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Abstract  

A formal dynamic description of marine overexploitation on an integrated and intermediate 
functional scale is provided to assess the general development paths in fisheries. It is based on a 
pattern approach (cause–effect chains), describing the relevant driving forces and mitigation 
mechanisms in marine fisheries. Qualitative dynamical modelling and viability analysis are used to 
evaluate the internal dynamics systematically. It is shown that in spite of uncertain process 
knowledge, a variety of conclusions regarding sustainable fisheries can be drawn. It is possible to 
supply valuable insights into how management strategies and institutional settings have to be 
designed in order to guarantee safe outcomes. 

1. Introduction 

Marine overexploitation is a typical pattern of global environmental change posing 
threats to mankind’s food security and marine biodiversity (cf. MEA 2005). Fish 
contributes to, or exceeds, 50% of total animal proteins in a number of countries, 
such as Bangladesh, Cambodia, Congo, Indonesia, and Japan. Overall, fish 
provides more than 2.6 billion people with at least 20% of their average per capita 
intake of animal protein. The share of fish in total world animal protein supply 
amounted to 16% in 2001 (FAO 2004). Analysing these issues is not a task that is 
taken for its own sake, since a continuous unsustainable use of marine resources 
could have tremendous impacts on terrestrial protein production in the future. 
While looking at marine fish stocks in detail, we discover that the human factor 
has impacted global marine biodiversity since historical times (Jackson, Kirby, 
Berger, et al. 2001; Myers and Worm 2003; Pauly, Christensen, Guenette, et al. 
2002). Nevertheless, today the impacts of overexploitation and the subsequent 
consequences are no longer locally nested, since 52% of marine stocks are 
exploited at their maximum sustainable level and 24% are overexploited or 
depleted (FAO 2004). 

It is a key characteristic of the entire earth system, and not only the fishery 
systems, that it often deals with an exceptional dynamics involving innumerable 
system parts and a multitude of (non-linear) interrelations between the socio-
economic and the natural sphere. The consequent complexity and the inherent 
opaqueness in fisheries causing uncertain knowledge are often used as an 
argument that any kind of analysis is difficult (cf. Hilborn and Walters 1992), and 
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further that our knowledge is too weak to set up adequate intervention strategies. 
Thus, for decades it has been discussed in fishery science how the complexity could 
be properly handled and what the relevant factors for analysing the overfishing 
phenomenon are. Often it is argued that a more detailed analysis of ecological 
relations is needed – for example on the functioning of food webs – in order to 
provide more successful strategies for utilization and control of marine resources. 
This temptation will be strong, of course, since a rigorous assessment of patterns 
of overexploitation by one-sided views on ecological micro-scale processes has 
been possible so far only for significantly simplified systems. Ecological indicators 
– for example on spawning biomass – could at best provide only a rough estimate 
of the real situation. On the other hand, driving forces in fisheries, the influence of 
the institutional settings, or industry lobbyism are rarely or unsuitably considered 
in analytical approaches (Anderies, Janssen, and Ostrom 2004; Jentoft 2004). 
Non-linearities, related to either human action or other external and/or internal 
forcings, could induce counter-intuitive surprises and a vast variety of extra effects 
– either wanted or unwanted – in the ecological and/or socio-economic system. 

Thus, we focus on a qualitative new dimension of problems at the human–
environment interface in fisheries (Charles 2001; Davis and Gartside 2001). 
Increasing industrialization in marine fisheries – for example for the tuna fleet 
(FAO 2004) – considerably increases the pressure on marine resources and 
induces loss of marine biodiversity. On the other hand, fish products provide 
major nourishments in several regions of the world (McGoodwin 2001), whilst in 
industrialized countries, designated fish species are already ‘luxury goods’. 
Moreover, management schemes put into force are either inefficient or they suffer 
from a lack of long-term planning and uncoordinated regulatory frameworks 
(Freire and Garcia-Allut 2000; Pikitch, Santora, Babcock, et al. 2004). Neither 
regional management efforts, such as the introduction of catch quota nor the 
implementation of transnational agreements (UN 1995), for example exclusive 
economic zones (EEZ), has solved the permanent overexploitation of the seas and 
displacement of artisanal/subsistence fisheries. This array of facets clearly shows 
that the properties and the associated problems of fisheries are transsectorally 
structured, i.e. an adequate analysis lies beyond the traditional disciplinary realms 
(Des Clers and Nauen 2002; Pauly, Alder, Bennett, et al. 2003). Moreover, the 
inherent indeterminacy implies that we cannot trust numbers and should trust 
only trends. Against this background, three challenges emerge: (i) the need for a 
transsectoral and integrated analytical approach, (ii) the necessity to combine 
knowledge of different qualities from different disciplines into a common 
analytical/formal concept, and (iii) the necessity to provide application-oriented 
knowledge which would not only help to avoid overexploitation but also sustain 
fisheries economically.  

To achieve these tasks, a structured and well-organized approach is a precondition. 
It must comprise a systematic stocktaking which collects relevant information 
from various socio-economic, ecological, and institutional domains and takes into 
account complexity in fisheries in an appropriate way. In a further step, modelling 
should be used for addressing these challenges. New and smart techniques are able 
to incorporate the knowledge from different domains, to evaluate the complex 



interplay between the different system parts, and to supply valuable clues for 
management strategies. Such a strategy is essential, since according to systems 
theory complex phenomena need some kind of formal analysis. Only an advanced 
calculus can be used to anticipate and systematically assess abrupt changes or 
other surprises in a system. However, with such an approach, we are far from 
being able to provide an exact prognosis of how global fisheries evolve, since any 
modelling approach is a generalization introducing a ‘reductionist uncertainty’. 
This must be distinguished from the systems complexity and measurement-related 
uncertainty. We propose an approach which does not undertake a formal analysis 
with more and more details, but allows us to determine the general functionalities 
of marine capture fisheries. With such an approach, we seek to identify ‘signals’ 
indicating critical developments, to supply a ‘weak’ prognosis of potential 
development paths. For this purpose, new and unconventional tools from 
information sciences, theoretical physics, and systems theory are employed (cf. 
Aubin 1991; Kuipers 1994). 

