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Chapter 3

QUALITATIVE MODELING TECHNIQUES TO ASSESS
PATTERNS OF GLOBAL CHANGE

Klaus Eisenack, Matthias K.B. Lideke, Gerhard Petschel-HeldJiirgen
Scheffran, and dirgen P. Kropp

3.1 Introduction

New types of environmental problems are facing global sgci&nthropogenic influence
on the earth system approaches a dimension where it has anfiemtial ascertainable im-
pact on the system (Turner Il et al. 1990). Today civilizatie a significant factor of inter-
ference in the global ecosphere. The variety of involvedhrarisms are characterized by
complex trans-sectoral interdependencies and inteioefdtips (Schellnhuber and Kropp
1998). Therefore context-dependence of socio-ecolodig@mics makes it extremely dif-
ficult to draw general conclusions about determinants fair ttobustness and for success or
failure of management and/or steering strategies. Therearsiderable efforts to develop
theories of socio-ecological systems and/or managemeogssi factors, e.g. based on large
samples of case studies. Nevertheless, these approaehefiesr criticized for being too
abstract for concrete environmental or institutional peots. The frequently stated reason
for this circumstance is that every case has its distindtifea which makes it problematic
in order to compare it with other cases. This argument iscbasddiographic traditions in
science, which aim to identify the particularities of seghse studies.

Such traditions deserve attention in their own right, irtipafar, if we consider that for-
mal modeling disregards contextual differences, at leasteichnical issues of tractability.
On the other hand, formal methods play an important role matbetic traditions, aimed at
identifying results on a general level (e.g. fundamentaklaf physics), and are therefore

1Gerhard Petschel-Held was one of the most inspiring cartwiB to the syndrome concept during the
recent years. In scientific discussions he always aimednergéze his ideas beyond imagination at first and
then pursuing a serious effort to gather a solid support i®theories and assumptions. On Septemtfer 9
2005 he suddenly passed away in his office at the age of 42mlembrance we wish to dedicate this chapter
to him.
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abstract. Having said this, it appears that although eveesg & a comparative case study is
different, there can also be a strong resemblance. Thislkdoe may be very valuable for
the design of strategies to deal with, e.g. £L&nission management or sustainable resource
utilization.

Nevertheless in sustainability science we observe theqshenon of complexity, i.e.,
we often have to consider exceptional dynamics involvinmgiimerable system parts and a
multitude of (non-linear) interrelations between the semtonomic and the natural sphere.
Thus, it is more than ever essential to understand the miestare mechanisms, driving
forces, and/or feedback loops of systems, at least on anmatkate scale of complexity
(cf. Schellnhuber et al. 2002). At this point any systematialysis enters the “bottleneck
of knowledge representation and derivation”, since up to mo formal strategy exists
on how to generalize from single observations. One reasersfategy is to develop a
guantitative and/or qualitative symbolic coding systeia écg. Boardman 1995), but any
representation may be imperfect and can be a source of éDravss et al. 1993).

We present archetypes as a pattern approach to this taslgefieeal idea is that each
problem class is structured by core interactions allowindéscribe it as a typical pattern.
The pattern approach is an essential technique to cope wiitiplex situations and is also
part of the learning process in human-environment intemactt is the closest concept to
the reality of brain representation and is based on bothogjeyly and ontogeny. The brain
of mammals is extremely efficient in reconstructing fragtagnpatterns and in providing
solutions for unknown situations by referring to analogoases. This useful mechanism is,
in particular, used by artificial neural networks (cf. Krogpd Schellnhuber 2007). In this
chapter we will operationalize the pattern idea which hamg lasting history in different
fields of science (see, for example, Polya 1954; Hayek 1978nds 1995; Kelso 1997;
Kropp et al. 2006a) for the assessment and simulation of Ebnghobal change pattern.

A first attempt to do this was the so-called syndrome approadtinated by the Ger-
man Advisory Council on Global Change to the Federal GovemtriWsGu 1994), which
was often criticized due to its less formal foundation anénigdheuristic characteristics. In
a more general context of global change research, the ayrdapproach was suggested as
an instrument to analyze complex transsectoral phenontigmiavides a semi-quantitative
and transsectoral overview of the “dynamical degradatiattepns” that characterize con-
temporary human-environment interactions across theepl@h. e.g. Schellnhuber et al.
1997; Schellnhuber et al. 2002). It decomposes the megaegsmf “global change” into
archetypal patterns, named syndromes, under the hypstihedithe web of relationships
governing the planetary development is made up by a finitefseanssectoral sub-webs
of distinct causal typology. It is a formidable task to dlitiore knowledge on the complex
interrelationships governing global change, but the symdr approach can help to identify
hot spots, as well as help identify key mechanisms. Therlateat least - one precondi-
tion for the design of successful management regimes. Weegibnsider this example by
assuming archetypes as simple gqualitative models whicliitaecessary) be refined to the
particularities of each case. We will show that by the witiian of adequate methodolog-
ical concepts, a formal basis of the syndrome analysis isilplesand will provide further
insights.

This chapter is organized as follows. In Section 3.2 we thice archetypes of social-
ecological systems as a formal framework based on modetdnss. We also demonstrate,
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in an abstract way, how it can be used to pose well-defined eledant questions within
the domain of sustainability science. The framework is upid@ed with an abstract se-
mantic specification which relates it to established methindcase study research. In the
subsequent Section 3.3 we introduce the syndrome concept.we discuss the concep-
tualization, advantages, and shortcomings of the traditisyndrome approach (Section
3.3.1). This will be shown by the example of the Overexpt@tasyndrome. Subsequently,
the semantic and formal aspects of three syndromes arzalied in more detail. We start
the formalization with the Overexploitation syndrome (8@t 3.3.2) and present the same
strategy for the Dust-Bowl syndrome, indicating the noataimable use of soils and water
bodies, (Section 3.3.3) and for the Sahel syndrome dealitigtihhe overuse of marginal
land (Section 3.3.4). Then we again grasp the thread of trere@ploitation syndrome
(Section 3.4) and introduce a multi-actor approach in otdederive further knowledge
about successful management regimes. Finally, we sumethezstrengths and limitations
of this methodology and indicate directions for furtherei@sh (Section 3.5).

3.2 Describing and Analyzing Archetypes
as Model Ensembles

3.2.1 Model Ensembles

We understand archetypes as building blocks of societyr@anteraction which appear in
multiple case studies. The underlying hypothesis is thsigitts can be transferred from
one case to another if the cases share archetypes. For Hlisagoadequate notion of
similarity is required, which can be specific but also geliwga features from other case
studies, if they are of limited relevance. Such similasitistroduce equivalence classes
of models. This is necessary to examine real-world systevhizh cannot be formally
described in a unigue way, also due to uncertainty. Althaugthconcisely described as a
general strategy, this style of reasoning is common — naot enh sustainability science,
e.g. for parameter variation (e.g. Stainforth et al. 20@%)del comparison (cf. Gregory
et al. 2005), or scenario development (e.g. Nakicenowil.e2000; Swart et al. 2004;
MEA 2005). We formalize and generalize these ideas by introduttie notion of a model
ensemble, which is a structured set of ordinary differérgguations (@Ee). These are
considered simultaneously instead of investigating oinlgle models.

A model ensembilgr is defined as a set of functiorfs X x R, — R" on astate space
X C R". These functions are calledodels each describing a possible configuration of a
real-world system under investigation or one example ofpidtern to be analyzed. The
setz contains functionx(-) : R, — X, being the space afdmissible trajectoriesf the
systems, e.ge =CY(R,,X). Each modef € o defines a family of initial value problems

x= f(xt),
X(0) = Xo,

with xg € X. We call the set of all initial value problems given by a modesemble the
systems of the model ensembie It is also possible to consider model ensembles which
contain only autonomous models.
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Of course, the systems of the model ensemble have (in ggrBffarent solutions.
Thus, asetof trajectories is assigned to each initial vakge The set-valuedolution op-
erator s,, (-) : X — 2(£) (of a model ensembles with respect to a state spageand
admissible trajectories ), assigning to an initial state a subsetmfis defined by

Sac (X0) :={X(-) € £ | X(0) = x0,3f € m Vt € Ry : x(t) = f(x(t),t)}.

Depending ore it may be sufficient that the Gk holds almost everywhere. We call the
elements of,, (X) thesolutions of the model ensembie (with respect to a state spaxe
and admissible trajectories). If an application requires a very general modwl, is the
collection of all cases which have to be analyzed. Simildriythe case of uncertainties,
M is defined to subsume all systems which must be consideredseTdre given by the
part of the knowledge base which is certain to a high degrédewariation is admitted
for uncertain parameters, functions or processes. It isnasd that all these cases and/or
all considered variations can be described as dynamicttragson the same state space
X. The solution operator is closely related to the conceptnoéweolutionary system as
defined by Aubin (1991) (cf. also Chapter 2 in this book forafle}. The main challenge
in reasoning with model ensembles is to find relevant strastins,, (X). This includes:

1. representing a model ensemble in a way that is adequalte tmadeler and allows
for a formal treatment,

2. efficient algorithms to determing,, (X) from a (possibly infinite) model ensemble,
3. detecting structural features of the solutions of the ehedsemble.

An example for the latter is to introduce normative settiimga formalized way by a parti-
tion X = AUB of the state space into a preferable regdaand a problematic regida. If for

all x(-) € 84, (%) and for allt > 0 the relatiorx(t) € B holds such that the system is “locked
in” B due to its intrinsic dynamic interactions, it may be said thacatastrophic outcome is
unavoidable”. Orifix(-) € 5, (X0),t > 0:x(t) € A, then “itis possible to sustain preferable
conditions”. Such features are very robust in that they liotch whole model ensemble
and not just one model. They are introduced as invariant asleisets in Chapter 2. A
discrete analogon is described in Section 3.2.3. We nowigieaome examples for model
ensembles.

Example:

Let a¢ contain only one functiorf : X x R, — R" which is Lipschitz onX, and let the
admissible trajectories be = C(R,,X). Then,s,, (%) contains the usual solutions of
the initial value problem witkx(0) = Xo which exist onR .

Example:
Given a functionf : X x Ry x R" — R" (x,u) — f(x,u,t), depending on a control vector
u(t) € U(x(t)), and a finite seP of possible parameterizations, define the finite model
ensemble

M ={f e CXxR,,R") | f'(x,;t) = f(x,t;p),p € P}.
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Then, the solution operator, with respect to a set of adbiesgrajectories, provides all
“scenario runs” for the different parameterizations.

Example:

In analogy to evolutionary systems as discussed in Chapfer 2 given autonomous
measurable functiorf : X x U — R",(x,u) — f(x,u), depending on a control vector
u(t) € U(x(t)) whereU (-) assigns a set of admitted control vectors to each state, fiveede

M = {f": X xRy — R"measurablg Jue U (x(t)) : f'(xt) = f(x,u)}.

