
the stock. (ii) It also supposes that other companies are or-
dering their vessels to do whatever it take to fill their holds
(e.g., aso piratefishing) 2. And (iii) as an direct outcome of
such acompetition situation a single fisherman assumes that
he himself achieves asimilar profit if he imitates the behav-
ior of the others. Regarding to eq. (5) this signifies that an
individual firm assumes 7., to be zero.

Taking into account this kind of prisoner's
dilemma (Hardin 1968), an entrepreneur tries to ob-
tain a yield h so that the short-term profit «(h,C,x)
becomes maximal at each time. The optimum of 7 is given
by the condition 7 (h*,C,z) = 0 for h*. The solution
provides the optimal harvest function h*(C, z) which leads
to the so-called optimal profit function

7 (C,x) = w(h*(C, z),C, m) . 6)

This equation model s the short-term attitudes of commercial
fisheries. For thisreasons, in eq. (4) m¢ can be replaced by
the function for the marginal profit in the short-term opti-
mum, ¢, and h in eg. (5) by the optimal harvest function
h*. Thisresultsin the following ODE system:

i =R(zr)— N h*(C,z), ()

C=I1-6-C, 8

I.:r+6_01([)_i.ﬁ5((j,x). 9
Ccrr CI1

It can be shown from the extended model assumptions, that
h* and 77, increase in C and x (fig. 1). Equations (7)—9)
are used as basis for a qualitative model approach. Again,
they can only be solved numerically if explicit assumptions

2This is equivalent to a situation where the individual actor ig-
nore the costs that his own decisions impose on others.

(quantity-spaces
(stock (0 xmsy q inf))
(capital (0 inf))
(invest (0 inf))
(recruit (mnf O rmsy))
(yield (0 ynsy inf))
(mprofit (0 inf))

(dstk (mnf O inf))
(dcap (minf O inf))
(dinv (mnf 0inf)))

(constraints
((D/ DT stock dstk))
((D/ DT capital dcap))

((D/DT invest dinv))
((ADD dcap capital invest))
((ADD dstk yield recruit)

(0 ynsy rnsy))
((ADD nprofit dinv invest))
((U st ock recruit (xmsy rnsy))
(0 0) (g 0))
((MJUT stock capital yield))
((MULT stock capital nprofit))
((MULT capital nprofit yield)))

Figure 2: Qualitative variables and constraints of the bioe-
conomic model as QSIM code. This QDE describes all pos-
sible behaviors of the ODE formulated in eg. (7)—9).

on functions and parameters are made. Due to uncertainties
in bioeconomic systems, this would be more an ad-hoc de-
cision instead of a systematic view. Moreover, the outcome
is restricted to one special case and we are not able to an-
alyze the patterns of overexploitation/overcapitalization in
general.

Qualitative Model | mplementation

In order to realize a qualitative model of the bioeconomic
interrelations, we made use of the QSIM simulation pack-
agewhich isdistributed by the University of Texasat Austin
(for the detailed definitions of the various concepts and their
mathematical foundation, see Kuipers (1994)). Henceforth,
we consider the entities involved in the model as qualita
tive variables, which are characterized in terms of quantity
spaces (fig. 2). Here, stock refersto the size of thefish stock
x, capital to the utilized capital C, invest to the investment
1, recruit to the recruitment R, yield to the harvest h and
mprofit |abels the margina profit 7. Additionaly, quali-
tative variables for the derivatives of stock, capital, and in-
vest are introduced. The landmark ym sy denotes the max-
imum sustainable yield and rmsy the maximal recruitment.
The size of the fish stock, where maximal recruitment takes
place (and maximum sustainable yield is possible) islabeled
by xmsy. The landmark ¢ indicatesthe carrying capacity of
the ecosystem.

Using certain constraints to abstract the interactions be-
tween the variables of the analytic model (for details see,
Kuipers (1994)), we define the qualitative bioeconomic
model as presented in fig. 2. The recruitment is modeled
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Figure 3: Focus graph of the qualitative bioeconomic model for the variables stock, yield and capital. The time development
of the whaling industry is reconstructed by the path through vertices 1-2-5-6-8-9-11-13, indicated by dotted arrows.

by a constraint for so-called concave-down U-shaped func-
tions. Strictly monotonic functions are replaced by their ar-
gument, if they vanish at zero. Thetotal yield N - h*(C, z)
isqualitative equivalent to h*(C, x), for example, and ¢ (1)
is equivalent to I. The optima harvest function is ab-
stracted by the usage of the multiplicative constraint MULT.
This constraint generalizes so-called Cobb-Douglas func-
tions: Z = p-X*-Y¥Pif p,a, 3, X,Y > 0. Functionsof this
type are widely used in economic models. The same holds
for the marginal profit 7. All these abstractions are con-
sistent with the required properties of the functions (7)—(9)
(cmp. fig. 1). The other constraints just restate the ODEs for
the variables z, C' and I. The multiplicative constraint for
capital, marginal profit and yield is motivated by some fur-
ther (weak) assumptions on the functional form of A * and
m*. This aso leads to a reduced set of solutions (see next
section).

During the qualitative simulation runs, we check the sta-
tus of the investments. If invest(t) = (0,J) holds, we
have implemented a transition function which models the
crossover from the BAU-QDE to a DECLINE-QDE. This
refers to a situation, where irreversibility of investment be-
comes the dominating effect. In such a situation it would be
optimal to disinvest, but by assumption capital can be only

reduced by depreciation. Therefore, DECLINE-QDE fixes
investment to zero and for the other variables, the resulting
simplifications of BAU-QDE are used.