The presented methodology is motivated by some discouraging results from recent 
bioeconomics which try to anticipate future developments by isolated views on 
restricted problems, unsuitable modelling approaches, and/or inadequate 
presumptions (cf. Imeson, van den Bergh, and Hoekstra 2003). Policy advice 
based on these approaches could be misleading, and it could also induce – possibly 
unwanted – serious side effects. Our contribution highlights that in spite of 
different types of indeterminacy, it is possible to achieve judicious measures to 
prevent or mitigate unacceptable outcomes. In the first step, we use the pattern 
approach to identify the typical mechanisms in marine capture fisheries. In the 
second step, we introduce two modelling approaches capable of dealing with 
uncertainties and qualitative knowledge. We illustrate that if we are accepting 
uncertainty, the general development in fisheries can be anticipated and that 
steering options can be derived which may have a better performance with respect 
to defined sustainability targets. 

We have organized this paper as follows. In the subsequent section, a brief 
overview on the pattern approach is provided, followed by an elaboration of the so-
called marine overexploitation syndrome. A qualitative and semi-quantitative 
model is developed allowing a systematic analysis of current settings in fisheries 
and institutional arrangements. It comprises distinct stakeholder groups and 
derives sustainability conditions for both the fisheries and the marine resources. 
The implications regarding fishery management are discussed in detail. The paper 
ends with Conclusions. 

2. The pattern approach 

Pattern recognition is an essential technique to cope with complex situations and 
is part of the learning process in human–environment interaction. The brain of 
mammals is most efficient in reconstructing fragmentary information and 
providing solutions for unknown situations by referring to analogous cases. During 
the second half of the 20th century, neuroscience discovered and described the 
underlying mechanisms of these processes. Subsequently, a variety of artificial 
neural network methodologies have been developed to make use of these features 



(cf. Kohonen 2001; Kropp and Schellnhuber 2006). Compared to the efficiency of 
brains, artificial neural networks have several shortcomings; for example, they 
need a huge amount of input data and do not explain how they achieve results. 
Thus, they have a limited suitability to deduce knowledge from qualitative and 
uncertain situations that are common in our daily life as well as in fisheries. 
Several crucial barriers undermine systematic examinations of marine resource 
exploitation, including the non-linearities pervading all parts of the fishery system 
and the complexity of multi-cause–multi-effect processes. In face of these 
discouraging features, the questions are how can we provide policy-relevant 
knowledge that would help to steer marine capture fisheries to safe limits and 
which methodological concept would be useful in this context? 

In a more general context of global change research, the so-called syndrome 
approach was suggested as an instrument to analyse complex transsectoral 
phenomena. It provides a semi-quantitative and transsectoral overview of the 
‘dynamical degradation patterns’ that characterize contemporary human–
environment interactions across the planet (Schellnhuber, Lüdeke, Petschel-Held 
2002). It decomposes the mega-process of ‘global change’ into archetypal patterns, 
named syndromes, under the hypothesis that the web of relationships governing 
the planetary development is made up by a finite set of transsectoral sub-webs of 
distinct causal typology (syndromes). The situation in marine capture fisheries can 
be described by the so-called overexploitation syndrome, which also has a 
terrestrial part (i.e. the overexploitation of primary forests, cf. Cassel-Gintz and 
Petschel-Held 2000).2 The syndrome concept was developed by the German 
Advisory Council on Global Change to the Federal Government (WBGU 1997) and 
comprises 16 syndromes (Table 1). 
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Table 1: List of 16 syndromes as proposed by the WBGU (1997)  

 

Syndrome name Short description of the mechanism 

Utilization syndromes: pattern resulting from inappropriate use of natural resources 

Sahel syndrome Overcultivation of marginal land 

Overexploitation syndrome Overexploitation of natural ecosystems 

Rural Exodus syndrome Environmental degradation through abandonment of 
traditional agricultural practices 

Dust Bowl syndrome Unsustainable agro-industrial use of soils and water 

Katanga syndrome Environmental degradation through depletion of non-
renewable resources 

Mass tourism syndrome Development and destruction of nature for recreational 
ends 

Scorched earth syndrome Environmental destruction through war and military 
action 

Development syndromes: man–environment problems arising from unsustainable development 

Aral Sea syndrome Environmental damage of natural landscapes as a result 
of large-scale projects 

Green revolution syndrome Environmental degradation through the adoption of 
inappropriate farming methods 

Asian tiger syndrome Disregard for environmental standards in the context of 
rapid economic growth 

Favela syndrome Environmental degradation through uncontrolled urban 
growth 

Urban sprawl syndrome Destruction of landscapes through planned expansion of 
urban infrastructures 

Disaster syndrome Singular anthropogenic environmental disasters with 
long-term impacts 

Sink syndromes: environmental degradation through non-adapted disposal systems 

Smokestack syndrome Environmental degradation through large-scale 
dispersion of emissions 

Waste dumping syndrome Environmental degradation through controlled and 
uncontrolled waste disposal 

Contaminated land syndrome Local contamination of environmental assets at 
industrial locations 

The names (Table 1, left column) are chosen either to sketch the main processes or 
to represent a paradigmatic area, where the respective processes (Table 1, right 
column) can be observed. The syndromes are classified into three groups, 
reflecting more general properties of the underlying processes. Note that 
syndromes are non-exclusive, i.e. distinct syndromes can occur simultaneously at 
the same location and they can be coupled, for example, by symptoms belonging to 
different syndrome pattern. 