Taking absolutely continuous functions as admissiblesttayies, the solution operator
Sqr (Xo) describes all trajectories starting frog which result from any measurable open-
loop controlu(-) : Ry — U.

Example:
A further example (which will be introduced in detail beloaje qualitative differential
equations (@Es). Basically, such a model ensemble is defined by a prescritarix of
signsZ via

M = {f cCYX,R") |vxe X: sgny(f)(x) =2}, (3.1)

wheres denotes the Jacobian and the sign operator is applied canpaise. The signs of
the Jacobian may, for example, result from a formalizedadosp diagram (cf. Richard-
son 1986). We will see below how it can be used to define arpkstyhich describe the
profit-driven or poverty-driven overexploitation of nadliresources. If we take the set of
continously differentiable functions which have only atiénhumber of critical points on
any compact intervals,, (-) can be computed by using thes@ algorithm developed by
Kuipers (1994) and his group at the University of Texas attitus

Within the framework of model ensembles, further questicais be posed which are
highly relevant for sustainability science. If it is not gdde to find relevant features com-
mon to all solutions of a model ensembig, we can try to identify subsets’ C ar for
which such robust properties can be determined. The cleaization ofas’ is associated
with the discovery of structural features which bring abprdblematic or desirable sys-
tem behavior. In other terms, conditions are found undeckvbertain (sub)pattern evolve.
If a¢ is partially determined by certain control measures imgasethe system, angl’
by alternative control measures, the differences betweesdlution operators,, (X) and
Sqr(X) are of interest.

3.2.2 Qualitative Differential Equations

Qualitative differential equations (@Es) are a prominent methodology in qualitative mod-
eling (Kuipers 1994). The basic idea ob@s is not to determine all quantitative solutions,
but all possible sequences of sign vectsgs(x) which can be brought about by at least
one solutionx(+) € s (X) (some further information, see below). These can be detedni
from the definition ofar using the &im algorithm. The set of the possible sign vectors
is finite, so that the result of the algorithm can be displaged directed state-transition
graph, where each node represents a sign vector, and ttaredge between nodes vo,


https://www.researchgate.net/publication/220604909_A_Review_of_Qualitative_Reasoning_Modeling_and_Simulation_with_Incomplete_Knowledge?el=1_x_8&enrichId=rgreq-c2af9886976e409ad0a7285447a82bb1-XXX&enrichSource=Y292ZXJQYWdlOzIzMzcyODM2MTtBUzoxMDI0NDU4MjkwNjY3NjdAMTQwMTQzNjM5ODAwMQ==
https://www.researchgate.net/publication/220604909_A_Review_of_Qualitative_Reasoning_Modeling_and_Simulation_with_Incomplete_Knowledge?el=1_x_8&enrichId=rgreq-c2af9886976e409ad0a7285447a82bb1-XXX&enrichSource=Y292ZXJQYWdlOzIzMzcyODM2MTtBUzoxMDI0NDU4MjkwNjY3NjdAMTQwMTQzNjM5ODAwMQ==
https://www.researchgate.net/publication/222633440_Qualitative_Reasoning_Modeling_and_Simulation_With_Incomplete_Knowledge?el=1_x_8&enrichId=rgreq-c2af9886976e409ad0a7285447a82bb1-XXX&enrichSource=Y292ZXJQYWdlOzIzMzcyODM2MTtBUzoxMDI0NDU4MjkwNjY3NjdAMTQwMTQzNjM5ODAwMQ==
https://www.researchgate.net/publication/222633440_Qualitative_Reasoning_Modeling_and_Simulation_With_Incomplete_Knowledge?el=1_x_8&enrichId=rgreq-c2af9886976e409ad0a7285447a82bb1-XXX&enrichSource=Y292ZXJQYWdlOzIzMzcyODM2MTtBUzoxMDI0NDU4MjkwNjY3NjdAMTQwMTQzNjM5ODAwMQ==

88 K. Eisenack et al.

if the sign vectow, occur as a direct successonfin at least one solution. The nodes in
such a graph are also callgdalitative statesand the edgetransitions The input for a
modeling task is a Qe comprising the following parts:

1. a set of state variables;

2. a quantity space for each variable, specified in terms afrdared set of symbolic
landmarks

3. a set ofconstraintsexpressing the algebraic, differential or monotonic refethips
between the variables.

This defines the model ensemble in a twofold manner: (i) béegatake values from the
set of symboliclandmarksor intervals between landmarks. Each landmark represents a
real number, e.g. maximum sustainable yield, of which tfeeeguantitative value may be
unknown or uncertain. Nevertheless, it is analyticallytidguished whether a grain yield
or catch is above or below this threshold. The landmark oirttegval between landmarks
where the value of a variable is at a given time, is calledyitalitative magnitude (ii)
Monotonic relationships specified between variables, thgt the yield is monotonically
decreasing with a decreasing stock, are expressambistraints They introduce a (com-
plex) relation between the qualitative magnitudes and trextibon of change of the state
variables in time (as seen in the example above).

Qualitative simulation achieves its result by performingpastraint satisfaction scheme
(for a general introduction see Tsang 1993; Dechter 2003 faore detailed description
of constraint satisfaction problems $6€) we refer to Chapter 5), where all combinations of
gualitative magnitudes inconsistent with the constraamesfiltered out. The outcome is a
set of trajectories organized as a graph.

This so-called state-transition graph describes all ptessiolutions of a model ensem-
ble 2 defined by the @E in the following sense. The sign vectors of the velocity vect
of a solutionx(t) with increasing can be written as a well-defined sequence:

Definition 3.2.1 For a given solution &) € $,, (Xo) on [0, T| we have an ordered sequence
of sign jump pointst;) with to = 0 which subsequently contains all boundary points of the
closures of all setgt € [0, T]|[x(t)] = v} with sign vectors & {—,+}". We construct a
sequence of sign vectofs= (X;) := ([X(1})]), where we arbitrarily choose; € (tj,tj1).

If the sequencét;) is finite with m elements, we choosg € (tn, T). The sequencg is
calledabstractiorof x(-).

Then, the state-transition graph is defined as
Definition 3.2.2 Denote the set of the abstractions of the solutions by
Sar = {X| Ixo € X, X(-) € 5, (%) : X is the abstraction of(x)}.
Then, the directed state-transition graph of the monotenisemble is defined by the nodes
V(G):i={ve {—,+1"|3%e 5, ,j€ N: &=V},
called qualitative states, and the edges
E(G):={(vw)| 3X€ S, ,j€ N: & =vand%j1=w},

called qualitative transitions.
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The guaranteed coverage theorem (an in-depth discussitnisatheorem is beyond the
scope of this paper, but cf. Kuipers 1994, p. 118) ensurdsthieaalgorithm computes
a graph which contains the abstractionatif solutions of the model ensemble as a path.
Obviously, due to the generality of the model ensemble, thte-dransition graph usually
has more than one unique path, and every path represent®fagegintitative trajectories
development paths.

3.2.3 Viability Concepts

For larger model ensembles, the resulting state-transgiaph can grow tremendously,
such that various techniques are used for their analysis. fthod is a graph theoretical
analogon to concepts from viability theory (cf. Chapter @yeloped by Aubin (1991),
which is increasingly used in sustainability science ($eeexample, Kropp et al. 2004;
Mullon et al. 2004; Cury et al. 2004; Eisenack et al. 2006a).

We briefly recall the necessary concepts from viability tiedet K C X be a subset
of the the state space calleccanstrained setA trajectoryx(-) which remains irK, i.e.
Vt 1 x(t) € K, is calledviablein K. In the case of a model ensemble, multiple trajectories
can start from a given initial value) € K. The set of all initial values, such that at least one
trajectory is viable, is called thagability kernelof K. The set of initial values, such that all
trajectories are viable, is called thmvariance kernebf K.

In the context of a state-transition gra@h these definitions are modified as follows.
The setd/(G) andE(G) are the nodes and edges@frespectively, and the set-valued map
M:V(G) — 2(V(G)) assigns to every node the set of its successors.

Definition 3.2.3 Aset DCV(G) is

1. Viable, if forall vg € D

Jpathvg,...,Vi,... InG Vi>0:vieD
or 3 pathvg,...,vmin G:T(vy) =@ andVi=0,...,m:v; € D.

2. Invariant, if for all vy € D

Y pathsvy,...,V;,... inG,i >0:v; € D.

3. No-return, if for all \vp € D

V pathsvg,...,Vm,...,Vi in Gwithv, € D,i > m:v; € D.

In a viable set, a path starts from every vertex which remairthe set. Invariant sets
correspond to regions in the phase space which cannot lmntftthey are entered. The no-
return set is a new concept here, describing sets which téene-entered once they have
been left. In the context of sustainability science, irsarisets correspond to robust facts
under uncertainty or generality. Since there is no edgdrgaan invariant set, no model
of an ensemble has a solution leaving the associated rediomontrast, no-return sets
correspond to a fragile configuration of states and vekgitSince there is no re-entering
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path, no solution of the model ensemble re-enters the regimegative consequence holds
for viable sets. IfD is not viable, there are vertices D where all successors are outside
D, i.e. there is a region in the state and velocity space wheyesalution of the model
ensemble necessarily leaves this region — a problematiatisih if such a region is valued
as positive.

No-return sets can be computed easily with standard atgosifrom graph theory be-
cause it can be shown that every strongly connected compamehevery node which
belongs to no strongly connected component is a no-rettiysaéed a no-return basis. All
other no-return sets are unions of such basis sets. Moradlewariant sets — which have
the structure of a set lattice — can be generated from thetoorrbasis (see Eisenack 2006
for details).

3.3 Syndromes of Global Change

3.3.1 The Traditional Approach

The syndrome concept is a pattern approach which was dexklmpthe German Advisory
Council on Global Change to the Federal Governmens @ 1994) and successively ex-
tended during the recent decade. The early syndrome conegpiainly based on expert
elicitations and case study evaluations. With the help isfkhowledge symptoms and in-
terrelations are identified, which are necessary but ndicgrit for the occurrence of the
syndrome mechanism. This procedure ends up in a first sysatan represented by a
syndrome specific network of interrelations (Fig. 3.2, tteech ellipses and bold arrows are
the core of a syndrome). In its original form it comprises g8dsomes (Tab. 3.1).