Reduction of the Solution Set
Starting with theinitial conditions

StOCk - (q”l/>7

Capital = ((0,inf),1),

Ine:/Zsta = §EO, zz;g, T;, (10)
Yield = ((0,zmsy),1),

QSIM computesaset of 347 different qualitativetrajectories
as potential solutions, even when differences in the second
derivatives of =z and C' are ignored (in order to reduce so-
called “chatter”). Consequently, a detailed investigation of
the solution set is necessary in order to obtain deeper in-
sights on the dynamics of the bioeconomic system. This
analysis shows that many differences in the behaviors are
characterized by (i) the time points at which certain vari-
ables approach a given landmark (occurrence branching,
see Clancy and Kuipers (1993) for details) or (ii) the am-
biguities of qualitative addition (e.g. [+] + [-] = [?], see
Williams (1991)). However, the current version of the QSIM
package generates the solution set as atree, which branches
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at each time step where different possible successors of a
system state are consistent with the constraints defining the
QDE. On the other hand many solutions only differ in the
dynamics of some auxiliary variables. In such a situation
Mallory (1996) suggests to focus only on important vari-
ables. This can be performed by generation of so-called
variable views (Clancy 1997), which are a projection of the
entire solution tree on the state space of these variables. The
variable view for stock, capital and yield supplies a tree
with 110 behaviors. However, a closer look reveals that the
variable view is not atree in the graph theoretic sense. This
is due to the occurrence of so-called cross-edge transitions
between different behaviors. They areinevitable, becausein
the projection different solutions can be identical in several
sections (hot only in a sequence beginning with the initial
state).

Therefore, we propose to use focus graphs. A focusgraph
is a digraph, where each vertex represents a class of quali-
tative states consistent with the underlying QDE, and which
are equivalent in the focus variables. For further smplifica-
tion only states for time intervals and equilibrium states are
regarded. An edgefrom avertex a to avertex b isintroduced
if there exists at least one solution with aqualitative time in-
terval state in the class represented by a, and for which the
next timeinterval stateisinb. However, the focus graph can
be further simplified by omitting vertices and edges corre-
sponding to non-generic states. This are states where sev-
eral variables become stable or approach a landmark. The
resulting graph is shownin fig. 3.
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Figure 4. (a) Comparison of the time development of the
capital stock versus blue whale stock (BWU = blue whale
units, solid line) and model results obtained by the usage of
the McKelvey (1986) model (dashed line, N refers to the
number of firms). Phase plotsfor the qualitative reconstruc-
tion be means of the focus graph (cmp. fig. 3): (b) capital
versus stock and (c) capital versusyield.

Results and Discussion

Figure 4 shows the development of the whaling industry in
thelast century, which can also be characterized by apathin
the focus graph (dotted edgesin fig. 3). In general, the QDE
model allows a qualitative reconstruction of measured data.

Additionally, the graph can be used as an aid for the de-
velopment of management optionsfor the bioeconomic sys-
tem, since critical points in its evolution can be identified.
Examplesarethe vertices9 and 14 (fig. 3). Here, the system
can evolve to vertices D or C, respectively, which are eco-
nomic and/or environmental precarious situation. At vertex
C the fishing industry declines; at vertex D the fish popula-
tion vanishes as well as the industry. At least at this points
management measures should be imposed. Another criti-
cal factor is the occurrence of over-capacities, which is a
major motivation to introduce applied capital in a bioeco-
nomic model. States with in- or decreasing over capacities
are marked in the focus graph (over capacities are assumed
to increase, if harvest decreases while further capital is ap-
plied). If the system starts from a situation with high stocks
and low but increasing capital and yield (vertex 1 infig. 3),
over capacitiesareinevitable. There exists no path from ver-
tex 1 that avoids transitions to vertices 3, 6 and 18, except a
direct transition to the stable state A. This state is economi-
cally uninteresting, because a transition to the stable state B
would allow additional yield, and thusit is a candidate for a
spurious behavior (see model assumptions).

This pessimistic analysis of the system reveads the po-
tential risks of missing management strategies: (i) an ir-
reversible decline of the resource and (ii) high costs (or



even a decline) in the industry induced by over capacities.
Also further questions on the management of a marine re-
source are imposed. If management only adjusts parameters
(e.g., taxes, investment costs), only the likelihood of certain
transitions changes, but not the general structure of focus
graph. Therefore, further investigations on management op-
tions should concentrate on structural changes in the model
in order to enable development paths which avoid over ca
pacities.

Conclusion

In this contribution, we have tried to present a qualitative
approach to a complex and prominent question: the socio-
economic impacts of an over-devel oped fish industry on ma-
rine resources. This enables a more systematic view on the
causes and effects of overcapitalization. Models of thistype
are a useful platform to discuss general mechanisms of a
system and potential devel opment paths, especialy if uncer-
tainties have to be faced. Hence, they are valuable for polit-
ical guidance strategies since a so decision makers normally
do not dispose of the compl ete information about the system
to manage.

However, solution trees strongly increase if larger mod-
els have to be solved. Thus, thereis an urgent need for the
development of techniquesfor an automatic classification of
the solutions supplied by a QDE. The representation of the
solution set as a tree has disadvantages, because it is rather
difficult to compare the solutions. We have tried to over-
come this by using the focus graph method. Further work
will concentrate on the devel opment of techniqueswhich al-
low to generate such graphs automatically. Beside these dif-
ficulties we believe that qualitative models greatly facilitate
a progress in scientific reasoning about environmental and
economic systems.
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