The approach seeks for typical functional patterns of human–environment 
interactions by defining their essential mechanisms (cf. Boardman 1995). In any 
case, this is a formidable task, since it implies an extensive evaluation of case 
studies, expert elicitations, and field work. Before we explain this in more detail, 
the following definitions have to be introduced which are essential for a general 
understanding of the syndrome concept.3 

• Symptoms are the basic entities for the description of the earth system with 
respect to problematic developments, as is the case with marine 
overexploitation. A symptom is a functional aggregate of detailed variables 
describing a single sub-process of global change closely related to the 
human–environment interface. Examples are the loss of species diversity, 
urbanization, or freshwater scarcity. The concept works with approximately 
80 symptoms associated to different spheres (atmosphere, social 
organization, science and technology, biosphere, etc.). They also include a 
temporal characteristics of the specific trends; thus, a symptom X is 

characterized by the tuple ,...),,,( XXXX &&&&&&  (dots denote derivatives with 

respect to time, i.e. trends, acceleration, etc.). 

• Interrelations are the connecting elements for the symptoms and specify 
the causal relations. They are defined as monotonic relations, i.e. with 
increasing (enforcing) or decreasing (mitigating) effect. 

3. The marine overexploitation syndrome 

The marine overexploitation syndrome is a specific expression of the general 
overexploitation syndrome (for details on the terrestrial component, cf. Cassel-
Gintz and Petschel-Held 2000), i.e. several symptoms are identical, for example 
degradation of ecosystems, policy failure, or expansion of infrastructure, and 
therefore also relevant for the constituting part for the marine expression of the 
overexploitation syndrome. Nevertheless, some differences are prominent, such as 
the problem of estimating the biomass exactly, the migratory properties of stocks, 
or the non-stationarity of infrastructure. The problematic development pattern is 
specified by the syndrome-specific network of interrelations (Figure 1), where the 
ellipses represent the symptoms, the arrows enforcing, and the lines with bullets 
mitigating interactions. For a first systematization, one has to identify those 
processes that are characteristic (cf., for example, Hutchings, Walters, and 
Haedrich 1997; Munro 1999; Harris 1999; Bennett, Neiland, Anang, et al. 2001); 
Petersen 2002; Soma 2003; Wickham 2003; Freire and Garcia-Allut 2000), i.e. we 
have to identify symptoms and interrelations which are at least necessary, but - 
possibly - not sufficient for the occurrence of the syndrome core (cf. Figure 1). This 
can be performed by systematic evaluation of case studies and expert elicitations 
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(cf. Petschel-Held and Lüdeke 2001). The exploitation of common property marine 
renewable resources offers  

 

Figure 1 Network of specific interrelations of the marine overexploitation syndrome. The 
symptoms in the black ellipses and their interrelations are the necessary ones designating the so-
called core of the syndrome. The other symptoms generate specific expressions of the syndrome. 
Note that any enforcing and mitigating relation can be associated with a certain strength. Thus, the 
overexploitation syndrome could occur with different intensity.4 

broad profit opportunities for fishing firms, but overexploitation beyond the 
renewable capacity is connected to a degradation of marine ecosystems structure 
and functions5 (Christensen, Froese, Palomares, et al. 2000), which often leads to 
severe damages in both marine ecosystems and fisheries. Prominent side effects of 
these processes are the displacement of artisanal/subsistence fisheries via 
economic marginalization, a subsequent decline in the traditional structures, and 
finally migration.6 Furthermore, climate change may also influence the biomass of 
stocks (Schiermeier 2004). For several ENSO events, this impact has been 
reported. Nevertheless, this influence is superimposed by human interference. 
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Thus, the latter mechanisms are not essential for overexploitation and the 
associated symptoms are not part of the core of the syndrome. Another significant 
cause–effect chain relates to the increasing environmental awareness with regard 
to the violation of sustainability principles that has led subsequently to certain 
management regimes and various international agreements (cf. UN 1995). While 
these may help to inhibit the implementation of inadequate policies (policy 
failure), in several cases, management strategies were rejected or have failed (Daw 
and Gray 2005; Freire and Garcia-Allut 2000). The latter comprises ill-defined 
subsidies or buy-back schemes which induce an expansion of infrastructure and 
overcapitalization, closing a vicious cycle. A prominent example for this cause–
effect chain is the Canadian fisheries policy during the 1980s on the Grand Banks 
(Figure 2) (cf. Harris 1999). A ban of foreign trawlers in 1978 was combined with 
increased subsidies for Canadian fishermen. This has increased the efficiency of 
domestic fishing companies and their profit opportunities, thus the bounty of the 
northern cod proceeds. But the symptom policy failure also comprises 
inappropriate management strategies, insufficient surveillance, or the 
unwillingness to take preventive or curative action. Another side of the syndrome 
patter is serial overfishing (Figure 1), indicating that fishers change the target 
species if harvesting of the latter becomes inefficient which accelerates resource 
degradation and ecosystem conversion, and finally diminishes the profit 
opportunities of the fishing industry. 