The names (Tab. 3.1, left column) are chosen either to skk&main processes or to
represent a paradigmatic area where the respective peso@sh. 3.1, right column) can be
observed. The syndromes are classified into three grodjestieg more general properties
of the underlying processes. These syndromes are nons@gli.e. distinct syndromes
can occur simultaneously at the same location and they ceoupted. The approach seeks
for typical functional patterns of human-environment iations by defining their essential
mechanisms. In any case, this is a formidable task, sinogpliés an extensive evaluation
of case studies, expert elicitations, and field work. Befoeeexplain this in more detalil, the
following definitions have to be introduced which are ess¢fidr a general understanding
of the syndrome concept.

e Symptoms are the basic entities for the description of thth esystem with respect
to problematic developments. A symptom is a functional aggte of detailed vari-
ables describing a single sub-process of global changelgloslated to the human-
environment interface. Examples include the loss of spediiersity, urbanization,
and freshwater scarcity. The concept works with approxaétge80 symptoms asso-
ciated to different spheres (atmosphere, social orgaaigacience and technology,
biosphere, etc.). They also include a temporal charatitsrief the specific trends;
thus, a symptonX is characterized by the tupl (X, X, X,...).
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Table 3.1. List of 16 Syndromes as proposed by th&/BGu (1994). These patterns of
non-sustainable development can be grouped according to bi@ human usage of
nature: as a source for production, as a medium for socio-ecmmic development, as

a sink for civilizational outputs.

Syndrome Name

SAHEL
OVEREXPLOITATION

RURAL ExoDuUs
DusT BowL
KATANGA

MASS TOURISM

Utilization Syndromes

Overuse of marginal land

Overexploitation of natural ecosystems
Degradation through abandonment of traditional
agricultural practices

Non-sustainable agro-industrial use of soils and
bodies of water

Degradation through depletion of non-renewable
resources

Development and destruction of nature for
recreational ends

Environmental destruction through war and

SCORCHEDEARTH - .
military action
Development Syndromes
ARAL SEA Damage of landscapes as a result of large-scale projects

GREEN REVOLUTION

ASIAN TIGER

FAVELA

URBAN SPRAWL

Degradation through the transfer and introduction

of inappropriate farming methods

Disregard for environmental standards in the course
of rapid economic growth

Socio-ecological degradation through

uncontrolled urban growth

Destruction of landscapes through planned expansion
of urban infrastructures

Singular anthropogenic environmental disasters with

DISASTER .
long-term impacts
Sink Syndromes
SMOKESTACK Environmental degradation through large-scale diffusion

WASTE DUMPING

CONTAMINATED LAND

of long-lived substances

Environmental degradation through controlled and
uncontrolled disposal of waste

Local contamination of environmental assets at
industrial locations
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== FAVELA
l DUST BOWL O

Bl OVEREXPLOITATION [J GREEN REVOLUTION Hl ARAL SEA = ASIAN TIGER

Figure 3.1. Overview of the global distribution of sevendiomes of global change. This
image represents the achievements of the early syndronreamppand shows the local
distribution of syndromatic patterns. This used some kihdewrristics and was only less
formalized with respect to a homogenized methodology (&ffieleke et al. 2004).

¢ Interrelations are the connecting elements for the symgtand specify the causal
relations. They are defined as monotonic relations, i.éh Wwitreasing (enforcing) or
decreasing (mitigating) effect.

This approach is nothing more than a qualitative and ineitypifying approach, but it
helps already to structure the single facets of global chamghe global manifestation (see
Fig. 3.1f. The underlying working hypothesis was that the overallnaineenon of global
change should not divided into regions, sectors, or presebat should be understood as
a co-evolution of dynamical partial patterns of unmista&atharacter. Nevertheless, the
description of these patterns is not sufficient, especifiliige aim is to provide adequate
policy advice. Therefore, some kind of formalization is ded, which we will apply for
the subsequently discussed examples.

3.3.2 The Overexploitation Syndrome: Terrestrial
and Marine Overexploitation

Before we start with the formal description of syndromes,wile present an example of
overexploitation of terrestrial and marine natural resear and how we can proceed from
traditional to a more formal syndrome approach. As mentomsgndromes are patterns
of interactions, frequently with clear feedback characters a holistic and transsectoral
approach, based on expert knowledge allowing to structurekmowledge on the mega-
process of global change. These experts and our intuitimvalus to define relevant

2Discussions of specific syndromes can be found in Schellhebal. 1997; Petschel-Held et al. 1999;
Cassel-Gintz and Petschel-Held 2000; Kropp et al. 2001pget al. 2006b.
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variables (symptoms) and interactions between them. Iigittds ends up in a syndrome

specific network of interrelations representing the esslemtechanisms (see Fig. 3.2), e.qg.
“increasing exploitation of natural resources” leads tédegradation of ecosystem’s struc-
ture and function”.

Marine overexploitation is a typical pattern of global @owvimental change posing
threats to mankind’s food security and marine biodiver@itfea 2005). Fish contributes
to, or exceeds, 50% of total animal proteins in a number ohtr@s, such as Bangladesh,
Cambodia, Congo, Indonesia, and Japan. Overall, fish gevitbre than 2.6 billion peo-
ple with at least 20% of their average per capita intake ofnahiprotein. The share of
fish in total world animal protein supply amounted to 16% i@2QFao 2004). Today, the
impacts of overexploitation and the subsequent conseqaeme no longer locally nested,
since 52% of marine stocks are exploited at their maximurtagable level and 24% are
overexploited or depleted A& 2004).

Global deforestation must be also regarded as an impotagattto ecosystem ser-
vices. Forest degradation is currently more extensive entitbpics than in the rest of the
world (MEA 2005). There is multiple relevance of forest ecosystenashiag from the cul-
tural services for indigenous people and recreation in moliie, via regulating services
for soils, biodiversity and climate, to provisioning seas$ like water and wood. Overex-
ploitation of these ecosystems may result in ecologicahreghifts, soil degradation and
destruction of livelihood. It is estimated that approxigtgthalf of global forests have been
lost due to human activity since the end of the last ice agp@Kat al. 2000). The non-
sustainable path is characterized by strongly increagimgetr extraction, fuelled by strong
development of extraction and processing infrastructafesn in combination with lack-
ing enforcement of natural protection laws and corruptioagsel-Gintz and Petschel-Held
2000; Ludeke et al. 2004). For example, in Amazonia, 80%hefdeforested areas are
located within 20 km of legally permitted roads (Barretole2806).

Common features of overexploited ecosystems include ihability to regenerate
which results in further severe damage. One main drivingefdrehind this dynamic in-
clude good profit opportunities for actors to utilize the ®iem, but poverty alleviation
plays an important role as well. In terms of numbers, forestversation have mainly
contributed to poverty mitigation throughout historya@-2003). However, any kind of
overexploitation is characterized by a temporal discrepdretween socio-economic use
and renewal of the resource (Cassel-Gintz and Petschdl2080; Eisenack et al. 2006b),
but learning concerning forests and marine resources exsittlyle actor’s side as well as on
the institutional side, has been identified as crucial fetanable management (cf. Barreto
et al. 2006).

Marine and terrestrial overexploitation syndrome shamgragst others, the symptoms
“degradation of ecosystem structure and functioning”,pansion of infrastructure”, and
“policy failure”, but differ in a set of accompanying prohts (cf. Fig. 3.2). In the marine
case, these are problems of the exact estimation of biorttessnigration of fish stocks
and higher surveillance costs for management policieste3tral overexploitation is as-
sociated with a larger proportion of non-mobile infrastane which cannot be shifted to
other regions, but to other uses (e.g. roads). Furtherinfpfactors like certain institu-
tional settings, industry lobbyism and corruption strgndiffer between ecosystems and
countries and they are therefore rarely or unsuitably cemed in analytical approaches
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Figure 3.2. Syndrome specific networks of interrelationstfie marine: (a) after Kropp
et al. (2006b) and the terrestrial overexploitation synuo (b) courtesy of Cassel-Gintz
and Petschel-Held (2000). The black ellipses (symptoms$idered as the necessary el-
ements for an occurrence of a syndromatic pattern. Arrowiate forcing and bullets
mitigating mechanisms. Obviously there exist similasitibut also differences between the

two expressions of the syndrome.
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(cf. e.g. Smith et al. 2003; Anderies et al. 2004; Jentoft4&20For advanced discussions
on problems in fishery and forestry, see, for example, Hothiet al. 1997; Nepstad et al.
1999; Munro 1999; Charles 2001; Eisenack and Kropp 2001eP2002; Petersen 2002;
Freire and Garcia-Allut 2000; Pauly et al. 2002; Wickham 208mith et al. 2003; &0
2003; Barreto et al. 2006 and also Chapter 8.

Whilst the the early syndrome approach mainly aims to diagrotential hot-spots
of hazardous developments, mitigation is closely conmkewfth the need to enter into the
fundamental dynamics of certain syndromes, in particufare are interested in an as-
sessment of management strategies. We have shown in theysr&ection that a variety
of descriptions exist for resource overexploitation, vhare not identical, but typically
they share a common kernel of symptoms. Thus, a formal dymdescription of marine
and terrestrial overexploitation, on an integrated anerimediate functional scale of com-
plexity, is provided to assess the general developmenspatforestry and fisheries. It is
shown that in spite of uncertain process knowledge, a yaotonclusions can be drawn
regarding sustainable resource use such that commonnsattefiorestry and fishery can be
identified.

3.3.2.1 Basic Interactions

In the following section we present a formalized and upd&egdion of the Overexploita-
tion syndrome (cf. Tab. 3.1), which generalizes previouskvad Kropp et al. (2006b) and
Cassel-Gintz and Petschel-Held (2000). We introduce a aamgore pattern which com-
bines both types of overexploitation. For that we use modsémbles which are solved
with the Qsim algorithm and analyzed with viability criteria. In order teveal more in-
sights in the dynamics of this pattern, the archetypes wilekamined in an abstract and
systematic manner, i.e. by identification of those charestie processes/features. Before
we discuss the influence of single actors in syndrome amafgsithe example, we will
discuss the Sahel and the Dust-Bowl syndrome in subseqaetibrss in order to make it
clear that our approach will work in general.

Broad profit opportunities are the starting point to unfaid overexploitation dynamic.
There can be many reasons for this. Of course, there has todmpaystem which provides
a rich but subtractable resource, which can be extractevatdsts or sold for high prices.
In many cases, one cause for low costs @egure or de factoopen access nature of the
resource and available capital. Prices can be high duettrimtional) demand. Although
profitable, the extraction requires the build-up of necgsisdrastructure (e.g. boats, lorries
sawmills, harbors), which partially cannot be convertedttter uses. These mechanisms
imply that multi-national corporations play an importanter With high investment in-
frastructure, extraction also increases, potentiallyobeythe regeneration capacity of the
resource. This capacity itself is under pressure due toadegjon and conversion of the
whole (terrestrial or marine) ecosystems structure anctims, e.g. losses of biodiversity,
changed water balance (in the terrestrial case), antherpcagjly induced climate change,
and shifts in the food-web. A socio-economic consequendbesfe processes is the dis-
placement of traditional use, economic marginalizatiomdfgenous people, a subsequent
decline in the traditional structures, and finally migraticAll these effects have the po-
tential to reduce profit opportunities from resource extoac Yet, a vicious cycle closes
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if these effects are over-compensated by the efficiencysgdire to investment in more
profitable infrastructure (Kropp et al. 2002; Eisenack e28D6b).

Further effects can be observed in the policy domain. A peséffect relates to the
increasing environmental awareness which may lead to tableshment of management
regulations and international agreements (e.gu 1995). However, in many cases, effi-
cient management strategies fail or are simply rejectefd. mith et al. 2003; Daw and
Gray 2005). This can be related to various reasons, in péatitigh levels of corruption
or lobby pressure on local and regional administrationsudllg profits resulting from
resource exploitation are made by transnational companieiEh may be supported by
national policies to develop export opportunities. If thare already high levels of infras-
tructure, there is a stronger pressure to keep money flowiragistain returns on former
investments. Thus, there are incentives for the public duce environmental standards
or even to introduce subsidies for further infrastructueading to overcapitalization and
resource overuse, thus closing another vicious cycle wh@rate losses are compensated
by the public.

The overexploitation dynamics can be attenuated by anasirg proportion of infras-
tructure, which is not directly related to resource extmagtbut to marketing and transport
of the resource. This is characterized by increasing dvesats which do not contribute to
profits from extraction. Such infrastructure is spatialketi to a region of the ecosystem,
but can sometimes be converted to other uses, enforcingyttaardcs of other syndromes.
This is different for mobile extraction infrastructure, &k investments need not be ac-
counted for as sunk costs, since extraction units can be antmvether resources if the
adverse effects of overexploitation make the industry peefitable. For the marine case,
this is known as serial overfishing, indicating that fishimgné change target species or
fishing grounds (Goiii 1998). It is also widely describedha literature for the terrestrial
case (e.g. Lambin and Mertens 1997; Power 1996).

3.3.2.2 Model Ensemble

Based on a detailed literature survey and on previous woekpnapose the following vari-
ables and relations for the syndrome core (see Tab. 3.23Big. They can basically be
grouped along three feedback cycles related to the pracesgkned in the previous sec-
tion, one related to investment in mobile extraction inftasture (“infra”), another related
to lobby pressure (“lobby”) and the last related to sunk £adtimmobile infrastructure
(“sunk”). For clarity, we omit consequences which are nat pha feedback cycle.

In the following we use the above qualitative descriptiorthaf Overexploitation syn-
drome to set up a formal model using the model ensemble methddDES. This should
provide additional insights into the syndrome dynamicshwiitt the need for quantitative
data retrieval.

We focus on the “infra” and “lobby” feedback loop, wher&@d~OPP, POL-PROF,
EXTR-INFRA, EXPLOIT and Res occur. Here we assume the driving forces to be constant.
To derive a formal model of this part of the influence diagranore specifications need
to be made. Since there is a considerable degree of freeddinisispecified choice, the
syndrome core as described by the causal-loop diagram3Bjgrepresents zerygeneral
archetype, i.e. a general model ensenizle We narrow it down to a concisely defined,
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Table 3.2. Core variables of the Overexploitation syndrome

Variable

Definition

For feedback cycles:

PROFOPP (P)

EXTR-INFRA (K)

ExpLOIT (E)

REsS(R)

OTHR-INFRA

PoL-PrROF (L)

REC

Increasing profit opportunities. Expected profit ratesthar ex-
traction industry.

Expansion of extraction infrastructure. Extraction anithich
enhance efficiency of exploitation, cannot be convertedtitero
uses, but are mobile to be shifted to other ecosystems.

Increasing resource exploitation. Extraction rate obvese un-
der consideration.

Change of resource stock. The difference between naegehr
eration and extraction rate.

Expansion of non-extraction infrastructure. Those investts
which do not contribute to extraction efficiency and cannet b
shifted to other regions.

Policies for profit opportunities. Political efforts tolsidize ex-
ploitation or decrease environmental regulations.

Regional environmental change. Indirect effects of exgloi
tion (as ecosystem conversion), and other regional envieortal
drivers which influence regeneration capacity.

For driving forces:

GEC

DEMAND

SUPPLY

TECH

Global environmental change. Changes affecting the regjion
regeneration capacity of the ecosystem, but which can only
marginally be influenced by decisions on the regional level.

Increasing demand for resource consumption. Regional-or in
ternational increase in demand for products from the respur
which may be indicated by high prices on the world market.

Increasing supply of capital for resource extraction. Raial and
physical capital available for investment in infrastruetu

Development of new extraction technology. Technological
changes which alter efficiency or sustainability of ex@tdn.
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Figure 3.3. Core processes of the Overexploitation syndroArrows denote enforcing,
bullets attenuating and boxes ambiguous influences. Thiesrfiafra”, “lobby” and “sunk”
indicate feedback loops. Regarding the abbreviationsati. 3.2.

.

still infinite model ensemblesr C ar by the following specification.

As state variableK, R, L we chose KTR-INFRA, REsand RoL-PROF, which represent
stocks, while we assumerBFOPP (P) and ExpLOIT (E) to be intermediate variables
which determine flows:

K = fy(
R= f,(E)

L = f3(P), (3.2)
P = fu(

E = fs(

It is assumed thaDp fl, D_ fl, Dpfz > 0,De f, < 0 andDg f4, DRf4, Dk 1:57 Drfs > 03
Moreover, we make the premise that there exists a regemerasipacitym > 0 so that
f1(m) = 0 and a political power threshol> 0 with f3(z) = 0. Beyond these assumptions,
the exact derivatives, the regeneration capacity and timexd threshold are not known
guantitatively (due to uncertainties and due to differenbetween the social-ecological
systems which should be covered by the archetype). In asgstgnamics context, the next
step would be to decide on functional and parametric spatidics to run a quantitative
simulation of the syndrome dynamics. However, due to theegity of the syndrome
archetype, we want to considal systems which comply with the above requirements,

3For sake of readabilitxY is equivalent t@Y /dX.
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yielding an infinite model ensemble

M = {f =(ffaf3fsf5)' €CHRI,RY) |
dmze Ry : fi(m) = f3(z2) =0 (3.3)

o

andvx € RY :sgn(7 (f)(x)) =

+ + oo o
+ + oo o
OO0 oo+
oo+ o+
oo O |

where denotes the Jacobian. BY-) = (K(-)R(:)L(-)P(-)E(-))! we denote a trajectory
of the state variables, so that the solution operator reads

5(x)={x(-) € C'(R3,R?) |

(3.4)

It is defined for all initial values = (KRLPE)T satisfyingP = f4(K,R) andE = f5(K,R).
The task to determing (R3) can be solved using qualitative differential equations (se
Section 3.2.2).

3.3.2.3 Results

The resulting state-transition graph has 52 nodes and 1§@sedThere are many final
states withR = 0 or K = 0 which differ only slightly. For a readable output of the gja
such final states and equilibrium states are omitted, whidlkely occur in a changing
environment. The graph can be further simplified by autorayi eliminating nodes which
represent state variables being constant over a time aitéralled non-analytical states),
and eliminating edges which are not likely to occur (callegrgimal edges, see Eisenack
2006 for a justification, formalization, and algorithmieatment). The outcome is a graph
consisting of 8 nodes and 16 edges (see Fig. 3.4). It carydmsieen that the whole graph
is strongly connected, meaning that it is — in principle —gilde to reach every state from
every state. This implies that it is possible that the syspempetuates infinitely through
different stages. The are also bi-directional edges, shahthe system may shift back
and forth between two states forever. However, the definibibthe state-transition graph
only guarantees that for every edge between two nodes tRistse at least one right-hand
side inar such that the associated quantitative solution visitsethipslitative states in
the prescribed order (see Eisenack 2006 for details). Nhateittis not claimed thagvery
solution visits these states. For longer paths such a datiwvei solution does not need to
exist at all (making them so-called spurious behaviors,Kadipers 1994). However, we
may ask which subset& ' C #¢ can guarantee that every solution evolves along a given
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Figure 3.4. Simplified state-transition graph of the Ovpleitation syndrome. Every box
represents a qualitative state, where the signgksgrsgn(R), sgn(L) are displayed, indi-
cated by an upward or downward pointing triangle. Arrowsivaetin nodes indicate possi-
ble transitions between qualitative states. Catastrdphitsitions are not depicted here, but
R=0is a possible successor for all states vtk 0, andK = O for all states wittK < 0.

path, or, alternatively, eliminates a given edge from trepbr We will provide a detailed
example for the latter below.

But, for a first analysis, suppose that a system covered bythegexploitation syn-
drome avoids a “catastrophic” outcome [@&s= 0 or K = 0) for a long time: what can
already be learned about the dynamics represented by toigt connected graph? To
make one striking result more obvious, we apply a projectisra further simplification
technique to the graph. Here, only differences in some t#led@riables are considered,
while nodes which only differ in other variables are “joifiedf there exists a path in the
projected graph, there also exists a path of correspondidgswith the same qualitative
values for the selected variables in the original graph (Qaacy 1997; Eisenack 2006 for
a technical introduction).

By selectingK andE the existence of boom-and-bust cycles as a central featuhe o
Overexploitation syndrome becomes clear (see Fig. 3.5 uodEisenack et al. 2006b).
In the green state the resource is relatively unexploitetllitthe capital is assigned to the
extraction sector. However, the profitability of the fosest fish stocks attracts investment,
leading to increasing extraction (growth phase). Thisdgtlkeft when exploitation is above
the sustainable level, where net investment still takeseplalhis is due to the fact that
the absolute resource stock is still high enough to sustaifitp and, due to the lobby
pressure, potentially decreasing profit rates are compah§averexploitation phase). If the
system is in this state for a longer time, extraction de@eagcause less of the resource is
available. However, investment is still positive due toltiteby loop and the positive effect
of accumulating extraction infrastructure on the profit appnities, for example the effect
caused by efficiency gains (orange red state, Fig. 3.5).thiLis interesting that expansion
of infrastructure and contraction of resource use occureasame time. A situation which
can be characterized as built-up of overcapacities: Olslanore capital is used to obtain
less from the resource. Depending on the rates of lobby ymessd extraction efficiency,
the system may shift back to a state with increasing resawsee But it is also possible to
move to the situation where the degrading resource shifta@ion costs to a level where
investment becomes negative (collapse phase). If thistseauextraction rates becoming
sustainable agairE(< m), the system cannot directly shift back to a level with dasieg
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capital and high exploitation. The resource has to regémérat (recovery phase), and then
the system may go through the whole cycle again with extradieginning to increase and
investment becoming positive thereafter. It should beadttat this boom-and-bust cycle
can only develop in one direction (if we disregard some ef@smf shifting back and forth).
This is well-known for many case studies in fishery and foye@.g. Hilborn and Walters
1992; Power 1996).