 

Figure 2 Northern cod (gadus morhua) fisheries on the Grand Banks between 1960 and 2000 
(NAFO area 2J3KL). After an initial level of approximately 1 million tonnes in 1968, the catch 
decreased (solid line). The dashed line indicates the number of vessels targeting northern cod. 
Although the Canadian government introduced allowable catches (diamonds) and an exclusive 
economic zone (EEZ) it additionally strengthened the domestic fishermen by subsidizing, leading 
to a more efficient fish harvesting. Quota and mobilized capital (ships) were loo large. Re-
adjustments of quota led to a slight recovery of stocks, but the subsequent crisis was unavoidable 
(Data from NAFO 2005). 

In the following section, we try to model the mechanisms of overexploitation in 
order to provide general insights into the overall behaviour of marine capture 
fisheries. Their main dynamical properties are identified under the assumption of 



a weak legislatory framework. In the subsequent step, we try to assess 
management schemes and institutional setting systematically and provide clues 
whether they are suitable and how they must be designed. 

4. Qualitative modelling of the syndromatic pattern of marine 
overexploitation 

Based on the above-mentioned qualitative analysis and a review of the state-of-
the-art bioeconomic modelling, a model approach was developed which integrates 
the main system parts and could help to anticipate the future development in 
fisheries. As indicated in Figure 1, fisheries can be characterized as a co-
evolutionary systems which consist of an economic and a natural systems part. If 
we are focussing on the core of the syndromatic pattern, it becomes clear that this 
system is far from being fair and effective. It constitutes a vicious cycle, 
characterized by market mechanisms and policy constraints which have set the 
optimization paradigm (cf. Schellnhuber and Kropp 1998)  in industrial fisheries 
into force. Consequently, economic pressure on marine renewable resources has 
been a major topic discussed in environmental economics over the last two 
decades. One of the key characteristics in this context is the highly specialized 
capital stock (ships, gear), which cannot readily be converted to other uses, i.e. 
fisheries are characterized by some kind of indolence which inhibits capital 
reduction. But despite recent efforts, intrinsic system properties (uncertainty) have 
led to a situation in which current modelling approaches are still rudimentary and 
deal with unsuitable simplifications (for example, equilibrium solutions, linear 
assumptions), because vagueness seems to be an obstacle for improved models (cf. 
Amundsen, Bjørndal, and Conrad 1995; Boyce 1995; Clark, Clarke, and Munro 
1979; Jørgensen and Kort 1997; McKelvey 1985; Munro 1999).  

We surmount these difficulties by introducing a general approach which contains 
more realistic assumptions (for example, on rational choices of fishing firms) and 
also utilizes qualitative knowledge for modelling efforts (cf. Eisenack and Kropp 
2001; Kropp, Zickfeld, and Eisenack 2002, McIntosh 2003). Let us point out that 
the model focuses explicitly on the system dynamics, because bioeconomic systems 
normally tend to stay far away from equilibrium. Thus, our proposed method 
abstracts from classical approaches by applying a methodological concept which 
allows a non-linear dynamical and qualitative modelling under data-poor 
situations (for more details on the model, cf. Eisenack, Welsch, and Kropp 2005). 
It allows all possible dynamic behaviours of the system to be characterized and 
classified on the basis of purely qualitative relationships (i.e. in the absence of 
quantitative information this means, for example, that with an increase in the 
harvest, the stock decreases and the capital increases). 

Let us briefly introduce the concept. Consider the dynamics of the economic and 
the biological stock. In the natural sphere, a resource x is associated with a 
recruitment function R(x). The time development of the stock can be modelled by 

)()( hhxRx ′+−=& , where h denotes the harvest of the firm under consideration and 

h' those of all the others. The economic sphere is represented by relevant agents 
(for example, firms, fishermen) which seek profits and interfere with the natural 
environment via the catch produced. The human impact on the environment is a 



function of the state of the environment, human efforts, and efficiency, which is 
largely shaped by the impact of the technology on the fish catch rate. Thus, each 

firm's capital stock (ships, gear) is described by CIC δ−=& , where I ≥ 0 represents 
(irreversible) investment and δ a constant depreciation rate for the capital. 
Moreover, assuming that fishery firms apply an optimization strategy, it is the goal 
of each fishing company to select a plan for investment and harvest which 

maximizes the discounted (current-value) profit Π  
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subject to the equations for stock and capital. Here the parameter η represents a 
constant discount rate and the demand for fish is expressed by a downward 
sloping inverted demand function p(h+h'), which assigns the obtained market 
price to the total harvest. The convex function v(h,x,C) refers to the variable costs 
which increase in h and decrease in x and C. Investment costs are given by the 
strictly convex and increasing function c(I), whereby the convexity reflects the 
inelastic supply of highly specialized equipment and rising adjustment costs. 
Finally, J = [0,T] represents a planning interval. Actually, such a problem can be 
described as a non-cooperative differential game introducing the Nash assumption 
that each rival rests its own decisions on given levels of harvest and investment of 
the other N-1 market participants competing for the common property resource. 
Presuming also that all firms are characterized by the same technology and behave 
in a similar way, one obtains h+h’ = Nh. Applying optimization principles (for 
details, cf. Mangasarian 1966), we derive a system of ordinary differential 
equations (ODE), describing the optimal evolution of investment and harvest 7 
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In Equation 2, R refers to a concave recruitment function (cf. Figure 3) of the 

resource and in Equation 5, ε represents the inverse price elasticity of demand. 
Equation 5 denotes the usual equality between marginal variable costs and 
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marginal revenue. Even though a numerical analysis of Equations 2–5 is 
conceivable, functions and parameterizations have to be chosen explicitly. This 
has, due to a variety of uncertainties, more the character of a rule of thumb, 
pursuing an ad-hoc avenue rather than a systematic approach. We thus make use 
of so-called qualitative differential equations (QDE) (Kuipers 1994), which allow a 
system to be integrated in a sense of broader universality or robustness with 
respect to uncertainty and generalization of different fishery systems. The QDE 
approach provides some kind of symbolic dynamics introducing relations between 
functions in terms of monotonicity assumptions instead of exact parameterized 
numerical specifications. Consider again the relation between recruitment R and 
stock size x. Here the values 0, xmsy, and q are of particular interest for R (Figure 3) 
and therefore describe the quantity space of x. 

 

Figure 3 Qualitative representation of the recruitment function. Since it is rather difficult to 
estimate the exact shape of this function, it is described in a way wherein all behaviours which are 
consistent with the assumption of an inverse U-shaped function can be considered in a model 
(examples given by dashed lines). Same holds true for the exact values of xmsy and Rmsy (hatched 
areas). Thus in the mode, intervals are considered where, for example, the recruitment becomes 
maximal. 

They are called landmarks and define points where the monotonicity properties – 
for example, increase, constant, decrease – of the model functions change. 
Moreover, relations between variables can be expressed by constraints. With 

respect to the recruitment, one can derive [ ])0,();();0,0()( , qRxxUR msymsy
−= . Here 

−U  indicates the u-shaped downward form of the recruitment function, which 
requires that R is given by a function f(x) which increases for x < xmsy, attains a 
maximum at x = xmsy, and decreases for x > xmsy (cf. Figure 3). The tuples in the 
square brackets indicate corresponding values, i.e. it holds that f(0) = 0, f(xmsy) = 
Rmsy, and f(q) = 0 (for details on this methodology, cf. Eisenack, Welsch, and 
Kropp 2005 and the references therein). A QDE can be considered as a 
generalization of ODE. Same holds true for the results. While an ODE provides 
only a single development path, a QDE supplies a set of trajectories, embracing all 
possible developments (evolution tree). Each of them can be understood as a 
representation of a specific realization of an ODE which is consistent with the 
definitions of the above QDE. By applying graph theoretical methodologies, this 



set of solutions is structured in a  state-transition graph representing the situation 
in fisheries in general (Figure 4). 

 

Figure 4 State transition graph of an unmanaged or less supervised fishery. The arrows in the 
boxes label the direction of change of stock, harvest, and capital. The coloured sectors depict the 
level of criticality in fisheries. Only in the green and yellow sectors, the fisheries are approximately 

in safe limits. A  indicates the total breakdown of both fisheries and resource, the red arrows a 
development which is explained in more detail in Figure 5. The boom and bust cycles are expressed 
by the potentially (vicious) cyclic development. 

Such a graph depicts storylines of the elementary dynamic developments in 
fisheries, and allows a comprehensive analysis of fishery systems, and therefore, to 
draw a variety of conclusions. This also includes the identification of critical points 
where a fishery either shifts to a more seriously damaged situation or to an 
ameliorated situation (Figure 4). The examination of the whole development graph 
shows that there exist only limited feasibilities for a crossover from a sustainable 
to an unsustainable situation and vice versa (Figure 4). The current constraints in 
marine capture fisheries lead to boom and bust cycles with perpetual risk for any 
system parts, the natural system as well as for the economic system. 
Overcapitalization and overexploitation of marine stocks are nearly unavoidable 
under these circumstances. A successful management under these terms needs 
perpetual adjustments (sufficient systems knowledge!) and adequate control 
instruments which also work in data-poor conditions. Nothing of these is 
implemented in many cases. In Figure 5a, qualitative modelling results are 



compared with quantitative model results and the empirical measurements for 
blue whale hunting (red arrows in Figure 4). It is obvious that the qualitative 
modelling approach fits the development in whale hunting much better. The boxed 
dot indicates a branch, i.e. it describes the track into the catastrophe for both 
economy and fish stock. 

 

Figure 5 Qualitative phase plots generated from qualitative simulations of time development in 
fisheries (the numbers correspond to Figure 4). (a) Magenta: empirical time series for blue whale 
hunting (scale: right and top axis), black: qualitatively reconstructed time development, blue: 
reconstruction by a common quantitative model (McKelvey 1985). The axes are associated with 
landmarks, for example, xmsy is a stock size guaranteeing sustainable yield. (b) In comparison to 
Figure 5a, this qualitative trajectory shows that capital increases, although harvest is already 
decreasing in order to compensate for profit loss. Thus, an (ecological) critical situation already 
occurs clearly before the capital reaches its limit, which is often not recognized if one focuses only 
on the catch. 

Thus, the question arises whether - in general - strategies exist which are capable 
to control harvesting of marine resources. For this goal, the presented approach is 
extended in the subsequent section. 

4.1 Institutional settings in fisheries 

Vis-à-vis the declining situation in fisheries, further questions must be asked: what 
can actually be done to reconcile marine capture fisheries with long-term socio-
economic and ecological benefits? How can we manage fisheries in a way that 
avoids hazardous developments? Further, how do institutions possibly interfere 
with the current situation in fisheries and how do they influence management 
efforts (cf. Bennett, Neiland, Anang, et al. 2001; Lane and Stephenson 2000, 
Boyce 2000; Jentoft 2004; Kaplan and McCay 2004)? To deal with these 
questions, it is essential to find an adequate representation of the socio-economic 
sphere that is causing the problems in fishery. If the well-being of the social actors 
depends on fish resources and profits from economic activities in fisheries, then 
their actions affecting the density and composition of fish stocks need to be taken 
into account. Human action is an adaptation to changing situations, in accordance 
with their individual, collective, and institutional objectives. Thus, an integrated 
assessment of the overexploitation of marine resources would develop a model 



representation of the interactions within and between the natural, economic, and 
institutional spheres (Figure 6). 