It is also interesting to observe that every such cycle hassibthe state where overca-
pacities are built-up, making it a valid statement that gwgstem described by the overex-
ploitation syndrome inevitably undergoes such a periochafdasing inefficiency — except
for the case of a collapse (see Eisenack et al. 2006b, foraflatbeconomic analysis of
this property for the case of unregulated fisheries).
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Figure 3.5. Projection of state-transition graph, cordigeonly changes itk andE (for
the symbols cf. Fig.3.4). Triangles f& are in the upper part > m, and in the lower
part for E < m. In the red state, extraction overcapacities are built-Tpe green state
is a typical initial state of a boom-and-bust cycle, begignivith an increasing but low
exploitation rate and expanding investment in extractidrastructure.

3.3.2.4 A Refined Model Ensemble

As indicated above it is important to know whether new strtes appear if the model
ensemble is narrowed down. This can provide important imétion for the management
of a system governed by the archetype. We demonstrate #adoig introducing so called
ordinal assumptions on the Jacobian and employing thelijabboncepts from Section
3.2.3 (cf. also Chapter 2). Define

M= {f € M | VxR : Drfs(X) < D fa(x)andDi f5(x) < Drfs(X)}, (3.5)

which implies the consideration of only those cases of ther@xploitation syndrome where
profit expectations react more sensibly on changes in ¢dpiéa on the state of the re-
source, while the marginal productivity of the extracti@tter is stronger with respect to
R than with capitalk. We call such specification ordinal assumptions. Thesenatdis-
sumptions may hold because a given special case of the syrdsoconsidered, or they
may be brought about by management interventions. In thewfvlg it is indicated how

a state-transition graph faw ' can be determined (see Fig. 3.6 for the result). At first, not
only the signs sgfK),sgn(R),sgn(L),sgn(P), sgn(E) are considered, but also whether

5:=|K|—|R| (3.6)


https://www.researchgate.net/publication/233727462_A_Qualitative_Dynamical_Modelling_Approach_to_Capital_Accumulation_in_Unregulated_Fisheries?el=1_x_8&enrichId=rgreq-c2af9886976e409ad0a7285447a82bb1-XXX&enrichSource=Y292ZXJQYWdlOzIzMzcyODM2MTtBUzoxMDI0NDU4MjkwNjY3NjdAMTQwMTQzNjM5ODAwMQ==
https://www.researchgate.net/publication/246727992_Lost_Landscapes_and_Failed_Economies?el=1_x_8&enrichId=rgreq-c2af9886976e409ad0a7285447a82bb1-XXX&enrichSource=Y292ZXJQYWdlOzIzMzcyODM2MTtBUzoxMDI0NDU4MjkwNjY3NjdAMTQwMTQzNjM5ODAwMQ==

102 K. Eisenack et al.

is positive or negative, distinguishing situations whexgaetion capacities change faster
than the resource or vice versa. In the first step, every state original state-transition
graph is split into two states with s¢d) = (+) or sgn(d) = (—). These states inherit the
edges of the original state and have a bi-directional edtyedss them. In the second step
every edge which contradicts the ordinal assumptions nsimdited. For some edges there
is a second elimination criterion, due to the introductié.df, e.g.d > 0, it is impossible
thatK vanishes, so that every edge starting at such a state ane Wl”cehanges its sign
has to be refuted. Consider, for example, a state With 0 < R, 0< L, and 0< d. From
the original state-transition graph (leftmost box in Figh)3 the following edges need to
be assessed: (K begins to increase, (il begins to decrease. Furthermore, it has to be
checked if (iii)® can become negative. The first edge has to be eliminated dlne teason
given above. For edge (ii), note that

L= Dp f3P =Dp f3(DK f4K + DRf4R)
— Dp f3(Dx fa|K|sgn(K) + Drf4|R|sgn(R) (3.7)
= Dpf3(|R|(Dk f4sgn(K) + Drfssgn(R)) + Dk f4sgn(K)d).

Due to the signs o8, K, R (which characterize the state), the sign®gff3, Dk f4, Dk f4 (see
definition of ar ), and due to the ordinal assumptiDgR f4K > DrfsR, it follows thatl > 0.
Consequently. cannot vanish and edge (ii) has to be eliminated. Regardigg 6ii), it is
obvious thad = K + R, and tha® can only vanish ik = —R. Thus, by differentiating at
the locus wher® = 0, we obtain

5=K+R
=Dp fl(DK f4K + DRf4R) + DL flL + Dg f5(DK f5K + DRf5R) (3.8)
= K(Dp f]_(DK fa— DRf4) + Dg f5(DK fs — DRf5)) + D f1L.

Again, this expression is positive due to the ordinal assiong, the properties of the model
ensemble and the characteristics of the state under coasafe Therefore, also edge
(iii) has to be eliminated. Since all three edges can beedfithe state with < 0 < R,

0 < L, and 0< & has no successor, making it an invariant set as introduce&kedation
3.2.3: no system included im ' can leave this situation where capital decreases — although
the resource recovers and increasing lobby pressure caaesniosses. These types of
arguments can be applied to all other states, bringing abstructure where a boom-and-
bust cycle still exists, but where several invariant set$ ao-return sets can be entered
(see Fig. 3.6). These irreversibly bring the system eithemteconomic (light blue boxes)
or resource decline (red boxes). Interestingly, the stateye over-capacities are built-up
(orange boxes) lead to economic and not to resource dealsitjation which complements
observations in many case studies (e.g. Gofi 1998). Itldhme stressed again that this
property holds foeverysystem contained in/’, so that every system has a corresponding
set of repellers and invariance kernels (cf. also Chapter 2)

3.3.2.5 Results

To come up with management conclusions for the Overexpilmitasyndrome, it must be
stated that the ordinal assumptions madesior do not provide a beneficial structure. In
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Figure 3.6. State-transition graph of the overexploitasgndrome under ordinal assump-
tions. The fourth column in each state denotes the sigh dthe light blue and red states
in grey boxes indicate no-return sets and invariant setssasssed in the text. The states
outside the grey boxes form a cycle, where in the orange boxagapacities emerge.

addition to the risks of resource depletion and diministuagital which are already present
in the more general case of , there are additional “cascades” of problematic irrevxesi
developments which cannot easily be classified as such irady gage. For example,
without the result depicted in Fig. 3.6, it is not straigintfard to forecast a continuous
resource overuse at a stage wh€r® andL increase and extraction infrastructure expands
faster than the resource regenerates. If the propertigsssqr by the ordinal assumptions
hold for a particular system, there should be interventiorthange that, e.g. by introducing
incentives to value resource quality in the formation offpprexpectations more strongly.
If the assumptions do not hold for another system, it shoelcavwided that they enter
into force. Of course, for a systematic assessment of mamagteoptions, further ordinal
assumptions have to be considered — a task which remainsdortee Here algorithmic
solutions are currently under development.

3.3.3 The Dust-Bowl Syndrome: Consequence of a
Non-adapted Industrial Agriculture

As a further example we examine the interaction of enviramady destructive agricultural
practices. A paradigmatic case were the historic droughtiseo1930s which transformed
the Wheat Belt in the west and southwest of the U.S. into theatled “Dust Bow!” - a
dry landscape where dust storms prevailed. “Black blizZasdvept away the nutrient-rich
topsoil of the region - like the storm on 9th May 1934, whichrnsported approx. 350
million tonnes of dust from Montana and Wyoming via Dakotawaods the east coast.
The state-aided Dry Farming Program powered by the expive tr war-torn Europe had
“prepared the ground” for the “Dust Bowl” phenomenon in th&lJ through the massive
use of machines (tractor, disc harrow, combine, etc.) tleat®lains were transformed into
a monotonous “grain factory”, whose broken-up surface ieathexposed to the weather
and unprotected for a large part of the year (Worster 1988jis Kind of interaction of
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state subsidies with a modern, capital intensive agrigalltsector is an important facet of
the so called Dust-Bowl syndrome as defined by thedd (1995) which is in general

characterized by a minimization of human labor input thiotige use of a wide range of
machines on spacious, “cleared” agricultural areas andninfal factories”. Attempts are
made to maximize yield and capacity through

e mono-cultivation of highly productive kinds of plants,
e intensive livestock farming,

e large quantities of pesticides and medicine,

e intensive use of fertilizer and feed,

e intensive irrigation.

3.3.3.1 Basic Interactions

The main symptoms of the corresponding soil damage prof€far a more detailed de-
scription see VBGU 2000):

e great susceptibility to wind and water erosion as a consegpef the considerable
exposition times of the ploughed-up soil, combined withlthvedegree of structuring
of the agricultural landscape;

e destabilization of turf and subsequent erosion through-sized herds and overgraz-
ing;

e loss of fertility due to deep ploughing, elimination of hast wastes and monotonous
crop rotation;

e reduction of soil drainage as a result of compaction by heayicultural machines;

e chemical soil pollution via overfertilisation and contaraiion (pesticides).

This causal pattern seems to be also relevant to the siuiatiBurope after World War II,
where governmental subsidies within the framework of theogean Economic Commu-
nity were used to foster the modernization of the agricaltsector - which had a com-
paratively low productivity at this time. An important rdgtion tool was (and is) used
to guarantee high producer prices which should increasestatiilize the income of the
farmers and allow to increase productivity by investmentmichanization and chemisa-
tion. After some success in the beginning, economically emdronmental problematic
consequences occurred: tax payers subsidized the ovduigtian of different agricultural
goods (e.g. the “butter mountain” in the 1970s) and the ahp#d agricultural production
system generated the syndrome-typical environmental dasnaro better understand this
specific human-environment system we developed a queditatistem-analytical model
which includes the most important variables and interastias follows:

Agricultural income depends on production and produceregti Above a particular
income threshold the farmer is able to invest in his proditgtivhich in the short term will
increase his production with a positive feedback on hisrimeoThis positive feedback loop
is dampened by two effects:
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¢ when the total production satisfies the demand the guaihpteelucer prices will be
lowered by the regulating administration to avoid overpicitbn,

e Wwith an increase in mechanization increasingly more moseyéeded to sustain and
use this machinery.

In competition with this loop there is a negative feedbackcihivorks on intermediate time
scales: as agricultural productivity depends also on tladitguof natural resources (e.g. soll
fertility and structure) and capital intensive farmingesftdegrade these, either an increasing
part of the income is necessary to compensate for theseslossiee farmer will face long-

term production losses despite his investments. Anothpoitant competition is between
the wish of politicians and tax payers to reduce subsidizexp in case of overproduction
on the one side and the efforts of the agrarian lobbyists ép kiee income of their clientele

high on the other.

In general the success of the lobbyisterdépof the importance of

the agrarian sector in society and we will use here the tataire of the farmers as an
indicator. For a more detailed description of these mecmasisee the report of Ludeke
and Reusswig (1999) on the Dust-Bowl syndrome in Germanyfaln 3.3 we summarize

the so far introduced variables and Fig. 3.7 shows the discueelations between them as

discussed above.