 

Figure 6 Basic variables and interactions in the natural, economic, and policy spheres in fishery 
and as they are considered in the model approach. The dashed lines indicate the mechanisms 
involved in decision-making. 

In addition to the already described natural sphere of the fishery ecosystem, the 
socio-economic sphere has additional properties. The economic dynamics is the 
aggregate outcome of a dispersed set of interactions in a regulated fishing industry 
which defines the complex landscape in which economic agents evolve and which 
constitutes the essential mechanism to decide between survival and possible 
growth. Thus, strategies, behaviours, and actions continuously evolve, as agents 
accumulate experience in their attempt to cope with a permanently changing 
landscape. The policy or institutional sphere involves heterogeneous political 
agents and decision makers on multiple levels (local, national, regional, global) (cf. 
Figure 1). These could be governments and bureaucracies, non-governmental and 
international organizations, and local communities, each having knowledge, 
interests, and a limited power to act (Hutchings, Walters, and Haedrich 1997). 
Various control and management strategies, including legal and economic 
instruments, social and technical measures as well as environmental conservation, 
can be applied to design a more sustainable environment–economy interaction. 
Conflict resolution and cooperation play a key role in the viable evolution of fishery 
systems (Bennett, Neiland, Anang, et al. 2001). Viability includes criteria both for 
the natural sphere (regeneration capacity) and the socio-economic sphere (profits, 
employment, social cohesion). A key question is how the behaviour of individual 
social units adapts to the ecological necessities via a learning process (Anderies, 
Janssen, and Ostrom 2004). Special focus is on strategic alliances or coalitions in 
the battle for access to quotas and/or fishing capacities. A modelling approach 
dealing with these issues would involve dynamic and cooperative games and multi-
agent interaction (cf. Dockner, Jorgenson, Van Long, et al. 2000; Kaitala and 
Munro 1995; Martin-Herran and Rincon-Zapatero 2002), including stochastic 



extensions to model the impact of incomplete information (McKelvey and 
Golubtsov 2002). To deal with a larger number of players who can act and decide 
on multiple levels, multi-agent models seem appropriate, which were basically 
implemented as computer simulation tools to match virtual or ‘artificial societies’.  

Thus, we suggest a model approach that facilitates both analytical treatment and 
computer simulation (cf. Eisenack, Scheffran, and Kropp 2006; Kropp, Eisenack, 
and Scheffran 2004). In contrast to the model developed in the previous section, 
the whole model additionally includes a module allowing to examine negotiation 
rounds between certain stakeholders on the catch recommendation r (Scheffran 
2000a,b). Recent experiences imply that fishermen involved in a participatory 
decision-making process complement the conservational goals of governmental 
institutions and increase compliance (Anderies, Janssen, and Ostrom 2004; 
Jentoft 2005; Potter 2002; Wilson, Nielsen, and Degnbol 2003). Therefore, we 
examine co-management schemes in our analysis (Figure 7a). 

 

Figure 7 The institutional setting examined in the presented analysis and schematic 
representation of the quota setting game. (a) In a fishery council, stakeholders negotiate for catch 
quotas. Fishing firms and a scientific institution provide information on the biomass of stocks, 
which they have derived from empirical observations. After consensus, the fisheries council reports 
to a management authority, which executes and monitors the decisions. For comparison, the 
dashed white core represents unsupervised fishing activities, while a top-down management 
comprises only a reporting of a scientific institution to a management authority, which executes the 
management. (b) The scientific institution starts with a catch recommendation (bold line). q1* and 
q2* denote the optimal catch for the two groups (cf. Figure 7a) if no management exists. In this 
case, the choice of the groups is independent from each other (dashed lines) and will result in an 
equilibrium E0. By introducing a catch recommendation, all situations to the upper right of the bold 
line are associated with positive deviation costs, i.e. the optimal choice of each group depends on 
those of the others, leading finally to E1. 

The simulation results show that – in most cases – the final catch is higher than 
the catch recommended at the beginning of the negotiations. Any result on the 
allowable quota is a trade-off between conservational goals and profit interests (cf. 
Figure 7b). Further, the scientific institution is not immune to systematic errors 
and misinterpretations (cf. Figure 2). The vagueness on the exact state of stocks in 
combination with a tendency to exceed conservational goals due to economic 
interests exposes fisheries to a high risk. However, the more interesting question is 



whether management strategies exist which are compatible with such an 
institutional setting and associated negotiation strategy. To discuss these questions 
in a formal system analytical way, it is necessary to specify the sustainability 
objective in more detail. First, a sustainability target is normative, since it involves 
value-laden settings on what is at least acceptable or what is wanted in the future. 
Second, uncertainties cause an inability to anticipate exactly what will happen in 
the future of fisheries and marine stocks. Therefore, we strive to determine 
optimal paths not for the co-evolution of fisheries and marine resources, but 
rather for desirable corridors including at least one possible development path 
(Figure 8). 

Generally, sustainability can be characterized by ecological, economic, and social 
dimensions. In our approach, we concentrate on the first two (although economic 
facets are closely interconnected with social ones) and facilitate their formalization 
in the framework of viability theory (Aubin 1991; Aubin and Saint-Pierre 2006). 
The underlying mathematical model is more complex (for details, refer to 
Eisenack, Scheffran, and Kropp 2006). Here, we discuss the essentials only briefly. 
The defined viability constraints characterize an acceptable sub-region of the 
phase space (possible existence domain) of an examined fishery. A time evolution 
of fishery is called viable (or sustainable), if it remains in this region indefinitely 
(Figure 8). If a development process is controlled, i.e. by a management strategy, 
which here is performed by a harvest recommendation r depending on the current 
situation in the fishery, we analyse whether a control strategy keeps a fishery 
viable or not. The viability concept allows the evaluation of different normative 
settings with respect to  

 

Figure 8 Schematic representation of viability analysis, which can be considered as a filtering 
algorithm. It is checked for any time (for example, time slices t1–tn), whether a fishery stays within 
a defined sustainable domain indicated by the grey windows. Since the viability constraints may 
change, for example, due to changes in the economic situations or in stocks not all exemplary 
developments ((a) at t2, (b) at tn) fulfil the criteria. As indicated, the ‘window of opportunities’ 
shrinks in the future (hatched area), but with respect to actual management strategies it may also 
be possible that it is widened. 



their consistency and consequences. For examining marine fisheries in our study, 
two reasonable viability constraints are defined (cf. Eisenack, Scheffran, and 
Kropp 2006; Kropp, Eisenack, and Scheffran 2004): 

• Ensure that the biomass of a stock resides always above a sustainable level x 
excluding overexploitation. 

• A minimum total harvest h can always be realized or exceeded, covering 
fixed costs in the fishery, guaranteeing a minimum level of employment, or 
sustaining food safety. 

We deduce conditions under which a control rule for r exists, respecting both 
constraints at the same and for any time for the institutional setting introduced 
above. As in the previous section, fishermen act under their own profit constraints, 
which are now modified by deviation costs mainly induced by catching more than 
scientifically recommended and by the behaviour of further competitors (Eisenack, 
Scheffran, and Kropp 2006). The following three management schemes are 
examined for whether they can fulfil the defined viability constraints or not. 

• IC (Ichthyocentric control) implies that the catch recommendation is purely 
based on an estimate of stock recruitment. 

• CC (Conservative control) means that the recommendations are based on 
economic viability guaranteeing always a minimum of harvest sustaining 
the firms.  

• QC (Qualitative control) assumes that only qualitative economic and 
ecological observations (for example regarding stock, capital, and harvest) 
can be made. 

4.2 Assessment of management strategies 

The examination of these management schemes shows that – indeed – time 
developments exist that fulfil the defined sustainability criteria for any time. 
Nevertheless, they have distinct properties. In general, participatory management 
per se does not guarantee safe developments. This holds despite cooperative 
negotiations on allowable catches and possibly well defined stock estimates 
(Eisenack, Scheffran, and Kropp 2006). 

The first analysed management strategy is called ichthyocentric, because the 
scientific organization considers only the state of a fish stock x for their harvest 
suggestion r, but no socio-economic conditions. This implies for an optimal case 
that r exactly equals the recruitment R(x) (cf. Figure 3) of a targeted species. This 
is a challenging task, since an exact estimation of the biomass is bound to fail, due 
to unavoidable measurement deficits. Assuming that the estimator is roughly 
correct and r is realized by the firms, it is shown that the IC scheme cannot 
guarantee economic viability. The only exception is that the catch recommendation 
is so high that firms catch significantly and voluntarily less than recommended. 
Such a situation is normally observable only in low capitalized fisheries – for 
example if the competitors use only small boats – but not in industrialized 



fisheries. The situation becomes even more dramatic if one focuses on ecological 
sustainability. If the recommendation r equals the actual recruitment R(x), the 
simulations show that stock necessarily declines below x. Several additional 
mechanisms discussed in this context are illegal and unreported landings or the 
bycatch problem. Thus, implementing IC in fisheries is an unsound concept, since 
the idea that stock properties can be exactly estimated by ecological indicators is a 
popular fallacy. In any case, IC exposes fishery to a risky development path.  

The CC strategy aims to satisfy economic viability only. Again the scientific 
institution opens the negotiation on catch quotas by a recommendation r. In 
contrast to the IC scheme, it only observes the economic conditions and uses 
qualitative information. The aim is to guarantee a minimum catch level h (cf. 
section Institutional setting in fisheries). If the scientific organization has a 
quantitative economic model on hand, the institution would recommend a catch 
level r, which consequently leads to an actual negotiation result h. In case of 
uncertainties, the scientific advisor has to supervise whether a realized catch 
resides above or below h. In the former case, catch recommendations should be 
reduced, whilst in the latter they can be increased. An assessment of this strategy 
yields that recommending r guarantees economic sustainability. It is also 
ecologically sustainable (stock above x), if r is always below an upper acceptable 
border r .8 This only fails if the aspiration level for harvest is very high or the 
abundance of the targeted species is very low (for example, for highly capitalized 
fisheries or strong international market pressure). It be can concluded that CC can 
satisfy economic and ecological viability, although the latter is not an explicit 
target of management and problems arising from uncertainty are taken into 
account by the scheme. On the other hand, profits are limited to a minimum for 
this case and for critical configurations (see above), ecological sustainability 
cannot always be guaranteed. 