3.3.3.2 Model Ensemble

The following equations (3.9) describe the causal-loogdim of Fig. 3.7 in the structure
of a system of ordinary differential equations (for the abfmtions of the variables, see

Tab. 3.3).

X1 = 01(X1,%s,X6),

X2 = G2(X1,Xs),

X3—93(X 1 X3,X4), (3.9)
= 04(X3),

@—%W)

X6 = O6(X2,X6) -

To adapt the model further to the European situation whexegmarian lobbyists were al-
ways able to avoid a significant reduction of subsidies, vtegirate this into the model.

Table 3.3. Variables used in the description of the regulatagrarian system.

Variable Definition
G_PRrICE x1 politically guaranteed producer price for farmers
INCOME Xo income generated on the farm
PRODUCTIVITY X3 area or labor productivity of agriculture
ENV_DAMAGE X4 damage to environment and natural resources of the farm
PRODUCTION x5 agricultural production
INF_LOBBY Xs influence of agrarian lobbyists on guaranteed producee pric

105
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This reduces the solution space while losing only unrealistjectories. Another simplifi-
cation is possible, because in Europe productivity deteemproduction much more than
the spatial extension of farming. Including this into thedabone gets:

Xl = fl(X3)7

Xo = f2(X1,X3),

X3 = f3(X2,%3,%a), (3.10)
Xq = f4(x3),

From this, the respective model ensemble can be defined. With

71={f €CY{R,,R,)|Ipr_s>0:
VX< pr_s:Dyf <0and
Vx> pr_s: f(x) =0}
F2={f €CHRZ,R})|V(x1,%) € RZ : Dy, f >0,Dy, f >0,
f(0,x2) = f(x1,0) = 0}
9y = {f e CH{R,,R})| Ji_inv>0:
Vx<i_inv: f(x) = 0and
VX >i_inv: Dxf > 0}
Hp={f € CY{(R,,R,)|Jed_c>0:
Vx<ed_c: f(x)=0and
VX >ed_c:Dxf >0} (3.12)
sy ={f e CY{R,,R,)|Ipr_c>0:
Vx<pr_c: f(x) =0and
Vx> pr_c:Dxf >0}
74 ={f € CHR3,R,)| V (x1,%,%3) €ERZ :
Dy, f > 0,Dy, f >0,Dy, f >0,
Fa={f €CHR3,R,)|V (x1,%,X3) :
dgc 74, fre s, fac 9y, fa€ 33
f(x1,%2,%8) = 9(f1(xa), fa(X2), fa(xs)}
F4={f €eCY{R,,Ry)|Ipr_c>0:
Vx<pr_c: f(x) =0and
Vx> pr_c:Dxf >0}

wherepr_s, pr_c, ed_c denote the relevant threshold values (landmarks). The herde
semble is defined by

M ={f=(fifafsfafs)|fre 71, T2 € Fo,f3€ 73, fa € Fa}
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Figure 3.7. Cause-effect diagram (causal-loop diagrampféprice-)regulated agrarian
system as, e.g., realized in the®&Eu since World War 1. Arrows denote enforcing, bullets
attenuating forces. Note the self-attenuation of progitgt{e.g. by decay of machines),
guaranteed prices (the higher they are the larger is theécpoitassure to reduce them) and
the influence of the agrarian lobbyists (which has to be alstigustained by the agrarian
sector).

with the respective solution operator (cf. also Section232)

5(x) = {x(-) eCHR%,RY) |
X(0)=x,If e MVt e R, :
xi(t) = fi(xs(t)),
X2(t) = fa(xa(t),Xs(t)), (3.12)
X3(t) = fa(Xa(t), Xs(t), Xa(t)),
Xa = fa(x3(t))}-

3.3.3.3 Results

Using the im algorithm, one gets all possible qualitative trajectqriehich are sum-
marized in Fig.3.8. Here, state (a) in the lower left cornearecterizes the immediate
post-war situation in Europe: guaranteed prices startdmease, farm income also starts
to increase but is still below the threshaléhv necessary for investment in productivity
increases. Productivity is below the value where signiticasource damage occurs and
the directly related production is below the demand, just{ further increase in guaran-
teed prices. The necessary successor state (b) reprodigcebgerved initial success of
the regulation: NCOME exceeds_inv and productivity starts to increase. But already state
(c) which follows necessarily, shows an ambivalent sitrationce the productivity has
transgressed the thresh@dc where significant costs occur to sustain it the further ineom
development becomes undefined with respect to directiomeaghitude, i.e. the system
no longer inherently guarantees a secure livelihood forfahmers. This state is closely
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connected with four other states which constitute a norneset (NRsl), i.e. when the
trajectory leaves this set, it can never return to it as Iaig governed by the assumed rela-
tions. State (d) which can follow (c) depicts the most pesisituation in Nksl: stable and
high income of the farmers, stable and high productivitgrat, which generates sufficient
production and a stop of the increase of guaranteed prices.
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Figure 3.8. All qualitative trajectories which are in aatance with the cause-effect dia-
gram for the (price-) regulated agrarian system as giverign3=/. Each qualitative state
is symbolized by a rectangle which is subdivided into fouuoms denoting the different
variables with respect to their qualitative magnitude (ste¢e definition in the upper left
corner) and trend direction. A rhombus stands for an undgfadieection, the bullet for
constancy in time. The large arrows denote possible seqaaicstates. No-return sets are
symbolized by the large red rectangles.
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But this situation is not systemically stable: it may eitlieturn back into (c) or
proceed into (e), depicting subsidized overproductione- ‘thutter mountain” case. As
long the trajectory remains in ®sl, productivity remains above (or apy_c and re-
source/environmental damage beledcc. Unfortunately the system allows several ways
of transgression into RKs2 which is characterized byNv_DAMAGE aboveed_c, a situa-
tion where the reduced quality of the resource influencedymtivity negatively, resulting
either in additional costs to compensate for this or in potiglity losses. This generates
a much more unstable situation for productivity than ird9d while the income stability
is similarly poor. So, the policy of Nsl is preferable because at least the aim of pro-
ductivity increase is realized while the objective of sliabig the farmer's income is not
reached. After entering RE2 there is no way back to a secured high productivity situa-
tion. Instead environmental damage and increasing s@sslitive to be expected and —
even worse — state (f) can be reached: the total collapseedddharian system becomes
possible, constituted by the breakdown of production, ime@nd resources. Comparing
this model-deduced structure of the state space with thmlagbserved situation of the
agrarian system in Europe, it is probably located withiRsR, i.e. only structural changes
will allow the improvement of the situation. This is becatise endogenous dynamics will
end up in the same situation after temporary interventiohglvgenerate only a “jump”
in the state space. The proposed model can serve as a meanlcpfgzsessment with
respect to such structural changes which will certainlyeh@mvbe more complex than the
simple recipe of “de-regulation” which throws back the systinto the unsolvable contra-
diction between short-term profit interests and mid- to emgn environmental impacts.
Obviously an intelligent re-structuring of regulationghe way to go as, e.g., suggested by
the SRu (1998).

3.3.4 The Sahel Syndrome

The third example systematized in this manner is a pattetiohwil described by the Sa-
hel syndrome (cf. Tab. 3.1). It addresses the field of theetjolated environmental,

economical, social and political aspects of smallholdemfag in developing countries —
a field where anthropogenic environmental change oftensfeedk rather rapidly on the
socio-economic situation of the actors — and where therlatie confronted with strong

constraints like social and economic marginalization,ytajon pressure and fragile natu-
ral production conditions (LUdeke et al. 1999).

3.3.4.1 Basic Interactions

From several studies on the semantic aspects, a formal nwdehsed out which de-
scribes the gualitative functional relationships betwtsor allocation into off-farm la-

bor, resource conservation measures and short-term yekihmzing activities and natural

degradation, income and poverty, market prices, accesstarces, population growth and
some further relevant variables. Figure 3.9 shows an agtgdgynopsis of relations as for
example stated by Leonhard (1989), Kates and Haarman (1E8@2person et al. (1995),
and others dealing with the environment—poverty problenhis Bcheme is supposed to
constitute “mental maps” (cause-effect diagram) (cf. Big) of the most important mech-
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Figure 3.9. Mental map (causal-loop diagram) of smallhoklgriculture. In contrast to
Figs. 3.3 and 3.7 here potential side effects are introdbgea “trigger finger”. Further-
more qualitative nexuses are shown.

anisms underlying the dynamics of smallholder agriculinr@n intermediate functional
resolution.

In the agricultural subsystem yield depends on the stateeafdsource and the directly
yield-oriented labor investment, i.e. it increases witkhtfactors and vanishes if one factor
becomes zero. We subsequently call this relation “quagatultiplication” (cf. Kuipers
1994). Under “yield oriented labor” we subsume frequetadié and weeding, the short-
ening of fallow periods, intensive irrigation etc. All tleemeasures can increase the annual
yield in the short term but put pressure on the resourceirgad resource degradation by
erosion, soil fertility losses, salinization etc. On thBesthand we have agricultural activ-
ities which counteract these degradation trends as tagadrainage ditches, hedge plant-
ings, mulching etc. We include here not only activities fesaurce conservation, but also
endogenous technological progress which increases to&affy of the resource and obvi-
ously needs some engagement by the farmer, a process whicurqualitative framework
— can be represented by developing the resource (in that wagap Boserupian aspects of
the dynamics). These two kinds of activities constitutepbel of agricultural labor — and
decreasing one of them means increasing the other (undstacwnotal agricultural labor).
This simple relation is called “qualitative addition” (Kagrs 1994).
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The second realm of smallholder activities is the off-faahdr: here an off-farm in-
come is generated via the hourly wage. This income, measaoradits of agricultural
produce, together with the obtained yield adds up to theé ¢otassumption. The total avail-
able labor is divided into the labor on the own farm (as lanchagr) and off-farm labor.
Furthermore the qualitative model shown in Fig. 3.9 comsigmpulation which, on the
one hand, generates the total available labor and, on tlee b#mnd, divides the total con-
sumption into per capita consumption, sometimes resuitimgpverty. Marginalization of
smallholders influences their access to resources as willvaage labor (e.g. via ethnic
discrimination). The total availability of wage labor argkthourly wage depend on trends
in the national economy.

How can such a mental map be used for any (weak) kind of predijcivhich is the
basis for any assessment of policy options? One way would geantify the variables and
relations and to introduce a utility optimization hypotisefor the two decision problems
considered in the qualitative model: the allocation of labetween on farm vs. off-farm
and between short term yield and resource developmentyneldds in Fig. 3.9). This kind
of approach was chosen by many modelers (e.g. Barbier 1980¢etB1991; Grepperud
1997) — but both the optimization hypothesis and the pdggibif adequate quantification
are questionable. In particular under the rapid changeeofdmditions of smallholder agri-
culture in developing countries the argument that an ogtition approach would model
the result of a long lasting evolution process leading tointal adaptation of the actor’s
strategy seems implausible. In contrast to these attemptdefine qualitative behavior
rules which are far less sophisticated:

¢ the reallocation between on- and off-farm labor is perfatraecording to the differ-
ence between present labor productivity of the agricultamd the off-farm activity,

¢ the reallocation between yield oriented labor and labottierdevelopment/conser-
vation of the resource is governed by the relation of prepentapita consumption
and a critical level of consumptiony, below which conservational labor is reduced.