The QC extends the idea that for relevant parts of fisheries, only vague knowledge 
is on hand, but observations about trends and thresholds can be made. This means 
that the exact numerical values of the stock size, the recruitment, and the optimal 
allowable catch are not known. Having in mind the current paradigms applied in 
fisheries management, it seems to be problematic guaranteeing both, ecological 
and economic sustainability on this information base. However, for QC it is 
assumed that we can only determine whether the stock is decreasing or increasing, 
the economically necessary harvest h is exceeded or not, and whether the fishery 
harvest as much as negotiated or voluntarily less than negotiated. The qualitative 
monitoring implies that the harvest recommendation can be expressed only 
qualitatively, i.e. whether r should be increased or decreased. A systematic analysis 
shows that such a qualitative view provides a qualitative control scheme 
comprising seven rules that can fulfil the sustainability criteria defined above (cf. 
Table 2). 

 

                                                 
8
Since recommendations for the catch quota are an outcome of a negotiation process, the scientific 

organization itself has defined an acceptable corridor for the suggestions. 



Table 2: Qualitative control schemes for co-managed fisheries. It is worth to mention here 
that qualitative control implies to observe the history of a fishery, in particular, whether it is 
an emerging of mature fishery (for details cf. text) 

Rule # Qualitative observation Control scheme 

1 catch less than recommendation decrease r 

2 x increases and h > h increase r 

3 x increases and h < h increase r 

4 x decreases and h > h and mature decrease r 

5 x decreases and h < h and mature moratorium h=0 

6 x decreases and h > h and emerging decrease r until h=h 

7 x decreases and h < h and emerging increase r until h=h 

 

For a successful management, only one additional qualitative observation about 
the state of fishery is needed, i.e. the scientific institution has to classify fishery as 
emerging, which means that it is not exploited considerably before, or as it 
matures. In an emerging fishery, the rules #6 and #7 are sufficient to approach the 
defined sustainability targets. Rule #2 becomes applicable for the first time, when 
a fishery is categorized as mature. If, initially, a fishery stays within the defined 
viability domain, the rules #1, #2, and #4 are sufficient strategies to keep the 
fishery sustainable for any time. If the initial conditions are not viable, the rules #1 
and #3–#7 are able to steer a fishery back into the viability domain. 

The calculations show that the acceptance of uncertainties allows to develop 
management schemes that sustain both targets simultaneously. Moreover, it can 
be shown that such a qualitative scheme may be more efficient. But before such 
schemes are implemented in fisheries, a paradigm shift in policy making and 
management is needed, because decision-makers too often rely on numbers 
instead of systematic observations. 

5. Discussions 

A systematic examination of the mechanisms of marine resource exploitation 
indicates that a fundamental change in the socio-economic, institutional, and 
ecological settings is needed to accomplish a turnaround to sustainability. Isolated 
views that neglect economic claims or the inherent opaqueness of fisheries are not 
helpful and can provide misleading policy advice. Any change shall consider the 
transsectoral structure of fisheries. Referring to our literature survey on 
bioeconomic modelling, it can be stated that it is rather impossible to formulate a 
precise numerical model. Thus, a qualitative simulation has complementary 
advantages compared to other methods. First, we can shift the perspective from 
equilibria to non-equilibrium dynamics and can unveil general dynamic patterns, 
i.e. intrinsic properties of fisheries. Examples are unavoidable overcapacities and 
the possibility of cyclical behaviour in less monitored fisheries. Second, several 
stages of system development can be identified to enhance our knowledge of how 
and when management strategies should be introduced. This allows alternative 
scenarios to be discussed. Third, critical branchings were identified. These can be 
associated with regions in the phase space where the qualitative direction of state 



variables are in a configuration which admits irreversible problematic and positive 
changes. 

With respect to our systematic analysis of participatory co-management schemes, 
it was shown that they are not in general viable, since the outcome strongly 
depends on the relation between biological, economic and political factors, and, in 
particular, on the catch recommendations of the scientific institution. The applied 
viability concept shows how the dangerous effects related to measurement deficits 
can be surmounted. In this way, the corresponding uncertainty can be confined to 
a minimum and different management goals can be achieved in parallel.  

The common IC scheme which is purely based on the observation of fish stocks 
exposes the fishery to a high risk of economic and ecological decline. Such a 
situation can be substantially improved by designing a more flexible strategy which 
only needs qualitative information about the state of the fishery and does not 
deterministically fix the scientific institution. In addition, it can be stated that even 
for a fishery outside of a viable zone, there exists a good chance that it can be 
steered into the safe region if a suitable control scheme is applied. We can show 
that even under uncertainty, the QC strategy is at least as good as the economical 
CC strategy and less risky than the data-intensive IC scheme. Because the 
knowledge regarding relevant processes in specific domains of marine fisheries 
will remain insufficient over the next few decades, the need for enhanced methods 
capable to improve our knowledge is evident. 

6. Conclusions 

An in-depth analysis of an archetypal cause–effect pattern of global change – the 
marine overexploitation syndrome – is performed systematically on the basis of 
expert knowledge, available data, and various case studies by employing new and 
smart methodologies from information sciences. In particular, we show that even 
in a vague environment we can substantially improve understanding of the 
complex dynamics in fisheries. The most important novel aspect of the introduced 
approach is to employ a trans-disciplinary pattern (syndrome pattern) on an 
intermediate scale of complexity. The presented approaches can provide valuable 
insights for future decision-making in fisheries, since management schemes can be 
assessed concerning their design and potential outcome. All kinds of solutions 
provided for the ‘clinical’ picture of the marine overexploitation syndrome are 
conceivable and imply actions for mitigation/prevention of disastrous events in 
fisheries. We feel that the introduced techniques could pave the road towards an 
improved integrated modelling and assessment in fisheries. For the future, it is 
planned to develop concrete management options for specific fisheries, which are 
based on these system analytical concepts. 
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