According to the “mental map” in Fig. 3.9 and the allocatiotes stated above we get the
following structure in terms of the variables defined in Ta4:

dR

o~ aLY.LQ)
dLT
gt ~ @
dLw Y

dv_ _(Yawlw
TR R

Due toLT = LW + LY + LQ, the number of relevant variables can be reduced to four. We
chose R LT,LW,V), wherev = %. The latter is appropriate as the competing influences
of LY andLQ on the change dR are best represented by the relation of the different work
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Table 3.4. Variables of the qualitative smallholder model.

Definition Variable
Resource quality (e.g. soil) R

Total available labor LT
Off-farm labor LW
Yield oriented labor LY
Hourly wage w

Labor for development dR LQ
Yield

Consumption per capita c

critical value forC

inputs. After this variable transformation we obtain thibkdi@ing set of ordinary differential
equations

dR
at f1(v)
dLT
= .14
at 2(t) (3.14)
dw _ f3(R,LT,LW,V)
dt
dv
pri f4(R,LT,LW,v)
which belongs to the following model ensemble:
M = {f=(ffaf3fs)' €CHRERY)| (3.15)
0 0 0 +
0 00 O
vxe R 1sgn(s(f)(x) = 5 2 o
+ ? ? -

Now the number of unclear signs in the Jacobian can be significreduced by introducing
the assumption that the labor productivity of agricultofélLY, decreases with increasing
LY. This results strictly in:

0O 0 0 +
0O 0 0 O
sor ()=~ 0 © .
+ ? 2?7 —
and in most reasonable cases:
0O 0 0 +
0O 0 0 O
sgo (D)= |~ ©
—_ 7 _

+
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3.3.4.2 Results

In the following, we will discuss the case where the last tjorsnark is “—”, which is valid
when agriculture contributes significantly to householtbme.

SENAND ’)“/(v‘o »j/(vAAv)

ViVvie|e
b (AVOO
AV|V|A

Figure 3.10. Resulting trajectories, sequence of varkalde defined in the text
(R, LT,LW, V).

In Fig. 3.10 the resulting qualitative trajectories arevehan their most aggregated form.
We obtain two disconnected graphs, characterized by authsiacreasing or decreasing
total labor force LT, which reflects that no feedback of the system dynamics cnvi-
able was considered. In both cases a persistent trend catitlbiroccurs, the simplest form
of an invariant set. In sub-graph (a) characterized by asirgLT, i.e. population growth,
this set shows constantly decreasing resource qualitygastg engagement in off-farm
labor and a decreasing fraction of the on-farm labor inekgtesustaining or improving
the resource. This means - according to the model assursptiosufficient consumption
per capita (belovey). If an observed smallholder system shows this trend cortibmane
cannot expect that the situation will improve due to the gethous mechanisms. Further
inspection of graph (a) reveals that this invariant set isssile, but not a necessary out-
come of the dynamics - an oscillatory behavior betweenstath increasing and decreas-
ing resource quality is also in accordance with the modalragtions. A more detailed
analysis of the result could probably identify dangeroaadrcombinations which could be
precursors of the invariant set, such generating “earlynimgrindicators”.

Sub-graph (b) is characterized by a decreasing populatidmere a desirable invariant
set occurs: once in a situation with increasing resourcétgudecreasing off-farm engage-
ment and increasing labor investment into the resource, tlzsendogenous mechanisms
will stabilize this trend combination.

In general these results emphasize the important role afehegraphic development
- only in case of decreasing population the considered bldir system exhibits a stable
and acceptable development path which is in this case bagbeé continuous improvement
of the production system under control of the farmer. It $thdne stressed that decreasing
LT means a decrease in labor force and a respective decreasasimaption. Population
number reducing processes, like the disproportionatarogtation of younger people or
those capable to work as well as the consequences of epi&léikacAIDS do clearly not
fulfill this condition.
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3.4 From Competition to Cooperation in Sustainable Resoure
Management - A Multi-Actor Approach

So far syndromes have basically been analyzed as singlepmotdems. In a social environ-
ment the interaction among multiple actors can lead to masgiple types of interaction,
ranging from conflict among all actors (all couplings neggtto cooperation among all ac-
tors (all couplings positive). Game theory analyses a tyadéarchetypes of interactions,
with the zero-sum game and the prisoner's dilemma game dskm@hn cases. These
games play a role in natural resource management, in partimuunderstand the tragedy
of the commons.

In the following, we describe the interaction between tigraduction of a natural re-
source stoclR, the resource extraction (harvestirig)) profit B and the cost of extraction
effortsC; for actorsi = 1, ...,n (cf. Scheffran 2000). The resource growth with extracten i
represented by

R=r(R) -3 E,

which depends on the reproduction functidiiR) of the resource stock and the resource
extraction by all actors, combined in the extraction vedior (Ei,...,E,). The ex-
traction functiong; = (R C) = y\RG for each actoii depends on the resource stock
R, the extraction costs (investments) and the extraction efficiency, of the extraction
technology employed. Resource reproduction is repredemee by a logistic function
r(R) = rR(1— R/R") wherer is the reproduction rate an@" is the maximum carry-
ing capacity of the ecosystem f& Net profit B = pE — C; of actori is the income
from selling the extracted resour&g on the market at pricg, diminished by extraction
costC;. According to the demand-supply relationship the pricelides with extraction
Dg;p = 0p/dE; < 0. We use the standard linear functipn= a—by ; Ej wherea is the
initial price for the extracted resource abds the slope of the demand curve. Inserting the
extraction function yields profit as a function of resourteck and extraction cost of all
actors:

P=pE—-C=(u-— zVijCj)Ci, (3.16)
]

with market pricep =a—by;y;RCj, Ui = ayiR— 1,vij = bRyyj.

The dynamics of extraction cost is adjusted by a decisioa@uk= fi(R,C) that de-
scribes an actor’s response functifn R x R" — R to the state of resources and current
costs of all actors. An individual target setter would seéedecision rulef; = k(G — Cj),
moving towards a target co€§'(R,C) with response intensity. Another decision rule
describes an actor that adjusts cost proportionate to tdiegt of profit with regard to
cost changeD¢ R, i.e. cost is increased or decreased proportionate to iagtron profit.
D¢ P = 0 is satisfied for

Ui 3G

C= oy cr,
which will be used as target caSt of actori following an optimizing decision rule. Then
the dynamic interaction between actors and resourceslysdascribed by the system of
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equationsi(=1,...,n)

n

R = rR(l-R/Rﬂ-_leRQ =:g(RC) (3.17)

& = k(G -G)=H(RC) (3.18)

P = (a—biijCj)wRCi—Ci::hi(R,C) (3.19)
=1

The couplings are given by the following set of inequalitieiere we us€, = 5;yCi =\C
as the total effective costs ayd= ¥; wy; as the average extraction efficiency, weighted by
the fractionswy = C;/C of total costC = 5;C;.

_ + .
Drg :r(1—2R/R+)—2ijj >0 for C< m :CR
]

)

Y
Dcg =-YiR<O,
1-aRy/2 2
Drfi =k——==—>0 for R< — =Ry,
R bR3y? ay; RY
DCi fi :_ki <0,
DCJ' fi :_kly]/(ZYI) <07
a ~
Drhi  =ViC (a—2szy,-c,-) >0 for C< R CP,
o e U3 AvC
DC|h| —U|_;V|JCJ_V||C|>O fOI’ CI<T_CI’

DCJ- h = —VijCi <.

The signs are given in the following matrix, far+ 1 input variable§R,C) andn+ 1
output functions(g,f), where f is the respective vector df. If the above equations are
generalized to a model ensemble, e.g. to account for untgesain parameterizations, we
obtain

M ={(g fr,..., f) eCHRTERYY | Vi,je{l,....n},(RG,C)) eRY:
sgn(s (g, fi. 1)) (R Gi.C))") =
(sgn(éRC) sgnRE—R) sgnRE—R) )
_ — — }’

where the sign matrix is given blockwise to illustrate thaibanteractions between two
actorsi and j the resource. They are depicted in the causal-loop diagign3.&21. What
becomes clear is that the couplings of resources to resguoeeh Drg and to profitDgrh;
are positive for sufficiently small cos& < CR andC < CP. Both thresholds decline with
resource stoclR and average efficiency. To find out which threshold is smaller we set
CR > CP and resolving the quadratic equation, we find ®; < R < R, < Rt where the
two limits R; andR; vary aroundR* /2 with a range depending @y (2br). Thus forRin
this middle range, an increase in costs first leads to a megagsource coupling to profit
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Figure 3.11. Part of the causal-loop diagram between trmires and two actors. Again
arrows denote enforcing, bullets mitigating and boxes gomdniis influences.

and then to a negative coupling to resource growth. Clostretwesource boundaries the
situation is the opposite. We study now two viability coastts (cf. also Chapter 2):

1. Ecological viability: The resource stocR is seen as viable if it exceeds a critical
thresholdR~. R= 0 leads to the equilibriurR= R*(1—C,/r) which corresponds to
a sustainable total co€f"S=r(1— R/R")/y. Below the threshol€®" =r /y there
is no positive resource equilibriuR The resource stock is to stay in the sustainable
domainR~ < R< R", whereR" is the maximum carrying capacity for the resource
stockR (upper limit) andR™ is a lower limit to keep a “safety distance” from total
extinction. The growth rate adapts to this lower limit wittetruleR > a(R™ — R)
which implies that resource growth should be positive ag the resource stock is
below the limitR™ and can be negative when resource stock is above the limi. Th
parameten represents the required strength of adaptation. This gimaloviability
condition translates into a condition for actual chafye rR(1— R/R*) —yRC >
o(R™ —R). This leads to the ecologically maximal sustainable cositlim

r(1-R/R)+a(1-R/R) _

-CR 3.20
v (3.20)

C<

which is positive foR~ < R < R™ and may become negative outside of these limits.
ForR— R~ ora — 0, thresholdCR converges t&R.

2. Economic viability: The flow of net profit for actors = 1,...,n should exceed a
threshold?, = pE —C; > P". The left-hand side is a quadratic function in b&tand
extraction cost€; of actori, depending on the extraction costs of all other ad@rs
(j #1). On the right hand side, the lower profit linf = K; — K;~ should guarantee
that the available accumulated profit (stock of savirgould exceed a lower limit
K;". This could be used for investing cosls We discuss here the special case that
these savings are at the lower lirit= K;~ which leads td®~ = 0. In this case, the
equation above is reduced ta— byCR)y;R— 1 > 0 which generates the economic
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viability condition for total cost of actar-s profit

c< R-L¥
= ThR
i.e. costs abov€R are too high to sustain minimal profits. BecauseCBf< CP,
an increasing total cost will hit the economic non-viapilihresholds of all actors
before passing” which implies that increasing resources reduce total groftie
smallery; and the less efficient actoris in extracting the resource, the tighter this
constraint becomes. This confirms that the most efficiemirat¢tave the best chance
to maintain profit in this competitive environment, suggesthat the most efficient
actor can beat all others by further increasing extractmstscuntil its own limit is
reached. The economic viability threshold becomes negdtivR < 1/(ay;), i.e.
resource stock is too low for a given efficiency and initialrked price. In other
words, the efficiency; < 1/(aR) = y* of actori is too low to make a positive profit.
This is the same efficiency threshold that all actors needss o make profit. Total
joint profit of all actors becomes positive for

1 oo

:~p— =
¢ e = €

(3.21)

P= S R =(a—bCRYCR-C>0.

which results in the upper cost limit
1.1

—_— =)= :: CP
Y

This cost limit becomes negative for="1/(yR) > a (which defines a resource limit

RP). Cis the average cost for extracting one resource unit. Thissgbndition means
that the unit cost exceeds the initial unit price of the reseu

C<(a (3.22)

Joint profit is maximized foDcP = 0 which results in the optimal joint cost

. ajR-1
Cr= R (3.23)

Inserting this into the profit function determines maximurafi

(a-g)?
Prax= o >0.
Thus, if actors invest their joint optimal extraction cogtént profit is never negative. How-
ever, this is generally not possible within the given bouieda in particular for very small
yR which would require very high optimal costs which is not emmically sustainable. On
the other hand, very higyR would not be ecologically sustainable.
Finally, we examine how total effective cosls evolve, assuminds = k for all i =

1,....n:

PERES

C, = ZViCiZZViki(Ci*—Ci)

_ kanRz—bEZl/yi _kcymz—l —KG,-Cy),
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where

~ _anR—3;1/y

&= (n+1)bR?
is the overall equilibrium. Foy; =y for all actors this provides the joint cost equilibrium
C= % whichis close to the zero-profit conditio@.is negative foyR < 1/a, reaches
its maximum ayR = 2/a and then declines to zero fgR — «. Forn =1 we haveC =C*,
for largen we haveC — 2C*, i.e. individual optimization leads to an equilibrium fdyave
the joint optimum.

So far we assessed the case of each actor acting accorditsgindividual profitsR,
investment strategigS; and extraction efficiencieg and discussed their joint impacts on
the resource stock which in return affects the joint profitd Bnvestments.

This situation can be assessed using viability conceptdétails cf. Chapter 2). The
state space structure (see below for an example) cann@rgaarthat every trajectory start-
ing from a state which meets the ecological and the econoialiility constraint will meet
these requirements forever. In general, the viability &eima proper subset of the set de-
scribed by the constraints. Thus, individual competitioayrtead to outcomes which are
not ecologically or economically viable, or both, such tregulation and cooperation are
relevant to stabilize the interaction within viable limits

(3.24)

e One regulation strategy seeks to make resource extractioa costly, by substract-
ing a taxtE; from profit proportionate to extraction. This corresponalseplacing
the initial unit cost bya— 1 in all the equations above which implies that the cost
thresholds and profit are reduced accordingly which allogrsaf higher resource
equilibriumR.

e As long as each actor seeks to adjust its extraction cost iinmee its own profit
R, then the dynamics differ from seeking to maximize jointfigre = 3; B. To act
jointly, the actors would match the joint decision rdle- k(C* —C) by adapting their
individual decision rule€; = ki (C* —Ci), most obviously by selecting the response
strengthk; properly. This requires mutual adaptation and negotiatiorallocating
joint cost, maximizing joint profit and distributing it togractors according to criteria
of fairness, e.g. proportionate to efficiency or efforts ctbas.

A detailed assessment of such regulation measures is ldfettuture. We rather demon-
strate here the general terminology for a specific case.

Example:

To specify the different threshold conditions, we use aipaler parameter settinga(=
1,b=0.005y=0.005r = 0.2,R" =100QR™ = 100,00 = 0.5,n = 6). Note that it is not
assumed that all actors are identical. However, the foligwesults can be computed for
the aggregate cos@ Figure 3.12 shows the two main isocling¥'s for R = 0 andC for

C = 0 as well as the directions of change outside of these cuf/be.various threshold
curves defined in this chapter are depicted in Fig. 3.13 wéliws the full complexity of
the problem. Most striking is that & = R” three of the four cost curves intersect. This
implies that below this resource threshold positive prefitat feasible and that total co§ts
(individual optimization) andC* (joint optimization) are negative which implies that there
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Figure 3.12. Special case for multi-actor resource cortipetin the cost-resource diagram,
showing the main isoclines for constant total costs ar@fs for constant resource stock.
The arrows indicate the direction of the dynamics.

is no inventive to increase costs. The ecologically vialust ¢hresholdCR exceeds them
all because the higher the resource stock the higher thesaitiel resource reduction and
cost, as a function dR~ anda. As expected we hav@R = C%%for R=R". The diagram
also shows that for individual optimization the total cdStare about twice as high as for
joint optimizationC*. We haveCs'S> C* for R < R¢ and else otherwise. It is also clear that
the dynamics, given by the arrows, exce€dswvhich implies that the joint optimum is not
stable against individual action (it is not a Nash equilibt). ForC < CR more resources
spur resource growth until this threshold is exceeded asouree growth slows down to
reachCS“*and resource growth stops.

3.5 Discussion

In this chapter we have shown how to deal with complex arglatgause-effect patterns
of global change. The derivation of the patterns (syndryrakksady allows an improved
awareness regarding the underlying problems, but alsaetgting of information about
complex situations. This is a precondition for anticipataf critical developments and any
type of action useful to accomplish a turnaround to suskdliba The syndrome approach
is a strong learning tool in this context, which can be apitigevarious stakeholder commu-
nities, raising awareness that improved conceptual andadetogical concepts are needed
to anticipate the development of the co-evolutionary dyicarof society-nature interac-
tions. The detailed discussion in this chapter have made that such an analysis poses
several challenges:

e Generality: models should provide insights for single agions, but should also
apply to a broader set of cases with general features in camiifey should classify
and subsume different instances, because commonalitieedre different cases are



120

K. Eisenack et al.

150 | Total

125

Cost C
RP RC

CR

100 | -

75

50 + Cext

25| —_—
r’ / L’ CSUS C*

[ Resource R

-25} | CR

Figure 3.13. Special case for multi-actor resource conipetin the cost-resource diagram,
showing the thresholds for ecological viabilBR, economic viabi[[yCP, change of cou-
plings CR,CP, RC, profit maximizing and equilibrium cost* andC, and threshold costs
C®tandCsys

important to obtain a global overview, to classify differémstances, and to be the
base for transferring best practices.

Uncertainty: models have to take account of various unicgita. Many interac-

tions of social-ecological systems are not known quaitélt knowledge about the
processes is often limited, there are data gaps or unpabtictuture influences, e.g.
depending on strategic political choice. Under such camtit the modeler cannot
discriminate between alternative quantitative modelsjfaurgency to solve a prob-
lem is high, the analysis and the management strategiesdsheuobust.

Quantitative and qualitative knowledge: to understandas@cological systems,
knowledge from different disciplines and with differenggees of quantification has
to be integrated.

Complexity: social-ecological systems tend to be compo$eaany tightly coupled,
non-linear subsystems and interactions which are oftdiculif to disentangle. If
this complexity cannot completely be resolved by modelsgadte core mechanisms
have to be identified.

Normativity: it is necessary to classify patterns of intdi@ns as problematic or de-
sirable. This involves value judgments where science cnaamtribute. However,
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normative knowledge has to be considered in a transpareyptawd research can
contribute to the assessment and development of managenaetites.

The discussed syndromes show that essential progress carhteyed which leads
beyond the tradition syndrome analysis. This is feasiblaitiizing smart mathematical
methods from physics and information sciences. By applyiig strategy a formal syn-
drome description is possible. Furthermore it might beaorable that a general theory of
complex man-nature interactions can be developed by apiolic of the introduced con-
cepts. @Es allow to abstract from single cases whilst the viabilitmwoepts are suitable
to test potential system developments against normatttiege from policy or society (cf.
Eisenack et al. 2006a for an example). This is importantesilot of management strate-
gies are put into action without a systematic analysis oémiidl side effects or potential
failure factors. In this contribution we show how policjaeant information can be de-
duced for complex problems even if we have only inhomoges&oowledge on hand. For
the Overexploitation syndrome, for instance, the most jment result is the existence of
boom-and-bust cycles. These make clear the urgent needdosider subsidies policies.
Further several irreversibilities (no-return sets) altlowdentify time horizons for concrete
actions - otherwise safe limits cannot be achieved. Simglgults are obtained for the Dust-
Bowl syndrome implying that environmental impacts andauastble productivity can only
be guaranteed by an intelligent restructuring of regufetion industrial agriculture. For the
Sahel syndrome it becomes obvious that smallholder's pressn marginal land can be
reduced only by implementing a suitable population politys further shown by a multi-
actor approach that problems can be addressed adequatelyntlyining game theoretic
approaches with several other methods, as e.g. viabilitgegts and qualitative model-
ing. Our results causes the optimistic view that essent@ness can be achieved and that
therefore environmental systems analysis can surmouititaaiess, in particular, if we are
focussing on policy relevant information.

3.6 Conclusion

In this paper we introduced a mathematical and a substdrdimlework which allows to
provide a systematic and cross-wide syndrome analysishetypes are a suitable way of
representing generalizable system features by reducimglex interaction to basic mech-
anisms. They cover a broad range of particular systems lage class of uncertainties is
considered at the same time. Furthermore they semi-foymgiresent qualitative knowl-
edge. By operationalizing them as qualitative differdrgiguations, also non-quantitative
knowledge about trends and on ordinal scales can be incliRidrent normative assess-
ments can be performed on this base using viability concéjgéesfurther indicate ways to
draw conclusions for the management of social-ecologigstesns.

We have shown how one can derive systems knowledge whicfalibeyond the com-
mon practice to utilize short-term observations for loag# planning and management,
although only weak systems knowledge is available. Altloggalitative modeling and
viability theory cannot provide exact quantitative préidics and crisp strategies, alterna-
tive development paths and feasible management optionsecaxrplored and implemented
in the daily practice of decision makers (cf. syndrome eglajuotations in this Chapter).
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Thus, the presented approach is not only a tutorial exeritipaves the road to a closed
theory-based analysis of complex man-environment intiewas and for further innovative
research.
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